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A B S T R A C T   

Nuclear pipes require regular inspection to prevent critical damage and extend their safe working lifetime. Ul-
trasonic inspection using phased array transducers is a Non-Destructive Testing (NDT) method used to monitor 
the condition of pipes, providing internal integrity information using multiple small transducer elements. This 
grants a controllable ultrasonic beam that provides more detail than a conventional single element transducer. 
This paper presents a hybrid simulation model to characterise phased array ultrasonic transducers for pressure 
pipe inspections. The paper focuses on identifying defects on pipe surfaces, which have total propagation path 
lengths in the order of 170 ultrasound wavelengths. Simulating inspections with such large path lengths is 
challenging due to unreliable results from numerical dispersion errors in large finite element models. The model 
presented here combines the benefits of finite element modelling with analytical extrapolation to overcome the 
issue of large propagation distances. A practical experiment demonstrates and verifies that the hybrid simulation 
model matches real world inspections. Inspection accuracy was quantified using the hybrid simulation model 
over frequency (5, 7.5 and 10 MHz) and number of elements (8, 16 and 32) to inspect two defect shapes 
(rectangular and V-shape). The 10 MHz transducer showed the highest resolution for the depth measurement, 
while the 5 MHz transducer presented the strongest penetration to inspect the defects on the pipe’s outer surface. 
The largest aperture transducer, 32 elements, brought about the most accurate defect size measurement. This 
work serves to inexpensively guide the selection and later deployment of phased array inspection tools in nuclear 
pipe defect detection and monitoring.   

1. Introduction 

1.1. Background 

Pressure pipes utilised in nuclear reactors are required to be 
inspected regularly to guarantee their suitability for their intended 
function [1]. Non-Destructive Testing (NDT) plays an important role in 
the inspection procedure, where the accuracy of the measured defect 
information is critical to ensure the safe operation of the plant. 
Currently, single-element ultrasonic transducers are commonly used for 
the inspection of the pressure pipes in the reactor [1]. A tool called 
CIGAR (Channel Inspection and Gauging Apparatus for Reactors) is 
employed in a helical scan configuration while immersed in heavy water 
within the pipe. This tool contains six focused single-element ultrasonic 
transducers with frequencies of 10 MHz and 20 MHz, which operate 
over single water path lengths of around 133 and 169 wavelengths, 
respectively [1]. 

1.2. Phased array ultrasonic transducer 

Phased array ultrasonic transducers are another technology for 
defect detection and are made up of many small ultrasound elements 
that can be triggered individually. The phased array transducers offer a 
controllable ultrasonic beam and yield more details than a conventional 
single-element ultrasound transducer. With such advances in the design 
and processing associated with phased array technology [2], there is 
scope for the current single element approach to be replaced using an 
array system. The performance of phased array technology has been 
demonstrated in several NDT applications, for example, testing of welds 
[3], pipe inspection [4] and turbine blade inspection [5]. Moreover, the 
combination of array technology and advanced signal processing has 
been applied to complex geometry components [6–8]. A key advance-
ment in phased array inspection was the introduction of the full matrix 
capture (FMC) approach and the accompanying post-processing algo-
rithm, the Total Focusing Method (TFM) [9]. This approach has been 
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extended to consider multi-mode operation [9] and angled wedge 
transduction [10]. Importantly, Zhang et al. compared TFM to two other 
imaging algorithms, phased-coherent imaging (PCI) and Spatial Com-
pounding Imaging (SCI), with TFM outperforming these other ap-
proaches for a variety of defect types [11]. 

H. Zhong et al. designed a new robot-based, phased array ultrasound 
system to inspect pressure pipes. The authors utilised CIVA software to 
simulate models before constructing the sensor. The system contains 
four phased array transducers over 360◦ to cover the entire pipe cross- 
section. The paper demonstrated the system successfully identified 
machined defects outside the pipe. However, the paper does not include 
a quantified analysis of measurement accuracy [12]. Similar techniques 
are presented in Ref. [13], which is used to inspect elbows inside pres-
sure pipes. The system achieved a maximum deviation of 1.7 mm and a 
maximum error of 20% [14]. utilising a CIVA model to design a flexible 
phased array probe to inspect irregular curvature geometry pipe of 
welds. The results show the flexible probe can accurately measure de-
fects, whereas the conventional probe cannot, owing to its flexibility. J. 
Si et al. presented a CIVA simulation for small pipes inspection using 
phased array ultrasound and verified results using a physical transducer 
[15]. Under the simulation setup, the results show the simulation error 
can reach 50%. 

Phased array ultrasonic transducers have been used and demon-
strated capabilities to inspect pipe in many publications. However, 
depending on the application, the transducer parameters need to be 
properly optimised to minimise errors. Simulations of the phased array 
transducer beam form are critical in such development and optimisation 
processes. To understand the physics of phased array transducers and 
explore the potential benefits of applying phased array technology in the 
inspection of pressure pipes, a simulation programme can be used to 
inexpensively consider the performance of an ultrasonic array trans-
ducer operating in FMC data acquisition mode and subsequent imaging 
implemented using TFM. 

1.3. Finite element modelling 

In recent years, a number of simulation approaches have been 
investigated in the ultrasonic NDT field utilising commercial Finite 
Element (FE) tools such as OnScale [16,17], COMSOL [18,19], and 
POGO [20], as well as FE modules used in CIVA [21]. FE models can be 
used to determine an ultrasonic transducer’s operational parameters and 
how it operates within the desired component geometry, which are 
helpful for advancing the technology with minimal expense. Hence, in 
this pressure pipework, it would be advantageous to utilise FE simula-
tion tools. However, the challenge of the modelling of the pressure pipe 
inspection is that high frequency transducers (10 MHz and 20 MHz) are 
currently used in the process, with a two-way propagation path in heavy 
water of approximately 40 mm for 10 MHz transducer and 25.4 mm for 
20 MHz transducers. For a conventional FE modelling approach, this 
creates two serious issues: unreliable simulation results due to numerical 
dispersion errors [22,23]; and prohibitively long simulation times when 
modelling the entire system. This may be remedied by a hybrid simu-
lation approach. 

1.4. Hybrid simulation 

Hybrid simulation methods have been developed and used in ultra-
sonic NDT inspection scenarios to solve the simulation problem where a 
single model cannot be used reliably. Zhang et al. described a hybrid 
approach to predict the scattering coefficient matrices of defects [24]. A 
combination of the FE package ‘Abaqus’ and a Kirchhoff model was used 
to simulate the interactions between the wave and the defect, with a 
ray-based approach used to model the wave propagation region. This 
method was able to simulate longitudinal waves, shear waves and wave 
mode conversion effects. 

A generic hybrid model for analysing the ultrasonic wave 

propagation in bulk electrodynamics was introduced by Rajagopal et al. 
[25]. An interface between two FE model-domains (modelled in Abaqus) 
was applied using a generic wave propagator. The usefulness of this 
method was demonstrated in its application to the ultrasonic wave 
propagation and scattering problem. 

Han et al. presented modelling work of pipe inspection by utilising a 
hybrid 2-D acoustic transfer function (ATF) approach to simulate indi-
vidual cross-sectional areas and then assemble these to represent the 
component [26]. This method was shown to have an accurate estimation 
of the longitudinal, torsional and flexural wave modes in the pipe. 

A 3D hybrid model was developed by Masmoudi and Castaings to 
simulate air-coupled inspection of composite samples, combining a fast 
3D simulation in COMSOL with the Kirchhoff integral [27]. Another 
hybrid simulation combined both FE and Waved Based (WB) methods 
for analysing poro-elastic materials [28]. The FE-WB modelling tech-
nique contained three parts: FE model, WB model and direct coupling 
between them. This approach benefited from the advantages of the WB 
method and FE model to improve the convergence rates for the model of 
the analysis of poro-elastic materials. 

Zuo et al. proposed a Semi-Analytical Finite Element (SAFE) method 
coupled with a Perfectly Matched Layer (PML) to investigate guided 
wave behaviour in embedded waveguides with arbitrary cross sections 
[29]. 

Shen and Giurgiutiu made use of a Combined Analytical Finite 
element model Approach (CAFA) to simulate a Lamb wave damage 
detection technique [30]. This method utilised frequency and direction 
dependent complex-valued coefficients to model the Lamb wave damage 
interaction, which achieved good performance in accuracy and effi-
ciency comparing to full-scale FE simulation and experiments. 

Shi et al. presented a hybrid simulation method using numerical code 
combined with boundary integration formulae to calculate the received 
waves in the time domain, where the simulation performance is largely 
dependent on the reliability of the coupled numerical integration [30]. 

Dobie et al. proposed a combination of Linear Systems Model [31] 
and Local Interaction Simulation Approach (LISA) [32] propagation 
model to simulate an air-coupled ultrasonic scanning platform [33], 
which provided a solution for the high computational time associated 
with complex geometries. 

An efficient hybrid FE modelling linking CIVA and Abaqus simula-
tion modules through an interface is presented by Choi et al. [34]. They 
improved the boundary absorption, meshing algorithm and computa-
tional efficiency of the FE modelling to achieve a fast 3D simulation in 
ultrasonic NDT. 

2. Aims, objectives, and contributions 

The aim of this paper is to introduce a hybrid modelling approach to 
evaluate the potential of utilising TFM imaging to replace the existing 
transducer head arrangement. The simulation model is used to investi-
gate different array configurations to find a potential solution for the 
sensor head replacement. The software package OnScale is used for the 
FE simulation aspects, as it has been previously implemented in NDT 
and uses an explicit time-domain approach for rapid simulation time 
[16,35,36]. 

The state-of-art ultrasound phased array modelling uses Finite 
Element modules [17]. In such a conventional approach there are two 
key issues: unreliable simulation results due to numerical dispersion 
errors, and prohibitively long simulation times when modelling the 
entire system [22,23]; these are problematic during simulations. The 
new approach presented in this paper is a combination of the hybrid 
modelling approach and the advanced TFM imaging approach, which 
provides an efficient simulation to evaluate inspection scenarios where 
the propagation path length is large with respect to the wavelength of 
the ultrasonic system. 

In this paper, a simplified inspection scenario will be used to develop 
an efficient hybrid simulation model to overcome the influence of 
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numerical dispersion errors associated with high frequency ultrasonic 
phased array inspection of thin metallic pipes with large diameters with 
respect to the ultrasonic wavelength. Accurate representation of the 
inner diameter (I.D.) and outer diameter (O.D.) surface condition is the 
goal of these pressure pipe inspections, and Fig. 1 (a) presents the cross- 
section and longitudinal section geometries of interest. Interestingly, as 
the goal is to image defects on the I.D. and O.D. surfaces, conventional 
TFM through the fluid load medium alone can be used for the I.D. case, 
with the more complex situation involving refraction at the I.D. surface 
interface only used for inspecting the O.D. surface. The hybrid simula-
tion models for high frequency ultrasonic phased array inspection pro-
duce high-resolution TFM images of the I.D. and O.D. surfaces. The 
application of the model for diverse array configurations gives useful 
information for the sensor replacement in pressure pipe inspection. 

To model the impact of array size and ultrasound excitation fre-
quency on the measurement accuracies when inspecting different types 
of pipes, two defect directions (axial and circumferential) on both sides 
of the pipe are considered, as shown in Fig. 1. 

The definition of the phased array hybrid simulation model, 
including the geometry, is described in Section 3. The surface imaging 
algorithms to identify the defects on the pipes’ internal and outside 
surfaces are introduced in Section 4. The verification of the model is 
presented in Section 5. The model is utilised in Section 6 to quantity the 

impact of array configurations on inspection accuracies, followed by 
conclusions in Section 7. 

The main contributions of this paper are: 

• A novel hybrid simulation model representing high frequency ul-
trasonic phased array inspections to produce high-resolution TFM 
images for nuclear reactor pipes  

• Novel surface imaging algorithms measure the width and the depth 
of defects on the pipe surface. 

• The novel hybrid model and surface imaging algorithms are vali-
dated on practical examples.  

• Quantification of the impact of the transducer’s element number and 
excitation frequency on inspection accuracy. 

3. Phased array hybrid model 

3.1. Hybrid model simulation 

In this work, a 2-D hybrid simulation model of phased array in-
spection is developed by combining OnScale with a simplified but ac-
curate analytical extrapolation approach to overcome the inherent 
restrictions in using a full-scale FE model. The 2-D hybrid model con-
tains five subsequent components: H1 (Ultrasound transmission), H2 

Fig. 1. (a) Inner I.D. and Outer O.D. Surfaces of a pressure pipe. (b) Axial and circumferential defects on pipe surfaces. (c)–(f) transducer position relative to 
various defects. 

Fig. 2. Decomposition of phased array hybrid simulation model.  
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(Transmission extrapolation), H3 (Target interaction), H4 (Reception 
extrapolation) and H5 (Ultrasound reception), as shown in Fig. 2. Each 
element of the phased array transducer is activated in sequence, with all 
the elements acquiring the echo signals for each transmit activation. All 
five processes (H1-5) are executed consecutively. The ultrasound 
transmission, target interaction and ultrasound reception parts are 
modelled by the FE tool to gain benefit from its accurate analysis of the 
wave interaction, while the wave propagation is determined using an 
analytical extrapolation method for the purpose of computational 
efficiency. 

3.2. Finite element method 

In Fig. 2, H1 is defined as the ultrasonic transmission which simu-
lates multiple elements generating ultrasound. The number of the ele-
ments is configurable, and each element is driven using a Ricker wavelet 
with a specified frequency to simulate the generation of ultrasonic 
pressure at the front face of the array. A 1 mm water layer is added onto 
both sides of the transducer to extend the width of the model, and an 
absorbing boundary is set to eliminate reflections from the model sides. 
When the waves are transmitted, a recording line is located at a specified 
distance Gap1 from the transducer and across the full aperture to record 
the propagating signals at each iteration of the FMC data acquisition. 

These signals are saved for use by the extrapolation phase, H2, of the 
model. The ultrasonic reception model H5 uses reciprocity with respect 
to the transmission process, while the extrapolation waves from H4 are 

loaded into the model from the recording line and every array element 
records the returning ultrasonic echoes from the pressure pipe. 

The final FE model H3 simulates the target interaction of the pressure 
pipe inspection. After the operation of extrapolation through H2, the 
transmitted waves are loaded as an input of the H3 model, where a 
thickness of Gap2 between the loading line and the pipe wall is included. 
Since the loading line is used for recording the echo wave as well, Gap2 
should be long enough to let the recorded transmitted wave be 
completely loaded into model H3 to avoid unwanted signals being 
recorded. 

3.3. Extrapolation method 

The transmission (H2) and reception (H4) wave propagations make 
use of the Kirchhoff extrapolation method which combines Green’s 
function [37] and Huygens’ principle to project the high frequency wave 
propagation through the homogeneous load material. Huygens’ princi-
ple states that for a straight wavefront, every point on the wavefront can 
be seen as a new source of a spherical wave. Hence, the stored data from 
the FE models are available to be the new source for wave propagation. 
When the wave pressure data and time information from the FE model 
are stored, the wave can be extrapolated to a full response at any arbi-
trary location. This is accomplished using the OnScale extrapolation 
function. 

4. Surface imaging algorithm 

4.1. Inner surface defects 

The main defects on the reactor pressure pipes are situated on the 
pipe surface and consist of axial/circumferential cracking and pitting. 

TFM is a popular and reliable phased array imaging algorithm and can 
be used for the imaging of pipe inner and outer surfaces. An acquisition 
of FMC data is required for the TFM algorithm by triggering the first 
element of an array transducer to transmit waves, receiving the echo 
waves by all the elements and then triggering the second element to 
repeat the process until all the elements have been fired. TFM uses the 
echo data focusing on a high resolution mesh of the target area to 
combine the contribution from each of the array elements [9]. The in-
tensity of an arbitrary pixel in the image I(x,y) is given by Eq. (1).  

where N is the number of the elements of the array transducer, fTx,Rx(t) is 
the wave propagation function and c is the wave velocity in the test 
object. 

The TFM algorithm in Eq. (1) can be applied to image the I.D. surface 
directly on both axial and circumferential directions by using water as 
the only medium in the algorithm. This method makes the defects on the 
I.D. surface visible, and the defect depth information can be measured 
from the defect bottom to the I.D. surface. 

4.2. Outer surface defects 

4.2.1. Axial direction 
O.D. imaging algorithm involves two materials: fluid, and solid; 

requiring a more complex calculation. A combination of Fermat’s 
principle and Snell’s law provides a solution to determine the time in-
formation through ray tracing [38]. Fig. 3 presents an array element 
situated at point A triggered to transmit an ultrasonic wave to reach 
point B within the pipe wall via point P on the interface. Following the 
application of Snell’s law, the x-coordinate of P can be obtained by 
solving Eq. (2), where c1 and c2 are the wave velocity in water and pipe, 
respectively. 

(xP − xA)
/ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(xA − xP)
2

+ yA
2

√

(xB − xP)
/ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(xB − xP)
2

+ yB
2

√ =
c1

c2
(2) 

Once the time information of the ray tracing of the target area are 
calculated, the TFM algorithm for the second layer medium in Eq.(3) can 
be employed to image the O.D. surface.    

Fig. 3. Ultrasound path for the TFM image to inspect axial defects on the pipe 
outer surface. 

I(x, y) =
∑N

i=1

∑N

j=1
f Tx,Rx

⎛

⎝

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
xTx,i − x

)2
+

(
yTx,i − y

)2
√

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
xRx,j − x

)2
+

(
yRx,j − y

)2
√

c

⎞

⎠ (1)   
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The solution of Eq. (2) encounters difficulty when the denominator is 
infinitely small. A computationally efficient solution [39] uses a time 
map to support the ray tracing function. Herein, the time map represents 
the time of flight from an array element to every pixel in the desired 
image space. This is repeated for every array element, with the reception 
time of flight implemented using reciprocity. Hence, when determining 
the overall path length during the TFM imaging algorithm, these time 
maps are used as an effective look-up table instead of the mathematical 
approach utilised in Eq. (2). 

4.2.2. Circumferential direction 
The TFM imaging of the circumferential O.D. surface has additional 

difficulty acquiring the time information from the second medium. In 
order to obtain accurate time information for TFM images, a combina-
tion of Snell’s law (Eq. (4)) and cross product (Eq. (5)) is proposed to get 
the numerical solution of the time map for TFM imaging (Eq. (6)). This 
innovative numerical solution is based on the coordinate system in Fig. 4 
with the origin O situated at the centre of the pipe cross-section. The 
transducer is located symmetrically to the y-axis and immersed in water 
with sound velocity, c1. The sound velocity in the pipe is c2. In terms of 
arbitrary point in the second medium, such as point B, ultrasound is 
transmitted from the transducer at point A to point B via the point P on 
the pipe inner surface. 

sinθ1

sinθ2
=

c1

c2
(4)  

⃒
⃒
⃒PO̅→
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⃒
⃒
=
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=
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⃒
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⃒
⃒
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⋅
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Solving Eq. (6), the x-coordinate of P, xP, can be obtained. It can then 
be used for calculating time information of wave propagating from A to 
B, which can be put into Eq.(3) for TFM imaging. 

5. Verification of hybrid simulation model 

The verification of the hybrid simulation model was done by com-
parison with experimental inspection, with results described in this 
section, utilising the acquired FMC data and the introduced TFM im-
aging methods. Only the inspection in the axial direction is presented, 

where a 10 MHz transducer is immersed in water to inspect a plate with 
defects on both sides of the surface. A plate is utilised herein because the 
transducer is significantly smaller than the pipe diameter. The section 
under the transducer can be approximated as a small plate due to the 
area of interest being small in comparison to the pipe curvature. In 
addition, it is difficult to machine rectangular blocks and defects inside a 
round pipe. 

Full parameters for the simulation are shown in Table 1, and the 
experiments have the same corresponding configuration. A 5 mm thick 
flat titanium plate (having the same crystal structure as a zirconium 
CANDU nuclear pipe) is employed as the test object with a defect size of 
0.5 mm depth and 0.3 mm width, which relates to the reportable defect 
sizes [1]. In the experimental work, the defect size was verified by a 
replication process combined with the use of an optical microscope and 
was measured to be 0.504 × 0.300 mm2. The mesh size of FE model is set 
to 20 points per wavelength (7.4 μm). The time step is 0.75 μs, which is 
the time cost to transverse longitudinal wave across the titanium plate. 

The experimental setup is shown in Fig. 5 and includes a water tank 
with a titanium plate, a phased array transducer connecting to an array 
controller and a computer as the user interface. The transducer is 
manufactured by Vermon, with a 10 MHz centre frequency. The trans-
ducer elements are excited by the array controller FI Toolbox from 
Diagnostic Sonar Ltd. The user interface uses the software tool cueART 
[40] to configure the array data acquisition. When the FMC data is 
stored, the surface imaging algorithms are applied to the I.D. and O.D. 
inspection images. For comparison, the experiment is simulated sepa-
rately using FE module in CIVA software [21], which is one of the 
existing simulation techniques. The results are shown in Fig. 6. 

Fig. 6 presents the simulation and experimental results of I.D. and O. 
D. inspection by using the 32 elements phased array configuration to 
detect a notch defect on the surfaces. The left-hand side images present 
the simulation results while the right-hand side shows the experimental 
results. The TFM images cover the transducer length on the horizontal 
direction. Due to the wave velocity in titanium being higher than that in 

Fig. 4. Ultrasound path for the TFM image to inspect circumferential defects on 
the outer surface. 

Table 1 
Parameters of simulation configuration.  

Items Parameters Values 

Transducer Element number 32 
Central frequency 10 MHz 
Element size 0.275 mm 
Pitch 0.3 mm 
Wavelength in water 0.148 mm 

Titanium plate Thickness 5 mm 
Defect Depth 0.5 mm 

Width 0.3 mm 
Water path Length 12.7 mm  

I2nd(x, y) = Σ
N

i=1
Σ
N

j=1
fTx,Rx

⎛

⎝
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)2
+
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)2
√

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
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)2
+

(
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)2
√

c1
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
xB−xp,i

)2
+

(
yB−yp,i

)2
√

+
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water, a longer wavelength can be found in the O.D. images. In each 
figure, the defect position has been indicated by a magenta dotted 
rectangle in the image. High-resolution images can be found in both I.D. 
and O.D. surfaces. Importantly, the defect has a strong echo and clear 
indications of surface breaks. Excellent correlation between the simu-
lated and experimental datasets has been demonstrated, with the po-
tential to measure the defect dimensions more accurately. With this 
verification done, we can proceed to use the simulation to characterise 

transducer performance generally. As shown in Fig. 6, the simulation 
results, created using the conventional FE approach, can detect the de-
fects but can have difficulty measuring the dimensions of the defect. This 
is due to the limitations mentioned in Section 1. The results generated by 
the algorithms presented in this paper are closer to the experiment re-
sults using the Vermon phased array transducer. 

6. Simulation data analysis for a range of array configurations 

6.1. Investigating array configurations 

To select a suitable array configuration for inspection of pressure 
pipes, a number of simulations have been conducted to consider the 
impact of different central frequencies and array element numbers on 
the detection of defects situated on the Axial I.D. (AID), Axial O.D. 
(AOD), Circumferential I.D. (CID) and Circumferential O.D. (COD). 
Table 2 denotes the details of the array configurations, frequency, and 
the number of elements used to predict the results of inspecting two 
different defect types, shown in Fig. 7. The array dimensions are based 
on conventional array imaging design techniques. Here, the array 
element pitch is constant with respect to operating frequency, and 
hence, an increase in the number of elements will increase the active 
aperture. The defects are representative of rectangular pitting and V- 
shaped pitting. These two defects are representative of the defects 
typically encountered in a nuclear pipe inspection to test the ability of 
the array and post-processing algorithms. 

Fig. 5. Validation experiment setup.  

Fig. 6. TFM images comparison for 32 elements transducer inspection: simulations using the new hybrid model of (a) I.D. surface and (d) O.D. surface; experiments of (b) I.D. 
surface and (e) O.D. surface; simulations using the conventional approach of (c) I.D. surface and (f) O.D. surface. 

Table 2 
Diverse array parameters.  

Central 
frequency 
(MHz) 

5 MHz 7.5 MHz 10 MHz 

Element size 
(mm) 

0.55 0.41 0.275 

Pitch (mm) 0.6 0.45 0.3 
Element number 8 16 32 8 16 32 8 16 32 
Active aperture 

(mm) 
4.8 9.6 19.2 3.6 7.2 14.4 2.4 4.8 9.6  

Fig. 7. Defect types and dimensions (a) rectangular defect; (b) V-shape defect.  
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6.2. Inner surface TFM imaging analysis 

The measurement results of the single medium TFM imaging used for 
the defect inspection on the I.D. surfaces are shown in Figs. 8 and 9, 
respectively. All the measurements are based on the −6 dB drop method. 
The method utilised a position where the signal drops to −6 dB of the 
maximum amplitude of the edge of the defect [41]. As presented in 
Figs. 8 and 9, the sensors successfully detected the defect. However, the 
defects were grossly overestimated with some sensor configurations. For 
the rectangular defect on AID (Fig. 8) and CID (Fig. 9), the measurement 
errors are below 20%. However, the depth measurement result of the 

V-shape defect is overestimated by 19% by both 7.5 MHz and 10 MHz 
configurations, whereas the 5 MHz array provides a more accurate 
result, with only a 12% error with respect to the true defect depth of 0.5 
mm. In terms of defect width results, a trend can be observed in both 
Figs. 8 and 9 where higher operating frequency tends toward the actual 
width value of 0.5 mm for both rectangular and V-shape defects. Both 
7.5 MHz and 10 MHz with 32 elements demonstrated similar defect 
measurement accuracy, below 4%. 

Fig. 10 shows a comparison between TFM images using different 
number of elements and 10 MHz excitation frequency. Defects can be 
observed in the images generated by each configuration, with higher 

Fig. 8. AID Rectangular and V-shape measurement results with different sensor configurations.  

Fig. 9. CID Rectangular and V-shape measurement results with different sensor configurations.  
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Fig. 10. CID TFM images produced by different defect shapes and transducer configurations. (a)–(c) Rectangular defects when using 8, 16, 32 elements 10 MHz 
transducer. (d)–(f) V-shape defects when using 8, 16, 32 elements 10 MHz transducer. X axis represents x-coordinate. Y axis represents depth. Units are mm. 

Fig. 11. AOD Rectangular measurement results with different sensor configurations.  

Fig. 12. AOD TFM Images when inspect a rectangular defect. (a) The sensor is 5 MHz. (b) The sensor is 10 MHz. X axis represents x-coordinate. Y axis represents 
depth. Units are mm. 
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element numbers producing the highest fidelity images and accurate 
defect sizing. Furthermore, when using 32 elements, the I.D. has a fully 
broken surface which can enhance the defect detection capabilities in a 
practical situation. 

6.3. Outer surface TFM imaging analysis 

The generation of outer surface TFM simulated images are more 
complex for both axial and circumferential inspections, due to reflection 
and refraction at the water-pipe interface. Fig. 11 presents the width and 
depth measurements for AOD rectangular defects. The measurement 
results are similar for both 7.5 MHz and 10 MHz operating frequencies. 
When using a 5 MHz transducer, the measurement accuracy is signifi-
cantly degraded. The 5 MHz and 8 elements transducer shows the 

poorest results accuracy (120%) due to its large relative wavelength. 
Nevertheless, the 5 MHz configuration provides an excellent defect 
width measurement result, when using either 16 and 32 elements, since 
the defect echo can be completely isolated from the O.D. surface, 
whereas this feature is not observed in the 7.5 MHz and 10 MHz image 
data. Fig. 12 shows the raw TFM images using a 5 and 10 MHz sensor to 
inspect AOD. 

In terms of the V-shape defect on the AOD, it is difficult to find the 
defect tip information, as the echoes from the defect tip are weakly 
received. Fig. 13 is an example of the AOD TFM image from a 10 MHz, 
32 elements transducer. Even though there is no strong tip echo from the 
V-shape defect, when applying more array elements, an obvious broken 
surface can be seen from the C.O.D. surface that indicates the presence of 
a defect. This difference is highlighted in Fig. 14, where the same 
measurement on the C.O.D. surface is more apparent, resulting in better 
detection and measurement of defects. 

With regard to the TFM images from the inspection of defects on the 
O.D. surface, the defect depth measurement results are consistent when 
using 32 elements for rectangular defect inspection scenarios, with 
similar results for the V-shape defect across all frequency configurations. 
Overall, lower numbers of elements make it difficult to identify either of 
the defects. When using 5 and 10 MHz transducers to measure the depth 
of the rectangular defect, the errors are below 6.7%. When using these 
two transducers to measure the depth of the V-shape defect, the errors 
slightly raised, between 10% and 20% smaller than the nominal value. 

For all the defect width measurements, 32 element arrays bring 
about more accurate results as illustrated in Fig. 15. The error drops 
from a staggering 1272%–8%. The echo from the defect is typically weak 
and mixed with outer surface echoes, which is hard to identify especially 
using a transducer with a smaller number of elements. 

Fig. 16 shows the raw TFM images when using 5 MHz and 10 MHz 
array transducers for COD inspections. Here, the lower operating fre-
quency provides a stronger penetration in which the broken outer sur-
face feature is even present in the 8-element configuration and 
completely separated defect information can be identified in 16 and 32 
elements configurations. Conversely, the higher frequency supplies a 
weaker penetration where the defect echo is not separated from the 
surface for the entire element configurations. However, the 10 MHz 
transducer offers a higher resolution for the depth measurement due to 

Fig. 13. 10 MHz 32 elements AOD TFM image generated for V-shape defect. X 
axis represents x-coordinate. Y axis represents depth. Units are mm. 

Fig. 14. 10 MHz 32 elements COD TFM images generated for V-shape defect. X 
axis represents x-coordinate. Y axis represents depth. Units are mm. 

Fig. 15. COD Rectangular measurement results with different sensor configurations.  
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its shorter wavelength. 
Overall. The 10 MHz transducer showed the highest resolution for 

the depth measurement and is most sensitive to detect defects, while the 
5 MHz transducer presented the strongest penetration to inspect the 
defects on the pipe’s outer surface. The largest aperture transducer, 32 
elements, brought about the most accurate defect size measurement. In 
general, high frequency (10 MHz) transducers with large element 
numbers (32) provides the best result in terms of characterisation and 
measurement of the defects, but for simple detection without detailed 
characterisation, low frequency (5 MHz) is best due to long penetration 
ranges. 

7. Conclusion 

A hybrid simulation model to determine FMC datasets for ultrasonic 
phased array inspection over long propagation path lengths has been 
presented in this work. The simulation model combines both FE simu-
lation and analytical extrapolation to overcome the influence of nu-
merical dispersion errors which would occur in a large single FE model. 
Subsequently, the TFM algorithm is used to image both the inner and 
outer surfaces of the pipe wall. Moreover, two methods to have TFM 
images in a multi-layer configuration along axial and circumferential 
directions are introduced. The validation results demonstrate that the 
simulation produces images which have an excellent correlation with 
experimentally measured TFM images. This hybrid simulation approach 
generates images which are less damped than in practice but correlates 
well with the actual defect sizes in certain configurations. The defect 
depth measurement is the most critical parameter for the nuclear in-
dustry and importantly, this is not sensitive to the number of elements 
used in the array configuration. 

This software model has been used to evaluate different array con-
figurations. Specifically, transducer frequency and the number of array 
elements are utilised in this parametric study. In terms of pipe I.D. 
surface inspection, the transducer with all the frequencies and element 
numbers provides an accurate defect depth measurement, while higher 
frequency and more elements bring about a more accurate width mea-
surement. With regards to the pipe O.D. surface inspection, a higher 
frequency demonstrates a more accurate defect depth measurement due 
to the small wavelength. But a lower frequency can supply a more ac-
curate width measurement resulting from a stronger penetration. 
Overall, the findings from this paper can be used for future research 
regarding a novel phased array ultrasonic transducer inspection scheme 
to replace the existing multi-transducer tool. A 10 MHz, 32 elements 
ultrasound phased array transducer can be used to regularly undertake 

pipe inspections. The probe can be mounted on a robot manipulator to 
access particular regions inside a nuclear facility and undertake in-
spections while maintaining a constant pose between the transducer and 
the target pipe. Importantly, this is considered a step towards the goal of 
generating high-fidelity images to minimise the requirement for the 
expensive replica process currently used to validate defect features. 
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