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Abstract

This paper reports the results of the aerodynamic deformation measurements
of the meter-scale, entire shape, actual UAV in the wind tunnel using a video
grammetry technique. The measured airplane was the airplane for Mars ex-
ploration being developed by Japan Aerospace Exploration Agency (JAXA)
and Japanese universities. Its main wing span length was 2.4 m. The video
grammetry measurement was performed using VICON’s system. Retroactive
markers and stickers were put on the airplane. JAXA’s 6.5 m X 55 m
Low-Speed Wind Tunnel was used. The airplane was mounted on the strut
support with pitch-free or pitch-locked conditions. The deformations of the
main wing bending, the main wing twisting, the tail boom bending, and the
elevator deflection angle change were revealed quantitatively. The bending
stiffness of a main wing spar that was designed as a safety factor of 2.8 at load
factor of 5 was sufficient. The main wing spar was located around a center of
pressure of an airfoil and it showed enough stiffness for twisting at nominal
condition. The effects of the main wing bending and twisting, and the tail
boom bending on the aerodynamic performance were estimated but they
were in an acceptable range from the standpoint of the controllability of the
aerodynamic performance using control surfaces. Even though the servo
motor was located near the elevator and the linkage between the servo motor
and the elevator was short, the measured elevator deflection angle was at
most 4% smaller than the angle at no-wind condition. The obtained results
and presented method are useful for control, flight data analysis, and design
of lightweight airplanes.

*A part of this work was presented at 15th International Conference Fluid Dynamics (ICFD15) in-
Sendai, 7-9 Nov. 2018.
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1. Introduction

Airplane for Mars exploration (Mars airplane) is a new Mars observation plat-
form that enables wide-range observation from low altitude. Since 2010, the
working group for Mars exploration aircraft has been working on a conceptual
design and various fundamental researches of the Mars airplane [1] [2] [3] [4].

Flight tests are an important step of the airplane development to confirm the
actual performance. However, the flight test of the Mars airplane has several dif-
ficulties. First difficulty is an unconventional flight environment. Atmospheric
density on Mars is only about 1% of the density on Earth. In addition, average
atmospheric temperature on Mars is about —40 degC. To simulate such flight
environment, the Mars airplane has to conduct flight tests at high altitude at-
mosphere on Earth. The flight test altitude is around 35 km. A special balloon is
used to ascend the airplane to that altitude. Therefore the flight test is expensive
and the chance of the test is limited. Second difficulty is the cost of the test air-
plane. The test airplane is expensive because the airplane is not a mass produc-
tion and it has special payloads and avionics for academic research. Third diffi-
culty is an aerodynamic deformation. To fly in such rare atmosphere, the Mars
airplane has to be lightweight. Therefore the amount of the deformation of the
Mars airplane may be relatively large. Due to such reasons, even though the
flight test of the Mars airplane is important and possible, it is highly difficult and
expensive.

In a conventional development process of Unmanned Aerial Vehicles (UAVs)
and Micro Aerial Vehicles (MAVs), to conduct a flight test is relatively easy be-
cause it can be conducted at low altitude atmosphere on Earth and the cost of
the airplane is not so high. Therefore the flight test is able to be conducted
without detailed investigation of the uncertainties such as an aerodynamic de-
formation, with accepting some risk of a failure due to the uncertainties. How-
ever, the flight test of the Mars airplane is neither easy nor low cost. In such cir-
cumstance, it is important to reveal the amount of the aerodynamic deformation
before the flight test to increase a success rate of the flight test.

In this research, the aerodynamic deformation of the airplane for a high-altitude
flight test named “Mars Airplane Balloon Experiment-1 (MABE-1)” [5] [6] [7]
was directly measured in a large wind tunnel using a video grammetry tech-
nique. Then, the effects of the deformation on the aerodynamic performance
were estimated using the wing element theory to evaluate the impact on the en-
tire aerodynamic performance.

There are many articles about aerodynamic deformation measurement for

wing models and MAV's using a wind tunnel [8] [9]. However, the measurement
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of the meter-scale, entire shape, actual UAV is very few. Therefore the results
obtained in this research are useful for not only the development of the Mars
airplane but also the structural and aerodynamic designs of the light-structure
airplanes that are expected large aerodynamic deformation. In addition, this re-
search provides a valuable instance of the part of the development process of the
airplane that is hard to conduct flight tests such as an expensive custom-ordered
airplane for academic use, an airplane that cannot conduct many flight tests, an
airplane for unconventional flight condition, an airplane that may deform large-
ly, an airplane that has large uncertainty, and an unconventional airplane that

has no flight experience.

2. Experimental Setup

This section describes a specification of a tested airplane, a wind tunnel, a video

grammetry system, and experimental conditions.

2.1. Airplane

Table 1 and Figure 1 show the principal dimensions and the outline drawing of
the airplane for MABE-1. Figure 2 shows a three-view drawing of the airplane.
The fuselage was made by Carbon Fiber Reinforced Plastic (CFRP). Figure 3
shows main wing structure. The main wing structure consisted of a main spar,
ribs, a trailing edge spar, and a skin. These members were also made by CFRP.
The main spar was designed as a safety factor of 2.8 for bending at a load factor
of 5. The height, the width, and the thickness of the main spar were 27, 20, and 1
mm, respectively. The thickness of the rib was 0.25 mm. The skin covered the rib
from the leading edge to main spar, ie. the skin formed a D-box structure. The
main spar was located on a center of pressure of the airfoil at nominal flight
condition; therefore, the twisting moment was expected to be small when the
center of pressure was around the main spar. The fuselage and the tail were
connected by a tail boom, as shown in Figure 4. The tail boom was made by two
CFRP pipes. One was a main boom and another was an additional reinforcing
boom. The second pipe was added based on a static load test conducted before-
hand. The diameter and thickness of the both pipes were 13 mm and 0.5 mm.
The tail structure consisted of a main spar, ribs, leading and trailing edges. These
members were made by wood. The servo motor for the elevator actuation was
DS189HV-ALM-KU (VACUUM) [10]. Its rated torque is 3.5 kgf-cm. The servo
motor was located near the elevator to keep a length of a linkage short.

Table 1. Principal dimensions of airplane for MABE-1.

Items Values Units
Airplane length (w/o Air Data Sensor) 2.0 m
Wing span 2.4 m
Chord length 0.5 m
Height (w/o attitude sensor) 0.4 m
Dihedral angle of outer wing 5 deg
DOI: 10.4236/jfcmv.2019.72007 89 Journal of Flow Control, Measurement & Visualization
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Figure 1. Outline drawing of airplane for MABE-1.
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Figure 2. Three-view drawing.

Figure 3. Main wing structure.
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Figure 4. Tail boom structure.

2.2. Wind Tunnel and Support

The 6.5 m x 5.5 m Low-Speed Wind Tunnel of JAXA was used. Figure 5 shows
appearance of the test section. The type of the wind tunnel is a closed-circuit and
continuous-atmospheric type. The size of the test section is 6.5 m high, 5.5 m
wide, and octagonal with corner. The maximum and minimum wind speeds are
70 and 1 m/s, respectively. The airplane was supported using a strut, as shown in
Figure 6. The airplane and the strut were connected using a rotational joint at
the airplane’s center of gravity. Therefore the airplane can rotate in a pitch di-

rection.

2.3.Video Grammetry System

A position of each part of the airplane was measured using a motion capture
system of VICON [11]. Figure 7 shows a principle of the video grammetry. This
system uses multiple cameras. Markers are mounted on the test model. An angle
between the camera axis and the line from the camera to the marker can be cal-
culated from the obtained image. A position of a marker is determined using the
information of the angles, the camera positions, and the camera directions. The
positions and directions of the cameras are determined beforehand through ca-
libration. In the calibration, a calibration wand that has markers at known posi-
tion is shot by cameras at entire test space. An accuracy of the video grammetry
depends on camera specifications (resolution, distortion, etc.), and relative posi-
tion and attitude among cameras and markers.

In this test, four infrared cameras were used, as shown in Figure 8. The image
data was processed by a software NEXUS. Two types of the marker were used: a
ball type (see Figure 9) and a sticker type. The diameters of the ball and the
sticker were both 14 mm. The markers were made by retroreflective material.
The ball type is good for marker detection because the shape of the marker in the
image is always a circle; however, the ball type may change the flow around the
test model. In contrast, for the sticker type, the detection is relatively difficult but
the effect on the flow is small. This time we first tried to use the sticker type for
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Figure 7. Principle of video grammetry.
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Figure 8. Location of cameras.

Figure 9. Ball type marker.

all position. Then some markers where the detection result was bad were
changed to the ball type. Figure 10 shows the location of the markers. The
markers were put on the various location of the airplane. As shown in Figure 11,
five segments were defined using the markers: a fuselage, a right wing tip, a left
wing tip, a tail, and an elevator. Each segment was treated as a rigid body and
their position and attitude were calculated. Note that the position of the markers
of the segment should be asymmetry to specify the attitude of the segment uni-
quely. Here, the upper surface of the elevator was covered by a white paper to
prevent a misdetection of the reflection light of room lamps. In this test confi-
guration, a standard deviation of a measured position of a stationary marker was
0.09 mm.

2.4. Experimental Conditions

The targets of the deformation measurement were the followings:
* Main wing bending
* Main wing twisting
* Tail boom bending

* Elevator deflection angle change
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Figure 10. Location of markers. (a) Photo; (b) Three-view drawing.

Figure 11. Segments. (a) Fuselage; (b) Wing tip (left); (c) Tail; (d) Elevator.
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These are shown in Figure 12. All parameters were measured as a change
from a wind-off condition to a wind-on condition. The main wing bending was
measured as the change of the position of the wing tip segments in body
Z-coordinate. The main wing twisting was defined as a change of the relative
pitch angle of the wing tip segments to the fuselage segment. The tail boom
bending was defined as a change of the relative pitch angle of the tail segment to
the fuselage segment. The elevator deflection angle was defined as a difference
between pitch angles of the tail segment and the elevator segment.

One of the representative dynamic pressures for the flight test was 65 Pa. To
set the dynamic pressure to the flight test value, the velocity of flow was fixed to
10 m/s. Here, the Reynolds number based on the main wing chord length was
3.6 x 10°. The aerodynamic force was changed by an angle of attack (AoA).

For the measurement of the main wing deformation, the rotational joint was
unlocked and the AoA was changed by the elevator deflection. The elevator def-
lection angles were set to every 2.5 degrees from —2.5 degrees to 10.0 degrees.
For the measurement of the tail boom and the elevator, the rotational joint was
locked to 6 or 9 degrees. The elevator deflection angle was set from —20 degrees

to 16 degrees.

3. Results and Discussion

The aerodynamic deformations of the main wing bending, the main wing twist-
ing, the tail boom bending, and the elevator deflection angle change of the air-
plane for Mars exploration were measured in the wind tunnel using the video
grammetry system. Each result and discussion is described in the following sub-
sections. The error bars in figures show a standard deviation of each measure-
ment result. This deviation includes effects of an accuracy of the video gramme-

try system and small oscillations of the UAV due to flow.

3.1. Main Wing Bending

Figure 13 shows the height change of the right and left wing tips from no-wind
condition at each AoA to evaluate the main wing bending. The height change
increased almost linearly with AoA. The measured maximum change was 5.6
mm. The dihedral angle change by the bending AT can be calculated by the fol-
lowing equation:

AT = tan™' (2Az/b) (1)

where, Az is the height changes of wing tip, and b is the span (=2.4 [m]). As a
result, the estimated dihedral angle change by this bending was 0.3 degrees. The

Main wing bending Tail boom bending

I W S e Ny

Elevator defection
angle change

Main wing twisting

Figure 12. Measurement targets.
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Figure 13. AoA vs. height changes of wing tips from no-wind condition.

dihedral angle affects to the derivative of rolling moment with respect to sideslip
angle. The change of the derivative of a rectangular wing can be estimated using

the wing element theory as follows:

AC, =-a,AT /4 ()

where g, is a lift slope. The lift slope of this airfoil was 0.07 [1/deg] in a previous
wind tunnel test. For example, when the sideslip angle is 5 degrees, the change of
the rolling moment coefficient is 0.0004. This airplane can change the rolling
moment coefficient from —0.016 to 0.016 using the ailerons. Therefore the
measured change of the dihedral angle was sufficiently small. This result sug-
gests that the main spar that was designed as a safety factor of 2.8 had enough
strength for bending and the design method was valid for the lightweight air-

plane such as a Mars airplane.

3.2. Main Wing Twisting

Figure 14 shows a relation between AoA and twist angle changes of the right
and left wing tips. When the angle of attack is near zero, the change of the twist
angles of the wing tips from no-wind condition were about —0.3 degrees. The
difference of the wing tip angles between right and left was about 0.1 degrees.
The change rapidly increased when the angle of attack exceeded around 10 de-
grees. These tendencies can be understood from pitching moment characteristics
of the main wing airfoil. The green triangle marker shows the pitching moment
coefficient of the main wing airfoil [12]. The negative pitching moment twisted
the main wing to leading-edge-down direction. The pitching moment rapidly
decreases when the angle of attack exceeds 10 degrees. It is coincident to the
tendency of the twist angles. Generally, the main wing twisting may show an ef-
fect of the low Reynolds number flow. For example, the pitching moment coeffi-
cient of a NACAO0012 airfoil is not smooth due to the effect of the laminar sepa-

ration bubble. However, such special tendency due to low Reynolds number flow
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Figure 14. AoA vs. change of twist angle of main wing tips.

was not observed in this test because the aerodynamic performance of the Ishii
airfoil is stable in low Reynolds number flow. That is one of the reasons why the
Ishii airfoil is selected for the Mars airplane.

A symmetric twist of a wing causes a change of a lift. When the twist angle li-
nearly change from 0 at the wing root to a, at the wing tips, the change of the lift
coefficient of the rectangular wing can be estimated using the wing element
theory as follows:

AC, =a,a,/2 (3)

Therefore, when the changes of the twist angles of the wing tips are about —0.3
degrees, the change of the lift coefficient is —0.01. This effect is sufficiently small.

An asymmetric twist of a wing causes a change of a rolling moment. When the
twist angle linearly changes from a, at the left wing tip to —a, at the right wing
tip, the change of the rolling moment coefficient of the rectangular wing can be
estimated using the wing element theory as follows:

AC, = a0, /6 (4)

Therefore, when the difference of the wing tip angle between right and left is
0.1 degrees, the change of the rolling moment coefficient is —0.0006. As men-
tioned in section 3.1, this airplane can change the rolling moment coefficient from
—0.016 to 0.016 using the ailerons. Therefore, this effect is sufficiently small.

As a conclusion, the result suggests that the main spar located on the center of
pressure has enough strength for twisting. Note that, however, a large moment
may act on the main spar at off-nominal condition such as high angle of attack
and different Reynolds number. The designers of lightweight airplanes should
consider not only the nominal condition but also off-nominal condition even

though the main spar is located on the center of pressure at nominal condition.

3.3. Tail Boom Bending

Figure 15 shows a relation among the AoA, the elevator deflection angle, and

the tail boom bending angle. The tail boom bending angle was measured as a
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Figure 15. Elevator deflection angle vs. tail boom bending angle

change of a pitch angle of the tail segment from no-wind condition. The meas-
ured maximum tail boom bending angle was 0.3 degrees. The tail boom bending
angle linearly decreased as the elevator deflection angle increased. The tail boom
deformation due to the 36 degrees change of the elevator deflection was around
0.2 degrees. On the other hand, the deformation due to the 3 degrees change of
the angle of attack was around 0.04 degrees. It suggests that the effect of the ele-
vator deflection angle is larger than the effect of the angle of attack. This ten-
dency seems to be appeared because the change of the lift force on the horizontal
tail by the elevator deflection angle change is larger than that by the angle of at-
tack change.

A tail boom bending affects to a pitching moment of an airplane. The change
of the pitching moment coefficient due to the change of the angle of attack of the
tail by bending can be estimated using the following equation:

AC,, =—a,S,lAa/(Sc) (5)

where Aa is the tail boom bending angle. A horizontal tail area S, was 0.15 m>. A
main wing area Swas 1.2 m’. A distance between the horizontal tail and the cen-
ter of gravity /was 1.4 m. A chord length of the wing ¢ was 0.5 m. In this condi-
tion, when the change of the angle of attack of the tail by bending is 0.3 degrees,
the change of the pitching moment coefficient is 0.0072. An adjustable range of
the pitching moment coefficient using the elevator is around 0.1 for this air-
plane. Therefore the effect of the tail boom bending to the pitching moment
coefficient is acceptable and the effect of the reinforcement by additional pipe on

tail boom structure was sufficient.

3.4. Elevator Deflection Angle Change

Figure 16 shows a relation among the AoA, the elevator deflection angle com-
mand, and the change of the elevator deflection angle from the command. A da-

ta acquisition at AoA of 16 degrees was failed due to a segment recognition error
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in the video grammetry. The tendency of the figure shows that the elevator was
deformed to main stream direction. Even though the servo was located near the
elevator, the maximum change of 0.8 degrees was measured at the command of
—20 degrees. It was 4% of the command. This information can be used for a cor-
rection of the elevator control, an evaluation of the flight test result, and design

of other lightweight airplanes.

4. Conclusion

The aerodynamic deformations of the MABE-1 (actual UAV) were measured in
the wind tunnel using the video grammetry technique. The measured deforma-
tions were the main wing bending, the main wing twisting, the tail boom bend-
ing, and the elevator deflection angle change. The main wing bending was li-
nearly changed with AoA. The amount of the bending deformation was suffi-
ciently small; therefore the main spar had enough strength by designing as the
safety factor of 2.8 at the load factor of 5. The main wing twisting was rapidly
increased when the AoA exceeded 10 degrees. To locate the main spar on the
center of pressure was effective; however designer should consider not only a
nominal condition but also off-nominal condition. The elevator deflection angle
had a non-negligible effect to the tail boom bending even if the AoA was fixed.
Even though the servo motor was located near the elevator to shorten the lin-
kage, the maximum difference between command and actual elevator deflection
angle in flow was 4%. These deformations were obtained at the representative
dynamic pressure at horizontal flight phase, 65 Pa. Note that a larger deforma-
tion is expected at higher dynamic pressure environment such as pull-up phase.

The airplane should be operated considering the effects of these deformations.
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