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Abstract

Morphing airfoils are a wide range researched branch of aviation these days. They could efficiently reduce drag
and provide better aerodynamic performance due to a smooth transition between the leading and trailing edges
when slightly deflected. One interesting approach to modifying aerodynamic performance is drag production.
The creation of drag is especially useful when it comes to the landing phase of an aircraft, as it allows the
reduction of the approach speed and landing distance. Micro UAVs are burdened with the risk of damage
during landing. Existing solutions for micro UAV landing show a number of disadvantages. This paper presents
an innovative approach to camber morphing airfoils utilizing not only their abilities to improve aerodynamic
performance but also to create drag when extended significantly. The authors performed experiments in a
hydrodynamic tunnel using Particle Image Velocimetry (PIV) and then compared the results with Computational
Fluid Dynamics (CFD) simulation solutions. The results show a nearly linear increase of drag coefficient with
the increase of setting angle and a non-linear increase of lift force coefficient for setting angles from —6° to 6°.

Keywords: morphing airfoil, Unmanned Aircraft Vehicle, Particle Image Velocimetry, Computational Fluid Dy-
namics.

1. Introduction

Camber morphing airfoils are widely studied adaptive wing structures designed to change shape and
adapt to a wide variety of flight conditions. The development of materials in the last few decades
enabled researchers to conduct various technical solutions for morphing wings[1], allowing them to
create more revolutionary concepts [2]. These modern structures exhibit a significant increase in the
aerodynamic efficiency of aircraft wings [3]. Majid and Jo conducted a numerical aerodynamic
performance study at a low Reynolds number. In their research, they concluded that morphing air-
foils are a promising solution for aerodynamically efficient aircraft. Numerical simulations showed an
18,7% increase in lift-to-drag ratio for morphing airfoils compared to airfoils with traditional mechani-
sation.

One particular area of interest within aviation society is micro Unmanned Aerial Vehicles (UAVs).
Micro UAVs are the most developed branch of aviation these days [5]. They enable the execu-
tion of dangerous human missions in hazardous or inaccessible locations [6]. The assets of micro
UAVs are valued by private, commercial and military industries. Private and commercial use include
photography, photogrammetry, commercial monitoring, crops monitoring, environmental studies, fire
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surveillance, linear and point infrastructure monitoring and highway traffic control [7, 18, [9]. Military
applications include surveillance, search and rescue operations, communication, battlefield survival,
identifying targets, detection of weapons of mass destruction and meteorological information collec-
tion [10, [11].

Implementing morphing airfoils to micro UAVs appears to be a valuable asset, as morphing airfoils
could provide better aerodynamic performance due to a smooth transition between the leading and
trailing edges [12]. Nevertheless, the concept of morphing airfoils extends beyond improving aerody-
namic efficiency. Morphing airfoils are a promising solution, especially in landing manoeuvres, which
are risky due to aircraft damage. Micro UAVs commonly have removed landing gears to reduce the
mass and drag coefficient of the structure. To further reduce the mass and complexity of the struc-
ture, they usually are not equipped with flaps. In consequence, fixed-wing micro UAVs need long
and smooth landing distances as their approach speed is high [13]. To overcome this inconvenience,
constructors developed a few alternative landing methods, but all of them have many disadvantages.
Scan Eagle UAV is utilised for landing two 15-meter high poles with extended rope, which intercepts
the aircraft [10]. This method is expensive and requires specialized equipment for transportation and
placing pillars. This comes with many difficulties when considering changes in the landing spot of
an aircraft. It also demands a trained group of people to capture the micro UAV. Jouvet et al. [14]
for their glacier monitoring micro UAV used the net landing method. The aircraft approaches a point
designated behind the net and is captured by the net. The authors pointed out that the wing gusts
caused significant difficulties in maintaining the desired trajectory, which forced the UAV operator to
override the autopilot to safely land the aircraft. Wind gusts are not the only disadvantage of this solu-
tion. As mentioned in the previous method, net landing produces several logistic problems, including
changing landing spots, transportation, and crew training.

Nevertheless, the most common landing method for micro UAVs remains belly landing, which entails
problems such as a high landing distance, high approach speed, and smooth and flat terrain. This
causes severe damage to micro UAV during landing, as mentioned in Michalska’s et al. research [15].
Authors present that 72% of UAVs are damaged during aerial operational time, with specific emphasis
on the landing phase. The most common damaged components are winglets and fuselage. Wings
were not taken into consideration in this study.

Morphing airfoils can improve aircraft aerodynamic performance by reducing drag and, when de-
flected significantly, creating drag. The high amount of drag can lower the approach speed and
significantly decrease the landing distance, which will undoubtedly lower the damage during micro
UAV landing. When slightly deflected, morphing airfoils can reduce the influence of wind gusts on
micro UAVs and enhance autopilot capabilities.

The authors of this work examined airfoils in different morphing phases, from non-morphed to fully
morphed. The target aircraft was a micro Unmanned Aerial Vehicle (micro UAV). The purpose of
this work was to present the research methods authors utilized and the abilities of morphing airfoil
to increase lift force and to show it is capable of creating drag. For this purpose, one of the cre-
ated airfoils was chosen, and the results are presented based on this representative example. The
research was conducted both numerically and experimentally. Both investigations were obtained in
a two-dimensional environment. Experiments were performed in the hydrodynamic tunnel using the
Particle Image Velocimetry (P1V) method. Camber morphing airfoil models were prepared using the
additive manufacturing method. Numerical simulations were based on k — @ SST turbulence model
in OpenFOAM environment.
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2. Materials and methods

2.1 Morphing airfoils

The authors prepared six airfoils based on the NACA24012 profile. The 25% of MAC from the leading
edge of the NACA24012 airfoil was fixed, and only the back section of the airfoil was varied. All
six geometries are presented in Figure The red square highlights the chosen geometry for a
representative example.

The Airfoil 3 geometry is presented in the Figure 2 The airfoil chord length is ¢ = 0.246m, and the
airfoils’ angle of attack value is @ = 13°. As the camber morphing airfoils have the trailing edge moved
downwards, the base angle of attack has a non-zero value, and authors use the expression setting
angle when it comes to changes of the airfoil angle to flow direction.

FIXED VARIABLE

25% MAC

AIRFOIL 1 - NACA24012
AIRFOIL 2

AIRFOIL 4

Figure 2 — Airfoil 3 geometry with angle
of attack value and chord length
presentation.

AIRFOIL 5
AIRFOIL 6

Figure 1 — Created geometries of camber morphing airfoil.

From the two-dimensional (2D) geometry, a three-dimensional (3D) wing model was created. The
model was then produced using the additive manufacturing method. Further preparation of the cre-
ated model required filling, grinding and painting to obtain a smooth model surface for hydrodynamic
tunnel experiments (Fig [3).

2.2 Hydrodynamic water tunnel

The observation of the wake structures behind the airfoil and turbulence distribution is crucial for
understanding the processes occurring in the boundary layer of an airfoil. Water tunnels are perfect
for flow observations as water has about 800 times higher density compared to air. Visualising the
flow is also much easier in water than in the air due to water’s higher dynamic viscosity.

Experiments were performed in the hydrodynamic water tunnel (Fig. [4), placed in the Military Univer-
sity of Technology in Warsaw, with closed fluid circulation.

AIRFOIL 1 AIRFOIL 2

AIRFOIL 3 AIRFOIL 4

AIRFOIL 5 AIRFOIL 6

Figure 3 — Presentation of airfoils prepared for Figure 4 — The Rolling Hills Research Corporation
experiments. hydrodynamic water tunnel.

The measuring chamber has a rectangular test section with the dimensions of 610mm x 915mm. The
tunnel is equipped with a bracket that ensures the movement of a test model in three dimensions: a

3



AERODYNAMIC ANALYSIS OF CAMBER MORPHING AIRFOILS USING PIV AND CFD METHODS

water flow velocity meter and a thermometer in the test chamber. The measurement of both values
is used to calculate the Reynolds number for given conditions in the course of the experiment. The
range of water flow velocities in the hydrodynamic tunnel varies from 0 to 280mm /s [16, 17, (18, 19].
The experiment was performed in the temperature of 26°C and kinematic viscosity v = 8.71-107".
The water flow velocity was set to v = 0.0762m/s (3in/s) what established the Reynolds number to
Re =21526.

2.3 Particle Image Velocimetry

The experimental setup scheme for Particle Image Velocimetry (PIV) is presented in Fig. 5l Two lin-
ear lasers illuminate the tracer particles submerged in water. These lasers were positioned to ensure
even illumination and minimize shadows, enhancing the accuracy of particle tracking (see Figs. [6]
and[7). The experimental setup (Fig. [5) included a high-speed camera and two linear lasers, one
set under the test chamber, enlightening the geometry from the downside and another set behind
the test chamber, enlightening the tested geometry from behind. A high-speed camera is placed
to capture the illuminated particles at high frame rates, ensuring precise temporal resolution. The
captured images were processed by a dedicated software PIVLab [20], which analyzes the displace-
ment of particles between frames to calculate the velocity field. Particle Image Velocimetry (PIV) was
employed to analyze the flow characteristics around an airfoil within a water tunnel. This setup al-
lows for detailed visualization of the flow patterns around the airfoil and measurement of the velocity
distribution in the chosen plane of analysis.

Hydrodynamic

Hydrodynamic tunnel )
Linear
tunnel Tested
laser
| geometry | =
|
Computer Test' High-speed
station section camera
—_— [
Linear %
laser

Figure 5 — Graphic representation of the experimental setup.

Tested
geometry Water tunnel
support

Figure 6 — Presentation of measuring chamber Figure 7 — Turbulence behind Airfoil 3 geometry.
with tested geometry. View of particles enlightened by linear lasers.
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2.4 Computational Fluid Dynamics

Various science papers [21} 22, 23] show the possibilities for using numerical methods to possess
overall information regarding the aerodynamic characteristics of aircraft or its parts. Worth of men-
tioning 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 [24] [25]. Also the armament drop safety can be tested [26] in order to avoid
contact with the fuselage or other part of the aircraft. The numerical simulations were conducted by
solving the steady-state, incompressible Navier-Stokes equations, formulated as:

1
(u-V)u:—EVp+vV2u (1)
and the continuity equation, expressed as:
Vu=0 (2)

where u = (u.,u,) denotes the fluid velocity vector, p is the fluid density, p represents pressure, and v
denotes the kinematic viscosity. The gravity term was excluded from Equation (1) to prevent stream-
ing flow interference. Equations (1) and (2) were discretized using the Finite Volume Method (FVM).
The simulations utilized OpenFOAM, an open-source C++ toolbox. The computations employed
the Semi-Implicit Method for Pressure Linked Equations (SIMPLE) solver algorithm. The turbulence
model adopted was the k- Shear Stress Transport (SST). The convective form of equations for the
steady-state k- SST model is expressed as [27]:

V. (uk) = g—B*warV- [(v+ 6,vi) VK] 3)

V- (uw) = %P— Bw? +V-[(v+6ev)Va] +2(1 —Fl)%VkVa) (4)

where p is the fluid density, & is the turbulent kinetic energy, w is the specific dissipation rate, u is the
fluid velocity vector, u, 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, F; is the blending function. Variables such as B, B*, v, ok, Ow, Ow2 are
constants.

2.4.1 Computational domain

The standard guidelines for 2D subsonic aerodynamic simulations suggest a minimum domain length
of 5¢ or ideally > 100c [28, [29, 30]. However, these guidelines are generalized for external aerody-
namics and should be adjusted based on real-world Reynolds numbers and flow conditions. Feasi-
bility and computing power are also crucial factors to consider. When determining the computational
domain size, the main concern is the error caused by placing the domain boundaries too close to the
studied object [31]. In this preliminary study of morphing airfoils, where flow conditions involved low
Reynolds numbers, very low flow velocity, and water as the medium, we opted for smaller domain
dimensions of 30c. This decision strikes a balance between potential errors, as discussed on the
NASA website [31] and in other studies [32]. Many airfoil studies suggest similar domain dimensions,
as evidenced by [33,134]. For meshing the airfoils, we utilized the snappyHexMesh utility provided by
the OpenFOAM package. This tool generates hex-dominant meshes from triangulated geometries
and adds layers during the meshing process. Given that the focus of our study was Particle Image Ve-
locimetry (PI1V) experiments, we prioritized cell refinement near the airfoil to achieve high-resolution
results for comparison with PIV images. The numerical mesh development involved two parts: the
computational domain and the circular shape containing the airfoil. The computational domain mesh
included an opening where the numerical mesh of the airfoil was inserted and stitched together. This
approach allows for easy rotation of the airfoil in future simulations. These methods are commonly
employed by researchers, as demonstrated by [34] [35]. Figure [8]depicts a conceptual representation
of the computational domain, highlighting distances and dimensions.
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Figure 8 — Computational domain and boundary conditions for the airfoil simulation

The airfoil chord length, denoted as ¢, dictated the domain size. The domain extended 70c in the
front, top, and bottom of the airfoil, and 20c behind it, resulting in dimensions of 30c along the x-
axis and 20c along the y-axis. A smaller dimension was chosen for the y-axis to accommodate the
consistent inflow direction across cases. Manipulating the angle of attack involved rotating the inner
cell-zone containing the airfoil, maintaining the primary flow direction along the x-axis until reaching
the airfoil. The y-axis dimensions were tailored to address flow deflection and turbulent effects in-
duced by the airfoil. Employing 20c dimensions downstream of the airfoil adequately captured the
resulting flow pattern. As the cases were two-dimensional (2D), the z-axis dimension was irrelevant.
The mesh center point, (x,y) = (0,0), served as the airfoil aerodynamic center. The rotating cell zone
had a diameter of 2c to accommodate the airfoil and refine cells properly around it. The numerical
grid underwent refinement near the airfoils and in their slipstream, totalling approximately 3,370,000
cells. To model the viscous sublayer, n = 25 layers with an inflation factor of 6 = 1.2 were generated,
ensuring y+ < 1 for all geometries. Key features of the numerical grids are depicted in Figure [9]
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(a) Computational Domain View. (b) Close-up of Cell Levels 0, 2, and 3.
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(e) Close-up of the Front Section of the Airfoil. (f) Close-up of the Leading Edge.

(g) Close-up of Layers in the Boundary Layer on the
Leading Edge.

Figure 9 — An in-depth examination of critical sections of the numerical grid reveals the following for
Airfoil 1.



AERODYNAMIC ANALYSIS OF CAMBER MORPHING AIRFOILS USING PIV AND CFD METHODS

2.4.2 Discretization schemes

The performed calculations were 2" order accurate, due to majority of schemes being 2" order, with
a small exception of V- (¢k) and V- (¢ ), which were 15t order schemes, in order to provide better
stability of the simulations. This was recommended due to their diffusive nature by OpenFOAM user
guide [36/ 137, 138].

2.4.3 Flow characteristics and boundary conditions

Numerical simulations were conducted to analyze 2D hydrodynamics around airfoil geometries un-
der steady-state conditions. The flow, characterized as subsonic with very low Mach numbers and
Reynolds numbers (Re = 19,400 — 21,900), adhered to the material properties of water at 26.3°C. The
material was a single-phase, non-reacting, and incompressible Newtonian fluid, with an inflow veloc-
ity maintained at a constant U = 0.0762 m/s. To calculate the initial values of k and ®, Equations (6) -
[39] were employed. The velocity components «, and u, were derived from the velocity magnitude
u and the angle of attack a.. The equations for k, w, and w, , were sourced from the OpenFOAM user
guide [39] and are presented below:

(uy,uy) = (ucos or,usin ) (5)
k=3 iy’ (6)
0 Cg’i’jL 7)
O = 5o ®)

where I is the turbulence intensity, u is the velocity magnitude inside the domain, C,, is a constant of
0.09, L is the reference length scale, v is the kinematic viscosity, B; is a constant of 0.075, and y is
the wall normal distance. The convergence criterion for steady-state simulations relied on residual
control for velocities (u,|u, < 1 x 10~5), kinematic pressure (p < 1 x 10~%), turbulent kinetic energy and
specific dissipation rate (klomega < 1 x 10%). Once all residuals reached the specified threshold, the
simulations automatically halted. In cases where these criteria were not met, a backup convergence
criterion was implemented, requiring a total number of iterations n = 35000.

3. Results and Discussion

In this research, the authors present results for one representative example of morphing-camber
airfoil geometry with reference to the setting angle of the airfoil. The preliminary research compar-
ing six prepared geometries and enlightening differences resulting from trailing edge deflections are
presented in [1]. The validation of the numerical simulations model was based on velocity field dis-
tribution graphic representation. Though the experimental and numerical results are not identical,
they are comparable and allow us to validate the numerical model. Three examples of velocity field
distribution for different setting angles are presented in Figure[10]

Due to the mentioned in section [2.dow Reynolds number and low velocity of the stream, the wake
structure was continuously forming and separating from the airfoil (Fig. CFD results). The tur-
bulence resulting from this phenomenon is visible in Figure [10] PIV results, as the experimental PIV
velocity distribution is obtained from 500 successive frames averaged to one graphic representation.
Both methods present similar velocity distributions, but CFD simulations have a tendency to overesti-
mate velocity over the wake structure. The size of the wake structure is increasing with the increase
of the setting angle. The velocity over airfoil's wake structure is also increasing with the increase of
the setting angle. The greater the wake structure and stream disturbance, the higher the values of
the drag coefficient. This observation is consistent with obtained drag force coefficient characteristics
(Fig. which shows a nearly constant increase of drag with the increase of setting angle. The
exception is —10° setting angle, where the drag coefficient is higher than for —8° setting angle.
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(a) Setting angle —6° PIV result. (b) Setting angle —6° CFD result.

@%) ' Lo%/J

3

(d) Setting angle —2° CFD result.

(e) Setting angle 4° PIV result. (f) Setting angle 4° CFD result.

Figure 10 — Airfoil 3 PIV and CFD velocity distribution for three example setting angles.

Lift force coefficient characteristics are non-conventional. For the —10° to —6° setting angles, the lift
force coefficient characteristics are descending. From setting angle —6° to 0°, the characteristic rises
linearly, then flattens, and the highest lift force coefficient value is obtained for the 6° setting angle.
Pitching moment coefficient characteristics show a rising tendency, which suggests static instability
of proposed geometry with the increase of setting angle. The specific values of the pitching moment
coefficient are dispersed. It is the result of the centre of pressure’s changing position, with the wake
structure fluctuations and periodic separation.
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Figure 11 — Airfoil 3 coefficients characteristics for examined setting angles.

4. Conclusions

In this paper, the authors present experimental and numerical research methods and obtain results for
a representative example of a cambered morphing airfoil. The experiments were conducted in a hy-
drodynamic tunnel using Particle Image Velocimetry for velocity field representation. The numerical
model was validated based on velocity distribution. Numerical simulations obtained the coefficient
characteristics. The lift force coefficient characteristics have a non-conventional shape, but the lift
force coefficient mostly increases with the increase of the setting angle. The drag force coefficient
increases with the setting angle. The exception is the —10° setting angle, where the drag is slightly
higher than for the —8° setting angle. The pitching moment coefficient suggests the presented mor-
phing camber airfoil to preserve static instability. The results are very promising and are in line with
expectations. This solution is an innovative approach to morphing airfoils as most of the research
focuses on decreasing drag, while the authors of this work created the geometry that can create
drag. In the next phase of research, the authors would like to perform a detailed examination of pro-
posed geometries on micro UAV aircraft. With the rough development of shape-morphing materials,
miniaturisation, and technological solutions for morphing airfoils, this could be a promising solution for
micro UAVs to decrease the risk of damage in the landing phase and improve aerodynamic efficiency
in wind gusts.
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