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a b s t r a c t

Submarine pressure hulls must withstand high hydraulic pressure and be free of defects. To improve the
precision of defect detection, we herein examined different probes for optimal defect assessment by
applying the Phased Array Ultrasonic Testing (PAUT) method. Two sets of probe design parameters were
selected by considering pressure hull characteristics and analyzed through modeling. PAUT probes were
applied, and defect assessment results were compared based on ultrasonic signals of various simulated
defects in specimens designed to be the same as actual pressure hulls. The final selected design pa-
rameters for the submarine probe, which were designed to minimize the grating lobe of wave inter-
ference effect and improve the ultrasonic resolution of pressure hull welds, were identified through the
experiment. The improvement in the probe's ability to detect defects in a pressure hull was verified.
Furthermore, the accuracy of defect length measurement was improved, enhancing the applicability of
the technique.

© 2020 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Submarines used for underwater operations have pressure hulls
fabricated from high-tensile steel to protect the equipment and
lives of crew members from the effects of high pressure. Therefore,
complete integrity of the hull is crucial. During pressure hull pro-
duction, it is important to detect all weld defects to minimize un-
necessary and costly repairs and ensure a long lifespan of the hull.
Even in countries where many submarine building projects have
been completed (e.g., USA, Australia, Sweden, and India), the failure
to detect weld defects during pressure hull production has led to
many pressure hulls being reformed after the submarine had been
completed.

To prevent errors in weld defect detection, the Australian gov-
ernment developed and applied an ultrasonic probing test method
to Collins-class submarines, similar to submarines developed
independently in Korea (Peter and Woolner, 2008). The U.S. Navy
collaborated with Lawrence Livermore National Laboratory to
develop and apply a nondestructive testing (NDT) method

specifically for pressure hull weld defect detection, which
contributed to reducing costs and ensuring sufficient pressure hull
quality (Welding source, 2017). For submarines produced and
operated in Korea, there is an increasing focus on ensuring the
soundness of submarine pressure hull welds in terms of surviv-
ability and safety.

In the case of NDT to evaluate the soundness of submarine
pressure hulls, the reproducibility and reliability of the technology
are top priorities. Accordingly, the transition from qualitative
evaluation to quantitative evaluation is required. Among the
existing NDT methods for submarine pressure hulls, Radiographic
Testing (RT) and Ultrasonic Testing (UT) are applied to locate in-
ternal defects. However, RT has many limitations, such as workers
being exposed to radiation and long testing times that can result in
production delays.

UT may involve several spurious echoes depending on the size,
shape, material, and type of object to be applied; therefore, UT is
likely to commit errors when distinguishing spurious echoes from
the defect echo. Hence, it requires sufficient training and experi-
enced inspectors. In addition, the test environment is prone to er-
rors, such as looking at the detector display in a bright place and
inspection at an elevated location. Thus, UT exhibits significant
differences in the reliability of its results, depending on the
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inspector, and there are shortcomings that contribute to the lack of
reproducibility and deviation. Therefore, the key requirement is to
improve data reliability to meet expectations and maximize the
benefits of using UT.

Technically advanced nations, such as the USA, Europe, and
Japan have developed automated UT technology after resolving the
above-mentioned problems using computing technologies and
applied them in various fields (Jyung, 1998). The phased array
technique was successfully employed for field examination of weld
joints in reactor pressure vessels. (Nanekara et al., 2013). The lim-
itations of NDT techniques used for circumferential welds were
overcome by applying Phased Array Ultrasonic Testing (PAUT) (Hu
et al., 2012). In addition, many previous studies addressed the
existing challenges of these techniques and improved the defect
detection capability by applying PAUT. Considering the material
characteristics of submarine pressure hulls, design parameters such
as quantity, frequency, and pitch of piezoelectric elements are
analyzed to propose two types of probes. The defect detection
performance of the two types of probes for pressure hulls was
verified by modeling analyses. After experimental verification, the
optimal pressure hull probe design was selected to propose a
comprehensive submarine pressure hull soundness evaluation and
enhance practical applicability of the PAUT method.

2. Principle of PAUT

PAUT is a UT method that can control various parameters, such
as the ultrasonic refraction angle, focus depth, and focal spot size in
the test materials in relation to the focal law. While the ultrasound
signal from a single piezoelectric element probe propagates in one
direction, PAUT probes contain multiple piezoelectric elements,
and irradiate ultrasound at various angles, allowing detection of
cracks from all angles. A PAUT transducer comprises individual
elements that are composed of piezoelectric crystals. To focus the
PAUT beam, time delays are applied to the array elements (Kim et
al., 2016). To ensure good directivity and minimize energy
leakage of the ultrasonic beam, the shape and location of the
focused beam must be controlled. Therefore, precise control of the
transmission delay for each element is critical. The aim of delay
computation is to determine the delay difference between an
arbitrary element and the first element (Wang and Ma, 2012).

2.1. Mathematic model of an ultrasonic phased array

The transmitted beam is focused by combining a spherical
timing relationship with a linear one to produce a beam, which is
focused over a given range and propagated at a specific azimuth
angle (Wooh et al., 2000). Fig. 1 shows the geometric relationship
between focusing and steering of phased array ultrasonic beams
inside isotropic homogeneous media. Equation (1) is used to
calculate the time delay for focusing the beam (Oh, 2010). This
generalized focusing time-delay formula is valid for any number of
array elements (even or odd) for 0e90� (Wooh et al., 2000).
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here,N is the number of elements, N¼ ðN � 1Þ=2, p is the pitch, qs is
the steering angle from the probe center, c is the wave velocity, and
F is the focus depth from the probe center.

2.2. PAUT scans

PAUT produces images of received signals via electronic control,
where each element delivers ultrasonic waves to a single probe. The
imaging method produces A-, B-, C-, and D-scans and collects in-
formation such as the defect location and size in various directions,
as shown in Fig. 2. The A-scan provides the amplitude of ultrasonic
signals as a function of time. The B-scan provides information
regarding the vertical sections of the specimens. The C-scan pro-
vides 2D images ultrasonic data displayed as a top or plan view of
the test specimen. Finally, the D-scan provides images similar to a
B-scan, but the view is at a right angle to that of the B-scan.

3. Designing PAUT probes for submarines

PAUT can obtain images with ultrasonic waves by adjusting the
focus and direction of the wave beam. The PAUT probe comprises
multiple piezoelectric elements and is configured with design
variables, such as number, width, and wavelengths of the

Fig. 1. Schematic diagram describing the method for deriving focus and steering formula of linear phased array transducers (Jung, 2018).
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Fig. 2. Scanning views of PAUT.
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piezoelectric elements. Fig. 3 shows the design variables of a
phased array probe (Jung, 2018).

3.1. Design parameter selection

Defects in the submarine pressure hull welds result in stress
concentration in that area, where the tolerable stress limit will
decrease, resulting in failure of the welds. A critical limit for the
acceptable size of a weld defect is defined. Hence, it is necessary to
precisely measure the size of the defect to determine a pass or fail.
Round defects are particularly challenging tomeasure as they result
in diffraction of the ultrasonic waves, which are bent at the edge of
the hollow regions, resulting in low spatial sensitivity of the re-
flected signal. To overcome this limitation, relevant design pa-
rameters were selected in this study. For cracks that would be
classified as defects regardless of their size, design parameters were
selected to improve the detection of small defects. Side lobes and
grating lobes result fromwave interferences and are dependent on
various design parameters of the probes, which have wide beams
and high sensitivity. In addition, evaluation of the signals can be
difficult. Thus, these factors need to be considered when designing
PAUT probes. With the aim of removing wave interference effects
and accurately measuring weld defects, we selected the number of
elements, frequency, pitch size, and width of the probes as relevant
design parameters. The procedure used to analyze the influence of
PAUT probe design parameters for analyzing submarine pressure
hulls is shown as follows:

1. Selection of the number of elements and frequencies for two
types of probes based on the characteristics of the high-tensile
steel of the pressure hull

2. Selection of the element pitch to reduce the grating lobe based
on the selected number of element and frequencies each probe
type

3. Selection of the element width based on the selected frequency,
element number, and pitch value

4. After conducting simulations for the defect detection perfor-
mance of the two probe types, their reliability is experimentally
verified

5. Selection of the most appropriate PAUT probe for the submarine
pressure hull

3.2. Selection of piezoelectric elements number and frequency

To improve defect detection in submarine pressure hulls, the
number of piezoelectric elements and frequency are commonly
selected as design parameters. In this study, both of these param-
eters were used with the aim of improving detection performance
by enhancing focusing of the ultrasonic beam. The focusing of ul-
trasonic beams involves the concentration of acoustic energy into a
small focal point, which is an important factor in increasing the
resolution of defect detection during PAUT. The number and fre-
quency of piezoelectric elements were optimized in a previous
study with respect to beam focusing, and the local acoustic field
was shown to be appropriate for analysis of the defect detection
zone.

Although the beam-focusing performance is proportional to
both the number of piezoelectric elements and their frequency,
increasing these parameters beyond a critical limit results in the
equipment becoming less cost-effective, and the circuit configu-
ration becoming increasingly complicated. In addition, grating
lobes and side lobes arise due to interference between ultrasonic
waves from numerous elements, resulting in degradation of the
detection performance. Thus, the number and frequency of piezo-
electric elements are selected to maximize cost-effectiveness,
while eliminating grating and side lobes.

When selecting the frequency, it is important to consider the

Fig. 3. Phased array probe design variables.
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size of the defects to be detected and the short-distance and long-
distance resolution. Higher frequencies (shorter wavelengths) can
more easily detect microscale defects with more sensitive direc-
tivity, where the central waves are well focused. Thus, changes in
the echo height depending on probe scanning are significant, and
the maximum echo height is easily measured. When reducing the

wavelength, both the resolution and precision of identifying the
defect location are enhanced, although defect detection becomes
more difficult due to higher dispersion in crystal grains. In addition,
as the level of reflectional sensitivity increases, it becomes difficult
to detect defects on the plane inclined towards the ultrasonic
beams. Because the use of high frequencies has both advantages

Fig. 4. Beam field results obtained with 16, 32, 64 piezoelectric elements.

M.-j. Jung et al. / International Journal of Naval Architecture and Ocean Engineering 12 (2020) 578e595582



and disadvantages, it is necessary to define upper and lower fre-
quency limits depending on the specimen material and expected
defect types.

The current status of related research was analyzed to deter-
mine the appropriate number and frequency of the piezoelectric
elements to design probes for submarine pressure hull applications.
The types of materials to be inspected vary depending on the in-
dustry; thus, the number and frequency of piezoelectric elements
are determined by the characteristics of each material and the
shape of the components.

The number of ultrasonic piezoelectric elements typically used
inmedical applications is 128e192, the number used for NDT in the
manufacturing industry is typically 16, 32, or 64 (Lim, 2013).
Furthermore, a frequency of 1.5MHz was applied to GFRP using 16
piezoelectric elements, while frequencies of 1.5, 2.25, and 3.5MHz
have been used for testing austenitic stainless steel (Nam et al.,
2012; Kim, 2016, Yoo et al., 2013). A frequency of 2.25MHz was
applied to Al using 32 piezoelectric elements, while 5MHz was

applied to CFRP and steel (Wooh et al., 1999; Abdessalem et al.,
2015). Moreover, 2 or 5MHz was applied to cast stainless steel
when using 64 piezoelectric elements, while 5MHz was used for
carbon steel (Mahaut et al., 2004; Nanekara, 2013; Nardo et al.,
2016). Typically, the ultrasonic frequency used in NDT ranges
from 0.5 to 15MHz.

Low-frequency bands (1.5, 2.25, or 3.5MHz) are typically
applied to austenitic stainless steels due to the ultrasonic charac-
teristics required to reduce attenuation in steels with a coarse
crystal structure. Furthermore, a relatively small number of
piezoelectric elements were selected to avoid grating lobes when
applying a high frequency or that the beam focusing was enhanced
by increasing the number of piezoelectric elements when applying
a low frequency (Jung et al., 2018).

The frequencies appropriate for pressure hull probes were
determined considering those typically applied to pressure vessel
materials, such as carbon steel, as well as offshore plants with a
material thickness of 22e90mm (Jyung, 1998). Furthermore, to
enable precise detection of cracks, which are considered defects
regardless of their size, we compared two types of probes, Probe A
and Probe B, with frequency bands of 5 and 10MHz, respectively.

Here, Probe A, with a frequency of 5MHz, was modeled with 16,
32, and 64 piezoelectric elements and analyzed considering the
velocity of sound in the high-tensile steel of the pressure hull. For
Probe B, a maximum frequency of 10MHz was applied to the
welded area; this frequency was selected following the common
practice of applying frequencies of greater than 10MHz to com-
ponents produced using precision casting methods, such as die
casting. To suppress the grating lobes that can occur when high
frequencies are used, the influence of the probe parameters was
analyzed using the number of piezoelectric elements with the
second-largest beam focusing of Probe A.

For Probe A, beam simulation and near-field modeling were
performed using HY-100 steel, which is the material used to
fabricate submarine pressure hulls. First, CIVA modeling software
was used for beam simulation with various numbers of piezoelec-
tric elements. The modeling conditions assumed a pressure hull
thickness of 30mm and a pressure hull diameter equal to that used
in Korean submarines. The depth of focus was 200mm. Fig. 4 shows
that the ultrasonic beam field was the highest at a depth of 50mm

Fig. 5. Calculated PAUT beam field of the transmitting transducer in the axis beam
field for 16, 32, and 64 channels (Jung, 2018).

Fig. 6. Calculated PAUT beam field for the transmitting transducer in the axis beam field as a function of depth for 16, 32, and 64 channels (Jung, 2018).
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when 16 elements were used. Similarly, the ultrasonic beam in-
tensity was the highest at a depth of 130mm when 32 elements
were used, and at a depth of 200mmwhen 64 elements were used,
as shown in Fig. 4.

In the analysis of the PAUT beam fields for the transmitting
transducer on the axis beam field using the CIVA modeling tool
showed that for 16 and 32 piezoelectric elements, beam-focusing
could not be achieved for a depth of more than 170mm. Howev-
er, when 64 piezoelectric elements were used, the ultrasonic beam
field achieved a maximum amplitude of 0.37. The modeling results
for the axis beam field through the depth of the piezoelectric ele-
ments are shown in Figs. 5 and 6 (Jung, 2018).

Further modeling was performed using a gate length of 5.0mm
and an acoustic pressure drop of 6 dB to determine the near field for
each number of elements. The center frequency was set to 5MHz,
and modeling was conducted for 16, 32, and 64 piezoelectric ele-
ments using the beam tool. When 16, 32, or 64 piezoelectric ele-
ments were used, the near field was 30, 133, or 546mm,
respectively. Hence, the near field was the widest when 64 piezo-
electric elements were used. The results of the modeling are shown
in Fig. 7. These results showed that the beam focusing effect was the
greatest and the near field was the longest when a frequency of
5MHzwas applied, and the beam focusing was higher for 32 and 16
piezoelectric elements.

3.3. Selection of piezoelectric element pitch

The pitch is the distance between adjacent piezoelectric ele-
ments, which determines the side and grating lobes resulting from
ultrasonic wave interference. Therefore, the pitch dimension is
determined in the earlier design stages of piezoelectric element
development (Yang, 2015). The defect detection capability of the
PAUT probe was enhanced by removing the grating lobe, given that
diffraction interference is relevant in our study. Therefore,
modeling with different numbers of piezoelectric elements was
conducted, and the results are shown in Fig. 8. With increasing
number of piezoelectric elements, the generated grating lobes
moved away from the main lobe according to the pitch interval of
the piezoelectric elements, thus further reducingwave interference
(Jung, 2018).

To optimize the design of Probe A and B for analysis of

Fig. 7. Near field result for 16, 32, 64 piezoelectric elements (Jung, 2018).

Fig. 8. Grating lobe variation according to piezoelectric elements (Kim, 2007).

Fig. 9. Example of a predicted ultrasonic phased array beam field as a function of
steering angle and focal depth (Oh, 2010).
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submarine pressure hulls, we selected pitch values considering the
number of piezoelectric elements and the frequency of the probes
to minimize the interference between the waves in each probe
type. CIVAmodeling softwarewas used to predict appropriate pitch
values for each probe, where a representative simulation is shown
in Fig. 9 (Jung, 2018).

3.3.1. Probe A
For Probe A with 64 piezoelectric elements, we select the

appropriate pitch to eliminate interference between the generated
waves. With increasing pitch between the piezoelectric elements,
the directivity of the beam increased. However, accurate probing is
difficult because the side lobes around the main lobes greatly in-
fluence the wave interference effects. Hence, an appropriate pitch
must be determined to ensure good directivity and reduce the in-
fluence of the side lobe. Wooh et al. reported that the pitch should
be less than half of the ultrasonic wavelength to limit the influence
of the side lobe; the pitch can be determined when manufacturing

the probe using Eq. (2) (Wooh et al., 1998).

r > l =2; r > 1:18=2 ∴ r > 0:59 mm (2)

where, r is the center-to-center distance between two successive
elements and l is the wavelength.

Figs. 10e12 show the distribution of the sound field when the
acoustic energy of the main lobe is maximized by considering the
side and grating lobes, where the pitch was selected based on Eq.
(2). The directional distribution was determined for pitch values of
0.6, 0.7, and 0.8mm and wedge angles of 35� and 70� using the
CIVAmodeling software. The largest side lobeswere generated for a
pitch of 0.8mm, while only the main beamwas generated at a pitch
of 0.6mm. Therefore, a pitch of <0.6mm is desirable. In addition,
for wedge angles of 35e70�, the side lobe was not generated and
the beamwas effectively generated. As the steering angle increased,
the beam spread increased and the ultrasonic beam intensity
decreased, as shown in Fig. 13 (Jung, 2018).

Fig. 10. Results of ultrasonic beam sound field analysis (pitch¼ 0.6mm) (Jung, 2018).

Fig. 11. Results of ultrasonic beam sound field analysis (pitch¼ 0.7mm) (Jung, 2018).
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3.3.2. Probe B
Similar to Probe A, we selected a pitch for Probe B (with 32

piezoelectric elements) to eliminate interference between the
generated waves. A pitch of 0.59mm resulted in no side lobes at a
frequency of 5MHz for 64 piezoelectric elements, where the range
of the applied pitch was limited to a maximum of 0.59mm. The
pitch was �0.59mm when the pitch of the side lobe was 0.59mm
in the case of Probe A with 64 elements. The pitch can be deter-
mined when manufacturing the probe using Eq. (3) (Wooh et al.,
1998).

r > l =2; r > 0:59=2 ∴ r > 0:29 mm (3)

Figs. 14e17 show the obtained ultrasound beam sound fields for
pitch values of 0.6, 0.5, 0.4, and 0.3mm, respectively. Side lobes

occurred at pitches of 0.6, 0.5, and 0.4mm, as observed for themain
lobe in terms of the released acoustic energy (in red). In the case of
a probe with a pitch of 0.3mm, only the main lobe was observed,
which is an ultrasonic beam incident at an intended steering angle
within the HY-100 steel (Jung, 2018). Hence, a pitch of 0.3mmwas
selected for analyzing submarine pressure hulls using Probe B with
32 piezoelectric elements.

3.4. Selection of piezoelectric element width

The optimal element width is determined based on the distance
between the defect and the probe, and the size of the defects to be
detected. As the element width is large, the short-distance near
field length must also increase accordingly; thus, it might not be

Fig. 12. Results of ultrasonic beam sound field analysis (pitch¼ 0.8mm) (Jung, 2018).

Fig. 13. Angle distribution of beams (Jung, 2018).
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appropriate for short-distance defect detection. In addition, probe
relocation is difficult in small specimens with complex shapes, and
the directivity becomes sensitive with enhanced precision of defect
location. In general, thin piezoelectric elements are easily affected
by a neutral zone or the resolution. The frequency increases with
decreasing element width as the damping effect of the material
becomes insignificant. However, as the frequency increases, the
short-distance near field length increases to the point where the
entire thickness is within the short-distance sound field. As the
frequency is reduced, the near field length is also reduced. Hence,
small high-frequency elements are required for thin test materials,
while lower frequencies must be used for thick materials as the
damping effect of the material is significant. However, in the low-
frequency case, the sound directivity has lower sensitivity, and

the defect detection performance or precision of locating the defect
degrades. To ensure a high level of directivity, the width of the
element must be increased. For thick specimens, a large low-
frequency element must be used. As for the frequency, the size of
the element affects both the directivity and short-distance near
field length. Thus, the frequency and size of an element must be
determined simultaneously.

The width of a single piezoelectric element is limited by the
corresponding grating lobes. Therefore, the element width is
selected to avoid the appearance of grating lobes at large steering
angles. The width of an individual piezoelectric element e was
determined using Eq. (4) (Olympus NDT, 2007).

e > l =2ð1:18 =2¼0:59 mmÞ (4)

Fig. 14. Results of ultrasonic beam sound field analysis (pitch¼ 0.6mm) (Jung, 2018).

Fig. 15. Results of ultrasonic beam sound field analysis (pitch¼ 0.5mm) (Jung, 2018).
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Thus, modeling was performed using the CIVA modeling soft-
ware with a maximum e of 0.59mm. The ultrasonic beam sound
field was simulated for Probe A with 64 piezoelectric elements and
a pitch of 0.6mm. As shown in Fig. 18, the largest ultrasonic beam
sound field, relative to the central axis of the piezoelectric element,
was observed for e¼ 0.5mm.

3.5. Selection and performance modeling of PAUT probe

Two types of PAUT probe parameters were derived to improve

the detection of weld defects in submarine pressure hulls, as listed
in Table 1.

PAUT probes differ in material sound velocity according to the
test material and thickness. In this study, the PAUT probe was
designed considering the sound velocity in a submarine pressure
hull made from 30-mm-thick HY-100 steel. To confirm the reli-
ability of the two probes, calculations were performed to identify
the signals reflected from defects in a welded portion of a subma-
rine pressure hull. The presence of the defects was known prior to
the experiments. The parameters for the probe and wedge used in

Fig. 16. Results of ultrasonic beam sound field analysis (pitch¼ 0.4mm) (Jung, 2018).

Fig. 17. Results of ultrasonic beam sound field analysis (pitch¼ 0.3mm) (Jung, 2018).
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the modeling, as well as the diameter of the specimen, were
determined based on the actual diameter of submarine pressure
hulls constructed in Korea. The use of HY-100 steel in the subma-
rine pressure hull was assumed, and the sound field of the ultra-
sonic beam was calculated by inserting a 1-mm pore as a defect in
the welded area. Fig. 19 shows the ultrasound field produced when
the designed probe and wedge were located on the outside of the
pressure hull.

Fig. 20 shows the sound field of the ultrasonic beam used for
detecting 1-mm porosity defects with Probe A (n¼ 64, p¼ 0.6mm,

and f¼ 5MHz). Fig. 21 shows the sound field of the ultrasonic beam
used for the detection of 1-mm porosity defects using Probe B
(p¼ 0.3mm, n¼ 32, and f¼ 10MHz). Although the 1-mm porosity
defect could be detected using both Probe A and B, Probe A was
better than Probe B in terms of its beam-focusing effect (Jung,
2018).

4. Experimental verification

4.1. Methods

To verify and quantitatively evaluate the defect detection per-
formance for defects in submarine pressure hulls, we used speci-
mens with various defects defined by the welding procedure
specification used in the field. PAUT was conducted following
standard reference block, calibration procedures and etc., used in
the ship yards that manufacture the submarines.

Fig. 18. Results of ultrasonic beam sound field analysis (Jung, 2018).

Table 1
Parameters for PAUT probe A and B.

Parameter Probe A Probe B

f (frequency) 5MHz 10MHz
n(number of elements) 64 32
r (pitch) 0.6mm 0.3mm
e(element width) 0.5mm 0.5mm
g(elements gap) 0.1mm 0.1mm
u(passive aperture) 10.0mm 10.0mm

Fig. 19. PAUT modeling of submarine pressure hull (Jung, 2018).

Fig. 20. Simulated sound field of an ultrasonic beam for the detection of a 1-mm
porosity defect using Probe A (Jung, 2018).

Fig. 21. Simulated sound field of an ultrasonic beam for the detection of a 1-mm
porosity defect using Probe B (Jung, 2018).
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4.1.1. Specimen manufacturing
The specimens were manufactured using HY-100 steel (a low

MneNieCreMo steel). Its strength and toughness are superior to
other steel plates, and its resistance to dynamic loading caused by
shock waves is excellent. A total of 13 defects were applied to
30mm of specimens, where the experiment conditions are
described in Table 2.

4.1.2. Reference condition
The reference block is a specimen made to compare and eval-

uate flaw conditions or defects; it wasmade from the samematerial
as the actual submarine. The reference sensitivity is a measure of
the sensitivity with which the system can evaluate discontinuities,
where the ultrasonic system was calibrated and acceptance/rejec-
tion levels were established based on the methodology shown in
Fig. 22.

4.2. Results

Both Probe A and B detected all of the 13 defects applied to
30mm of specimens, which verified the high precision of the PAUT
method. Both probes gave similar values for the length of defects
(1), (5), (8), and (9) in specimens I, II, and III. Defect (3) in specimen I
detected by Probe A was 5mm, while that detected by Probe B was
4mm. Defect (4) in specimen II detected by Probe A was 7mm,
while that detected by Probe B was 4mm. Defect (7) in specimen III

detected by Probe Awas 11mm, while that detected by Probe B was
6mm. Defect (10) in specimen IV detected by Probe A was 5mm,
while that detected by Probe B was 4mm. Defect (11) detected by
Probe A was 204mm, while that detected by Probe B was 196mm.
In addition, defect (12) in specimen IV detected by Probe A was
16mm, while that detected by Probe B was 6mm. Defect (13)
detected by Probe A was 6mm, while that detected by Probe B was
4mm. In summary, when defects (3), (4), (7), (10), (11), (12), and
(13) were detected by Probe A, the lengths were 1e10mm longer
than those detected by Probe B.

These experimental results verified that the design parameters
of Probe A were appropriate for thorough inspection of pressure
hull welds. Detailed defect inspection results of Probes A and B are
presented in Tables 3 and 4, respectively.

The smallest defect size in the specimenwas 4mm,with Probe B
detecting this with 1mme3mm less accuracy than Probe A. Hence,
increasing the number of piezoelectric elements achieved an
improved defect detection capability for the submarine pressure
hull. This indicated that the number of piezoelectric elements
greatly influences the range of detection. In particular, the number
of piezoelectric elements in the PAUT probe was increased to 64,
which enhanced beam focusing of the ultrasonic wave and subse-
quently the precision of defect detection.

The largest defect (11) size in the specimen was 204mm, with
Probe A detecting this defect with 8mm more accuracy than Probe
B. The defect detection performance of Probe A was improved by
using testing angles of 40e70� to expand the detection range, with
p¼ 0.6mm to reduce grating lobes and successfully removed wave
interference. In addition, Probe A gave a length of defect (12) up to
10mm longer than that determined by Probe B. As the number of
piezoelectric elements increased, the most suitable parameters
were f¼ 5MHz and e¼ 0.5mm, indicated by the reduced grating
lobe via the diffraction effect.

Furthermore, the PAUT results measured using Probe A were
compared to those from conventional UT, where the defect length
varied by only 1mm. This variation was attributed to deviations in
the results due to the skill level of the UT user. Figs. 23 and 24 show
detailed results of the C-scan of defects obtained using PAUT Probe

Table 2
Experiment conditions.

Specimen shape Plate

Material HY-100
Material thickness 30mm
Size 400mm� 500mm
Joint/groove V-groove
Welding process Flux cored arc weld
Welding defects 13
Heat input 0.38e2.18 kJ/mm

Fig. 22. Sensitivity reference block (NAVSEA, 1998).
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A and B, respectively.
The frequency was set to 5MHz for analysis of pressure hulls

made from HY-100 steel considering the directivity characteristics
of probes and the defect size as the detection limit. The number of
piezoelectric elements was increased up to 64 to enhance the beam
focusing performance. Probe B is advantageous for detecting
microscale defects as the wavelength is short. However, the
dispersion of the signal at crystal grains increases with decreasing
wavelength, so the design parameters for Probe A are more
appropriate for the intended application when considering
detectivity.

Considering defect (6) of specimen II, the D-scan from Probe A
was less clear than that of Probe B, and the resolving power dete-
riorated as a result. However, it was possible to analyze changes in
the defect pattern as most defect signals were detected based on
the back echo. Considering defect (12) of specimen IV, the test re-
sults of Probe A showed a better resolution than those of Probe B,
indicating that the images were enhanced. Hence, the selected
frequency and piezoelectric element pitch for Probe A increased the
ultrasonic resolution in pressure hull high-tensile steel, while the
grating lobe of wave interference was minimized. Accordingly, the
accuracy of defect length measurement was improved.

The A, B, C, and D-scan images of the 13 defects were deter-
mined, where those for defects (11) and (12) measured using Probe
A and B are shown in Figs. 25e28. It can be seen that the defect
inspection results of Probe A and B differed bymore than 8mm. The
imaging method produces A, B, C, and D-scans and collects infor-
mation such as defect location and size in various directions.

4.3. Submarine probe results

Considering the best performance in terms of beam focusing
and beam steering with the aim of detecting defects in a pressure
hull, the optimum number of piezoelectric elements was 64, and

Fig. 23. Experimental scans of defects (1)e(13) obtained using PAUT probe A (C-scan).

Table 3
Experimental results for PAUT Probe A.

Specimen Defect Defect length (mm) Defect position
(mm)

X-axis Y-axis

I (1) 11 5 �1.7
(2) 4 107 �1.1
(3) 5 317 3.3

II (4) 7 0 4.1
(5) 26 21 1.3
(6) 6 191 0.9

III (7) 11 3 0.2
(8) 6 146 �1.4
(9) 5 319 �2.1

IV (10) 5 2 0.1
(11) 204 35 0.9
(12) 16 290 �3.7
(13) 6 326 �3.8

Table 4
Experimental results for PAUT Probe B.

Specimen Defect Defect length (mm) Defect position
(mm)

X-axis Y-axis

I (1) 11 5 �1.7
(2) 5 107 �0.7
(3) 4 318 2.5

II (4) 4 3 �0.8
(5) 26 21 3.0
(6) 7 192 0.9

III (7) 6 7 �2.4
(8) 6 145 �0.1
(9) 5 317 �2.2

IV (10) 4 2 �0.1
(11) 196 35 1.98
(12) 6 297 �2.1
(13) 4 324 �2.4
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the most suitable frequency was 5MHz. The directionality of the
beam increases with increasing spacing of the piezoelectric ele-
ments. However, wider spacing results in the appearance of strong
side lobes around the main lobe, which reduces measurement

accuracy. Therefore, the spacing of the piezoelectric elements was
set with the aim of generating an optimized directional beamwhile
reducing the effect of the side lobes.Wooh et al. (1998) proposed an
optimal spacing for the piezoelectric elements of less than half of

Fig. 25. Experimental scans of defect (11) obtained using PAUT probe A (A-, B-, C-, D-scan).

Fig. 24. Experimental scans of defects (1)e(13) obtained using PAUT probe B (C-scan).
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Fig. 27. Experimental scans of defect (11) obtained using PAUT probe B (A-, B-, C-, D-scan).

Fig. 26. Experimental scans of defect (12) obtained using PAUT probe A (A-, B-, C-, D-scan).
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the ultrasonic wavelength to reduce the effect of side lobes. The
pitch of the piezoelectric element was set to 0.6mm byminimizing
the width of the piezoelectric element to prevent the generation of
grating lobes considering the range of detection.

The active aperture is the total active length of the probe. As the
length of the active aperture increases, the sensitivity and focal
constant also increase. As the local acoustic field zone is propor-
tional to the length of the active aperture, a maximum active
aperture of 38.4mm was applied, following Eq. (6) (Jung, 2018).

Max:Active aperture¼ r� n ¼ 0:6� 64 ¼ 38:4 mm (6)

here, u passive is a variable related to the length and depth of the
narrow beam. Its validity in relation to the length of the designed
active aperture was verified using Eqs. (7) and (8).

A>upassive;upassive >10 r (7)

38:4 mm > 10 mm; 10 mm>10� 0:6 ¼ 6 mm (8)

The parameters of the PAUT probe were derived from the cal-
culations considering the design variables of the probe, including
the beam focus and steering, as shown in Table 5.

5. Conclusion

This study examined probes for optimal defect assessment using
the PAUT method, which is designed for free steering of ultrasonic
beams to detect and evaluate defects in submarine pressure hull
welds. This represents a transition from qualitative to quantitative
evaluation for this application. To this end, the design parameters of
two types of probe were selected considering the pressure hull
characteristics and analyzed through modeling. PAUT probes were
applied and defect assessment results were compared based on
ultrasonic signals of various simulated defects in specimens
designed to simulate actual pressure hulls.

The performance of the PAUT probe for detecting defects in a
submarine pressure hull made from 30-mm-thick HY-100 steel was
simulated. The optimal PAUT probe had 64 piezoelectric elements
capable of generating ultrasonic wave at angles of 35e70�, with a
width of 0.5mm and frequency of 5.0MHz. No acoustic interfer-
ence occurred at any angle. A frequency of 5MHz was favorable for
increasing the probing sensitivity to weld defects, where the
attenuation coefficient is low and the penetrating power of ultra-
sonic beams is high in HY-100 steel. In addition, parameters were
determined for 64 piezoelectric elements to enhance the sensi-
tivity, resolution, and penetration performance of the probes. As a
result, the precision of weld defect detection was increased. Addi-
tionally, the piezoelectric element pitch was set to 0.6mm to
reduce grating lobes and successfully remove wave interference,
resulting in improved overall defect detection performance.

Table 5
Parameter design for submarine PAUT probe.

Parameter design Value

f(frequency) 5.0MHz
n(number of elements) 64
A (active aperture) 38.4mm
e(element width) 0.5mm
r (pitch) 0.6mm
g (element gap) 0.1mm
u(passive aperture) 10.0mm

Fig. 28. Experimental result of defect (12) obtained using PAUT probe B (A-, B-, C-, D-scan).
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Future research should focus on developing a wider variety of
design parameters, including the number, pitch, and size of
piezoelectric elements, considering the shape and characteristics of
submarines. The findings of such research will further contribute to
improving the reliability of soundness evaluation of submarine
pressure hull welds. The parameters of submarine PAUT probes
derived from this study are expected to contribute to ensuring
high-quality pressure hulls.
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