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Abstract. Carbon fibre composite overwrapped pressure vessels (type III pressure vessels for
short) are widely used in hydrogen fuel cell vehicles. The aluminum liner of type III pressure
vessels bearing the hydrogen pressure and fiber tension simultaneously requires factory inspections.
It is difficult to detect the aluminum liner with different curvature by the phased array ultrasonic testing.
An aluminum liner detection method was proposed based on the immersion phased array ultrasonic
testing. The thickness of the aluminum liner was measured by avoiding overlapping reflected waves.
Besides, the longitudinal defects were detected by the circumferential shear wave scanning, and
transverse defects were detected by the bidirectional deflecting scanning. The above three modes
were verified by the acoustic field simulation and inspection simulation using CIVA. Results show
that the proposed detection method is highly reliable for the thickness measurement and defect
detection of the aluminum liner.

Keywords: Aluminum liner; immersion phased array ultrasonic testing; thickness measurement;
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1. Introduction

Hydrogen can be stored under compressed form at pressures ranging from 20 MPa to 100 MPa in
pressure vessels [1, 2]. Hydrogen storage vessels have four main types. Currently, type III pressure
vessels are widely used in hydrogen fuel cell vehicles for their light weight, high pressure, large
capacity [3-5]. Type III pressure vessels are made of a metallic liner overwrapped with carbon fibre
composite [6, 7]. The inner metallic liner is a seamless aluminum liner manufactured by drawing and
forming of tubes. The aluminum liner is exposed to hydrogen, without hydrogen embrittlement and
hydrogen permeation. Besides, the carbon fibre composite is carbon fibres embedded in a polymer
matrix. Type III pressure vessels are under cyclic loading, due to frequent charging and discharging
in operation. The aluminum liner bears the hydrogen pressure and fiber tension simultaneously.
Therefore, the factory inspection of the aluminum liner is essential to ensure the pressure vessel
infrastructure.

Ultrasonic testing (UT) is one of the most common inspection methods used to detect flaws. Phased
array ultrasonic testing (PAUT) has greater inspecting performance, which realizes the beam focusing
and deflecting by adjusting the phase delay. The PAUT technology has been utilized to inspect multi-
layered steel vessels and welded steel pipes [8-10]. In their studies, the probe with a special shape
wedge was used to inspect curved parts. However, the fixed shape of the wedge or probe is hard to
detect aluminum liners of different diameters and different parts of an aluminum liner.

Immersion phased array ultrasonic testing (IPAUT) has been selected to inspect aluminum liners for
the advantages of high versatility and high repeatability [11-13]. The IPAUT has high versatility
because it can adapt to complex-shaped vessels regardless of the inspected vessel’s shape and size.
Moreover, the IPAUT has high repeatability because it can get the same measurements under identical
conditions using water as a coupling medium.
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In this study, we proposed an aluminum liner detection method to inspect the aluminum liner of type
I pressure vessels based on the IPAUT. The thicknesses of different parts in the aluminum liner
were measured by avoiding overlapping reflected waves. In addition, the longitudinal defects were
detected by the circumferential shear wave scanning, and transverse defects were detected by the
bidirectional deflecting scanning. The above three modes were verified by the acoustic field
simulation and inspection simulation using CIVA.

2. Aluminum Liner Detection Method

The aluminum liner of type III pressure vessels was selected as the inspection object. A typical
aluminum liner consisted of a cylindrical main body enclosed by two ellipsoidal dome heads, as
shown in Fig.1. Aluminum liners of different diameters and different parts of the aluminum liner had
different curvature.
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Figure 1. The type III pressure vessel and the aluminum liner

The IPAUT was advantageous for the inspection of curved surfaces because the ultrasonic phased
array probe did not directly contact the aluminum liner. An aluminum liner detection method was
proposed to inspect the aluminum liner based on the IPAUT, as shown in Fig.2. The aluminum liner
rotated around the center of the circle, and the probe scanned along the cross-sectional of the
aluminum liner. By rotating the probe, the angle of incidence of the probe could be adjusted to fit the
surface profile of aluminum liners.

Water Tank Rotation
f Probe
Phased Array Probe of Probe

Rotation of Liner

Figure 2. The aluminum liner detection method

The aluminum liner detection method included the thickness measurement and defect detection.
There were two main types of defects in the aluminum liner, namely the longitudinal defect and
transverse defect. The longitudinal defects were detected by the circumferential shear wave scanning,
and transverse defects were detected by the bidirectional deflecting scanning.

2.1. Thickness Measurement

Thickness measurement is essential for the aluminum liner detection method because the liner
thickness influences the load-bearing capacity. The IPAUT uses water as a coupling medium. In order
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to reach the aluminum liner, the ultrasonic wave from the ultrasonic phased array probe needs to pass
through the water layer. The transmission of ultrasonic waves is shown in Fig. 3. At the interface
between the water layer and the aluminum liner, part of the ultrasonic wave enters the aluminum liner,
and the rest is reflected back into water and received by the probe. Then, the incident wave entering
the aluminum liner also is reflected into water and received by the probe, as it encounters the inner
surface of the aluminum liner.
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Figure 3. The transmission of ultrasonic waves in the thickness measurement

In the transmission of ultrasonic waves, there are incident and reflected waves at each interface. The
reflected waves of the inner surface may overlap with those of the water layer so that they cannot be
distinguished. To distinguish reflected waves, the thickness of the water layer is calculated by (1).
The second reflected wave of the water layer overlaps with the fourth reflected wave of the inner
surface. The first three reflected waves of the inner surface can be clearly distinguished.

H=4 * g% CL-warer/cL-Al (1)

Where

H is the thickness of the water layer,

o is the thickness of the aluminum liner,

CL-water IS the velocity of longitudinal wave in water,
c-ai is the velocity of longitudinal wave in aluminum.

2.2. Circumferential Shear Wave Scanning

In the circumferential shear wave scanning, the phase array probe is off-center of the aluminum liner,
as shown in Fig. 4. The ultrasonic wave from the probe reaches the external surface of the aluminum
liner with an incidence angle. There are longitudinal and shear waves with different angles of
refracted waves, due to the different velocities of longitudinal and shear waves in aluminum. In order
to get a single wave, we choose an incident angle between the first critical angle and the second
critical angle. The shear wave will appear in the aluminum liner, but the longitudinal wave will not.
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Figure 4. The transmission of ultrasonic waves in the circumferential shear wave scanning
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The incident angle is calculated from the eccentricity and is greater than the first critical angle, as
shown in (2).

Sin o= i > CL—water (2)

CL—AI
Where
a is the incident angle on the external surface of the aluminum liner,
X is the eccentricity of the probe,
R is the external radius of the aluminum liner.

The refracted shear wave needs to reach the inner surface of the aluminum liner. The incidence angle
of the inner surface is less than 90 degrees. The incidence angle of 90 degrees is a critical state that
the refracted shear wave is tangent to the inner surface. The refracted angle is associated with the
incident angles of two surfaces, as shown in (3).

X C
R ¢

. . c
sin B =sing - —=A =

CL—water

S—Al r
“R (3)

L—water

Where

p is the refracted angle on the external surface of the aluminum liner,
r is the inner radius of the aluminum liner,

Cs-al is the velocity of shear wave in aluminum.

The eccentricity of the probe is adjusted in a range, as shown in (4).

R . CL—water <x<r- CL—water (4)

CL—AI cS—AI

2.3. Bidirectional deflecting Scanning

In the bidirectional deflecting scanning, the phase array probe emits ultrasonic waves in two
directions, as shown in Fig. 5. The scanning in two directions is carried out simultaneously to enlarge
the coverage area of scanning and improve detection efficiency.
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Figure 5. The transmission of ultrasonic waves in the bidirectional deflecting scanning
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3. Simulation

The modes of thickness measurement and defect detection were verified by the acoustic field
simulation using CIVA. Furthermore, the circumferential shear wave scanning and bidirectional
deflecting scanning were also simulated in the inspection situation.

3.1. Acoustic Field Simulation

The acoustic fields for modes of the thickness measurement, circumferential shear wave scanning
and bidirectional deflecting scanning are obtained, as shown in Fig.6. Fig.6 (a) and (b) show that the
acoustic fields for the thickness measurement in the body and head are focusing on the inner surface
of the aluminum liner. Fig.6 (c) shows that the shear wave acoustic field of the circumferential shear
wave scanning is focusing on the external surface. Fig.6 (d) shows that the acoustic field of the

bidirectional deflecting scanning covers twice the width of the phased array probe, focusing on the
inner surface.

2 i O B >
g 2 8
o E ° E
~ = —~
3 ; e E
= ——— w B ®
With of Probe With of Probe
(a) thickness measurement in body (b) thickness measurement in head
With of Probe
0> 3 o 05
g & 2
_wv Ly -
Thickness of Liner Coverage With
(c) circumferential shear wave scanning (d) bidirectional deflecting scanning
Figure 6. The acoustic field simulation resluts
Transverse Defect
\\\:‘:li Longitudinal Defect
=

T T I |

Thickness of Liner
(gp) spnirjdury

'
8

Left Scan  Right Scan

0
1
—
- g

Thickness of Liner 4—,

(@) longitudinal defect (b) transverse defect

Figure 7. The inspection simulation results
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3.2. Inspection Simulation

The inspection simulation results for the longitudinal defect and transverse defect are obtained, as
shown in Fig.7. Fig.7 (a) shows that a longitudinal defect is detected by the circumferential shear
wave scanning. The defect signal consists of the reflected waves from the top and bottom of the
longitudinal defect. The arrival time of two reflected waves can be used for accurate defect
positioning and sizing. Fig.7 (b) shows that a transverse defect is detected by the bidirectional
deflecting scanning. Because the transverse defect is just below the center of the probe, the results of

the left scanning and right scanning are symmetrical. The transverse defect can also be accurately
positioned and sized by reflected waves.
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4. Conclusion

An aluminum liner detection method was proposed based on the IPAUT. In the thicknesses
measurement, reflected waves were controlled without overlapping to clearly distinguish the inner
surface. Besides, the longitudinal defects were detected by the circumferential shear wave scanning,
and transverse defects were detected by the bidirectional deflecting scanning. The acoustic field
simulation results showed that the proposed detection method was highly reliable for the thickness
measurement and defect detection of the aluminum liner. The inspection simulation results showed
that the longitudinal defect and transverse defect could be detected, positioned and sized.
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