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Abstract

UAVs are the fastest developing branch of aviation these days. There are numerous ways to preserve a UAV
landing manoeuvre, but the most difficult to land and most vulnerable to damages are UAVs without landing
gear. Existing concepts of preserving landing manoeuvre with UAV without landing gear mainly focus on
minimizing the impact force and loads overstressing the structure of the UAV. Experiments were performed in
hydrodynamic tunnel on low Reynolds number using PIV method. Numerical simulations were conducted in
two-dimensional domain with k-w SST turbulence model. Results show lift force and drag coefficient increase
with the increase of the angle of attack, for all geometries. The coefficients are increasing also with the
camber increase. Authors created revolutionary concept combining perched landing method with morphing
airfoils. This solution could not only contribute to minimizing the damage occurring to the UAV during landing,
but also to improving the aerodynamic efficiency of the UAV during flight.
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1. Introduction

Morphing airfoils with variable camber are currently wide researched in terms of aerodynamic
efficiency improvement of commercial aircraft [1]. The development of materials in the last few
decades enabled researchers to conduct various technical solutions for morphing wings, allowing to
create more revolutionary concepts [2]. Recently researchers started to examine morphing airfoils
on micro UAVs and low Reynolds numbers. Majid and Jo [3] discovered morphing airfoils to
increase aerodynamic efficiency of the wing by 18,7% comparing to wing with conventional
mechanisation. UAVs are the fastest developing branch of aviation these days [4]. One of the
difficulties UAVs are struggling with are landing methods, especially in rough terrain [5].

There are numerous ways to preserve UAV landing manoeuvre, but as it comes to micro UAVsS
without landing gear, all of these methods have disadvantages and are burdened with the risk of
damaging aircraft [6]. One of the most popular methods is belly landing. The examples of such
landing solution can be fixed-wing UAVs “Warmate” [7] or “FleEye” [8-9] from WB Electronics Group
Company. “FleEye” also represents a group of observation UAVs. The observation head is placed
underneath the fuselage to maximise the observation angle what causes difficulties during landing.
Observation head can be easily damaged during belly landing manoeuvre. Net landing and hook
recovery systems are commonly used on vessels [10]. On dry land these methods require specific
equipment and generate logistic difficulties, especially in rough terrain. Also the approach is usually
performed autonomously and during difficult weather conditions the aircraft can be easily pushed off
the approach path and miss the recovery installation [5]. Common landing method is also parachute
landing [11]. The parachute is mounted inside the fuselage of the micro UAV and is deployed before
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touchdown ensuring lower impact with the ground. Its disadvantage is additional weight to the UAV
which lowers the useful payload weight and less space for payload in the fuselage. An interesting
landing method is perched landing or deep stall landing. University of Bristol presented a UAV with
rotating wing. It rotates the wing during final approach without changing the angle of the fuselage
and dramatically decreases the landing speed [12].

The authors of this work examined the fascinating ability of morphing airfoils to create drag in high-
cambered stage. The target-aircraft was Micro Unmanned Aerial Vehicle (Micro UAV). Authors
prepared six two-dimensional geometries, based on NACA24012 profile. The research was
conducted both, numerically and experimentally. Both investigations were obtained in two-
dimensional environment.

2. Materials and methods
2.1 Camber Morphing Airfoils

Based on NACA24012 airfoil, six airfoil geometries were generated. The front section of
NACA24012 airfoil was fixed and only the back section varied in shape (Figure 1).

FIXED VARIABLE

25% MAC

ARFOIL 1- NACA24012
ARFOIL 2
AIRFOIL 3
ARFOIL 4
AIRFOIL 5
ARFOIL 6

Figure 1. The visualisation of prepared geometries.

The chord lines are getting shorter with the increase of the camber. The initial angle of attack of the
airfoils is also changing with the trailing edge deflection (Table 1), this is why authors use the
expression “setting angle”, when referring to changing the angle of the geometries to the airflow.

Table 1. Parameters of prepared geometries.

Parameter Airfoil

1 2 3 4 5 6
Chord length, mm 250 249 246 240 231 221
Initial angle of attack, ° 0 7 13 19 26 32

From the two-dimensional geometries the three-dimensional models were created. The models
were divided into pieces suitable for 3D printer, further printed using polylactic acid material (PLA).
After printing the surface was processed to ensure the smooth surface for undisturbed by surface
roughness flow.

2.2 Hydrodynamic Tunnel Experiments

The experiments were performed in the hydrodynamic tunnel of Military University of Technology in
Warsaw. The hydrodynamic tunnel has a closed fluid circulation and is placed in a room with stable
temperature and humidity. Its rectangular test section is 915 mm deep, 1830 mm long and 610 mm
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wide [13-14]. The experiments were conducted using Particle Image Velocimetry method. The
experimental setup (Figure 2) included high speed camera recording the glass particles with 10 ym
diameter that were first added to water.

Linear laser

Water tunel support

High-speed camera

Test section

Tested geometry

Linear laser

Figure 2. The experimental setup.

Two linear lasers enlightened the particles in one plane to minimise the shadow region. The models
were painted to matt black colour to minimise the reflection. The flow parameters are presented in
Table 2.

Table 2. Water flow parameters.

Parameter Value
Water temperature T=26.3°C
Kinematic viscosity v=28.71-10" m%s
Flow speed v =0.0762 m/s (3 in/s)
Reynolds number for Airfoil 1 Re = 21900

2.3 Mathematical Model and Numerical Simulations

Several scientific papers [15 - 19] show the possibilities of using numerical methods to obtain overall
information about the aerodynamic characteristics of aircraft or their parts. Worth of mentioning is
also, that such a method can be used in further design, starting from the influence of deflected
control surfaces, influence of the propeller, and even the cooling systems of the engine and cabin
could be tested [20, 21]. Also the armament drop safety can be tested [22] in order to avoid contact
with the fuselage or other part of the aircraft. Flow simulations were conducted by solving the
steady-state incompressible Navier—Stokes (1) and continuity equations (2). The study employed
the Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm [23 — 25], along with
the widely adopted k-w shear stress transport (SST) turbulence model [26 — 28]. The convective
form of the steady-state k-w SST model is represented by equations (3) and (4) [29].

(u-V)u=-V(p/p) +vV2u (2)

V-u=0 2)
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V- (uk) = E — Bk + V- [(V+ 01v) VK] ®3)

V- (uw) = ulp — Bw? + V- [(v+ 0,v)Vw] + 2(1 — F;) 22 VkVw (4)
t

where u = (uy,uy) is the fluid velocity vector, p is the fluid density, p is pressure, k is the turbulent

kinetic energy, w is the specific dissipation rate, , is the turbulent eddy viscosity, v is the kinematic

viscosity, v, is the turbulent kinematic viscosity, oy is the turbulent Prandtl number for k, o, is the

turbulent Prandtl number for w, P is the production term, and F; is the blending function [30].

The aforementioned equations were discretized using the Finite Volume Method (FVM), and the
simulations were carried out using OpenFOAM, an open-source C++ toolbox [31 — 33]. Figure 3
shows the conceptual layout of the computational domain, with the distances and dimensions
indicated.

The numerical studies modelled the 2D hydrodynamics around the airfoil geometries under steady-
state conditions. A summary of the flow characteristics is presented in Table 3.

The convergence criterion for steady-state simulations utilized residual control for velocity u,|u, <

1 x 1076, kinematic pressure p < 1 x 10~°, turbulent kinetic energy, and the specific dissipation rate
klw <1 x 107, A backup convergence criterion was set at a total number of iterations n = 35000.
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Figure 3. Computational domain.
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Table 3. Flow characteristics.

Parameter Value
Type steady-state 2D incompressible flow
Fluid Newtonian, single-phase
Material water at 26.3°C

Water density
Kinematic viscosity
Reynolds number
Far-field flow speed
Airfoil chord range

p = 996.784 kg/m?
v =28.71%x10"7 m?/s
Re = 19400 — 21900

u=0.0762 m/s
c=0231-0250m

3. Results

From experimental PIV approach velocity distribution was obtained. The results were the average
values from 500 frames. They were used as a validation for numerical simulations. Numerical
results were discrete values from one iteration. This is why the presented figures are not identical,
but the similarities are clearly visible and the results are comparable. In general it can be noted that
CFD results present slightly higher velocity especially above the cambered airfoils and behind the
trailing edge. Representative graphic results were presented in Figures 4 and 5.

Figure 4. Velocity distribution for Airfoil 1 geometry and setting angle 4°. PIV result (left) and

CFD result (right).

Figure 5. Velocity distribution for Airfoil 5 geometry and setting angle 4°. PIV result (left) and

CFD result (right).
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Figure 6. Characteristic of lift force coefficient (left), drag coefficient (middle) and pitching

moment coefficient (right) for each airfoil geometry and two setting angles.

From numerical simulations coefficients characteristics were obtained. The characteristics (Figure 6)
present lift force, drag and pitching moment changes with the camber increase for two setting
angles.

Lift force coefficient increases with the camber increase except the highest-cambered airfoil (Airfoll
6). Increasing the setting angle increases the lift coefficient values for every airfolil geometry. Drag
coefficient increases significantly with the increase of the camber and setting angle. The
characteristics show the potential of high-cambered airfoils to create drag. The last characteristic
presents the pitching moment coefficient for each airfoil geometry. Pitching moment coefficient also
increases with the increase of trailing edge deflection. Interesting is, that the pitching moment
coefficient is lower for high-cambered airfoils at higher setting angle.

4. Conclusions

Micro UAVs are an excellent solution for supporting human missions in a variety of environments.
As the most dangerous phase of the UAV flight is the landing phase, the authors created a
revolutionary morphing airfoil design that could reduce the overall damage of the UAVs during
landing and increase the aerodynamic efficiency of the aircraft. The results show the change of the
lift force, drag and pitching moment coefficients with the change of the airfoil camber. Two setting
angles were selected to demonstrate the influence of the camber morphing on the coefficient
characteristics change. Lift force coefficient increases for nearly every geometry, but setting angle
increase shows constant impact on lift force coefficient values. Drag coefficient significantly
increases with the increase of the camber and setting angle.

Results show promising ability of the morphing airfoils to create drag in high-cambered stage. Low
morphing stages of the airfoil could be utilized during take-off manoeuvres like conventional flaps,
while high morphing stages are considerable solution for Micro UAV’s during landing phase,
especially in rough terrain. Higher drag force during last phase of landing manoeuvre could provide
lower speed during touchdown and lower risk of damaging the aircraft structure.
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