
 

19th World Conference on Non-Destructive Testing 2016 
 

 

 1 
License: http://creativecommons.org/licenses/by-nd/3.0/ 

Dimensional Measurement of Nuclear Fuel Pellets 
using High Energy X-ray CT 

Kazuma YAMAGUCHI 1, Yutaka OHTAKE 1, Hiromasa SUZUKI 1, Yukie NAGAI 1, 
Akihiro ISHIMI 2, Kozo KATSUYAMA 2 
1 The University of Tokyo, Tokyo, Japan 

2 Japan Atomic Energy Agency,  Ibaraki, Japan 

Contact e-mail: ohtake@den.t.u-tokyo.ac.jp 

Abstract. High energy X-ray CT (Computed Tomography) imaging is a powerful 
non-destructive method for efficiently evaluating the deformation of a nuclear fuel 
pellet after an irradiation procedure. In this paper, we present an algorithm of CT 
image analysis for automatically measuring the diameters of the fuel pins and the sizes 
of internal voids in the pins. To improve the stability of the automatic measurement 
process, geometric template fitting is applied for extracting the positons of the fuel 
pin’s cross-sections. The measurement results are quantitatively evaluated by 
comparing with the dimensions of the pin on the corresponding metallographic 
micrograph.  

Introduction  

X-ray computed tomography (CT) is a technique used to obtain cross-section images 
including those of the internal structure of an object without destroying it. In addition to 
medical applications, it is used for the examination of the internal defects of industrial 
mechanical parts, or the measurement of a complicated internal shape [1]. Recently, X-ray 
CT has also been used for the examination of a nuclear fuel pellet after irradiation. For 
optimization design of fast reactor fuel, it is important to push forward experiments while 
measuring the deformation of nuclear fuel with high precision. Therefore, the Japan Atomic 
Energy Agency incorporate a non-destructive measurement using the High energy X-ray CT 
in the examination item after irradiation [2].Figure 1(a) presents a cross-sectional CT image 
of an irradiated fuel assembly. The fuel pins with spiral cooling tubes are arranged regularly, 
and covered in a duct tube. Figure 1(b) presents an enlarged image of one fuel pin, which 
comprises a cladding tube completely covering a pellet. The pellet comprises fuel made from 
compressed and sintered plutonium and uranium and has a central void. After irradiation, the 
very large temperature incline are generated in pellets. In this moment, temperature of the 
center is high and the surface is low. Because of the temperature incline, the small voids of 
pellets move and gather to the center; finally, a large round void, central void, is generated. 
For the design of fast reactor fuel, quantifying the fuel pin transformation and central void 
size with high precision is indispensable. 

The watershed algorithm is a classic technique used to achieve segmentation of an 
image [3]. In Figure 2(b), we present the CT image segmentation result of metal pellet 
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simulating the fuel pellet, which is shown in Figure 2(a), obtained using the watershed 
algorithm. The cladding tube of the metal pellet is made of stainless steel (SUS316), and the 
pellets are made of lead. Some pellets are made of brass and have a round hole with five 
dimensions assuming a central void. For the designed value of each circle dimension, the 
cladding tube outer diameter is 5.5 mm, cladding tube inner diameter is 4.8 mm, and pellet 
outer diameter is 4.6 mm. Based on the results shown in Figure 3, we can perform accurate 
segmentation to some extent, however, the extraction is unsuccessful if the gap between the 
pellet and the cladding tube or any other gap is uncertain.  

To improve the automatic measurement process stability, we have proposed 
geometric template fitting to determine the positions of the fuel pin cross-sections. First, we 
perform circle detection using Hough transform. Second, we perform circle fitting using 
image gradients with subpixel precision as an initial solution for a parameter in the detected 
circles.  

1. Algorithm 

In this section, we describe the proposed algorithm of CT image analysis using geometric 
template fitting. Fuel pins are designed to be a perfect cylindrical shape; therefore, in an ideal 
case, the cross-sections can be considered to form perfect circles. Thus, we measured the fuel 
pins diameters and internal voids sizes in the pins using a circle as the geometric template. 
This algorithm comprises the following two phases: 
1. Detection of circles using the Hough transform, and 
2. Circle (or ellipse) fitting using image gradients 

Figure 1. Cross-section CT image of fuel assembly 

(a) Cross section of CT image (b) Enlarged view (c) Micrograph 

Figure 2. Metal pellet and segmentation result by watershed method 

(b) Segmentation result by watershed 
method 

(a) Cross section of CT 
image 
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1.1 Detection of circles using Hough transform 

Even though the designed dimension of the diameter is known, the central coordinate data 
were not provided. Therefore, a coarse determination of the circles position before 
performing circle fitting via a local search was necessary. We performed circle detection 
using Hough transform. The Hough transform is an effective technique to detect shapes 
existing in an image such as straight lines, circles, or ovals. For example, this technique is 
applied to determine the identification plate. Because it is determined from a result in the 
parameter space, the extraction of the shape is advantageous as it is unlikely to be affected 
by noise or the loss of the space. However, a large quantity of memory is required for 
expanded three-dimensional spaces, and a lengthy calculation time is required to perform 
high-precision extraction [4]. To avoid an increase of the calculation time, we restrictively 
extracted the cladding tube outer diameter, used the provided central coordinate integrally, 
and performed a fitting for each circle. Figure 3 presents the detection result of the cladding 
tube outer diameter.  

1.2 Circle fitting using image gradients 

Using the Hough transform, the circle detection result of the cladding tube outer diameter 
was obtained. Because only the pixel size degree is precise at this stage, we performed highly 
precise extraction by circle fitting using image gradients. The objective function � in our 
optimization algorithm was determined as follows: �(潔掴, 潔槻, �) =  ∫ |∇�岫隙�, 桁�岻|態d�態�

待  隙� =  �cos� + 潔掴 桁� =  �sin� +  潔槻 

(1) 

The function � comprises three parameters, i.e., the central coordinates岫潔掴, 潔槻岻 and radius � 
that formulates the integral calculus of the gradient square of the CT level along the circle on 
the image. We determined the gradient of the CT level from a primary differential calculus 
filter and aimed at fitting with subpixel precision using bilinear interpolation when sampling 
the gradient image. 

We can obtain a solution where �  reaches its maximum value using the updated 
equation presented below by performing a three-dimensional local search via the sequential 
update using image gradients: 

Figure 3. Detection result of cladding tube outer diameter using circle Hough transform 
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岫潔掴,潔槻, �岻�+怠 ←  岫潔掴,潔槻, �岻� + �∇�(潔掴,潔槻, �) (2) 

As an initial solution, we decided to use the designed value shown in Figure 2(a) for the 
radius and detected circle obtained using the Hough transform for the central coordinate. 

1.3 Ellipse fitting using image gradients 

Fuel pins are designed and appear as circles in the cross-section; however, the central void is 
not designed and thus does not necessarily have a circular shape. Therefore, to precisely 
quantify the size of the central void, we attempted to perform ellipse fitting using image 
gradients. The objective function � was determined as follows: �(潔掴, 潔槻, 欠, 決, �) =  ∫ |∇�岫隙�, 桁�岻|態d�態�

待  隙� = 欠cos�cos� − 決sin�sin� +  潔掴 桁� = 欠sin�cos� − 決cos�sin� +  潔槻 

(3) 

The objective function � has five parameters, i.e., the central coordinates岫潔掴, 潔槻岻, major and 
minor radii岫欠, 決岻, and inclination � . As with the circle fitting, �  formulates the integral 
calculus of the gradient square of the CT level along the ellipse on the image. 

We can obtain the solution where � reaches its maximum value using the updated 
equation presented below by performing a five-dimensional local search via the sequential 
update using the image gradients: 岫潔掴,潔槻, 欠, 決, �岻�+怠 ←  岫潔掴,潔槻, 欠, 決, �岻� + �∇�(潔掴,潔槻, 欠, 決, �) (4) 
As an initial solution, we use the results from the circle fitting. 

2. Results 

In this section, we present the results obtained using the proposed algorithm. First, we present 
the results in comparison with those obtained using the watershed method. Then, we compare 
the result with the corresponding metallographic micrograph and perform qualitative and 
quantitative evaluations.  

2.1 Comparison with watershed method 

We performed a comparison and precision evaluation of the dimensional analysis. Figure 4 
presents the circle fitting result of the metal pellet. The cladding tube outer diameter, cladding 

Figure 4. Circle fitting result of metal pellet 
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tube inner diameter, pellet outer diameter, and central void are represented by the red, blue, 
green, and yellow circles, respectively. Compared with the watershed results in Figure 2(b), 
we confirmed a better extraction with circle fitting. 

Table 1 presents the analysis result of the diameter dimensions using both methods. 
Each value represents the arithmetic mean of certain pins. Based on these results, we can say 
that the circle fitting results with almost the same level of precision as that of the watershed 
method.  

 
Table 1. Analysis result of diameter dimensions using watershed method and circle fitting 

Designed value 
[mm] 

Watershed 
[mm] 

Circle fitting 
[mm] 

φ0.3(void) 0.34 0.31 
φ0.4(void) 0.37 0.34 
φ0.5(void) 0.45 0.43 
φ1.0(void) 0.94 0.94 
φ2.0(void) 1.98 1.98 
φ4.6(pellet) 4.50 4.50 
φ4.8(tube I) 4.73 4.74 
φ5.5(tube O) 5.53 5.51 

Figure 5. Comparison with metallographic micrograph 
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2.2 Comparison with the corresponding metallographic micrograph 

We have confirmed the stability and precision of the circle fitting based on CT image analysis 
by comparing it with the results obtained from the watershed method. However, the reliability 
of the result is not considered high because both methods use the CT image. Therefore, to 
achieve a more accurate evaluation, we compared the results with those obtained from a 
metallographic micrograph or optical microscope (OM) image. 

Figure 5 presents two examples of extraction results obtained by circle and ellipse 
fitting on CT and OM images. We can qualitatively observe that ellipse fitting can determine 
precise shapes as compared to circle fitting. Table 2 presents the analysis results of the fuel 
pins diameters and central void size from the CT and OM images. We used 12 images from 
3 pins and 4 cross-sections for the evaluation, 8 of which had a central void. For the CT 
image, the dimensions were measured by circle fitting, and for the OM image, the dimensions 
were measured using the least squares method. Based on this result, we can confirm that the 
circle fitting method can extract each shape with a precision of approximately dozens of 
microns. However, circle fitting method could not distinguish the cladding tube inner 
diameter from the pellet outer diameter. The presumption that this misdetection is caused by 
the fact that the gradient does not definitely appear because of a width of only one pixel 
between the cladding tube inner diameter and the pellet outer diameter. The improvement of 
this performance by image processing is very difficult and improving the performance of the 
hardware or finding another approach would be a realistic remedy. 
 

Table 2. Analysis results of diameter dimensions obtained from CT and OM images 

Sample 
Void 
(OM) 
[mm] 

Void 
(CT) 
[mm] 

Pellet 
(OM) 
[mm] 

Pellet 
(CT) 
[mm] 

Tube I 
(OM) 
[mm] 

Tube I 
(CT) 
[mm] 

Tube O 
(OM) 
[mm] 

Tube O 
(CT) 
[mm] 

1 0.782 0.728 4.786 4.778 4.798 4.779 5.497 5.497 
2 0.25 0.331 4.761 4.705 4.798 4.705 5.496 5.482 
3 0.476 0.467 4.774 4.761 4.801 4.763 5.496 5.484 
4 0.545 0.611 4.772 4.743 4.806 4.743 5.495 5.479 
5 0.602 0.569 4.778 4.769 4.799 4.769 5.498 5.472 
6 0.743 0.715 4.793 4.769 4.807 4.771 5.499 5.493 
7 0.284 0.310 4.774 4.761 4.798 4.763 5.496 5.481 
8 0.397 0.385 4.783 4.774 4.806 4.775 5.499 5.487 
9 - - 4.766 4.762 4.798 4.762 5.498 5.477 

10 - - 4.753 4.746 4.796 4.746 5.495 5.480 
11 - - 4.762 4.758 4.795 4.760 5.495 5.480 
12 - - 4.771 4.746 4.798 4.746 5.496 5.480 

3. Conclusion 

We have presented a CT image analysis algorithm for automatically measuring the fuel pins 
dimensions and central voids sizes in the pins using circle fitting as a geometric template. 
We evaluated the measurement results and compared them with those obtained using the 
watershed method. We also quantitatively evaluated the measurement results by comparing 
them with those obtained from a metallographic micrograph. We confirmed that this method 
can measure dimensions with the precision of approximately dozens of microns. 

In future work, we intend to perform quantitative evaluation of ellipse fitting, apply 
the circle fitting method to achieve the detection of fuel pins, and attempt to extract more 
information about the pellet. 
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