NUREG/CR-0269
TREE-1237

for U.S. Nuclear Regulatory Commission

LIGHT WATER REACTOR FUEL RESPONSE DURINC
REACTIVITY INITIATED ACCIDENT EXPERIMENTS

TOSHIO FUJISHIRO ROGER L. JOHNSON
PHILIP E. MACDONALD RICHARD K. McCARDELI

¢nQ EGzG daho, Inc. . t

IDAHO NATIONAL ENGINEERING LABORATORY

DEPARTMENT OF ENERGY

IDAHO OPERATIONS OFFICE UNDER CONTRACT EY-76-C-07-1570







NUREG/CR-0Z69, TREE-1237 DISTRIBUTION

Errata to NUREG/CR-0269, TREE-1237, "Light Water Reactor Fuel Response
During Reactivity Initiated Accident Experiments", August 1978, T. Fujishiro,
R. L. Johnson, P. E. MacDonaid, and R. K. McCardell.

On page v, paragraph 2, last sentence, change "...with pressures to
1.2 MPa, ..." to " ... with pressures to 12 MPa, ...".



NUREG/CROZIs®
TREE 1237
LIGHT WATER REACTOR FUEL RESPONSE DURING

REACTIVITY INITIATED ACCIGENT EXPERIMENTS

Approved:

f}’ l@/w‘/J(

E. MacDonald, Manager
LWI? Fuel Research Division

H. J. Zerlc Manager
_her al Fue's Behavior Program —

L F\'lﬁun'dn. Director

Water Reactor Research




NUREG/CR-0269
TREE-1237
R3

LIGHT WATER REACTOR FUEL RESPONSE DURING

REACTIVITY INITIATED ACCIDENT EXPERIMENTS

Toshio Fujishirolal

Roger L. Johnson!b]
Philip E. MacDonald
Richard K. McCardell

Date Published: August 1978

Idaho National Engineering Laboratory
Idaho Falls, Idaho 83401
Operated by
EG&G Idaho, Inc.
for the
U.S. Department of Energy
Idaho Operations Office

PREPARED FOR THE
U.S.NUCLEAR REGULATORY COMMISSION
UNDER CONTRACT NO. EY-76-C-07-1570

[a] Japan Atomic Energy Research Institute.

(b] STAFCO, Inc.




ACKNOWLEDGMENTS




ABSTRACT

This report presents a summary of existing test results, data correlations, and
interpretations relevant to the current understanding of light water reactor fue! behavior
under conditions of a reactivity initiated accident. Experimental data are included from test
programs previously carried out in the Capsule Driver Core (SPERT Project) and TREAT
tacilities at the Idaho National Engineering Laboratory and currently ongoing in the
Japanese Nuclear Safety Research Reactor. Test results are summarized and presented,
primarily as derived from the literature, in terms of the thresholds, modes, and
consequences of fuel rod faillure. The effects of fuel rod design variations, environmental
variations, elevated bumup, and fuel waterlogging are described. The data are correlated and
analyzed to illustrate trends and salient features. Where possible, interpretations are made in
terms of basic fuel properties and capsule environment.



SUMMARY




Unirradiated fuel rods subjected to energy depositions in excess of about 350 cal/g
VO, failed by cladding rupture prior to the attainment of cladding melting, and significant
fragmentition of the rods occurred. Internal pressure from UO> vaporization was shown to
be the likely cause of these failures.

The consequences of unirradiated fuel rod failures were insignificant below about
300 cal/g UO». In the 300 to 500 cal/g range, fuel rods were broken up and fragmented, but
pressures did not exceed a few MPa and nuclear-to-mechanical energy conversions did not
exceed 17, Metal-water reaction was first detectable at about 200 cal/g UO5 and increased
to about 50% at 500 cal/g UO>. Tests at over 600 cal/g UO» had more severe consequences,
with pressures to 1.2 MPa, energy conversions to nearly 3%, and metal-water reaction to
nearly 1007%.

In tests with preirradiated fuel rods, having burnups to 32 000 MWd/t, rod failures
occurred at lower energy depositions in some cases than similar unirradiated fuel rods, with
little sensitivity attributable to the degree of burnup. The lower failure threshold was not
statistically established because only a few preirradiated rods were tested. The preirradiated
rods apparently failed as a result of internal pressure or fuel-cladding interaction, or both, at
energy depositions at which unirradiated rods failed from cladding melting or cracking of
embrittled cladding. Pressure and mechanical energy generation were detected at lower
energy  depositions (-2 200 cal/g UO>) for preirradiated rods; however, the observed
magnitudes were relatively insignificant,

Numerous tests were performed with waterlogged fuel rods. Waterlogging, or
absorbing water within oxide fuel, could result during shutdown conditions in a fuel rod
with damaged cladding. The failure threshold of waterlogged fuel was strongly dependent on
cladding material and cladding heat treatment. Zircaloy clad waterlogged rods were found to
fail by cladding rupture at energy depositions as low as 60 cal/g UO»>. Although failure often
produced high transient pressures (in the tens of MPa) in the test capsule, the pressure pulses
were very narrow and did not contain sufficient energy to damage adjacent rods. Large
radial cladding expansion and small, or negative, axial cladding expansion occurred.

The experimental programs to date have provided significant information to aid in
understanding fuel behavior under RIA conditions and in preparing preliminary models of
such behavior. To further develop and verify these models, additional experimental data are
required with preirradiated fuel under conditions more nearly typical of power reactor
environments (high temperature, pressure, flow, and initial power). The reactor safety
rescarch programs of the Nuclear Regulatory Commission and the Japan Atomic Energy
Research Institute are structured to provide such additional data.
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LIGHT WATER REACTOR FUEL RESPONSE DURING

REACTIVITY INITIATED ACCIDENT EXPERIMENTS

L. INTRODUCTION

Commercial nuclear power reactors are designed with multiple barriers to prevent the
release of fission products. These barriers include the fuel rod cladding, the primary system
pressure vessel and associated piping, and the containment. The rapid, inadvertent insertion
of reactivity into a light water reactor (LWR) core has long been recognized as a potential
mechanism for failure of the fuel rod cladding. Extensive cladding failure and dispersal of
fucl could disrupt the core such that cooling capability would be significantly impaired and
could damage and conceivably breach the coolant pressure boundary.

Understanding the performance of LWR fuel under normal and accident conditions is
a major objective of the United States Nuclear Regulatory Commission’s (NRC) Reactor
Safety Research Program' .21 The extensive examination of the results of out-of-pile and
in-pile experiments and associated analyses that are currently underway will result in a
better understanding of the physical response of reactor fuels to various postulated
accidents. These experiments will provide basic information for evaluating current modeling
techniques to predict the consequences of a wide range of accidents during the normal
useful life of a fuel rod.

To mimimize the possibility of damage from potential reactivity initiated accidents
(RIAs) in commercial LWRs, NRC design requirements have been imposed on reactivity
control systems to limit ““the potential amount and rate of reactivity increase to assure that
the effects of postulated reactivity accidents can neither (a) result in damage to the reactor
coolant pressure boundary greater than limited local yielding nor (b) sufficiently disturb the
core, its support structure, or other reactor pressure vessel internals to impair significantly
the capability to cool the core. These postulated reactivity accidents shall include
consideration of rod ¢jection (unless prevented by positive means), rod dropout, steam line
rupture, changes in reactor coolant temperature and pressure, and cold water addition™ (31,
Worst-case RIAs in commercial LWRs are postulated to result from the rapid removal of
control rod elements from the reactor core. In a pressurized water reactor (PWR), the RIA is
a result of the hypothesized mechanical rupture of a control rod drive mechanism housing
or control rod drive nozzle, which results in the coolant system pressure ejecting an inserted
control rod from the core. In a boiling water reactor (BWR), the worst-case RIA (rod drop)
results from (a) the separation (complete rupture, breakage, or disconnection) of an inserted
control rod drive from its cruciform control blade at or near the coupling, (b) the sticking of
the control blade in the inserted position as the rod drive is withdrawn, and (¢) the rapid
talling of the control blade to the withdrawn rod drive position.



Acceptable analytical methods and assumptions that may be used to evaluate the
consequences of rod ejection accidents in PWRs to assure that the aforementioned NRC
requirements have been met are identified in NRC Regulatory Guide 1.77141 . Similar
methods and assumptions are used in the evaluation of BWR rod drop accidents. By using
the recommended methods and assumptions of Reference 4, or by acceptable alternate
methods, the applicant (or licensee) is expected to show that:

“(1) Reactivity excursions will not result in a radial average fucl
enthalpy greater than 280 cal/g at any axial location in any fuel
rod.

(2)  Maximum reactor pressure during any portion of the assumed
transient will be less than the value that will cause stresses to
exceed the Emergency Condition stress limits as defined in
Section 1 of the ASMFE Code.

(3)  Offsite dose consequences will be well within the guidelines of
10 CFR 100.”

The recommended fuel enthalpy limitation (<2 280 cal/g) is based on a Regulatory staff
review of fuel behavior experimental data available prior to 1974, Their findings indicated
that the failure consequences were msignificant below 300 cal/g for both irradiated and
unirradiated UO» fuel rods subjected to rapid power excursions. Therefore, 280 cal/g was
considered a conservative maximum limit to ensure minimal core damage and maintenance
of both short-term and 1ong-term core cooling capability. The assumption applied is that the
recommended guidelines regarding reactor coolant pressure boundary stresses and offsite
dose consequences would also likely be met if compliance with the enthalpy limitation is
satistactorily demonstrated.

Complex analysis techniques are used to estimate the effects of postulated RIAs in
LWRs. These techniques generally couple the transient neutronics behavior, fuel rod thermal
and mechanical response, and the coolant hydrodynamic response. Typical examples of such
analysis methods are provided in Reterences 5, 6.and 7. Verification of these analytical
models 15 mmcomplete, however, due to himitations of existing fuel behavior data. Much of
the apphicable RIA experimental data were obtained several years ago in the SPERT
(Capsule Driver Core) and TREAT test programs, which investigated the behavior of single
or small clusters of fuel rods under ambient conditions, no forced coolant flow, and zero
mmstial power, Cooperative test programs currently underway in the Japanese Nuclear Satety
Rescarch Reactor (NSRRI and plans for the Power Burst Facility (PBF) at the Idaho
National Engincering Laboratory are expected to provide RIA fuel behavior data under
condittons more nearly typical of power reactor operation, thus allowing further verification
and development of analy tical models.

The experiments to deternune the behavior of LWR fuels under RIA conditions in the
Capsule Drive Core (CDC) facility at SPERT and in the TREAT facility were primanly
carned out between 1965 and 1970, Following termination of testing activities in the CDC

5
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in 1970, funding limitations precluded the preparation and publication of report(s)
summarizing and evaluating the test results. Thus, much of the CDC data were reported only
piccemeal in progress and interim reports and were not made generally available to the
technical community in a comprehensive form convenient for safety analysis and model
verification purposes. Likewise, comparisons of CDC and TREAT results, where applicable,
were not generally documented. With the recent resumption of RIA fuel behavior testing in
the NSRR and plans for such testing in the PBF, it has been decmed desirable to remedy
this deficiency. Therefore, a first objective of this report is to present an organized summary
of test results from the CDC, TREAT, and NSRR facilities relevant to fuel behavior under
RIA conditions.

The CDC, TREAT. and NSRR test results are presented in Section I, basically as
derived from the literature. Results of experiments with fuel rods having similar design
features and properties are grouped and discussed in Section Il-1. These test results form a
baseline data set, which is defined to include results from tests conducted in capsuies with
stagnant water at ambient temperature and atmospheric pressure with single, unirradiated,
pelletized UO», cold-worked zircaloy clad fuel rods with radial dimensions typical of or
scaled to approximate commerical reactor fuel. Data from these tests are used to establish
the behavior of typical LWR fuels under RIA conditions primarily in terms of the
thresholds, modes, and consequences of fuel failure. In Sections 11-2 through 11-5, the results
of tests performed to evaluate the effects of fuel rod design variations, local environmental
variations, fuel burnup, and fuel waterlogging are discussed. For each design or parametric
variation, test results are compared with the behavior of the baseline test fuels. Differences
and similarities in observed behavior are noted and discussed to illustrate the influence of
spectfic design or parametric variations on the response of the test fuel under RIA
conditions,

A second, albeit important, objective of this report is to present selected correlations
and interpretations of the RIA test data that have been developed to date. In Section I,
the test measurements are systematically correlated to establish trends and illustrate salient
features of the data. Wherever possible, interpretations are made in terms of basic properties
and characteristics of the test fuel and environment. Maximum cladding temperatures,
cladding deformation, and fuel deformation are discussed relative to fuel rod characteristics
and the test environment in Sections [I-1 and HI-2. The mode of failure near the failure
threshold and the high energy failure modes and mechanisms associated with unirradiated
UO> fuel rods are discussed in Sections HI-3 and 1114, respectively.

Section IV itemizes those conclusions that have been formulated regarding the current
understanding of fuel behavior under RIA conditions. Limitations of existing data and
important unresolved issues are included. The appendices provide pertinent supporting
information. Appendix A describes the test facilities, environments, fuels, instrumentation,
and measurments. Appendices B and C organize and summarize test data from the NSRR
and from the CDC,



Il. TEST RESULTS

Significant results from the SPERT, TREAT, and NSRR test programs are presented
in this section. The test programs previously completed by the SPERT and TREAT projects
have provided much of the applicable experimental fuel behavior data under RIA
conditions. These programs were primarily designed to provide data on the thresholds.
modes, and consequences of failure of LWR fuels subjected to rapid power excursions. Such
data have been used by reactor vendors and the Nuclear Regulatory Comunission in the
performance and evaluation of LWR safety analyses. These test facilities have the capability
to subject single test fuel rods to energy deposition rates and magnitudes equivalent to and
beyond those postulated for RIAs in coramercial reactors. Several fuel design and
parametric variations were investigated over a wide range of energy depositions. Test facility
limitations, however, prevented the conduct of experiments with initial coolant and power
level conditions representative of commercial reactor operation. The facilities were also
incapable of tests with fuel rod clusters large enough to provide information on potential
fuel failure propagation and interaction effects. A similar test program is presently being
conducted at the Japan Atomic Energy Research Institute in the NSRR, which has testing
capabilities approximating those of the CDC and TREAT facilities. The NSRR experimental
program is developing a more comprehensive understanding of the results previously
obtained by the SPERT and TREAT programs, using similarly designed LWR test fuel. RIA
testing in the NSRR s being coordinated with planned RIA tests in the Power Burst
Facility, which can accommodate larger test fuel arrays under conditions more nearly
representative of power reactor operation,

The CDC, TREAT, and NSRR test facilities are characterized by a driver core
normally operated in a transient mode with a centrally located flux trap. Encapsulated fuel
rods positioned in the central flux trap space were subjected to power excursions simulating
the magnmitude and time duration of severe RIAs in LWRs. Minimum reactor period
capabilities of the driver cores were approximately 35, 3. and 2 ms for TREAT, the CDC at
SPERT, and the NSRR. respectively, Capsule environments were comprised of stagnant
water at atmospheric pressure and room temperature. Test specimens were single or small
clusters of metal clad, oxide fuel rods of several designs, generally representative of those
used in LWRs. The facilities, capsule environments and hardware, and test fuels are
described further in Appendix A.

Pretest, dynamic, and posttest measurements, also described in Appendix A, were
made to obtain information on experimental variables of interest. The pretest characteristics
of test tuel rods were determined from measurements made during ard following fabrication
and included determination of physical properties, weights, dimensions, and radiographic
inspection. Dynamic measurements made directly during tests typically included cladding
and coolant temperatures, fuel rod internal and capsule pressures, fuel and cladding
deformations, capsule water column velocity. and, in TREAT, high speed motion pictures of
the test fuel during excursions. Energy deposition in the test fuel, the independent variabie
of prin. pal interest in RIA tests, was usually derived indirectly from calibrations based on
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radiochemical fission product analyses. The energy deposition for a particular experimental
configuration was dependent on the characteristics of the test fuel and was generally
controlled by variations of the initia! period of the driver core power excursion. Metal-water
reaction extent and nuclear-to-mechanical energy conversion were also determined
indirectly for some tests. Metal-water reaction extents were determined on the basis of
posttest hydrogen evolution measurements, whereas nuclear-to-mechanical energy con-
version determinations were based on measurements of capsule water column velocity.
Posttest examination of the test fuel generally included visual inspection, photography, and
measurement of dimensions. Detailed metallurgical examinations were only performed in
isolated cases.

The dynamic effects of interest in RIA experiments usually occur within tens of
milliscconds to a few seconds ‘ollowing test initiation. Examples of the behavior ol several
variables during a typical RIA experiment are shown in Figure 1. These variables are
representative of the behavior of a test rod subjected to a nondestructive energy deposition.

In addition to those tests performed to obtain RIA data on LWR fuels, numerous
transient tests for other purposes were conducted in the CDC and TREAT. In the CDC, for
example, experiments were performed to measure the UO2-water reaction, to evaluate the
effects of fissiie particle size in mixed oxide rods, and to proof test CDC and Power Burst
Facility (PBF) driver core fuel. In TREAT, a major part of the test program has been
devoted to liquid metal fast breeder reactor fuels and metal-water reaction tests. The results
of these experiments in the CDC and TREAT are documented in the literature and are not
included in this report.

The test results discussed in the following sections are categorized to first establish a
baseline data set and then delineate the effects of fuel design variations, environmental
variations. burnup, and waterlogging on the thresholds, modes, and consequences of fuel
failure. Only highlights and conclusions are presented, basically as derived from the
references listed in Section V and Appendix B. Data specific to individual CDC and NSRR
tests are organized and summarized in Appendices B and C.
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1. BASELINE TEST RESULTS

Numerous experiments have been conducted with single, unirradiated test fuel rods
having similar design features and properties. The results of these tests form a baseline data
set with which the results of the tests with fuel rod design variations, environmental
variations, clevated burnup, and waterlogged fuel are subsequently compared and evaluated.
The baceline tests are defined to include those tests conducted in capsules with stagrant
water at ambient temperature and atmospheric pressure with single, unirradiated,
unpressurizcd'al pelletized UO», cold-worked zircaloy clad fuel rods with radial dimensions
typical of or scaled to approximate commercial reactor fuel. Test rods of this type include
the SPX, SPXM, GEX, and GEP rods used in the CDC experiments, the NSRR-STD and
JPDR-1I rods used in NSRR experiments, and certain of the UO7 pellet rods used in the
TREAT experiments. As may be noted from the fuel rod characteristics listed in Table I,
which contains information on all the test rods discussed in this report, some of the
aforementioned test rod designations are generally used to describe rods with several design
variations. However, only those rods meeting the specified baseline test fuel criteria are
considered in this section.

1.1 Failure Thresholds

The mitial failure threshold (defined as loss of cladding integrity) was determined by
conducting tests with energy depositions both below and above the failure threshold, such
that the failure threshold for a particular rod type was generally estabhished in terms of an
energy deposition range. The lower bound of the range was the highest energy deposition
that did not result in failure, and the upper bound of the range was the lowest energy
deposition that resulted in failure. Failure thresholds for several baseline fuel types are given
in Table I1.

Fuel types shown in Table Il are those for which an adequate number of tests were
conducted near the failure threshold to permit reasonable estimation of the energy
depositon required for failure. The enrichment of the JPDR-II fuel rods, 2.6%, was too low
to allow attainment of energy depositions sufficient to cause failure, and the SPX rods
tested near the failure threshold were clad with annealed, rather than cold-worked zircaloy.

The information sources for the failure thresholds cited are indicated in Table I1. Only
single threshold values are shown for the GEP and TREAT rods because:

(1) The failure threshold for GEP pellet rods was reported in
Reference 9 to be between 201 and 243 cal/g UO». Subsequent
investigations and tests showed that a failure observed at
205 cal/g UO> was probably strongly influenced by carbon
impurities (V51 ppm) in the fuel pellets. Test rods with reduced

[a] A test rod with an internal pressure of one atmosphere or less.
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TABLE 1
NOMINAL CHARACTERISTICS OF TEST FUEL RODSL2]
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Fuel Rod Type  F-type

Overall length (cm)
Active length (cm)
Cladding material

Cladding heat
treatment

Cladding outsige
diameter (cm)

Cladding thickness
{mm)

Fuel materia)
Fuel form

fuel density
(x 10)

Enrichment (%)

Peliet diameter
(cm)

Pellet length
[cm)

Pellet eng
shape

Radial gas gap
() L€

Peak-to-average

radial
dcnsnyfﬂ

106
91

308-55

4.8
1.067

1.136

46
3I04-55/2r-2
AN Ln

0.635

©, 356

L

L

a5

3/5/10.8
0.559

1,14

FL

0.02%

105/ .0771.07

I08-55/20-2

AN/CW

0.635

0.356

",

P
95

5/10.5
0.559

1.18

Fl

0.02%

1.077v.17

[4] Abbreviations used in this table are are follows.

AN - annealed
CH - chamfered
(W - cold-worked

[b] GEXPR-CH rods had & 2.92-mm hole axially through the center of the fuel pellets.

0 - dished
FL - flat
PL - pellet

P -~ powder
§5 - stainfess steel
ir « gircaloy

GEx

@2.e/m
13 2/61

Tr-2

10% G4

0.794

0.508

w,

PL/PU
G484

57
0.681

1.20

/o

0.038

</1.13(PL)
-1 1200}

GEP

z2.umn
13.¢/61
Ir<2

101 Cw

1.43

0.813

PL/PW
93/84

5/7
1.23

FL/D

6.102

1.99/1.27(m.)
-/1.24(Pw)

[c] Gas gap and plenum fill gas was helium at one atmosphere for all test rods.

[d] Multiple values correspond to enrichment or fuel firm variations, or both.

R —

SRR
2.}
2.7

r-2

103 OW
0.7%4
0.508

Pu0,-uo,,
PL
9

T{wtt Py)
0.683

0.7
Fl

0.081

1.20

GEXPR-CH  TREAY NSRR-STD  NSRR-WG JPOR-11
21 21.% 26.5 26.5 26.5
13.9 4.0 13.¢ 13.5§ 13.%

Ir-2 2re2 1r4 Ir-4 lr-4
e o - o o i
0.794 1.422 1.872 1,072 1.223
0.508 0.2 0.82 0.62 0.70
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' oww m oL P
a2 95/82 35 9 9%
T{wtt Py} S 5/10/20 10 2.6
0.688 1.260 0.929 0.909% 1.066
0.61% - 1.¢ 1.0 1.5
FL FL CH CH FL
0.0%) 0.102 0.09% 0.19% 0.085%
1.20 - 1.186/41.23/ 1.23 1.08
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TABLE 11
INITIAL FAILURE THRESHOLDS

(Single, Cold-Worked Zircaloy Clad, Pellet Fueled Rods)

Cladding

Active Qutside UOZ Failure Threshoid

Fuel Rod Length Diameter Enrichment (cal/g UO )[a]

Type (cm) (cm) (%) 9 %,
GEX 13.2 0.794 7 223 to 256L%]
GEP 13.2 1.430 7 24091
SPXM 12.7 0.635 10.5 240 to 257L9]
NSRR-STD 13.5 1.072 10 214 to 264L8+10:11]
TREAT 14.0 1.422 5 2700121

[a] Failure threshold energy depositions are radial averages at the
axial flux peak.

(2)

carbon impurities (<1 ppm) withstood energy depositions of
238 and 240 cal/g UO» without failure. The effects of carbon
impurities are further discussed in Section 11-2.4.2.

Three TREAT rods tested near the failure threshold showed
failure at both 266 and 274 cal/g UO»>, but did not fail at
269 cal/g UO»>. On the basis of these results, Freshley and
Harrisonl 121 estimated the failure threshold to be V270 cal/g
UOH.

The slightly higher failure threshold observed for the TREAT rods may have been due,
in part. to greater heat losses prior to completion of the energy deposition than was the case
for the other rod types. The particular TREAT tests from which these results were
obtained had reactor periods of 60 to 70 ms, whereas the CDC tests (GEX, GEP, SPXM
rods) had reactor periods of 3 to 8 ms, and the NSRR tests (NSRR-STD rods,) had reactor
periods about 2 ms. Energy depositions were completed in about 500 ms for the TREAT
tests, whereas only 10 to 50 ms were required for the energy depositions to be completed in
the CDC and NSRR tests. The effects of these differences in energy deposition rates have
not been quantitatively evaluated. In any case, the slightly higher failure thresholds observed
for the TREAT rods are statistically insignificant because of the uncertainty (on the order
of £12%) of the energy deposition values for the various fuel rod types.



1.2 Failure Modes

Energy depositions in the range of 120 to 150 cal/g UO> resulted in departure from
nucleate boiling (DNB) for the baseline tests rods. The occurrence of DNB caused cladding
surface oxidation, the extent of which increased with increasing energy depositions. For
energy depositions near or slightly in excess of the initial failure threshold, cladding melting
and extensive cladding oxidation were evident from posttest inspections of the test rods.
Several of the test rods were subjected to detailed postirradiation metallurgical exami-
nations, which indicated the following with respect to the cladding:

(1) GEP pellet rods! 91 Metallographic and electron microprobe
examinations were performed on two GEP pellet rods tested at
201 and 243 cal/g UO,. Cladding failure did not occur for the
test at 201 cal/g UO>. Photomicrographs of the cladding from a
transverse cross section at the center of the active fuel length
showed the formation of zirconium oxide on both the outer and
inner surfaces of the cladding. The oxidation layers were thin, on
the order of 5 um on the outer surface and less on the inner
surface, with negligible oxygen diffusion into the cladding.

The test at 243 cal/g UO»> resulted in cladding melting near the
top of the active fuel length and significant cladding swelling
over the active length. Cladding photomicrographs in the vicinity
of the cladding breach and near the axial center of the rod
showed both internal and external oxidation. In the breached
region, both surfaces had layers of zirconium oxide about 50 um
thick on the outside and about 25 ym on the inside. Underneath
these oxide layers were layers of oxygen-stabilized alphia-phase
zirconium of similar thicknesses. Adjacent to each oxygen-rich
layer was a region of acicular structure believed to be the
precipitation of alpha platelets from oxygen-enriched beta-
zirconium. Oxygen was diffused into this region from the oxide.
The cladding sample from the nonbreached section of the rod
showed less oxidation and no evidence of the acicular structure.

(2)  TREAT pellet rod! 121 The cladding of a TREAT pellet rod
tested at 274 cal/g UO> was metallurgically examined. Cladding
fatlure occurred near the axial center of this rod from melting
and deterioration due to reaction with water vapor. The cladding
in a region of the rod that did not melt, but which reached a
temperature in excess of 1270 K, exhibited zirconium oxide
layers on the outside and inside of 40 and 10 gm in thickness,
respectively. Under the zirconium oxide were layers of oxygen-
stabilized alpha-phase zirconium,




In the region of cladding melting, the zirconium oxide layer on
the external surface was over 100 pm thick and contained an
intermediate  ZrO7.  region.  An oxygen-stabilized alpha-
zirconium layer of comparable thickness, about 100 um, formed
beneath the zirconium oxide layer. Intimate fuel-cladding
contact and reaction occurred on the inner surface in the region
of cladding melting, and the inner surface zirconium oxide layer
was consumed by the high temperature cladding. The region of
fue! where the fuelcladding reaction occurred was probably
oxygen deficient. A reaction layer having the appearance of
oxygen-stabilized alpha-zirconium, but which may have been
uranium-zirconium solid solution, formed at the fuel-cladding
interface in the reaction zone. In the once-molten cladding
region, significant cladding thickness variations occurred. There
were regions where the zirconium metal phase was completely
consumed and only a zirconium oxide layer remained on the
UO» fuel.

These metallurgical analyses indicate increasing oxygenation, and consequent embrit-
tlement of the zircaloy cladding with increasing energy depositions. Significant nonunifor-
mities in the extent of oxidation were noted where partial or complete cladding melting
occurred.

Figures 2, 3. and 4 show typical posttest photographs of GEX, SPXM, and NSRR-STD
fuel rods, respectively. For tests with energy depositions slightly above the initial failure
threshold, failure appeared to have resulted from melting or cracking of embrittled cladding,
or both (for example, the GEX rod at 257 cal/g UO> in Figure 2, the SPXM rod at 287 cal/g
UO»> in Figure 3, and the NSRR-STD rod at 270 cal/g UO7 in Figure 4). Cladding cracks
were generally evident in the failed rods; however, the time of occurrence of these cracks
relative to cladding melting, which also occurred in most cases, could not be determined.
Because cracking of the type observed required extensive cladding embrittlement, most of
the cracks probably occurred after several seconds of film boiling on the cladding surface,
perhaps duning the quenching or cooling cycle (quenching is illustrated at about 5s in the
cladding temperature trace of Figure 1). The cracks observed in once-molten ciadding also
appeared to have occurred during cooldown, because they tended to be rugged and
sharpcdged. In the TREAT testsl 121, the zirconium oxide layer tended to contain the
molten cladding, since no evidence was present of zirconium running down or dripping away
from the test rods. Further, considerable plasticity was reported to have occurred in the
zirconium oxide layers at temperatures above 770 K, but the films were brittle at room
temperature. Fosttest disassembly and handling operations represented another potential
sources of cladding cracking Rods tested in the vicinity of and beyond the failure threshold
tended to be fragile; thus, handling fractures occasionally occurred, some of which may not
have been identified as such.
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For energy depositions greater than about 350 cal/g UO», cladding surface tempera-
tures at the time of failure were below the cladding melting temperature and generally
acchned with increasing energy depositions. Thus, faillure by internal rod pressure was
indicated, with consequent increased rod fragmentation. Analysis of the particle size
distributions from fragmented GEX, SPXM, and SPX rods! 4! showed that the mean
particle diameter decreased with increasing energy deposition, but asymptotically
approached a lower limit of about 5 mils for energy depositions exceeding about 500 cal/g
UO».

1.3 Failure Consequences

The consequences of single-rod failures were evaluated primarily on the basis of
pressure generated within the capsule coolant, nuclear-to-mechanical energy conversion, and
the extent of cladding-water reaciion, all as a function of test fuel energy deposition. (The
methods used to determine nuclear-to-mechanical energy conversion and cladding-water
reaction are discussed in Appendix A.) For the baseline fuel types, the specific consequeaces
were as detailed in the following subsections.

1.3.1 Pressure. Pressures generated following rod failure were not generally
detectable for energy depositions less than 300 cal/g UOs. In the 300 to 500 cal/g U0
range. maximum measured pressures generally increased with increasing energy depositions,
but were no more than a (2w MPa. Severe fragmentation of two SPXM rods, e2ch tested at
about 650 cal/g UO»>, resulted in maximum measured pressures of 11 und 12 MpPal 91 1
should be noted that in both the CDC and NSRR tests, capsule pressure rezsurements were
made by a transducer located at the bottom of the capsules, which caused donbling of the
indicated pressure magnitudes. The doubling effect was clearly illustrated s a waterlogged
fuel rod test in the NSRRIUIOT (Test 4014C) in which the measured pea¥ pressure at the
capsule bottom was tbout o MPa, whereas several other pressure transducers lacated within
the capsule in the vicinity or the test rod showed peak pressures of about 3 MPa.

1.3.2 Nuclear-to-Mechanical Fnergy Conversion. Nuclear-to-mechanical energy con-
versions, determined from measured capsule water column velocities, were not detected for
energy depositions less than about 300 cal/g UO». In the 300 to 500 cal/g range, conversion
ratios were always less than 19, Energy depositions over 600 cal/g UO> for SPXM test rods
produced conversion ratios near 29191, apparently as a result of severe fragmentation.
Figure 5 shows energy coaversion plotted as a function of total test fuel energy deposition
for SPXM rods tested in the CDClal,

[al  The sohd line curve shown in the figure is an approximation to the data points drawn
by the authors to illustrate the trend of the data. Such curves are used frequently in
this report, particularly where several sets of data are shown in the same figure. Unless
otherwise noted, these curves represent neither mathematical fits to the data nor
analytical calculations of behavior.
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1.3.3 Metal-Water Reaction. Metal (cladding)-water reactions were determined from
posttest hydrogen evolution measurements (Appendix A). Figure 6 shows reaction extents
as a function of total energy deposition for SPXM and GEX rods!?1. As shown, reactions
were first detected for energy depositions exceeding about 160 cal/g UO>, which
approximately corresponded to the energy deposition for which film boiling became
prominent. Similar reaction extents were measured for both SPXM and GEX rods up to
about 350 cal/g UOs. Above 350 cal/g, significantly higher reaction extents were measured
for the SPXM rods, reaching indicated values of approximately 100% for energy depositions
exceeding 600 cal/g UO>. As shown in Figure 6, data from the GEX rod tests that resulted
in fuel spillage into the coolant were corrected for hydrogen evolution from radiolysis and
UOs-water reaction. This correction significantly lowered the reaction extents for the higiher
energy tests. The high energy deposition SPXM data would be similarly lowered by
correction for radiolysis and UOs-water reaction; however, the SPXM rods would likely still
show higher reaction extents than the GEX rods.

These results have led to the conclusion that unirradiated single rods produce
insignificant failure consequences for energy depositions below about 300 cal/g UO;.
Capsule pressures and nuclear-to-mechanical energy conversion ratios become noticeable in
the 308 to 500 cal/g UO range, with increased severity observed beyond 500 cal/g UO;.
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2. EFFECTS OF TEST FUEL DESIGN VARIATIONS

Tests in the CDC and NSRR have been conducted to evaluate the effects of several
fuel rod design vanations, The effects of these design vaniations have been determined by
comparison with the behavior of the baseline fuels. Significant differences and similarities in
behavior attributable to specific design variations are summarized in this section.

2.1 Cladding Material

SPX and F-type fuel rods clad with Type-304 annealed stainless steel were tested in
the CDC. Maximum measured cladding temperatures as a function of energy deposition
were lower for stainless steel than for zircaloy clad rods, apparently because of the higher
heat capacity of stainless steel. However, because of the lower melting temperature of
stainless steel, cladding melting occurred at approximately the same energy deposition as for
the zircaloy clad rods. Principal test results were as follows.

2.1.1 SPX Fuel Rods! 151, The initial failure threshold for stainless steel clad SPX
rods was determined to be in the range of 244 to 276 cal/g UO>, which is similar to that
determined for the baseline fuel types. Initial cladding failure was apparently by cladding
melting. and subsequent cladding failure was by cracking, probably occurring during the
quenching or cooldown cycle. Cladding melting and cracking are clearly illustrated in
Figure 7, which shows a posttest photograph of the central region of a SPX rod tested at
276 cal/g UO»>. Figure 8 shows a posttest photograph of the upper portion of this same rod,
which clearly shows the boundary between melted and unmeited cladding, pellet slumping,
and the preferential melting associated with the direction of pellet slumping. Higher energy
deposition tests to 572 cal/g UO> had results similar to those observed for the zircaloy clad
baseline fuels.

2.1.2 F-Type Fuel Rodel16] The initial failure threshold for stainless steel clad
F-type rods was in the range of 263 to 278 cal/g UO». Failure was observed in the form of a
longitudinal cladding crack v 1.3 ¢m long for the test at 278 cal/g UO3, with some small
patches of melted cladding, as shown in Figure 9. Cladding melting was somewhat less
extensive than for the SPX stainless steel rod tested at approximately the same energy
deposition. F-type rods were tested to only about 300 cal/g UOj, for which significant
cladding damage in the form of melting and circumferential cracking was observed, but fuel
rod breakup did not occur. Circumferential ridging (bambooing) of the cladding at the pellet
interfaces was also observed for F-type fuel rods, with the effect most pronounced at energy
depositions slightly over 200 cal/g UO»>. Bambooing of the cladding was also observed for a
similar type fuel following integral core tests in SPERT 171,

2.2 Cladding Heat Treatment

Tests with annealed and cold-worked zircaloy clad SPX fuel rods were conducted in
the CDCHI3I8T . The initial failure threshold of the annealed clad rods was about 240 cal/g
UO»: cold-worked clad rods were only tested at energy depositions beyond the initial failure

19



L






14-in. thermccouple
location

1 1

Spacer location

e | Foamed <
- cladding

12-in. thermocouple
location

R e e o e ]

: i
p ! = Cladding crack

Fig. 9 Fuel rod following Test 193 (278 cal/g UO5) in the CDC with stainless steel clad F-type rod




threshold. The only significant difference in behavior due to cladding heat treatment
occarred for energy depositions greater than about 400 cal/g UO>, where the energy
deposition at the time of cladding failure was appreciably greater for cold-worked clad rods
than for anncaled clad rods (500 versus 400 cal/g UO3). This behavior was attributed to
the ability of the cold-worked cladding to withstand greater internal pressures prior to
failure than the annealed cladding.

23 Gap Width

Tests with wide-gapped fuel (INSRR-WGH B9 were performed in the NSRR to
evaluate the effects of gas gap width on cladding temperatures and failure modes. These
tests employed rods with smaller pellet diameters than the NSRR-STD fuel, such that the
gap width was twice as wide as the STD rod design. The wide-gapped rods had considerably
lower cladding surface temperatures for energy depositions less than about 200 cal/g UO»
corapared with the STD rods. However, for energy depositions greater than 240 cal/g UO>
where pellet expansion caused contact with the cladding for the wide-gapped fuel,
maximum cladding temperatures were about the same for both the wide-gapped and STD
fuel rods. Further, the initial failure threshold of the wide-gapped fuel design was
approximately the same as for the STD fuel design.

24  Internal Pressure

The effects of rod internal pressure on the fuel behavior are discussed in the following
two subsections. Included are the results of tests with prepressurized fuel rods and tests with
fuel containing carbon impurities, which produced carbon monoxide and consequent
pressure buildup Juring heating.

24,1 Prepressunzed Fuel Tests. Tests have been conducted in the NSRRITH with
NSRR-STD fuel rods prepressurized from 0.25 to 4.9 MPa. Test results published to date
indicate that increasing the initial internal pressure causes (a)a decrease in the initial
cladding failure threshold, and (b)a change in the failure mode from cladding melting to
cladding rutpure. Figure 10 graphically iliustrates the decreasing initial failure threshold
with increasing prepressurization. Initial internal pressures to 0.6 MPa had hitde, if any,
influence on the threshold and mode of cladding failure. Initial pressures = 1.2 MPa,
however, resulted in a decrease in the failure threshold and failure by cladding rupture
rather than by melting and embrittlement. At an initial internal pressure of 2.9 MPa, the
farlure threshold was in the range of 150 to 160 cal/g UO»>, compared with 244 to 264 cal/g
UO» for imitial pressures in the 0 to 0.6 MPa range.

Cladding swelling was minor for € to 0.6 MPa pressures, but for 1.2 to 2.0 MPa,
significant sweiling (60 to 100% circumferential strain) occurred over the active fuel length.
Initial pressures of 2.9 to 4.9 MPa resulted in sizeable swelling localized near the position of
cladding failure. Measured cladding surface temperatures at the time of cladding failure
decreased with increasing initial internal pressure, as would be expected from out-of-pile
tube burst data. Maximum cladding temperatures, however, were lower for intermediate
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Fig. 10 Failure behavior of prepressurized NSRR-STD rods tested in tFs NSRR.

initial internal pressures where uniform cladding swelling was greatest. This behavior is
illustrated in Figure 11, which shows cladding surface temperatures (maximum measured
and at time of failure) as a function of initial internal pressure. These data were from a
thermocouple located 3.3 cm below the test rod midplane for the series of seven tests
performed at nominally 240 cal/g UO» (Figure 10).

2.4.2 Effects of Carbon Impurities. Unusually large cladding swelling was observed in
some tests with GEP-pellet rods tested in the CDCI?!, In one test at 194 cal/g UO9, a
permanent diametral ciadding deformation of 227% was measured. Posttest analysis of the
internal gas from rods of this type showed significant amounts of carbon monoxide,
apparently produced from carbon in the fuel matrix The carbon in the fuel was
subsequently determinea to be the remains of a wax binder used during pellet fabrication.
The maximum carbon concentration in the as-built pellets was about 51 ppm, which was
within then-existing commercial specifications. Subsequent testing indicated that the degree
of swelling was not highly reproducible due o an inability to accurately control all
pertinent variables. However, simple calculations based on estimated internal gas tempera-
tures showed that carbon monoxide evolution from the fuel could produce pressures of the
magmitude required to initiate cladding deformation. Tests on similar rods containing pellets
fabricated without the wax binder, and thus containing < | ppm carbon, exhibited little or
no swelling.
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2.5 Fuel Form

Tests with vibratory compacted powder-fucled rods were conducted in both the
cpCI?T and TREATIHIZ], The €DC tests used GEX and GEP powder-fucled rods. The
initial failure threshold for the GEX powder rods was in the range of 266 to 292 cal/g UO>
and was approximately 250 cal/g UO» for the GEP powder rods, both of which were
slightly higher than for similar pellet-fueled rods. The initial failures were caused by melting
of the cladding. The consequences of high energy deposition tests to 460 cal/g UO> with
powder-fucled GEX rods showed pressures, nuclear-to-mechanical energy cont ‘rsions, and
cladding-water reaction extents similar to those observed for pellet-fueled GEX rods.
Typical posttest photographs of GEX powder-fueled rods tested at various energy
depositions are shown in Figure 12.

The initial failure threshold for the TREAT powder-fueled rods was determined to be
approximately 270 cal/g UO>. which was the same as that determined for similar
pellet-fueled TREAT rods. Failure was by cladding melting, with indications of cladding
penetration by molten UO»>.
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2.6 Fuel Material

Plutonium recycle fuels, i the form of mixed oxides, were tested in the cpCl91. The
plutonium recycle test rods had a design similar to that of the GEX pellet UO3 rods and
were designated GEXPR and GEXPR-CH. The GEXPR rods contained solid pellets, whereas
the GEXPR-CH rods contained pellets with a 0.292-cm-diameter hole through the axial
center of each pellet. Test results showed the initial failure thresholds to be about the same
as for the GEX UO> pellet rods; namely, 225 to 274 cal/g fuel for GEXPR rods and 223 to
275 cal/g fuel for the GEXPR-CH rods. Failure of the GEXPR rod at 274 cal/g fuel was
apparently caused by cladding melting, which was also observed for GEX UO» rods tested
slightly beyond the initial failure threshold. GEXPR-CH rods, however, showed no evidence
of cladding melting in tests conducted at 275 and 277 cal/g fuel. Both of these rods failed
by similar appearing longitudinal cladding splits, each about 0.5 ¢m long.

Cladding surface temperature measurements showed that at about 225 cal/g fuel, the
maximum claddinz surface temperature attained by the mixed oxide fuel rods was about
200 K less than that for a GEX pellet UO> rod. It was noted that the mixed oxide rods
exhibited an initial short interval of nucleate boiling, whereas the UO) rods proceeded
immediately into film boiling. It was postulated that this behavior may have been caused by
heterogeneity of the mixed oxide fuel, which could have delayed the occurrence of DNB.

For energy depositions of about 275 cal/g fucl, maximum measured cladding surface
temperatures were 200 to 300 K higher for the GEXPR rod than for the GEXPR-CH rods.
This difference was postulated to be due to (a) the lower energy per unit length for a given
specific energy deposition in the rods with a center hole, and (b) poorer fuel-cladding
contact caused by lower thermal expansion of the center-hole fuel pellets.

The generally lower cladding temperatures for the mixed oxide rods resulted in
slightly lower metal-water reaction extents than for GEX pellet UO2 rods. Two higher
energy deposition tests at 329 and 414 cal/g performed with the GEXPR-CH rods showed
signficantly lower pressure pulse generation and nuclear-to-mechanical energy conversion
than was measured for GEX pellet UO» rods.

2.7 Fuel Enrichment

Test rods used in most single-rod experiments varied in enrichment from about 2.6 to
10.5%. To evaluate the effects of enrichment on test results, tests are being conducted in the
NSRRITOTL with 5. 10, and 207 enriched NSRR-STD rods; the radial power peaking
factors for these enrichments are 1.16, 1.23, and 1.63, respectively. The initial failure
thresholds, in terms of radial average energy depositions, decreased slightly with increasing
enrichment. as illustrated in Figure 13. From these experimental data, the initial failure
thresholds were determined to be 265 to 277 cal/g UO» for 5% enriched fuel, 254 to
264 cal/g UO7 for 10% enriched fuel, and 232 to 246 cal/g UO; for 20% enriched fuel.
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The lower failure threshold with increasing enrichment is believed to be caused by
greater radial power peaking near the pellet surface for the higher enriched rods. The effects
of such peaking are discussed further in Section I1-3.2.

2.8 Axial Length

Most of the RIA fuel behavior data were obtained using relatively short test rods,
usually about 13 ¢cm long. Short rods were considered preferable to minimize axial flux
variations, thus allowing experimental results to be easily related to the specific energy
deposition. Several tests were conducted in the cpCl?] with 61-cm-long powder- and
pellet-fucled GEX and GEP rods to determine whether the added length had any significant
effect on the threshold or consequences of failure. On the basis of a limited number of tests,
no unexpected or significantly different results were obtained for the longer rods, which was
also confirmed by tests on 91-cm F-type rods and 46-cm SPX rods in the CDC.

3. EFFECTS OF ENVIRONMENTAL VARIATIONS

The effects of several selected environmental variations were investigated in tests
performed in the CDC and NSRR. The scope of such testing was limited due to the inherent
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capabilities of the driver cores and the types of capsules employed to contain test fuel rods.
Thus, the only environmental variations investigated to date have included tests on small
clusters of rods and vanations in the amount of coolant locally available for heat transfer.
The significant results of tests to evaluate these effects are summarized in this section.

3.1 Open-Lattice Fuel Rod Clusters

Opendattice fuel rod cluster tests have been conducted in the NSRR and CDC. Fuel
rod behavior during these tests is discussed in the following subsections.

3.1.1 NSRR Test. A single test has been performed in the NSRR with a five-rod
open-lattice cluster of NSRR-STD fuel rodsl 1], The test cluster was comprised of a 207%
enriched central rod surrounded by four 107 enriched rods on a square pitch; the rods had a
I4-mm center-to-center spacing. The test resulted in an energy deposition of abeut 180 cal/g
UO> in the center rod and about 190 cal/g UO?> in the outer rods. Each of the rods was
uniformly discolored over its active length, but no cladding failure occurred. Cladding
surface temperature histories at the same elevation (axial midplane of fuel) for the center
rod and the inside and outside of an outer rod are shown in Figure 14. The maximum
measured temperature, 1625 K, occurred on the outer surface of an outside rod, while the
inner surface of the same rod attained a somewhat lower temperature due to the thermal
flux depression (such depressions are created within rod clusters that are dependent on an
external suppiy of neutrons from a driver core). Of particular interest was the behavior of
the center rod cladding temperature, which reached a maximum value about the same as
that observed for single rods at a similar energy deposition. However, the center rod
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Fig. 14 Cladding surface temperature histories for an open-attice five-rod cluster of NSRR-STD rods tested in the NSRR,
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remained in film boiling for a significantly longer time prior to quenching than has been
observed for single rods. Single rods at this energy deposition were observed to quench in
about § s, whereas the cluster center rod remained in film boiling for a time exceeding 10 s.

3.1.2 CDC Tests. Tests with open-laiice, five-rod clusters of SPXM rods (zircaloy
cladding, pelletized UO») were conducted in the CDC for energy depositions (center rod)
in the range of 125 to 315 cal/g UO>. The test clusters were comprised of 10.5% enriched
fuel rods; a central rod was surrounded by four outer rods on a square pitch with an 8.3-mm
center-to-center rod spacing. The primary results of these tests were:

(1) The failure threshold of the center rod was essentially unchanged
from that for single SPXM rods.

(2) Maximum measured cladding surface temperatures were similar
to those observed for single rods at comparable energy
depositions.

(3) The faillure consequences of the test in which the center rod
received 315 cal/g UO> and the outer rods received 383 cal/g
UO> were more severe than for a test at 378 cal/g UOj on a
single rod. The peak pressure and nuclear-to-mechanical energy
conversion were 2.6 MPa and 0.107%, respectively, for the cluster,
and 04 MPa and 0.06%, respectively, for the single rod.
Metal-water reaction extent, however, was only 30% for the
cluster compared with 477 for the single rod.

3.2 Reduced Local Coolant Inventory

Tests having a reduced local coolant inventory have been conducted in the NSRR and
the CDC. Results from single-rod tests and cluster tests are presented in the following
subsections.

3.2.1 Single-Rod Tests In NSRR. Tests have been conducted in the NSRRI 10,111
which NSRR-STD tuel rods were enclosed in open-ended aluminum tubes (flow shrouds) to
restrict the water/fuel ratio to that more nearly equivalent to an LWR core lattice.
Cross-section views of the flow shroud geometries used are shown in Figure 15,

Several tests performed with the [4-mm cylindncal shroud showed the imitial failure
threshold to be in the range of 211 to 247 cal/g UO), a decrease from the 244 to 264 cal/g
UO» range determined for the unenclosed NSRR-STD rods. The reduced failure threshold
was supported by test results with the other shroud geometries; failures occurred at
251 cal/g UO> with the 14-mm square shroud, at 237 cal/g UO; with the 16-mm cylindrical
shroud, and at 240 cal/g UO> with the 20-mm cylindrical shroud.

The shrouds had little effect on the maximum cladding surface temperatures reached
during the tests, but they did cause a significant increase in the duration of film boiling at
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the cladding surface. This effect is illustrated n the cladding surface temperature
measurementsshown in Figure 16. The test with no shroud quenched after about § s of film
boiling, whereas the test with the 14-mm square shroud (water/fuel ratio of 1.20) did not
quench until nearly 9 s, and the test with the 14-mm cylindrical shroud (water/fuel ratio ot
0.71) quenched at over 10s. Although not yet confirmed by metallurgical examinations, it
is likely that the longer durations of 1ilm boiling for the tests with shrouds resulted in
greater cladding embrittlement, which probably contributed to the occurrence of lower

failure thresholds for the rods enclosed in shrouds

Figure 17 illustrates the effects on temperature-related measurements of reducing the
water/fuel ratio by the use of the various shroud geometries (Figure 15). The data shown
were from five tests with energy depositions in the range of 237 to 251 cal/g UO», which
are considered to be nominally the same for purposes of these comparisons. With decreasing
water/fuel ratio (from 250 for no shroud to 0.71 for the smallest diameter shroud), the
quenching time increased from about S to 15 s, the temperature of the cladding surface at
time of quenching decreased from about 1170 to 570 K, the maximum measured cladding
temperature remained approximately constant, and the maximum measured water tempera-
ture at the outlet of those rods with shrouds increased. Cladding failure occurred in cach of
the four tests with shrouds, but did not occur in the test with no shroud. As discussed
previously, the long duration of film boiling for the tests with shrouds hikely caused greater
cladding embnttlement, which probably contributed to the failures

3.2.2 Cluster Tests in the NSRR. Two tests have been performed in the NSRRI

in which five-rod clusters of NSRR-STD fuel rods were enclosed in open-ended aluminum

shrouds to effectively reduce the water/fuel ratio. The test clusters were comprised ot a 20%
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Fig. 16 Cladding surface temperature histories with and without shrouds for NSRR-STD rods tested in the NSRR
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enriched central rod surrounded b four 107% ennched rods on a square pitch of 14 mm,
Figure 18 shows cross-section views of the clusters and flow shroud geometries.

The fuel rod cluster enclosed in the square shroud (water/fuel ratio of 2.91) was
subjected to a test that deposited 200 cal/g UO3 in the center rod and 190 cal/g UO> in the
outer rods. This test was similar to the test performed on an open-lattice cluster
(Section 11-3.1.1, 180 cal/g UO> in center rod and 190 cal/g UOj in outer rods), and no
significant G fferences in test results were observed.

I'he cluster enclosed in the cruciform shroud (water/fuel ratio of 1.17) was subjected
to a test that deposited 225 cal/g UO> in the center rod and 240 cal/g UO» in the outer
rods. This test caused failure of the center rod near the bottom of the active fuel length and
evidence of cladding melting was apparent on the outer rods. The cladding melting on the
outer rods was preferentially oriented on the side opposite the center rod (that is, where the
local energy deposition was greatest). It has not been determined whether the melting was
primanly & result of the asymmetric power distribution across these rods or whether the
shroud influenced the behavior. The outer rods were also noted to be bowed away from the
center rod. Only one thermocouple, located on an inner surface of an outside rod, survived
throughout the test. This thermocouple indicated a maximum cladding temperature ol
1570 K, a quenching temperature of 1070 K, and a quenching time of 11.3 5. These data
would appear to be consistent with expectations based on the single rod tests performed
with shrouds (Section 11-3.2.1), but additional testing and analysis is required to better
understand cluster behavior,
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fe———— 42 MM ald mm 14 mth
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ratio 2 91 ratio 1.17 INEL-A-8632

Fig. 18 Cross sections of clusters and flow shrouds used in NSRR tests
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3.2.3 Cluster Tests in the CDC. Tests with five-rod clusters of SPXM and GEX rods
(zircaloy clad, pellet fuel) were conducted in the CDC with the clusters enclosed in both
square and cylindrical flow shrouds (water/fuel ratios in the range of 1.2 to 2.11). The
principal results of the few tests performed were as follows:

(1)  The failure threshold for SPXM clusters enclosed in canisters was
reduced to less than 225 cal/g UO), compared with about
240 cal/g UO» for unenclosed single rods and for the center rod
in open-lattice clusters

No failures occurred for a GEX cluster enclosed in a canister as a
result of energy depositions of 197 cal/g UO»> in the center rod
(7% enriched) and 176 cal/g UO> in the outer rods (5%
enriched).

4 FFFECTS OF FUEL BURNUP

Tests were conducted in the CDCI2.201 o scope the etfects of burnup on the
threshold and consequences of rod failure. Both GEP and GEX pellet-fueled rods were
preirradiated in a pressurized water loop in the Engineening Test Reactor (ETR). Coolant
conditions i the FTR lcop simulated a BWR environment; that is, 6.9 MPa pressure, S11 K
inlet temperature, and 561 K cladding surface temperature. Lincar power densities were
S5.8 to 65.6 kW/m. Atypical of BWRs was the slightly lower fast-to-thermal flux ratio
(between 0.15 and 0.20), which resulted in a slightly less than typical fast neutron dose to
the cladding.

Ten tests were performed in the CDC, iwo with GEP rods having burnups of
1000 megawatt-days per metric ton of uranium (MWd/t) and eight with GEX rods having
burnups in the range of 3000 to 32 000 MWd/t. The principal results of the GEP rod tests
were as follows:

(1)  The relatively low burnup (1000 MWd/t) of the GEP rods
produced no significant  differences in the initial  failure
threshold compared with similar tests on unirradiated rods at
energy depositions ot about 200 and 240 cal/g UO>.

With regard to failure mode, the failure at 240 cal/g UO> for the
unirradiated rod was in the form of cladding melting, whereas
the preirradiated rod failed by cladding rupture. Thus, at
1000 MWd/t, a change in tatlure mode from passive meltdown to
pressure-caused rupture was indicated.




Tests with the higher bumup GEX rods indicated that fuel burnup affected the initial
failure threshold, failure mode, and consequences of failure. Specific findings were as
follows:

(1) Failure thresholds: The test data indicated a reduction in the
initial failure threshold for preirradiated rods _ompared with
unirradiated rods. A 3000 MWd/t GEX rod subjected to a
200 cal/g UO> test failed at 147 cal/g UO7, and a 32 000 MWd/t
GEX rod subjected to a 190 cal/g UO> test failed at 85 cal/g
UO>. These two tests represent the lowest initial failure
thresholds observed: other preirradiated rods either withstood
higher energy depositions without failure, or failed at higher
energy depositions than did comparable unirradiated rods.

(2) Failure modes: The failures of preirradiated GEX rods showed
little or no evidence of cladding melting, which was evident in
most unirradiated rods tested near the initial failure threshold.
Faillures of preirradiated rods were in the form of cladding
ruptures or cracks, generally longtudinal, and, in some cases,
extensive and multiple ruptures and cracks. While some failures
appeared to have been ruptures induced by internal pressure, the
32000 MWd/t GEX rod that failed at 85 cal/g UO> had three
separate longitudinal fractures (cracks) that extended over the
active length of the rod. The cracks appeared to be brittle
fractures, although this was not confirmed by metallurgical
examination. Based on available information, Millerl 201 postu-
lated that overpressure by internal gas was not the direct cause
of the multiple cracking, but that the three fractures were
probably caused by pellet-cladding interaction (PCI): namely, by
the strain of thermanlty expanding fuel against embrittled
cladding.

(3)  Failure consequences: Measurable capsule pressure and mechani-
cal energy generation occurred at lower energy depositions for
preirradiated rods than for comparable unirradiated rods
(200 cal/g UO;, total energy deposition compared with over
300 cal/g UO»). In the 200 to 300 cal/g UO; range, the pressure
pulses were narrow, with magnitudes not exceeding about
2.4 MPa. Little fuel was expelled from the rods, and nuclear-to-
mechanical energy conversions did not exceed 0.3% in the 200
to 300 cal/g UO» range.

One GEX rod with a burnup of ~4140 MWd 't was tested at a
total energy deposition of 348 cal/g UO>. The rod 1ailed at
about 300 cai’g UO>, producing a pressure pulse of 16.2 MPa
and a nuclear-to-mechanical energy conversion of 0.217. A
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5. EFFECTS OF WATERLOGGED FUEL

Tests with vanious waterlogged rod types have veen conducted in both the CDC and
NSRR. The CDC tests were performed on rods with pellet and powder fuel clad with both
cold-worked and annealed zircaloy and stainless steel. The NSRR tests were performed on
the NSRR-STD, NSRR-WG, and JPDR-II rod designs, all of which had pellet fuel clad with
cold-worked zircaloy. The tests with waterlogged rods simu'ate the conditions of a startup
accident in a power reactor in which previously failed fuel, which had become waterlogged
during shutdown, is subjected to a sudden overpower transient. Most of the rods tested in
the CDC were waterlogged by evacuating the rods and allowing water to enter the evacuated
interior. This technique resulted in essentially complete waterlogging. Tests in the NSRR
have investigated both fully and partially waterlogged rods, waterlogged rods with cladding
defects, and the effects of reactor period on the failure threshold.

In gencra!, waterlogged rods were found to fail at cignificantly lower energy
depositions than nonwaterlogged rods (with the exception of annealed stainless steel clad
rods}. The initial failure threshold was found to be strongly dependent on cladding material
and cladding heat treatment, and relatively independent of fuel form, rod design
characteristics, and degree of waterlogging. Waterlogged rods failed almost exclusively by
cladding rupture caused by internal pressure generated by water expansion. The con-
sequences of failure, in terms of pressure pulse magnitudes and nuclear-to-mechanical energy
conversion, were found to be greater for powder fuel rods than for pellet fuel rods.

The principal resalts of the waterlogged fuel rod tests are summarized in the
following. Further details are provided in the referenced publications.

(1) Failure thresholds: The imitial failure thresholds determined for
various types of fully waterlogged fuel rods tested in the CDC
and NSRR are shown in Table I11. These data clearly indicate
that the failure threshold is lower for zircaloy than for stainless
steel cladding, and that cold-worked cladding fails at lower
energy depositions than does annealed cladding. The cladding
failures for stainless steel clad rods were generally in the form of
splits, with little or no evidence of cladding oxidation or melting,
whereas the zircaloy clad rods were, in some cases, discolored
over the active region, indicating the attainment of higher
temperatures. The discolored zircaloy clad rods were fragile and
casily broken during handling. indicating some degree of
cladding embnittlement.

(2) Failure consequences: Failure of waterlogged fuel rods
produced high capsule pressures, but the pressure pulses were
generally narrow and did not generate sufficient mechanical
energy to damage adjacent rods. Waterlogged GEP powder rods
generated pressure pulses as high as 41 .4 MPa, which was two to
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TABLE 111
INITIAL FAILURE THRESHOLDS FOR WATERLOGGED FUEL RODS

Failure Threshold[°]

e Form  baterial . Treatsent (cal/g UO,)
SPXM Pellet Zircaloy-2 Cold-worked 85 to 150[9]
SPXM Pellet Zircaloy-2  Annealed 157 to 164L%)
SPXM Pellet 304 SS Cold-worked 110 to 116L%)
SPXM Pellet 304 SS Annealed 330 to 35209
F-type  Pellet 304 SS Annealed 240 to 2450

GEP Pellet Zircaloy-2 10% cold-worked  60L°]

GEP Powder Zircaloy-2 10% cold-worked 60 to 66[9]
NSRR-STD  Pellet Zircaloy-4  Cold-worded 90 to 140t10»11]
JPOR-II  Pellet Zircaloy-4  Cold-worked 100 to 130L10+11]
NSRR-WG  Pellet Zircaloy-4  Cold-worked 90 to 140l'0:11]

[a] Based on radial average energy deposition at axial flux peak at
time of rod failure.

[b] Based on unpublished test results.

five times higher than comparable waterlogged pellet rods. The
nuclear-to-mechanical energy conversions for the GEP powder
rod that produced 41.4 MPa pressure was about 0.9%. Failure of
waterlogged fuel rods generally resulted in all or most of the fuel
being expelled into the coolant. The initial pressure pulses,
however, were believed to have been caused by venting of the
high-pressure  water within the fuel rods, rather than by
fuel-coolant interactions.

(3) Other effects: Tests have been performed in the NSRRI to
investigate the effects of partial waterlogging, cladding defects,
gap-width, and reactor period on the failure threshold and
general behavior of waterlogged rods. Although vanation of
these parameters affected the detailed behavioral aspects of
waterlogged rods, they were not found to significantly affect the
thresholds and consequences of waterlogged rod failure.
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HI. CORRELATIONS AND INTERPRETATIONS
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Fig. 20 Maximum cladding temperature plotted as a function of radial average energy deposition.



(2) Between about 150 and 240 cal/g of fuel, maximur: cladding
temperatures increased significantly, indicating degradation of
heat transfer from the cladding to the coolant caused by DNB
and subsequent film boiling. Maximum cladding temperatures of
stainless steel clad tuels were significantly lower than those of
zircaloy clad fuels.

(3)  For energy depositions greater than about 240 cal/g of fuel,
maximum cladding temperatures reached the melting tempera-
tures of 2073 K for zircaloy cladding and 1673 K for stainless
steel cladding.

(4)  Temperature differences among zircaloy clad fuel rods were not
large . however, powder-fueled and mixed-oxide-fueled rods had
lower temperatures than pellet-fueled rods. Further, the CDC
test rods had generally lower temperatures than the NSRR test
rods.

1.2 Effect of Pellet-to-Cladding Gap on the Onsct of DNB

Fuel-cladding gap closure from fuel expansion causes a significant increase in gap
conductance, with the resultant increased encrgy transfer leading to DNB at the cladding
surface. Therefore, the minimum energy deposition necessary to cause DNB is dependent on
the nitial fuelcladding gap; that is, DNB did not occur with NSRR wide-gapped fuel
(NSRR-WG) below about 190 cal/g of fuel: however, it occurrad at about 130 cal/g UO; for
most other fuel types, and at even lower energy depositions for waterlogged rods. DNB is
delayed to higher energy depositions for the wide-gapped fuel, because more fuel thermal
expansion is required for gap closure. This effect is illustrated in Figure 21, where the
calculated energy deposition required for gap closure in pellet-fueled rods is shown as a
function of the ratio of initial gap width to fuel radius. Experimentally determined energy
depositions near the onset of DNB, determined from both cladding temperature histories
and cladding surface oxidation, are shown for comparison. The gap closure curve was
calculated using the UO> heat capacity equations presented in Reference 21 and the UO»
thermal expansion expression of Reference 22,

The calculated gap closure line in Figure 21 approximately coincides with the
boundary between the DNB and non-DNB data. Therefore, gap closure is an apparent
prereguisite tor DNB in tests with pellet-fueled rods.

The existence of gap closure can also be determined using cladding deformation data.
Cladding deformation is believed to be primarily caused by fuel thermal expansion when the
test rods are not prepressurized and the energy depositions are such that the fuel rod
internal gas pressure is below that required to cause Cladding yvield. In Figure 22, maximum

cladding temperatures and cladding radial expansions are compared for zircaloy clad
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NSRR-STD and NSRR-WG fuels and stainless steel clad F-type fuels. The energy deposition
thresholds for high cladding temperatures are in good agreement with the energy deposition
thresholds for cladding expansion in each of the three fuel types.

Fuel cracking can also cause contact between fuel and cladding. However, soft contact
of this type, with low interface pressure, apparently does not significantly improve heat
transfer to the cladding; no apparent change in DPNB occurience was observed in sequential
CDC testing of F-type rods which iesulted in extinsive fuel cracking‘ 16],

At high energy depositions and subseoueni early gap closure, initial gap width has an
insignificant effect on maximum cladding temperatuwies (Figure 20).
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zircaloy and stainless steel are primarily responsible for the observed higher temperatures for
zircaloy.

Thermal conductivitics and heat capacities for zircaloy and stainless steel are
presented and compared in Figures 23 and 24, respectively. In the temperature range of 200
to 1200 K, the thermal conductivities are nearly the same, whereas the heat capacity of
Type 304 stainless steel is almost twice that of zircaloy-4 (except at the af phase
transformation). Thus, the temperature increase of zircaloy<4 should be about twice that of
stainless steel for the same heat input. At higher energy depositions, the melting
temperature of stainless steel limits maximum cladding temperatures to approximately
1670 K.

Differences in the cladding temperature behavior of zircaloy and stainless steel clad
rods with the same cladding thickness (0.508 mm), and both subjected to energy
depositions of about 216 cal/g UO», are illustrated in Figure 25. During the initial 0.5 s of
the temperature transient, the temperature increase of the zircaloy clad rod was about twice
that of the stainless steel clad rod, as expected, based on their relative heat capacities.
However, the maximum temperatures appear to be less dependent on differences in heat
capacity, since the maximum temperature of the zircaloy cladding was only about 50%
greater than that of the stainless steel cladding. The reasons for this behavior are not well
understood.

1.4 Effects of Shrouds on Single Rods

Tests performed in the NSRR, in which NSRR-STD rods were enclosed in open-ended
flow shrouds of various geometries, showed that such enclosures had little, if any, effect on
maximum cladding surface temperatures. With regard to temperature behavior, the primary
effect of such shrouds was to increase the time duration of film boiling during the tests from
about 5s to as much as 15 s.

1.5  Fuel Rod Clusters

Maximum cladding temperatures of rods tested in clusters of five, both with and
without shrouds, were approximately the same as those for comparable tests with single
rods. Cooling by the primary mechanisms of natural convection and radiation is reduced for
clusters, particularly those with shrouds, when the fuel rod surfaces are in film boiling. The
external heat transfer configuration, however, seemed to have a relatively small effect on
maximum cladding temperatures for the CDC and NSRR tests in a stagnant coolant. The
presence of a shroud around a five-rod cluster increased the time duration of film boiling as
did a shroud in the single-rod tests.

1.6 Mixed Oxide Fuels

Maximum cladding temperatures for mixed-oxide-rod tests in the CDC were somewhat
lower than for similar UO> rods (the mixed oxide fuel consisted of a mixtuie of PuO>
particles and natural UO>). Most of the fissions occurred in the PuO, particles and the
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energy produced had to be transferred to the surrounding fuel matrix before being
transferred to the cladding. This additional thermal resistance within the pellet appears to

have decreased the effective pellet thermal conductivity, thus

causing lower cladding

temperatures than for UO> fuels tested at comparable energy depositions. Cladding surface
temperature histories are compared in Figure 26 for mixed oxide and UO» fuel rods, each of

which received energy depositions of about 225 cal/g of fuel

Both the GEXPR and

GEXPR-CH mixed oxide rods exhibited a short interval of nucleate boiling prior to DNB,
whereas the GEX UOj rod proceeded immediately into tilm boiling and attained the highest

maximum temperature.
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Fig. 26 Comparison of the cladding surface temperature rises in GEX, GEXPR, and GEXPR-CH rods during CDC tests in

INEL-A-8637

which energy depositions of about 225 cal/g of fuel were deposited at the axial flux peaks in the rods.
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2. ANALYSIS OF CLADDING AND FUEL DEFORMATIONS

Cladding and fuel deformation data from tests with several rod types in the CDC and
NSRR are correlated and analyzed in this section. Radial and axial elongations are discussed,
with both transient and residual deformations evaluated to determine the relevant
clongation mechanisms and the effects of fuel design and initial parametric variations on the
radial and axial elongations. The data considered were obtained from rods that did not
break up (that is, subjected to reactivity insertions generally below 300 cal/g UO»).

2.1  General Trends

The residual radial and axial cladding deformation measurements for the CDC and
NSRR experiments which used rods that were not prepressurized are shown as a function of
radial average energy deposition in Figures 27 and 28, respectively. Both figures indicate 2
separation of the data into two groups (unirradiated and preirradiated or waterlogged), each
of which exhibits distinct behavior with respect to energy deposition.

For unirradiated rods, the radial deformation daia shown in Figure 27 began to
increase in the range of 130 to 160 cai/g fucl. Maximum measured deformations of about
10% are observed at energy depositions greater than about 220 cal/g fuel. For preirradiated
and waterlogged rods, cladding ballooning is observed at low energy depositions in the range
of 50 to 70 cal/g fuel. Radial deformations in excess of 10% occur at energy depositions
greater than about 160 cal/g fuel. The unirradiated rod axial elongation data of Figure 28
show trends similar to the radial deformation data for unirradiated rods, but the values are
less than one-half of those for the radial deformations. The preirradiated and waterlogzed
rods axial elongation behavior is quite different from that of the unirradiated rods, however.
Residual clongations of preirradiated and waterlogged rods were either negative or very
small, with the exception of one GEX preirradiated rod that had a residual elongation of
about 57 following a test at about 350 cal/g fuel.

2.2 Radial Deformation of Unirradiated Fuel Rods

For most of the unirradiated rods used in both the CDC and NSRR experients, the
as-built internal gas pressure was one atmosphere (this is the data shown in Figures 27 and
28). On the basis of ideal gas law calculations, the internal pressure during these tests should
not have exceeded ten atmospheres, which would not deform the cladding. Therefore, fuel
pellet thermal expansion was the predominant cause of the cladding strain observed.

Calculations have been made to compare the cladding radial deformation with the fuel
thermal expansion. Fuel-cladding gap width was taken into account for pellet fuels by
assuming that the pellets would expand freely before contacting the cladding. After gap
closure, the cladding radial deformation was assumed to be equal to the fuel pellet thermal
expansion. Fuel pellet compression was assumed to be negligible. Powder fuels have no
as-built fuel-cladding gap, but the lower density vipac fuel has voids that should be easily
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deformed by compression forces. To estimate the effect of powder fuel expansion on
cladding deformation, the fuel was assumed to be compressed to the same effective density
as that of pellet fuel. No mechanical deformation of the cladding was assumed during the
fuel compression period.

The sum of the unrestrained portion of fuel expansion and the observed cladding
deformation, €, was therefore calculated using the following equations:

Pellet Fuel

Ar

= + —
£ iy ¥R 100 M)
Powder fuel
2 P
£ = z.m+-]3-x—£~ex 100
“o (2)
where
€m = measured cladding radial expansion (%)
Ar = gap width (mm)
r = pellet radius (mm)
Pp = powder fuel density
Po = assumed density to which powder fuel is fully compressed (=947).

The results of these calculations were compared with the thermal expansion curve of
UO»>, as shown in Figure 29. Relatively good agreement is noted between the experimental
data from several fuel types and the calculated UO7 thermal expansion curve. The large
increase in cladding deformations at approximately 230 cal/g UO) could be an indication of
the effects of internal gas pressure acting on high temperature cladding or the effects of
large fuel volume changes accompanying the beginning of fuel melting. or both.

The conclusion that can be reached from the previous discussion is that the radial
cladding deformation of unirradiated rods which were not prepressurized was primarily
caused by fuel thermal expansion. Further, the amount of deformation was comparable
with the amount of fuel thermal expansion occurring after fuel-cladding contact for pellet
fuels, and after full compression for powder fuels.

2.3 Axial Elongation of Unirradiated Fuel Rods

Cladding axial clongation is less dependent on fuel thermal expansion than the radial
deformations because of axial slippage between the fuel and cladding during power
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excursions. Figures 30 and 31 show the measured axial elongations of the fuel and cladding
and other pertinent measured variables versus time for two different time scales during CDC
Test 694 with a GEX pellet fuel rod. During the initial portion of the test, as shown in
Figure 30, cladding elongation began about 50 ms after the initiation of fuel displacement;
the delay is believed due primarily to the time required for gap closure. The slower rate of
cladding clongation compared with fuel displacement indicates slippage of the fuel-cladding
interface. The long-term behavior (Figure 31) shows that after reaching maximum
displacements, both the fuel and cladding axial elongations decreased with decreasing
cladding temperature (top and bottom thermocouples were 5.4 cm above and below the
location of the middie thermocouples).

Residual and maximum xial elongations of the cladding were compared with the fuel
expansion curve in the same manner as previously described for radial deformations
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Fig. 30 Test rod energy deposition, reactor power, and axial displacement of the fuel and cladding during Test 694
(233 cal/g UO4) with a GEX pellet rod in the CDC
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Fig. 31 Cladding surface temperature rise and axial displacement of the fuel and cladding during Test 694 (233 cal/g l'()zb
with a GEX pellet rod in the CDC

(Section 111-2.2). Figure 32 shows the measured cladding elongation and the calculated free
thermal expansion of the fuel as a function of energy deposition. The cladding elongations
ap.2e reasonably well with the total thermal expansion of the fuel stack tor encrgy
depositions less than about 150 cal/g UO». At higher encrgy depositions, the cladding
clongations are generally less than the fuel stack axial elongation calculation, indicating the

effect of fuel-cladding slippage.

54




Cladding axial elongation plus fuel expansion before contact (%)

0
50

F-type-SS clad " /
/

Thermal expansion curve of fuel pellet

T 1 T R i
CDC tests NSHR tests
. © SPXM © NSRR-STD -
0 GEX o NSRR-WG
2@ GEX-powder ¥ JPDR-II
.. ® GEXPR "
& GEP
& GEP-powder
.. © SPX-SS clad 7
°

- 1 1 |
100 150 200 250 300
Total radial average energy deposition (cal/g U02) INEL-A-8640

Fig. 32 Comparison of cladding elongation with fuel therma! expansion.












1100

Total radial average energy deposition (cal/g U02)

Single rods, unirradiated UOy, zircaloy cladding, no shrouds
(1) Cladding outside diameter
(2) Cladding inside diameter
1000+  (3) Fuel pellet outside diameter —
[a] Pellet stack length approximately 61 cm rather than the
approximately 13-cm length used for the other GEX and
900 GEP tests. ]
® Rod failed
o Rod did not fail
800 o
6.35 mm (1)
564 mm (2)
559 mm (3)
700 - _—
s
1)
6001~ 794 mm (1)
e 6.92 mm (2)
681 mm (3)
500 o
® 10.72 mm (1)
. e(a) 948 mm (2)
al e
‘l ]
400 ) -
e
2
. L 143 mm (1) L4
- ® 12.7 mm (2) °
00 o o . 12.3 mm (3) e -
e 8 () 9
8 8
200~ o o o B (o) —
o
o
& 8
8 °
100~ | | P | l .
SPX SPXM GEX GEX GEP GEP NSRR-STD
peliet pellet peliet powder pellet powder  pellet NSRR-WG
[ pellet
0
Fuel rod type INEL-A-8641

Fig. 34 Failure behavior of CDC and NSRR test tuels in terms of radially averaged total energy deposition,

59






volumetric basis. With these changes, the failure threshold behavior of the various test fuels
can be considered in terms of peak energy deposition per unit volume of fuel near the pellet
surface: a parameter that should be strongly related to cladding temperature.

Figure 36 shows the maximum cladding surface temperature data (from Figure 35)
displayed as a function of peak energy deposition per unit volume at the fuel surface. The
correlation is improved near the failure threshold, with no distinguishable differences
between powder and pellet fuel. Subsequent correlations in Section I, therefore, use the
parameter peak energy deposition at the fuel surface in terms of calories per unit volume (or
unit mass), where considered appropriate.

Figure 37 shows the failure behavior data of Figure 34 replotted in terms of peak
energy deposition per unit volume at the fuel surface. The high energy deposition data
(above about 350 cal/g UO») have been deleted and the failure modes. cladding cracking or
low prcs'sun rupture, are shown. As illustrated, a peak energy deposition value of
2950 calfem? UO» is reasonably representative of the mm.ll failure threshold for the various
types of CDC test rods. whereas a value of 3350 cal/em? UO2 more nearly represents the
initial fatlure threshold for NSRR test rods.

All 13<cm CDC rods, with the exception of GEP-pellet rods, failed when the peak
energy deposition at the fuel surface exceeded 2950 cal/cm3 UO», and no 13-cm rods failed
below this value. Failure of GEP-pellet rods was first observed at about 3170 cal/cm3 U0O»,
with no failure occurring at 3080 cal/em?3 UO>. The only CDC rod that failed bclow
2950 cal/cm3 UO»> was a SPX test rod (46-cm active length), which failed at 2600 ul/cm
UOH.

A higher initial failure threshold is indicated by the 13-cm NSRR-STD and NSRR-WG
rods tested in the NSRR, in that all rods tested above 3350 cal/cm3 UO> iailed, whereas
none failed below this value.

No apparent reason exists for the observed difference between the  itial failure
thresholds for rods tested in the CDC compared with rods tested in the .« R. Similar
energy deposition calibration methods (fission product analyses) were ostensibly used in
cach tacility, but the test results indicate the possible presence of a systematic calibration
error. The #127 error band shown with each set of data in Figure 37 was determined to be
the un ertainty in absolute energy deposition for CDC test rods. The illustrated overlap in
error bands for the CDC and NSRR test results indicates that the noted differences may not
be stati. ically significant.

The failure mode designations in Figure 37 illustrate that, with the exception of
GEP-pellet rods, all other pellet rods first failed by cladding cracking (generally combined
with partial cladding melting). With the exception of SPX rods, the failure mode for pellet
rods changed to low pressure rupture at higher energy depositions.

All of the SPX rods tested failed by brittle fracture, including the previously
mentioned failure at 2600 cal/cm? UO». The behavior of the SPX rods might have been
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when cladding temperatures typically decreased from about 900 to 400 K within about
0.1 s. Such a temperature decrease would result in a maximum thermal strain of about 0.2%,
which would be adequate to cause breakup of previously melted, embrittled cladding.

Figure 38 shows the behavior of several CDC UO7 fuels in terms of energy deposition
at time of failure as a function of total energy deposition. The time of failure during tests
with high energy depositions was indicated by the occurrence of pressure pulses within the
containment capsules, thus allowing determination of the fue! energy deposition at time of
failure. The solid line at 459 in Figure 38 defines the energy deposition at time of failure
equal to the total energy deposition, which provides an upper bound for the failure data.
Also shown in the figure is the UO> vapor pressure, calculated assuming adiabatic
conditions, as a function of total energy deposition.

Cladding melting occurred for tests in which the total energy deposition exceeded
about 240 cal/g UO» (Section HI-1.1). The extent of melting generally increased with
increasing energy deposition to about 350 cal/g UO>. At 350 cal/g UO>, which approxi-
mately corresponds to the point at which fuel rod fragmentation become: noticeable, the
rods begin to fail at energies less than the total energy deposition. The amount of internal
pressure generated at these energy depositions is apparently sufficient to cause cladding near
or at the melting temperature to break up.

With increasing energy depositions beyond 359 cal/g UO», cladding surface tempera-
ture measurements have shown that rod failure occurred prior to cladding melting. This
behavior is illustrated in Figure 39, which shows measured cladding temperatures as a
function of total energy deposition at the fuel surface. Solid lines are used to indicate the
trends of the three types of data in the figure: maximum measured cladding temperatures
for zircaloy clad rods, maximum measured cladding temperatures for stainless steel clad
rods, and measured cladding temperatures at the time of rod failure. The decrease in the
cladding surface temperature at the time of failure with increasing total energy deposition is
believed to be due to the increase in UO» vapor pressure with increasing energy deposition,
as shown in Figure 38.

The previous discussion suggests that UO» vapor pressure is a major vanable affecting
imternal  pressure rupture of the cladding. Such a failure mechanism could produce
consequences consistent with experimental observations. Namely, the internal pressure
produced by the UO> vapor pressure expels molten fuel into the coolant, and the fuel
fragments by the combined effects of momentum at expulsion, turbulence caused by violent
boiling of the coolant, and thermal stresses within fuel particles after solidification. UO>
vapor condensation could further produce an additional amount of very fine fuel fragments.

4.2 Analysis of High Energy Failure Mechanisms

The previous section suggests that internal pressure rupture of the cladding UO» vapor
pressure may be the primary failure mode at energy depositions sufficient to cause fuel
fragmentation. An analysis using a simple cladding burst model is presented in this section
to more quantitatively examine the fatlure mechanisms at high energy depositions.
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the relationship shown in Figure 39 between energy deposition
and cladding temperature at failure.

(2)  The burst pressure of annealed stainless steel cladding is greater
than that for zircaloy cladding at cladding temperatures
exceeding 800 K that is, stainless steel clad rods would sustain
higher energy depositions than zircaloy clad rods for the same
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Fig. 46 Calculated and measured cladding surface temperatures versus time of failure after peak power for zircaloy and
staindess steel clad CDC rods

(3) Heat transfer in the cladding was calculated as heat conduction
in a semi-infinite body, the interface of which was the cladding
inner surface. The temperature at the cladding outer surface was
then calculated as a temperature at the depth of the cladding
wall thickness as shown in Figure 47. Calculated results for
zircaloy and stainless steel cladding are indicated in Figure 46 for
comparison with the measured data. This calculation implies that
the cladding surface temperature rise is strongly controlled by
the heat conduction across the cladding wall, and that the
decrease in cladding temperature at failure (at higher energy
depositions) results from the decrease in failure time. The
calculation also implies a large temperature drop across the
cladding (approximate maximum of 1000 K). Therefore, the
effect of this temperature drop on cladding rupture should be
taken into account,

Based on the agreement obtained between the measured and calculated values in
Figure 46, the cladding average temperature may probably be defined as the average of the
measured cladding surface temperature and the cladding melting temperature. Therefore,
the calculated average temperatures for several fuel rod types are compared with the
calculated temperature curves as a function of energy deposition at failure in Figure 48,
Better agreement, especially for stainless steel clad rods, is shown than in the comparison of
Figure 44,
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Fig. 48 Calculated cladding average temperatures at failure as a function of energy depositions at failure for several CDC
test rod types.

pressure histories were generally characterized by an initial pulse, followed by several less
severe additional pulses of varying frequency and magnitude. Such pressure histories are
strongly coupled to both the degree of fuel fragmentation and capsule geometry.

The initial pressure pulse is postulated to be directly related to the internal pressure of
the fuel rod at the time of cladding rupture, and would, therefore, be essentially
independent of fuel dispersal and heat transfer effects. Figure 49 shows initial pressure pulse
data from the CDC tests as a function of the energy deposition at time of failure. The
pressure data shown are only one-half the measured values, because the measurements in the
CDC tests were made by a transducer located at the bottom of the capsule, which caused
pressure  magnitude doubling.  (Pressure  transducer characteristics are described in
Appendix A and the doubling effect is discussed in Section [1-1.3.) Also shown in Figure 49
is the estimated fuel rod internal pressure based on UO» vapor pressure alone and with the
addition of gap gas pressure. The UO») vapor pressure curve was determined by the method
described in Section 111-4.2.2. The pressure from gap gas expansion was determined by
assuming the gap gas temperature was the average of the pellet surface and cladding
temperatures. Comparison of the measured initial pressure pulses with the calculated
internal fuel rod pressure indicates a correlation, particularly for the UO) vapor pressure
alone. The addition of the estimated gap gas pressure provides better agreement with some
data. but not with the majority of the data. On the other hand, the curve defined by the
sum of the gap gas pressure and UO> vapor pressure provides an approximate upper bound
on the measured pressures.
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Cladding temperatures at time of failure were shown, in Section [11-4.2.4, to be
strongly related to the time of failure after peak power. The correlations of Figures 42
through 46 may be used to estimate cladding burst pressures as a function of time of failure
after peak power. These calculated curves (based on surface and estimated average cladding
temperatures) are shown in Figure 50 along with peak initial pressure pulse data.
Comparison indicates the initial pressure pulses are related to the internal pressure of the
rods at time of failure.
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for waterlogged and preirradiated rods, apparently because prompt and large radial
detormation of the cladding prevented gap closures.

3. INCIPIENT FAILURE THRESHOLD OF UNIRRADIATED RODS

The incipient failure threshold of unirradiated rods was generally in the range of about
240 to 265 cal/g UO». Rods f: led by cladding melting or cracking or apparently embrittled
cladding, or both. Tae GEX rods had slightly lower thresholds, 223 to 256 cal/g UO;, and
the TREAT rods slightly higher thresholds, ~270 cal/g UO». The incipient failure threshold
was found to be relatively insensitive to cladding material, cladding heat treatment, fuel
form, fuel material, and eap width. However, correlation of the cladding temperature and
failure behavior data for several test rod designs indicates that the incipient failure threshold
has a stronger dependence on the energy deposition near the fuel surface than on the radial
average energy deposition.

Single NSRR-3TD rods enclosed in shrouds failed at lower energy depositions. The
incipient failure threshold for rods enclosed in a 14-mm cylindrical shroud (water/fuel ratio
of 0.71) was determined to be in the range of 211 to 247 cal/g UO), compared with 244 to
264 cal/g UO> for unenclosed rods. Similar scoping tests with five-rod clusters (both with
and without shrouds) also indicated a reduction in the incipient failure threshold when a
shroud was present.

Tests with prepressurized NSRR-STD fuel rods showed that initial internal pressures
>1.2 MPa resulted in a decrease in the failure threshold: at 2.9 MPa, the failure threshold
was 150 to 160 cal/g UO».

Tests with 5, 10, and 2047 enriched NSRR-STD rods showed that the failure threshold
decreased slightly with increasing enrichment, appaiontly due to the increased radial power
peaking near the fuel surface.

Zircaloy clad waterlogged rods were found to fail by cladding rupture at energy
depositions as low as 60 cal/g UO3. The failure threshold was strongly dependent on
cladding heat treatment and cladding material; work-hardened claddin: failed at lower
energy depositions than annealed cladding, and zircaloy cladding failed at lower energy
depositions than stainless steel cladding. Fuel rod dimensional variations. degree of
waterlogging, and cladding defects did not significantly affect the failure threshold of
waterlogged rods.

4. HIGH ENERGY FAILURE BEHAVIOR OF UNIRRADIATED RODS

For energy depositions to about 350 cal/g UO». unirradiated UO) rods failed as a
result of cladding heatup to the approximate melting temperature, which caused
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APPENDIX A

TESTS METHODS

Similar methods were used in the CDC, NSRR, and TREAT programs to obtain fuel
behavior data under reactivity initiated accident (RIA) conditions. In each program,
encapsulated rods were positioned in the central flux trap region of a driver core and
subjected to rapid power excursions. Numerous pretest, dynamic, and posttest measure-
ments were made to obtain pertinent information. This appendix summarizes the
characteristics and design features of the facilities, test environments, test fucis, instru-
mentation, measurements, and examinations. Additional detailed information is available in
referenced publications.

I. TEST FACILITIES

The characteristics and design features of the test facilities are discussed in the
following subsections.

1.1 Capsule Driver Core (CDC)

The CDCIAT] was an oxide-fueied. pool-type reactor located in the SPERT-IV
Facility at the Idaho National Engineering Laboratory (INEL). The core rods were
comprised of 3% enriched UO> powder, swuge-compressed within Type 304 stainless steel
cladding. Reactor control was accomplished by the use of eight cruciform-shaped blades.
Four banked transient rods were ejected by compressed air to provide step insertions of
reactivity. A 8.64-cm inside diameter cylindrical, stainless steel experiment tube, which
extended the length of the core, was centrally located in the core to provide a flux-trap
irradiation space for experimental rods. The CDC was capable of power excursions with
minimum reactor periods of about 3 ms.

.2 Nuclear Safety Research Reactor (NSRR)

The NSRRIA-2] is 4 modified TRIGA Annular Core Pulse Reactor located at the
Japan Atomic Energy Rescarch Institute. The core is comprised of stainless steel clad,
uranium-zirconium hydride fuel moderator elements in an open-pool vessel. Normal control
is provided by ecight fuel-follower control rods with power excursions initiated by rapid
withdrawal of three transient rods. A 22-cm inside diameter experiment tube passes axially
through the center of the core to provide a flux trap space for fuel testing. The NSRR is
capable of power excursions with minimum initial periods of about 2 ms.

























environmental conditions, and burnup on the conversion efficiency can be determined.
Farther details on the methods used to determine the energy conversion ratio are provided
it: Reference A<,

6.3 Metal-Water Reaction Extent! A<4.A-7]

The extent of chemical reaction between the metal rod cladding and the capsule water
was experimentally determined for the CDC and TREAT tests. The reaction extent was
calculated on the basis of posttest measurements of the volume of hydrogen present in the
capsules. CDC data were corrected for hydrogen produced by radiolysis of the capsule water
and, in cases where fuel spillage from failed rods to the capsule water occurred, for
hydrogen produced by the fuel-water reaction, The extent of the fuel-water reaction was
determined from the results of tests performed in the CDC with glass clad rods. Further
details are provided in Reference A4,
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APPENDIX B

SUMMARY OF EXPERIMENTS CONDUCTED IN THE CDC AND NSRR

examinations. Data

B-1 — CDf
B-11 - CDC, Ui
B-111 — €A
B-I\ C DI
B-\ I
B-VI — CD(
B-VII - CIX

sts INSRR-STD Fuel

s INSRR-WG ar

(JPDR-IT |
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TABLE B-1 (continued)

Test
o Parameter as? 452 458 slp s 53 503 545 504 541
Rod type sox sonal) spraltl s o o Pim o e e
Fuel type Pellet Pellet Pellet Pellet Pellet Pellet Pellet Pellet Pellet Pellet

Cladding nt"uli‘]
Energy deposition (cal/g uuz)
Enrichment (1)
Transient mwr-nt['}
Cladding elongation
Fuel elongation
Capsule pressure
Rod internal pressure
fladding surface temperature
Water velocity
Pastirradiation e-utmnon(”
Radiograph
Photograph
Cladding elongation
Cladding profile
Fue! weight
Metal-water reaction
Flux wire
fuel particle size

Reference

W, 1-2 An. Ir=2 An. Jr-2 CW. Ir-2 CW. Ir-2 OW. Ir-2 OW, Ir-2 CH. 2r-2

590 3%0 a 168 235 240 257 267
10 0 10 10.5 10.% 10.5 10.5 10.5
N N L} 0 o ] 0 0
N N N N N L] N N
0 N @ N L] - - -
N N Kl N N N L N
o N 0 N 0 0 N 0
0 0 0 5 N - - -
N N N L] o 9 0 N
o 0 0 0 0 0 (] 0
N b N 0 0 o 0 L]
N N N 0 ] 0 0 0
N N N N N N N N
] o 0 Y 0 0 0 o
0 ° 0 2 0 0 0 0
0 N N N N N N N
B-2 B-2 8-2 B-3 B8-3 8-3 B3 8-3

CW, Ir-2 CW. 2r-2

287
0.5

2 ® 2 = 2 o

2 o0 O ®2 0o = o =

-
v
-

10.5

2 o 2 =2 = ©

2 O ¢ =® = 2 O =

@w
+
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TABLE B-111

CDC, UNIRRADIATED, ZIRCALOY

CLAD, MIXED OXIDE TESTS

Test
Parameter 566 562 707 744 731 745 753
Rod type GEXPR PR GEXPR-chl®) GEXPR-CH  GENPR-CH  GENPR-CH  GEXPR-CN
Fusl type peitet®]  pertet®]  perieel] perret!)  pertetlc] perrer!€) perrerf€]
Cladding materiail9) CW. Zr-2 O, Ir-2  CW. Zr-2 QM. Zr-2 CW. Zr-2  CN. 2r-2  CM. Zr-2
Energy Deposition (cal/g 002) 225 274 223 275 277 329 44
Enrichment (%) 1.2 7.2 6.8 6.8 6.8 6.8 6.8
Trarsient msure-nt[']
Cladding elongation 0 0 0 0 0 0 0
Fuel elongation N N N 0 N 0 v
Capsule pressure N N N N N - 0
Fuel/Internal pressure N N N N L] N N
Cladding surface temperature 0 D 0 0 0 0 0
Water velocity N N N N N .- (i}
Postirradiation euninahon[e]
Radiograph N N N N N N N
Photograph 0 0 0 0 0 0 0
Cladding elongation 0 0 0 0 0 N N
Cladding profile N N N N N N N
Fuel weight N N N N N N N
Metal-water reaction 0 0 0 0 0 0 0
Flux wire 0 9 0 0 0 0 0
Fuel particle size N N N N N N N
Reference 8-11 B-11 B-11 B-11 8-11 B-11 B-1

[a] (M denctes center hole.

[b] 7.2 wtt plutonfum was mixed with natural uranium.
[c] 6.8 wtk plutonium was mixed with natural uranium.
{d] (W. = cold worked.

[e] 0 = measured, - = not detected, N = no measurement.
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TABLE B-V
CDC. UNIRRADIATED, STAINLESS STEEL CLAD,

SINGLE ROD TESTS

Tait
Parameter 8 83 184 3 As 189 ol 191
Rod type yhe s a s a [a) [a F type F type F type
tue! type e Pelle Pellet Pelle
adding materia Type 104 Type 304 Type 304 Type 304
Energy Deposition (cal/g W 57 7 4 5 ‘4 2 182 216
Enrichment (%) 4.8 4.8 4.8
Transient measurement' '
{ladding elongation N N N N N N N N N N
fue! elongation N N N N N N Kl N N N
Capsule pressure
Fuel/Internal pressure N N N N N N N N N N
Cladding surface temperatyre jped ph- 4 o4 1‘:: ] (<) N N 0
Water veloc:ity N N N N N N N N N N
Postirradiation examination'"
Radograph N N Kl N N N N N N N
Photograpn N N N N N N ) N N 0[“
ladding elongation ( ) { J ) 0 0 0
Cladding profile N N L N N N N N N N
Fue! weight N N N N hl N N N 5 N
Metal-water reaction N L] N N N N N N N N
Flux wire 0 0 0 0 ) 0 (
Fuel particle size N N N N N N N N N N
Reference 8-14 A-14 B-14 B-14 B-14 B-14 B-14 6-14 B-1% 8-14
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TABLE B-V_(continued)

e e VESY
_JParemeter o2 325 33 326
Rod type SPx Py SPx SPx
Fue! type Pellet Pellet Pallet Pellet
Cladding materiatE®) Type 304 Type 304 Type 304 Type 308
Enerqy Deposition (calfq UO,) 2468 2% 2n 370
Enecichment (%) 3 3 10 0
Transient measurement
Cladding elongation N N N N
Fuel elongation N N N N
Capsule pressure - e - 0
Fuel/Internal pressure N N N N
Cladding surface temperature o 0 o 0
Water velouity - - - 0
Postirradiation examination
Radiograph N N N N
Photograph 0 Q e 0
Cladding elongation 0 N N N
Cladding protile N N N N
fuel weight N N N N
Metal-water reaction - 0 0 0
Flux wire 0 0 0 0
Fuel particle size N N N 0
Reference 8-15 8-15% B-15 8-15

[a] Sequential test on a single rod (Test 182).

[b] 0 = measured, - * not detected, N * not measured.
[c] Not accurate.

[d] Include photom:crographs.

[#] 13 tests repeatea on a single rod.

[f] 14 teyts repeated on a single rod

[9] 7 tests repeated on a single rod.

32
P
Peliet
Type 304
477

10

o

s
§Px
Pellet

Type 304
572

10
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CDC, UNIRRADIATED, STAINLESS STEEL CLAD, WATERLOGGED TESTS

TABLE B-VII

- . Peraneter
Rod type
Fuel type
Cladding ma!er1a\ib]
Energy Deposition (cal/g .D‘,':
Enrichment (%)
Transient measurement ]
Cladding elongation
Fuel elongation
Capcule pressuyre
Fuel/internal pressure
Cladding surface temperatyre
Water velocity
Postirradiation exam!nazron[‘]
Radiograph
Photograph
Cladding elongation
Cladding profile
Fuel weight
Meta)-wator reaction
Flux wire
Fuel particle size

Reference

F type (a]
Pellet

An. Type 304

54 70
4.8
N N
N N
N N
N N
N N
N N
N N
N N
N N
N N
0 0
N N
B8-14 B-14

196

(a]

89

198

{a])

136

2 O &

o = =

o =

-14
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TABLE B-VIII
NSRR, UNIRRADIATED, ZIRCALOY CLAD, SINGLE ROD TESTS (NSRR-STD rods)

L1

,,,,,, e PP s THER o e e e
_ Parameter 200-1-1 200-2-1 200-3  1M-3  200-4 200-120% g 2000 200-5 _200-5b
Rod type NS-5TD NS-5TD NS-STD  NS-STD NS-STD NS-STD NS-STD  NS-STD N5-STD NS-STD
Fuel type Pellet Pellet Fellet Pellet Pellet Pellet Pellet Pellet Pellet Pellet
Cladding material Ir-4 ir-4 Ir-4 Ir-4 Ir-4 ir-4 Ir-4 Ir-4 Ir-4 Ir-4
Energy deposition (cal/g UO?) kL) 116 176 189 233 241 244 244 264 267
Enrichment (%) 10 10 10 10 10 10 10 10 10 10
Transient mensuremen![b]
Claddirg elongation N N N N N N N N N N
Fuel elongation N N N N N N N N N N
Capsule pressure N N N N N N N N N N
Fuel/Internal pressure N N N N N N N N N N
Cladding surface temperature 0 0 0 X 0 0 0 0 0 0
Water velocity <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>