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ABSTRACT  
   
The segmental curved spherical shell plate components are widely used in the practical 
industrial applications, because of the plate’s defect, a lot of major accidents occurred and 
caused significant economic loss. Therefore, based on the fundamental theory of the guide wave 
that propagating in the aluminum plate, and by solving and analyzing the guide wave’s 
dispersion, the guide wave’s inspiring method have been obtained from the wave-mode 
conversion. Using the wavelet to process the testing signal, and introducing the ellipse 
localization imaging algorithm to identify the defect’s orientation, the defect’s localization and 
orientation can be detected accurately. By using the wavelet transformation as the method to 
obtain the defect’s location parameters and using the ellipse algorithm to imaging the location 
and its geometric shape, a series of experiment for detecting the artificial defect at the specimen 
have been done, the results shows that the defect’s direction and location can be detected 
effectively.  
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1. Introduction 
   
Nondestructive evaluation on the components’ structural integrity, reliability, safety and service 
life has al-ways been an interesting and hot issue in the fields of material mechanics, engineering 
mechanics, nondestructive testing technology [1, 2]. As an important nondestructive testing 
method, ultrasonic nondestructive testing technology has got a great development and is widely 
used in the modern industries fields. The development of ultrasonic nondestructive testing 
technology was shown in many aspects, such as the researches of the new theories, method and 
techniques, and the evolvement of ultrasonic nondestructive testing system from the plane 
detecting to the curved plate detecting gradually. Now the nondestructive testing techniques, is in 
the transition from nondestructive testing (NDT) and nondestructive inspection (NDI) to 
nondestructive evaluation (NDE), and even to the automatic ultrasonic nondestructive evaluation 
(ANDE) and the quantitative ultrasonic nondestructive evaluation (QNDE) [3]. 
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The curved plate components, such as containers used in the oil, gas, petrochemical industry, 
ships and aircraft are easily affected by the adverse environment, there are always appearing 
different defects, which result components’ safety and reliability badly, or even lead to greater 
security risks. Due to the signal distortion phenomenon, caused by the elastic wave’s reflection, 
refraction, scattering, which are different from the plane components and become more complex, 
it is difficult to detect the defects in it, when using the traditional ultrasonic wave detects the 
flaws for monitoring the components’ healthy. Therefore, how to monitor and quantify the 
defects in the curved plate components is of great significance for improving the structure’s 
integrity, reliability and lifespan in service. The more details of the components defect’s 
geometry parameters, location and orientation were obtained, the more evaluation forecast of the 
structural integrity, reliability and service-life were predicted accurately [4, 5, 6, 7]. 
A lot of researches have been done to study the curved plates defects detecting. Kargl and 
Marston worked on the Lamb-like wave in isotropic spherical shells[8]. Wang etc. studied the 
stress wave propagation in orthotropic laminated spherical shells[9]. Towfighi and Kundu 
studied the wave propagation in anisotropic spherical curved plates[10]. Because the previous re-
searches are mainly focusing on the theoretical research and rarely used actual detecting 
applications, subject to its shortages, the traditional ultrasonic detecting can’t detect and identify 
the flaw’s direction. 
The guide wave is the superposed waves consisted of longitudinal and transverse waves that 
travels forward and reflects constantly from one border to another in the plate because of the 
limitation of the boundary conditions. Because the guided wave has the characteristic of 
traveling far away and has a highly detecting sensitivity, by choosing the appropriate mode, 
ultrasonic guided wave is suitable for the curved plate’s defect detecting. 
In this article, the author proposed defect’s location and direction detecting by using the ellipse 
locating technology to the guided waves. Taking the segmental curved small curvature spherical 
shell isotropic aluminum thin plate as an example, by solving the elastic equations and analyzing 
the dispersion curves’ characteristics of the guided wave propagation in the segmental curved 
spherical shell aluminum specimen plate, the mechanism of the guide wave excitation and 
receiving in the specimen has been obtained. By using the wavelet transformation as the method 
to obtain the defect’s location parameters and using the ellipse algorithm to imaging the location 
and its geometric shape, a series of experiment for detecting the artificial defect which located at 
the specimen have been done, the results shows that the defect’s direction and location can be 
detected effectively. 

 
 

2. Fundamental of Segmental Curved Spherical Shell Aluminum Plate 
  

Studying of guided wave’s dispersion curves in the specimen plate components is the 
fundamental of detecting. The equations of motion in spherical coordinates are given by 
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where, r stands for the radius in spherical coordinate system and takes values between the inner 
radius a  and the outer radius b . θ and φ denote the angular value and the direction.σ and u denote 
stress and displacement components, respectively, and ρ indicates the mass density. 
For general anisotropic materials 21 elastic constants, ijC , relate the stress components of Eq. 1, 

klσ , with the strain components, klε . 
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Considering the boundary of the segmental curved spherical shell aluminum plate, the position 
dependence of the elastic constants are given by 

 ( ) ( ) ( ) ( ),C r C r r rπ ρ ρπ= =                                                            (3) 
Where ( )C r are position-dependent elastic constants of the medium that constitutes the spherical 
shell plate and ( )rπ  is the rectangular window function defined by 

 ( ) {1= 0,
a r br elsewhereπ ≤ ≤，                                                                                    (4) 

Given Eq(4), the material constants vanish outside the segmental curved spherical shell plate[11]. 
We thus describe the vacuum outside the segmental curved spherical shell plate as a medium 
with zero acoustic impedance which ensures that the stresses outside the material vanish 
regardless of the displacement. In an isotropic curved aluminum plate, there are only two elastic 
constants 11C , 12C . 
Under the assumption of small deformation, the strain-displacement relationships in terms of the 
spherical coordinate system are given by 
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The wave front on the surface of a spherical shell is assumed to be toroidal. Although the linear 
phase velocity is not constant and changes with θ , for the toroidal wave travel path, the 
propagating wave is independent ofθ . In practice, for detecting the defect in the spherical shell 
plate, because it has a constant curvature value in an arbitrary direction, we only consider the 
guide wave’s propagation law at a specific direction, the propagation law at an arbitrary direction 
would be obtained by using the coordinate rotation method. 
For the thin segmental spherical curved shell plate, to study the wave propagation between two 
points A and B in a curved spherical shell plate segment, the two points A and B can always be 
aligned along the equator of a sphere by adjusting the positions of the north and south poles. 
Therefore, it is sufficient to solve the governing equations for 2θ π= only. Then the 
displacement components of the toroidal wave can be written as: 
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where ( )U r , ( )V r and ( )W r  represent the amplitude in the radial and two tangential directions, 
respectively. k is the magnitude of the wave vector in the wave propagating direction, and ω  is 
the angular frequency. 
Substitution of Eq. 2, Eq. 3, Eq. 4 and Eq. 5 into Eq. 1 yields the governing differential equations 
in terms of displacement components. Enforcing the stress-free boundary conditions on inner and 
outer surfaces the following equations are obtained for r a= , r b=  and 2θ π= . 
By solving the equations using the Legendre orthogonal polynomial series, the corresponding 
phase velocity dispersion curves in the segmental curved spherical shell aluminum plate are 
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obtained(as shown in Fig. 1, the density is 2800kg/m3, the outer radius is 400mm, the thickness 
is 1mm). From the Fig. 1, we can see that the dispersion curves at low frequency has the 
characteristic that the wave travels fast, the dispersion effects is very weak and the wave is not 
disturbed easily. Thus, we should choose the low frequency to analyze the wave’s propagation 
law for detecting the defect. 

 
 

Fig. 1: Phase velocity dispersion curves 
 

Based on the phase velocity dispersion curves obtained above, the guide waves in the segmental 
spherical shell plate could be inspired and received. Here, we adopt the longitudinal wave’s 
mode conversion method, whose principle is that, based on the Snell law, the inspired 
longitudinal wave, which incident into the plate with an appropriate angle produced by the 
organic glass wedge, will change its mode and form the guide waves caused by the effects of 
wave-mode transformation and refraction at the interface. The guide waves inspiring and 
receiving configuration is shown in Fig. 2. 

Longitudinal wave 
transducert

Organic glass
wedge

Aluminum 
plate

 
 

Fig. 2: The guide wave’s inspiring schematic diagram 
 

The concrete implementation process keypoint is putting the longitudinal wave transducer in the 
organic glass wedge with a proper angle. The right incidence angle is confirmed by Snell law: 

sin sin90

l gc c
θ
=                                                                                (7) 

Where lc denotes the wedge’s longitudinal wave velocity, gc denotes the plate’s guide wave phase 
velocity. 
Based on the analysis of the guided wave’s fundamental theory and the phase velocity dispersion 
curves above, according to the guide wave’s propagation properties, by choosing the proper 
inspiring and receiving methods, the specific mode guide wave could be could be obtained for 
the defect detecting. 

 
 

3. Data Processing and Imaging Algorithm 
 
When there exists a flaw in the specimen plate, the wave’s reflection, transmission and scattering 
phenomenon always happens. Based on the guide wave’s pitch-catch theory above, by using 
wavelet transformation and ellipse localization algorithm to process the time-domain signal 
detected, the defect’s localization and direction can be imaged clearly. 
 
3.1 Data Processing  
According to the theories of signal analysis, the wavelet transformation has the capacities of 
good localization, multi-resolution analysis, and the singular point detecting. Due to the testing 
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signal characteristics in time & frequency domain, by employing the wavelet transformation to 
analyze the testing signals, the flaw’s edge location can be determined accurately[12, 13, 14, 15]. 
By comparing and analyzing the results in practice, the db2 wavelet transformation method is 
chosen to process the testing signals.  
The testing signals obtained by detecting the thin plane aluminum plate were decomposed into 8 
layers and filtered by using the db2 wavelet, after that, the high frequency signal’s envelop (d8) 
were extracted by using Hilbert envelope signal analyzing technique.  
An 8mm× 2mm× 0.5mm flaw was located ahead of the organic wedge (shown in Fig. 3), the 
distance (t3) is 100mm, and the total time (t1 plus t2) is12.53 sµ . The signal, obtained by using the 
pitch-catch technique from the crack, is decomposed, filtered and extracted. The data processing 
and the results are shown in Fig. 4. 

 
Incident wave

Wedge

Crackt1

t2 t3  
 

Fig. 3: The transducers’ configuration schematic diagram 
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(a)Defect’s reflecting signal                         (b)Low frequency approximation signal decomposed 
(c)High frequency approximation signal decomposed         (d)Defect reflecting signal’s Hilbert 

 transformation extracting 
Fig. 4: Defect reflecting signal’s data processing and the results 

 
Seen from the decomposed testing signal, we can get the conclusions that: (1) at high frequency 
signal’s Hilbert envelope extracting (shown in Fig. 4(d)), the defect’s max reflected energy 
amplitude is much higher than the clutter signal seen from enveloping curve; (2) by 
decomposing the testing signal with db2 wavelet, and extracting the high frequency decomposed 
signal’s (db8) envelope curve’s maximum, the maximum location is agreed with the defect’s 
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location. Thus, for the testing signal processing, the db2 wavelet and the Hilbert transformation 
can completely meet the practical flaw’s locating characteristic parameters detecting demands. 
 

3.2 Ellipse Imaging Algorithm 
For locating and imaging the flaw, the common ellipse algorithm would be used as the 
transducer array’s algorithm. Taking 8 transducers’ array as an example, one defect locates in the 
center of the circular transducers array configured by 8 transducers. The defect, the inspiring 
transducer (T1) and receiving transducer (T2) are supposed locating at ( )

0 0
,x y , ( )

1 1
,x y and 

( )
2 2
,x y separately. The principle of the ellipse algorithm is shown in Fig. 5. 
 

T1 T2

Defect

Transducer

 
 

Fig. 5: The principle of imaging 
 

For the signal received by T2, which is inspired from T1 and reflected by the defect, the 
reflecting wave signal’s amplitude ( )m and its propagating time ( )t (the time indicates the time 2×
t3 shown in Fig. 3) could be expressed as: 

( ) ( ) ( ) ( )2 2 2 2
1 0 1 0 2 0 2 0

12 ( , )
x x y y x x y y

t x y
c

− + − + − + −
=                         (8) 

Where 12t  is the arrival time of the signal from point ( )1 1,x y for the sensor pair T1-T2, and c is the 
guide wave velocity. If 12 ( )s t  is the differenced signal between the sensor pair T1-T2 (obtained 
by comparing the healthy structure and  the damaged structure ), then ( )( )12 12 ,s t x y is the 
amplitude of the signal reflected or scattered from the  point ( ),x y . 
Suppose the standard ellipse equation is 

2 2

2 2 1x y
a b

+ =                                                                                         (9) 

where a denotes the length of major semi axis, b denotes the length of minor semi-axis, c denotes 
the half focal length of the ellipse. a , b and c satisfies the equation 

2 2 2a b c= +                                                                                  (10) 
According the guide wave phase velocity ( pc ), the long axis length ( )2a of the ellipse can be 
expressed as: 

2 pa c t= ×                                                                                    (11) 

and the focal length ( )2c  of the ellipse be expressed as: 

( ) ( )2 2
1 2 1 22c x x y y= − + −                                                              (12) 

While a c> , one ellipse could be drawn by regarding T1 and T2 as the ellipse’s two focal points 
and using ( )2a as the ellipse’s major axis length [16][17]. 
By making one transducer of the array as the exciting source and the rest transducers as the 
receiver and doing the same operation in turns, a series of ellipses can be obtained. Superposing 
all the ellipses in a fixed imaging and threshold filtering the small superposed gray values in a 
proper ratio, the defect’s location and direction will be imaged clearly. 
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4. Experiments 
 
4.1 System Setup 
For detecting the defect in the segmental curved small curvature spherical shell aluminum thin 
plate, a multi-channel ultrasonic testing system has been established in the lab (as shown in Fig. 
6). The multi-channel ultrasonic system mainly includes consists of industrial computer, 
ultrasonic incentive & receiving card, multi-channel digital output card, multi-channel gating 
switch, and ultrasonic transducer array, protection circuit and so on. 

 

 
 

Fig. 6: The multi-channel ultrasonic testing system 
 

The multi-channel ultrasonic testing system controlling software written by VC++, achieves the 
functions of multi-channel data acquisition, A scanning waveform display and the flaw imaging. 
The interface of the controlling software includes data acquisition, multi-channel gating sets, 
multi-transducers coordinate sets, data processing and any other parts (as shown in Fig. 7). 

 

 
 

Fig. 7: The multi-channel ultrasonic testing system software interface 
 

4.2 Experiments 
An small curvature thin aluminum specimen plate (radius is 400mm, thickness is 1mm) and an 
array of 8 guide wave transducers (center frequency 1MHz) with wedges are introduced. These 
transducers were pressed on the specimen and round a circle with the diameter of 400mm. The 
experimental transducer array’s configuration is shown in Fig. 8.  
The 10mm×0.5mm×0.5mm flaw’s detecting images at different threshold is shown in fig.9. The 

circular aperture’s detecting images at different threshold is shown in Fig. 10. 
 

 
 

Fig. 8: The experimental transducer array’s configuration 
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(a)threshold 0         (b) threshold 40 
Fig. 9: 10mm×0.5mm×0.5mm flaw’s images 

             
 

(a) threshold 0        (b)  threshold 40 
Fig. 10: 2mmφ circular aperture’s images 

 
By analyzing the experimental results, we obtain that: (1) the multi-channel ultrasonic testing 
system has a high detecting precision in localization and direction identification, but has a large 
detection error in size detecting. (2) the defects’ localization and direction in the large aluminum 
specimen plate can be identified accurately. Because the circular aperture’s reflecting energy is 
relatively minimal which is caused by the small reflecting surface, the detection precision 
becomes relatively low. From the analysis above, we can see that (1)the segmental curved small 
curvature spherical shell isotropic aluminum thin plate’s defect could be detected by using the 
system established in the lab, which is based on the theories of the guide wave propagating law 
in curved plate, (2)although the experimental results shows it has a high localization detection 
precision, but it needs further studying to improving the small defects detecting ability. 
 
 
5. CONCLUSION 
 
In order to meet the plate’s defects detecting demanding, based on the guided wave’s 
propagating law, the guide wave’s inspiring and receiving method and the ellipse locating 
algorithm, A series of flaw and circular aperture detecting and imaging experiments have been 
done, the results show that: the detecting method has a high detection precision in localization 
identifying, but needs a further studying for improving the detection precision for the small 
defect detecting. In this article, we only carried out one single defect detecting experiments in the 
specimen, thus, in the next period, we need to further study for two or more defects detecting and 
imaging by using it. 
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