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SUMMARY 

Dry cask storage is being developed in the United States because utility 

spent fuel space is being depleted and spent fuel must be stored until reposi­

tory disposal is available. The casks used for dry storage must be able to 

safely reject large heat loads to the environment. This study was performed to 

determine the effects of abnormally high temperatures on spent fuel behavior. 
The results of this study are applicable to safety analyses and evaluations of 

fuel conditions following a postulated abnormal heating event during dry 

storage. 

Prior to testing, calculations using the CIRFI3 code were used to deter­

mine the steady-state fuel and cask component temperatures. The TRUMP code was 

used to detennine transient heating rates under postulated abnormal events dur­
ing which convection cooling of the cask surfaces was obstructed by a debris 

bed covering the cask. The peak rate of temperature rise during the first 6 h 

was calculated to be ~l5°C/h, followed by a rate of ~l°C/h. 

A Turkey Point spent fuel rod segment was heated to ~00°C. The segment 

deformed uniformly with an average strain of 17% at failure and a local strain 

of 60%. Pretest characterization of the spent fuel consisted of visual exami­

nation, profilometry, eddy-current examination, gamma scanning, fission gas 

collection, void volume measurement, fission gas analysis, hydrogen analysis of 

the cladding, burnup analysis, cladding metallography, and fuel ceramography. 

Post-test characterization showed that the failure was a pinhole cladding 

breach. The results of the tests showed that spent fuel temperatures in excess 

of 700°C are required to produce a cladding breach in fuel rods pressurized to 
500 psig (3.45 MPa) under postulated abnormal thermal transient cask condi­

tions. The pinhole cladding breach that developed would be too small to com­

promise the confinement of spent fuel particles during an abnormal event or 
after normal cooling conditions are restored. This behavior is similar to that 

found in other slow ramp tests with irradiated and nonirradiated rod sections 
and nonirradiated whole rods under conditions that bracketed postulated 

abnorma·l heating rates. This similarity is attributed to annealing of the 

irradiation-strengthened Zircaloy cladding during heating. In both cases, 

the failure was a benign, ductile pinhole rupture. 
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I NTROOUCTJ ON 

Because spent fuel storage space in at-reactor pools is being depleted in 

:he United States, alternatives to pool storage that could be added incremen­

tally at a utility site are being assessed. One alternative, dry cask storage~ 

takes advantage of the experience gained in dry storage of spent fuel {Johnson 

and Gilbert 1983). Casks used for dry storage must be capable of safely 

rejecting large heat loads to the environment. Heat is rejected to the 

environment largely by radiative and convective heat transfer from the body and 
finned surfaces of the cask. Thus, if heat transfer is impeded in any way, 

cask temperatures and fuel temperatures can increase. For example, convective 

heat transfer could be impeded by debris from a natural event such as an earth­

quake or tornado. No data are currently available to assess the rate of rise 
or the end point temperatures of the cask and fuel rods under these postulated 

condition~.. Some experimenta 1 results under different conditions were obtai ned 

for the Sandia Transportation Technology Center by Battelle Columbus Labora­

tories (BCL) using an experimental arrangement similar to that used in the 

present study (Burian et al. 1985). These results provided some insight; 

however, the Sandia tests focused on characterization of the source term and 

not on fuel rod performance. 

The Hark detailed in this report was sponsored by the Commercial Spent 
Fuel Management Program Office at Pacific Northwest Laboratory (PNL).{a) The 

objective of this work was to provide information on anticipated fuel rod 

behavior under postulated abnormal thermal transient conditions during dry 

storage. The study involved both analysis and experimentation. During the 

analysis, the rate of temperature rise was calculated as a function of heat 

loads and surface heat transfer coefficients for an assumed generic cask. 
Boundary conditions obtained from preliminary calculations and transient analy­

ses provided the rate of fuel temperature increase during assumed abnormal 
events. 

(a) Operated for the U.S. Department of Energy (DOE) by Battelle Memorial 
Institute under Contract DE-AC06-76RL0 1830. 
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Using the TRUMP computer code, fuel temperatures were predicted to 

increase at -15°C/h under the most severe conditions. In previous tests con­

ducted on nonirradiated fuel rods (Guenther 1983), the behavior of the fuel 

rods was similar for rods heated at rates from 10 to 60°C/h. The experimental 

work discussed in this report was conducted at 55°C/h, which is within the 

range used by Guenther (1983) and thus would appear to apply for the most 

severe thermal transient case. 

In the experimental work, the spent fuel rod segment was heated in an 

existing furnace at the BCL hot cell laboratory to determine the effects of 

abnormal transient heating on spent fuel. The press uri zed-water reactor (PWR) 

fue 1 rods, which had a prototypic burnup of ""30 ,000 MWd/MTU, were from the 

Turkey Point reactor. These rods had been previously characterized during the 

CLIMAX program conducted at BCL (Atkin 1981; Davis 1981). The characterization 

included visual examination, profilometry, eddy-current examination, gamma 

scanning, fission gas collection, void volume measurement, fission gas analy­

sis, hydrogen analysis of the cladding, burnup analysis, cladding metallog­

raphy, and fuel ceramography. The rod segment was also characterized after the 
test. The fuel rod segment was heated from 300°C to approximately 800°C at a 

rate of 55°C/h. The pressure and temperature were monitored continuously. The 

segment was heated to 300°C in less than 1 h. 

The objectives of the experimental activities were to determine the fail­

ure time, temperature, and pressure of spent PWR fuel using a 12-in.-long 
(30-cm-long) segment. The results allow the extension of failure predictions 

for PWR fuel rods under transient heating conditions from the few minutes 

associated with a loss-of-coolant accident (LOCA) (where data are available) to 
longer periods of several days that are more typical of abnormal cask events 

(where data are not available). These results for an irradiated fuel rod seg­
ment were compared with those obtained for nonirradiated full-length fuel rods 

in a similar PNL program (Guenther 1983) and for nonirradiated and irradiated 

rod segments in the Sandia program (Burian et al. 1985). 
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ANALYTICAL AND EXPERIMENTAL PROGRAMS 

The analytical portion of the study was conducted to provide guidance in 

:lesigning tests with appropriate heating rates. Transient analyses of spent 

·'uel temperatures under assumed abnormal conditions identified heating rates 

:hat were used in the experimental studies. An assumed generic cask was used 

i5 the bas·s for the model. Some preliminary work centered on pretest char­

:J.cterization of the fuel rods. Once the characterization was complete, the 

1eating rate tests were initiated. 

SPENT FUEL HEATING RATE ANALYSIS 

Dry storage casks are typically right circular cylinders with the cavity 

opening at one end. In use, most casks are stored in the upright position. 

The fuel assemblies are held in the cavity in a basket and separated by divid­

ers. If necessary, the dividers contain enough neutron poisons to assure a 

subcritical condition within the cask. The cylindrical walls and ends of the 

cask contain gamma- and neutron-shielding materials. 

The CIRFI3 computer code was used for the steady~state fuel and cask com­

ponent temperatures. This code provided a closed-form solution for cask com­

ponent boundary temperatures and heat generation for given ambient and outer 

surface temperatures. The code was written for a horizontally oriented cask 

and included convective and radiative effects at the surface. It was modified 

to account for convective effects in the water/50% glycol shield by adding a 

routine to calculate an effective heat transfer coefficient for the water/50% 

Jlycol annulus; the Lis correlation was used to calculate this coefficient 

:Lis 1966), 

The therma 1 transient ana lyses were conducted usi ny the TRUMP computer 

)rogram (Edwards 1972). The two-dimensional analytical model (radial and 

~xial) contained 37 nodes consisting of six materials. A radial section of the 

nodel is shown in Figure 1. The ends of the cask were similarly modeled assum­

ing only lead and stainless steel (SS) components (no neutron shield) with 

S in. {15 em) of debris around the outside of the cask. The model assumed that 

the cask was horizontal. 
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(all dimensions in inches; 1 in. = 2.54 em) 

In this report, 250°C is used as the maximum temperature for safe opera­
tion in an unlimited air environment (Pasupathi and Stahl 1982). However, 

recent data and analysis have shown that u3o8 formation in breached spent fuel 
precludes storage in air at temperatures as high as 250°C (White et al. 1983; 

Einziger and Cook 1983; Gilbert et al. 1983; Gilbert, White, and Knox 1985). 

Instead, a temperature limit of 380°C or higher in inert gas is recommended for 
dry storage of spent fuel {Johnson and Gilbert 1983). However, the test 

results presented in this report are still expected to remain applicable to 
storage at these higher temperatures. 

Starting temperatures for the transient analyses were calculated for the 
model shown in Figure 1 with the debris removed and with heat being rejected to 
the environment directly from the neutron shield shell. Manual calculations 
using the heat transfer coefficient from the surface for the horizontal 
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orientation verified that the temperature was within soc of that for the 
vertical (normal) orientation. Therefore, a separate model for the vertical 

orientation was not required. 

The thermal properties used for the SS, lead, water, and air components 

were accepted handbook values. The thermal properties of the contents were 
determined either individually (for specific heat) or as a weighted average 
(for thermal conductivity) using the weights of the contents reported by Eggers 
(1982). The thermal properties of the debris were taken as those of a mixture 

of 80% concrete and 20% air. 

The steady-state fuel cavity centerline temperature was calculated using 
the CIRFI3 inner cavity wall surface temperature and a heat transfer coeffi­
cient for homogenized cavity components (fuel, baskets, and air). It should be 
noted that the vertical versus the horizontal configuration (basket contact) 

and the composition of the baskets control the thermal conductivity coeffi­
cient. The composition and configuration of the baskets are the least well­
defined factors. These preliminary calculations apply only to steady-state 
conditions. To determine the dependency of the temperature rise in the cask if 
the cask is covered with debris, more refined calculations were performed using 
the TRUMP code (Edwards 1972). 

The temperatures calculated for the steady-state condition without debris 
were used as the starting temperatures for the transient analyses. The nodes 
representing the debris were added to the model and assigned an initial tem­
perature of 21°C. The calculated transient temperatures for spent fuel are 
presented in Figure 2. These results indicate that the maximum allowable tem­
perature of the spent fuel (250°C) was not reached until about 55 h for PWR 
elements (24 kW) and 110 h for BWR elements (20 kW). For these conditions, the 
rate of temperature rise was fairly slow (-1°C/h). 

The rate of temperature rise of the fuel cavity was determined for the 
24-kW heat load case with and without debris for code calibration. For the 
worst case, in which the debris is present early in the approach to equilib­

rium, the rate of rise during the first 6 h was calculated to be 14.6°C/h 

(Figure 3). This value decreased to less than 1°C/h in 48 h. Thus, the 
experimental range of 10 to 60°C/h brackets the worst-case debris condition. 
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Because of the slow rates of temperature increase shown in Figures 2 and 3, it 
appears that adequate time would be available for operator response to remove 
t he blockage after a postulated abnormal thermal transient before a cladding 
breach could occur. The experimental range of 10 to 60°C/h identified by this 

analytical study was also used to define the conditions for tests with nonir­
radiated fuel rods (Guenther 1983). The experimental work with nonirradiated 
spent fuel was performed to determine if those results could be applicable to 
irradiated fuel. 

EXPERIMENT~L WORK 

The pretest characterization data were largely taken from previous work 

performed on the Turkey Point spent fuel assemblies during the CLIMAX test pro­
gram (Atkin 1981; Davis 1981). The rod segment was a 12-in.-long (30-cm-long) 
section taken from the region of uniform flux (Figure 4). A 1.7-cm3 gas plenum 
~as prepared at one end of the rod section to simulate the free gas volume-to­

to tal volume ratio included within the cladding of a typical spent PWR fuel 

rod. 

Pretest Fuel Rod Characterization 

The pretest fuel rod characterization consisted of visual examination, 
~ rofilometry, eddy-current examination, gamma scanning, fission gas collection, 
void volume measurement, fission gas analysis, hydrogen analysis of the clad­
di ng, burnup analysis, cladding metallography, and fuel ceramography. 

Visual Examination 

The fuel rods were examined visually through a stereo-optical viewing sys­
tem and recorded with video equipment. Each rod was scanned at 6X magnifica­
t i on in three orientations 120° apart. A measuring tape was placed next to the 
rod to identify the axial location. 

The rod surfaces appeared to be generally covered with a shiny dark oxide. 

Sh iny marks were visible along the rod where the oxide had been scratched off 
by handling with manipulators. Much of the rod surface was also covered with a 
patchy light crud layer from the reactor. However, this layer was too thin to 

be detected by profilometry or eddy-current examinations and did not appear to 
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Zircaloy-4 Cladding (30-cm-long) 
1.07-cm 00 

20-cm-long Zircaloy 
Tubing (0.2-cm 10) 

0 .062-cm Wall Thickness 

Valve to Helium Supply 

Pressure Transducer 

U02 Fuel Pellets 

FIGURE 4. Spent Fuel Rod Segment Specimen Design with Welded Zircaloy 
End Caps 

be significant. There was very little crud up to about 60 in. (150 em) from 
the bottom of the rod. From 60 to 85 in. (150 to 220 em), the crud was patchy 
and appeared to be increasing in quantity. From 85 in. (220 em) to the top of 
the rod, the crud layer covered the rod surface except for striations where the 
layer was scratched off when the rod was pulled through the grid spacers. The 
black oxide surface could be seen at these scratches. There was generally less 

of this light crud layer just above the grid spacer locations at 79 and 105 in. 
(200 and 270 em) from the bottom of the rod. The presence of surface crud did 
not appear to influence the test results. 

Profil omet ry 

Profilometry was performed to detect and characterize any local rod diam­

eter anomalies and to determine the extent of oval i ty and cladding creepdown 
over the full length of the rod. The profilometer consisted of two linear 
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variable differential transducers (LVDT} placed 180° apart that moved axially 
along the fuel rod surface. The profilometer was calibrated with a standard 
cylindrical rod containing precisely machined steps of different diameters . 
The accuracy of the profilometer system and the precision of the measured mean 

diameter were both 0.0002 in. (5 ~m} (95% confidence). All rods exhibited 
typical creepdown in the fuel region that occurred during reactor service under 
coolant pressure. The extent of ridging at pellet interfaces, <0.0005 in . 
(<13 ~~), and the amount of ovality, 0. 002 in. (50 ~m), were typical of spent 

fuel rods. The cladding creepdown reduced the gas volume surrounding the fuel 
pellets and enclosed by the cladding within the active fuel zone of the fuel 

rods. 

Eddy-Current Examination 

The fuel rods were scanned with an encircling coil eddy current to iden­
t ify cladding discontinuities. No definite indications of cladding breaches 
were detected; indications of ridges were common, and some very small defects 

were observed. 

Gamma Scanning 

Gross and specific isotopic gamma activity along the length of the fuel 

rods was measured using the BCL hot cell gamma scanner to determine the condi­

tion of the fuel. Both gross and 137cs gamma scans exhibited typical flat 
chopped cosine curved profiles. The curves leveled off at 20 in. (~so em} from 
either end of the fuel column. Gamma flux depressions were observed at nearly 
all pellet interfaces. No unusual spikes or "hot spots" were observed. An 
approximate 10% depression in the gamma activity was observed at each of the 
spacer grid locations. All gap widths were less than 0.08 in. (0 . 20 em}. 

Fission Gas Collection and Void Volume Measurement 

The BCL hot cell fission gas collection system was used to penetrate the 
selected fuel rod cladding and collect the gas. Internal void volumes and the 
amount of gas contained in the fuel rods are shown in the appendix (Table A. l) . 

All rods contained approximately 700 cm3 of gas at standard temperature and 
pressure (STP) in an internal void volume of about 22 cm3. The two rods from 

Assembly 004 contained slightly more gas in a slightly larger volume than the 
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rods from Assembly 001. The pressures are slightly higher than the 480-psia 

(3.3-MPa) He prepressurization (Atkin 1981) and reflect the effects of reduced 

volume from cladding creepdown and the buildup of fission gases during 

irradiation. 

Fission Gas Analysis 

One vial of gas from each fuel rod was submitt ed for mass spectroscopy 

(Table A.2). All of the fuel rods contained essent ially helium with less than 

1% total krypton and xenon . The percentage of krypton and xenon released from 

the fuel was calculated to be about 0. 21% based on the quantities of these 

gases generated at this burnup {1670 cm3) and the data in Tables A. 1 and A.2. 

This low value is typical of PWR fuel rods. 

Hydrogen Analysis of the Cladding 

Samples of the Zircaloy-4 cladding were analyzed for hydrogen content by 

inert gas fusion (Table A. 3). Each value in Table A. 3 is the average of two or 

more analyses with the standard deviation. The values ranged from 40 to 90 

ppm, which is typical of the hydrogen measured in PWR fuel rods. The values 

increased with distance from the bottom of the rod . 

Burnup Analysis 

Three samples from Assembly 001 (Rods G9, G10, and H9) and two from Assem­

bly 004 (Rods G9 and G10) were taken from about 66 in. (170 em) from the bottom 

of the rod . Burnup values were consistent, ranging from 30,500 to 
31,600 MWd/MTU (3.18 to 3.29 at .%). 

Cladding Metallography 

Photomicrographs (100X) were taken at 90° int ervals around the sectioned 
samples of cladding to measure the cladding thickness . The magnification was 

calibrated by taking a series of 10 photomicrographs of the calibrated stage 

micrometer. The thickness ranged from 0.0239 to 0.0253 in. (607 to 643 ~) and 

averaged 0. 02442 in. (620 ~),which is slightly hi gher than the nominal thick­

ness of 0.0243 in. (617 ~). 

Photomicrographs of the outside diameter of the cladding in the as­

polished condition were taken at 500X to evaluate the oxide layer (Table A.4) . 
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Oxide thicknesses ranged from 2. 79 to 15. 75 ~and tended to increase toward 

the top ot the fuel rods. Some localized areas of the cladding showed evidence 

of oxide layer spallation . The diffe rence in the thickness of the reoxidized 
layer is an indication of the time at i rradiation temperature after the oxide 

layer spalled off . 

Photomicrographs were also taken of the cladding after etching to bring 

out the structure of the hydrides. The hydrides appeared as long stringers in 

the cladding and were generally oriented circumferentially, although a few of 
the hydrides were oriented in a radial direction. Hydriding increased toward 

the top of the rod, which appears to correl ate wel l with the hydrogen analysis 

data. 

Fuel/cladding interaction was evident at various locations on the speci ­

mens. However, the inside diameter surfaces of the cladding showed only a few 

interaction zones. 

Fuel Ceramography 

The sectioned specimens were ground with progressively finer silicon car­

bide abrasive papers using water as a lubricant . This procedure was followed 
by polishing with a 1 - ~ alumina suspension in a 2% chromic acid solution . No 

unusual features were noted in the overall appearance of the fuel spec imens in 
the as-polished condition . After this examination, a series of photomicro­

graphs at 35X that covered the entire specimen surface were taken and pieced 

together. A typical example is shown in Figure 5. The fuel specimens were 

then etched with a solution of 15% H2so4 (95%) and 85% H2o2 (30%), and the fuel 

was examined at 100X and 500X. Fuel grain sizes tended to increase toward the 
center of the fuel rod . Figures 6 and 7 show fuel at the outer edge , mid­
radius, and center of two sections from Rod TP-004-G9. Intergranular porosity 

is present throughout the specimen, but it is most prevalent near the edge and 
much less prevalent near the center . 

Heating Rate Tests 

After leak checking, the welded rod segment was placed into the furnace 

and pressurized to 500 psig (3 . 45 MPa) with helium to simulate the plenum pres­

sure in spent fuel rods. The experimental arrangement is shown in Figure 8. 
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270° 

180° 100pm 

FIGURE 5. Mosaic of Specimen TP-D04-G9-13 90 in. {230 em) 
from the Bottom of the Fuel (Atkin 1981) 

The preheater, furnace, filter system, and air pump are located inside the hot 

cell; the power supplies, controllers, and recorder are located outside. 

The hot zone in the furnace was fairly flat (within ±5°C) so that the rod 

segment was uniformly heated along its length. The heating rate was 55°C/h, as 

determined from the analytical program. For this slow heating rate test, the 
initial heating rate was more rapid {500°C/h) until the rod reached 300°C, at 

which time the rate was reduced to the test rate {55°C/h); this procedure saved 
considerable test time . It was determined that rapid heating to 300°C would 

not affect the fuel behavior during the test because tests at 325°C for times 

up to 2100 h showed little cladding strain (Einziger and Kohli 1984). The air 

flow through the system was set at ~ L/min at 1 atm, and the preheater was 
used to prevent cool air from impinging on the sys t em. 
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FIGURE 8. Failure Threshold Burst Test Apparatus 
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EXPERIMENTAL RESULTS 

The time-temperature-pressure history for the test using welded end plugs 
i s shown in Figure 9. The fuel probably behaved like a solid mandrel based on 
the high-density microstructures shown in Figures 5, 6, and 7. The initial 
heating rate was about 500°C/h; the final test heating rate was 55°C/h. The 
modest pressure rise during the latter portion of the test could be due to 
cladding deformation caused by recovery of irradiation strengthening. The test 
was terminated when the cladding of the rod segment failed. The rod segment 
and the pinhole failure are shown in Figure 10. This type of failure is simi­
lar to that observed in other. Turkey Point fuel segment tests performed at BCL 
for the Sandia Transportation Technology Center (Burian et al. 1985) and for 

tests on full-length nonirradiated rods performed at PNL (Guenther 1983). The 

soo~----------------------------------------~8.0 

700 

Pressure 

a) 

4.0 ~ 
(/) 
(/) 
(I) .... 

3 0 0. 

2.0 

1.0 

~------_. ________ ._ ______ ~--------~----~~o 
2 4 6 8 10 

Elasped Ttme. h 

FIGURE 9. Time-Temperature-Pressure History for Welded Rod Segment 
TP-D04-G9 (22.5 to 34.25 in. above bottom of rod) 
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FIGURE 10. Post-Test View of Rod TP-004-G9 (22.5 to 34.25 in. above bottom of rod; 
55°C/h heating rate) 
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results of these transient heating tests are presented Table 1. The tests 
designated IH were induction heated; the others were resistance heated; NR 
refers to the nonirradiated rod segment tests performed at BCL; the other 
designations refer to the tests performed at PNL. 

Failure temperature and pressure data were plotted as a function of heat­
ing rate (Figure 11). The log of heating rate was used for convenience. The 
t emperature and pressure data each fit reasonably well on one curve, indicating 
that whole rods and rod segments behaved similarly. In addition, the method of 

heating did not appear to have an effect. Failure pressure increased and fail­
ure temperature decreased with increasing heating rate, which is consistent 

with time- and temperature-dependent plastic yielding. Above 60°C/h, the fail­
ure temperature and pressure appeared to level out. Even under these latter 
conditions, the tube failed in a ductile manner, which permitted the potential 
pressure increase to be prevented by the increased volume resulting from 
uniform cladding deformation. In all cases, this uniform deformation resulted 
in local bulging and eventually very local cladding thinning and pinhole 

rupture. At much higher heating rates, there is inadequate time for plastic 
yielding and "fish-mouth" failures to occur (Low~ et al. 1981). Based on the 
fuel pellet microstructures shown in Figures 5, 6, and 7, little fuel deforma­
tions is expected and the fuel would have little effect on the pressure-time 
behavior. 

The maximum diametral strain was about 60%, while the average diametral 
strain was about 17%, which is consistent with results obtained for nonirradi­
ated rods. A cross-sectional view of the cladding at the pinhole failure is 
shown in the upper photograph in Figure 12. The cladding is uniformly bal­
looned and thinned. A higher magnification view of the failure area is shown 
i n the lower photograph in Figure 12. The edges of the failure region are thin 
and there is no evidence of mechanical instability. The failure apparently 
occurred from a surface depression that thinned and separated in a benign 
fashion. 
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TABLE 1. Results of Transient Heating Tests with PWR Fuel(a) 

F~llure M~xlmum Tempe ratu re Dlst~nce from 
He~tlng Rod Rod F~l lure Pressure Pressure ~ver~ge at ~xlmum Bottom of Rod, 

R~tet •c;h (Segment) Number Temperature£ •c ~ ~a ~ ~a Stral n1 % Pressure1 •c In. (em) 

9.9 4F I (b) -- 800 150 1.03 1070 7.38 36 490 Whole rod 
39.5 n<b> -- 801 233 1.61 1110 7.65 21 500 Whole rod 
52.9 101 (b) -- 163 281 1.94 1120 7. 72 17 490 Whole rod 
55.5 Dummy(b) -- 710 435 3.00 1230 8.48 10 500 Whole rod 

55 (TP-RH) (c) TP-004-G9 740 595 4.10 705 4.86 17 650 22.5 to 34.25 

...... (57 to 87) 
co 

267 (NR 1-1 H) (d) -- 727 510 3.52 860 5.93 (e) (e) 

267 (NR2-IH) (d) -- 710 625 4.31 865 5.96 (e) (e) 

267 <TP-1 H) (d) TP-004-G9 727 690 4.76 890 6.14 (e) (e) 48 to 60 
( 122 to 152) 

(~) Zlrcaloy-4 cladding; Initial pressure was 500 pslg (3.45 MPa). 
(b) Guenther (1983). 
(c) TP- Turkey Point; RH- resistance heated; IH- Induction heated; NR- nonlrradlated. 
(d) Burian et al. (1985>. 
(e) Not measured. 
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FIGURE 12 . Cross-Sectional Views of Failure Location fo r Rod TP-004-G9 
(without fuel; 28 in . from bottom of rod) 
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CONCLUSIONS 

The following conclusions are based on the work presented in this report: 

• The maximum rate of temperature rise during a postulated abnormal 

thermal transient during dry storage was calculated to be l5°C/h. 

• Because the time required to breach spent fuel cladding after a 

postulated incident of blocked cooling exceeds 1 week, adequate time 
would be available for operator response to remove the blockage 

before a cladding breach could occur. 

• The cladding breach resulting from a postulated abnormal heating 
in·:ident during dry storage is a small pinhole and will not com­

pr·Jmise confinement of fuel particles following an incident. 

• The ductile cladding breach associated with abnormal heating during 

dry storage would not propagate breaches in adjacent spent fuel rods. 
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APPENDIX 

P~ETEST CHARACTE~IZATION DATA 

This appendix consists of pretest characterization data on the fuel rod 

void and gas volumes (Table A.l), the fuel rod fission gas analysis 

(Table A.2), the hydrogen analysis of the Zircaloy-4 cladding (Table A.3), and 

the oxide thickness measurements (Table A.4} for the Turkey Point spent fuel 

rod samples that were used in this study. 

TABLE A.!. Fuel Rod Void and Gas Volumes(•) 

cm3 Volume, cm 3 
Pressure at 

Rod Void Volume, Gas ( STP) 25•c, esia (MPa) 

D01-G9 22.36 692.4 495.7 (3.4) 
D01-G10 21.01 684.2 522.6 
001-H9 22.05 704.6 514.2 
D04-G9 22.88 711.5 498.9 
004-G10 22.71 717.9 507.5 

(a) Atkin (1981). 

TABLE A.2. Fission Gas Analysis of Fuel Rods(a) 

Gas Analysis, val% 

Rod He N2 Ar Kr Xe 

D01-G9 99.4 0.01 0.07 0.05 0.43 
D01-G10 99.4 0.13 0.05 0.45 
D01-H9 98.7 0.72 0.05 0.49 
D04-G9 98.9 0.58 0.05 0.44 
D04-G10 98.3 0.43(b) 0.60 0.05 0.46 

(a) Atkin (1981). 
{b) 02 and N2 concentrations were due to a small leak in the 

transfer vial. 

A.1 

( 3. 6) 
( 3. 5) 
( 3. 4) 
(3.5) 

Xe/Kr 
8.6 
9.0 
9.8 
8.8 
9.2 



TABLE A.3. Hydrogen Analysis of Zircaloy-4 Cladding(a) 

Samp 1 e 

Identification 

TP-D01-G9-3 
TP-D01-G9-8 
TP-D01-G9-13 
TP-D01-G9-19 
TP-D01-G9-24 
TP-001-H9-6 
TP-D01-H9-11 
TP-001-G10-3 
TP-D04-G9-3 
TP-004-G9-7 
TP-D04-G9-13 
TP-D04-G10-6 

Sample 
Identification 

TP-001-G9-4 

TP-001-G9-9 

TP-001-G9-14 

TP-D01-G9-2D 

TP-D01-G9-25 

TP-001-G9-12 

TP-D04-G9-8 

TP-D04-G9-14 
NBS Standard 352(b) 

(a) Atkin (1981). 

Hydrogen Content, ppm 
39 ±13 (lo) 

56 ±6 

53 ±2 

60 ±11 

90 ±5 

82 ±3 

39 ±2 

53 ±3 

33.5 t2.0 

(b) The calibrated NBS value is 32 t2 ppm. The 
standard was run at the beginning of the 
analysis, after every four samples, and at the 
end of the analysis. 

TABLE A.4. Oxide Thickness Measurernents{a,b} 

Distance Oxide Thickness at 
from Bottom, Ci rcumferent i a 1 Location, "m 

in. (em) oo (c) goo 180° 

15.5 (39) 5.33 ±4.57 4.57 ±0.76 5.33 t0.51 
50.5 (128) 4.83 ±0.51 4.57 ±0.25 4.57 ±0.25 
65.0 ( 165) 4.83 ±0.76 4.83 t0.76 6.86 t0.76 
90.5 (230) 6.10 ±0.76 8.13 ±0.51 7.11 ±0.76 

120.5 (306) 14.73 ±0.76 14.73 t2.03 15.75 ±1.02 
65.5 (165) 5.33 ±1.52 5.59 ±D. 76 4.57 ±0.25 
90.5 (230) 12.95 ±1.52 8.13 t1.52 14.48 t!.02 
65.5 (165) 3.81 ±1.27 4.83 ±0.51 5.33 ±0.76 
40 ( 101) 4.06 t0.25 4.57 t0.51 4.32 t0.51 
65.5 ( 165) 4.32 t0.25 4.32 ±0.51 4.83 ±0.25 
90 ( 229) 4.83 ±0.76 5.59 ±1.78 5.59 ±1.52 
65.5 (165) 4.32 ±0.76 4.06 ±0.51 4.83 ±1.02 

(a) Atkin (1981). 

270° 

5.08 ±0.25 
2.79 ±1.78 
5.08 ±0.76 
6.86 ±0.51 

12.95 ±0.76 
6.10 ±0.76 
8.64 t1.02 
4.83 ±0.51 
4.83 ±0.76 
4.83 ±0.51 
8.13 ±1.02 
5.08 ±0.51 

(b) The numbers given are the average of five measurements; the standard 
deviation {lcr) of the five measurements is included. 

(c) Angle of rotation is from "A" face of assembly looking down. 

A.2 
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