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Abstract: A passive flow control technique in the form of microfiber coatings with diverging pillar cross-section
area was applied to the wing suction surface of a small tailless unmanned aerial vehicle (UAV). The coatings are
inspired from ‘gecko feet’ surfaces and their effect on aerodynamic and control surface performance is analyzed
via wind tunnel experiments in static and dynamic conditions. The static angle of attack was set at a range of

angles from -2° to 17°, and the elevon control surface was deflected from -18.7° to 24.7°. In forced oscillation,
various combinations of mean angle of attack, frequency and amplitude were explored. The aerodynamic
coefficients were calculated from load cell measurements for experimental variables such as microfiber pillar
height, the region of the wing coated with microfibers, Reynolds number and angle of attack. Microfibers with
a 140um pillar height, when compared to the smooth wing case, provide drag reduction of up to 24.7% for CL, =
0.9 at the cruise Reynolds number, whereas shorter 70um microfibers perform better at the stall Reynolds number,
with a 24.2% CD reduction for the same CL. Control surface experiments show pitch moment authority is
significantly improved at higher angles of attack near stall when microfibers cover the elevon and its upstream
wing region, with an increase in CM magnitude of up to 22.4%. Dynamic experiments showed that microfibers
marginally increase dynamic damping in pitch, improving load factor production in response to control surface
actuation at low angles of attack, but reducing it at higher angles. In general, the microfiber pillars are within
the laminar boundary layer, and create a periodic slip condition on the top surface of the pillars which
increases the near-wall momentum over the wing surface. This mechanism is particularly effective in
mitigating flow separation at high angles of attack, reducing pressure drag and restoring pitching moment
authority provided by control surfaces.

Keywords: unmanned aerial vehicle aerodynamics; bio-inspired surfaces; passive flow control

1. Introduction

The popularization of unmanned aerial vehicles (UAV) and their success at performing a myriad
of roles have resulted in exponential development and commercialization. It is estimated that the
drone market will expand at a compound annual growth rate of 57.5% through 2028, with an expected
revenue of 501.4 billion dollars according to [1]. This indi- cates an enormous growth potential in the
field, encouraging improvement opportunities in UAV technology.

Various methods of passive flow control are regularly employed in fixed-wing aircraft to
improve aerodynamic efficiency by diminishing flow separation or to correct undesirable stall
behavior. Vortex generators, wing fences, notches and strakes are some flow control methods
commonly employed in conventional aircraft [2,3]. In a high Reynolds number regime, the turbulent
boundary layer has greater resistance to detachment, resulting in better aerodynamic characteristics
[4]. In contrast, small unmanned aerial vehicles usually operate at low or transitional Reynolds
numbers, where laminar separation can occur, increasing pressure drag significantly. In these
situations, passive flow control techniques such as vortex generators, bumps, trips and roughness
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elements can enhance performance by causing the flow to transition earlier, therefore delaying flow
separation and reducing pressure drag [5-9].

Immense technological advances in manufacturing and the miniaturization of elec- tronics have
made it possible for scientists and engineers to be inspired by nature for the creation of the next
generation of vehicles. Increasing focus has lately been given to bio-inspired aerodynamic and
hydrodynamic structures, mostly elements found on the skin surface of aquatic mammals, fish,
special feathers in birds [10] or flight mechanisms inspired from insects and bats [11-13].
Protuberances resembling the tubercles found on humpback whale flippers have been widely studied
and found to increase performance and delay stall [14-16]. Fish scales’ effect on wall-bounded flow
behavior have been ana- lyzed experimentally and numerically, showing that small surface features
can improve the aerodynamic performance of aquatic vehicles by generating vortices that reduce
drag [17-20]. Similarly, micrometric structures found on shark skin called denticles (Figure 1a) have
been analyzed and determined to reduce pressure drag by reducing the degree of flow separation
[21-25]. In this study, similar structures in the form of microfibers inspired from gecko feet surfaces or
‘setae’ (Figure 1b,c) are applied to the surface of a small fixed-wing UAV and their performance is
assessed through wind tunnel experiments. In previous two-dimensional studies, they have been
shown to reduce flow separation by re-energizing the boundary layer through pressure modulations
at the top surface of the microfibers, leading to smaller flow re-circulation areas in the separated
region (Figure 1d) [26,27]. The microfibers mitigate flow separation without the disadvantage of
producing higher turbulent kinetic energy, and as a result, higher viscous losses — an issue that is
usually present in passive flow control methods that rely on boundary layer transition. Additionally,
the microfibers used in this work have an advantage over shark skin denticles in that they are
manufactured onto adhesive films that can be easily applied to any smooth surface, instead of being
3D printed. This avoids the limitations associated with additive manufacturing, such as increased
time and cost to manufacture intricate structures.

The aircraft model used in this study is based on a design named Switchblade, an unmanned
aerial vehicle developed under a family of reconfigurable vehicles sharing a modular framework [28—
30]. The reconfigurability feature enables multiple UAV variants with the same center body structure
but different mission profiles including ‘low-speed high endurance’ (LSHE) and ‘high-speed long
range’ (HSLR) to be set up for flight. In this study, microfibers are applied to the UAV-HSLR variant
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Figure 1. a) Geometry of a shark denticle, b) Side view of the bio-inspired microfibers; scale bar = 100
um, c) Top view of an array of microfibers, and d) Pressure modulations and momentum transfer along
the microfiber surface. Adapted from [26].

2. Test Setup

2.1. Switchblade UAV Model

The Switchblade UAV consists of a tailless blended-wing-body that allows swapping wing
modules for distinct mission performance requirements. In this work, a half-body model of the HSLR
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variant was tested in a wind tunnel. The aircraft has a low aspect ratio and wing area, with moderate
leading edge sweep to attain a cruise speed of Mach 0.1. This corresponds to an airspeed of
approximately 34.3 m/s near sea level conditions. The concept is illustrated in Figure 2, and some of
its design variables are in Table 1. The balloons indicate regions of the wing suction surface that were
covered with bio-inspired microfibers. Region 1 is upstream of the control surface (region 2), and
region 3 is the remaining wing surface area up to the center body. The model was not totally covered
due to the challenge of applying the adhesive film to tight corners, such as the nacelle fillets and the
leading edge, although it was ensured that microfibers were located upstream of the wing’s
maximum thickness location.
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Figure 2. Top view of Switchblade small flying wing UAV (dimensions in mm.

Table 1. Wing characteristics.

Wing area [m2] Aspect ratio Span [m] LE Sweep Taper ratio
0.324 6.3 1.43 240 0.35

The model structure was built almost entirely via additive manufacturing, employing a carbon-
reinforced nylon material and finishing the surface with fine-grit sandpaper, to ensure that the
baseline surface was free of imperfections that could affect results. Due to its reconfigurable feature,
the model has the wing module attached to the center section with tubular spars, allowing for
different wings to be tested as well — although this was not explored in this study. The wind tunnel
model was manufactured with the same methods as a flight worthy prototype, which offers the
additional possibility of evaluating its structural integrity in flight conditions for further research. The
nacelle cover shown in Figure 4 may also be removed to install motor and propeller for propulsion tests,
something that was accomplished in [28].

2.2. Bio-Inspired Microfiber Films

The micro-structures used in this study consist of diverging cylindrical pillars, such as described
in Figure 3a. They are built with an approximate glass-shape, with a base, a diverging cylindrical
pillar that increases in diameter towards the tip, where the flat face interacts with the external flow.
The substrate to which the fibers are attached is an adhesive film, firmly adhered to the aircraft surface.
Small fibers have a height of approximately 40um, medium fibers 70um , and tall fibers 140um. They
are tightly packed on the substrate forming an array with 120um spacing between each pillar. The
base and tip diameter of each pillar is 40 um and 75 um respectively. This geometry and spacing
allows two main flow mechanisms to develop: an internal high-speed and low pressure flow under
the canopy, and alow-speed high pressure flow at the interface layer as shown in Figure 1d. An in-depth
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study of the flow physics involved with the microfibers was provided by [26,27]. These flow
mechanisms are the basis for the pressure modulation effect that is transferred to the external flow.
The experiment model covered with microfiber coating is shown in Figure 3. The microfibers were
manufactured and provided by Setex Technologies, and were studied with respect to the effect of
microfiber pillar height, referring to the height of the cylindrical micro structures on the surface shown
in Figure 1. The microfiber coatings were provided in two types, with approximately 70um and 140um
pillar heights.

120

(@) - (b)

Figure 3. (a) Microfiber schematic (dimensions in um); (b) Wing covered with microfiber coating.

2.3. Wind Tunnel

The experiments were conducted in the National Wind Institute (NWI) closed-loop, subsonic
wind tunnel at the Reese Technology Center. The test section is 1.2m tall and 1.8m wide, which is large
enough to accommodate the aircraft half-model in its true scale, as shown in Figure 4. The half-model
is attached to a circular splitter plate and connected to an ATI 9150 Net Gamma 6-DoF load sensor
with a resolution of 0.025 N for the lift and drag forces and 0.00125 N-m for the pitching moment.
Load cell data was acquired using a National Instruments DAQ model 6353 with a sampling rate of
1,000 Hz for a minimum of 30 seconds in each test run. The pitch attitude was set automatically with
a high-torque stepper motor with an positioning resolution of 0.1°. The angle was measured
throughout each experiment with a digital inclinometer, with a 0.1° resolution. To enable control
surface deflection, the model was also equipped with a servo motor installed in the wing module, as
in the flying prototype.

2.4. Static Angles of Attack

Microfibers were applied to different regions of the wing to identify correlations between the
extent of their use and effect on aerodynamic performance. Three cases were studied: i) top of wing
(all regions covered); ii) outboard, covering elevon and upstream (regions 1 and 2 only); iii) smooth
wing (baseline case). For each case, two distinct free stream speeds were considered: 30m/s and
17.3m/s, which correspond to the aircraft cruise speed (or very close to it) and the estimated stall speed,
respectively. The different flow speeds are meant to produce distinct flow Reynolds numbers — yet
consistent with the actual UAV operating and flight conditions. For nomenclature purposes, the
higher speed cases are referred to as”cruise Re” and lower speed as “stall Re”.

In cases not involving control surface deflection, aerodynamic forces were measured for an angle
of attack range from —2° to 17°. The angle was changed manually and the model locked in position,
with the wind tunnel turned off between test runs to avoid the effect of hysteresis or bias on the load
cell. The control surface performance experiments were accomplished by deflecting the elevon from
—18.7° to 24.7° at each of three angles of attack: 2°, 7° and 12°. Note that a negative deflection angle
corresponds to a downward movement of the elevon and an increase in the sectional lift produced.
The cases summary is shown in Table 2.
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Figure 4. Wind tunnel setup with HSLR.

Table 2. Static Experiment Cases.

Surface Region AoA [deg] Airspeed, U- Elevon deflection, o

no fibers N/A -2 to 17° cruise N/A

no fibers N/A -2°to 17° stall N/A
140um fibers 1,2,3 -2°to 17° cruise N/A
140um fibers 1,2,3 -2°to 17° stall N/A
140um fibers 1,2 -2° to 17° cruise N/A
140um fibers 1,2 -2° to 17° stall N/A
70um fibers 1,2,3 -2°to 17° cruise N/A
70um fibers 1,2,3 -2°to 17° stall N/A

no fibers N/A o cruise -18.7° t0 24.7°

no fibers N/A 7o cruise -18.7° to 24.7°

no fibers N/A 12° cruise -18.7° to 24.7°
140um fibers 1,23 2° cruise -18.7° t0 24.7°
140um fibers 1,23 7o cruise -18.7° t0 24.7°
140um fibers 1,2,3 12° cruise -18.7°to 24.7°
140um fibers 1,2 2° cruise -18.7°t0 24.7°
140um fibers 1,2 7o cruise -18.7° to 24.7°
140um fibers 1,2 12° cruise -18.7° to 24.7°

2.5. Dynamic Stall Program

To evaluate the effect of microfiber coatings on aircraft performance in the dynamic regime and
under the effects of dynamic stall, forced oscillation tests were executed at multiple combinations of
mean angle of attack, airspeed, reduced frequency, and pitch amplitude.

The reduced frequency, k for the dynamic pitch experiments is calculated according to the
following expression,

U--
where w is the pitch frequency, c¢” is the mean aerodynamic chord of the wing, and U is the airspeed
corresponding to cruise or stall. For the dynamic tests, three surface conditions were evaluated: no
fibers (smooth), 70um fibers covering the whole wing (regions 1, 2 and 3), and 70um fibers covering
the outboard section of the wing (regions 1 and 2). Table 3 summarizes the types of forced-oscillation

experiments.
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Surface Region Mean AoA [deg] Airspeed, U- k A [deg]
no fibers N/A 0.0, 5.0, 10.0 cruise, stall 0.022, 0.039 5.0
no fibers N/A 0.0,5.0,10.0 cruise, stall 0.011, 0.020 5.0
no fibers N/A 0.0,5.0,10.0 cruise, stall 0.022, 0.039 10.0
no fibers N/A 0.0,5.0,10.0 cruise, stall 0.011, 0.020 10.0

70um fibers 1,2,3 0.0,5.0,10.0 cruise, stall 0.022, 0.039 5.0
70um fibers 1,2,3 0.0,5.0,10.0 cruise, stall 0.011, 0.020 5.0
70um fibers 1,2,3 0.0,5.0,10.0 cruise, stall 0.022,0.039 10.0
70um fibers 1,2,3 0.0,5.0,10.0 cruise, stall 0.011, 0.020 10.0
70um fibers 1,2 0.0,5.0,10.0 cruise, stall 0.022, 0.039 5.0
70um fibers 1,2 0.0,5.0,10.0 cruise, stall 0.011, 0.020 5.0
70um fibers 1,2 0.0,5.0,10.0 cruise, stall 0.022,0.039 10.0
70um fibers 1,2 0.0,5.0,10.0 cruise, stall 0.011, 0.020 10.0

During each forced oscillation run, the data was recorded through a minimum of 30 cycles, such
that a one-cycle average could be calculated for the axial and normal force coefficients (Ca and Cn),
and the pitching moment coefficient (Cum). These coefficients were then used to calculate the dynamic
derivatives with respect to pitch rate C4,, Cn, and Cw,, with the single-point method described in [31]

using equations (2) to (4).
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where gmax and gmin are the maximum and minimum pitch rates in the cycle, respec- tively; cry is the
mean aerodynamic chord, and V the airspeed. Computing the dynamic derivatives effectively
condensates the forced-oscillation data, which simplifies its further analysis.

3. Results and Discussion

3.1. Static Angles of Attack

The aerodynamic forces and pitching moment were normalized with the dynamic pressure and
reference wing area to obtain the lift, drag, and pitching moment coefficients. The lift coefficient as a
function of angle of attack, drag polar, and lift-to-drag, L/D ratio are shown in Figure 5a, b and c,
respectively. The linear portion of the Cr vs a curves do not show an appreciable difference or
improvement in the lift produced using microfibers. However, there is a marked difference after a =
10" when the flow begins to separate for the baseline case near the trailing edge region of the wing.
Alternatively, the flow over the wing surface with microfibers is able to maintain higher suction
pressure and therefore an appreciable increase in the lift coefficient until slightly after stall. For the
wing surface covered with 140um microfibers, C. was 3.61% higher at cruise Reynolds number and
at a =14". For the partially covered microfiber case, Cr was 3.89% higher under the same conditions.
The 70um microfibers case on the fully covered wing led to an 3.28% increase in C. compared to the
baseline case at a = 15°.

For the stall Reynolds number cases, the increments in Ct with microfibers were smaller for both
pillar heights. It is theorized that microfibers produce a periodic yet weak positive momentum transfer
mechanism to the outer flow which slightly increases the mean flow velocity. Moreover, the distance
that the flow passes over the microfibers prior to flow separation also affects their ability to delay flow
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separation. More distance allows the momentum transfer to build up and become effective. In this
sense, passive microfibers are a weak and distributed flow control device, whereas active syntheticjets
are strong but localized flow control devices which must be placed at or near the point of flow
separation to become effective.

The microfibers have a stronger and more desirable effect at reducing drag, as seen in the drag
polars (Figure 5b). At the cruise Reynolds number condition, the case with fully covered top wing
surface attained a maximum drag reduction of 24.7% for Cr =0.90 and a=12". For the partially covered
wing, drag was 23.3% lower than the baseline for the same Ci. Microfibers with 70um pillar height
reduced the drag by 19.9%. In the stall Reynolds number condition, the maximum reduction in drag
at Cu = 0.9 was 14.8% for the wing fully covered with 140um microfibers, 14.9% for the partially
covered case, and 24.2% for the 70um microfibers fully covering the wing.
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Figure 5. (a) Lift coefficient as a function of angle of attack; (b) Drag polar; (c) Lift-to-drag ratio, L/D;
(d) High AoA L/D enhancement.

The maximum aerodynamic efficiency at cruise Reynolds number is minimally affected by the use
of microfibers, where the greatest improvement in the L/D ratio was 1.8%, in the case with 140um
microfibers partially covering the wing (Figure 5c). In the lower Re regime, the use of microfibers in
fact reduced the maximum L/D marginally. Here, the case with 140um microfibers covering the
elevon and upstream of the elevon experienced a 6.9% reduction. At higher angles of attack, all
microfiber cases showed an increase in L/D ratio over their baselines (Figure 5d). At the cruise
Reynolds number, the best performing condition is 140um microfibers on top of the wing, with 15.3%
higher L/D at @ = 10°. At the stall Reynolds number, 70um microfibers covering the top of the wing is
most effective, with a 14.9% increase in L/D at the same ang]le of attack.

The results show the following trends: i) there was little difference between the cases where the
entire top surface was covered and the outboard wing section only (regions 1 and 2). This indicates
that in this design, microfibers are most effective at mitigating flow separation over the outboard
region of the wing at high angles of attack. ii) Microfibers perform differently according to the flow
regime; at higher Reynolds numbers, all cases provided similar L/D benefits at @ = 10°, with 70um
fibers experiencing a sharp decline in their effect at « = 11°. In contrast, at lower Reynolds numbers
all cases showed reduced improvement of L/D at a = 11°, followed by a further decrease at higher
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angles. Upon observation of the results for all microfiber cases at a =10", it is theorized that microfiber
pillar size strongly impacts aerodynamic performance improvements at the onset of flow separation,
given that the smaller microfibers provide less benefit at higher Re. In the more turbulent flow, the
70um fibers do not re-energize the boundary layer in the same capacity as 140um fibers due to the
smaller secondary vortices produced and thus lower turbulent kinetic energy. Conversely, in the less
turbulent flow, the highest performance enhancement is provided by the smaller fibers due to their
ability to increase momentum in the outer flow without introducing excessive turbulent kinetic
energy.

In order to gain more understanding about how microfibers modulate the flow in the boundary
layer over an airfoil, two-dimensional particle image velocimetry (PIV) flow measurements were
taken on the surface of a curved adverse pressure gradient (APG) section in turbulent flow with a
LaVision PIV system. The APG section was coated throughout with microfibers containing & =140 ym
and subjected to a freestream velocity of 30 m/s. Two cameras with 10 cm by 10 cm measurement
frames were centered about the approximate location of flow separation. Two-thousand
instantaneous velocity (U, V) images were acquired and processed into time-averaged flow quantities.
The mean velocity contours are presented on Figure 6.

“l di=3mm

y position (mm) e

. Xs =10 mm Flow separation

X position (mm)
Figure 6. Time-averaged velocity over a curved APG section representative of an airfoil in turbulent
flow with a freestream velocity of 30 m/s.

The turbulent boundary layer (TBL) is estimated to separate at an absolute position, xs = 10 mm
where the TBL thickness, 6; = 18 mm. At the inlet of the measurement domain the flow is attached and,
0i =3 mm. Hence, the microfiber pillar height to boundary layer thickness, 1/6: = 0.046. The tip of the
microfibers are within the buffer layer in the region 5 <y* < 30 in terms of viscous wall units. Further
upstream where the APG strength progressively decreases until the pressure gradient becomes zero,
the boundary layer thickness was measured as approximately 1.3 mm. At this point, //6 ~0.108 where
the microfibers modulate the flow within the log layer, where 30 <y* <0.156 [32].

It is theorized by the authors that the microfibers are most effective when the pillar height scales
with this layer given by the law of the wall,

u* = Llogly") + 8 (5)
K

The von Karman constant, x and intercept, B was found to be « = 0.384 and B =4.17
according to Osterlund et al. [33]. The log layer is characterized by not only
laminar shear, but also turbulent shear produced by naturally occuring velocity
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fluctuations. The micropillars mainly serve to intensify wall-normal velocity
fluctuations creating alternate low-speed high pressure and high speed low pressure
regions as the flow travels throughout the micropillars. The net effect is a positive
momentum transfer into the outer turbulent layer (y*>0.156) which is used to
overcome the external adverse pressure gradient and delay flow separation.

The control surface performance shown in Figure 7 indicates that changes in pitching moment by
the use of microfibers on the surface depends on the angle of attack of the aircraft, and at certain
conditions the fibers have a detrimental effect. At a =2°, microfibers covering the top surface of the
wing reduced the Cu magnitude by 11.1% for an elevon deflection angle, 6. =-15°. At a moderate
angle of attack of a = 7°, the microfibers showed negligible effect on control surface pitching
performance. Finally, for o = 12°, the use of microfibers revealed to be very effective for elevon

performance, with a maximum increase in Cv magnitude of 15.6% for 6. =—15° with the suction surface
fully coated with microfibers.
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Figure 7. Elevon deflection performance: pitching moment coefficient, Cyp1 as a function of elevon
deflection angle, 6, for the baseline and micropillar cases.

Alternatively for the partially coated wing, the increase in Cm was 22.4% at the same elevon
deflection angle. This behaviour displays some nonlinear spanwise interaction on the flow between
regions of microfibers, where covering the surface of the wing with additional microfiber becomes
detrimental or less efficient. A similar effect was observed on a rotor with synthetic jets at transitional
Reynolds numbers [34]. The most efficient use of synthetic jets in terms of improving the figure of
merit of the rotor occurred in the blade tip region. Activating additional synthetic jets towards the
middle and root regions of the blade showed a diminishing return in rotor thrust when considering
the additional energy input to the jets. The clear similarity between the fixed-wing in this study and
the referenced rotor blade is that the flow is considerably three-dimensional (3D) with spanwise flow
on the wing and blade tip region. These results show that microfibers can be utilized as an effective
passive flow control technique for finite wings with 3D flow and at higher angles of attack where it
becomes more critical to avoid stall and thus aloss in flight control.

3.2. Dynamic Stall

Each dynamic angle of attack run from forced oscillations in pitch was generated for a one-cycle
average with reduced frequency, k = 0.039 as shown in Figure 8. Given the high volume of data, it
would be inconvenient to display the plots for all cases in a single figure, therefore the coefficients
across all cases were used to calculate the dynamic derivatives, shown in Figure 9. As expected from
the static test results, the strongest effect by the fibers is observed at the highest angle of attack, a =10".
A hysteresis is defined in this study by the absolute value difference between the force or moment
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coefficient produced during dynamic pitch relative to static pitch at a given angle of attack. At a =
10°, in the dynamic axial force coefficient (Ca), the existence of microfibers seemed to marginally
reduce the hysteresis effect. For the normal force coefficient, the hysteresis on the top side of the loop
was moderately increased in the case with microfibers covering the entire wing, as seen in Cn (Figure
9b) and Cu (Figure 9c). This indicates a minor effect between the 70um microfibers and the dynamic
damping of the aircraft.

0.3
(a) (b)
0.2 1.0
0.5
S
0.0
-0.5

-5 0 5 10 15
Angle of Attack (a)

V=17 m/s, k= 0.039, A= 5 deg

baseline, -, aca =0

70 um fibers, top of wing, aoa = 0

=5
a
@ 70 um fibers, outboard, aca = 0
—3$— baseline, -, a0ca =5
-4~ 70 um fibers, top of wing, aca =5
¥ 70 um fibers, outboard, aca =5
baseline, -, aoa = 10
-%- 70 um fibers, top of wing, aoa = 10

70 um fibers, outboard, aoa = 10

-5 0 5 10 15
Angle of Attack (a)

Figure 8. Dynamic pitch coefficients for different surface cases and wing coverage: (a) Cx; (b) Cn; (c).
Cm. The black arrow indicates the direction of the pitch up maneuver.

The combined pitch derivatives are shown in Figure 9a to c. The derivatives lie in two groupings:
lower speed (17 m/s) and higher speed (30 m/s), which shows a small dependence on airspeed in the
results. Ca, is higher at 17 m/s (Figure 9a), whereas Cv, is higher at 30 m/s (Figure 9b). No
particular trend is seen on Cu, in respect to airspeed (Figure 9c). The effect of mean angle of attack
on the dynamic behavior is small, as all cases show similar dispersion with increasing angle of attack.
The normal force derivative Cn, decreases modestly with increasing angle of attack as seen in Figure

9b, although not enough to suggest intensification of stability nonlinearities characteristic of high-a
flight.
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Considering that the dynamic derivatives on their own do not provide a good physical sense of the
aircraft’s performance, a simple exercise was performed to evaluate a steady pull-up maneuver.
Equation 6, found in [35], was used to estimate the load factor variation 61 with respect to a unit elevon

deflection 61.
on =— MpZuUe (6)
6nsteady state mgzw — Muwle

In this equation, m», my and mw are the derivatives of pitching moment with respect to elevon
angle, pitch rate and vertical speed, respectively. zw is the derivative of vertical force with respect to
vertical speed, and U. the equilibrium longitudinal speed. All the derivatives are in concise form,
and defined in the body coordinate system. Although Ca,, Cn, and Cwm, are not in the equation, they
are implicit in the definition of 1y, my and mw through the aircraft’s equation of state. Equation 6 was
solved for a steady-pull up maneuver at cruise speed (30m/s) and pitch angles of 0, 5, and 10°. These
flight conditions were chosen to match the data obtained from the forced oscillation tests since the
derivatives are calculated about specific mean angles of attack. Additionally, Figure 9 shows that the
maximum difference between the baseline (smooth) and microfiber cases happens at the highest
angle of attack. Table 4 shows the results for Equation 6.

The results show that the marginal increase in dynamic damping seen in Figure 8, by use of
microfibers, has an effect on the aircraft’s maneuverability. Covering the top of the wing or just the
outboard region with 70um fibers increased the aircraft’s response to a unit elevon input at the lowest
angle of attack. From —0.14g/deg of elevon deflection, the load factor went up to -0.21g/deg at a = 0°.
To better understand the significance of these performance metrics, consider that the Lockheed F-104A
Starfighter, an interceptor aircraft, generates a response of —0.94¢g/deg during a comparable maneuver
[35]. For the tailless UAV, although less maneuverable due to the short momentum arm between control
surface and center of gravity, an improvement of 0.07g/deg is considerable for a small change in
surface treatment. For 5° or 10° angle of attack, the microfibers had lower impact on load factor
response, with a decrease being observed at 10°. The pressure modulation created by the microfibers
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re-energizes the external flow under adverse pressure gradients, reducing flow separation, though it
causes the aircraft to exhibit a slower response in symmetrical maneuvers at high angles of attack.

Table 4. Load factor increment per unit elevon input [g's/deg].

Case Mean AoA Load Factor Increment, An

Baseline 0.0 -0.14
70um, top of wing 0.0 -0.17
70um, outboard 0.0 -0.21
Baseline 5.0 -0.10
70um, top of wing 5.0 -0.08
70um, outboard 5.0 -0.10
Baseline 10.0 -0.04
70um, top of wing 10.0 -0.03
70um, outboard 10.0 -0.02

4. Conclusions

In this work, bio-inspired microfibers were applied to the top suction surface of a small fixed-wing
UAYV, and their effect on aerodynamic performance was studied with wind tunnel experiments.
Dependence on flow regime Re, angle of attack, region of coverage, and microfiber pillar height was
assessed for the lift and drag coefficients, as well as the L/D ratio. For a cruise Reynolds number of 3.7
x 10° with 140um microfibers provided the greatest reduction in drag, 24.7% when covering the entire
upper surface of the wing. The significance of drag reduction at high angles of attack for a flying UAV
is higher climb rates and/or energy savings that increase the range of the aircraft. At the stall Reynolds
number of 2.1 x 10°> with 70um microfibers, performance is maintained with a drag reduction of up
to 24.2%. It was observed that improvements in performance by the use of microfibers are obtained
at higher angles of attack, when flow separation is prevalent, and where the microfibers are able to
delay flow separation and restore aerodynamic performance. In this manner, microfibers are
functionally similar to other forms of passive flow control devices, yet are not detrimental to cruise
performance. At lower angles of attack, such as @ =5°, the microfibers only had marginal effect on
aerodynamic efficiency; at cruise Reynolds, L/D was increased by 1.8%, and at stall Reynolds it was
reduced by 6.9%. It is believed that a positive increase in L/D can be achieved by more careful
microfiber design including tuning of the microfiber pillar height so that it remains within the log-layer
of the boundary layer for the tested stall and cruise Reynolds number.

The control surface with microfiber experiments yielded increased pitching moment authority
for the HSLR variant at @ =12°, enhancing Cu by 22.4% with an elevon deflection of —-15°. Microfibers
for the first time were tested under dynamic stall conditions on a pitching wing. Under a mild stall
at a = 10°, microfibers indicated a marginal reduction in the hysteresis of the dynamic axial force
coefficient, while an increase in hysteresis for the normal force coefficient was shown. This indicates
a decrease and an increase in the primary force components that make up drag and lift respectively
which serve to increase the dynamic lift-to-drag ratio with microfibers compared to the baseline case.
The small increase in dynamic damping also yielded unexpected consequences to the slower pitching
moment response of the UAV model to an elevon input. The overall results show that there is proven
potential in applying bio-inspired microfibers with diverging pillar cross-section area as presented in
this study, to the design of small-scale fixed-wing UAVs. In particular, they can be beneficial for flight
at higher angles of attack, or so called high-« flight, which is associated to a highly maneuverable UAV
with superior pitch and roll performance akin to unmanned combat aerial vehicles.
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