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Abstract: [Objective] The carbon fiber reinforced plastic (CFRP) propeller has such advantages as light weight,
high strength, low vibration, low noise, corrosion resistance, and fatigue resistance. To accurately ascertain the
deformation and strain of CFRP propeller blades under hydrodynamic load, this paper proposes an online
measurement method for the dynamic strain of CFRP propellers under submerged operation conditions. [Method]
Fiber Bragg grating (FBG) sensors are embedded in a CFRP propeller, and an underwater dynamic strain test system
is built. Two types of test conditions are set: (1) the velocity is 0 m/s, and the rotation speed increases from 50 to 400
r/min; (2) the rotation speed is 427 r/min, and the velocity increases from 0 to 1.6 m/s. The dynamic strain data of the
CFRP propeller under the above conditions is obtained by the FBG sensors and analyzed in the time and spectrum
domains. [Results] The results show that the dynamic strain frequencies of each FBG sensor on the CFRP propeller
are the same and related to the rotation speed, while the dynamic strain amplitude of each FBG sensor has no
obvious relationship with the rotation speed or velocity, but depends on the position of the sensor, which reflects the
mechanical characteristics of the propeller structure. [Conclusion] The underwater online dynamic strain test of the
CFRP propeller is realized, and test results are reasonable and reliable. This provides an important empirical basis for
the theoretical design and analysis of the CFRP propeller, which is of great significance for the study of its vibration
noise and hydrodynamic performance.
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CFRP propellers are distinguished from their met-

0 Introduction al counterparts most in that the blades made from

Marine metal propellers are plagued by problems
such as corrosion and fatigue life. Carbon fiber rein-
forced plastic (CFRP) has the advantages of light
weight, high strength, corrosion resistance, fatigue
resistance, and designability ['-?], which has become
a new enabler for better performance of marine pro-
pellers and drawn broad attention.
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composite materials generate adaptive bending and
torsional deformation according to hydrodynamic
load 4. The anisotropy and bending-torsional cou-
pling of composite materials cause the change of
propeller pitch, which enables superior hydrody-
namic performance of CFRP propellers to those of
metal ones in a non-uniform flow field. In addition,
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the large damping of CFRP propellers helps reduce
their vibration and noise. For the sake of the perfor-
mance evaluation of a CFRP propeller, accurate
tests for obtaining its blade deformation, dynamic
strain, and vibration are of vital importance to the
research and design of such propellers.

As conventional sensing technology faces the
problems concerning underwater insulation, flow
field interference, and signal transmission, measur-
ing the operational deflection shape and dynamic
strain of propellers in underwater operation has al-
ways been an engineering challenge. The common
strain measurement method is to arrange strain
gauges on the surface of the propeller to be investi-
gated. However, due to its underwater operation,
the sizes and weights of conventional strain gauges
and transmission cables greatly influence the sur-
face flow field and hydrodynamic performance of
the propeller. Moreover, previous studies have sug-
gested that pasting strain gauges on the surface of
blades can aggravate the cavitation effect 1.

As a new type of optical sensor, fiber Bragg grat-
ing (FBG) sensor realizes the absolute measurement
of the strain or temperature of the object through
the wavelength shift of the grating. Optical fiber
sensing features small size, light weight, the avail-
ability of multi-point measurement with one fiber,
electromagnetic interference resistance, and stable
underwater signal transmission which are not pos-
sessed by the conventional optical imaging method
and electrical method ¢l Thus, the test methods
for underwater operational deflection shape and
strain of propellers based on optical fiber sensing
have been studied and gained attention.

Zetterlind et al. " first analyzed the feasibility of
the strain measurement by embedding FBG sensors
in the composite propeller blades. Subsequently,
Zetterlind et al. ®lmonitored the static and dynamic
strain of composite propeller blades under constant
axial load and cyclic bending load in air by employ-
ing an extrinsic Fabry-Perot interferometer (EFPI).
In this way, they verified the applicability of optical
fiber sensors in the fatigue tests on composite pro-
pellers. Wozniak ) monitored the strain of compos-
ite propeller blades with embedded FBG sensors
and discussed the design and technique regarding
how to lead the optical fiber out of the composite
material. Herath et al. [' measured the strain of
composite blades by pasting FBG sensor arrays on
their surface. Javdani et al."') used FBG sensor ar-
rays to test the vibration of the blade specimens of a

cantilevered steel propeller. In addition, they further
studied the vibration characteristics of propellers in
air and underwater!'” by installing an FBG sensor
array on the full-size steel propeller blade. The
above research explored and verified the feasibility
and applicability of FBG sensing technology in the
static strain test on composite and steel propellers in
air, but less involved real-time online dynamic
strain test on the blades of CFRP propellers in un-
derwater operation.

This paper proposes embedding FBG sensors in a
CFRP propeller to achieve the online dynamic
strain test on the blades in underwater operation.
We prepared the CFRP propeller with embedded
FBG sensors and build a real-time underwater on-
line dynamic strain test system for CFRP propel-
lers. Dynamic strain tests were conducted on the
blades of the CFRP propeller in underwater opera-
tion under various operating conditions, so as to
make clear the dynamic strain characteristics of
composite propellers in underwater operation. This
research provides test support for the study and de-
sign optimization of fluid-solid interaction and hy-
drodynamic performance.

1 CFRP propeller structure

The CFRP propeller with embedded FBG sensors
in this paper has a split metal embedded part-blade
structure. It can be divided into three parts, i.e., met-
al hub, metal embedded parts (five pieces), and
CFRP blades (five pieces), the structure of which is
presented in Fig. 1.

Metal embedded part CFRP blade

Metal hub

Fig. 1 Metal-CFRP blade

In this structure, the metal embedded parts and
the CFRP blades are solidified into an integral
whole (metal-CFRP blades) via compression mold-
ing and then connected with the metal hub through
screws and pins. As the five metal-CFRP blades of
such structure are manufactured separately, if one is
damaged, replacing it is convenient, which thus re-
duces the ‘maintenance cost. The FAW200RC36
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(T700 Series) unidirectional carbon fiber prepreg of
Zhongfu Shenying Carbon Fiber Co., Ltd. was se-
lected as the material of the CFRP propeller. The
main structural parameters of the propeller are list-
ed in Table 1.

Table 1 Main parameters of CFRP propeller

Parameter Value
Propeller diameter/mm 240
Number of blades 5
Hub diameter ratio 0.175
Disc ratio 0.8
Blade tilt angle/(°) 24.50
Total trim angle of blade/(°) 8

2 CFRP propeller with embedded
FBG sensors

2.1 Sensing principle and multiplexing
technology of FBG

The sensing principle of FBG sensors is present-
ed in Fig. 2. The incident light is broadband light
with various wavelengths. Upon its incidence on
the grating area, only the light waves of specific
wavelengths are reflected, while those of other
wavelengths keep propagating along the fiber di-
rectly through the grating without being influenced.
The wavelength of the reflected light is known as
the Bragg wavelength, with its expression shown
below:

Ag = 2/ (1)
where /J; represents the reflection wavelength of
FBG, 4 the grating period, and n. the effective re-
fractive index of the grating. The factors determin-
ing the reflection wavelength of the grating mainly
involve 4 and n. . When an FBG sensor reports a
change in the axial strain of the grating due to the
deformation of the grating area under external
force, the A and n.; also change accordingly, which
results in a Ay variation. When the temperature of
the grating changes, the optical fiber material gener-
ates strain amid the thermal expansion or contrac-

tion, which brings about the change of 1;. Mean-

Incident light
Transmitted

i(o):f..mmn:@%\ vl
7 X

Reflected

Qlight

Cladding A

Fiber core FBG

Fig. 2 FBG sensing principle

while, the thermo-optic effect also changes n.; and
thus alters Ag.

It is known from Equation (1) that the shift of the
center wavelength of the FBG can be expressed as

Adg = 2Ang4A + 2n4AA (2)

In light of the theories of elasticity, elasto-optical
effect, thermo-optic effect, and thermal expansion
effect, Equation (2) can be rewritten as

Adg = Ao (@ + E) AT + g (1 - P& (3)
where AT is the temperature change of the FBG;a is
the thermal expansion coefficient of the optical fi-
ber; ¢ is the thermo-optic coefficient; Ay, is the ini-
tial wavelength; ¢ is the strain variation of the FBG;
P, is the effective elasto-optic coefficient. The grat-
ing used in this paper is made of quartz, so P, =
0.22.

When an FBG sensor is in a constant temperature
field, i.e., AT = 0, one can obtain

Ads = Ay (1 - P)e=K,e (4)
where K, represents the strain sensitivity of the
FBG sensor. As indicated by Equation (4), at con-
stant external temperature, the shift of the center
wavelength of the reflection spectrum is only influ-
enced by the changes in the stress field where the
FBG sensor is located. Under the effect of external
stress field, the grating changes A and n., thus
bringing about the variations of the reflection wave-
length and reflection spectrum of the FBG. There-
fore, we can have the corresponding information on
stress and strain by monitoring A4g. This is the ba-
sic principle of stress and strain monitoring through
FBG. Under the same conditions, as the transverse
sensitivity of the FBG is much smaller than the lon-
gitudinal sensitivity, we merely take into account
the longitudinal strain of the sensor in practical ap-
plication generally, which thus leads to the mere
use of FBG to measure the longitudinal strain.

As shown in Fig. 3, wavelength-division multi-
plexing is one of the most significant advantages of
FBG sensors. It involves writing multiple gratings
on one fiber. An independent and specific wave-
length interval within the available scope of the de-
modulator or spectrometer is assigned to each grat-
ing whose reflection peak varies with the measured
change within the wavelength range. We adopt a set
of demodulation devices to detect the composite
spectrum formed by the reflection spectra of all
gratings, so as to obtain the shift of the center wave-
length of each grating from each independent wave-
length interval assigned in advance. In this way, we
enable massive distributed multi-grating measure-
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Fig.3 FBG wavelength-division multiplexing principle
ment with one fiber.
2.2 Layout of embedded FBG sensors

The position layout of embedded FBG sensors
mainly takes into account the layer thickness and
strain distribution of the blades. The diameter of the
FBG sensor is 0.125 mm. When it is embedded be-
tween the layers of CFRP blades, the thickness of
the layer at the sensor should be more than 10 times
its diameter in order to avoid delamination and
cracking. Besides, the FBG sensor should be ar-
ranged in the area featuring significant strain chang-
es. According to the above considerations, we deter-
mine the position of the FBG sensor in the blade, as
shown in Fig. 4.

FBG sensor

15 mm

E—— 20
Blade surface mm

flattenin .
¢ Protective

15 mm sleeve

Fig. 4 Schematic diagram of the position of the FBG sensor in
the blade

According to the embedding position and strain
measurement range of the FBG sensor, we custom-
ized two groups of FBG sensors in series (FBGI
and FBG2). The Nos., center wavelengths, and dis-
tance of the sensors are presented in Fig. 5. Each
sensor is distinguished via wavelength-division mul-
tiplexing.

The surface and back of the CFRP propeller
blade present the same layer form. The angle of sin-
gle-side layer is [0°,/45°,/0°,/45°,/0°,] from the
blade surface inward, where "X°," represents that
the fiber is laid at an angle of X° for two layers con-
tinuously. The layer No. ranges from 1 to 10, with
the FBG sensors embedded between the 8th and 9th
layers of the blades.

FBG1-5 FBGI-4 FBGI-3 FBGI-2 FBGI1-1
[1555am | [1550 nm | [1545nm | [1540 nm | [1535nm | wg\fg{gq%;th i
FBG2-4 FBG2-3 FBG2-2 FBG2-1
[15520m | [1547 nm | [1542 nm |

3 Gratin,
KN

10mm | 10 mm

Fig. 5 Center wavelengths and distance of FBG sensors

2.3 Fabrication of CFRP propeller

The CFRP propeller with embedded FBG sensors
was fabricated by compression molding. The
formed CFRP propeller with embedded FBG sen-
sors is shown in Fig. 6.

Fig. 6 CFRP propeller with embedded FBG sensors

3 Underwater dynamic strain test

3.1 Underwater dynamic strain test sys-
tem for CFRP propeller

The underwater dynamic strain test on the CFRP
propeller was conducted in the towing tank of Wu-
han University of Technology, where the propeller
was driven to rotate and move forward by the tow-
ing waterwheel. Therefore, we designed the under-
water dynamic strain test system for the CFRP pro-
peller according to the structure of the towing wa-
terwheel. As shown in Fig. 7, the structure of the
test system is mainly composed of towing water-
wheel, CFRP propeller with embedded FBG sen-
sors, fiber-optic slip ring, fixed end of rotor, fixed
end of stator, fixed support of stator, and FBG
wavelength demodulator. The CFRP propeller is in-
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stalled on the rotating shaft of the towing water-
wheel. The tail end of the propeller is equipped
with a fiber-optic slip ring, whose rotor is installed
at the fixed end of the rotor and then connected
with the tail end of the propeller through threads, so
that the rotor of the slip ring is enabled to rotate
with the propeller. The fixed end of stator is used
for the installation of the stator of fiber-optic slip
ring, which is connected with the towing water-
wheel through the fixed support. The optical fiber is
led to the FBG demodulator that is placed on the
bank of the tank.

Connected with

’_\ demodulator y

CFRP propeller with .
embedded FBG  Fiber-optic Extension plate
Towing sensors slip ring
waterwheel
Fixed
support
Optical fiber Fixed end Fixed end
of rotor  of stator
Fig.7 Schematic diagram of underwater dynamic strain test

system for CFRP propeller

According to the schematic diagram of the test
system shown in Fig. 7, we install the CFRP propel-
ler with embedded FBG sensors, fixed end of rotor,
fiber-optic slip ring, fixed end of stator, and fixed
support on the towing waterwheel in sequence.
Then we conduct fusion welding of the embedded
FBG sensors and the optical fiber at the rotor end of
the fiber-optic slip ring and connect the optical fiber
at the stator end to the demodulator. We also detect
whether the optical fiber signal is normal during the
installation. As the fiber-optic slip ring is a single-
channel slip ring, we connected one string of FBG
sensors in series (FBG2) with the fiber-optic slip
ring and transmit the sensor signal to the demodula-
tor.

In the efforts to build the underwater dynamic
strain test system, it is necessary to ensure the coax-
iality among the fixed end of rotor, the fiber-optic
slip ring, and the fixed end of stator, because the ro-
tor end and the propeller are coaxial and at the same
rotation speed during the test. Any excessive devia-
tion in the installation and matching between the
fixed end of rotor and that of stator leaves the slip
ring prone to damage during operation. According-
ly; in the building of the test system, it is required to

adjust the position and angle of the fixed end of sta-
tor and detect whether the optical fiber signal per-
forms well before carrying out the relevant test. Fig. 8
presents the built underwater dynamic strain test
system for the CFRP propeller.

Optical fiber

-

of stator

Fixed end
__of rotor

Transmission shaft| ==

CFRP propeller with! i
embedded FBG " Fiber-optic
sensors 2%, slip ring

Fig. 8 Underwater dynamic strain test system for CFRP

propeller

3.2 Underwater online dynamic strain
test on CFRP propeller

When the propeller is in underwater operation, its
rotation speed and velocity are two important pa-
rameters influencing its hydrodynamic perfor-
mance. Accordingly, this paper set two types of test
conditions (varying rotation speed or velocity) to
study the dynamic strain characteristics of the
CFRP propeller in underwater operation. The test

site is shown in Fig. 9.

Towing waterwheel

Installation with

Fig. 9 Underwater online dynamic strain test on CFRP

propeller

The specific test conditions were set as follows:

1) Test condition 1. The velocity of the propeller
was 0 m/s, and eight rotation speeds were tested,
including 50, 100, 150, ..., 400 r/min, an increase
of 50 r/min in turn. After the condition became
stable at each rotation speed, we collected the data
of the embedded FBG sensors. The sampling
frequency of the FBG wavelength demodulator was
set at 2 kHz.

2) Test condition 2. The rotation speed of the
propeller was set at 427 r/min. The data collection
under this ‘condition involved two stages. At the
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velocity of 0, 0.2, 0.4, ..., 1.6 m/s (nine kinds), an
increase of 0.2 m/s in turn: After the test condition
became stable at each velocity, we collected the
data of the embedded FBG
hydrodynamic data of the CFRP propeller. At the
velocity of 1.8, 2.0, 2.2, 2.4, 2.6, and 2.8 m/s, we
merely collected the hydrodynamic data of the

sensors and the

CFRP propeller due to the noise interference of the

test system.

3.3 Test results and analysis

3.3.1 Test condition 1
Figs. 10 (a) and 10 (b) present the strain curves

x107
50
——FBG2-1
—FBG2-2
—FBG2-3
g
g
7
720 1 1 1 1 1 1 1 1 1
0 0.1 02 03 04 05 06 07 08 09 1.0
Time/s
(a) Strain curves in time domain at »=50 r/min
-6
10 x10
9
8
7 24PF=1.6 Hz
K= 6
g 5
@ 4
3
2
1
0 i 1 1 L L 1 L L
0 10 20 30 40 50 60 70 80 90 100

Frequency f/Hz
(c) Strain spectrum of FBG2-1 at /=50 r/min

Strain

of the embedded FBG sensors in the time domain at
the rotation speeds of 50 and 400 r/min in test con-
dition 1, which are featured by remarkable periodic-
ity. By use of Fourier transform and Hanning win-
dow, we obtain the spectra of the dynamic strain
(Figs. 10 (c) and 10 (d)) APF in the figures repre-
sents the shaft frequency of the propeller rotation,
which is calculated by dividing the rotation speed
by 60, and r is the rotation speed. Since the strain
curves in the time and spectrum domains at other ro-
tation speeds in test condition 1 are similar to those
at 50 and 400 r/min, there is no more detailed de-
scription of them here.

The spectra of dynamic strain in Fig. 10 indicate

L X1
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740 1 1 1 1 1 1 1 1 1
0 0.1 02 03 04 05 06 07 08 09 1.0
Time/s
(b) Strain curves in time domain at /=40 r/min
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(d) Strain spectrum of FBG2-1 at /=400 r/min

Fig. 10  Strain curves of embedded FBG sensors at different rotation speeds

that the signal-to-noise ratios of the test results are
high and there are obvious peaks at specific fre-
quencies. Table 2 lists the characteristic frequency
and amplitude of the strain of each FBG sensor at
each rotation speed.

The results presented in Table 2 show that the
characteristic frequency of the strain of each FBG
sensor is two times the APF. This may result from
the unevenness of incoming flow and the misalign-
ment of the propeller and the shaft due to the influ-
ence of the support of the test system. We analyze
the amplitudes of the dynamic strain of the FBG

sensors. At different rotation speeds, the amplitudes
of the strain of the three FBG sensors are in the
same order, namely that FBG2-2 has the largest am-
plitude while FBG2-3 has the smallest. This sug-
gests the largest strain and deformation occur at the
position of FBG2-2, and the smallest strain and de-
formation can be found near FBG2-3. This mani-
fests that when the propeller operates underwater,
the strain and deformation vary at different posi-
tions of the blades, which depends on the mechani-

cal characteristics of the propeller structure.
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Table 2 Frequencies and amplitudes of strain at different rotation speeds

Characteristic frequency of strain/Hz

Amplitude of strain/107°

rAemin®) APETHz FBG2-1 FBG2-2 FBG2-3 FBG2-1 FBG2-2 FBG2-3
50 0.833 1.636 1.636 1.636 9.450 17.170 7.011
100 1.667 3.339 3.339 3.339 9.121 16.046 6.564
150 2.500 4.968 4.968 4.968 10.096 17.974 7.205
200 3.333 6.645 6.645 6.645 9.063 15.140 6.557
250 4,167 8.333 8.333 8.333 8.823 14213 6.367
300 5.000 10.05 10.05 10.05 10.196 17.080 7.962
350 5.833 11.66 11.66 11.66 10.084 17.067 7.833
400 6.667 13.33 13.33 13.33 7.206 14.018 7.104

3.3.2 Test condition 2

Fig. 11 shows the strain curves of the FBG sen-
sors in the time and spectrum domains at the rota-
tion speed r of 427 r/min and the velocities v of 0.2
and 1.6 m/s. The strain curves in the domains at oth-
er velocities in test condition 2 are similar to those
at v = 0.2 and 1.6 m/s, so there is no more detailed
description of them here. Table 3 lists the character-
istic frequency and amplitude of the strain of each
FBG sensor at each velocity.

The results in Table 3 show that when the rota-
tion speed is constant, the characteristic frequencies
of dynamic strain of the three FBG sensors remain
unchanged at 14.2 Hz at various velocities, which is

107
—FBG2-1 —FBG2-2 ——FBG2-3

Strain

—40 . . . . . . . . .
0 01 02 03 04 05 06 07 08 09 1.0
Time/s
(a) Strain curves in time domain at v=0.2 m/s
x107
9
gL
7L
6+
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s 5p
g
& 4
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L
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0 10 20 30 40 50 60 70 80 90 100
Frequency f/Hz

(c) Strain spectrum at v=0.2 m/s

Fig. 11

still two times the APF. Among the dynamic strain
amplitudes collected by the three FBG sensors, the
value reported by FBG2-2 remains the largest and
that reported by FBG2-3 the smallest, which is con-
sistent with the test results in test condition 1.

In test condition 2, when the velocity is 0—1.6 m/s,
we collect the dynamic strain data of the FBG sen-
sors and hydrodynamic data of the propeller simul-
taneously; when the velocity is greater than 1.6 m/s,
we collect only the hydrodynamic data of the
propeller. We draw the open water diagram of the
CFRP propeller at a velocity of 0-2.8 m/s, as
shown in Fig. 12, where K; is the thrust coefficient,
K, the torque coefficient, and #» the propeller effi-
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(d) Strain spectrum at v=1.6 m/s

Strain curves of embedded FBG sensors at different velocities
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Table 3 Frequencies and amplitudes of strain at different velocities

Characteristic frequency of strain/Hz

Amplitude of strain/107°

v/ (m-s™")

FBG2-1 FBG2-2 FBG2-3 FBG2-1 FBG2-2 FBG2-3
0 14.2 14.2 14.2 7.124 12.93 6.734
0.2 14.2 14.2 14.2 8.513 12.52 6.822
04 14.2 14.2 14.2 8.485 13.50 6.736
0.6 14.2 14.2 14.2 8.218 12.66 6.669
08 14.2 14.2 142 7.856 13.74 6811
1.0 14.2 14.2 14.2 7.794 13.06 6.595
1.2 14.2 14.2 14.2 8.752 13.14 6.585
1.4 14.2 142 14.2 8.56 13.17 6.760
1.6 14.2 14.2 14.2 7.841 12.05 6.835

13-

L2 e, =K 4 Conclusions

L1t N —e— 10K,

(1)2 \o\ —A—1 Drawing on the technical advantages of FBG
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0 A/‘ '\'\.\_ the rotation speed increases from 50 to 400 r/min;
e = — the rotation speed remains unchanged at 427 r/min,

Velocity v/{m's )

Fig. 12 Open water diagram of CFRP propeller (n = 427 r/min)

ciency.

Fig. 13 presents the comparison of open water
characteristics between the CFRP propeller and met-
al propeller with the same offsets. They have basi-
cally the same trend, which suggests that the CFRP
propeller with embedded FBG sensors fulfills its ba-
sic performance and also proves the feasibility and
reliability of the dynamic strain test on FBG sen-

SOTS.
1.4
1.3 | —®—CFRP propeller
1.2+ Q§%IOKQ —ao—Metal propeller
1.1+ O,
LA
Lo+ N
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0.1} / Blin, o
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~0.1 . . . . . | )
0 0.5 1.0 1.5 2.0 2.5 3.0

Velocity 1/{m-s ")
Fig. 13 Comparison of open water characteristics between

CFRP propeller and metal propeller

and the velocity increases from 0 to 1.6 m/s. We col-
lect the dynamic strain data of the CFRP propeller
under the above two test conditions by use of FBG
sensors and make the time domain and frequency
domain analyses. The results show that the charac-
teristic frequencies of dynamic strain are consistent
at different measuring points on the CFRP propel-
ler. The characteristic frequencies are mainly two
times the shaft frequency, which may be caused by
the unevenness in the propeller test system. The am-
plitude of dynamic strain at each measuring point
depends on its position, namely the mechanical
characteristics of the propeller structure.

This paper achieves the online dynamic strain
test on the CFRP propeller in underwater operation.
It verifies the feasibility of underwater dynamic
strain tests on propellers and conquers the challenge
of underwater online tests on propellers. The test re-
sults are reasonable and reliable. Thus, they can
serve as an important empirical basis for the theoret-
ical design and analysis of CFRP propellers and are
of great significance to the study of hydrodynamic
performance of the propellers.
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PO ZF JEMI % R 45 i 21 4i 5 5 o4
» L. » —a » v, A )
WRBEARIK T 2 o7 A8 A1 el i
WAEVE?, BRI, REd?, TEAS", /NS
1o [ AR B 28 3t o, 9k 3O 430064
2 AR B R F E e E W KX 430064
3RNIELAF Hl| TEFR,# L KX 430070
M OE. [ 8] a4 SR (CFRP) IR BAT 50U i (R IR 3 AR T ik POpe o7 S5 i AT

HERA 3R CFRP WBHE S22 0 2K 3 1 8 fr R ZETE AN AR , 48 H —FloK R g #5RA8 CFRP IR BE S 30 1 A8 A 46
MR Tk [ F DK Ea M (FBG) 14184 il T CFRP M2 3% , 45 1 CFRP 823 K T 2h 1 248 ik 2R 4%
L2 SRR T . 36 0 m/s, %3 M\ 50~400 r/min YIS 5 %6 WA 427 /min AAE, #E53HM 0~1.6 m/s
IG5t FBG fZ R Fe R4 3R 2 25 T F CFRP S5 14 30 7 28 BOHE , X 3 10 728 B0 34 47 Bk 3ol R 4733
GyBre [4R] 455, CFRP IBIESE I 45 I 5 0 2 o A8 R A5 238 — 00, HL 5556 SAH OC 5 45000 A5 1) 3l i 4% 0
IR T R 7 5, BUORE 2L A S5 00 ) R0k . [ 4536 ] S0 T CFRP BB E 2L A 7K T 38 SR AN 19 30 i A8 £E 2
B, MR LS A BT 5, ) Ol CFRP JBHE S 1 B0 1 111 43 Hr $2 146 5 2 A1) ST UEAR A , b A7F 7 UBUHE 2 4% 3 W 75 1
K H e B B L

KR WA UMM IR R U S MORHR e s SR s KT AEZR A





