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Abstract: High-efficiency distributed propellers have emerged as a propulsion option for future
transportation, necessitating a thorough understanding of the propellers' slipstream performance
and aerodynamic interaction with a wing under a variety of operating situations. At low subsonic
speed and typical rotational speed, an experimental gust wind study was carried out to examine
the impacts of the distributed propellers' thrust and slipstream on a flexible wing with a 300 mm
wing-chord. A fiber optic sensing system was designed and deployed on the beam surface aimed
to measure the time-domain response of wingtip deformation. The results demonstrate the
accuracy of the measurement system in predicting structural deformation and aerodynamic
performance under various gust situations.

1 INTRODUCTION

The leading and trailing edges of wings with distributed propellers (DP) are usually
designed by distributing numerous motors with propellers spanwise throughout the wing.
Additionally, the suggested concept seeks to improve flight safety, noise reduction, and
aerodynamic efficiency!!l. As an alternate method to improve the aircraft's flying performance by
lessening the strength of the vortices and lift-induced drag, for instance, having distributed drive
throughout the wing span may benefit the acrodynamic structures at the end of the wing?!. Based
on the above advantages, some distributed propeller aircraft have been designed, such as the
classical NASA’s Helios?*], NASA’s X-571*1, and X-HALEP!. Numerous studies have been
conducted through computational fluid dynamics/®), numerical simulation approaches!’], and
experiments®], especially for NASA’s X-57.

According to Nicholas et al.”! performance projections for distributed propulsion
configurations, the X-57 distributed propulsion wing performs as intended during cruise flight
and meets or exceeds targets for high-lift generation during low-speed flight. It is important to
note that this is the first time the large, complex tradespace of candidate geometries for the X-57
has been examined. High-lift propellers are used in the aerodynamic interaction between
distributed propellers and the wing to increase dynamic pressure and alter the distribution of the
local angle of attack!'%l. The coupling between the propeller-induced velocity profile and wing
surface affects DEP aircraft performance significantly since it changes the local upwash
velocity!': Michael et al.l''! implemented a higher-order vortex lattice model employing
distributed vorticity elements capable of capturing the distributed mutual influence between
propellers and wing. A more thorough numerical analysis of a distributed propeller design
explains the main components of interaction and yields informative wing-loading datal”’,
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The flow-field distribution and lift-drag performance of wing are altered by the distributed
propellers. Larger loads operating on the wing structure generally follow higher aerodynamic
performance. As a result, when conceptualizing a DP-Wing configuration, the aeroelastic
characteristic should be taken into account. Teixeria et al.['?) created a more advanced nonlinear
aeroelastic-coupled flight dynamics framework that is capable of calculating the aerodynamic
performance of the propellers and the impact of inertia on the response of a very flexible
distributed propeller aircraft. It is concluded that the propellers influence the wing equilibrium
shape. Ostuka et al.l'3] have a nonlinear static and dynamic analysis for a very flexible wing with
distributed propellers, and the dynamic result shows that the propellers reduce the vibration
amplitude mainly because the propeller-induced axial velocity enhances the aerodynamic
damping. Furthermore, one significant aeroelastic manifestation of the aeroelasticity of
distributed propeller aircraft is the crush of NASA's Helios. According to the engineers ' analysis,
the very flexible wing is extremely vulnerable to wind gusts. An investigation reveals that the
distributed concept can alleviate gust loads more effectively because it provides load
redistribution from several propellers, which can help address the problem of gust load
alleviation!!'¥l. Thus, exploring the gust response of the DP-Wing configuration is very necessary.

To gain a deeper understanding of the unstable aerodynamic and aeroelasticity principles
that define the DP-Wing configuration operating at varying freestream velocity, incidence angle
of attack, gust amplitude, and gust frequency, a gust wind tunnel test was carried out as part of
this study. In order to achieve noteworthy performance, the tested model, which has three
distributed propellers/wing, operates under the aforementioned circumstances. The wind tunnel
experiment used the instantaneous reaction of wingtip deformation along two directions.

2 TEST VEHICLE AND EXPERIMENT SETUP
2.1 Test vehicle

2.1.1 Propeller model

The propeller used for the wind tunnel test reported here is a two-bladed carbon fiber
propeller with a diameter of 330.2 mm and a pitch of 165.1 mm, and the evolution of the chord
and the pitch angle distributions of the propeller are plotted in Figure 1.
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Figure 1 The chord and pitch angle distribution of the two-bladed propeller!!>l.

2.1.2 DP-Wing model
A flexible wing model, the parametric parameters of which are displayed in Table 1, was
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created in order to examine how the gust affected the performance of the DP-Wing configuration.
The rectangular wing beam is situated at the 40% chord line of the wing and measures 30 mm by
20 mm with a 1 mm thickness. It was constructed using carbon fiber to create the beam. The
density of the carbon material is 0.11 kg/m?, and the elastic modulus is 125 GPa. Eleven light 3D
printed parts made of Resin-8200 make up the wing frame for the design. Each section is
attached to the wing beam in a single place. The two wing portions closest to the root are clearly
broader at 175 mm, whilst the remaining nine outer sections are all thinner at 145 mm. The
distance, intended to be 2 mm, between consecutive wing portions received special attention.
Since the theoretical dynamic analysis only included the beam effect, the gap's function in the
aeroelastic test model is to eliminate the additional stiffness effect!!”). As a result, the total length
of the wingspan is 1675 mm. The wing section near the root is numbered section-1, and the box
mounted at the wing tip is numbered section-11. The distributed propellers are located at the
middle of section-3, section-6, and section-9 along the wing span and corresponding to the
spanwise locations: Y/Ly = 0.255, 0.518, and 0.781. Three nacelles are designed to contain the
electric motor driving the propeller, and the six-component balance are used to measure the
propeller thrust and torque. In addition, both sides of each wing section are ribs with relief holes,
with a wall thickness of 2.5 mm.

Using Catia V5R21, the propeller, wing, and support stand was constructed in order to carry
out the DP-Wing configuration gust test. Figure 2 displays the completed wind tunnel test model
as well as the intended 3-D model.

(a) 3-D Catia model (b) wind tunnel test model
Figure 2 The flexible model of DP-Wing configuration.
Table 1 Design properties of the DP-Wing configuration.

Parameter Value Parameter Value
Propeller radius 165.1 mm Wing chord length 300 mm
o )
Airfoil of wing NACA0015 Elastic axis 4Q % chord line of
wing
Wing span length 1675 mm Cross-section of 30 mm x 20 mm
beam rectangle

A number of meticulous mode tests have been conducted to create a suitable model that
may cause noticeable deformation in the test operating state of the wind tunnel. Table 2 displays
the primary linear modes of the DP-Wing configuration model. The first two modes had low
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frequencies, and the majority of gust frequencies were clustered around these frequencies for
modes 1 and 2.

Table 2 Modes of the DP-Wing configuration.

Mode Description Frequency (Hz)
1 Ist bending mode 2.097

2 Ist bending mode in-plane 2.970

3 Ist torsion mode 7.730

4 2nd bending mode 13.050

5 2nd bending mode in-plane 17.810

2.2 Experimental setup and measurement techniques

2.2.1 Experimental setup

All wind tunnel gust response tests were conducted in the FD-09 low-speed wind tunnel at
the China Academy of Aerospace Aerodynamics. The Reynolds number as maximum test
velocity is about 1.4e+6, and the turbulence coefficient of the wind tunnel is lower than 0.1%.

An installation of a test model in the wind tunnel is presented in Figure 3. The model was
attached to a vertically supported system that was mounted to the tunnel floor and coupled to an
angle of attack converter. A six-component balance was attached between the DP-Wing
configuration and the support system to measure the aerodynamic forces of the DP-Wing
configuration. It is important to note that the support system is intended to be completely
inflexible. A gust generator placed upstream in the tunnel is used to generate the anticipated gust
condition for the gust test. At a distance of 600 mm, two rectangular blades with NACA0015
airfoils deflect synchronously and sinusoidally. Every blade has a span length of 2000 mm and a
chord length of 300 mm. During the wind tunnel test, the DP-Wing configuration model was
arranged 2250 mm away from the trailing edge of the generator blade, and the distance named
L1 is also shown in Figure 3. The distance is specified as L2, and the propeller installed at
section 3 is 1000 mm above the wind tunnel floor. Moreover, L3 denotes the 600 mm distance
from the wind tunnel floor to the generator blade's root. Every blade has a deflection angle
ranging from -7 to 7 degrees, and the frequency of the created gusts varies from 1 to 7 hertz. Ref
[17] contains additional specific information about gust velocity.
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gust generator
blade

Figure 3 Wing model installation and gust generator in the wind tunnel.

2.2.2 Measurements techniques

An advanced fiber optic sensing system was used in a wind tunnel test to indirectly evaluate
the response of structural deformation. As seen in Figure 4, Fiber Bragg Grating (FBG) sensors
with various characteristic wavelengths are affixed to the wing beam's surface using epoxy
adhesive. The strain values at various spots on the beam surface are obtained by attaching the
FBG sensors to them. Next, using the Strain-Displacement Transformation (SDT) algorithm to
numerically integrate the measured strains, the rotations and displacements of the wing beam
along the wing span are calculated!'8].

175 175 145 145 145 145 145 145 145

Figure 4 Relative locations of FBG sensors attaching to beam surface.

The propeller-to-beam interaction is particularly relevant to aeroelasticity behavior in a
distributed propeller-wing system. Therefore, measuring the propeller slipstream and forces with
respect to various positions is necessary. Three miniature six-component balances were installed
on the aft motor and propeller to measure various instantaneous propeller forces during low-
speed flight circumstances. Data collection began once the rotational speed stabilized since the
tests were conducted with an increasing load on the load cell. The mean values, which are
derived by averaging the observed parameters over the course of a propeller spin, received
particular attention.

The Monarch Model 44 optical tachometer was utilized to confirm the speed settings, and it
received a signal from a small white piece of reflective tape put on the propeller root, as
illustrated in Figure 3. The test's requirements were met since the rotational speed measurement
error was less than 0.1%.['3]. All sensors were collected for 30 seconds at each test site, giving
any vibrations brought on by the increased propeller speed time to subsidel!”. Additionally, it
gave ample time to gather sufficient information for time-averaged aerodynamic forces.
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The DC 30V/200A variable output power supply was used to power the three motors, which
is sufficient for a steady workload. The torque cell and load cell's voltage outputs were routed
through instrument amplifiers to a National Instrument data acquisition module that was
mounted in a PCI extension for the instrument platform, where they were then sent into the
platform's controller module. The LabView software from National Instruments was then used to
record the data.

3 RESULTS AND DISCUSSION

3.1.1 Compared with a clean wing

This section compares the time-domain response results of the clean wing under the same
operating conditions with the vertical and horizontal deformation simulated. As previously stated,
using an SDT scheme for postprocessing the received fiber optic strain data, the deformation of
the wingtip was calculated using the strain-based formulation. The gust generator oscillates to
provide a continuous sin gust in the gust wind tunnel test with a 2-degree angle of attack. The
working conditions of gust frequency, gust amplitude, rotational speed, and velocity in each case
are listed in Table 3.

Table 3 Comparison cases.

gust gust rotation

case frequency/Hz amplitude/deg speed/r/min velocity/m/s
1 2 1 8000 19
2 3 1 8000 19
3 4 1 8000 19

With a fixed freestream velocity of 19 m/s, the time history of wingtip deflection about two
directions under varying gust frequencies from 1 to 3 Hz are plotted in Figure 5~Figure 7. It is
obviously found that the main resonant frequencies of the wind tunnel test are the same as the
gust frequencies. Fortunately, the effect of the propeller is also apparent by comparing in Figure
6e and Figure 6f, where the bending curvature occurs 13 fluctuations when the time history is
shortened within 0.1 s. It is a frequency determined by the propeller's rotational speed. When
comparing the response of horizontal deformation for the DP-Wing configuration to the clean
wing, substantially larger oscillations and an absolute value are seen. This is mostly due to the
propeller thrust and torque. The response of vertical amplitude is substantially higher than that at
the other two frequencies when the gust frequency equals 2 Hz, which is near to the frequency of
the first out-plane bending mode. A similar test result of case-2 is presented in Figure 6a, where
the gust frequency tends towards the first in-plane bending mode, where the chordwise deflection
increases fast and reaches an extremum. Compared with Figure 5a, Figure 6a, and Figure 7a, it is
noted that the equilibrium position decreases with the gust frequency increases for the DP-Wing
configuration.
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Figure 7 Response result in time-domain of Case 3

3.1.2 Affected by several working conditions

The complex gust response affected by the distributed propellers pose the dominant
challenge for the design of an efficient and safe structure as well as for the analysis using both
wind tunnel test method. Table 4 contains a list of each case's operating conditions for gust
frequency, gust amplitude, rotational speed, angle of attack, and velocity.

Table 4 Working conditions of gust wind tunnel test.

gust gust rotation angle of

case frequency/Hz amplitude/deg speed/r/min attack/deg velocity/m/s
4 2 1 8000 0 19
5 3 1 8000 0 19
6 2 2 8000 2 19
7 2 1 8000 2 17
8 2 1 8000 2 19
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A comparison of the time domain of wingtip vertical and horizontal deformation under gust
frequencies of 2 Hz and 3 Hz is plotted in Figure 8b, which shows the center of fluctuation is
located at zero for case-4. This is primarily because the angle of attack is 0 degrees, and the
vertical deformation equilibrium position reflect the truly physical phenomenon. The propeller
thrust operating in the in-plane direction is the reason for the clearly noticeable relative increase
in estimating the horizontal deformation averages. For the horizontal deformation of case-5, the
absolute values of deformation is almost 3.5 mm, and the corresponding value is estimated to be
5.5 mm as shown in Figure 6a. The value of the equilibrium position in case-5 is greater than that
of case-2, as was indicated in the discussion of the absolute magnitude of the horizontal
deformation.

The amplitude of gust does clearly influence the wingtip deformation of DP-Wing
configuration, as plotted for a selected time history in Figure 9. The more noticeable variations
are discovered when the amplitude of 2 deg is plotted in red, while the amplitude of 1 deg is
displayed as a black line. A greater gust amplitude has the potential to significantly alter the
wingtip deformation's absolute value. It appears that the equilibrium position for the two cases
has not changed despite the conflicting amplitudes. Despite the phase difference, the oscillating
amplitudes of the wingtip under different freestream velocities are almost equal, as shown in
Figure 10.
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horizontal deformation/mm
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(a) horizontal deformation (b) vertical deformation
Figure 8 Response result in time-domain of case-4 and case-5.

100

case-8 case-8
- - - -case-6 - -~ -case-6

801

o
T

60 !

oo

400\

~

horizontal deformation/mm
vertical deformation/mm

(=)}

60 65 70 75 80 85 9.0 95 100 60 65 70 75 80 85 9.0 95 100

time/s time/s

(a) horizontal deformation (b) vertical deformation
Figure 9 Response result in time-domain of case-6 and case-8.



IFASD-2024-XXX

-3
(=}

case-8
- -~ -case-7 60

(=}
T
W
f=J
T

Rel
I
N
f=]

oo
(%)
f=]

T

vertical deformation/mm

553
f=]
T

horizontal deformation/mm

case-8
- ---case-7
L

6 L L L L 1 L 1 0 L 1 1 L L 1
60 65 70 75 80 85 90 9.5 10.0 60 65 7.0 75 80 85 9.0 95 10.0

=]
=

time/s time/s

(a) horizontal deformation (b) vertical deformation
Figure 10 Response result in time-domain of case-7 and case-8.

4 CONCLUSIONS

The study presents the development of an efficient distributed propeller-wing measurement
system and aeroelastic test model. The method may assist in addressing the difficulties
associated with gust alleviation and contribute to a better understanding of the gust response for
the distributed propeller-wing configuration. The support system, gust generator and
measurement system are described accordingly. A novel fiber optic sensing system has
accurately estimated the high-quality time-domain response of both vertical and horizontal
deformation through numerical integration. The test findings demonstrate that the gust frequency
is reflected in the oscillation frequency of the wingtip deformation. Furthermore, the propeller
characteristics are contained in the gust response, which is influenced by the propeller rotation
frequency. The three distributed propellers greatly enhance the elastic wing's equilibrium
position and gust response amplitude in both directions.

To enable evaluation of the gust response reported in this publication, additional research
will be carried out in the next work to examine the degree of coupling between distributed
propellers, the wing, and their action mechanism.
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