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Abstract

The periodic measurements of nuclear fuel geom-
etry state provide the answer about their deforma-
tion over the course of their performance in the 
nuclear reactor. A very big bunch of data can be 
obtained from the visual inspection – one of the 
most popular types of the inspection conducted 
over the nuclear fuel – mainly concerning the sur-
face state of the nuclear fuel. In the case of the 
geometry deformation measurements, using the 
visual system relays on the image postprocessing. 
This approach, however allowing obtaining a big 
amount of data for further analysis, has relatively 
low precision and is very subjective. To reach a 
higher level of precision and to be less vulner-
able to a random error more advanced system 
has to be implemented, possibly a supplementary 
system. Such an opportunity offers the ultrasonic 
(UT) system which has been developed over last 
decades. The UT measuring system, although im-
mature when compared to the visual one, has the 
steady precision of far less than 1 mm. Current-
ly, the future of the UT measuring system is very 
promising as it is being under research and de-
velopment around the world. CVR has joined this 
pursuit and the first outputs assure the advantages 
of the system, confirming the system’s precision 
oscillating around 0.1 mm. The UT system is in this 
way a perfect supplement to the visual system or 
a substitution in the case of geometry measure-
ments only.

Keywords: fuel assembly bow, assembly de-
flection, fuel failure, nuclear fuel deflection.

1. Introduction

The fuel assemblies operating inside the nuclear 
reactor core during each campaign are subjected 
to several dimensional changes. In the case of 
PWR and VVER reactors, this kind of deflection 
is basing e.g. on gradients of temperature com-
bined with the irradiation impact, lateral flow of the 
coolant and even mechanical interaction between 
the assemblies. Severe deformation can lead to 
handling problems and abnormal gaps between 
the fuel assemblies or fuel rods. The former issue 
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can further result in safety related problems like 
the Incomplete Rod Insertion (IRI); the latter one to 
e.g. local power changes across the core [2]. Peri-
odic fuel inspections are helping to determine the 
current, real state of the fuel used for a given cam-
paign. During the inspection, several parameters 
can be assessed or measured, which then serve 
as an input for examining the correlation between 
the real state of the fuel and the predicted, design 
behavior. The results of fuel inspection can also 
help to verify the calculation codes used for e.g. 
safety analyses. They serve to identify anomalies 
that could lead to problems during the operation. 
They are a very good impact for both fuel vendors 
and utilities.

The most common deformation of the nucle-
ar fuel assembly is its bow. This issue has also 
the highest influence on the handling – the me-
chanical interactions between the bowed fuel as-
semblies can cause scratches on the surface of 
spacing grids, angle pieces and even fuel rods and 
increase the forces that the refueling machine has 
to apply to manipulate with the fuel. The aforemen-
tioned IRI and the case of excessive bow of the 
fuel assembly may lead to operational safety is-
sues. It is directly related to the safe operation of 
the fuel. The bow of the guide tubes, ergo the fuel 
assembly, prevents in this way from smooth and 
safe performance of control clusters, imposing ab-
normal forces on the control rods and limiting the 
full insertion ability [1].

The information about the current state of the 
fuel assemblies can be obtained both from opera-
tion data as also the fuel inspection results. The 
operational data includes RCCA drop times and 
drag forces during core unloading or withdrawal of 
RCCA from fuel assemblies. This information can 
serve to select fuel assemblies for further detailed 
examination. The following text gives an overview 
of methods which are used to evaluate fuel assem-
bly geometry changes during the fuel inspections.

2. Visual inspection and 
postprocessing in fuel assembly 
bow assessment

There exist several methods that allow assessing 
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the deformation but the most popular one is the 
visual inspection. This is the most matured method 
and the currently used cameras are fully prepared 
to work in a harsh environment of spent fuel pools. 
During the periodic inspection, the fuel assemblies 
are placed against the camera that makes it pos-
sible for the operator to go through the assembly 
in maximal possible detail. With no difference on 
fuel type and reactor type, this method is used and 
a reasonable bunch of information can be derived 
out of it [2, 3]. Coming from the standard inspec-
tion, through the detailed inspection, it is also pos-
sible to perform whole fuel assembly measure-
ments like bow, growth, and twist. Taken photos 
or video allow applying the postprocessing work 
from behind the desk, without the need to process 
the data on-site. In this way, the material can be 
gathered in a very efficient way and the results can 
be obtained further without any time pressure. The 
image analysis from the visual inspection is the 
most efficient and simple way to provide a large 
bunch of results.

The visual method, even regular visual inspec-
tion, is a perfect tool to determine that the fuel as-
sembly bow is present. As it can be seen in Figure 
1, hence the bow is relatively advanced it can be 
seen with a bare eye. This is a good indication for 
the fuel assembly to undergo detailed inspection 
and examination in the view of its further operation 
inside the core.

Figure 1. Bowed fuel assembly at Temelín NPP [4]

As the video is taken in the way that allows 
conducting further processing of the data, it is 
possible to measure the assembly bow. Figure 2 
shows the combined photo form frame-by-frame 
video selection. In the photo, it is possible to distin-
guish also pre-prepared elements for more precise 
measurements. On the right side of the photo in 

Figure 2 there is a measuring gauge, which can be 
used as a reference line – straight over the whole 
fuel assembly. There are also rulers at the back 
of the fuel assembly – partially visible behind the 
measuring gauge and the fuel on the left side of the 
photo. The rulers can be used for direct measure-
ments during the inspection – then the camera is 
placed in line with the spacing grid edge in perpen-
dicularity to the ruler. The deviation from the initial 
state of the fuel (e.g. on the dummy assembly) ex-
press the bow of the fuel assembly at each ruler. 
Both the rulers and the measuring gauge serve 
as calibration elements in case of postprocess-
ing examination. Knowing the distance between 
two calibration points (e.g. 1 cm on the ruler), it is 
possible to determine the pixel distance between 
them. Then the measurements on several levels 
can be conducted. The more measuring levels, the 
highest resolution of the whole measurement. This 
type of bow measurement, using a camera, rulers 
and a measuring gauge, is performed for example 
at NPP Temelín NPP [3] or South Ukraine [4].

Figure 2. Picture of a fuel assembly segment with 
calibration elements - the measuring 
gauge on the right side and two rulers at 
the back.
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Although the visual inspection and visual 
method for the fuel assembly bow are the most 
simple and quick solution for fuel assembly bow 
tracking, it has a lot of drawbacks that heavily influ-
ence mainly on its precision.

The first disadvantage is that the visual meth-
od ensures no direct measurements. However the 
contactless measurements are anticipated ones, 
the visual method even with postprocessing can-
not be regarded as a direct, contactless measuring 
system. The key factor in here is the perspective 
and as it is seen in Figure 2, all elements are in 
different distance from the eye of the camera. In 
this way, 10 mm on the ruler at the back needs 
ca. twice shorter pixel string than 10 mm in the 
foreground. Measuring something in between the 
most distanced point and the closest point to the 
camera will include an error. This error can be 
limited (but not totally) by implementing measur-
ing gauges and standardization of the method. In 
Figure 3 there are presented 2 methods of fuel as-
sembly bow evaluation: standard method where 
the biggest error comes from both the perspec-
tive and human factor; and optimized one where 
the human factor is eliminated, but the systematic 
error is ca. 20% higher. The perspective is even 
more problematic when the “fish eye” issue will be 
taken into consideration. The camera’s lens has 
its own focusing abilities and in fact, the picture is 
deformed. Far from the center of the picture, the 
curvature and angle disruption has to be taken into 
account. This parameter is also influenced by the 
camera own parameters like resolution and image 
depth.

 Another disadvantage that concerns the vi-

sual inspection is the requirement of mutual move-
ment between the camera and the fuel assembly. 
As the fuel assembly has several meters in length 
and the camera (regular, not wide-angle) is able to 
embrace only a part of the fuel. Then, by rendering 
the single shot image from the video, there comes 
the issue of proper combination of the sequences 
from each frame. As it is visible in Figure 2, the im-
age fluctuations are quite high and depend on the 
movement of e.g. camera. The measuring gauge 
should be straight over the whole length and it is 
clearly visible that due to the above it meanders 
on the photo. An important issue is also the speed 
of the movement. During the visual inspection, the 
operator has to be able to see and distinguish any 
anomaly on the fuel assembly. To be in a position 
to do this, the image velocity over the height of the 
fuel assembly should not exceed for example 30 
mm/s in the case of Temelín NPP equipment, what 
should allow the human eye to accommodate. Giv-
ing the height of the fuel assembly of ca. 4500 mm, 
the single side measurements takes roughly over 
2 minutes.

The former disadvantages directly indicate the 
appearance of the human factor. The operator has 
to determine at each measuring level, at least two 
points, including also calibrating point. As the pic-
ture is blurry and disturbed by the movement of 
the visual system, then catted by frames and ren-
dered, it is very subjective which pair of pixels will 
be representing single measurements. In this way, 
the human factor and operator experience play a 
significant role in the measurements from visual 
inspection.

A factor that is even worsening the human 

Figure 3. Two methods of fuel assembly visual measurements with assessment of their errors [6]
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factor issue is the environment where the visual 
inspections are conducted. Deep underwater with 
relatively small amount of light and fluctuation of 
the water close to the heating fuel assembly, the 
image is far from sharpness and good contrast – 
this can be seen in both Figure 1 and Figure 2. In 
such conditions, it is difficult to determine the mea-
suring points with the precision of 1 pixel. In the 
case of postprocessing measurements from the 
videos taken during regular fuel inspection, 1 pixel 
can reach even 0.2-0.5 mm in the real distance so 
the error is quite important.

3. Ultrasonic measurement of fuel 
assembly geometry distortion

There exist several methods that can replace less 
precise measurements from visual inspection. 
One of them is the ultrasonic measurements that 
already has some maturity in the nuclear industry, 
like in the case of Qinshan NPP [7]. The potential 
of this method is significant and Centrum výzkumu 
Řež (CVR) has also joined the development of this 
method to apply it to the nuclear fuel measure-
ments.

The ultrasonic (UT) measurement technology 
is widely known and applied. Its advantages have 
been distinguished and appreciated since several 
decades, what results in a wide utilization of the 
UT systems in medicine and as NDT method for 
material inspection. The reason why the UT meth-
ods and systems have expanded so widely over 
the industry is certainly originating in the advan-
tages of it.

The most important advantage of the UT 
system is its non-destructive ability and when 
transferred to nuclear fuel geometrical deforma-
tion measurements, the UT systems constitute 
contactless measurements. This feature is very 
important because of total elimination of the me-
chanical interaction between a measured object 
(nuclear fuel) and the measuring system. In this 
way, the risk of mechanical damage done by the 
inspection (measuring) system is eradicated. It is 
worth to mention, that although contactless, the 
UT measurements are a direct method of mea-
suring. So, the ultrasonic measurement does not 
require any posprocessing recalibration that will 
be depending e.g. on the quality of the image or 
the existence of “fish eye” like in the case of visual 
inspection. However, as all measuring systems, 
it requires initial calibration, then it is prepared to 
produce constant outputs of measurements and is 
immune to the changes in e.g. probe-object dis-

tance. Knowing the position of the probe against 
the object, the curvature of the measured object 
can be quickly calculated with the precision to the 
number of measuring levels.

The UT measuring system, indifferent if single-
probe or phased array, is also featuring a very im-
pressive resolution of the measurements. Since 
the signal frequency is reaching several or even a 
few tens of MHz, the limiting factor is, in fact, the 
applied data acquisition system (DAS). Regular 
PLC controllers are able to embrace ca. 1000 im-
pulses per second and this is why the UT system 
requires high-speed buses for the signal transition. 
Current, advanced digital controllers or DAS with 
a high speed data compression system are able to 
work with the data string coming from UT probe. 
This is very important when the system is meant 
to be applied for nuclear fuel precise measure-
ments. As the UT probes themselves are reaching 
the precision of a single distance measurement of 
far less than 1 mm (e.g. 0.1 mm or even 0.01 mm) 
and as the pulse repetition frequency (PRF) is 
usually exceeding 1 kHz, the amount of data to be 
transported through the transfer window is enor-
mous. The overall precision of measurements of 
the UT system is in this way several times higher 
than in the case of postprocessing of the image 
from visual measurements.

Opposite to the camera system, the UT probe 
is a relatively small unit and can be used without 
any big construction or equipment. The signal is 
spreading in the transport medium (in our case it 
is cooling water) and the unit can be placed at a 
wider distance from the object without a loss in the 
precision (according to the probe’s nominal work-
ing parameters). Unlike the e.g. laser measuring 
system, the signal from the UT probe is far less 
vulnerable to the changes in coolant flow due to 
the temperature gradients within the working me-
dium.

The UT system has although some disadvan-
tages it has to face with when planned to be used 
for nuclear fuel deformation measurements. Those 
disadvantages are coming from the environment, 
where the UT probes are meant to operate. The 
R&D process that can result in improving and ad-
justing the UT systems to perform in the harsh 
conditions of e.g. spent fuel pools is still in prog-
ress [8].

 The first disadvantage that appears in here 
is the radiation field where the components are 
exposed to very high dose. Considering the dis-
tance between the UT probe and the fuel for 10 
cm, in the case of VVER-1000 fuel, the radiation 
dose that the probe must withstand can reach 14 
kGy/h according to our calculations. Considering 
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that the fuel inspection is performed annually dur-
ing the outages taking 100 h per the inspection 
period, half of which will take the measurements, 
the total exposition will reach the cumulative dose 
of 700 kGy. The radiation resistance is in this way 
a big challenge. The main component of UT probe 
is the piezo-element, inducing the signal. Current 
technology allows producing crystals that can 
withstand a cumulative dose of 600 MGy [9] and 
the electronics inside the probe can be shielded 
(trading off the small dimensions of the probe) or 
taken out to a far distance from the source. In this 
way, the technology has crossed the 20 MGy ra-
diation resistance of the UT probe. The most vul-
nerable part is in here the cable, which currently 
reaches the maximal resistance of maximally ca. 
10 MGy. The plastic, usually basing on polyam-
ide, insulation of the cable is getting embrittled 
with the radiation dose and the cable undergoes 
disintegration.

Furthermore, the environment of the inspec-
tion and measurements is harsh for a lot of mate-
rials. Being immersed several meters – 10-20 m 
– beneath the water, the UT probe has to operate 
under high hydrostatic pressure. Then, as in the 
case of Temelín NPP, the cooling water has the ad-
ditive of the H3BO3 creating solution of acid char-
acter. The materials for UT probe housing, seal-
ing, or connectors have to be carefully selected, 
so be able to withstand long-lasting exposure to 
the acid. Finally, the selected material should not 
contain particles that can become a source after 
the exposure.

The UT measuring system is a perfect tool to 
be used with the camera system during nuclear 
fuel inspection. It can be used during the video 
taking without the interference to the visual in-
spection. High precision and relatively high ra-
diation resistance allow for delivering on-site the 
data considering the geometrical state of the fuel. 
The fuel assemblies having spacing grids, e.g. 
VVER-1000, are creating perfect measuring lev-
els for such a system. This supplementary sys-
tem can clearly replace and eliminate any image 
postprocessing for nuclear fuel deformation as-
sessment.

4. Nuclear fuel measuring system at 
Centrum výzkumu Řež

The origins of ultrasonic technology used for nu-
clear fuel geometrical deformation measurement 
are at CVR dating to the year 2013. In this year 
the fuel inspection group set off the laboratory for 

testing new inspection techniques and improving 
current methodology for fuel assembly geometry 
measurement. At the very beginning, the laborato-
ry equipment was relatively poor and consisted of 
a water tank with the installation for fuel assembly 
mock-up for 3D deformation modeling. The system 
was equipped with 2 UT probes placed in steady 
positions against a small model imitating a spacing 
grid. The general outline can be seen in Figure 4.

Gradually, the laboratory started to adjust to 
more actual conditions where the first step was 
the application of a mockup of VVER-1000 spac-
ing grid, visible with UT probes in Figure 5a. New 
ideas have brought further development of the 
equipment, which was the shortened fuel assem-
bly mock-up, consisting of 4 spacing grids and 60 
dummy rods (see Figure 5b). In this way, the ex-
periments concerning non-destructive techniques 
of fuel inspection could be brought a step closer to 
simulate real conditions.

Last two years have brought further develop-
ment of the laboratory equipment and research in 

Figure 4. The outline of the UT testing equipment at 
its beginning
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methodology improvement. The water tank was 
equipped with a positioning system and multi-
channel bus-card for the probe controlling through 
the computer. In this way, the measuring level ad-
justing, the signal producing and processing, as 
also the data acquisition system are combined 
within a single computer unit. The whole system 
is able to drive 4 UT probes and the probes’ hold-
ers system is able to house also a camera. A fuel 
inspection simulation can be obtained in the labo-
ratory in a more real way.

The main principle of the experiments and 
measurements done at the laboratory is to gain 
the experience and knowledge how to process 
the signal from UT probes and how to utilize it 
in the most efficient way, answering the require-
ments of nuclear fuel measurements. During the 
conducted measurements, the system used 1 up 
to 3 UT probes of a domestic company, being a 
5 MHz probes having the crystal of 7 mm diam-
eter (2000 PRF). The measuring rig was placed 
against each immersed spacing grid (2-3) to 
have a clear signal over the height of the spacing 
grid. The whole simulation consisted of a series 
of measurements of various ranges between the 
measuring objects and the probe, coming even 
closer than the “close field” of the probe, where 
the conditions are unsteady. The distances var-
ied from 25 mm up to 150 mm and as the sig-
nal widening angle of the probe was as small 
as 1.75°, the results were very consistent over 
the distances. As the laboratory was equipped 
with the heating element, the natural convection 

of the coolant in the vicinity of the fuel assem-
bly mock-up was simulated. The test showed no 
loss in the measurements accuracy. A very good 
example of the obtained results can be e.g. the 
measurements from the range of 68 mm with the 
bow simulated for 1 mm. The representation of 
the signal over the spacing grid can be visible in 
Figure 6 as a constant and steady response, as 
was anticipated.

The median of a standard deviation of the 
simulated position on the calibration spacing grid 
was calculated as 0.034 mm and having several 
steady measuring levels over the height of a spac-
ing grid, the accuracy of a single measurement 
was oscillating around 0.1 mm as anticipated. In 
this way, the median of all the measurements was 
addressed to the center of the grid and the outline 
of the bow projection was prepared. The output of 
the measurement was the confirmation of the bow 
towards the probe axis. The measured bow was 
calculated for 1.11 mm, what slightly exceeds the 
accuracy of measurements. The profile of the bow 
can be seen in Figure 7.

The discrepancy between the expected accu-
racy and the real measured bow is supposed to 
come from the used probe and the uncertainties 
in the whole system construction. The coming ac-
tions foreseen utilization more precise UT probes 
and improvements in the mechanical system to 
limit the error. Nevertheless, the error of 0.01 mm 
above the tolerated value is not a big problem in 
the case of fuel inspection and measurements and 
in fact, can be regarded as an achievement.

Figure 5. UT testing laboratory: a) VVER-1000 spacing grid mockup with visible UT probes; b) shortened 
VVER-1000 fuel bundle mock-up
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Figure 6. The UT signal outline on the spacing grids - steady signal on the surface of the grids

Figure 7. The profile of measured bow

5. Conclusions

The visual inspection is the most popular type 
of assessing the state on nuclear fuel assem-
blies. Nevertheless, however very common, the 
measurements done by the postprocessing of 
the taken image, are laden by a big error com-
ing from e.g. the perspective and the image qual-
ity in a harsh environment of spent fuel pools 
where the inspections are performed. A very 
good supplement to the visual system is the au-
tonomic measurement by the use of UT probes. 
The current state of technology allows obtaining 
relatively high radiation resistance – 600 MGy of 
a single piezo-element and 20 MGy of the total 
unit. A drawback is although the resistance of the 
cable but the work is ongoing. The UT system 
has a very good precision of the measurements, 
reaching 0.1 mm, what was confirmed at CVR. 
The system is also in only minor dependence on 
the physical properties of the medium like tem-
perature and fluctuation of the coolant. The use 
of the UT system ensures quick, on site answer 
about the state of geometrical deformation of the 
nuclear fuel. The UT system, being very flexible, 
seems to be a good answer to the requirements 
of different types of fuel assemblies, including 
VVER-1000.
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