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Abstract Deformation behavior of non-rigid airships in wind tunnel tests is studied by considering

three factors, including internal pressure, flow velocity and angle of.attack. Fiber Bragg grating

strain sensors are used to measure the deformation of non-rigid airships. Wind tunnel tests in

the case of different flow velocities and attack angles are conducted. The measurement results reveal

that the airship deformation is in proportion to internal pressure. For the tensile region, the airship

deformation is in proportion to flow velocity. Effects of angle of.attack on structural deformation

are more complicated and there is no clear relationship existing between airship deformation and

angle of.attack.
� 2019 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and

Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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1. Introduction

Airships, as a class of lighter-than-air aircraft, are important

platforms for transportation and observation in the air. On
the basis of their hull structure configuration, airships can be
classified into three categories, namely, rigid, non-rigid, and

semi-rigid airships.1 They are the first aircraft that realized
mankind’s ambition of a controlled, powered flight.2 Airships
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have a significant range of performance capabilities that can be
exploited. One main advantage of airships is the low-cost

energy consumption. Airships can hover for a long time with-
out refueling and with low operating costs. Additionally, they
can be boarded without long runway, enabling them to trans-
port heavy cargoes in remote areas. Airships can meet the chal-

lenging tasks in which airplanes and helicopters are not well-
suited. Therefore, a wide range of applications have been
recently proposed for modern airships in commercial, scien-

tific, and military fields, such as advertising and tourism3, envi-
ronmental monitoring4,5, planetary exploration6,7, heavy lift
cargo transport8 and stratospheric observation and telecom-

munication relay.9,10

Non-rigid airships with inflated envelopes are the most
common type of airships. Given that airships can be easily
deformed, two aspects of fluid-structure coupling issues should

be considered, which are the deformation of airships in flight
.1016/j.
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and the influences of this deformation on the aerodynamic
characteristics of airships.11 Numerical simulation is the main
approach for analyzing the effects of the fluid-structure inter-

action of airships.12–15 However, experimental study on airship
fluid-structure interaction is scarce, and no quantitative result
on the structural deformation of airships is found (from wind

tunnel or flight tests). Many difficulties exist for the experimen-
tal measurement of deformation behavior of non-rigid air-
ships. On the one hand, the traditional strain gauge

significantly increases the weight of non-rigid airships in flight
testing and requires many additional equipment and wires. In
this case, the vibration and deformation properties of airships
would change significantly, obtaining unreal experimental

data. On the other hand, non-contact methods, such as digital
image correlation,16–18 as an optical measurement method, are
unsuitable for measuring the deformation of airships in wind

tunnel and flight tests. Since the cameras should be placed out-
side the wind tunnel, the credibility and accuracy of measure-
ment decrease. Therefore, effective measurement methods

should be developed to obtain the deformation behavior of
non-rigid airships.

In the present study, wind tunnel tests on non-rigid airship

and deformation measurements are performed. A typical non-
rigid airship model and Fiber Bragg Grating (FBG) strain sen-
sors are used to measure structural response. Effects of inter-
nal pressure, flow velocity, and angle of.attack on the

deformation behavior of non-rigid airships are analyzed. The
paper is organized as follows: the rationality of the proposed
measuring method is discussed in Section 2. In Section 3, the

experimental setup of wind tunnel tests is introduced. In Sec-
tion 4, the influences of internal pressure, flow velocity, and
angle of.attack on the deformation of non-rigid airships are

discussed and analyzed. Several conclusions are presented in
Section 5.

2. Validation of measurement technique

To measure airship deformation, FBG sensor is selected. On
the one hand, an FBG sensor is lightweight with a minimal

influence on the intrinsic vibration and deformation behavior
of non-rigid airships. On the other hand, an FBG sensor has
small physical dimensions, which is suitable to be embedded
or attached to a structure. Moreover, no additional wire is

required to connect the sensors to the control system because
the fibers themselves act as the sensing elements and the signal
propagation conduits.19,20 Therefore, FBG sensor is suitable to
Fig. 1 Specimens of

Please cite this article in press as: LU L et al. Deformation behavior of non-rigid a
cja.2018.12.016
measure the deformation of non-rigid airships in wind tunnel
and flight tests.

In the following subsection, tensile tests of thin membranes

with fixed FBG sensors were conducted to verify that the mea-
suring method is suitable for the measurement of non-rigid
airships.

2.1. Tensile tests of thin films

In the tests, the material of the thin film is the same with the

film that is constructed in non-rigid airship, and dimensions
of the specimen are: the tensile length L = 4 cm, width
w = 7 mm, and thickness d= 0.08 mm. The thin membranes

are shown in Fig. 1(a), and the distance between the two red
lines is the tensile length.

FBG strain sensor was fixed on the thin film by using
acrylic resin, as shown in Fig. 1(b). Instron 5848 micro-tester

was used to conduct the tensile tests with a loading rate of
0.2 mm/min at room temperature. SM125 equipment was used
to sample and demodulate the signal of the FBG strain sensor

with a sample frequency of 2 Hz. Three tensile tests on the thin
membrane were conducted to evaluate the reliability of the
measuring method.

2.2. Test results

Stress r and engineering strain e can be obtained by

r ¼ F= wdð Þ ð1Þ

e ¼ DL=L ð2Þ
where F is the loading force, and w and d are the width and
thickness of the thin membrane specimen respectively, e is

the engineering strain, DL is the tensile displacement, and L
is the tensile length.

The obtained stress-strain curves are shown in Fig. 2. From
Fig. 2, the elastic modulus of the three tests is the same, which

demonstrates that the tensile tests are reliable. The measure-
ment result of the FBG sensor is not the real strain of the
tested thin membrane, because the stiffness of the FBG sensor

is much higher than the thin membrane and the glue also influ-
enced the stiffness of the thin membrane. However, it is seen
that the measurement results of FBG sensors in Fig. 3 can

reflect the deformation law of thin film by multiplying a mod-
ified coefficient. The strain value of the FBG sensor is very
close to the estimated engineering strain by multiplying a mod-
thin membranes.

irships in wind tunnel tests, Chin J Aeronaut (2019), https://doi.org/10.1016/j.
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Fig. 2 Stress-strain curves obtained from tests.

Fig. 3 Strain history of tensile tests.

Fig. 4 Experimental setu
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ified coefficient. The modified coefficients for the three tests are
9, 11 and 11 respectively. Although the modified coefficients
vary in different tests, they are always around a constant num-

ber. Therefore, FBG sensors can be used to measure the defor-
mation behavior of non-rigid airships.

3. Test procedure

3.1. Wind-tunnel tests setup

Wind tunnel tests with a non-rigid airship are conducted in the
low-speed wind tunnel at the China Academy of Aerospace

Aerodynamics. The layout of experimental system and distri-
bution of FBG sensors are shown in Fig. 4. The cross section
of the wind tunnel is 3 m � 3 m. The non-rigid airship model is

composed of 12 pieces of PolyVinyl Chloride (PVC) thin film.
The length of the airship model is about 2.3 m. The maximum
diameter of the non-rigid airship model is 0.6 m. The arrange-
ment of the rudders follows the Y type. The whole airship is

supported by a rigid support bar, which can change automat-
ically with the expansion of the envelope. The inflow velocity is
10 and 15 m/s, and the angle of.attack of the airship varies

from 0� to 20� and 0� to 12�, respectively.
Fig. 4(b) shows the zoomed airship attached with FGB sen-

sors. The sensor layout and numbering are shown in Fig. 4(c).

Six pieces of membrane are selected for the placement of the
FBG sensors, because the non-rigid airship is a symmetrical
structure. A total of 18 FBG sensors are placed in longitudinal

direction, and another 18 FBG sensors are placed in circumfer-
ential direction. The sample frequency of FBG sensors is
50 Hz.
p of wind tunnel test.

irships in wind tunnel tests, Chin J Aeronaut (2019), https://doi.org/10.1016/j.
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Table 1 Information of four groups of tests.

Test No. m (m/s) Pinitial (Pa) h (�)

Test 1 10 1200 0–20

Test 2 10 1200 20–0

Test 3 15 1200 0–12

Test 4 15 1200 12–0

Table 2 Information of four selected cases.

Case No. m (m/s) h (�) Pinitial (Pa) Pfinal (Pa)

Test 1_2 10 2 1184 1176

Test 2_2 10 2 1030 1025

Test 3_4 15 4 1163 1156

Test 4_4 15 4 1106 1097
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3.2. Test information

In the tests, the influences of three factors, including internal
pressure P, angle of.attack h, and flow velocity m, on airship
deformation are considered. Four tests are conducted as

shown in Table 1. The flow velocities include 10 and 15 m/s.
In the test, angle of.attack h of airship varies at every 2�.
The initial internal pressure Pinitial is set as 1200 Pa. As h
changes, the internal pressure of the airship decreases, because
the airship cannot be sealed completely and no air is blown
into the airship after the test begins. In each test, the initial

and final internal pressures (Pinitial and Pfinal) corresponding
to different h are recorded.

4. Test results and discussion

4.1. Overall test results

In this section, effects of internal pressure, flow velocity, and
angle of.attack on structural deformation are discussed. On
Fig. 5 Responses o

Please cite this article in press as: LU L et al. Deformation behavior of non-rigid a
cja.2018.12.016
the same film, six sensors, including Sensors L4-1, L4-2, L4-
3, C4-1, C4-2 and C4-3 are selected (see Fig. 4(c)).

In each test, strain results with the same h are averaged over

measured period, and the results are shown in Fig. 5. From
Fig. 5, tendencies of three axial sensors are similar, and the
same conclusion can also be found for three radial sensors.

These results demonstrate that the measuring method accu-
rately reflects the deformation law, although it could not
obtain actual deformation values.

Referring to Table 1, internal pressure P drops as angle of.
attack h increases in Test 1 and Test 3, whereas P drops as h
decreases in Test 2 and Test 4. From Fig. 5(b), as angle of.at-
tack h increases and internal pressure P decreases (Tests 1 and

3), the circumferential strain diminishes. In Fig. 5(a), longitu-
dinal strain decreases at the beginning, and then increases. In
Tests 2 and 4, the longitudinal and circumferential strains

decrease as h and P are reduced. These results demonstrate
that the effect of internal pressure on circumferential deforma-
tion is greater than that on longitudinal deformation. The
f average strains.

irships in wind tunnel tests, Chin J Aeronaut (2019), https://doi.org/10.1016/j.
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Fig. 6 Influence of internal pressure on longitudinal strain.

Fig.7 Influence of internal pressure on circumferential strain.
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effect of angle of.attack on structural longitudinal deformation
is greater than that of internal pressure.

In the wind tunnel test, values of all FBG sensors are offset
to zero after a certain amount of air blown into airship and
before wind tunnel is started. After the wind tunnel is started,

values of FBG sensors in the compressed zones become nega-
tive, such as Sensor L4-3. When the stretching force is applied,
the state of the FBG sensor will change from compressive to
tensile, and the strain value of Sensor L4-3 will change from

a negative to a positive value.
Please cite this article in press as: LU L et al. Deformation behavior of non-rigid a
cja.2018.12.016
4.2. Effects of internal pressure

Cases with the same flow velocity m and angle of.attack h are
selected to analyze the effects of internal pressure on non-
rigid airship deformation. Test 1_2 and Test 2_2, Test 3_4

and Test 4_4 are selected and detail information is supplied
in Table 2.

According to Fig. 6, it is seen that the longitudinal strain of

Test 1_2 and Test 3_4 is larger than the corresponding longitu-
irships in wind tunnel tests, Chin J Aeronaut (2019), https://doi.org/10.1016/j.
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Table 3 Information of six selected cases.

Case No m (m/s) h (�) Pinitial (Pa) Pfinal (Pa)

Test 1_0 10 0 1200 1197

Test 3_0 15 0 1200 1194

Test 1_2 10 2 1184 1176

Test 3_2 15 2 1182 1174

Test 1_4 10 4 1163 1156

Test 3_4 15 4 1163 1156

Test 1_6 10 6� 1146 1140

Test 3_6 15 6 1146 1141
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dinal strain of Test 2_2 and Test 4_4. And the same conclusion
could also been obtained according to circumferential strain

results in Fig. 7. From Figs. 6 and 7, it is also seen that mea-
sured strains decrease gradually with time, due to internal pres-
sure drop once inflated. For the non-rigid airship, as the

internal pressure increases, volume of non-rigid airship
increases. Therefore, the local deformation of a non-rigid air-
ship increases, and the local longitudinal and circumferential

strains increase. Test results are in accordance with the analyt-
ical results. Moreover, test results and analytical results also
verify the reliability of the non-rigid airship measurement
method based on FBG sensor.

4.3. Effects of flow velocity

Influences of flow velocity on non-rigid airship deformation

are analyzed. Test 1_0 to Test 1_6 and Test 3_0 to Test 3_6
are selected, and the information of the selected tests are
shown in Table 3. The average strain values of six sensors with

the full time response are provided in Fig. 8.
Fig. 8 Influence of airflow velocity on long
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In Fig. 8, when angle of.attack h is small, longitudinal
strains in the case of velocity 10 m/s are larger than those in
the case of velocity 15 m/s. As h increases, longitudinal strains

in the case of 10 m/s drop, whereas longitudinal strains rise in
the case of 15 m/s. When h is larger than 0� and the wind load
is applied, the airship model subjects to a bending moment. As

h increases, the bending moment of airship model increases,
and longitudinal strains of sensors placed in the tensile region
would increase, whereas longitudinal strains of sensors placed

in the compression region decrease. When h is small, the inter-
nal pressure is the main factor that accounts for variation of
strains. And the flow velocity becomes the dominant influence
factor as h increases. That is the reason for the tendency given

in Fig. 8(a). From Fig. 8(b), it is seen that the circumferential
strain increases as the flow velocity increases from 10 m/s to
15 m/s. For sensors on the tensile region, the circumferential

strain is in proportion to the flow velocity.
According to Fig. 8(a) and (b), measured strains decrease as

the angle of.attack increases, expect longitudinal stains of Test

3. Because the internal pressure decreases as h increases, then
strain value decreases. However, when h is large, the effect
of flow velocity on airship deformation is larger than that of

internal pressure. Therefore longitudinal stains of Test 3
decrease at first and then increase.

4.4. Effects of angle of.attack

Four cases with the same internal pressure and flow velocity
are selected to investigate the influence of angle of.attack on
airship deformation and detailed information is shown in

Table 4. The measurement results are applied in Fig. 9.
In Fig. 9, strains of several measured locations are propor-

tional to h. However, some measured locations are inversely

proportional to h. No clear relationship exists between defor-
itudinal strain and circumferential strain.

irships in wind tunnel tests, Chin J Aeronaut (2019), https://doi.org/10.1016/j.
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Table 4 Information of four selected cases.

Case No. m (m/s) h (�) Pinitial (Pa) Pfinal (Pa)

Test 1_8 10 8 1127 1120

Test 2_12 10 12 1127 1118

Test 3_0 15 0 1200 1194

Test 4_12 15 12 1200 1194
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mation and angle of.attack h, as the influence of h on structural
deformation is determined by the bending moment applied to

the non-rigid airship. The bending moment of the model is
Fig. 9 Influence of

Please cite this article in press as: LU L et al. Deformation behavior of non-rigid a
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affected by many factors, including the rod stiffness, the inter-
nal pressure of airship and flow velocity. Therefore, effects of h
on structural deformation are more complicated than those of

internal pressure and flow velocity.

5. Conclusions

In this study, wind tunnel tests for non-rigid airships are con-
ducted, and the influences of internal pressure, flow velocity,
and angle of.attack on airship deformation are analyzed. In

the work, FBG sensors are used to measure airship deforma-
angle of.attack.

irships in wind tunnel tests, Chin J Aeronaut (2019), https://doi.org/10.1016/j.
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VV
tion. FBG sensor and the corresponding pasted PVC film are
considered as a whole, which is used to measure the deforma-
tion behavior of the whole airship. Based on the test results,

some conclusions are obtained:

(1) The deformation of the non-rigid airship is in propor-

tion to the internal pressure.
(2) For the tensile region of airship, the longitudinal and

circumferential strains are in proportion to the flow

velocity.
(3) Effects of angle of.attack on airship deformation are

complicated and should be analyzed with the internal
pressure and flow velocity. Bending moment is the main

source for the variation of strains. More works need to
be conducted to investigate the relationship between
structural deformation and angle of.attack.
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