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Abstract
This project have looked into the possibility to develop a small autonomous expendable

air vehicle to be used with other air vehicles to fly in a group or a swarm. The requirements
of this project was that the air vehicle should be able to carry a payload of 8 kg, have a
range of 100 km and fly at an subsonic speed at an altitude between 0 to 3000 meter. The air
vehicle should also be launched from ground and be able to be stored for 3 to 5 years. The
engine was predetermined to be a HAWK 240R. The method of designing the air vehicle as
described by Daniel P. Raymer in his book Aircraft design: A Conceptual Approach has been
used with adaptation to this project’s specifications. A comparative air vehicle study has also
been made. The focus for this project has been the air vehicle design, but launch method,
manufacturing and cost estimation have been investigated.

The result of this thesis project is the concept of an air vehicle that weights around 30 kg
with optimal cruise condition, for maximum range, at sea level altitude and at Mach 0.2. But
it was decided that the ability to reach the required range faster was more important than to
fly as long as possible and thus Mach 0.6 was chosen for the same altitude. A suggestion to
a ground launch device has been made. The manufacturing method for the larger part of the
air vehicle was chosen to be 3D printed and an estimated cost analysis for the structure and
the components has been made.

The conclusion of the project is that it should be possible to design a relative small vehicle,
that is intended to fly together with other vehicles, for a reasonable cost. But before this idea
can be realized, more research and testing must be done.

Sammanfattning
Det här projektet har sett över möjligheten att utveckla en liten obemannad flygfarkost

av engångstyp. Tanken är att flera flygfarkoster ska flyga tillsammans i en svärm. Kraven
för detta projekt är att flygfarkosten ska kunna bära en last på 8 kg, flyga en sträcka på
100 km, hålla en subsonisk hastighet på höjderna 0 till 3000 meter. Motorn var förbestämd
till en HAWK 240R. Metoden för att designa flygfarkosten är beskriven i boken Aircraft
design: A Conceptual Approach av Daniel P. Raymer och har anpassats till projektet. En
jämförelsestudie med liknade flygfarkoster har även gjorts. Fokuset på detta projekt har
varit flygfarkostens design men även uppskjutningsmetod, tillverkning och kostestimering har
undersökts.

Resultatet för detta projekt är ett koncept på en flygfarkost med vikten på strax under 30
kg. Det optimala flygförhållandet för marschfart, för maximal flygsträcka, är att flyga Mach
0.2 vid havsytan. Men det blev beslutat att flyga den bestämda sträckan så fort som möjligt
var viktigare än att flyga så lång som möjligt och därför valdes marschfarten Mach 0.6 för
samma höjd. Ett förslag på en uppskjutningsmetod har gjorts. Tillverkningsmetoden för flera
delar av flygfarkosten bestämdes till 3D printing och en kostnadsestimation för strukturen och
ingående komponenter har gjorts.

Slutsatsen för detta projekt är att det är möjligt att designa ett relativt liten farkost, med
tanke att flyga i grupp, till en rimlig kostnad. Men för att detta koncept ska kunna förverkligas
måste fler undersökningar och tester göras.

1 Introduction

1.1 Background
The possibility to send out multiple air vehicles that communicate with each other and are working
together to accomplish a specific mission is a quite new and fascinating idea. The first step to
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accomplish this is to design a relative small vehicle that has a low manufacturing cost.

1.2 Objectives
The report should describe and evaluate the conceptual design of an air vehicle. It should also
cover the topics of launch, manufacturing and cost. Regarding the vehicle itself, the following
design requirements needs to be fulfilled:

• Ground launch

• Range 100 km

• Payload 8 kg

• Altitude 0-3000 m

• Storage 3-5 years

Other criteria that should be taken into account during the design is the desire to increasing
the survivability, make it easy to assembly, and lowering the manufacturing cost.

2 Project definition

2.1 Engine
The engine is predetermined to be the Hawk 240R, a model turbine engine manufactured by Hawk
Turbine. The engine data can be seen in Appendix A.

2.2 Design method
The method used when designing the air vehicle is the one described in the book Aircraft Design:
A Conceptual Approach written by Daniel P. Raymer [1]. It consists of an initial design based
on historical data which is then refined in an iterative process described in Appendix A. Instead
of deciding the cruise altitude and speed from the beginning, the method is further developed by
using altitudes between 0-3 km and speeds between Mach 0.2-0.6 during the first iterations. The
results obtained is used to decide the optimal cruise speed and altitude.

2.3 Comparative air vehicle study
The method described by Raymer [1] uses aircraft data from previously built aircraft to initiate
the design process. Since, in most cases, the historical data found in the book is not applicable on
this design, a research of existing air vehicles with similar requirements were made, see Appendix
A. Worth to mention is that the historical data used in this case is based on a lot fewer air vehicles
than the one described in Raymer [1]. However, to use a few more suitable reference vehicles than
many not that suitable seemed to be the best choice in this case.

3 Initial design
A first estimation of the air vehicle’s takeoff mass and geometry is made. This estimation is mostly
based on historical data and will be improved later on. Also, the first design was performed for
different cruise altitudes and velocities, this to be able to evaluate and choose the optimal flight
conditions for this mission.

3.1 Mass estimation
The takeoff mass of the vehicle, m0, is given by the sum of the including components according to
[1, eq. 3.1]

m0 = mcrew +mpayload +mfuel +mempty, (1)

which can be rewritten as
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m0 =
mcrew +mpayload

1− mfuel
m0
− mempty

m0

. (2)

Since the vehicle is unmanned the crew mass, mcrew, is zero, also the payload mass, mpayload,
is specified in the requirements. The calculations of the empty weight fraction me

m0
, and the fuel

fraction, mfm0
, is described below.

Fuel mass

The fuel fraction, mfm0
, is given by [1, eq. 3.13]

mf

m0
= 1.06

(
1− mx

m0

)
, (3)

where, mxm0
describes the different mission segment’s mass fractions multiplied with each other. The

mass fraction for the warm up and takeoff segment is 0.970 and for the climb section it is 0.985.
[1, tab. 3.2] The mass fraction for the cruise section is given by [1, eq. 3.6]

mi−1

mi
= exp

−R · SFC
V (L/D)

, (4)

where R is the range, SFC is the specific fuel consumption, V is the velocity and L/D is the lift
to drag ratio.

During the initial design L/D is set to 5, based on historical data stating that the estimated
L/D for cruise missiles is between 4 and 6 [2, fig. 2.14]. The obtained fuel fractions for different
altitudes can be seen in appendix B.

Empty mass

The empty mass fraction, mem0
, is given by [1, tab. 3.1]

me

m0
= AmC

0 Kvs, (5)

where A and C are constants based on historical trends and m0 is the takeoff mass. In this case the
constants for a small UAV according to Raymer [1, tab. 3.1] is used, which means that A = 0.86
and C = −0.06. The choice to use a small UAV as the reference vehicle is made since according
to [1, fig. 3.1] this type has a takeoff mass that is most similar to the one of the vehicle that is to
be designed. Kvs is the sweep constant, which is set to 1 since the sweep is constant during flight.
[1, tab. 3.1]

Results

By iterating the result given when inserting equation 3 and 5 in equation 2 the initial takeoff mass,
see figure, B.4 is decided. It can be seen that the takeoff mass decreases with an increasing cruise
speed and decreasing altitude. With the takeoff mass known, the fuel mass and the empty mass,
see appendix B, are obtained by multiplying the fuel fraction respectively the empty mass fraction
with the takeoff mass.

3.2 Wing loading
Three different flight cases that limits the wing loading, W

S , are compared, they are stall speed,
catapult takeoff and cruise. The case which gives the lowest wing loading is used to decide the
minimum allowed wing area, see Appendix B for calculations and a comparison. Graphs over the
chosen reference area, Sref , which has a 5% safety margin from the minimum wing area and the
corresponding wing loading can also be seen in Appendix B. Worth to mention is that the wing
area decreases with increasing Mach number until the Mach number where the takeoff speed is
limiting, after that it stays almost constant.

3.3 Geometry
With the wing area decided, the rest of the air vehicle’s geometry is decided.
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Wing

The shape of the wing is decided by the Aspect ratio, AR, and the taper ratio, λ, which for this
design is set to 6 and 0.5 respectively. The wing span, bw, root chord, Croot, tip chord, Ctip, mean
aerodynamic chord, C̄ and wing sweep angles is then decided, see Appendix B for calculations.
The twist, dihedral and wing incidence is set to zero.

Airfoil selection

The airfoil selected for the wing is the Naca 6412 [3], this due to the increased lift due to the
camber. For the stabilizers the Naca 0012 [4] is used due to its symmetry. Specific data used for
the airfoils in equations can be seen in Appendix B.

Fuselage

Two different body types are compared, one for the purpose carefully tailored body and one classic
axisymmetric body. A tailored body has lower radar cross section and a higher lift to drag ratio
but it takes a lot more time and cost a lot more to design. While a axisymmetric body has a higher
radar cross section and a lower lift to drag ratio but costs less to develop and manufacture [2].

The decision is to use an axisymmetric body due to the more uncomplicated design and man-
ufacture process and therefore a cheaper alternative. If the axisymmetric body proves to not be
good enough later in the process, modifications to a more tailored body may have to be done.

The diameter of the fuselage, d, is chosen to 0.19 m to be able to fit the engine. The length of
the fuselage is chosen based on the historical fineness ratio, l/d calculated from data in table A.1.
The fineness ratios can be seen in appendix B. The mean value of the ratio is 11.1 which also is
similar to the generic cruise missile length, which is 11.5, according to Akman [5]. Therefore, the
initial fineness ratio is set to 11, however this is later changed to 8 when the sizes of the included
components are decided.

Nose

The nose fineness ratio is determined by dividing the length of the nose by the diameter of the
body, ln/d. High fineness ratios are better from an aerodynamically point of view while a low
fineness ratio gives more space [2]. In this case the nose fineness ratio is set to 2.

In addition to the fineness ratio, the shape of the nose also has an important role. The shape is
decided to be a tangent ogive, this since it has a low drag and is a quite simple shape and thereby
cheaper. Choosing and tangent ogive shape makes it fairly easy to upgrade to an multilens later
in the design process if needed for the seeker abilities[2].

Boat tail

Since the air vehicle is supposed to fly subsonic there is a benefit in using a boat tail. A boat tail
reduces the area of the back of the air vehicle and thereby also the base drag. However a boat tail
gives less available volume for subsystems. [2] The diameter of the base of the boat tail is decided
to be 80% of the body diameter and the length to be 50% of the nose length.

Air intake

The chosen air intake is a submerged intake, this since it is preferable from an aerodynamic point
of view and has a low radar cross section. [5]

Tail

The decision to use a conventional aircraft tail with a horizontal tailplane, HTP, and a vertical
tail plane, VTP is made. Both the HTP and the VTP are decided to be rectangular and therefore
have a taper ratio of 1.

The areas of the vertical tail plane, VTP, and horizontal tail plane, HTP, are calculated, see
appendix B, by using volume factors. Initially the volume factors are set to 0.70 for the HTP
and 0.04 for the VTP according to the data for general aviation in Raymer [1, tab. 6.4]. These
volume factors are later changed in order to obtain a statically stable aircraft. The moment arms
are initially set to 45% of the fuselage length [1, p. 160].
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Control surfaces

The HTP has aerodynamic control surfaces, elevators, that span from the fuselage to 90% of the
HTP [1, p. 161] and have a chord of 0.035 m.

Also the wing has control surfaces, ailerons, that span from 50% of the wing span to 90% of
the wing span [1, p. 161] and have a chord of 0.035 m.

Wetted area

The total wetted area, Swet is calculated by adding the wetted areas for the different parts. Cal-
culations of the wetted area for each part can be seen in appendix B.

3.4 Subsystems
Data for the chosen subsystems can be seen in appendix B.

3.5 Refined mass estimation
With the initial design of the air vehicle known, an updated empty weight estimation is calculated.
For the structures of the air vehicle the "aircraft statistical weights method" for general aviation
as described by Raymer [1, ch. 15.3.3] is used in combination with data from the CAD-model. For
the subsystems the real products masses are used, see table B.4.

The new empty mass is obtained by taking the sum of all components, the result can be seen
in appendix B.

4 Evaluation of initial Design

4.1 Takeoff mass and wing loading
In appendix B it can be seen that the takeoff mass decreases when the cruise speed increases, which
indicates that a higher cruise speed is preferred. It can also be seen that the lower cruise altitude
the vehicle has, the lower takeoff mass it gets.

It can also be seen that the wing loading can be optimized for cruise speed for Mach numbers
up to between 0.3 and 0.4. Above those Mach numbers the stall speed is limiting. It can also be
seen that with an increasing cruise altitude the difference between the optimal cruise wing loading
and the wing loading limited by stall is decreasing.

When the minimum wing loading from the cases compared in appendix B is used to calculate
the reference wing area it can be seen that the wing area decreases with an increasing Mach number.

4.2 Aerodynamics
The aerodynamics for the initial design is evaluated according to appendix C. The results are
K = 0.061, e = 0.8691. The resulting parasite drag, CD0

, can be seen in Appendix E

4.3 Performance
The performance for steady flight is evaluated by assuming that the lift is equal to the weight,
which gives the following lift coefficient.

CL =
W/S

qg
, (6)

where q is the dynamic pressure. The drag coefficient is calculated by

CD = CD0
+KC2

L (7)

and the drag is then calculated by

D = qSrefCD. (8)
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The drag compared with the thrust can be seen in appendix E, the thrust is greater than the
drag for all values in the envelope except when flying in Mach below 0.25 at an altitude of 3000 m.
The lift-to drag ratio can be seen in figure 1 and it can be seen that it decreases with increasing
Mach number.

Figure 1: Lift to drag ratio for initial design.

4.4 Choice of cruise speed and altitude
After the evaluation the cruise speed is decided to Mach 0.6 and the altitude sea level. This since
the ability to reach the required range as fast as possible is decided to be more important than being
able to fly as long as possible, also a high subsonic vehicle was desired from the beginning. Another
contributing factor is that it results in the smallest vehicle, which reduces the manufacturing cost.

The method described above is now iterated, for the chosen speed and altitude, until the final
design is found. It will be described and evaluated in the next chapter.

5 Final design
A CAD model of the final design with included components can be seen in figure 2. Different
views of the CAD model and a draft of the air vehicle can be seen in appendix F. All important
measurements are also concluded in table 1, 2, 3, 4, 5 and 6.

5.1 Control surfaces
Calculations and results for the torque of the ailerons and elevators can be seen in appendix F, the
torque at an deflection angle of 15 degrees is approximately 25 kgcm. With the torque known, the
decision to use four of the chosen servo [6], one for each control surface, is made.

5.2 Stability and control
The analysis is performed according to appendix D where also all the constants can be found. The
resulting static margin is 11% which gives a statically stable air vehicle. The trim angles of attack
for different elevator deflections can be seen in figure 3. In this figure the HTP has an incidence
angle of −3.2 degrees, which results in a minimal elevator deflection during cruise.

6



Figure 2: CAD design for the air vehicle’s structural design.

Table 1: Component weight for the air vehicle.

Weight [kg]
Fuselage 6.00
Wing 1.50
HTP 0.88
VTP 0.62

Motor case 0.86
Engine 3.10
Avionics 0.43
Battery 0.23
Servo 0.32

Payload 8.00
Fuel 6.93
Total 28.7

Table 2: Wing data

Aspect ratio 6
Taper ratio 0.50

Wing loading [kg/m2] 214
Root chord [m] 0.20
Tip chord [m] 0.10

Span [m] 0.89
Wing area [m2] 0.13
Wing spar [m] 0.50

Skin thickness [m] 0.002

Table 3: Horizontal stabilizer

Area [m2] 0.07
Chord [m] 0.12
Span [m] 0.500

Table 4: Vertical stabilizer

Area [m2] 0.04
Chord [m] 0.15

Span (from center of fuselage) [m] 0.25
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Table 5: Fuselage data

Length [m] 1.52
Diameter [m] 0.19

Nose length [m] 0.38
Boat tail length [m] 0.19

Thickness [m] 0.0025

Table 6: Center of gravity (distance from nose)

Engine [m] 1.32
Fuel [m] 0.82

Payload [m] 0.60
Total [m] 0.76

Wing (30% of MAC) [m] 0.90

Figure 3: Moment coefficient versus lift coefficient for trim analysis.

5.3 Performance
The performance for steady flight is evaluated according to equation 6 - 8. The resulting drag
versus thrust graph can be seen in figure 4 and the resulting lift to drag ratios in figure 5, both
these two are evaluated for cruise in different Mach numbers. It is clear that by fling at around
Mach 0.2 gives the best lift to drag ratio.

The range the air vehicle can fly in different weather conditions can be seen in figure 6. There
it can be seen that the air vehicle will reach the required range even in bad weather conditions.

6 Launch method
Since adding wheeled landing gear and extra fuel to takeoff from a runway will increase the weight
of the air vehicle a catapult launch is the best option. A catapult launch can also be used to launch
several air vehicles in a short amount of time. As stated in appendix B the final launch velocity
must exceed the stall speed with a safety margin of 10%. Since the air vehicle is expendable a
recovery system will not be considered. For a fixed winged air vehicle the launch methods varies
from air launch, ship launch, underwater launch to land launch. For this project the objective was
to launch from land and thus this chapter only accounts for suitable launch methods from land.
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Figure 4: Drag compared with thrust.

Figure 5: Lift to drag ratio for the air vehicle.

Launch calculations
By using physical correlations the parameters needed of a catapult launch start can be estimated.
The formula used are

Linear Motion Equation [7, eq. 17.1]
V 2
end = 2aηlll. (9)

Kinetic Energy (KE) Equation [7, eq. 17.2]

KE =
1

2
m0V

2
end. (10)
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Figure 6: Range variation in different wind conditions.

Equivalence of work and kinetic energy [7, eq. 17.3]

KE = Fll, (11)

where Vend is velocity at the end of the launch, a is acceleration, ll is the length of the launch, ηl is
efficiency factor, m0 is the takeoff mass and F is force. The potential energy is small relative to the
kinetic energy and is assumed to be negligible. The efficiency factor takes into consideration that
for real systems there will be some variation in the acceleration during the launch. The efficiency
factor would be 1 if the acceleration was constant, for this case ηl = 0.9, [7, Chapter 17.2].

From equation 9 the relation between final velocity and the launch distance for different accel-
eration is presented in figure G.24. From appendix B the stall speed was calculated to 50 m/s and
with the safety margin the launch velocity needed is 55 m/s. The calculated launch length has
to be 17 m for a 10 g acceleration. It is presumed that the air vehicle’s structure can withstand
this longitudinal acceleration. In appendix G can the launch length for different accelerations and
velocities be seen.

By using equation 10 the kinetic energy needed to reach the final velocity can be calculated for
the air vehicle weight of 28.7 kg. The energy of 43 kJ is needed to be able to reach a final velocity
of 55 m/s. The velocity is the dominating factor for the energy usage since the factor is squared.
In appendix G can the different energy usage for different launch velocities and masses be seen.

The third equation 11 show the kinetic energy in relation to the force needed and the launch
length which is also shown in appendix G.

An example of a launch device is the launch device DC4 hydraulic launcher that have a 18
meter long ramp and the technical data for this device can be found in appendix G.

7 Manufacturing
3D printing

In Additive Manufacturing (AM) the general method can be expressed as a process that is joining
materials to make objects from 3D model data, usually layer upon layer [8]. 3D printing is another
name for AM method which uses 3D models made in CAD software which is then exported to a 3D
printer. Since most of the work is in the CAD software environment and the process is automated
the amount of supply chain management is reduced.

The company Materialise [9] have one of the largest 3D printing facilities in the world an offer a
range of 3D printing methods and materials. Selective Laser Sintering (SLS) is an offered method
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that will work for this project. With SLS can several materials be used including PA 12, polyamide,
and PA-GF, polyamide powder filled with glass particles. For both these materials the maximum
part dimensions are 650 x 330 x 560 mm and the minimum wall thickness is 1 mm. The standard
accuracy is ± 0.3% [9]. For this project the SLS method will be chosen since it can produce the
largest parts, and PA 12 will be used as material for the demonstrator since it is less expensive
than PA GF, which will be used for the serial production.

Wing, stabilizer, nose and boat tail

Since the dimensions for SLS with PA12 are 650 x 330 x 560 mm the wing, both horizontal and
vertical stabilizer, nose and boat tail can each be 3D printed in one whole piece.

Fuselage

The fuselage will be made out of a aluminum tube. Aluminum (Al) is a great material to reduce
weight since it has a density that is a third of steel. By using different alloys mixtures the strength
of the material can increase substantially. A thin protective layer of aluminum oxide, that creates
with contact with air, makes aluminum durable from rust from water or other chemicals [10].
Aluminum tubes are usually made by continuous casting and it was suggest that aluminum 6063
would be a suitable aluminum alloy for a cylinder with thin walls [11].

8 Cost estimation
This chapter will analyze both the cost to produce two demonstrators of the final product and a
serial production of 100 final products. Note that this chapter is an estimation of cost.

Demonstrator

The demonstrator is an early model of the final product to test the concept. In table 7 is the
material cost divided into first structural cost which include fuselage and 3D printed parts. Second
the electronics and avionics cost where battery, control system, cabling and servo are included and
third the engine cost where engine and fuel are included. The cost for the structure is estimated
for the material PA 12 for the 3D printed parts. On the manufacturer’s website [9] the STL-file of
the CAD-model can be uploaded and a price is calculated automatically 7.

Table 7: Material cost for a demonstrator.

Structure [9] [11] 19000
Electronics & avionics [12] [6] 7800

Engine [13] 38000
Total 64800

Serial production

When ordering a large number of products the price can be negotiated and it is estimated that the
price per unit reduces with 10% of the original price when the number of units are doubled. The
unit price can then be calculated as

Unit price = Original price · 0.9log2( number of units) (12)

which gives that for when ordering 100 units at the same time the unit cost reduces to half of the
original price. In table 8 are the different costs shown. The cost for the structure is estimated for
the material PA GF for the 3D printed parts.

Other costs

The material cost is a small part of the total cost for this project. Additional cost that will be
added are engineering costs for development and testing, assembly cost, payload, launch device
cost, storage cost etc. These cost cannot be determined in this project.
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Table 8: Material cost per unit for serial production.

Structure [9] [11] 13200
Electronics & avionics [12] [6] 3800

Engine [13] 19000
Total 36000

9 Discussion
The conclusion for this project is that it should be possible to design an air vehicle, designated
to fly in a group or a swarm with other vehicles, to a reasonable cost. Also all the requirements
for the air vehicle have been fulfilled. However, more research and testing needs to be done before
the project is possible to realize. Some of the topics that needs to be further investigated will be
mentioned below.

Future improvements

As mentioned in the report, the optimal cruise speed for maximum range is around Mach 0.2. But
since the target is to reach the required range as fast as possible, the choice was to use Mach 0.6
instead. This was the highest Mach number engine data existed for and therefore the highest speed
possible for this configuration. However, the drag force is still quite a bit below the thrust from
the engine so even higher speeds could be investigated in further development. But as the speed
increases it is important to also look into effects that occur when getting closer to the speed of
sound.

For the chosen cruise speed of Mach 0.6 the wing loading is limited by the takeoff speed. To be
able to optimize the wing loading after the cruise speed and thereby increasing the performance
during cruise, the stall speed need to be higher. This can be obtained by increasing the takeoff
speed from the catapult. To be able to do this the vehicle need to be able to withstand the forces
that occur during the acceleration and the catapult itself need to be able to produce enough energy
for takeoff above the stall speed. During this project the focus has been on finding a good enough
and feasible solution to the balance between performance, structural design and takeoff. However,
the assumption is that this can be further improved in order to find the optimal result.

When it comes to the airfoil choice, it was made after comparing a few existing airfoils. For
the final design a more profound comparison has to be made, it might even be necessary to design
a completely new custom made airfoil. The only thing that speaks against a custom made airfoil
is the increased cost that it entails. Also, both the airfoil and the whole air vehicle will have to
be tested to find out more accurate aerodynamic characteristics. Another part that also need to
be analyzed and tested is the air intake design and the integration between the air intake and the
engine.

The assembly of the different parts of the air vehicle body needs to be further investigated. Since
many of the parts will be 3D printed, the optimal solution would be to also print the attachment
parts for the different components, either as separate parts or already attached to the component.
The second would simplify the assembly of the air vehicle greatly. Also the attachment of the
components on the inside need to be further analyzed.

When choosing the components for the air vehicle the storing ability have been taken into
consideration. But even tough the separate components can be stored for the desired amount of
time further investigation is needed to see how the air vehicle is stored as as whole. Furthermore
it is needed to determine how the air vehicle should be packed during the storage time and if it
needs to be assembled before launch.

A complete FEM analysis of the structure is needed to calculate if the structure can withstand
a launch at a 10 g acceleration and all the aerodynamic loads during flight.

Parts that has not been looked into at all is the communication and navigation systems, these
obviously need to be design integrated and tested in order to make the autonomous air vehicle
work.
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Work division

Hanna: Air vehicle design, evaluation of design and performance.
Alicia: CAD-model, launch method, manufacturing, cost estimation.
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A Project definition

A.1 Engine data

Figure A.1: Thrust prediction, Hawk 240.

Figure A.2: Specific fuel consumption prediction, Hawk 240.
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A.2 Design method

Figure A.3: Flow chart describing the iterative conceptual design process [1, fig. 2.4].

A.3 Comparative air vehicle study

Table A.1: Subsonic cruise missile data.

RBS-15 Mk3
[14] [15]

AGM-84 H/K
[16] [17]

APACHE AP
[18] [19]

Delilah
[20]

AIM-9X
[21]

AGM-136
[22] [23]

Range
[km] 250 270 140 250 - 430

Length
[m] 4.35 4.37 5.1 2.71 3 2.54

Diameter
[m] 0.5 0.343 0.63 0.33 0.127 0.69

Mass
[kg] 630-800 725 1230 185 85 195

Payload
[kg] 200 360 560 30 9.36 18

Thrust
[N] 4200 2937 5500 824 - 310
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B Initial design

B.1 Mass estimation

Figure B.4: Initial takeoff mass estimation.

Figure B.5: Initial fuel mass estimation.
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Figure B.6: Initial empty mass estimation.

Figure B.7: Fuel fraction estimation. (Raymer method)

B.2 Wing loading
Stall speed

The maximum wing loading limited by the stall speed, Vstall, is given by [1, eq. 5.6]
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Figure B.8: Empty weight fraction with "Small UAV" constants.

W

S
=

1

2
ρV 2

stallCLmax (13)

where ρ is the density of the air and CLmax is the maximum lift coefficient.

Catapult Takeoff

During take off the speed of the vehicle must exceed the stall speed with a safety margin of 10%.
[1, p.131] This is ensured by [1, eq. 5.10]

W

S
=

1

2
ρ(Vend + ∆Vthrust)

2CLmax
1.21

, (14)

where Vend is the catapult velocity at the end and ∆Vthrust is the velocity added by the engine’s
thrust.

Cruise

The wing loading optimal for cruise is given by [1, eq. 5.14]

W

S
=

1

2
ρV 2

cruise

√
πAReCD0

/3 (15)

where e is the Oswald efficiency factor, AR, is the aspect ratio and CD0
is the zero-lift drag

coefficient. During the initial design these coefficients is set to 0.8 and 0.015 respectively. [1, p.
135]
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Comparison

Figure B.9: Optimal wing loading for cruise (blue) vs. maximum wing loading limited by takeoff
(red).

Results

Figure B.10: Wing reference area.
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Figure B.11: Wing loading.

B.3 Geometry
Wing

The wing span, bw, is calculated according to [1, eq. 7.5]

bw =
√
ARSref . (16)

The root chord, Croot,[1, eq. 7.6], tip chord Ctip, [1, eq. 7.7] and mean aerodynamic chord, C̄, [1,
eq. 7.8] are, for the trapezodial wing, calculated according to

Croot =
2Sref

bw(1 + λ)
(17)

Ctip = λCroot, (18)

and

C̄ =

(
2

3

)
Croot

1 + λ+ λ2

1 + λ
. (19)

The wing sweep of the center line of the wing is set to zero, but since the wing is tapered the
leading edge will have a sweep, Λle, given in degrees by

Λle = tan−1

(
Croot − Ctip

bw

)
, (20)

the quarter chord of the wing will have a sweep, Λqc, given by [1, fig. 4.16]

Λqc = Λle − tan−1

(
1− λ

AR(1 + λ)

)
(21)

and the sweep of the maximum thickness line, Λmax,t, is

Λmax,t = Λle − tan−1

(
4

AR
xmax,t

1− λ
(1 + λ)

)
. (22)
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Airfoil

Table B.2: Airfoil data.

xc_m
[%]

t_c
[-]

cl_max
[-]

Cm_0
[-]

Camber
[%]

Naca 6412 30.1 0.12 1.6 -0.18 6
Naca 0012 30.0 0.12 - - -

Fuselage

Table B.3: Historical fineness ratios.

RBS-15 Mk3 AGM-84 H/K APACHE AP Delilah AIM-9X AGM-136
8.7 12.7 8.1 8.2 25 3.7

Tail

The areas of the vertical tail plane, VTP, and horizontal tail plane, HTP, are calculated by [1, eq.
6.28]

SV TP =
cV TP bwSref

LV TP
, (23)

and [1, eq. 6.29]

SHTP =
cHTP c̄wSref

LHTP
, (24)

respectively. Here cV TP , cHTP are volume factors and LV TP , LHTP are the moment arm between
the wings’ and the tailplanes’ aerodynamic centers.

Wetted area

The wetted area of the fuselage is estimated to be a cylinder and a cone and is therefore given by

Swetfuse = 2π
d

2
(l − ln) + π

d

2

√
l2n +

d

2

2

. (25)

The wetted area for the wing, HTP and VTP is given by [1, eq. 7.12]

Swetw = Sexposed[1.977 + 0.52(t/c)] (26)

since the thickness-to-chord ratio, (t/c), for all the parts, is above 0.05 [1, p. 83].

B.4 Subsystems

Table B.4: Mass and size for the subsystems

Control system [24] Servo [6] Battery [12] Cablage Fuel tank
Mass [kg] 0.425 0.080 0.230 0.200 0.200
Length [m] 0.150 0.044 0.150 - -
Width [m] 0.070 0.022 0.050 - -
Height [m] 0.030 0.040 0.020 - -
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B.5 Refined mass estimation

Figure B.12: Refined mass estimation.
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C Aerodynamics

C.1 Lift coefficient
The first estimation of the maximum lift coefficient is CLmax = 1.5 and is obtained by using
historical data, see figure C.13. The maximum lift coefficient used in the final version is given by
[1, eq. 12.15]

CLmax = 0.9ClmaxcosΛqc, (27)

where Λqc is the wing seep of the quarter chord. The lift curve slope per radian is given by [1, eq.
12.6]

CLα =
2πAR

2 +

√
4 + AR2β2

η2

(
1 +

tan2 Λmax,t
β2

) (SexposedSref

)
(F ) (28)

where Λmax,t is the sweep of the maximum thickness line, η is the airfoil efficiency set to 0.95
according to [1, p. 412], ξ is given by [1, eq. 12.7]

ξ2 = 1−M2, (29)

where M is the Mach number. F is the fuselage lift factor given by [1, eq. 12.9]

F = 1.07 ∗ (1 + d/b)2. (30)

Figure C.13: Maximum-lift trends vs sweep angle. [1, fig. 5.3]

The wing lift slope per radian is given by [1, eq. 12.6]

C.2 Parasite (zero-lift) drag
To calculate the parasite drag, CD0 , the component buildup method for subsonic flight is used, [1,
eq. 12.24]

CD0
=

∑
(Cf,cFFcQcSwet,c)

Sref
+ CD,misc + CD,LP (31)

where Cf is the flat-plate skin-friction coefficient, FF is the form factor, Q is the interference drag
and c represent the different components of the aircraft. Added at the end are miscellaneous drags,
CD,misc and leakage and protuberance drags, CD,LP .
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Flat-Plate Skin-Friction Coefficient

The factor depends on the amount of laminar flow over the surface. If the flow is laminar the
coefficient is given by [1, eq. 12.26]

Cf,laminar =
1.328√
Re

, (32)

and if the flow is turbulent it is given by [1, eq. 12.26]

Cf,turbulent =
0.455

(log10Re)
2.58

(1 + 0.144M2)
0.65 , (33)

where Re is the Reynolds number as described below. How much of the wetted area that has a
laminar flow is obtained by looking at estimation guidelines [1, tab. 12.4] and the numbers are
presented in table C.5.

Table C.5: Percent laminar flow over wetted area.

Material % laminar flow
Fuselage Smooth metal 10
Wing Smooth molded composites 50

HTP, VTP Smooth molded composites 50

Reynolds number

The Reynolds number is given by

Re =
ρVcruisel

µ
(34)

where l is the characteristic length and µ is the viscosity. However, if the the skin surface is rough,
the flow will be turbulent, to take this into account a cutoff Reynolds number can be used. It is
given by [1, eq. 12.28]

Recutoff = 38.21(l/k)1.053 (35)

where k is the skin roughness value, and the used values can be found in table C.6.

Table C.6: Skin Roughness value

Material k
Fuselage Smooth paint 0.634 · 10−5

Wing, HTP, VTP Smooth molded composites 0.052 · 10−5

If the cutoff Reynolds number is smaller than the real Reynolds number it will be used when
calculating the flat-plate skin friction coefficient.

Form factor

To take into account the pressure drag caused by flow separation the skin-friction coefficient is
adjusted by a form factor, FF . The form factor for the fuselage is given by [1, eq. 12.31]

FF =

(
1 +

60

f3
+

f

400

)
, (36)

where f is given by [1, eq. 12.33]

f =
l

d
. (37)

For the wing the form factor is given by [1, eq. 12.30]

FF =

[
1 +

0.6

(x/c)max,t

(
t

c

)
+ 100

(
t

c

)4
] [

1.34M0.18(cos Λmax,t)
0.28
]

(38)
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where (x/c)max,t is the chordwise location of the maximum thickness point and (t/c) is the thickness
to chord ratio.

Interference drag

The drag increases where different part intersect each other, which needs to be accounted for. How
much drag that is added for different parts can be seen in table C.7.

Table C.7: The interference factor for different aircraft parts. [1, p. 438]

Q
Fuselage, Wing 1.00
HTP, VTP 1.03

Misc drag

All miscellaneous objects sticking out in the streamlines contributes to the drag, in this specific
case the body is streamlined shaped and has no external objects. However the base of the air
vehicle has a quite big area that contributes to the drag. The parasitic drag coefficient for the base
drag is given by

CDbase =
(D/q)base
Sref

, (39)

where (D/q)base is the base drag for subsonic flight is given by [1, eq. 12.37]

(D/q)base = [0.139 + 0.419(M − 0.161)2]Abase. (40)

Here Abase is the area of the rearward-facing base area.

L&P drag

The leakage and perturbation drag is set to 3% of the total drag [1, tab. 12.8].

Equivalent skin-friction method
The parasite drag can also be estimated by using the equivalent skin-friction method, which is
given by [1, eq. 12.23]

CD0
= Cfe

Swet
Sref

, (41)

where Cfe is the equivalent skin-friction coefficient. Since this air vehicle does not exist in the
table,[1, tab. 12.3], the method is only used to check the solution obtained above with the compo-
nent buildup method. Inserting the CD0 in 41 gives a Cfe in roughly the same area as in the table
mentioned above, which confirms that the CD0 is reasonable.

C.3 Drag coefficient
The drag coefficient is given by [1, eq. 12.4]

CD = CD0 +KC2
L, (42)

where the drag due to lift factor K is given by [1, eq. 12.48]

K =
1

π ·AR · e
, (43)

and e is the Oswald efficiency factor. For a straight wing aircraft it is given by [1, eq. 12.48]

e = 1.78(1− 0.045(AR)0.68)− 0.64. (44)
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D Stability and Control

D.1 Static stability
Due to the placement of the fuel, the air vehicles center of gravity will remain constant during
flight. The longitudinal static stability is then ensured by designing the air vehicle in such a way
that the neutral point, X̄np, is behind the cg. The safety factor between the neutral point and cg,
the static margin, is given by [1, eq. 16.10]

SM = X̄np − X̄cg (45)

where the notation X̄ represent the expression X
C̄

and X is the x-coordinate from the nose. The
neutral point of the aircraft is given by [1, eq. 16.9]

X̄np =
CLαX̄acw − Cmα,fus + ηh

Sh
Sw
CLα,h

∂αh
∂α X̄ach +

Fpα
qSw

∂αp
∂α X̄p

CLα + ηh
Sh
Sw
CLα,h

∂αh
∂α +

Fpα
qSw

(46)

and the including components are described below.
Since flying subsonic the wing aerodynamic center is assumed to be at 25% of the MAC. The

contribution to the pitching moment from the fuselage, Cmα,fus, is given by [1, eq. 16.25]

Cmα,fus =
Kfusd

2l

cmacSw
(47)

where Kfus is the empirical pitching moment factor, see figure D.14. The third term in equation
46 is the pitch moment contribution from the HTP, where ηh is the ratio between the the dynamic
pressure at the tail and and the freestream dynamic pressure. The tail angle of attack derivative
∂αh
∂α accounts for the fact that the freestream is experiencing a downwash from the wing. It is
given by [1, eq. 16.23]

∂αh
∂α

= 1− ∂ε

∂α
, (48)

where, [1, eq. 16.21a]
∂ε

∂α
=

(
∂ε

∂α

∣∣∣∣
M=0

)(
CLα

CLα|M=0

)
, (49)

and the value of
(
∂ε
∂α

∣∣
M=0

)
can be found in figure D.15. The fourth term in equation 46 is the

contribution to the pitching moment from the thrust. In this case the "power-off" stability is
investigated and this term is set to zero. The static margin ensures that the air vehicle still is
stable when the thrust moment is added during flight.
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Figure D.14: Factor Kfus as function of the position of root quarter chord as percent of fuselage
length. [1, fig. 16.14]

Figure D.15: Downwash estimation. [1, fig. 16.12]
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D.2 Trim analysis
The pitching moment around the center of gravity, given by [1, eq. 16.7]

Cmcg = CLwing (X̄cg − X̄acw) + Cmw + Cmwδf + Cmfus − ηh
Sh
Sw

CLh(X̄ach − X̄cg) (50)

is set equal to zero to find the trim points. Here X̄cg is the x-coordinate of the cog, X̄acw the
x-coordinate of the wings aerodynamic center, Cmwδf the pitching moment increment due to flap
deflection, X̄ach is the x-coordinate of the HTP’s aerodynamic center. The lift coefficient for the
wing, CLwing is given by [1, eq. 16.13]

CLwing = CLα(α+ iw − α0L) (51)

where α is the angle of attack, iw is the wing incidence and α0L is the zero lift angle of attack.
The pitching moment of the wing is given by [1, eq. 16.19]

Cmw = Cm0airfoil

(
AR cos2 Λ

AR+ 2 cos Λ

)
(52)

where Cm0airfoil is the airfoil pitching moment. The total lift coefficient is given by [1, eq. 16.33]

CLtotal = CLα [α+ iw] + ηh
Sh
Sw

CLh (53)

where α is the angle of attack, iw the wing incidence and CLh is the tail lift coefficient given by
[1, eq. 16.32]

CLh = CLαh

[
(α+ iw)

(
1− ∂ε

∂α

)
+ (ih + iw)−∆α0L

]
. (54)

Here ih is the HTP incidence and ∆α0L is the change in zero-lift angle due to the elevator given
by [1, eq. 16.16]

∆α0L =

(
− 1

CLα

∂CL
∂δf

)
δf (55)

where δf is the elevator deflection. The lift increment with elevator deflection, ∂CL
∂δf , is given by

[1, eq. 16.17]

∂CL
∂δf

= 0.9Kf

(
∂Cl
∂δf

)
airfoil

Sflapped
Sref

cos ΛH.L (56)

where
(
∂CL
∂δf

)
airfoil

is the theoretical airfoil lift increment, which can be seen in figure D.16, and

Kf which adjusts the lift increment for larger deflections can be seen in figure D.17. The flapped
area Sflapped is the part of the wing area which has the length covered by a flap and ∆H.L is the
sweep angle of the flaps hinge line.

The trim drag is included in the induced drag, which is then calculated by [1, eq. 16.34]

CDitrimmed = K[CLα(α+ iw)]2 + ηh
Sh
Sw

Kh[CLh ]2 (57)

where Kh is the drag due to lift factor for the HTP.

D.3 Constants

Table D.8: Constants used in stability and control calculations

Constant Cmwδf Kfus
∂e
∂a ηh K_f

(
∂Cl
∂δf

)
airfoil

Value 0 0.035 0.5 0.9 0.95 4.5
Reference Assume: δail = 0 Fig. D.14 Fig. D.15 [1, p.605] Fig. D.17 Fig. D.16
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Figure D.16: Theoretical lift increment for plain flaps. [1, fig. 16.6]
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Figure D.17: Empirical correction for plain flap lift increment. [1, fig. 16.7]
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E Evaluation of initial design

E.1 Aerodynamics

Figure E.18: Initial parasite drag coefficient.

E.2 Performance

Figure E.19: The thrust (red) and drag (blue) for the initial design.
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F Final design

Figure F.20: Side view.

Figure F.21: Top view with visible ailerons and elevators.
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Figure F.22: Draft with measurements.

F.1 Control surfaces
The torque of the ailerons and elevators are calculated by

Torque =
0.5ρV 2

cruiseScCMle
cc1̇02

g
. (58)

where Sc is the area of the control surface and cc is the chord of the control surface. The moment
coefficient of the control surface about the hinge line, CMle

is given by

CMle
= δc

pi

2
, (59)

where δc is the deflection of the control surface in radians. [25] The resulting torque depending on
control surface deflection can be seen in figure F.23.
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Figure F.23: Control surface torque.
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G Launch method

Figure G.24: Velocity versus length of launch for different accelerations.

Figure G.25: Kinetic energy needed to reach different launch velocities for different air vehicle
masses.
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Figure G.26: The force needed to launch dependent on the launch distance for the air vehicle
mass of 28.7 kg.

G.1 DC4 hydraulic launcher
The DC4 Launcher is a hydraulic that uses a hydraulic cylinder with a block and tackle system
for accelerating the carriage. The base construction can be built into fixed surfaces or trailer [26].
After the deployment the DC4 Launcher automatically reloads to prepare for the next launch. In
table G.9 are the technical data for the DC4 launcher and in figure G.27 are the DC4 with the 18
meter launch length. In figure G.28 is the DC4 configuration when transported or stored with the
dimensions 5 x 2 x 1.7 m.

Table G.9: Technical data of the DC4 Launcher

Maximum payload [kg] 350
Max. launch speed for 200 kg UAV [m/s] 55

Maximum operating pressure [bar] 350
Launch length [m] 18

Length in transport configuration [m] 5
Height in launch configuration [m] 3.8

Height in transport configuration [m] 1.7
Width [m] 2

Total weight [kg] 4500
Elevation angle [◦C] 5 to 15

Operating voltage [VDC] 24
Operating temperature [◦C] -30 to 50

Storage and operation temperature [◦C] -35 to 70
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Figure G.27: The DC4 have a launch length of 18 meters [26].

Figure G.28: The DC4 Launcher in transportation and storage form [26].
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