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Abstrakt
Ke studiu migrace hmyzu a jiných členovců unášených větrnými proudy je výhodné
moci sbı́rat jejich vzorky za letu. Použitı́ bezpilotnı́ho letadla s pastı́ by mohlo být do-
brou cestou, jak toho dosáhnout. Tato metoda byla zkoumána a bylo navrženo bezpi-
lotnı́ letadlo v podobě bezocasého dvojploŠnı́ku s pastı́ umı́stěnou mezi křı́dly.

Summary
To study migration of insect and other arthropods in wind currents it is important to be
able to collect their samples in flight. Use of unmanned aerial vehicle carrying a trap
might be a good method. This possibility was studied and the aircraft was designed as
a tailless biplane with trap placed between the wings.
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1 INTRODUCTION
The aim of this thesis was the design of an unmanned aerial vehicle for aero-

plankton collection. The term aeroplankton encompasses insect and other arthropods,
which are carried by the wind. Some of them even intentionally. To be able to collect
sample of insects from air is vital for entomologists studying this phenomenon. In past
time, they mostly had at their disposal only high ladders, trees and buildings, where
traps could be planted. With arrival of affordable UAVs, there is interest to explore the
possibility to capture aeroplankton this way.

In cooperation with entomologists of Charles University, namely mostly with Mgr.
Jiřı́ Hadrava requirements for such vehicle were formulated. Based on characteristics
of various nets and traps and previous attempts of aerial insect collection, the design
phase of unmanned aerial vehicle commenced. It was necessary to determine proper-
ties of netted insect trap in flight.

Determination of flow through porous screens is currently mostly investigated in as-
sociation with air filtering. Another field where it is vastly studied is agriculture, where
circulation of air in greenhouses is important for optimal growth of plants. Vents or
whole walls of greenhouses are often made of porous screens to stop intrusion of
insects inside. Significant part of this thesis was focused on this domain, where com-
putation of ideal trap parameters were calculated using MATLAB scripts.

History of insect aerial collection was examined to provide some design inspiration.
As this was very unusual task for the aircraft, various aircraft concepts throughout the
history were examined. After evaluating requirements and previous experience, the
aircraft was designed as a tailless biplane with traps placed between wings.

Aerodynamic analysis and optimization and structural computations were conducted
with use of Tornado VLM MATLAB script, with results being further processed by au-
thors own scripts. All MATLAB scripts are attached and can be reused for further
optimization. Model design of parts was conducted with use of Catia.
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2 HISTORY OF INSECT AERIAL
SAMPLING

There are several ways of collecting insect in air. This chapter describes some
methods used in the past and their historical evolution. Study of this topic brought
some insights on how aerial insect trap can be constructed and what are the most
important parameters of its design.

2.1 Use of airplanes

According to P.A. Glick, the first case of an airplane used for insect exploration
was at 1926 in Tallulah (USA). During first few flights, researchers collected several
insect samples. After these test flights long, 5 year period of insect collecting was
conducted. Around 1 000 hours was flown in total of, 1 314 flights, some of them at
night.. Researchers recorded flying altitides and how many insects of what specimens
were caught. [12]

Airplanes used for the research were DeHaviland H1 army biplanes. traps were
installed between the wings. The structure of the wing and the supporting struts had
to be stiffened to compensate for increase of aerodynamic forces. This was the reason
for the use of for this purpose specially designed airplane Stinson Detroiter SM1 2.1
[12]

Figure 2.1: Stinson Detroiter SM1 monoplane, specially constructed for insect collect-
ing [12]

Several types of traps were developed during the research. They were modified to
fit to the wings of various types of airplanes and their efficiency was also improved,
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though basic principle stayed unchanged. Trap consisted from five screen-covered
frames, where the insects were caught, than two suitable compartments for protecting
the screens before and after catching, which was made from aluminum, tin and wood,
in later models from steel tubing. [12] On the figure 2.2 one of the trap models can be
seen, attached to the plane.

Figure 2.2: A single-compartment insect trap adapted for use on the leading edge of
the lower wing of a biplane [12]

Another example of study, where insects was collected with the help of an airplanes
and attached traps, was conducted again by Perry A. Glick and colleagues, mainly
between 1954 and 1957. During this research 1 552 flights were flown, collecting took
about 1 286 hours (flights with nets exposed) and flight altitude was up to 16 000 feet.
During the research 35 826 insects were collected. [12]

In this study, slightly modified version of the mentioned trap was used. Later, in
1957 new type of trap was designed. This trap was compounded from series of nets,
which were operated from the cabin. An example of this trap attached to an airplane
can be seen on figure 2.3.

2.2 Other ways of aerial insect collection

Between 1932 and 1935 a research was conducted which used two kites supporting
nets. First kite was a pilot kite: “triangular section box pattern with side wings, having
a span of 8 ft. and a height of 8-5 ft.” [14] and was connected by 350 ft. of rope to
the second kite, which helped lift the net in mild wind, they could be used separately
when wind was strong enough. The nets were attached about 8 ft. below second kite
and was designed to be able to open in desired height and closed again before being
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Figure 2.3: Insect trap, steel rails extend from rear of the cabin to the wing strut, where
the net is placed in collecting regime. [12]

dropped down, 2.4 The whole mechanism was lifted into the air with help of automobile
used as power winch. [14]

Figure 2.4: Closed net being pulled up, attached to the kite [12]

Wireless Station beams in north Lincoln were used for hanging series of nets to
collect insects at 1934 and 1935. Wireless station was chosen because it enabled nets
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to be deployed in lighter winds than kites could. Samples were collected in different
heights by moving the nets on the beams, this enabled the altitude to be kept constant
through out the collection. The nets were cone shaped, made of cheese-cloth, 8 ft.
long and were held open by a hoop, cords lead to open and closing mechanism. [11]

Net supported by a tethered balloon was used for insect collection during July 1999,
2000 and 2002 at Gread Britain, Bedfordshire. Results of this research were compared
with studies of above mentioned Hardy a and Freeman. Collections were done at day
and night. As a platform, tethered helium filled blimp at 200 m above ground was
used. Tapering net suspended few meters below the ballon was used to collect insect.
Net was made from multifilament nylon mesh, same as the collecting bag, which was
fastened to the rear end of the net by a heavy-duty zip-fastener. More than 100 hours
sampling time was done each year. [17]

2.3 Radar monitoring of insect migration

Another suitable technique for long-term, automatic monitoring of insect migration
are radars. It was widely used by entomologists from 1970s. [26] Now the vertical-
looking radars (VLR) are used and there is also ongoing research of harmonic radar,
which would enable to track individual insect. [18] Monitoring by VLR radar can provide
information on size, shape, wing-beat frequency and other. In case of mass migration
of one insect species in a large groups it is possible to determine the species. When
there is need to collect information about more mixed insects fauna or when the insects
are too small to be detected by radar, the direct trapping methods are the only way. [18]

Figure 2.5: Vertical looking radar and harmonic radar [18]

12



3 REQUIREMENTS

3.1 Flight time

The aircraft should be able to perform sample collection for at least half an hour long
continuous level flight. Take off, ascent, descent and landing are performed outside of
this time window. Also a small reserve had to be added to the flight time, because
of range of operating temperatures of aircraft and battery capacity drop, which is ex-
pected to occur after higher number of recharge cycles. Based on these assumptions
endurance of at least 40 minutes was chosen as a requirement for the aircraft.

3.2 Cruise speed

To determine optimal cruise speed of the aircraft, various mostly contradictory re-
quirements had to be considered. Optimal cruise speed of the aircraft had to be as high
as possible, to enable the trap to filter the highest amount of air. To keep the parasitic
drag of the trap at low levels required the speed to be low as well, so the propulsion
would be able to provide power for the entire required flight time with batteries of rea-
sonable weight. Another important parameter for successful sample collection which
required the cruise speed to be low might have been the rupture velocity of insect.

3.3 Stability

For airplane to be able to fly correctly it has to be stable in the air. This stability could
be easily compromised by incorrect placement and dimensions of the trap. Therefore
the trap was required to have none or, if desired, small positive effect on stability.

3.4 Rupture velocity

For successful determination of each sample of insect or arthropod caught in the
trap, and to find the overall number of samples collected, it was necessary for the insect
to stay intact on impact with the trap. This is determined by species of insect in ques-
tion and the minimal velocity on impact, which its exoskeleton cannot sustain without
breaking. This parameter is termed rupture velocity [5] and in aerospace engineering
is not unknown.

The rupture velocity is commonly studied in context of adherence of bugs on wings
of sailplanes. For high performance modern sailplanes, insect bodies stuck on lead-
ing edge of wing can have significant impact on performance. To reduce effect of this
phenomenon, leading edges of wings are manufactured with special surface coating,
which lowers the adherence of insect. To determine these properties, wind tunnel ex-
periments are conducted, where bodies of dead insect are fired against plates covered
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with said materials. For success of these experiments, the insect body is required to
rupture on impact and cover the surface with its internal fluids, which then leads to
chemical reaction and adhesion of its remains. [21]

Figure 3.1: D.Melanogaster after impact beyond its rupture velocity [21]

In his study from 1959 W.S. Coleman determined rupture velocity of fruit fly (Drosophila
melanogaster), to be 10.7 ± 0.6 ms−1 [5], whereas in study from 2014 by M.Kok. the
rupture velocity of D.Melanogaster was found to be at considerably higher value of 24.5
± 2.1 ms−1. [21] Examples of impact beyond this velocity are depicted on 3.1. As ex-
plained further in chapter 5.1, this velocity threshold ultimately didn’t pose any limits in
regard to the aircraft design.

3.5 Transportability

To be able to provide insect collection at various locations, the aircraft needs to be
transportable. This could be accomplished by either small size of the aircraft, or by its
dismountability. Sample collections are to be conducted at one location at a time for
consecutive longer time intervals. Therefore there is small need for rapid deployment
after transportation. For this reason, the aircraft was allowed to be dismantable, in case
it leads to increase of performance over small unbreakable aircraft. Maximal length of
one segment was set to 1000 mm, as at this size, it will be still easily transportable by
ordinary car.

3.6 Legal limitations

According to amendment X of regulation L2, issued by CIVIL AVIATION AUTHOR-
ITY Czech Republic there are some altitude limitations for remotely controlled RC air-
craft and UAVs on the territory of Czech Republic. Maximal operating altitude of re-
motely controlled aircraft is 300 m AGL. There are also limitation regarding distance
from men and obstacles, which are not applied for aircraft of maximal take off weight
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under 7 kg. These limitations would made impossible some desired sampling regimes,
which led to restriction of the maximum take off weight of the aircraft to 7 kg. [7]

3.7 Take off and landing

Decision to further limit aircraft weight was based on the take off and landing proce-
dure This is to be conducted several times a day. Preferable take off is from operators
hand, if this cannot be achieved, alternatively rubber band catapult can be used. Belly
landing will be used to recover the aircraft. Therefore the aircraft weight was further
limited to 5.5 kg

3.8 Gusts

The cruise speed of the aircraft is expected to be very slow, therefore strong gusts
will have great effect on flight performance and loading factor. Gusts of 10 m/s were
considered at the VC , 6 m/s at VD.

3.9 Maximal banking angle

The aircraft is not expected to undertake any aerobatic maneuvers and all sample
collection is expected to be done at level flight at cruise speed, therefore the maximal
banking angle was set to 60◦, which is in accordance with what is allowed to piloted
general aviation airplanes.

3.10 Summary of requirements

Parameter Value Unit
max. Weight 5.5 kg
min. Endurance 40 min
max. Segment length 1000 mm
max. Cruise speed 20 m/s
Operating altitude 0 to 300 m AGL
Gust speed 10 m/s
Trap control remotely by operator

Table 3.1: Table of requirements
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4 PRELIMINARY DESIGN

4.1 Trap

Many trap variants were considered, based on present ways of insect collection
and designs used in earlier attempts mentioned in chapter 2. The need to operate
opening mechanism during flight had the biggest impact on the final design of the trap.
It required to incorporate movable parts into design, very large such parts, in case of
opening and closing of the whole trap. This would considerably lower structural rigidity
of the trap. Therefore it was decided to open and close only small segments of the trap.
Because of the need of preserved stability of the aircraft the sweptback net between
the wings, in more detail described in chapter 5.1, was selected as a best option.

4.2 Single purpose

One of the advantages of unmanned aerial vehicles over piloted aircrafts is their
relatively smaller size, which correlates with lower manufacturing costs. This fact opens
the economic possibility to create many single purpose UAVs, rather then one larger
multipurpose vehicle, as is the case of earlier mentioned piloted aircrafts.

Classical UAVs are mostly designed as a single purpose vehicles Classical air-
craft, be it a tailed aircraft, flying wing or any other existing UAV, this required new
unmanned aerial vehicle to be build around the device, similarily as in the case of
Fairchild-Republic A-10 Thunderbolt II, where the airplane was constructed around a
required device - GAU-8 rotary cannon. [19]

4.3 Propulsion

As stated in 3.4, it is vital, that the insect stays intact after capture. This requires
correct placement of the propeller, so the insect heading to the net does not come in
contact with it. It could be achieved by use of two or more puller motors on wing far
from the trap, or to place the motor behind. Because of understandable desire to use
only one motor, aft pusher propeller configuration was selected as the best form of
propulsion.

4.4 Wing configuration

To secure rigid construction of the trap, it was necessary to have either very rigid
frame connected on the wing or to place the trap between the wings of a biplane.
Because of decision to make most of the net static, as discussed in 4.1 the biplane
configuration with net between the wings was selected as a best solution.

16



Figure 4.1: A-10 Thunderbolt II [1]

Advantage of a biplane over a monoplane is its potential structural rigidity and better
climb rate, of course, compensated by higher drag. As the cruise speed is in this case
very low and most of the drag is created by the trap, biplane design advantages can be
exploited with little cost.

For vertical gap between biplane wings of 1 chord length and larger, the mutual
interference effect of wings is small and wings act as individual lifting surfaces. [20] So
it was vital to get as close to gap of one c. This demand was met only partially, as is
clear from chapter 7. where at the root of wing the gap is slightly smaller than the root
chord length.

4.5 Tailless configuration

For the trap to have enough frontal area, it was vital to use wing or wings as a
support structure. As the trap in this position it was vital, for the trap to provide lateral
and directional stability. This was achieved by placing the trap slightly behind the CG
diminishing the need for horizontal stabilizer on the tail. Therefore it was decided to
use flying wing configuration. In search for use of such configuration in history, several
similar airplanes were found, from which Dunne D.8 was the most iconic example.
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Existence and success of Dunne D.8 and its successors brought confirmation that
it is possible to build and successfully fly a tailless biplane.

Figure 4.2: Brugess Dunne BD-1B - designed by John William Dunne [28]

4.6 Manufacturing technology

Wings and fuselage are made of hot-wire cut PPS foam core, positively laminated
with fiberglass. Wings and trap are supported by carbon fiber and wires of nylon
braided line. Wing connection points, motor mount, trap mechanism and other parts
are 3D printed, made of ABS plastic. The wing end plates are made of light plywood.
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4.7 Aircraft gross weight

The estimation of aircraft parts mass was made based on UAVs previously built at
Institute of Aerospace engineering and earlier experience of author. List of masses of
individual components can be seen in table 4.1.

Component Mass
g

Airframe including Trap 1800
Motor 300
Propeller with adapter 55
Receiver battery 110
Elevon servos 120
Trap servos 80
ESC 80
Wiring 80
Receiver, sensors 50
Flight control, telemetry, GPS, Power module 150
Total mass without propulsion battery 2825

Table 4.1: Estimated mass of individual segments

The most influential portion of aircraft gross weight was the weight of the battery
used for propulsion. This value was not so easy to estimate and is dealt with in more
detail in chapter 5.1.

4.8 Control

The aircraft will be remotely controlled by classic RC transmitter and receiver. Dur-
ing flight it is possible to hand over the control to automatic flight control unit. As a
flight control system, Pixhawk PX4 (displayed on figure 4.3) was chosen because of
familiarity of with Ardupilot FC family, of which Pixhawk is descendant of.
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Figure 4.3: Pixhawk flight control [27]

5 TRAP DESIGN

5.1 Trap function

Important factor was the need to be able to open and close the trap during flight.
Flight time with closed trap is negligible compared to the actual collection time with
open trap. This led to use of static, permanently fixed main part of the net. This main
part is attached between the top and the bottom wing and for ease of transportation,
split in the middle, where wings are connected to the fuselage. It is swept at an angle
(greater than the wings), so the insect hit by the net slides to its outer edge, where it
is collected. The sample collection ability is provided by two bug bags, each placed at
the outer end portions of the net. The opening and closing is operated by servos. The
bug bags, ideally full of samples, are detached after landing and replaced with unused
ones.The trap can be described as a flying insect snowplow with ability to collect the
plowed insect.

5.2 Net area

In contrary to what most airplane designers are trying to achieve - to minimize the
frontal area of an airplane, for purpose of airplane collecting aeroplankton it is vital the
frontal area of the trap will be as large as possible. This will enable the aircraft to sweep
large volume of air through the net, increasing overall number of samples collected.
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This goal of course carries a problem of higher drag, which has to be compensated for
by more powerful propulsion unit.

Net material

Aerial (also often called Butterfly) nets used by entomologists to collect insect are
often made of soft polymer mesh. Light net bag is attached to a round light steel frame
connected to a rod, which is held by hand. Capture is done by swinging the net at
insect flying nearby. [25]

For butterflies and larger insect, lower density of threads is required, so the net
can be made lighter, which diminishes the possibility of damaging the specimen. On
the other hand, to enable the opportunity to capture even very small arthropods the
meshes of some nets may require to be made very fine. From aerodynamic point of
view, even with the lever effect of the rod, the swing of the net is still done at quite a
low speed, so no aerodynamic optimization of the mesh is usually needed for standard
nets.

This however may not be the case of insect collection from aerial vehicles. In the
aerial sampling by J.W. Chapman mentioned earlier, nets and collecting bags sus-
pended from blimps were made of multifilament nylon mesh [17]. Multifilament mesh
can have good structural and deep filtration properties and are easier to manufacture,
but their aerodynamic qualities are worse, compared to monofilament meshes of the
same material. For this reason nylon monofilament thread was chosen as the material
of the net.

Catalogs of several manufacturers were examined and based on technical parame-
ters of the products, mesh materials of SEFAR company were found to best suit aero-
dynamic requirements. The choice of materials was based on open area percentage
and on mesh opening, where values around 300µm and lower were considered. Their
parameters can be found in 5.1.

From many mesh materials listed in the catalog of manufacturer Sefar, 8 materials
were selected for calculation. The selection was based mainly on the most important
factor - the mesh opening value α, which is determined by the ratio of the open areas
to whole area of the mesh [29]:

Another important factor for material selection was the micron value of the mesh.
This parameter determines the size of the smallest solid object, which can pass through
the material.

5.3 Forces acting on the net

To estimate this drag force, analysis of various mesh materials at different velocities
and angles of the net was calculated, using MATLAB software. For this analysis the
method proposed by [4] was used, with some changes based up was based upon the
For this preliminary analysis, curvature of the net due to airfoil camber was neglected
and top and bottom edge was considered a straight line.

21



Mesh Opening Open area Mesh count Yarn φ Weight Thickness
µm % n/cm µm g/m2 µm

17-600/70 600 73 14 100 101 180
07-240/59 240 59 32 73 35 115
06-600/59 600 59 13 180 80 350
17-115/58 100 58 73 38 17 50
03-190/57 190 57 40 62 30 100
06-475/56 475 56 16 180 85 290
07-285/55 285 55 26 103 60 168
07-105/52 105 52 69 42 25 63

Table 5.1: Table of mesh materials

Viscosity of air µ is highly dependent on temperature and can by obtained from
Sutherland’s formula (5.1), where T is input temperature, C is Sutherland’s constant for
the air and λ is constant for the gas, calculated from reference viscosity µ0 at reference
temperature T0 by equation (5.2) and for air is equal to 1.512 041 288 µPas/K

√
(2) [31]

µ = λ
T

3
2

T + C
(5.1)

λ =
µ0 (T0 + C)

T
3
2
0

(5.2)

∆p =
1

2
ρkpv

2 (5.3)

this references equation (5.3).
Pressure loss coefficient can be obtained from equation (5.4) proposed by E. Brun-

drett [4] for metallic mesh and later modified by Bailey [3] for calculation of insect-proof
screens.

kp =

(
1 − α2

α2

)
·
[

18

Re
+

0.75

log (Re+ 1.25)
+ 0.055log (Re)

]
(5.4)

Reynolds number expresses the ratio of inertial and viscous forces [9] and for our
purposes can be calculated by equation (5.5), where v is the free stream velocity, ν
represents the kinematic viscosity of air, and the length factor is defined as yarn thread
diameter of the mesh d. [32]

Re =
vd

ν
(5.5)

To incorporate the effect of angle of the net, it was necessary to correct the loss
coefficient using equation (5.6) proposed by Laws and Livesey, where φ is the angle of
attack of the net, for which the equation is applicable up to the value of 42◦ [22].
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kpφ = kpcos
2φ (5.6)

Use of net at various angles was considered. Angle was necessary to enable the
insect to slip in to the bug bag. Illustrative image generated during calculation can be
seen on figure 5.1

Figure 5.1: Net at different angles

Meshes have different thread diameters, therefore for each mesh and each velocity
Reynolds number had to be calculated 5.2. Thie above mentioned equation 5.4 was
used to calculate pressure loss coefficient of each mesh 5.3

Using Bernuli equation pressure drop over the mesh could be calculated (figure
5.4). This was important for determination what mesh would the best. After consider-
ation, the mesh 07-240/59 was selected for use. The characteristics of selected mesh
are presented in figure 5.5.

After selection of the best mesh material another faze of iterative computation would
begin. Its result was estimation of Drag caused by the mesh at different frontal areas
and velocities.

CD = CD0 + CDi (5.7)

where CD0 is zero lift drag coefficient and CDi is induced drag.
In this case, parasitic drag of the net is very large in comparison with parasitic drag

of the aircraft or induced drag. As is lated shown by figure 5.8
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Figure 5.2: Reynolds number of meshes

Figure 5.3: Pressure loss coefficient of meshes

As was stated by in at aerodynamic for engineers lower speeds induced drag dom-
inates, therefore the parasitic drag could be neglected and only induced drag and drag
caused by the trap were considered for further calculations.
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Figure 5.4: Pressure difference of meshes

Figure 5.5: Pressure difference of selected mesh

Because of the slow cruise speed, it was assumed that the parasitic drag of the
airplane will be considerably smaller than the parasitic drag caused by the trap, there-
fore for preliminary calculation of aerodynamic characteristics, this drag was neglected.
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Figure 5.6: Drag as a function of net frontal area

This allowed the possibility to use Vortex lattice method, which is useful for determina-
tion of induced drag from lift, but cannot deal with parasitic drag of an airplane.

Figure 5.7: Lift induced drag
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5.4 Power required

Figure 5.8: Parasitic power

Figure 5.9: Comparison of induced power and parasitic power caused by the net
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Based on the required power and flight time, and with consideration of Li-pol battery
average power ratio of 150 [Wh/kg], battery weight was calculated.

Figure 5.10: Battery weight required by the parasitic power of the net

Figure 5.11: Battery weight required by parasitic power for selected free stream veloc-
ities
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After consideration of all calculated values and another iterative process of fine
tuning, cruise speed VC of 12 m/s was chosen. This led to use of battery of weight
around 2.5 kg to 40 minute flight.
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6 AERODYNAMIC DESIGN

6.1 Airfoil selection

The absence of the empenage of flying wings leads to benefits of lowering the
parasitic drag and overall structural weight of the aircraft, however it also carries some
disadvantages. The most significant is the higher difficulty for flying wing to preserve
stability. There is no downward acting force on the lever, so different instrument to
preserve stability needst to be incorporated. One of the most used is the lowering of
airfoil pitching moment coefficient Cm to values close to zero. This can be achieved
by selection of reflexed airfoil. This advantage is, as allways in aviation, ballanced by
some handicap. In this case it is the lower airfoil lift coefficient Cl, than non-reflexed
airfoil possesses.

Based calculation of cruise speed by the use of methods from [8] it was necessary
to chose airfoil which can operate well enough in low Reynold’s number region.One of
the advantages of selected biplane design was the lower wing loading, in comparison
to monoplane. Another important benefit stemmed from inherent structural stiffness
the biplane design provides which led to possibility of selection of thinner profiles, than
is common for flying wings.

This led to survey of thin, low Reynold’s number reflexed airfoils. Thin reflexed air-
foils are often used for light gliders at various competitions. Disadvantage of most of
these airfoils is the lack of wind tunnel data. Most of the data avillable are calcula-
tions with usage of programmes Xfoil by Professor Mark Drella of MIT or PROFIL by
Professor Richard Eppler uf University of Stuttgard. [15]

Several reflexed airfoils were examined, and mostly airfoils created by Dr. Martin
Hepperle and Hartmut Siegmann were chosen for more detailed inspection. List of
their characteristics can be found in table 6.1.

Airfoil Camber Thickness cm0 a0

Re 200,000 % % ◦

MH44 1.5 9.66 +0.0050 -0.34
MH45 1.65 9.85 +0.0070 -0.27
MH60 1.76 10.08 +0.0030 -0.31
TL55 1.90 9.44 -0.0052 -0.68
S5010 2.20 9.83 +0.0080 -0.52
HS 522 2.01 8.67 -0,0050 -0.84

Table 6.1: Narrow selection of considered airfoils [30]

After study of calculated characteristics and description of these airfoils [30], some
of them were calculated and compared using Airfoiltools website [2]. Three airfoils were
compared at Reynolds numbers of 50,000, 100,000, and 200,000. This comparison at
Re 50,000 can be seen in figure 6.2. As a result of this comparison, the airfoil MH44
was selected for use on the aircraft, because of its good behavior in the low Reynold’s
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number region. This airfoil was used on both root and the tip and wing twist is achieved
only geometrically by the rotation of the tip profile by angle of -3◦. Its outline can be
seen in figure 6.1.

Figure 6.1: Airfoil MH 44 [2]

Figure 6.2: Comparison of selected airfoils at low Re [2]

After with selected airfoil, long iterative process of was required for optimal setting
of various variables. During this process it was necessary to know characteristics
of selected airfoil at various speeds, therefore detailed analysis of airfoil MH44 was
performed by use of XFLR5 airfoil analysis tool. Results are plotted in figure 6.5.

MATLAB and Tornado VLM code were also used to tune the final dimensions of the
aircraft. After number of iterations final dimensions were fixed, these can be seen in
table 9.1. Position of CG was placed to 20% of mean aerodynamic chord as this is
expected to produce good results. [24]

31



Figure 6.3: MH 44 polar at relevant Re

Figure 6.4: Comparison of Cl and Cm by angle of attack at relevant Re
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Figure 6.5: Location of transition point and dependance of Cl/Cd on angle of attack

Dimension Value Unit
Airfoil MH 44
Wingspan 2.2 m
Wing Area (one wing) 0.715 m2

Root chord 0.4 m
Tip chord 0.25 m
Aspect Ratio -
Tapering 0.659 -
Leading edge sweep 24 ◦

Wing twist -3 ◦

MAC length 0.33 m
Center of gravity x position 0.27 m
Aircraft gross weight 5.275 kg

Table 6.2: Aircraft geometric parameters

6.2 Tornado VLM

Because of the sweep of the wing and biplane configuration, classical lifting line
theory could not be used with significant accuracy. Vortex lattice method was selected
as a toll to provide results with enough expected accuracy. As quite good, although
hard to handle, was found to be Tornado VLM MATLAB code by Thomas Melin [33].
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Figure 6.6: Top view of the wing created using [10]

Advantage of this code is that results are imported straight to MATLAB Workbench and
calculations can be applied directly and programmatically. Tornado VLM was used to-
gether with authors own code to optimize the design and calculate aerodynamic forces.

Figure 6.7: Pressure difference on the wing created using Tornado VLM script
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6.3 Stability derivatives

Tornado VLM can estimate stability derivatives, these were estimated only for use
without the trap. Derivatives for flight with the net will need to be measured in flight.

Figure 6.8: Derivatives calculated with use of Tornado VLM
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7 STRUCTURAL ANALYSIS

7.1 Calculation method

Due to the use of the biplane design, simplified approach was used to determine
structural strength and rigidity. Simplification was based on assumption, that the whole
top wing will act as a top flange and the bottom wing as a bottom flange of a spar.
Struts bear the forces between the wings in z direction. Sheer stress is transmitted
solely by the wires attached to the wing connection points and to the roots of wing
struts. Torsional moment from elevon deflection was calculated as it is acting in the
place of the endplate and each of top and bottom wings carries its half. Connection
points of wings are constructed as a pin supports and does not carry any moment.

7.2 Flight envelope

To calculate required strength of the aircraft it was necessary to determine opera-
tional envelope of the aircraft. Based on the requirements, maximal loading factor limits
were specified and velocity vs load factor (V-n) diagram was created. For maneuver-
ing envelope maximal load factors were specified as shown in table 7.1. Maximal dive
speed VD was set at 33.3 m/s to incorporate case of flight without the net installed. Con-
sidered speeds for V-n diagram are shown in table 7.2. Calculated maneuver speed
VA is in the case of this aircraft higher, than the expected VC . Gust velocities UgV C and
UgV D were slightly lowered, in deviation of CS23 rules, due to low operational altitude
of the aircraft.

Load factor -
nmax 8.0
nmin 3.8

Table 7.1: Maximal loading factors

Speed m/s
VD 33.3
VC 12.0
VS 7.3
VA 20.8

Table 7.2: Speeds for V-n diagram

Based on these parameters, maneuver (figure 7.1) and gust (figure 7.2) V-n dia-
grams were constructed. Because of low gust velocity, it was found, that the Gust
envelope does not have effect on the total V-n envelope of the aircraft.
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Gust speed m/s
UgV C 10
UgV D 6

Table 7.3: Selected maximal gust velocities Ug

Figure 7.1: Maneuver V-n diagram

Figure 7.2: Gust V-n diagram

7.3 Wing loading

Using Tornado VLM, aerodynamic loading was calculated for various velocities in-
cluding VD. Results were processed by MATLAB code to obtain aerodynamic loading
at investigated points of V-n diagram. Largest loading were expected to occur at nmax
and VD. Dependency of CL on delta (figure 7.4) was used to determine aerodynamic
forces with elevons symmetricaly in maximal and minimal deflections.

Most of the values were obtained using Tornado VLM with following adjustments,
except Torsional moment, which is not part of output of Tornado. Torsional moment
was calculated from shear force, using following equations. Line torsional moment qMk

can be expressed using equation 7.1.
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Figure 7.3: Total V-n diagram (Red conture)

Figure 7.4: Coefficients dependency on deflection angle of elevons

qMk(y) =
1

2
· ρ · ν2 · cm · c(y)2 (7.1)
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Root torsional moment for tailed aircraft created by cm can be calculated by equation
7.2 In case of tailless aircraft and the used airfoil MH-44, cm is very close to 0, therefore
it was assumed that MkCm was also 0. Because of this assumption, shear force was
created solely by shear force.

MkCm(y) =

∫ y

b
2

qMk(y) · dy (7.2)

Torsional moment around 25% axis of root airfoil created by force acting at a lever
because of a wing sweep could be calculated using equation 7.3.

MkT25%Ck(y) =

∫ y

b
2

T (y) · r(y) · dy (7.3)

Which is useful in the case of tailed aircraft, for tailless aircraft, the maximal torsion
moment will not occur at the root, but somewhere on the wing. This point was calcu-
lated using MATLAB and for this case of loading was found to be at y = 0.4675 m, as
can bee seen in figure 7.5

Figure 7.5: Forces and moments at VD and nmax with fully deflected elevons at 15◦

Shear flow from torsion could be calculated using Bredt’s formula 7.4 which applies
for thin-walled structures.

qk =
Mk

2 · U
(7.4)
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As the wing is designed mainly for easy manufacturing to prove aerodynamic char-
acteristics of the aircraft, and because of low loading in case of tailless aircraft, there
is no surprise the factor of safety for torsion was found to be 903.

The wing strength was calculated using equations and , but the loading was again
found to be insignificant, because of connection point design as is explained further.

N =
Mx

he
= F · σ (7.5)

Fh ≥
Mx

σd · he
(7.6)

As the wing connection points are designed as a simple pin connections, there is
no transfer of bending moment to the fuselage. For the computation, the whole wing
structure was solved as a truss structure with the diagonal wires carrying the most of
the stress. The angle of the wire is 54,7◦. The wire used is a nylon braided fishing
line, which is good for such use, because of its very low relative strain. Because of the
simplification, safety factor used was 2.6 which led to the wire being 1 mm in diameter.
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8 VISUALIZATION
After finishing the structural calculations, models of the aircraft were created in sys-

tem CATIA. Whole aircraft can be seen on figure 8.1. The trap with the opening mech-
anism is visible on rear view of the aircraft on figure 8.2. Detail of wing connection
point of bottom wing with wire connection point above is shown on figure 8.3. Wires
supporting the wings can be seen on figure 8.6.

Figure 8.1: Insect collecting unmanned aerial vehicle from front

Figure 8.2: Rear view of the aircraft
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Figure 8.3: Wing connection point

Figure 8.4: Wing detail viewed from front
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Figure 8.5: Wing detail from back

Figure 8.6: Aircraft with visible wires
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9 OVERALL SUMMARY AND FUTURE
WORK RECOMMENDATIONS

There are several important steps for future work on Blue Whale UAV, which will
follow this work. After tweaking the design, which will have to happen, the aircraft will
be manufactured. Flight tests are expected to occur without the full battery load and
without the trap installed. After verification (or refutation) of stability characteristics of
aircraft, flights are to be conducted with the net and find difference in behavior with and
without the net.

Quite useful for would be placing pressure measurement device at various places
behind the net to verify calculated pressure differences.

Problem of the aircraft is its very low cruise speed with heavy loading, this issue
might be overcome by using combustion engine, which can have higher power to
weight ratio [16]. Another way of solving the heavy loading can be consideration of
using canard configuration, which would enable use of airfoils with higher lift coefficient
on the main wing.

Parameter Value Unit
Airfoil MH 44
Wingspan 2.2 m
Wing Area (one wing) 0.715 m2

Wing Area 1.430 m2

Root chord 0.4 m
Tip chord 0.25 m
Aspect Ratio -
Tapering 0.659 -
Leading edge sweep 24 ◦

Wing twist -3 ◦

MAC length 0.33 m
Center of gravity x position 0.27 m
Aircraft gross weight 5.275 kg
Battery weight 2.5 kg
Trap frontal area 0.25 m2

VD 33.3 m/s
VC 12.0 m/s
VS 7.3 m/s
VA 20.8 m/s
nmax 8.0 m/s
nmin 3.8 m/s

Table 9.1: Summary of aircraft parameters
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10 CONCLUSION
Unmanned aerial vehicle of wingspan of 2.2 m able to collect aeroplankton was

designed. Aircraft uses tailless biplane concept with insect traps placed between the
wings. Traps can be opened and closed during the flight. Maximal flight time is 40
minutes at cruise speed. Aircraft gross weight is 5.275 kg of which 2.5 kg is reserved
for battery, as it was found that for the aircraft to provide selected tasks, enormous
power amount is needed. Airplane can be disassembled to three separate parts for
transportation. Computations were done by use of MATLAB script written by the author
(attached) and Tornado VLM script. 3D models of aircraft were created using Catia.
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11 LIST OF USED SYMBOLS
CD Drag coefficient

VA Maneuver speed

VC Cruise speed

VD Dive speed

VS Stall speed

UgV C Gust velocity at VC

UgV D Gust velocity at VD

nmax Maximal loading factor

nmin Minimal loading factor

µm Dynamic viscosity

φ Angle of screen

λ Gass constant

v Free stream velocity

ν Kinematic viscosity

v Mesh thread diameter

C Sutherland’s constant

T Temperature

a Mesh porosity

ρ Mass density

r Lever of Shear force

cm Moment coefficient

c Chord lenght

MkT Torsional moment from shear force

MkCm Toarsional moment from washout

MkT25%Ck Torsional moment around 25% axis

b Wingspan
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qk Shear flow

Mk Torsional moment

U Area inside thin walled structure

Fh Flange area

Mx Bending moment

σd Maximal permissible stress

he Effective height of the beam

N Normal force

F Force

σ Stress
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