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Abstract: The purpose of this article is to present and discuss the results of a non-standard unnamed
aerial vehicle construction with a constant cross-section square-shaped avionic profile. Based on the
model’s in-air observed maneuverability, the research of avionic construction behavior was carried
out in a water tunnel. The results show the model’s specific lift capabilities in comparison to classical
avionic constructions. The characteristic results of the lift coefficient showed that the unmanned
aerial vehicle presents favorable features than classic avionic constructions. The model was created
with the prospect of using it in the future for dual-use purposes, where unmanned aerial vehicles are
currently experiencing very rapid development. When creating the prototype, the focus was on low
production cost, as well as convenience in operation. The development of this type of breakthrough
avionic solution, which shows extraordinary maneuverability, may contribute to increasing the
popularity and, above all, the availability of unmanned aerial vehicles for the largest possible group
of recipients because of high avionic properties in relation to the technical construction complexity.
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1. Introduction

The modern battlefield and the future of the battlefield are issues that have been
discussed for a long time. In the era of faster than ever technological development, countries
can create a vision of a futuristic army in its territory. Presently, the role model is the USA,
who, at the beginning of the decade, set the bar high when thinking about creating the
so-called Future Combat System [1] (though, unfortunately, it did not come to fruition due
to huge costs).

One of the elements appearing in visions of the future are unmanned vehicles, es-
pecially their airborne versions—unmanned aerial vehicles (UAVs) [2]. Their use on the
conventional battlefield, in both regular and irregular operations, is very noticeable [3].
Military and civilian UAVs give an advantage in the air, transmitting live information from
one end of the world to the other, carrying out attacks with weapons without endangering
own troops, and this is just a small percentage of the possibilities that they have on the
future battlefield.

The unmanned aerial vehicles currently used by the armed forces cost a lot. The
price very often goes hand in hand with the requirements set for such machines, which
are extremely high [4]. However, this leads to a situation where the popularity of drones
is low, and encountering them on the battlefield can be treated as rather a rarity. The
issues of production, specific materials, as well as specialized training in the use of such
machines are not contributing to changing this state of affairs [5]. Front-line units, fighting
in direct contact with the enemy, hope to win in battle thanks to perfectly conducted
reconnaissance [6]. Looking at contemporary conflicts (e.g., Armenia), it is noticed that
even a quantitative advantage in drones caused the opposition’s anti-aircraft defense
mechanisms and equipment to be overwhelmed, which resulted in a huge advantage [7].
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For this purpose, the concept of a new unmanned aerial vehicle was developed, which
will meet, above all, one of the most important criteria—it will be cheap and easy to build
and produce [8]. In addition, ease of use and control were noted. The creators of the
platform were guided by these criteria throughout its development.

This resulted in the creation of an innovative drone, the principle of flight of which is
at the same time similar to and different from the designs already known [9].

Raising the topic of creating a new airframe model arrived due to the desire to
eliminate the classic (irregular) wing profile and replace it with a simpler structure. Now is
the appropriate time to introduce this type of innovation in parallel with the development
of various unmanned aerial vehicles. The necessity to build these on a larger scale than
that of manned vehicles, as well as the possibility of taking greater risks from a safety point
of view (smaller models that do not have an onboard crew), are driving the development
of non-standard solutions.

Before starting to think about the design, it was known that the classic aviation profile,
known for years, will not revolutionize the unmanned aerial vehicle industry on a large
scale (large scale is meant by millions to equip each sub-unit). In combination with the
miniaturization of this branch of aviation and the elimination of the human factor, it is
known that the model can be characterized by a completely different flight principle, much
more dynamic and resistant to non-linear parameters. Therefore, it was decided to focus on
static aerodynamic testing of the model, which allows one to easily indicate the direction
of future development [10]. Such a study makes it possible to eliminate the project or
outline its positive features, which will be more carefully defined or implemented for other
solutions at a later stage of development. Alongside the unusual flight characteristics, the
problems related to the lack of stability in certain speed ranges or unfavorable weather
conditions are taken into account. On the other hand, the model is expected to have a
higher lift in low-speed ranges due to the non-standard shape of the airfoils.

The solution is innovative, due to the complete removal of the classic aviation profile.
A solution of this type has not yet been used, and the results of the aerodynamic analysis
may translate into a revolution in aviation in this characteristic branch.

2. Materials and Methods

The authors have developed a new model of an airplane with an unconventional
aerodynamic system. What is unusual for this type of structure is the use of four bearing
surfaces in this system, arranged on a common plane and connected (with a square-based
outline) as a replacement for the classic curvilinear air profile of the wing with flat profiles
with sharp leading edges [11].

The following assumptions were made for the flight properties of the model:

- High lift and, consequently, low minimum speed needed for take-off and touchdown
during landing;

- High static stability [12], which results in easier uniform flight and, in the later stage
of unmanned aerial vehicle development, a more stable image seen by, for example,
cameras Or Sensors;

- Resistance to falling into corkscrews and stalling, and, in the event of such an occur-
rence, the possibility of a quick and safe exit from the situation so that it is relatively
easy to use [13].

The above assumptions were largely developed for the use of an unmanned aerial
vehicle by an operator without much experience in flight, who can possibly make an
in-flight mistake when using manual control over the UAV. For this reason, the focus was
on ensuring that any kind of stalling and other unfavorable behaviors should end as rarely
as possible with the destruction of the model [14].

The scope of research work includes the performance of experiments in a water
tunnel [15]. This is to determine the coefficients of forces and aerodynamic moments.
Therefore, static tests were performed, which consist of measuring the forces and moments
in the fixed positions of the aircraft to confirm its flight capabilities.
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The research model was a three-dimensional (3D) printed platform.

The entirety of the research is to determine whether such a relatively simple platform
has a chance to exist in reality and whether it meets the basic assumptions that will allow it
to fly.

The tests and experiments presented below show that the platform does not have to
consist of a complex aviation profile with carefully drawn curves. Such a construction
creates problems in production and directing the effort to use simple shapes that are easy
to produce is fully enough to meet the assumptions set before it.

2.1. Water Tunnel

The water tunnel, model 2436, is a professional research tool that allows experiments
to be carried out in the field of flow, and the measurement of aerodynamic forces and
moments, both static and dynamic [16-18]. It enables the visualization of the flow of bodies
of various shapes, both flat and spatial models, symmetrical and asymmetrical. During the
research, it is possible to visualize the flow around the entire airplane model or any part
of this model. Thanks to this visualization, it is possible to observe the nature of the flow,
identify the type of turbulence and determine the points of separation of streams from the
flowing surface. The tunnel has a closed fluid circulation. The measuring chamber of the
device has a square-shaped front part with dimensions of 610 mm x 915 mm [19].

By means of the use of a five-component aerodynamic balance, it is possible to mea-
sure the normal force (force perpendicular to the longitudinal axis of the model), lateral
aerodynamic force, and moments: tilt, roll, and yaw.

The tests can be carried out with manual or automatic control and, in each case, the
control is carried out by setting the measurement parameters in a computer program.

Static tests can be performed using several methods. The model can be placed in the
desired position using manual control, recording the results of the measurements of forces
and aerodynamic moments for each measuring point. It is also possible to carry out tests
using the automatic control of the model position.

A typical static test involves setting different angles of attack at varying sliding angles
for different values of the water flow velocity in the tunnel. The control system keeps the
model at a specific measuring point (set position) until the flow stabilizes and the measured
values are read.

Dynamic tests can be carried out for various variants of changes in the position of the
model in terms of its angular positions, as well as for different, variable flow velocities.
These tests are usually carried out using automatic model control.

2.2. Aerodynamic Forces

To perform the test, it is necessary to know the aerodynamic forces [20]. For the
following, the forces can be calculated from the following relationships:

- Lift force,

where:
Cn—normal force coefficient;
Cz—lift force coefficient;
V—{light speed;
S—wing area.
The above dependencies show that the calculation of aerodynamic forces and mo-
ments requires the determination of dimensionless coefficients. These coefficients take
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into account the influence of the shapes of individual aircraft components and the angle
of attack on the forces and aerodynamic moments. The aerodynamic coefficients can be
determined by simulation tests using advanced computer programs or by utilizing experi-
mental tests [21]. The experimental tests consist of the use of wind tunnels that enable the
measurement of aerodynamic forces and moments acting on an aircraft or its model. In
the case of model testing, using the similarity criteria, aircraft-specific characteristics can
be determined.

Due to the use of a water tunnel, the dynamic similarity of the regions should be used.
It is an indispensable element that allows one to relate the results observed in the factor of
water to the factor of air. To achieve the effect of similarity, the Reynolds number was used:
“The Reynolds number is the ratio of inertial forces to viscous forces within a fluid which is
subjected to relative internal movement due to different fluid velocities” [22].

The Reynolds number is represented by the formula:

Ve,
v

Re

where:

V—inflow velocity;
c;—mean aerodynamic chord;
v—Xkinematic viscosity medium.

2.3. Research Object

The object of the research was a model of the FlatFlyer plane. Since the water tunnel
used for the test does not allow the model with the original dimensions to be placed in it, it
was scaled down by five times, obtaining the dimensions shown in Figure 1. As the water
tunnel uses a factor denser than air, this size is perfectly sufficient to obtain visible results
from aerodynamic measurements. The model placed in water tunnel is made in additive
printing technology, which is shown on Figure 2.

240

Figure 1. The main dimensions of the FlatFlyer model plane with mean aerodynamic chord marked
red (Ca).
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Figure 2. Airplane model in the water tunnel measurement space.

The aerodynamic system of the aircraft is distinguished (compared with classic solu-
tions) by two special features. The plane has two wings forming a square outline with the
fuselage of circular cross-section integrated centrally along the diagonal. Another unusual
feature is the use of a rectangular wing profile with sharp leading edges.

2.4. Characteristics of Experiments in a Water Tunnel

To determine the aerodynamic characteristics of the airplane model after exceeding
the critical angle of attack, static 1D-Sweep (name of the test marked in water’s tunnel
computer program) tests were performed. The model was attached to the bottom bracket
of a water tunnel with an initial attack angle (ctg) = 30°, which made it possible to study
the forces and aerodynamic moments in the range of real angles (o) = (28~46)°.

The 2D-Sweep test enables the determination of static characteristics, which means that
the measurements of the forces and aerodynamic moments were made in fixed positions of
the model. These tests were carried out to determine the dependence of the magnitude of
the aerodynamic forces on the angle of attack for different sliding angles. All tests were
performed for four different velocities of water inflow, i.e., for four Reynolds numbers.
Since the model was scaled down, the inflow velocities were small and oscillated between
0.21-0.26 m/s. Such an inflow velocity in a water tunnel reflects the forces that would occur
in the air at a speed of approximately 3—4 m/s (the reduced—scaled model). These velocities
are sufficient to determine the basic force coefficients presented in a further part of the
study. The tests (Table 1) were made for the angles of attack in the range & = (—6~32°), with
the change of the angle of attack A oc = 2° (A stands for angle increment), for the sliding
angles in the range 3 = (0~14°), with the change of the angle A 3 = 2° (Figure 3).
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Table 1. The 2D-Sweep static test parameters.
Parameter Symbol Value Amplitude
Angle of attack (deg) o —6~32° 2°
Sliding angle (deg) B 0~14° 2°
Vi 21.0
. . V2 22.9
Flow rates during testing (cm/s) V3 248
V4 26.7
Rel 16,000
Re2 18,000
Reynolds number Re3 20,000
Re4 22,000
A)
eye
B) A

<p

Figure 3. Image showing (A) « (attack angle) and (B) 3 (sliding angle) in different surfaces.

A total of 32 2D-Sweep static tests were performed.
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f («) for different Reynolds numbers (Re) for the FF model.

As the flow velocity (airplane flight speed) increases, the coefficients of the normal

force slightly decrease (Figure 4).

T

Figure 4. Dependence of normal force coefficient (Cy)
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3.2. Normal Force Coefficient Cy and the Influence of Attack Speed and Rack Speed

The results of the measurements make it possible to determine the course of the
normal force coefficient (Cy) as a function of the attack angle for various sliding angles. As
the tests were performed at four water velocities (for four different Reynolds numbers), the
influence of the airplane flight speed on the value of the normal force is again determined.

The normal force coefficient (Cny) changes linearly with the increase in the attack angle,
up to the critical attack angle [23]. This is a typical course for classic aviation profiles.
The maximum values of the normal force coefficient indicate good characteristics of the
aircraft wing’s lift capacity. Results for Reynolds numbers of 18,000 and 22,000 were shown
accordingly on Figures 5 and 6. For the remaining two values of Reynolds numbers (16,000
and 20,000), the results show similar properties for the above.
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22,000 (Re) for FF model.
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Figure 6. Dependence Cy

A characteristic feature of the FlatFlyer wing profile used is the fact that, unlike the

classic aviation profile of an aircraft wing, for the angle of attack

lift values. Only at positive angles of attack are positive values of normal force obtained

(Figure 7).

The above tests show that the FlatFlyer model behaves stably in various speed ranges

and does not show negative behavior from the aviation point of view. It is similar when

the sliding angles are also connected to different speeds; even for values of the order of

12°, the normal force coefficient remains in a favorable position.

[5:
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______________________________________________________________________

Figure 7. Close up look at a minimum angle of attack range for Cy = f () for different sliding angles 3 with Re = 16,000 for

FF model.

3.3. Comparison of the Basic Coefficients of the FlatFlyer Model with Other Flying Solutions

To compare the wing capacity of the tested object with airplanes with typical aerody-
namic systems and classic aviation profiles, the characteristics of the normal force coefficient

of three airplanes tested in a water tunnel were compiled:

- The FlatFlyer (FF) plane (Figure 1);
- Airplane in the Flying Wing (LS) layout (Figure 8);
- Double Delta (PD) airplane (Figure 9).

Parameters of airplanes are shown in Table 2.

Table 2. Basic parameters of LS, PD and FF airplanes.

Parameter Unit Flying Wing (LS) Double Delta (PD) FlatFlyer (FF)
Profile - DF 101~4 airfoil DF 101~2 airfoil Non
Wingspan m 0.7 0.16 0.24
Total length m 0.37 0.22 0.24
Starting chord m 0.32 0.098 0.05/0.048 (front/rear)
Middle chord m 0.18 0.083 0.05 (front/rear)
Ending chord m 0.18 0.068 0.015
Hull diameter m 0.04 0.04 0.033
Bevel angle deg 25 16 and 56 45
Rise angle deg 7 0 0
Aerodynamic dislocation - yes yes yes
Geometric dislocation deg 5 0 0
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The course of the normal force coefficient as a function of the angle of attack (Figure 10)
shows that, up to the critical angle of attack, the Flying Wing airplane has the highest load
capacity [24]. The lowest Cy values are those of the Double Delta airplane model. The

aerodynamic system of the FlatFlyer aircraft, thanks to the use of four wings, allows for a
lower compared to classic design solutions, very good wing capacity characteristics should

larger total lift surface. Therefore, even with normal force coefficients at a similar level or
be expected.

1
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It is noteworthy that after exceeding the critical angle of attack, in the case of the FF
aircraft, the slowest Cyy growth slows down. This means that the FlatFlyer has very good

The FF (FlatFlyer) airplane, compared to the LS (Flying Wing), has a much larger
aerodynamic characteristics after a stall (after exceeding the critical angle of attack) [26]. It

critical angle of attack. The highest critical angle of attack is that of the PD (Double Delta)
system [25]. The values of the critical angles of attack for the individual aircraft models

(xyr) are as follows:
Double Delta—oy,pp

FlatFlyer—oy,pp = 18°;

Flying Wing—oy,1 g = 11.5%;
should be assumed that the plane will be falling slightly and that the altitude loss needed

to get it out of the stall will be relatively small.

Figure 10. The relationship between the normal force coefficient and the angle of attack function Cy

airplanes (FF, LS, PD).
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3.4. The Specificity of the Flight Phases of the FlatFlyer Model

Based on the above results, some characteristic features of the FlatFlyer model can be
noticed. The basic element is the fact of obtaining a positive lift coefficient for the FF model
only at the angle of attack in the range of 0~1.5° (marked in blue in Figure 10). This state of
affairs is not recorded in the case of the LS and PD models.

In flight, an optimal normal force coefficient can be expected, much greater than the
PD model, but smaller than the LS model. Above a certain value of the attack angle, a
reverse tendency can be noticed. The difference then oscillates at around 0.1 of the normal
force coefficient (marked in yellow in Figure 10).

On the other hand, at the angles of attack accompanying the stall, a much larger angle
can be noticed that is needed to lose the lift in relation to the LS model [27]. The PD model,
on the other hand, excels here with a very high value (24.7°—marked with the green circle
in Figure 10).

The specificity of the above observations results from two characteristic “phases” of
flight of the FlatFlyer model. Such a division occurs due to its unusual design, and the lack
of a classic wing profile, especially in the low-speed flight stage. In the first phase of flight
(Figure 11), so from a speed above 1 m/s until horizontal flight, it can be noticed that the
model gains speed using its entire surface as the angle of attack. Thus, this shows that, to
obtain the lifting force, an angle of attack greater than 0° is needed—marked in blue in
Figure 10.

A 4

Figure 11. A drawing showing the behavior of the model during the first phase of flight (take-off phase) with air stream

velocity (V).

In turn, after reaching a certain speed, the model enters a horizontal flight phase and
continues the flight using the cut leading edge. This causes the air stream to flow over the
wing by breaking it and putting it into turbulent flow which can be noticed on Figure
12 [28]. At the same time, under the wing, there is a laminar flow. An additional cut
between the wings causes even more air to flow back in and break it down (Figure 13).
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Figure 12. Water tunnel photograph showing turbulent flow falling into the wing in horizontal
phase).

Figure 13. Model of air water flow behavior on the airframe structure with marked water stream velocity (V). A drawing

illustrates schematic formation of turbulent flow, seen in Figure 12.

4. Discussion

The idea of creating a FlatFlyer model arose from the need to reflect on the future
development of unmanned aerial vehicles for broad armed forces usage. The chance to
equip most army units with UAVs forces us to consider whether it is possible to dramatically
reduce the production costs of an unmanned aerial vehicle. It is not possible to achieve this
goal without a complete simplification of the structure so that the production process is
limited to the necessary minimum. The FlatFlyer model meets these assumptions—it is a
simple structure that can be introduced to the market by mass production easily and fast.

Based on in-air observation of the extraordinary maneuverability of FlatFlyer, the
study of its avionic properties was performed in the water channel. The presented study
has drawn conclusions indicating that the model is characterized by a number of specific
factors. The aircraft has a good wing lift. The course of changes in the lift of the aircraft
is analogous to the use of classic airfoils, and with the FlatFlyer aircraft construction,
noticeably greater critical angles of attack are observed than in other already commonly
used aircraft constructions. It is worth noting that, both at low speeds and after increasing
the speed, the lift coefficient changes very little, being in every elastic range and still
presenting very good flight parameters. This shows that the model, in an unusual way, can
operate in a very wide speed range without losing its flight stability and offering a short
ground run during take-off and landing roll. The characteristics of the wing after exceeding
the critical angle of attack indicate a very slight decrease in the lift capacity, which proves
the very good properties of the aircraft after stalling. A slight loss of height is to be expected
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to bring the airplane down to a certain level flight after such an event. This is crucial from
the point of safety and drone operation by people with limited experience. In a comparison
to the LS model, after reaching a certain angle of attack, the lifting force registered for the
LS model drops very drastically (marked with a red rectangle in Figure 10).

The flight speed combined with the slide angle (in the range of Reynolds numbers
close to Re = 20,000) has a small effect on the characteristics of the forces and aerodynamic
moments, which leads to the unusual stability of the flight properties of the aircraft, not
observed in other constructions.

The above conclusions resulting from the research confirm the theses discussed at the
beginning of the article:

- Highliftis achieved and a low minimum speed is required for take-off and touchdown
during landing;

- High static stability has been achieved;

- The structure is resistant to falling into a corkscrew and stalling, and in the event of
such an occurrence, it can get out of the situation as quickly and safely as possible.

Since a high level of flying parameters has been proved, the criteria of the development
process were also confirmed, i.e., simplification of construction, reduction in the product
price, and the most favorable ease of maintenance of the unmanned aerial vehicle. At the
same time, this satisfies the requirements that are very important for the future development
and the broad application of new aerodynamic construction by the armed forces.

The test in the water tunnel clearly shows that the model takes off and proceeds
with a stable flight. In the studies, tests showed better performance and flight capabilities
compared to the currently used avionic constructions.

Due to the specific flight characteristics, the FlatFlyer could be used to neutralize any
other UAVs.
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