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Abstract

A standard Liquid Metal Fast Breeder Reactor (LMFBR) subassembly used in

the Experimental Breeder Reactor II (EBR-II) was investigated, by remote tech-

niques, for fuel bundle distortion by both nondestructive and destructive

methods, and the results from both methods were compared. The non-destructive

method employed neutron tomography to reconstruct the locations of fuel ele-

ments through the use of a maximum entropy reconstruction algorithm known as

MENT. The destructive method consisted of "potting" (a technique that embeds

and permanently fixes the fuel elements in a solid matrix) the subassembly,

and then cutting and polishing the individual sections. The comparison in-

dicated that the tomography reconstruction provided good results in describing

the bundle geometry and spacer-wire locations, with the overall resolution

being on the order of a spacer-wire diameter. A dimensional consistency check

indicated that the element and spacer-wire dimensions were accurately repro-

duced in the reconstruction. It was found that in situ fuel elements deform

*Work supported by the U. S. Department of Energy under contract

W-31-109-Eng-38.
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tion. It was found that in situ fuel elements deform axially in a helical

spiral and that the reconstruction was able to identify this helical distor-

tion to v/ithin approximately half of a spacer-wire diameter.

Introduction

Part of the Operational-Reliability Testing Program at the EBR-II has

been the investigation of fuel bundle distortion in LMFBR subassemblies. Such

distortion occurs as a result of radiation and thermal gradients normally de-

veloped in a LMFBR core. The wire-wrapped elements have been found to move,

bow, and distort within the subassembly while in the reactor. The amount of

bundle distortion seems to be a function of irradiation time and element/

subassembly clearances; although other element and subassembly design pa-,

rameters such as: thermal gradients, spacer-wire pitch, ratio of element pitch

to outer diameter (OD), and swelling rates of the elements and subassembly

outer hex can, should also be considered.

Bundle distortion in itself usually does not have any severe safety con-

sequences (such as an element meltdown), but can affect subassembly thermal-

hydraulic performance and long term irradiation goals because element bowing

and movement can result in cladding hot spots, hex can/element interaction,

and thermal-hydraulic flow maldistributions within the subassembly. The

impact of distorted bundles on in-core thermal-hydraulic performance has been

qualitatively understood; however, essentially no published data on in-core-

bundle distortion are available as, until recently, there was no reliable

method of determining the actual amount of element distortion within a sub-

assembly (prior to disassembly). That is, element distortion has usually been

studied after removing the outer hex can which restrains the elements. But
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because of plastic and creep stresses which occur during irradiation, the ele-

ments "spring" apart and deform after the hex can restaint is removed, and

reassembly of the elements to their original, predisassembled position is

essentially impossible. The deformation of elements in a 37 element subassem-

bly, just after the hex can has been removed, is shown in Fig. 1 while the de-

formation of a typical element is shown in Fig. 2.

Since the advent of computer-assisted-tomography (CAT), the CAT tech-

niques have been rapidly expanded to the nuclear industry. A number of

investigators ~ have applied these techniques to reconstruct the fuel bundle

configuration inside a subassembly with various degrees of resolution; how-

ever, there have been no data available on the accuracy of these reconstruc-

tions, and no comparisons have been made with the internal structure of actual

irradiated subassemblies. Some efforts have utilized pretest mock-ups to

calibrate the CAT algorithms, but the resulting mock-up configurations do not

necessarily represent an actual subassembly, so an exact comparison has been

lacking.

The purpose of this paper is to present the results of a comparison be-

tween a CAT reconstruction of an irradiated subassembly and the destructive

examination of the same subassembly. The latter examination was done on sec-

tions of the subassembly after it was potted with an eutectic alloy to

permanently fix the internal features. The potted results show the actual

configuration of the elements in the subassembly against which the CAT re-

construction can be compared. Both examinations were performed remotely while

the subassembly was in a hot cell.
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A Standard EBR-II Subassembly

The subassembly investigated was a standard EBR-II driver containing 91

spacer-wire wrapped elements. The elements are of a Mark-II design and con-

tain a metallic uranium, with 5 weight per cent {%) fissium, fuel. The fuel

is contained in a Type 316 stainless steel clad with a 4.42 mm OD that is

wrapped with a 1.24 mm OD spacer-wire, also made from the same Type 316

stainless steel. Sodium is also added to the element, before the element is

sealed, in order to form a better heat transfer surface, or bond, between the

fuel and the clad. The Mark-II element is illustrated in Fig. 3. The ele-

ments are then contained in a Type 304 stainless steel hex can with a 58.17 mm

flat-to-flat OD and a 1.02 mm thick wall. Table I summarizes the nominal
A

design dimensions for a standard EBR-II driver subassembly. The idealized

radial geometry of the subassembly is shown in Fig. 4, with the elements'

numbered so as to better locate certain elements during the following

discussion. The subassembly investigated had attained a burnup of 36 700

megawatt days or about 9.4 atom % without a breach.

CAT Reconstruction

For the CAT subassembly reconstruction a total of 36 neutron radiographs

were taken, at 5 degree (°) intervals, from 0 to 175°, at the Hot Fuel Test

Facility (HFEF) at the Idaho site of Argonne National Laboratory. Neutrons

*Fissium is an equilibrium concentration of fission-product elements left
by the EBR-II pryometallurgical reprocessing cycle. The major constituents
of fissium are zirconium, palladium, ruthenium, and rhodium.
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were produced by a TRIGA-type reactor using a 4.5 meter beam port. The neu-

tron radiographs were recorded on Kodak Industries AA film after the neutrons

had passed through a 0.5 mm thick, cadmium foil, thermal neutron filter and a

0.127 mm thick indium foil transfer screen. Details of the MRAD facility and

radiographic process are described by Richards. A calibrated scale was plac-

ed parallel to the axis of rotation of the subassembly and held fixed while

the radiographs were being taken. This scale, which was also radiographed,

provided an independent reference point during the digitization of the radio-

graphs. Further, the scale aided in determining the axis of rotation and

provided axial alignment during the digitization process.

Next, sections of the radiographs were digitized on a Perkin-Elmer Model

PDS 1010A microdensitometer to provide data suitable for the reconstruction

tomography. A rectangular scanning aperture was 600 urn high (parallel to the

axis of rotation) and 120 ym wide v/as used. The microdensitometer data sample

spacing for each radial cut (profile) across the radiograph was 120 pm and the

distance between profiles was 600 nm. An area near the axial midpoint of the

radiographs v/as scanned to avoid problems caused by axial divergence of the

TRIGA produced neutron beam. Although 600 profile data points were taken,

these 600 points were averaged down to 200 for the reconstruction. This re-

duction in the number of samples used was justified by prior CAT simulation

results.

The background density was estimated by measuring the radiograph film

density on the side of the bundle where the neutron flux was unattenuated.

However, because of the nonuniform spatial distribution and/or scattering of
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the incident neutron beam, the film density on the left side was slightly

different than on the right. A straight line interpolation was used to

estimate the background density.

Maximum Entropy Reconstruction Algorithm

The reconstruction problem is to determine the two-dimensional, cross-

sectional internal geometry of a subassembly from a number of one-dimensional

coplanar views, each taken from a different angle. Because mathematical re-

construction from a finite set of projection data is an indeterminate problem,

there exists a large number of solutions that are consistent with the projec-

tion data. Because of this indeterminacy, many reconstruction algorithms

either explicitly or implicitly assume additional constraints to arrive at a

unique solution. For this work, a maximum entropy algorithm, MENT, was used.
*

Maximum entropy techniques are conceptually attractive because they can pro-

duce reconstructions with the smallest information content that are consistent

with the projection data. Thus, the introduction of extraneous information or

artifacts into the reconstruction, even though these artifacts may be

consistent with the projected data, is avoided. For applications in which the

projection data are especially sparse, this feature is particularly

attractive.

The CAT reconstruction of the EBR-II fuel bundle appears in Fig. 5. This

image has been high-pass filtered. Also, the upper and lower attenuation

levels have been clipped to enhance the visibility of the spacer-wires. That

*Entropy is not used here in the classical physics or thermodynamic sense, al-
though the more general definition, which can be applied to information pro-
cessing, summarized as "a measure of disorder" or "a measure of information
content" is applicable.
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is, the contrast betv/een the fuel and the steel (cladding and spacer-wires)

was very clear in the original reconstruction, but was lost in enhancing the

spacer-wire definition. All of the elements are clearly identified in Fig. 4,

and most of the spacer-wires can be distinguished. This implies that the

resolution achieved in the reconstruction is on the order of the diameter of

a spacer-wire. The reconstruction algorithm used for this work incorporated

no prior knowledge of the fuel geometry or material characteristics. Algo-

rithms that do incorporate prior knowledge might provide better quality

reconstructions from the same number of views; however, no attempt has been

made to optimize this algorithm.

It is important to note that reconstructions of nearly symmetrical arrays

of fuel elements can be misleading. For example, reconstructions that appear

robust and plausible may be inaccurate and show only symmetrical features.

Thus, important irregularities, such as misplaced spacer-wires, may not appear

because an insufficient number of views are used. This paradox occurs be-

cause the reconstruction accuracy increases with the number of views employed,

yet overall efficiency dictates minimizing the number of views in order to

reduce radiography and digitizing times. The optimal solution now seems to

be a state-of-the-art process in which a trial and error approach is neces-

sary. However, because accuracy is generally of prime importance in recon-

struction and until the technology advances further, it is probably best to

employ as many radiographic views as possible.

Potting and Examination

The potting technique provides a unique method of investigating the

internal structure of a subassembly axially over the entire fuel element
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length, as this structure would normally be lost or significantly disturbed

during disassembly of the subassembly. With the potting technique the fuel

elements are embedded and permanently fixed in a solid matrix, which then can

be sectioned and polished to reveal the details of the internal structure of

the subassembly. There are several potting approaches and potting materials

available depending upon the situation. For example, a subassembly containing

severely melted elements with restricted flow passages and a low irradiation

time, may be potted by injecting a plastic or epoxy into the subassembly. In

this case, the subassembly had normal flow passages and a high irradiation

time. The potting approach employed here consisted of lowering the subassem-

bly into an electrically heated vessel containing a molten eutectic alloy of

60% tin and 40% lead, and then letting the alloy solidify around the elements.

Thermocouples placed in the vessel were used to monitor the solidification

rate. The metal matrix was used in order to better conduct the radioactive

decay heat away from the elements and to the surroundings. It is noted that

the subassembly hardware both above and below the active core region, was cut

off prior to potting. In this way, only the region of interest was potted.

As the subassembly was radioactive, the potting, sectioning, and polish-

ing were done at the hot-cell facilities at HFEF. Because of limitations

placed on the section thickness due to handling, cutting restrictions, and

fissionable material weight allowances, the potted subassembly was sectioned

in 1.9 cm thick sections along its entire element length. Polishing was

performed with two different sandpaper grits, using an alcohol lubricant,

until the desired finish and detail was attained. Details on the potting
o

process and technique for this subassembly are described by Webb.
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The potted subassembly section is shown in Fig. 6. Both figures were

taken at about the core midplane, but the CAT radiograph (Fig. 5) is about 6

mm higher. This axial difference is small and will not significantly affect

the section comparisons, as the element axial distortion does not change

significantly over this small distance. This difference is more noticeable in

the spacer-wire locations, but is not a major effect since all the spacer-

wires will be off by the same angular displacement.

Discussion: Element and Spacer-wire Digitizing

In order to quantitatively determine how well the CAT reconstruction in

Fig. 5 agreed with the potted subassembly in Fig. 6, the center!ine positions

of both the elements and spacer-wires were digitized into x-y coordinates

using a Tektronix 4956 digitizing board with a listed accuracy of 0.127 mm.

All of the digitized data were taken off photographs that were enlarged by a

factor of 4. The centerline position of each element in the potted subassern-

bly was then compared to the centerline position of the same element in the

reconstruction. If the centerline positions did not exactly agree, a center-

line difference (length) was calculated based on the potted and reconstructed

element x-y coordinates (see the equation in the footnote of Table II). The

same approach was used for the spacer-wires; however, the traditional spacer-

wire angle was also calculated because the nominal spacer-wire position is

known from the the axial location and spacer-wire pitch.

Figure 7 plots the centerline difference for each element in the sub-

assembly, and Fig. 8 plots the spacer-wire angle difference. For example,
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Fig. 7 illustrates that the element 1 centerline positions (in the potted and

reconstructed figures) are about 0.9 mm apart, while Fig. 8 illustrates that

the centerline positions of the spacer-wire for the same element is less than

-1 degree apart. (The spacer-wire angle difference is based on the potted

spacer-wire angle minus the reconstructed spacer-wire angle.) The centerline

difference mean value and standard deviation for the data shown, in these two

figures are given in Table II. Also, to estimate the error associated with

digitizing the centerline locations, the centerline coordinates were remeasur-

ed for the potted section, Fig. 6, and are listed in Table II. Table II shows

that the element centerline data, Fig. 7, has a mean length of 0.356 mm with a

standard deviation of 0.190 mm. For the spacer-wire data, Fig. 8, the mean

angle is 1.32° with a standard deviation of 14.3°. The repeat trial indicates •

that the measurement error, as noted by the standard deviation, is from 4 to

12 times less than that obtained with the CAT reconstruction. Thus, the

repeat case data indicates that differences shown in Fig. 7 are a result of •

actual center!ine differences and not the coordinate digitizing process.

To further check the CAT reconstruction data a dimensional consistency

check was made to confirm whether the proper elements and spacer-wire dimen-

sions were being accurately reproduced in the reconstruction. This was per-

*
Later, several other potted sections were redigitized and yielded similar
data to that shown in Table II for the repeat trial. The CAT reconstruction
was also redigitized and yielded data similar to the Table II repeat trial,
although a slightly higher spread occurred.
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formed by calculating the half-pitch dimensions from the digitized element and

spacer-wire centerline coordinates. The nominal half-pitch is half of the swn

of element and spacer-wire diameters and, neglecting any additional clearances

as the spacer-wire and element are assumed to be in close contact, has a value

of 0.1115 mm. The results of the half-pitch calculations are tabulated in

Table III. The mean half-pitch values for the CAT reconstruction and the

potted section are 0.1125 and 0.1160 mm, respectively, and have standard de-

viations of 0.0081 and 0.0045 mm, respectively. Thus, the measured half-

pitches are within 5% of the nominal value, and the reconstructed dimensions

are quite accurate.

Element Behavior

The element centerline comparison (between the potted and reconstructed

elements) of Fig. 7 indicates a wide, seemingly systematic spread in the'

centerline difference as a function of element location in the subassembly.

The largest differences occur with the elements adjacent to the hex can

corners 1-6-5, and the smallest errors occur with the elements adjacent to the

hex can corners 2-3-4. The reason for this behavior is that the fuel elements

deform axially in a helical spiral that follows the spacer-wire position.

Figure 9 plots the radial and axial deformation of elements 41-51 (Fig. 4)

across a corner-to-corner cross-section of the potted subassembly, along with

the hex can corners. All of .the elements in the subassembly deform in a

helical manner. Because of clearances and thermal-hydraulic conditions,

generally the outer most elements near the hex can tend to distort the most

while the inner elements, in the subassembly center, tend to distort the

least. This helical distortion is better illustrated in Fig. 10 which pro-
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vides an axial and radial plot of element 41 on an enlarged radial displace-

ment scale.

To better indicate how the elements interact and how the flow area be-

tween elements change with axial position, the line thickness in Fig. 9 was

increased to full size dimensions. Figure 11 represents elements 41-51 en-

larged to match the radial scale (abscissa). The ordinate is not to scale (as

it would be more than 63 cm long) so that the elements are "comprised" axial-

ly. It is noted that the hex can is much more rigid than the elements and

tends to remain more axially uniform, while the elements are more flexible and

deform more axially. Although Fig. 11 provides only a side view of the ele-

ment movement, the deformation in elements 41 and 42 is easily seen, while

localized deformations are noticed in other elements at various axial

locations.

The CAT reconstruction did not completely pick up all of the element

helical distortion, although it did identify some of it. The amount of heli-

cal distortion not reproduced by the reconstruction is shown in Fig. 7 as a

function of element location In the subassembly. The largest centerline dif-

ference (between the potted and reconstructed elements) occurred in element 1

and was 0.894 mm. This difference is 20.2% of the element diameter (4.42 mm)

and is on the order of a spacer-wire diameter (1.24 mm). The smallest element

centerline difference occurred in element 89 and was 0.050 mm 1.1% of the

element diameter. The mean element difference is 0.356 mm (Table II). Thus,

depending upon whether the largest, smallest, or mean value is selected, the

elements in the reconstruction generally appear to be within half a spacer-

wire diameter of those in the potted figure.
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• Spacer-Wire Behavior

One important finding in the CAT reconstruction was the ability of the

MENT algorithm to reconstruct the spacer-wires. This is an important con-

sideration because spacer-wires which have significantly moved can cause clad

hot spots and increase element axial distortion. Because most of the spacer-

wires can be readily identified in the reconstruction, it can be concluded

that the degree of spacer-wire resolution in the reconstruction is on the

order of the spacer-wire diameter. This conclusion is readily affirmed by

comparing the spacer-wire location on elements 74 and 75 (Fig. 4) in Figs. 5

and 6. Suprisingly, the spacer-wire on element 75 is 180° out of phase with

the rest of the elements. The axial slices of the potted subassembly con-

firmed that this deviation was the result of a loading error and the element

was inserted backwards: the spacer-wire was 180° out-of-phase over the entire

axial length. Although the majority of the spacer-wires can be readily iden-

tified, some spacer-wires are not well resolved (such as those on elements 18,

20, 43, 52, 65, and 80) or appear out of phase (such as elements 2, 41, 42,

53, and 86). Table II indicates that one standard deviation for the spacer-

wire data is 14.3 degrees, and this deviation should decrease as spacer-wire

resolution improves. Further, the identification of the out of phase spacer-

wire shows that misplaced spacer-wires can be identified in symmetrically

wrapped element bundles with good resolution.

Since LMFBR elements do not remain straight after irradiation but heli-

cally deform, future CAT reconstructions should be interpreted with this

consideration in mind and note that some uncertainty may exist in the recon- -

structed element and spacer-wire positions. However, not all studies v/ill
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require reconstructions which can discern the helical deformation of elements

with a fine degree of resolution.

Summary and Conclusions

A standard EBR-II, 91 element subassembly was examined remotely for

bundle distortion by both nondestructive and destructive means. The non-

destructive method employed a CAT reconstruction using the MENT algorithm with

36 neutron radiographs, and is shown in Fig. 5. The destructive method em-

ployed, a potting technique that imbeds and permanently fixes the elements in a

solid matrix. A potted section that corresponds to the same axial location as

the CAT reconstruction is shown in Fig. 6.

A comparison between both methods indicates that the CAT reconstruction

agrees well with the general subassembly configuration and element position as

determined by the potted section. The resolution of the CAT reconstruction is

on the order of a spacer-wire diameter (1.24 mm) with the majority of the

spacer-wires being readily identifiable.VThis is an important result because

a CAT reconstruction used for bundle distortion investigations must have the

ability to accurately locate the spacer-wires. However, irradiated elements

tend to deform in a helical spiral path and preferentially move toward one hex

can side depending upon r.xial location. The CAT reconstruction did not com-

pletely discern all of this helical movement, although it did identify some of

it. The amount of helical distortion varied with each element in the sub-

assembly and the reconstruction was able to locate the centerline position of

a majority of the elements generally within half a spacer-wirl diameter.
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TABLE I. Nominal Design Parameters for a Standard
EBR-II Driver Subassembly

U

Hark-II Elements
Number of elements
Cladding: Material

OD
Wall thickness

Spacer-wire: Material
Diameter
Pitch

Fuel: Chemical composition, Uranium
Fissium
235,

Isotopic composition,

Form

Density
Diameter
Length
Weight

Fuel-cladding bond
Diametral gap
Total element length
Hex Can
Material
Flat-to-Flat OD
Wall thickness

236U + 238U)

91
Type 316
4.42 mm
0.305 mm
Type 316
1.24 mm
152.4 mm
95 wt %
5 wt %

66.72 wt %

33.28 wt %
cast pin
17600 kg/m3

3.3 mm
343 mm
0.0517 kg
sodium
0.508 mm
612 mm

Type 304
58.17 mm
1.02 mm



TABLE II. Summary of Centerline Coordinate Differences Between
the Potted Subassembly and CAT Reconstruction

Magnitude of Difference

(Mean Value/Standard Deviation)
* *

Element Spacer-wire Spacer-wireMethods Compared (nun) (mm) (degrees)

CAT and Potting 0.356/0.190 0.516/0.480 1.32/14.3
(Figures 5 and 6)

Potting and Repeat Trial 0.155/0.0533 0.173/0.0686 0.236/1.33

(Fig. 6 and a repeat trial

for Fig. 6)

*The difference in position between the potted and CAT reconstruction data was
calculated by the equation £ = /(Xp-x,) + (y^-yi) » where £ is the length or
position difference, and x and y are the x-y coordinates for the potted and

.CAT data.



TABLE III. Summary of Half-pitch Calculations

Method

CAT

Potting

Potting-repeat trial

Mean
Half-pitch

(mm)

0.1125

0.1160

0.1145

Standard
Deviation

(mm)

0.0081

0.0045

0.0026

*The nominal half-pitch is half of the sum of the element and

spacer-wire diameters and is 0.1115 mm.
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