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Abstract. In the present study, a Computational Fluid Dynamics (CFD)-aided design procedure of a Medium-
Altitude-Long-Endurance Unmanned-Aerial-Vehicle (MALE UAV) is presented and discussed. Emphasis is given
on the latter stages of the design, i.e. the preliminary and detail design phases. During these phases, an accurate
estimation of the aerodynamic characteristics is critical for the prediction of the aircraft’s performance and
stability. Moreover, a complete analysis of the flow field around the aircraft is mandatory for other departments’
studies as well, such as the structural study of the aircraft. In this work, 3D CFD computations were performed in
order to extract the key aerodynamic and stability coefficients. 4 CAD model of the aircraft’s external geometry
was created and the Reynolds-Averaged-Navier—Stokes (RANS) equations were solved, coupled with the Spalart—
Allmaras turbulence model in the Ansys CFX commercial code. The computational methodology, including the
details of the grid and boundary conditions, is discussed in detail. The analytical presizing calculations and
methods that were carried-out along with the CFD studies are also presented. Furthermore, the optimization
procedure of the different parts of the UAV is also discussed, emphasizing on the studies that took place in order
to enhance the aircraft’s stability characteristics and aerodynamic efficiency. Finally, the computational
simulations that were employed for the cooling studies are presented as well.

1 INTRODUCTION

Aircraft manufacturers predict that the global civil fleet with increase dramatically in the following years [1],
whereas there is an increasing trend in the development and use of Unmanned Aerial Vehicles [2]. Hence,
Computational Fluid Dynamics (CFD) is becoming a most valuable tool in aeronautical industry, as it can help a
long way in saving both time and money that would otherwise be spent in conducting experiments, and it is evident
why various researchers employ CFD computations both for design and optimization studies. For example [3]
designed a small UAV and carried out several CFD analyses in order to calculate aerodynamic coefficients and
optimize the aerial vehicle’s performance. Furthermore, computational simulations were used in [4] to study a
blended wing body design. Furthermore, [5] and [6] used CFD in order to study the flow around different winglet
geometries.

In the field of aeronautics the aerodynamic design procedure is divided into three main stages i.e. the
conceptual, preliminary, and detail design stages ([7], [8]). At first, the aircraft’s mission profile is defined and the
respective mission requirements are set. Based on these requirements, an initial concept is developed and the
weight, aerodynamic and performance characteristics are estimated. That is essentially the conceptual design
phase. In the preliminary design phase, each part of the aircraft is analyzed and optimized. For that purpose, more
detailed calculations methods are employed, and it is at that point where the CFD tools are of great importance.
The external geometry is defined in detail and other departments are getting involved as well, in order to perform
a complete study of the aircraft, including for example structures and control. Finally, in the detail design phase
all the parameters are getting fixed, so that the analytical blueprints can be drawn and production can begin.

In the present study, a CFD-aided design procedure of the Hellenic Civil Unmanned Aerial VVehicle (HCUAV)
is presented and discussed. The HCUAYV is a Medium-Altitude-Long-Endurance Unmanned-Aerial-Vehicle
(MALE UAYV) developed in order to cover civil operations in Greece. The external geometry was defined during
the conceptual design phase, which is briefly presented. The paper focuses on the latter stages of the design
procedure, where the use of CFD is vital in studying the flow around the airplane and calculating the aerodynamic
and stability coefficients. First, the CFD methodology is presented. Then, a step-by-step presentation of the
aerodynamic design is made, where the design philosophy of each part is analyzed. Finally, the results are
presented and discussed including the key geometry and performance features of the UAV concept.

2 CFD METHODOLOGY

A detailed 3D CAD model of the aircraft was designed so that the CFD computations could be performed.
Ansys MESHING tool was used for unstructured grid generation. Two types of simulation were carried-out. The
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Figure 1. Computational mesh on the surface of the HCUAV (a) and around the electro-optical payload (b)

first referred to the outer flow modelling, and the second to the modeling of the air that flows through the fuselage.
The analysis was carried-out with the commercial code Ansys CFX. The grid for the outer flow consisted of
approximately 7.000.000 computational nodes whereas the grid for the inner flow had round 4.000.000 nodes. In
both cases, 20 inflation layers were implemented on the walls so that the boundary layer phenomena can be
properly modeled. Figure 1 depicts the surface mesh on the external geometry.

Regarding the flow around the HCUAV, the Reynolds-Averaged-Navier- Stoke (RANS) equations were solved
coupled with the Low-Reynolds Spalart-Allmaras turbulence model [9]. The boundary conditions correspond to
loiter flight conditions, since the loiter phase constitutes the largest part of the HCUAV’s mission. Reynolds
number was calculated equal to 1.9-10° based on the mean aerodynamic chord. A wide range of angles of attack,
namely from -8° to 27°, was examined, to ensure that all possible flight conditions have been investigated,
including stalling. Additional simulations were also performed in order to examine the flow development around
the engine. Moreover, simulations were also conducted in order to identify ruddervator’s behavior and stall limits.

The flow inside the fuselage had to be modeled, in order to investigate the local temperature of the electro-
optical equipment and prevent the overheating of the payload. For this purpose, the Shear-Stress-Transport model
[10] was used instead of the Spalart-Allmaras. The boundary conditions remained unchanged.

Finally, one of the most important issues was the propeller modeling. The propeller introduces 3D effects and
can affect the aircraft’s performance. Although, the prediction of this flow distribution is of great importance,
modeling rotating blades would be time consuming. As a result, the propeller was modeled as a momentum source
disk and its influence on the performance was taken into account. For different flight conditions the required thrust
as well as the required pressure to produce this thrust were calculated. Thus a calibration function for the pressure
zone was defined. The following function was taken into account in CFD calculations.
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Figure 2. Blueprints of the HCUAV geometry at the end of the conceptual design phase
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3 HCUAV AERODYNAMIC DESIGN PROCEDURE

The mission characteristics of the HCUAV resemble those of a typical MALE civil UAV. Indicatively, an
electro-optical payload of approximately 30 kg, a total flight endurance greater than 8 hours, an operational altitude
of 2000 m, and a loiter velocity of 140 km/h are some of the most important mission requirements. Other
requirements, not considering aerodynamics, are the use of composite materials as well as complete mission
automation. The conceptual design of the vehicle was carried out based on these requirements, by employing
analytical calculations, semi-empirical methods ([7], [8], [11]) as well as statistical data ([12]). In order to facilitate
the calculations, a presizing tool was developed at the Laboratory of Fluid Mechanics, in Aristotle University of
Thessaloniki. The HCUAV geometry at the end of the conceptual design is presented in figure 3. It is a propeller-
driven pusher configuration with a boom-mounted inverted V tail that carries an internal combustion engine.

In the following sections, emphasis is given on the latter stages of the design. In these stages each part of the
UAYV concept was analyzed and iterative procedures were applied in order to optimize key aerodynamic and
performance parameters. The CFD results were used along with the analytical calculations, which were becoming
more complex as the design was progressing. Aerodynamics, stability and control, propulsion and cooling were
all studied in detail. Even though the overall configuration had been defined in the conceptual design phase,
changes in the geometry still occurred.

3.1 Fuselage design and cooling study

The fuselage is a very important part of the aircraft. A proper design should have enough room for the electro-
optical equipment to be placed and for the engine to be installed, and at the same time ensure their proper cooling.
It is also vital that it produces as small a drag force as possible. Hence, the external geometry was derived from a
combination of airfoils in order to minimize the drag (figure 3).

Figure 3. Fuselage geometry rails

The first step was to select an engine. The engine characteristics directly affect many of the performance
parameters, such as the maximum velocity and the rate of climb. From the conceptual design phase, it was
estimated that the required horsepower should be around 30 hp, so that the HCUAV could meet the initial
requirements. Several parameters were taken into account, including horsepower, reliability and cost, and finally
the model 305i of Zanzottera Technologies [13] was selected. It is a two-stroke piston, air-cooled internal
combustion engine, with a maximum available power of 25 hp. In order to verify the adequacy of the engine model,
a series of calculations were made, based on the methods presented in [8], which showed that the engine will meet
most operating conditions.

Figure 4. Fluid flow modeling around the engine
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In order to reduce the complexity of the concept, the engine was positioned at the rear of the fuselage so that
the cylinders are directly exposed to the flow. The flow field around the engine was examined using CFD (Figure
4), while semi-empirical equations, such as equation 2, were also used in order to ensure the proper cooling of the
cylinders ([14], [15]).

=2 470024700 1@4% 04) 073 (2)

Note that a is the convection coefficient of fins engine, h and p refer to geometrical characteristics of the blades,
and u is the velocity of the air.

The next step was the design and sizing of the cooling ducts, which supply the internal of the HCUAV with
the air needed to cool the payload equipment. Positioned in the front part of the fuselage (figure 6), the ducts were
sized to have a specific section area, which resulted from a 1D Heat Transfer analysis. Indicatively, some basic
equations that were used for computing the required mass flow are the following [16]:

=0248 0612 1/3 (3)

= (4)

For optimization purposes, NACA shaped intakes were designed [17] in order to accomplish better adduction
of the cooling air inside the fuselage. The shape of the cooling ducts can be seen in figure 5.

Figure 5. 3D CAD of the cooling ducts

After a first design had been made, CFD simulations were carried-out to check the effectiveness of the cooling
ducts and the local temperatures developed on the equipment parts, in order to apply the appropriate corrections
to the inlets’ geometry. For this purpose, simplified 3D representations of each device were designed and a heat
flux that corresponded to the devices’ maximum load was applied. Figure 6 depicts temperature contours on the
surfaces of the payload. The analyses showed that the heat adduction and is sufficient, as the temperature did not
exceed the critical limits set by the the manufacturers of the payload equipment.

Figure 6. Temperature on the surface of the payload devices

At the end of the preliminary phase the fuselage was redesigned, taking the dimensions of the engine and the
characteristics of the electronic equipment into account. Moreover, modifications were made in order to ensure
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that the wings and landing gear can be integrated. The flow around the fuselage was studied using CFD, in order
to optimize the external geometry and enhance aerodynamic performance (figure 7).

Figure 7. Flow development around the fuselage

3.2 Wing design and winglet optimization

The wing geometry is presented in figure 8. It generally resembles the wing concept that was developed during
the conceptual design stage, although some design parameters were changed during preliminary design in order to
optimize the performance characteristics and aerodynamic efficiency. Namely, the taper ratio, twist and sweep
angles remained unchanged. The aspect ratio was slightly increased and the NLF(1)-1015 [18] was fixed as the
main wing’s airfoil, since it combines high acrodynamic efficiency for the examined Reynolds numbers, with a
big internal space, due to the relatively large thickness (t/c = 15%). The WIS ratio was optimized in order to
enhance the performance characteristics of the HCUAV, which resulted in an increased wing reference area.

Figure 8. 3D representation of the main wing

With the overall geometry defined, a winglet optimization procedure took place in order to enhance
aerodynamic performance and increase the endurance of the HCUAV. A parametric study was conducted on a
blended-type winglet, employing both theory and CFD [19]. A wide range of parameters, namely height, blending
radius, winglet airfoil, taper ratio and cant angle, were examined, regarding their effect on both the L/D ratio and
stall behavior. As a first step, the different concepts were compared on the wing, in order to determine the optimal
design. The flow around the main wing was examined for loiter conditions, using CFD computations. A blended-
type winglet with a PSU 94-097 airfoil [20] at the tip and a 60° cant angle was eventually selected (figure 9).
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Figure 9. Initial (configuration 2) and optimized (configuration 5) winglet geometries
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Afterwards, the flow around the entire UAV was examined, in order to compare the two configurations i.e.
before and after installing the optimized winglet. The comparison showed a 10% increase in total flight time,
proving the efficiency of the new configuration.

3.3 Empennage design and stability

All parts influence the stability characteristics of an aircraft, either by affecting the center of gravity and
moments of inertia, or through the production of aerodynamic forces. However it is the empennage that defines
the overall stability of the vehicle and tunes its performance. Furthermore, several geometry parameters affect the
sizing of the empennage itself, such as the airfoil shape, the chord length and the boom length. Hence, the
empennage design is a complex design problem and that is the main reason why its dimensions were significantly
changed throughout the entire design process.

The fundamental parameters that determine the longitudinal stability can be seen in the equation 5, where
is the moment coefficient at the center of gravity. In each flight phase the rule g = 0 must be ensured. In order
for an aircraft to be stable, the slope of the moment coefficient  must be negative, that is <0 [21].

o= o T o 7t (ot — )
= 0+ (5)
{ = ’ (T_T)"' o (l——)

Figure 10 shows a typical trimming diagram of the HCUAV. This is one of the most important diagrams as it
provides the designer with the required angle of attack and elevator deflection angle that allows the aerial vehicle
to perform a stable flight.

G <

Angle of attack

Figure 10. A trimming diagram of the HCUAV

A similar analysis can be made for the lateral and directional stability coefficients, but further analysis is
beyond the scope of this study. The final empennage design satisfies both the requirements on aerodynamic
performance and flight stability.

The design of the control surfaces was based on the methodology presented in [22]. According to their function,
they are divided into three main categories: ailerons, elevators and rudders. The sizing procedure of each control
surface is carried out by taking some extreme flight conditions into account. Thus, the control of the aerial vehicle
is ensured for all possible the flight scenarios. The final control surfaces geometries are presented in figure 11.
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Figure 11. Representation of the HCUAV control surfaces geometry
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In case of an inverted VV—tail configuration the control surfaces of the empennage are combined into one
common geometry, the ruddervator. The ruddervator of the HCUAV was sized taking into account the required
size of the larger of two individual control surfaces.

Another part of the HCUAV stability analysis is the calculation of the stability derivatives. For this purpose
another analytical tool was developed, based on the methodology presented in [21] and [23]. A comparison was
made between the calculated values and the ones suggested from the literature, in order to ensure that the HCUAV
has sufficient controllability. Indicatively, these stability derivatives (C;) directly affect the lift force (Fiir), drag
force (Farag) and side force (Fsige), which are presented in equations 6, 7 and 8 respectively.

2T ) (6)
2t ) 7)
:% 2 ot + 2—+ 2—+ + ) (8)

CFD computations were conducted in order to examine the function of the ruddervator, define the stall
conditions, and perform a thorough study. A typical result of this study is presented in the figure 12.

Figure 12. Ruddervator at a 15° (a) and a 25° (b) deflection angle. The region of flow separation is represented
with orange color

Finally, to complete the sizing of the control surfaces and select the appropriate servo-actuators, the moments
which are exerted on the control surfaces, have to be defined. For this reason a tool was developed, which contains
the analytical calculations required to calculate these moments, based on [23]. Equation 9 is used for the calculation
of the moment coefficient which is exerted on the rotating axis of the control surface.

= + + + (9)

3.4 Experimental studies

Along with the CFD analyses, and the presizing and analytical methods methods, experiments have to be
carried out as well to cross-check the calculations and perform a complete study.

I

Figure 13. The HCUAV model inside the windtunnel



P. Panagiotou, C. Salpingidou, P. Kaparos and K. Yakinthos.

The experimental work includes flow visualization studies, force balance measurements and 3D LDA
measurements. All the experiments are being performed in a closed-loop subsonic wind tunnel at the Laboratory
of Fluid Mechanics and Turbomachinery. The models, which were manufactured by means of rapid prototyping,
are 3D printed 1:20 representations of the HCUAV, such as the one presented in figure 13.

4 RESULTS

The final concept, following the last stages of the aerodynamic design, is an inherently stable MALE UAV
with a total endurance greater than 10 hours. Table 1 sums up the basic characteristics of the vehicle, considering
performance and geometry. A 3D representation of the HCUAV’s external geometry is presented in figure 14.

GTOW 185 kg
Payload weight 35 kg
Fuel weight 55 kg
Wing Loading (W/S) 8.49
Propulsion Two-stroke 25 hp reciprocating engine.
Cruise speed 160 km/h
Loiter speed 140 km/h
Maximum speed 190 km/h
Stall speed 70 km/h
Endurance > 11+ hours
Service ceiling > 5000 m
Rate of climb > 2.79 m/s (550 fpm)
T.O. runway 130 m

Table 1. HCUAYV Specifications

Figure 14. 3D representation of the HCUAYV at the final stages of the aerodynamic design

The lift and drag coefficients of the UAV are presented in figure 15, where a comparison between the CFD
results and the analytical methods is also made.
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Figure 15. Lift coefficient versus angle of attack (a) and drag polar (b) of the HCUAV

In lower angles of attack the two curves are very close. In higher angles of attack however the results deviate,
as the analytical methods cannot predict effects due to stalling and viscous effects.
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Finally, figure 16 presents the blueprints of the HCUAV.
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Figure 16. Blueprints of the external geometry of the HCUAV

5 CONCLUSIONS

The HCUAV is a Medium-Altitude-Long-Endurance Unmanned-Aerial-Vehicle (MALE UAV) designed to
perform civil operations in Greece. Custom presizing tools along with a dedicated CFD methodology formed an
integrated tool that was used for the design of the vehicle. It should be noted though, that this tool can also be used
for the development of other UAVs as well.

Following the conceptual design and the development of an initial configuration, each part of the UAV was
studied in detail and optimized in the preliminary and detail design stages. All aspects of the aerodynamic design
were analyzed, including stability, propulsion, cooling and aerodynamic performance. In each of these studies
CFD proved to be a most valuable tool in combination with the analytical calculations and methods which were
carried out throughout the design process. However, in cases where 3D flow phenomena had to be studied, the use
of CFD was vital, as it combined speed with accurate modeling of the flow field, also including viscous effects.
Therefore, it was not only used in the standard design process, but played a major role in the optimization studies
that were performed as well.

From a designer’s perspective, the aerodynamic optimization was focused on the loiter phase, which constitutes
the largest part of the mission of the HCUAV. The final design yields an endurance greater than 30%, compared
to the initial requirements. On the contrary, a compromise had to be made regarding the maximum velocity, as the
available budget did not allow for the selection of a more powerful engine.
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