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a b s t r a c t

As the refueling of a sodium-cooled fast reactor is conducted by rotating part of the reactor head without
opening it, the monitoring of existing obstacles that can disturb the rotation of the reactor head is one of
the most important issues. This paper deals with the ultrasonic ranging technique that directly monitors
the existence of possible obstacles located in a lateral gap between the upper internal structure and the
reactor core in a prototype generation IV sodium-cooled fast reactor (PGSFR). A 10 m long plate-type
ultrasonic waveguide sensor, whose feasibility has been successfully demonstrated through pre-
liminary tests, was employed for the ultrasonic ranging technique. The design of the sensor's wave
radiating section was modified to improve the radiation performance, and the radiated field was
investigated through beam profile measurements. A test facility simulating the lower part of the upper
internal structure and the upper part of the reactor core with the same shapes and sizes as those in the
PGSFR was newly constructed. Several under-water performance tests were then carried out at room
temperature to investigate the applicability of the developed ranging technique using the plate-type
ultrasonic waveguide sensor with the actual geometry of the PGSFR's internal structures.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As one of the promising next generation nuclear reactors, the
sodium-cooled fast reactor (SFR), which can efficiently reduce
radioactive waste and utilize uranium resources, has received
considerable attention and development in several countries such
as France, Russia, Japan, India, and China [1e5]. In Korea, the pro-
totype generation IV sodium-cooled fast reactor (PGSFR), which is a
pool-type reactor where all of the primary components and pri-
mary sodium are located within a reactor vessel, has been under
development since 2012 [6,7]. The SFR uses liquid sodium, which
has a good heat transfer characteristic and a high boiling temper-
ature over 800 �C, as its coolant. As a result, unlike the pressurized
water reactor, a high pressure condition that keeps the coolant in
liquid phase is not required for the SFR. In addition, the SFR reuses
spent nuclear fuel from the pressurized water reactor so that the
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Daedeok-daero, Yuseong-gu,

by Elsevier Korea LLC. This is an
efficient use of uranium resources and reduction of nuclear waste is
possible. Furthermore, the SFR provides enhanced safety by
adopting advanced safety design concepts such as diverse decay
heat removal systems.

In spite having such advantages, the SFR still has some limita-
tions that should be overcome. One of them in the inspection point
of view is the opacity of liquid sodium. This restricts the employ-
ment of conventional optical tools for in-service inspection of
reactor internals. Since reactor internals in SFRs are required to
have a visual examination according to the in-service inspection
guideline of ASME B&PV code Sec. XI Div. 3 [8], several efforts have
been made to overcome this limitation with the method using ul-
trasonic wavesmainly been employed [9e15]. One of the important
issues of the in-service inspection of reactor internals in SFRs is the
monitoring of obstacles that might exist in a gap between the
reactor core and the upper internal structures. Since SFRs use the
rotation of a part of reactor head for the refueling instead of
opening the reactor head to prevent the sodium-water reaction,
unexpected accidents can occur if any obstacles exist in this gap
during the refueling process. Therefore, it must be ensured that no
obstacles that can disturb the rotation of the reactor head exist in
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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Fig. 1. The plate-type ultrasonic ranging waveguide sensor.
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the gap between the reactor core and the upper internal structures
for the safe refueling.

Several research efforts have tried to identify the existence of
any obstacles in between the reactor core and the upper internal
structures in SFRs, i.e., ranging inspection [16e19]. For the ranging
inspection in PGSFR, the authors recently developed a plate-type
ultrasonic waveguide sensor that can radiate the ultrasonic wave
horizontally into a lateral gap between the top of the reactor core
and the bottom of the upper internal structure (UIS) [20]. Unlike the
immersion-type sensors that are placed close to the object in hot
and radioactive liquid sodium, the ultrasonic transducer in the
developed waveguide sensor is installed outside the reactor head,
where is a relatively cold and low radioactive region, resulting in
better sustainability [21e23]. Through several basic experiments,
the acoustic radiation characteristics of the developed sensor and
their feasibility were investigated in the previous work.

In this work, as the next step, the applicability of the developed
sensor to the ranging inspection in PGSFRwas investigated through
several performance tests conducted in an actual geometric envi-
ronment. The design of the sensor was modified to have a better
acoustic radiation performance, and a test facility simulating the
lower part of the UIS and the upper part of the reactor core with the
same sizes and shapes as those in the PGSFR was constructed. Then
several under-water ranging performance tests were carried out
with respect to the positions of possible obstacles, and the test
results were discussed.

2. Ultrasonic ranging technique

2.1. Pre-inspection strategy for refueling in the PGSFR

Although SFRs reuse spent nuclear fuel from the pressurized
water reactor, they also require refueling to enable their ongoing
operation. In the PGSFR, the refueling is conducted using an in-
vessel transfer machine that moves by rotating the rotating plug
in the reactor head. During this refueling process, one of the most
probable obstacles that can disturb the rotation of the rotating plug
is the control rod drive mechanism (CRDM) drive line. The PGSFR
has 9 CRDMs (6 primary and 3 secondary CRDMs) installed in the
UIS. The primary CRDMs control the reactor power during the plant
operation, whereas the secondary CRDMs are activated in scram
conditions. Meanwhile, for the refueling, all 9 control rod assem-
blies (CRAs) are detached from the grippers in the CRDM drive lines
and placed in the reactor core. Therefore, for the safe refueling, it
must be ensured that the CRAs are completely detached from the
grippers and the CRDM drive lines are completely withdrawn from
the reactor core. To this end, the CRDM was designed to have
several sensor systems such as limiting switches, rotation angle
encoders, and laser displacement meters. These sensor systems can
provide information on the withdrawal of CRDM drive lines as well
as the detachment of the CRA from the gripper. However, these are
indirect verification methods because all of the signals are
measured not from the possible obstacles directly, but from the
components installed in the CRDM. This means that normal signals
can still bemeasured, even though obstacles indeed exist due to the
malfunction of the sensors or any fault of the CRDM drive lines.
Furthermore, other components of the reactor internal structures
that are unexpectedly broken can also be obstacles. Therefore, to
enhance the safety, an ultrasonic ranging technique that can
directly monitor the existence of obstacles in between the reactor
core and the UIS was additionally employed for the PGSFR.

2.2. Ultrasonic ranging sensor

To monitor the existence of any possible obstacles in a lateral
gap between the reactor core and the UIS in the PGSFR, a plate-type
ultrasonic waveguide sensor that can radiate ultrasonic waves
horizontally into the surrounding liquidwas employed. Fig.1 shows
the plate-type ultrasonic waveguide sensor for horizontal beam
radiation. It consists of an ultrasonic transducer, a solid wedge, a
waveguide, and an acoustical shielding tube. It also can be divided
into three sections: Wave generating, propagating, and radiating. A
commercial piezoelectric transducer (Krautkramer Benchmark se-
ries transducer with a 12.7 mm diameter and 1 MHz center fre-
quency) is used as the ultrasonic transducer and installed with a
solid wedge made of Lucite in the wave generating section. As the
waveguide, a 10 m long stainless steel (Type 304SS) strip 19 mm in
width and 1.5 mm in thickness is used. In addition, a 1 mm thick
stainless steel (Type 304SS) tube with an outer diameter of
25.4 mm is used for the acoustical shielding tube to prevent ul-
trasonic energy leakage into the surrounding liquid during the
wave propagation in the wave propagating section. This acoustical
shielding tube also provides a single radiating face. All parts of the
acoustical shielding tube does not contact the waveguide, except
thewave radiating sectionwhich is connected by the electron beam
welding technique.

In the wave generating section of the sensor, the longitudinal
wave generated by the transducer propagates into the waveguide
through the wedge and is then converted into a guided wave, as
shown in Fig. 2a. In this configuration, the incident angle (a) of the
longitudinal wave in the wedge should be carefully determined to
obtain the target guided wave mode in the waveguide. This angle
can be calculated by Snell's law as

aðfdÞ¼ sin�1
�

VW

CpðfdÞ
�

(1)

where VW is the longitudinal wave velocity in the wedge
(z2320m/s), and Cp is the phase velocity of the target guided wave
mode in the waveguide with a thickness d at the excitation fre-
quency f. The guided wave generated in the wave generating sec-
tion propagates along the waveguide in the wave propagating
section and is then radiated into the surrounding liquid at a



Fig. 2. (a) The working principle and (b) a photo of the wave radiating section of the
plate-type ultrasonic ranging waveguide sensor.

Fig. 3. (a) The experimental setup for the beam profile measurements. (b) Measured
beam profile in water.
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radiating face in the wave radiating section. For more efficient ra-
diation of the ultrasonic energy into the surrounding liquid, the A0
anti-symmetric Lambmode was selected as the target guided wave
mode [24,25]. Because the A0 mode Lamb wave has a significant
out-of-plane particle displacement, the radiation efficiency into the
surrounding liquid is quite higher than the other guided wave
modes in the frequency range of interest.

For the horizontal radiation of the ultrasonic wave into the
surrounding liquid, the wave radiating section should be carefully
designed to have a radiating face with a specific angle (b). This
angle can be determined by the radiation angle q (see Fig. 2a),
which can also be calculated by Snell's law as

qðfdÞ¼ sin�1
�

VL

CpðfdÞ
�

(2)

where VL is the sound speed in the surrounding liquid. Note that
the sound speed in the surrounding liquid must be slower than the
phase velocity of the target guided wave mode in the waveguide.
Based on the calculated radiation angle, the angle of the radiating
face can be determined to be b ¼ q to radiate the ultrasonic wave
horizontally, as shown in Fig. 2b.
2.3. Size modification of the radiating face

In the developed waveguide sensor, the radiating face in the
wave radiating section is a main acoustic source for the radiated
field in the surrounding liquid. Therefore, its size considerably af-
fects the radiation performance of the ultrasonic energy, and one
can expect that the radiation performance can be improved by
modifying the size of this radiating face. Consequently, to enhance
the radiation performance, the length and width of the radiating
face were modified from 18 mm to 24 mm and from 15 mm to
19 mm, respectively, to have a larger radiating area. This would
provide a higher power as well as a narrower beam width.

To investigate the radiation performance of the modified sensor,
a beam profile was measured in water with the experimental setup
shown in Fig. 3a. Since the sound speed in water is about 1500 m/s
and the phase velocity of the A0 mode Lambwave in the waveguide
with the given thickness (1.5 mm) and excitation frequency
(1 MHz) is about 2500 m/s, the angle of the radiating face was
determined to be b ¼ 37� for the horizontal beam radiation. The
incident angle in the solid wedge was also selected to be a ¼ 68� to
generate the A0 mode Lamb wave in the waveguide with the given
thickness and excitation frequency. Note that the length of the
shielding tube was shortened to be 1 m for the efficient experiment
whereas the length of the waveguide was still kept at 10 m.

In the measurements, a four-cycle tone burst centered at 1 MHz
as generated by a function generator (Agilent, 33521 A) was used as
the input signal and was amplified by a power amplifier (RITEC GA-
2500 A) before being sent to the ultrasonic transducer. In addition,
the radiated ultrasonic wave from the radiating face was measured
by a needle hydrophone (ONDA, HNR-0500, frequency range of
0.25e10 MHz) installed in an XYZ scanner. A 600 mm ⅹ 120 mm
rectangular area in the XZ plane was selected as a scanning area,
and the needle hydrophone was moved in the scanning area at
intervals of 1 mm to measure the radiated acoustic field. The
measured signals were then amplified and filtered by a preampli-
fier (ONDA, AH-1100), a noise suppressor (Orbissys, NS-0017-1 M),
and a broadband receiver (RITEC, BR-640), sequentially. A specially
designed noise suppressor consisting of a very narrow band pass
filter centered on 1MHzwas newly employed to improve the signal
sensitivity. Finally, filtered and amplified signals were processed by
the C-scan software (UTEX, Winspect) to obtain the beam profile.
Fig. 3b shows the obtained beam profile of the modified ranging
waveguide sensor. From the figure, one can clearly see that the
radiated ultrasonic wave from the modified ranging waveguide
sensor propagates horizontally with a narrow beam width. The
-6 dB beam width was measured to be about 40 mm at 600 mm
from the sensor.
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3. Ranging performance test

3.1. Test setup and procedure

To investigate the applicability of the developed ranging tech-
nique using the plate-type ultrasonic waveguide sensor in an actual
geometry of internal structures in PGSFR, several under-water
performance tests were carried out. Fig. 4 shows a test setup con-
sisting of a ranging waveguide sensor, a sensor rotating device, a
high-power ultrasonic system (RITEC, RAM-5000-3C), a noise
suppressor, a test facility, and an inspection software. The modified
waveguide sensor, whose radiation performancewas demonstrated
in the beam profile measurements, was employed and installed in
the sensor rotating device that provides the self-rotation of the
sensor. The same noise suppressor used in the beam profile mea-
surement was also employed to improve the signal sensitivity and
was connected with the receiving channel in the high-power ul-
trasonic system.
Fig. 4. The experimental setup for the ranging performance test.
To simulate the same geometric environment with that in the
PGSFR, a test facility consisting of 96 fuel assembly mock-ups
simulating the upper part of the reactor core, an UIS mock-up
simulating the lower part of the UIS, 9 CRDM drive lines, and a
large water bath was newly constructed, as shown in Fig. 5. The UIS
mock-up contains 98 thermocouple drywells, 139 flow holes, and 9
CRDM shrouds. All of the components in the test facility were
fabricated to have the same sizes and shapes as those designed for
the PGSFR. In addition, CRDM drive lines were held by vertical
moving devices mounted on the top plate of the UIS mock-up. To
obtain the resulting image, as well as the control of the sensor
rotating device, the LabVIEW-based in-house-made inspection
software called “Under-Sodium Ranging” was also employed. It
mainly consists of two parts: A motion control part and a scan
control part. In the motion control part, the initial position of the
sensor can be controlled whereas the scan control part is respon-
sible for the scanning and image processing.

In the ranging performance test, CRDM drive lines were
considered as possible obstacles in a lateral gap (50 mm) between
the reactor core and the UIS. In addition, several test cases were
considered in accordance with the vertical positions of the obsta-
cles listed in Table 1. The shapes and locations of the CRDM drive
lines are shown in Fig. 6 (also see Table 2 for detailed locations). For
the test, the initial position of the sensor installed in the sensor
rotating device was first determined by using the inspection soft-
ware. The positions of CRDM drive lines were set up by the vertical
moving device according to the test matrix shown in Table 1. Then
the scanning was conducted by the self-rotation of the sensor for
each test case.

While the sensor was self-rotated with intervals of 0.2�, an ul-
trasonic wave centered on 1MHzwas radiated horizontally and the
reflectedwavewasmeasured for each angle. The self-rotation angle
of the sensor was set to be from �60� to 60� to cover all the pre-
pared obstacles in the given configuration. A 10-cycle tone burst
Fig. 5. The ranging test facility.



Table 1
Ranging performance test matrix.

Vertical positions of CRDM drive lines from the fuel assembly mock-
up, D (mm)

#1 #2 #3 #4 #5 #6 #7 #8 #9

CASE 1 50 50 50 50 50 50 50 50 50
CASE 2 0 0 0 0 0 0 0 0 0
CASE 3 0 50 50 50 50 50 50 50 50
CASE 4 50 0 50 50 50 50 50 50 50
CASE 5 50 50 50 0 50 50 50 50 50
CASE 6 50 50 50 50 50 50 50 0 50
CASE 7 0 0 50 50 0 50 0 50 0
CASE 8 �128 �128 50 50 �128 50 �128 50 �128

Fig. 7. Resulting images for (a) no obstacle (CASE 1) and (b) all 9 obstacles (CASE 2).
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was used as the input signal and was amplified by the high-power
ultrasonic system before being sent to the ultrasonic transducer
installed at the wave generating section of the sensor. The same
wedge used in the beam profile measurements was employed to
generate the A0mode Lambwave. In addition, themeasured signals
were amplified and filtered by the noise suppressor and the high-
power ultrasonic system. Then the amplified and filtered signals
were processed by the inspection software to obtain the resulting
image.

3.2. Test results and discussions

Fig. 7a shows the test result for CASE 1, which simulates the no
Fig. 6. The shapes and locatio

Table 2
Distances and angles between the sensor and CRDM drive lines.

CRDM drive line #1 #2 #3 #4

Distance (mm) 614.9 787.3 614.9 1159.7
Angle (�) �26 0 26 �28
obstacle situation in the lateral gap between the reactor core and
the UIS. From the result, one can clearly see that no meaningful
indications are observed in the resulting image, as expected. In
addition to this, one can also see that the effect of internal struc-
tures such as thermocouple drywells and CRDM shrouds on the
measured ultrasonic signal is not significant. This means that the
beamwidth of the radiated ultrasonic wave in the vertical direction
is sufficiently narrower than the lateral gap between the reactor
core and the UIS. The test results for CASE 2 are shown in Fig. 7b. In
this case, all 9 CRDM drive lines act as obstacles that can disturb the
rotation of the rotating plug. Larger diameter regions (outer
diameter ¼ 89 mm) of the CRDM drive lines (see Fig. 6) were
ns of CRDM drive lines.

#5 #6 #7 #8 #9

1159.7 1159.7 1159.7 1520.6 1520.6
�10 10 28 �10 10



H.-W. Kim et al. / Nuclear Engineering and Technology 52 (2020) 776e783 781
positioned in the gap between the reactor core and the UIS. In spite
of the internal structures’ complexity, one can see that only
meaningful indications for obstacles are clearly observed in the
resulting image. Meanwhile, one can also see that only 5 obstacles
among 9 obstacles are identified in the resulting image. This is
because the #4, #7, #8 and #9 obstacles were located on the same
ultrasonic wave propagation path as the #1, #3, #5 and #6 obsta-
cles, respectively. Whenmore than two obstacles are located on the
same ultrasonic wave propagation path, most of the ultrasonic
energy is reflected from the first obstacle and then only the small
energy may reach others. Therefore, only 5 obstacles that were the
first ones in different ultrasonic wave propagation paths were
identified in this case.

Fig. 8 shows the test results for CASEs 3e6 simulating a single
obstacle that can disturb the rotation of the rotating plug. A total of
4 CRDM drive lines (#1, #2, #4, and #8) based on the distance from
the sensor were selected as obstacles, and the larger diameter re-
gion of each selected CRDM drive line was positioned in the lateral
gap in each case. From the results, one can see that not only the
nearest obstacle (#1) but also the farthest one (#8) are well
Fig. 8. (a) Resulting images and (b) measured signals for single obstacle cases (CASE 3:
obstacle #1, CASE 4: obstacle #2, CASE 5: obstacle #4, CASE 6: obstacle #8).
identified. Also, from the measured signals for obstacles, one can
also see that a sufficient signal-to-noise ratio (SNR) is obtained even
for the farthest obstacle. The SNR for the farthest obstacle is almost
6 dB. Meanwhile, it can be seen that wider images are observed for
the further obstacles. This is because the ultrasonic wave propa-
gates with a certain spread angle. In addition, the image trans-
formation in the cylindrical coordinates has a wider arc for the
longer distance.

The test results for CASE 7 and CASE 8 are shown in Fig. 9. These
cases simulate 5 obstacles located on different ultrasonic wave
propagation paths, i.e., #1, #2, #5, #7, and #9 CRDM drive lines.
Larger diameter regions of CRDM drive lines were positioned in the
lateral gap between the fuel assembly and UIS mock-ups in CASE
12, whereas smaller diameter regions (outer diameter¼ 50 mm) of
CRDM drive lines were positioned in the lateral gap in CASE 13.
Since all of the obstacles were located on different wave propaga-
tion paths, one can see that they are clearly identified in the
resulting images without any interferences. Although the in-
tensities of the indications for smaller diameter obstacles were
lower than those for larger diameter obstacles, all 5 obstacles were
well identified for both cases.

Fig. 10 shows the additional test results for the situation where
the shape transition region of the CRDM drive line (#9) was posi-
tioned in the lateral gap. The test results for smaller and larger
diameter regions of the same CRDM drive line were also indicated
for comparison. From the results, one can see that no reflected
signals were measured in the case where the shape transition re-
gionwas positioned in the lateral gap whereas the reflected signals
from the obstacle were well measured for the other two cases. This
is because the shape transition regionwas not perpendicular to the
wave propagation path, i.e., most of the reflected waves propagate
in other directions and not toward the sensor. This means that the
detection of obstacles is almost impossible if the shape transition
regions are positioned in the lateral gap, even though the devel-
oped ranging technique is applied. Therefore, the shape of the
lower part of the CRDM drive line should be modified to not have
the shape transition region or to have a very short shape transition
region for the better detection of obstacles in the PGSFR.

4. Conclusions

For the safe refueling of the PGSFR, it must be ensured that no
obstacles that can disturb the rotation of the rotating plug exist in a
lateral gap between the reactor core and the UIS. To directly
monitor such obstacles in this narrow gap, an ultrasonic ranging
technique using a plate-type ultrasonic waveguide sensor that can
radiate ultrasonic waves horizontally was developed. The size of
the radiating face, which is the main acoustic source for the
Fig. 9. Resulting images for (a) larger diameter regions (CASE 7) and (b) smaller
diameter regions (CASE 8) of 5 obstacles located on different wave propagation paths.



Fig. 10. Measured signals for three different vertical positions of the CRDM drive line.
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radiated field, was modified to have a larger radiating area to
improve the radiation performance. In addition, the radiation
characteristics of the modified sensor were investigated by the
beam profile measurements. Through the several under-water
performance tests conducted for the different positions of
possible obstacles (CRDM drive lines) in the ranging test facility
simulating the lower part of the UIS and the upper part of the
reactor core in the PGSFR, the applicability of the developed ul-
trasonic ranging technique in an actual geometric environment was
successfully demonstrated. The limitations of the developed
ranging technique were also discussed, and possible solutions were
suggested for improving acoustic echo measurement.
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