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HIGHLIGHTS 

The Core Flow Test Loop (CFTL) is a high temperature, high pressure, 

out-of-reactor helium-circulating system. It is designed for detailed 

study of the thermomechanical performance, at prototypic steady-state and 

transient operating conditions, of electrically heated rods that simulate 

segments of core assemblies in the Gas-Cooled Fast Breeder reactor demon-

stration plant. 

This report describes results of a feasibility evaluation of x-ray 

imaging for making measurements of the displacement (bowing) of fuel rods 

in CFTL test bundles containing electrically heated rods. A mock-up of a 

representative CFTL test section consisting of a test bundle and associated 

piping was fabricated to assist in this evaluation. 

The experimental apparatus consisted of an x-ray machine, a mock—up 

test section, and a detector. Two types of detectors were evaluated: a 

fluoroscopic image intensifier and^radiographic film. 

Selected rods in the mock-up were marked with 0.5- and 0.8-mm-diameter 

platinum wires. The rods were laterally displaced (bowed), and x-ray 

images of the rods were made before and after bowing. The images were 

interpreted to determine the accuracy and resolution of this method for 

making dimensional measurements of fuel rod movement in the CFTL. 

Both types of detectors were determined feasible and are recommended 
/ • 

for measuring fuel rod displacement in CFTL test bundles. Areas where 

future work is needed are given. 
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1. INTRODUCTION 

A series of tests were performed on a mock-up of a Core Flow Test 

Loop (CFTL) test section to determine whether x-ray imaging techniques 

can be used to make high accuracy, high resolution measurements of fuel 

rod simulator (frs) movement as a function of time. The purpose of this 

work was to determine the feasibility of applying a nonintrusive x-ray 

technique to measure the movement of components inside a core assembly 

being tested in the CFTL to obtain experimental data for the Gas-Cooled 

Fast Breeder Reactor (GCFR) demonstration plant. A successful development 

of this method would enable measurement of the movement of mechanical 

components with no disturbance of the operational or flow characteristics 

within a core assembly. This feasibility study was conducted on a 

nearly exact representation of a 91-rod CFTL test bundle with an x-ray 

machine and two types of detectors: the fluoroscopic image intensifier 

and radiographic film. 

In this, report, the author describes the experimental apparatus o V 
and procedures and the results of the feasibility study. The report 

closes with recommendations for the use of this technique in making 

structural measurements on CFTL test bundles and indicates where additional 

development is necessary. 

2. ENGINEERING CONSIDERATIONS 

The CFTL is a high temperature, high pressure, out-of-reactor helium-

circulating system. The CFTL is designed for detailed study of the 
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thermomechanical performance at steady-state and transient operating con-

di-ions of test bundles of electrically heated rods that simulate segments 

of core assemblies being planned for the GCFR demonstration plant. To 

obtain valid performance results, reliable and accurate temperature and 

structural data must be obtained on these simulated core assemblies, called 

"test bundles." 

The basic problem is to develop a method for making accurate, high-

resolution measurements of the movement of fuel rod simulators and other 

components inside a test bundle as a function of time during CFTL tests. 

Inside the test bundle, helium gas flows at pressures from atmospheric 

to 9 MPa (15 to 1300 psia) and at temperatures from 350 to 1000°C. 

Perturbation of the gas flow within the bundle by, placement of transducers 

to measure movement of an Frs inside the test bundle could not be 

tolerated. 

X-ray imaging is a method that might be capable of making these 
ff-

dimensional measurements while satisfing all the constraints. It would 

be nonintrusive and, therefore, would not affect the flow of helium through 

the bundle. X rays are not measurably affected by temperature and pressure. 

Finally, x-ray imaging could possibly enable simultaneous, high-resolution 

measurements of many points of Frs movement. 
.it 

i \ 
3. EXPERIMENTAL APPARATUS 

The experimental apparatus (Fig. 1) consisted of an x-ray machine, a 

test bundle, and the detectors to be evaluated. Two types of detectors 
r -
were evaluated: the fluoroscopic image intensifier and radiographic film. 

O 
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ORNL-PHOTO 2749-78R 

Fig. 1. Complete simulator. 

(i 
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Figure 1 shows the 91-rod test bundle, a structure inside a hexagonal 

duct with a matching twc plate inside two concentric vessels (simulated 

CFTL thermal shroud and test vessel). The three rods protruding through 

the top plate are the bowing rods; the bowing mechanism with a dial gage 

to measure the amount of bowing is attached to two of these rods. Also 

shown are an image intensifier a vidicon TV camera at the rear of the 

imaging section, and two x-ray sources, which were used in this experiment 

to determine the effects of scattered radiation from a second orthogonal 

x-ray source on the image intensifier signal. 

Figure 2 shows a typical x-ray generator, a test bundle, and an 

image intensifier. The data acquisition and storage system (Fig. 3) had 

a TV monitor for observing and recording the output signal from the 

image intensifxer system, a digital image processor for frame adding or 

averaging to enhance the "real-time" video signal from the intensifier, 

and two video records—one to record the "real-time" video signal and 

another to record the enhanced video signal. 

Five vendors were invited to ORNL to demonstrate their image intensx-

fier systems (X-ray Industrial Distributors, Oldelph, TFI, Phillips, and 

Seifert) . The demonstrations were held over a three week period in May 

and June 1978. This time was a continual learning process for all 

involved, and changes in the experimental plan were made from time to time 

as needed. 

3.1 Test Bundle 

A simulated 91-fod test bundle and vessel (except that Nichrome 

heating elements were not included) were designed and fabricated. The 



ORNL-PHOTO 2621-78 

Fig. 2. Experimental set-up of image intensifier. 



ORNL-PHOTO 2619-78 

Fig. 3. Image intensifier data acquisition system. 
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simulated bundle was made as near an exact representation of an actual 

test bundle as possible for two reasons: 

1. If the simulator was made less dense, successful imaging still would 

not prove that ail actual test bundle could be reliably imaged. The 

maximum equivalent thickness of steel that the x-ray beam must pene-

trate is approximately 89 mm (3.5 in.). Imaging through material 

this thick onto an image intensifier at medium x-ray energies 

[<S x 10~ 1 4 J (<500 keV)] is state-of-the-art. 

2. Contributions from scattered radiation wer°. to be included in the 

test data so that the evaluation of x-ray imaging would be more 

complete. Because of the many dense parallel rods inside three 

concentric vessels, a fuel rod bundle would produce much scattered 

radiation, which would contain no desirable information and would 

decrease the signal-to-noise ratio by creating a background fog on'the 

output detector, whether an image intensifier or x-ray film. 

By removal of rods from the simulated 91-rod bundle, 61- and 37-rod 

test bundles could be simulated. 

High-density platinum markers, both 0.5 and 0.8 mm (0.020 and 

0.032 in.) in diameter, were securely fastened to selected rods in the 

simulated bundle. The markers, being much more dense than the surrounding 

steel, could be imaged by an x-ray beam onto a detector. The movement 

of a rod with time could be ascertained by measuring the movement of its 

marker. A method was devised for laterally displacing (bowing) these 

marked rods calibrated distances up to 0.5 mm. By measuring selected 

marker positions before and after a rod was bowed, data were obtained to 

determine the accuracy and resolution of these dimensional measurements. 
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3.2 Markers and Resolution Gage 

Originally, only 0.5-mm-diam markers were placed on selected rods 

because this was the largest size that could be placed in the heated 

section of a test bundle. However, these markers were not easily imaged; 

therefore, 0.8-mm-diam markers were also placed on these same rods. 

A resolution gage was fabricated to quantitatively determine 

spatial resolution. This gage consisted of nine pieces of 0.8-mm-0D, 

19-mm-long (0.032 and 0.75 in., respectively) platinum wires laid side by 

side. The wire-to-wire spacings were varied from 0,254 to 1.092 mm 

(0.010 to 0.043 in.). As displayed on a TV monitor from an image intensi-

fier, these spacings correspond to resolutions of 4 to 0.9 line pairs per 

millimeter (100 to 23 line pairs per inch). The gage was placed on the 

outside of the detector side of the hexagonal duct, which surrounds the 

Frs bundle. This location was chosen as one whicl. was easily accessable 

and which would give a good indication of the resolution that could be 

expected inside the Frs bundle. This resolution gage was used because 

equipment was not available to directly extract dimensional rod movement 

data from TV video signals generated by the image intensifier systems. 

3.3 Detectors 

Two types of detectors were evaluated: first, the fluoroscopic image 

intensifier, and second, radiographic film. 

The image intensifier system consisted of a front screen which 

converted x-rays to either electrons or visible light, an intermediate 

section which focused the electrons or light on a vidicon faceplate, and, 

-finally, a TV camera. The output of the image intensifier was a standard 

TV signal which was viewed on a monitor or recorded on a video recorder, 

or both. 
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Three types of radiographic film were investigated: industrial AA 

and M film and Blue Brand medical film. The medical film has a much 

shorter exposure time but shows less contrast and has poorer resolution 

than the AA film. The M film has slightly better resolution and contrast 

than the AA film but has a longer exposure time. 

4. RESULTS 

The results of this evaluation are discussed in the same order as the 

detectors were evaluated. A large amount of data was collected, both on 

recorded video tape for the image intensifier systems and on developed 

film for the radiographic films. Only the essential results are given in 

this report; a detailed discussion of the results Is given in ref. 1. 

4.1 Image Intensifier System 

As briefly mentioned in the preceding section, quantitative measure-

ments of marker movement during rod bowing could not be obtained because 

we lacked video processing equipment with that capability. Nevertheless, 

two determinations were made during the demonstrations: 

1. The technique for imaging individual markers in the 91-rod bundle was 

optimized. Geometric areas in the bundle where 0.5- and 0.8-mm 

markers could be reliably imaged were found, both under real-time and 

averaged (integrated) conditions. 

2. The actual spatial resolution of the complete system, including the 

x-ray generator, simulator, and image intensifier system, was 

measured. This resolution determines the minimum spatial distance 

that can be measured. For example, a spatial resolution of 4 line 

pairs per millimeter (100 line pail':- per inch) is equivalent to a 

minimum measurable spatial distance of 0.25 mm (0.010 in.). 
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To obtain suitable data, the video recorder tapes were played back 

through the TV monitor, and the monitor was photographed. Some of the 

quality of the original data from the image intensifier recorded during 

the demonstrations was lost during the process. Figure k shows the 

arrangement of the markers during these tests. 

Figures 5-7 show photographs of the enhanced data. The 0.8-imn markers 

are relatively easy to see, as are the 0.8-mm rings around the rods. The 

arrows in Figs. 5 and 6 point to 0.5-mm markers. 

Figure 7 shows the resolution indicator which was mounted on the 

outside of the bundle duct on the detector side. The spacing between 

the two closest wires can be resolved, giving a resolution of better 

than 4 line pairs per millimeter. 

Figure 8 shows a real-time, or unenhanced, frame of image intensified 

data. There is less contrast and more mottle (or noise) in this figure. 

However, the resolution indicator is visible, showing a resolution of 

better than 4 line pairs per millimeter. 

From evaluation of the large amount of data accumulated during the 

image intensifier demonstrations, we determined at which locations it 

would be feasible to make image intensifier structural measurements in 

the CFTL. These locations are given in Fig. 9, which shows the locations 

of rods that can be imaged simultaneously with an x-ray beam oriented 

down the center row of rods. Figure 10 shows that by translating the 

x-ray beam one row of rods in either direction from the center, four 

additional rods in the center row can be imaged. By translating or 

rotating the x-ray beam, other rods within the bundle can be imaged. 

The only rods that cannot be reliably imaged with this system are the 

center rod and the six rods surrounding it. 
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ORNL-PHOTO 3124-78R 

Fig. 8. Real-time image intensifier video data. 
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Fig. 8. Real-time image intensifier video data. 



ORNL-PHOTO 3124-78R 

Fig. 8. Real-time image intensifier video data. 
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4.2 Radiographic Film 

The exposure time under identical conditions for the three types 

of radiographic film investigated, industrial AA, M and Blue Brand 

medical varied widely. The exposure time for the medical film was one-

thirtieth that of the AA film (10 s compared to 5 min). In Fig. 11, the 

best medical-film radiograph taken in this study, two 0.5-mm-diam, 

12.7-mm-long markers are barely visible, each about 25 mm (1 in.) above 

a horizontal ring around a rod. The vertical marker at the lower portion 

of the figure is an 0.8-nun marker. Since there is not sufficient contrast 

and resolution with this type of film to enable accurate and reliable 

measurements of the markers movement, we made no further study of its 

value for this application. The exposure time for the M radiographic 
* 

film was three times that of the AA film (15 min compared to 5 min). As 

this film only gave slightly better resolution and contrast than the AA 

film at the expense of considerably longer exposure times, only limited 

use made of it during this evaluation. 

The AA radiographic film has given good imaging results. With the 

x-ray source at a minimum distance from the film, exposure times of 5 min 

at 300 kV, with a 2.5-mm focal spot size, were realized. 

Figures 12 and 13 show two radiographs of the marker area of the 

bundle. Figure 14 gives the location and size of all markers. In the 

cases where only two of three markers can be seen, the third marker is 

superimposed on one of two others. 

(The resolution indicator can be seen in Figs. 12 and 13. The 

0.254-mm gap between the two top wires can be clearly seen; this is a 

resolution of more than 4 line pairs per millimeter (100 line pairs per 

inch). 



Fig. 11. Medical film radiograph. 
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ORNL-PHOTO 3119-78R 

Fig. 12. AA film radiograph. Rods 1 and 2 were unbowed. 
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ORNL-PHOTO 3119-78R 

Fig. 13. AA film radiograph. Rods 1 and 2 were bowed 0.254 mm. 
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The 0.5-mm markers are discernible in Figs. 12 and 13. In Fig. 12, 

all marked rods are unbowed, but in Fig. 13, rods 1 and 2 are each bowed 

0.254 mm. However, the markers on rod 1 could not be imaged because it was 

in the center row and in the path of maximum material thickness. These 

markers could have been imaged by translating the x-ray source and detector 

horizontally to either side of the center-row rods. (In effect, this 

would have made the center row a noncenter row with a decreased effective 

material thickness.) 

The two 0.5-mm markers that the arrow is pointing to in Figs. 12 

and 13 were used to make a quantitative dimensional measurement of rod 

bowing. 

Figures 15-17 show magnified views of the radiograph area at which 

rod bowing measurements were made. These three figures show, respectively, 

0 (reference rod), 0.254 mm (0.010 in.), and 0.472 mm (0.0186 in.) of 

bowing. (A fourth radiograph with a bowing of 0.127 mm (0.005 in.) was 

made, but it is not shown in this report.) Qualitatively, the relative 

amounts of bowing can be visually observed in the figures. Microdensito-

meter tracings were made in a 2-in. horizontal scan across these markers 

in each of four radiographs. Differential position measurements were then 

made. The results, shown in Table 1, indicate that type AA radiographic 

film would be a feasible method for measuring the movement of fuel rods 

in a GFTL bundle. 



Fig. 15. Magnified radiograph. Rods 1 and 2 were unbowed. 
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Fig. 17. Magnified radiograph. Rods 1 and 2 were bowed 0.472 ram. 
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Table 1. Differential position measurements of rod bowing 

Amount of rod bowing (mm) 

Calibrated Measured Difference (%) 

0.127 0.130 -2.5 

0.254 0.254 +0.1 

0.472 0.446 -5.5 

An appendix to this report contains the microdensitometer tracings 

and describes the method used to obtain the differential marker movements. 

The following recommendations are made on the suitability and use of 

x-ray imaging to make structural measurements on CFTL test bundles. How-

ever, the author cautions that this feasibility study considered only one 

specific design of the CFTL test bundle and vessel (as of August 1978) 

and that design changes affecting component materials or thicknesses may 

require further investigations. 

Based on the work to date, the author's recommendations are as 

follows: 

1. X-ray imaging is a useful and practical tool for making the measure-

ments and should be employed. 

2. For the fast- and medium-transients, two image intensifier systems 

should be used. 

3. For the slow transients (duration of 10 min or more) and for all 

steady-state tests, the detector should be AA x-ray film. 

5. RECOMMENDATIONS 

5.1 Summary 
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Type M x-ray and Blue Brand medical film should not be employed. 

Two 420-kV constant potential x-ray generators should be used. 

A digital image processor or similar device should be employed. 

A cost-cffective automated method for reducing, analyzing, and 

displaying pertinent data is necessary and should be developed. 

Details of future work in this area are outlined in the last section 

of this report. 

5.2 General Discussion 

The following gives detailed discussion of the above recommendations: 

This recommendation is straight-forward and needs no further 

explaination. 

Two image intensifier systems should be used to view the bundle 

from two circumferential postions 120° apart, which would define 

three—dimensional movement. Under favorable circumstances, the 

measurements could be resolved to 0.25 mm if a positioning system 

were developed to accurately and reproducibly position the x-ray 

sources and the detectors. Then these favorable circumstances 

could be epxected in two bundle locations. 

The first location is the heated section of the bundle. Figures 

9 and 10 show, relative to the detector, the rods with 0.5-mm markers 

which can be reliably imaged in a 91-rod bundle. The solid circles 

indicate rods that can be imaged in one TV frame (i.e., 1/30 s); this 

is referred to as real-time imaging. This will allow 30 samples of 

rod movement to be acquired every second. The half-solid circles 

indicate rods that will require an integration time of at least eight 
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TV frames (i.e., 8/30 s) to obtain an image suitable for processing. 

This will give an acquisition rate of about 4 samples per second of 

rod movement. 

Figures 9 and 10 can be scaled down for bundles containing 61 and 37 

fuel rods. All rods in the bundle except the center rod and the six 

rods in the adjacent ring can be imaged in the 37-, 61-, and 91-rod 

bundles by rotating the x-ray beam with respect to the bundle. 

The second location is the lower unheated section of the bundle, 

where larger markers than those in the heated section can be used. 

Larger markers (up to 4.8 mm in diameter) can be better imaged than 

the 0.5-mm markers, and any marker position in this axial area of the 

bundle can be reliably imaged in real time. 

3. AA x-ray film gives good resolution and well-defined images for all 

rods in the bundle except those in the center row, which are too 

dense. The rods in the center row can be imaged by moving the 

x-ray, machine-film system slightly off axis from the bundle. A 

resolution of better than 0.13 mm demonstrated for the test bundle 

of 91 rods could be expected for CFTL test bundles of current 

design if the positioning system for the x-ray sources and detectors 

was developed as discussed previously. 

4. The Blue Brand medical film had inadequate contrast and resolution. 

The M x-ray film required a much longer exposure time than the AA 

film and only gave slightly better resolution and contrast. 

5. The x-ray generator should be{,a 420-kV constant potential machine. 

Since (to a first approximation) the exposure time varies inversely 
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as the fifth power of the maximum x-ray energy, a machine setting 

at 420 kV would require an exposure time of only 20% of that at a 

300-kV setting with the same tube current. These higher voltages 

would allow shorter exposure times for the AA film, and, thus, AA 

film could be used for some of the faster transients. To obtain 

three-dimensional images, two x-ray generators placed 120° apart 

should be employed. 

6. A digital image processor or similar device should be employed to 

enhance the output signal from an image intensifier system by frame 

averaging. 

7. A significant effort will be needed to resolve the problems of data 

reduction and analysis. The large amount of data collected during 

these tests shows that a cost-effective automated method for reducing, 

analyzing, and displaying pertinent data is necessary and should be 

developed. 

6. FUTURE WORK 

There are two phases to making in-bundle high density marker measure-

ments in the CFTL: (1) the basic measurement, and (2) analyzing and 

interpreting the results. This report has dealt only with the first phase, 

attempting to optimize the imaging system, that is, the x-ray source and 

imaging detector. The work to date was only a feasibility evaluation. 

More work needs to be done in this area using both detection methods, the 

image intensifier and radiographic film. 

An intense effort is needed for the second phase of data analysis and 

interpretation. By electronically scanning each pertinent marker and 
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applying a position-sensing algorithm, it may be possible to detect and 

measure iriaxkeir movements corresponding to smaller displacements than have 

been demonstrated in this report. The following specific, tasks, which will 

complement the work in this report, are recommended: 

1. A representative image intensifier system should be evaluated for a 

sufficient period of time to optimize the system with 37-, 61-, and 

91-rod bundles. 

2. The radiographic film technique should be optimized for all three fuel 

rod bundle sizes. 

3. A machine that employs a larger x-ray focal spot should be used 

with film radiography. Although a larger focal spot would result 

in a less sharp marker image, special position peaking algorithms 

might enable a more precise measurement of marker movement. The 

exposure time of a 420-kV x-ray exposure of a 91-rod bundle with a 

2.5-mm focal spot would be VL min. If the spot size could be 

increased to 5 mm, the x-ray tube current could be increased a 

factor of about 4 (the 5-mm focal spot has four times the area of 

the 2.5-mm focal spot, and the maximum tube current is proportional 

to the target area). The result would be an AA film exposure of 

VL5 s, which means that AA film could be used for some of the 

faster transients. 

4. A cost effective method of acquiring and reducing the potentially 

«rge amount of data generated during a test is needed, and should 

be developed along with reliable and accurate processing algorithms 

to extract the data from a test and to present it in a usable form. 
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APPENDIX 

ANALYSIS OF ROD BOWING RADIOGRAPHIC DATA 
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As discussed in Sect. 4, a pair of rods in a 91-rod test bundle was 

bowed calibrated amounts. Figures 15-17 show magnified views of radio-

graphs taken at a displacement of 0 (reference), 0.254, and 0.4724 mm, 

respectively. A fourth radiograph was taken at a displacement of 0.127 mm 

(0.005 in.), but it is not shown in this report. Figures 18-20 are 

microdensitometer tracings of a 2-in. strip through the bowed markers where 

the displacements were measured. With geometrical and optical magnifica-

tion considered, one grid division on each graph is equal to 0.115 mm 
* 

(0.0046 in.) of lateral marker movement. Peaks A and B are the two mark-

ers, and peak R is a reference peak. A datum reference on the vessel 

outside diameter was not available for this work. A stationary background 

peak was chosen as a reference datum because it is of sufficient intensity 

and is not affected by bowing of the marked rods. 

The procedure used to obtain the values listed in Table 1 was to 

measure the differential movement between peaks A and R, and B and R for 

each of the three bowed radiographs relative to the unbowed reference 

radiograph. The measured amount of rod bowing for each case was calculated 

as the mean of each pair of measurements. The percentage difference was 

calculated in the standard way as: (measured-calibrated)(100)/(calibrated). 

The geometrical magnification was 1.7X; optical magnification, 5X; 

and total magnification, 8.5X. 
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Fig. 18. Microdensitometer tracing, rods unbowed. 



Fig. 19. Microdensitometer tracing - 0.127 mm bowing. 
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Fig. 20. Microdensitometer tracing; rods bowed 0.254 mm. 



Fig. 21. Microdensitometer tracing; rods bowed 0.4724 mm. 


