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It is an important work to measure the dimensions of underwater spent fuel assemblies in the nuclear
power industry during the overhaul, to judging whether the spent fuel assemblies can continue to be
used. In this paper, a three dimensional reconstruction method for underwater spent fuel assemblies of
nuclear reactor based on linear structured light is proposed, and the topography and size measurement
was carried out based on the reconstructed 3D model. Multiple linear structured light sensors are used to
obtain contour size data, and the shape data of the whole spent fuel assembly can be collected by one-
dimensional scanning motion. In this paper, we also presented a corrected model to correct the mea-
surement error introduced by lead-glass and water is corrected. Then, we set up an underwater mea-
surement system for spent fuel assembly based on this method. Finally, an underwater measurement
experiment is carried out to verify the 3D reconstruction ability and measurement ability of the system,
and the measurement error is less than +0.05 mm.
© 2023 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/).
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1. Introduction

Nuclear power is an important option for many countries as a
stable and clean source of energy. Fuel assembly converts nuclear
energy into heat energy and is an important part of nuclear reac-
tion. After the fuel assembly runs in the high pressure, high tem-
perature, and underwater corrosion environment of the reactor, the
fuel assembly may appear expansion, bending, twisting and other
phenomena. There is a risk of damage and leakage if an abnormal
fuel assembly is re-used in the reactor. Therefore, it is an important
work to measure the dimensions of underwater spent fuel assem-
blies in the nuclear power industry during the overhaul, to judging
whether the spent fuel assemblies can continue to be used [1].

Due to the high radiation dose of the spent fuel assembly, the
inspection of the fuel assembly is usually carried out in the spent
fuel pool or hot cell. Non-contact measurement and contact mea-
surement are the main measurement methods to measure the di-
mensions of spent fuel assemblies. Contact measurement mainly
adopts linear displacement sensor, while non-contact measure-
ment adopts vision sensors. The two measurement methods have
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their own advantages and disadvantages. The contact measure-
ment method has strong irradiation resistance, but the measure-
ment points are sparse. Furthermore, the contact measurement
method is time-consuming and has a risk of scratching the fuel
rods. Non-contact measurement has high measurement accuracy
and dense measurement points, but it has poor irradiation resis-
tance and many challenges in underwater applications. Siguero
et al. developed a spent fuel assemblies deformation detection
system adopted underwater LVDT probes, with a measurement
error of +0.2 mm [2]. Sasaki et al. adopted linear displacement
sensor to measure the dimensions of the fuel assemblies from
sodium-cooled fast reactor in hot cell with a measurement error of
+0.1 mm [3]. But, the above two sets of equipment are time-
consuming and the measurement points were spaced widely.
Zavyalov PS et al. proposed a sodium-cooled fast reactor's fuel
assemblies measurement system based on point structured light in
hot cell, and the measurement error was less than +0.3 mm in the
direction of measurement, but there are very few measurement
points [4]. Ahlberg and Joakim proposed a spent fuel assembly
measurement system based on four cameras and provided a 3D
model after image capture [1]. JAIWAN CHO et al. at the Korea
Atomic Energy Research Institute used structured light measure-
ment to check the deformation of fuel rods. The measurement
resolution was up to 50um at a measurement distance of 440 mm,
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but the measurement coverage of the system was limited to
20mm x 20 mm [5]. Congzheng Wang et al. realized the spent fuel
assemblies inspection base on underwater camera array measure-
ment system, and the measurement error was less than +0.5 mm
[6]. In addition, Institute of Optics and Electronics of Chinese
Academy of Sciences and China Institute of Atomic Energy jointly
developed a three-dimensional reconstruction and measurement
system of fuel assemblies for Sodium-cooled fast reactor using
linear structured light, and successfully applied it in the hot cell
with the measurement error less than +0.05 mm [7].

Since the risk of fuel assembly damage, low measurement effi-
ciency, sparse measurement points and other factors, contact
measurement has been rarely used in intense radiation underwater
environment. Visual measurement methods such as linear struc-
tured light and binocular measurement have the advantages of
non-contact and dense collection points, which are increasingly
applied in the field of nuclear industry. In this paper, an underwater
3D reconstruction method of fuel assembly is proposed. The com-
plete surface profile of fuel assembly is captured by multiple linear
structured light (LSL) sensors, combined with high-precision axial
scanning. An underwater measurement system for spent fuel as-
sembly was designed and manufactured based on this method.

2. Method
2.1. System configuration

The underwater LSL measurement system for spent fuel as-
sembly is composed of underwater LSL measuring body and control
cabinet. The underwater measuring body and the control cabinet
are connected by underwater cables. The operator remotely con-
trols the underwater measuring body at the main control computer,
at the same time, the motion process of the device is monitored by
the camera mounted on the linear structured light measurement
module.

The underwater LSL measuring body includes the driving
module, the vertical frame, the lifting platform, the underwater LSL
measurement modules, the encoder module, the counterweight
module, the clamping module, the base so on. The base and vertical
frame are the main frame of the measuring system, which are used
to install and fix the other parts. The clamping module is installed
on the base and is used to clamp the spent fuel assembly. The un-
derwater LSL measurement modules are installed on the lifting
platform, and the driving module drives the lifting platform to
move. The driving module is composed of a driving motor, a
reducer and a chain drive mechanism. One end of the chain is
connected to the lifting platform and the other end is connected to
the counterweight module. The counterweight module is used to
offset the weight of the lifting platform and measuring module. The
encoder module is used to trigger the four underwater LSL mea-
surement modules to obtain point cloud data and calculate height
value at the same time.

During inspection, the lifting platform first drops to the lower
limit, and then starts to move upward from the lower limit. When
the motion reaches zero, the encoder starts to trigger the LSL
measurement module to collect the surface contour data of the
underwater spent fuel assembly. The data collected by the four LSL
measurement modules are fused into one by the data processing
system and reconstructed the three-dimensional model [7], and the
measurement operation is carried out based on the point cloud
data.

The control cabinet is composed of PLC, main control computer,
display, main power source and other components. The PLC is used
to adopt the signal of each limit switch and send the control signal
to drive motor. The main control computer's is a control station
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with operating software and graphical user interfaces, its function
is to control underwater LSL measuring body and process the
contour data (see Fig. 1).

2.2. Underwater LSL measurement module

The underwater LSL measurement module is the most impor-
tant part of the system, which is used to obtain the spent fuel as-
sembly profile. The system consists of four underwater LSL
measurement modules, which are arranged on the lifting platform
to cover the complete section profile of the spent fuel assembly, as
shown in Fig. 2.

The linear structured light sensor consists of a camera and a
laser, which are arranged in a certain position relationship (see
Fig. 3). Camera and laser are electronic devices with limited radi-
ation resistance and not waterproof. The spent fuel assemblies,
while not in working condition, still emit large amounts of gamma
rays which will cause electronic device failure [8—10] and make the
image sensor appear irradiation noise [11,12], and then result in
lower measurement accuracy and shorter lifetime of the system. On
the other hand, LSL sensors are not waterproof and need to be
protected by sealed glass when used underwater. In this paper, a
thick lead-glass is installed in front of the underwater LSL mea-
surement module, and the lead-glass plays the role of gamma rays
shield [13,14] and waterproof. In order to further improve the ra-
diation resistance of the LSL sensor, the radiation resistant glass is
designed as a right-angle reflection prism. In addition, the thickest
tungsten alloy is installed in the direction facing the assembly,
followed by the thickest on the sides and the thinnest on the back.
The outer part of the underwater LSL measurement module is
stainless steel sealing chamber and sealing cover, used for
waterproof.

Control cabinet

Air

Underwater

vertical frame

Driving module

Lifting platform

LSL measurement

module
Encoder module

Fuel assembly Counterweight module

Clamping module
Base

Fig. 1. System configuration of the underwater LSL measurement system for spent fuel
assembly.
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Fig. 2. Installation position of underwater LSL measurement module.
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Fig. 3. Section view of the underwater LSL measurement module.

The right-angle reflection prism made of lead-glass is equivalent
to a thick flat glass in the optical path. However, when thick lead-
glass and water medium are added to the optical path of linear
structured light measurement, the light will be refracted, which
will lead to a large deviation of the measurement results. So, the 3D
reconstruction quality and measurement accuracy of the system
are reduced. This is a common problem when cameras used in
underwater due to the complexity and particularity of the under-
water environment [15—17]. In order to improve the measurement
accuracy of the underwater vision system, scholars from various
countries have done a lot of exploration and research over the
years.

LSL sensors are widely used in underwater applications [18—21].
In the early 1990s, Stephen Tetlow and John Spours [22] first pro-
posed the underwater application of the LSL sensor, but they did
not address the problem of underwater refraction introducing
measurement errors. Xie Zexiao [23] et al. and Albert Palomer [24]
et al. established the underwater LSL measurement system using
galvanometer, and put forward a calibration method to correct the
measurement error caused by refraction.

This paper established a measurement model of linear struc-
tured light in underwater environment, and the measurement error
caused by the water-glass interface and glass-air interface is cor-
rected based on the model. As shown in Fig. 4, the right-angle
reflection prism is equivalent to a thick flat glass in the optical
path. The blue-line is the intersection line between the laser plane
from the laser and the surface of the object. Point P(x,y, z) in the
coordinate system OsXsYsZs of the LSL sensor, is the point to be
measured on the blue-line. The light reflected by object surface's
point P pass through the optical path P N-NM-MOc into the camera
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of the LSL sensor. Because the measurement model of the LSL
sensor is built and calibrated in the air, the sensor considers that the
measurement point is the intersection P'(Xgw, Ygw Zgw) Which is
the inverse extension line of OcM and the laser plane. That is, the
LSL thinks that the point it's measuring comes from the green
dotted line.

After calibration of the LSL sensor in air, the camera lens focus
Oc(x1,¥1,21) is a given point in the coordinate system OsXsYsZs of
LSL sensor. The thickness of the lead-glass t value can be measured
by calipers. The refractive index of water ny, the refractive index of
lead-glass ng, and the refractive index of air n, are known param-
eters. The distance between coordinate system OsXsYsZs and the
lead-glass is d, which can be obtained by calibration. The angle
between the ray PN and the normal vector of the lead-glass inter-
face is Ow. The angle between the ray NM and the normal vector of
the lead-glass interface is 0g1. The angle between the ray MOc and
the normal vector of the lead-glass interface is 0,. According to
Snell's law of refraction:

(1)

As shown in Fig. 4, in order to analyze the coordinate relation-
ship between P(x,y,z) and P'(Xgw,YgwZgw) Points, draw a line
parallel to line MP’ through N points, and intersect the laser plane
at point P’ (Xg, Vg 2g)- Glass-air interface refraction and water-glass
interface refraction only lead to the shift of the measured data in
the Z-axis direction. The length of line segment P'P" is the offset

caused by glass-air interface, and the length of P'P is the offset
caused by water-glass interface. Then, the comprehensive deviation
caused by glass-air interface and water-glass interface can be

Nw Sin fyw =g sin g1 = Ng sin fgy = ng sin g
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Camera

Air
Radiation resistant glass

Plane of refraction

Fig. 4. Model of error caused by flat glass and water.

expressed as the following formula:

_ W
dgw = Og + Ow 2 P=gne, (6)
According to the geometric relation, then:
QN =P'Q*tan 0, (7)
sin g, — 2¢¢ VX + Vi (3)
= =
OcPr 2
‘ \/X§W+Y%+(Z1 — Zgw) PrQ = |zq| + zgw =d + zgw (8)
The offset 3 between point P’ and point P’ caused by glass-air
interface can be expressed as: P'Q=P'P +PQ=0g+d+2zgw (9)
By equations (1)—(9), then:
. /1 —sin®d,
0g=PP =t 1-——mn—oxuo (4)
ng? —sin’f,
The deviation 3,y between point P and point P’ caused by water- Simulated

glass interface can be expressed as the following formula: fuel assembly

dw=P'P=PQ —P'Q (5)

Underwater LSL \| control cabinet

measuring body

106

104

102

100

£ 100 o8
£
¥ 96
0
£ 9 %
92
80 .| 90 Fig. 6. The underwater LSL measurement system for spent fuel assemblyIn order to
i test the performance of the system, a simulated fuel assembly is designed and man-
88 ufactured and an underwater experiment is carried out. Fig. 7 (a) shows the under-
=3 86 water 3D reconstruction experiment for the underwater LSL measurement system in
Zimm) 4 3 B spent fuel pool: Fig. 7 (b)‘ shows the reconstruct‘ed 3Dlm0del Qf the s%mulated fuel
X(mm) assembly. The size of the simulated fuel assembly is consistent with the size of the real
fuel assembly. In this paper, the model is imported into Geomagic wrap 2017 for
Fig. 5. The offset of measurement value of LSL module with different X and Z processing and measurement, and the measurement results are compared with the
coordinates. actual size to verify the reliability of the measurement results.
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Fig. 7. Underwater 3D reconstruction experiment for the underwater LSL measure-
ment system.(a)Underwater experiment; (b) The reconstructed 3D model of the
simulated fuel assembly.

0g +d + zgw)tan fg
tan 6y

P —d—zgy — 0g (10)

Therefore, the comprehensive offset of the measured data of the
underwater LSL measurement module caused by the refraction of
the water-glass and glass-air interface can be expressed as:

(t <1 - 7Vi_ﬂrﬁL> +d+ zgw> n2, — sin’f,
5 W —

2
ng? —sin“t,

7d 7Zgw
1 —sin%d,
(11)

Therefore, the coordinate of the point P to be measured is:

X=Xgw,Y = Yegw (12)
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— -
—VAsinbe ) 4 d 4z |4 /n2 —sind,
\/ng? —sin’f, & w

Z:Zgw+6ng 7d

((
1 —sin?d,
(13)

According to equation (13), the derivative analysis of relevant
parameters can be obtained as follows. The offset of the measured
data of the underwater LSL measurement module due to the
refraction of the water-glass and glass-air interface is a mono-
tonically increasing function of the flat glass thickness t, and is a
monotonically increasing function of the parameter d, and is a
monotonically increasing function of the refractive index of boric
acid water ny,. In addition, the offset is related to the X-axis co-
ordinates of the point P to be measured, when Xgw <0, is a mono-
tonically decreasing function of Xgw; when Xgw>0, is a
monotonically increasing function of Xgw. Moreover, the offset is
related to the Z-axis coordinates of the point P to be measured and
increases with the increase of zgy.

In this paper, the equivalent thickness is 60 mm of the lead-glass
of the underwater LSL measurement module, and the refractive
index of the lead-glass is 1.7, and the refractive index of water is
1.33. The distance between the sensor coordinate system OsXsYsZs
and the flat lead-glass is 140.00 mm which can be calculated by
calibration. The offset of the measured data of the LSL measure-
ment module varies with the X-coordinate value and Z-coordinate
value of the measured point, as shown in Fig. 5.

3. Experiment

Fig. 6 shows the underwater LSL measuring system for spent
fuel assembly. The total weight is about 650 kg and the overall size
is 900mm x 700mm x 2050 mm. In Fig. 6, the left side is the un-
derwater LSL measurement body, and the right side is the control
cabinet. Four LSL measuring instruments with LSL sensor (KEY-
ENCE LG-200) are mounted on the upper plane of the lifting plat-
form, so the laser plane can be considered parallel to the upper
plane of the lifting platform. The verticality between the upper
plane of the lifting platform and the guide rail is +0.02 mm as
measured by Statuspro T430 and R545. The lead screw uses a high-
precision ball screw, and the pitch of the lead screw is 5 mm. The
upper end of the lead screw is connected with a 5000-line encoder
(OMRON E6D-CWZ1E), which can ensure the positional accuracy of
the scanning motion. The transformation relationship between the

stepl
step2 step3
step4 step5
step6

(a)

(b)

Fig. 8. Measurement experiment of standard part.(a) The picture of standard part; (b) The reconstruction model of standard part.
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Table 1
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The length and width of steps of the standard part, respectively measured by the coordinate measuring machine and the underwater LSL measurement system.

Area to be  Dimensions measured by the three-dimensional measuring machine ~ Dimensions measured by underwater LSL measurement system error

measured (mm)(The average of the 10 measurements) (mm)(The average of the 10 measurements) value(mm)

The width of 37.91 37.95 0.04
Step 1

The length of 74.92 74.88 —0.04
Step 1

The width of 38.93 38.89 —-0.04
Step 2

The length of 76.91 76.88 —0.03
Step 2

The width of 38.90 38.93 0.03
Step 3

The length of 78.01 77.99 -0.02
Step 3

The width of 39.90 39.90 0
Step 4

The length of 79.01 78.97 -0.04
Step 4

The width of 41.00 41.05 0.05
Step 5

The length of 80.03 80.05 0.02
Step 5

The width of 42.01 42.03 0.02
Step 6

The length of 81.02 81.04 0.03
Step 6

coordinate system of each LSL measuring instrument and the world
coordinate system was calibrated [7].

To verify the measurement accuracy of the underwater LSL
measurement system for spent fuel assembly, the standard part as
shown in Fig. 8 (a) is designed and processed. The standard part
provides 9 different sizes of steps that are close to the theoretical
size of the spent fuel assembly in length and width. The recon-
struction model of standard part reconstructed by Geomagic wrap
2017 is shown in Fig. 8(b). Table 1 shows the opposite margin
distance of the standard part shown in Fig. 8 (b), respectively
measured by the three-dimensional measuring machine (PMM
GANTRY202010, with an accuracy of +(2.2+L/350)um) and the
underwater LSL measurement system. The measurement results
show that the measurement error of opposite margin distance of
the standard part measured by the measurement system is less
than +0.05 mm.

4. Conclusions

In this paper, a method of non-contact underwater measure-
ment of spent fuel assemblies is proposed. The complete cross-
section profile data of fuel assemblies can be collected by multi-
ple linear structured light sensors which can work in radiation
environment and underwater environment, and the shape data of
the whole spent fuel assembly can be collected by one-dimensional
scanning motion. At the same time, the influence of the parameters
on the measured data of the linear structured light sensor is
analyzed, and the mathematical model of measurement error
correction is established. In order to verify the feasibility of the
proposed method, a series of underwater measurement experi-
ments were carried out. The system is verified to have the function
of 3D reconstruction of spent fuel assemblies by measuring simu-
lated spent fuel assemblies, and the measurement accuracy of the
system is verified by measuring standard blocks, and the mea-
surement error is less than +0.05 mm.
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