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ERRATA-

NUREG/CR-U269, 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. MacDonald, and R. K. McCardell.

On page v, paragraph 2, last sentence, change "...with pressures to
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AB5 TRACT

This report presents a summary of existing test results, data correlations, and
interpretations relevant to the current understanding of light water reactor fuel 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
facilities 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
consecluences of fuel rod failure. The effects of fuel rod design variations, environmental
variations, elevated burnup, 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.

iii



|

SUMMARY

Most of the applicable experimental data on the behavior of light water reactor fuel
Irods during a simulated reactivity initiated accident (RIA) have oeen obtained from -

programs conducted in the Capsule Driver Core (SPERT Project) and TREAT facilities at
the Idaho National Engineering Laboratory (INEL) and from the Nuclear Safety I : search
Reactor (NSRR) of the Japan Atomic Energy Research Institute. Similar ongoing test d

programs at the Power Burst Facility at the INEL, and at the NSRR are providing additional
applicable data.

|

In each of these facilities, a driver core with encapsulated test fuel in a central flux i

trap was operated to produce a power excursion.The magnitude and time duration of these !
excursions were comparable to those of severe, hypothesized RIAs in light water reactors
(LWRs). The experiments were performed with single fuel rods (or a small cluster of rods)
composed of oxide fuel with metal cladding. The several designs tested were generally
representative of those used in LWRs. The test capsules contained stagnant water at
atmospheric pressure and room temperature.

Energy deposition, and consequent enthalpy increase, in the test fuel was the single
most important independent variable. The threshold for failure of unirradiated fuel was
generally about 240 to 265 cal /g UO , and was relatively insensitive to cladding material,2
cladding heat treatment, fuel form, fuel material, and gap width. 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. Reduction of the water / fuel ratio through the
use of shroud enclosures caused a reduction in the failure threshold. Single, unirradiated
NSRR fuel rods with small-diameter shrouds (water / fuel ratio of 0.71) failed at about 211
to 247 cal /g UO , compared with about 244 to 264 cal /g UO 2 or similar NSRR rodsf2
without shrouds. A similar reduction in the failure threshold was indicated from the results .
of scoping tests with live-rod clusters (both with and without shrouds). Prepressurization of
NSRR fuel rods caused a reductionin the failure threshold for internal pressures > l.2 MPa.
Rods prepressurized to 2.9 MPa failed in the range of 150 to 160 cal /g UO -2

Cladding melting during the power excursion or cracking of embrittled cladding
during cooldown were the apparent causes of failure of unitradiated fuel rods for tests in
which the fuel rods received a total energy deposition of 350 cal /g UO2 or less. Shrouds
were found to have little effect on the maximum cladding temperatures, but did cause a
significant increase in the duration of film boiling on the cladding surface. Prepressurized
fuel rods (> 1.2 MPa) failed by cladding rupture prior to the attainment of cladding melting.

Radial and axial deformation of both the fuel and cladding were found in fuel rods
which did not fait during testing. Radial cladding deformation was apparently directly <

related to thermal expansion of the fuel, whereas axial elongation of the cladding was:

apparently caused by fuel stack growth following radial gas gap closure.

iv
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Unitradiated fuel rods subjected to energy depositions in excess of about 350 cal /g
UO2 ailed by cladding rupture prior to the attainment of cladding melting,and significantf
fragmentation of the rods occurred. Internal pressure from UO vaporization was shown toi 2
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, but2

pressures did not exceed a few MPa and nuclear-to-mechanical energy conversions did not
exceed 1%. Metal-water reaction was first detectable at about 200 cal /g UO and increased2
to about 50% at 500 cal /g UO . Tests at over 600 cal /g UO had more severe consequences,2 2

,

with pressures to 1.2 MPa, energy conversions to nearly 3%, and metal-water reaction to
ncarly 100%.

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 ofinternal 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 (> 200 cal /g UO ) for preirradiated rods; however, the observed2
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 often2
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
research 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

i
,

I. 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
fuel 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 ProgramII+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'

usefullife of a fuel rod.
,

I

i To minimize 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 ejection (unless prevented by positive means), rod dropout, steam line
rupture, changes in reactor coolant temperature and pressure, and cold water addition"[3],

j 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

2 or control rod drive nozzle, which results in the coolant system pressure ejecting an inserted

i 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

4 the control blade in the inserted position as the rod drive is withdrawn, and (c) the rapid
falling of the control blade to the withdrawn rod drive position.

,

1
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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 identiGed in NRC Regulatory Guide 1.77I41. Similar
methods and assumptions are used in the evaluation of BWR rod drop accidents. Ily 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 fuel
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 111 of the ASME Code.

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

,

The recommended fuel enthalpy limitation K 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 insignificant below 300 cal /g for both irradiated and
unirradiated UO2 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 long-term core cooling capability. The assumption applied is that the
recommended guidelines regarding reactor coolant pressure boundary stresses and offsite

i

dose consequences would also likely be met if compliance with the enthalpy limitation is
satisfactorily 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 References 5,6.and 7. Verification of these analytical
models is incomplete, however, due to limitations of existing fuel behavior data. Much of
the applicable 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
initial power. Cooperative test programs currently underway in the Japanese Nuclear Safety
Research Reactor (NSRR)l81 and plans for the Power Hurst Facility (PilF) at the Idaho
National Engineering Labwatory are expected to provide RIA fuel behavior data under
conditions more nearly typical of power reactor operation, thus allowing further verification
and development of analytical models.

|

| The experiments to determine the behavior of LWR fuels under RIA conditions in the
Capsule Drive Core (CDC) facility at SPERT and in the TREAT facility were primarily
carried out between 1965 and 1970. Following termination of testing activities in the CDC

2



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
piecemeal 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 R!A fuel behavior testing in
the NSRR and plans for such testing in the PilF,it has been desmed 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
RI A conditions.

The CDC, TREAT, and NSRR test results are presented in Section II, basically as
derived from the literature. Results of experiments with fuel rods having similar design
features and properties are grouped and discussed in Section 11-1. These test results form a
baseline data set, which is defined to include results from tests conducted in capsules 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 or2
scaled to approximate commerical reactor fuel. Data from these tests are used to establish
the behavior of typical LWR fuels under RI A 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 innuence of
specific 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 Rf A test data that have been developed to date. In Section III,
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 111-1 and 111-2. The mode of failure near the failure
threshold and the high energy failure modes and mechanisms associated with unitradiated

2 uel rods are discussed in Sections 111-3 and 111-4, respectively.UO f

Section IV itemites 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 il and C organize and summarize test data from the NSRR'

and from the CDC.
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II. TEST RESULTS

! ,

f 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 Commission 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 commercial reactors. Several fuel design and

t 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

,

t 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 i

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
,

i 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 is 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. 1

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
i rods positioned in the central flux trap space were subjected to power excursions simulating

| the magnitude and time duration of severe RIAs in LWRs. Minimum reactor period
i capabilities of the driver cores were approximately 35,3, and 2 ms for TREAT, the CDC at
i 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 fuel rods were determined from measurements made during aml 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 variable
of prirnJpal interest in RIA tests, was usually derived indirectly from calibrations based on

4



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 initial 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
postlest 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
milliseconds to a few seconds following test initiation. Examples of the behavior of several
variables during a typical RIA experinient 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 UOywater reaction, to evaluate the
effects of fissile particle size in mixed oxide rods, and to proof test CDC and Power Burst
Facility (PDF) 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, elevated burnup, and waterlogged fuel are subsequently compared and evaluated.
The baseline tests are defined to include those tests conducted in capsules with stagrant
water at ambient temperature and atmospheric pressure with single, unirradiated,
unpressurized[a] pelletized UO , cold-worked zircaloy clad fuel rods with radial dimensions2
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-il rods used in NSRR experiments, and certain of the UO2 pellet rods used in the
TREAT experiments. As may be noted from the fuel rod characteristics listed in Table 1,
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. Ilowever, only those rods meeting the specified baseline test fuel criteria are
considered in this section.

1.1 Failure Thresholds

The initial 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 established 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 11.

Fuel types shown in Table 11 are those for widch 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-Il fuel rods,2.67c, 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 zirealoy.

The information sources for the failure thresholds cited are indicated in Table II. 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 . Subsequent2
investigations and tests showed that a failure observed at
205 cal /g UO2 was probably strongly influenced by carbon
impurities (N51 ppm) in the fuel pellets. Test rods with reduced

[a] A test rod with an internal pressure of one atmosphere or less.

7
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TABLE I

NOMINAL CHARACTERISTICS OF TEST FUEL R0DS[a]

Fuel Rod Type Etyp_e SPt SPAM _Ex GP M VPR GE XPR-CH TREAT MSRR-STD NSRR-WG JPOR-11

Overall length (cm) 106 53 19.5 22.6/ 11 22.1/71 21.1 21.1 21.1 26.5 26.5 26.5

Active length (cm) 91 46 12.7 13 2/61 13.2/61 12.7 13.0 14.0 13.! 13.5 13.5

Cladding material 304-55 304-55/2r-2 304-55/2r-2 2r-2 2r-2 2r-2 2r-2 Zr-2 2r-4 2r-4 2r-4

Cladding heat AN A9/CW A.4/CW 10s CW 10% CW 10% CW 10% CW -- CW CW CW
treatment

Cladding outside 1.184 0.635 0.635 0.794 1.43 0.794 0.794 1.422 1.072 1.072 1.223
diameter (cm)

Cladding thickness 0.50R 0.356 0.356 0.508 0.813 0.508 0.508 0.71 0.62 0.62 0.70
(m)

Fuel material U0 00 UO UO 00 Puo -UO Pu0 -UO UO UO 00 U02 2 2 2 2 2 2 2 2 2 2 2 2
IDIFuel form PL PL Pt PL/PW PL/PW PL PL PL/PW PL PL PL

Fuel density 92 95 95 94/84 94/84 91 92 95/82 95 95 95g
(t 70)

Enrichment (t) 4.8 3/5/10.5 5/10.5 5/7 5/7 7(wt1 Pu) 7(wtt Pu) 5 5/10/20 10 2.6

Pellet diameter 1.%7 0.559 0.550 0.681 1.23 0.683 0.688 1.260 0.929 0.909 1.066
(cm)

Pellet length 1.52 1.14 1.14 1. 20 2.20 0.711 0.615 -- 1.0 1.0 1.5
(cm)

Pellet end FL FL FL FL/D FL/0 FL FL FL CH CH FL
shape

Radial gas gap 0. .' O.025 0.025 0.038 0.102 0.051 0.051 0.102 0.095 0.195 0.085
(m)ECl

Peak-to-average 1.136 1.05/1.07/1.17 1.07/1.17 -/1.13(PL) 1.19/1.27(PL ) 1.20 1.20 -- 1.16/1.23/ 1.23 1.08
radial power -/1.12(PW) -/1. 24 ( PW ) 1.63

kldensity

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

AM - anneated 0 - dished PW - powder
CH - chamfered FL - flat SS - statnless steel
CW - cold-worked PL - pellet 2r - girceloy

[b] GEXPR-CH rods had a 2.92-m hole asially througn the center of the fuel pellets.

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

[d] Multiple values correspond to enrichnent or fuel f arm variations, or both.

~- - _



TABLE II

INITIAL FAILURE THRESH 0LDS
(Single, Cold-Worked Zircaloy Clad, Pellet Fueled Rods)

Cladding
U0Active Outside 2 Failure Threshoid

Fuel Rod Length Diameter Enrichment (caVg 00 )[a]
Type (cm) (cm) (%) 2

E93GEX 13.2 0.794 7 223 to 256

E93
GEP 13.2 1.430 7 S240

E93
SPXM 12.7 0.635 10.5 240 to 257

NSRR-STD 13.5 1.072 10 254 to 264[8,10,11]

TREAT 14.0 1.422 5 s270[12]'

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

carbon impurities (<1 ppm) withstood energy depositions of
238 and 240 cal /g UO2 without failure. The effects of carbon
impurities are further discussed in Section 11-2.4.2.

(2) Three TREAT rods tested near the failure threshold showed
failure at both 266 and 274 cal /g UO , but did not fail at2
269 cal /g U0 . On the basis of these results, Freshley and
llarrisonll2] 2 estimated the failure threshold to be N270 cal /g
UO .2

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 112%) of the energy deposition values for the various fuel rod types.

9
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1.2 Failure Modes
,

Energy depositions in the range of 120 to 150 cal /g UO2 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 j

<

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 rodsI91: 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 the2
test at 201 cal /g UO . Photomicrographs of the cladding from a2,

i 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 pm on the outer surface and less on the inner
surface, with negligible oxygen diffusion into the cladding.'

The test at 243 cal /g UO2 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 m,

'

thick on the outside and about 25 pm on the inside. Underneath
these oxide layers were layers of oxygen-stabilized alpha-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 rodl12): The cladding of a TREAT pellet rod
tested at 274 cal /g UO2 was metallurgically examined. Cladding ,

failure 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 pm in thickness,
respectively. Under the zirconium oxide were layers of oxygen-
stabilized alpha-phase zirconium.

10
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In the region of cladding melting, the zirconium oxide layer on
the external surface was over 100 pm thick and contained an

intermediate ZrO -x region. An oxygen-stabilized alpha-2

zirconium layer of comparable thickness, about 100 pm, 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
fuel where the fuel-cladding 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
UO2 uel.f

These metallurgical analyses indicate increasing oxygenation, and consequent embrit-
tiement 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 /g2

2 n Figure 3, and the NSRR-STD rod at 270 cal /g UO2 n Figure 4). Cladding cracksiUO i

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.
llecause 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 during the quenching or cooling cycle (quenching is illustrated at about 5 s in the
cladding temperature trace of Figure 1). The cracks observed in once-molten cladding also
appeared to have occurred during cooldown, because they tended to be rugged and
sharp-edged. In the TREAT tests!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. Posttest 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 identitled as such.

I1
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Fig. 4 Posttest photographs of NSRR-STD rods tested in the NSRR.

GEXI91, SPX[13], spxy[91, and NSRR-STDllll rods were tested to energy
depositions in excess of 400 cal /g UO . For energy depositions from the initial failure

<

2
threshold to about 350 cal /g UO , the extent of cladding melting and oxidation increased2
with increasing energy deposition and caused the fuel rods to break up into progressively
smaller pieces. Energy depositions in excess of about 350 cal /g UO2 caused fragmentation
of the rods into fine particles. Examples of fragmented rods are shown in Figure 3 (test at
378 cal /g UO ) and in Figure 4 (test at 381 cal /g UO )-2 2

:
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For energy depositions greater than about 350 cal /g UO , cladding surface tempera-2
'ures at the time of failure were below the cladding melting temperature and generally
declined with increasing energy depositions. Thus, failure by internal rod pressure was

. indicated, with consequent increased rod fragmentation. Analysis of the particle size
distributions from fragmented GEX, SPXht, and SPX rodsll41 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 -2

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 reaction, all as a function of test fuel energy deposition. (The
methods used to determine nuclear-to-muhanical energy conversion and cladding-water
reaction are discussed in Appendix A.) For the baseline fuel types, the specific consequences
were as detailed in the following subsectiens. ;

\

1.3.1 Pressure. Pressures generated following rod failure were not generally
detectable for energy depositions less than 300 cal /g UO . In the 300 to 500 cal /g UO22
range, maximum measured pressures generally increased with increasing energy depositions,
but were no more than a few AIPa. Severe fragmentation of two SPXhl rods, each tested at

'

about 650 cal /g UO , resulted in maximum measured pressures of 11 and 12 hfPaI91. It2
should be noted that in both the CDC and NSRR tests, capsule pressure me:'surements were
made by a transducer located at the bottom of the capsules, which caused doubling of the
indicated pressure magnitudes. The doubling effect was clearly illustrated in a waterlogged
fuel rod test in the NSRR[10] (Test 401-4C)in which the measured peak pressure at the
capsule bottom was about o 51Pa, whereas several other pressure transslucers located within
the capsule in the vicinity.of the test rod showed peak pressures of about 3 51Pa.

1.3.2 Nuclear-to-hiechanical Energy 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, conversion2
ratios were always less than 1%. Energy depositions over 600 cal /g UO2 or SPXht test rodsf

produced conversion ratios near 2%I91, apparently as a result of severe fragmentation.
Figure 5 shows energy coiwersion plotted as a function of total test fuel energy deposition +

for SPXN1 rods tested in the CDC[al, '-

[a] The solid 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. Unless3

otherwise noted, these curves represent neither mathematical fits to the data nor
analytical calculations of behavior.

.

r

,

15 /
-

,

,

7 ;e,

_ _.



10.0
_ i i i i i I .

-
_

_ SPXM fuel rods (CDC) [
-

_

-
_

-
_

,|%
o

7
1.0 - --

g - _

.g - _

g _ _

g _ _

O
o - _

>.
E - _

E *
.

- _

.9
C
e
5 _ _

e
E

$
k
j 0.10 - -

3
- _

z - -

- _

_ e _

._ _

_ _

-. e _

- _

0.01 ' ' ' ' ' '

O 100 200 300 400 500 600 700

Total radial average energy deposition (cal /g UO ) INEL-A 8623p
i

Fig. 5 Nuclear-to-mechanical energy conversion as a function of total energy deposition for SPXM fuel rods tested in the
CDC.

I6

;



1.3.3 Metal-Water Reaction. Metal (cladding)-water reactions were determined from
postlest hydrogen evolution measurements (Appendix A). Figure 6 shows reaction extents
as a function of total energy deposition for SPXM and GEX rodsI9I. As shown, reactions
were first detected for energy depositions exceeding about 160 cal /g UO , which2

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 UO . Above 350 cal /g, significantly higher reaction extents were measured2
for the SPXM rods, reaching indicated values of approximately 1007o for energy depositions
exceeding 600 cal /g UO . As shown in Figure 6, data from the GEX rod tests that resulted2
in fuel spillage into the coolant were corrected for hydrogen evolution from radiolysis and
UO -water reaction.This correction significantly lowered the reaction extents for the higher2
energy tests. The high energy deposition SPXM data would be similarly lowered by
correction for radiolysis and UO -water reaction;however, the SPXM rods would likely still2
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 .2

Capsule pressures and nuclear-to-mechanical energy conversion ratios become noticeable in
the 300 to 500 cal /g UO range, with increased severity observed beyond 500 cal /g UO -2 2
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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 variations. The effects of these design variations 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 zirealoy clad rods, apparently because of the higher
heat capacity of stainless steel. Ilowever, 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 [15]. 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 that2
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,2
which clearly shows the boundary between melted and unmelted cladding, pellet slumping,
and the preferential melting associated with the direction of pellet slumping. liigher energy
deposition tests to 572 cal /g UO2 had results similar to those observed for the zirealoy clad
baseline fuels.

2.1.2 F-Type Fuel Redel16]. The initial failure threshold fer stainless steel clad
F-type rods was in the range of 263 to 278 cal /g UO . Failure was observed in the form of a2
longitudinal cladding crack '\,1.3 cm long for the test at 278 cal /g UO , with some small2
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 UO , for which significant2
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 . Ilambooing of the cladding was also observed for a2
similar type fuel following integral core tests in SPERT 111[17),

2.2 Cladding lleat Treatment

Tests with annealed and cold-worked zirealoy clad SPX fuel rods were conducted in
the CDCI13,181. 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 failure2
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) threshold. The only significant difference in behavior due to cladding heat treatment
| occurred for energy depositions greater than about 400 cal /g UO , where the energy2

deposition at the time of cladding failure was appreciably greater for cold-worked clad rods
than for annealed clad rods (N500 versus v400 cal /g UO ).This behavior was attributed to2

f the ability of the cold-worked cladding to withstand greater internal pressures prior to
,

! failure than the annealed cladding.

|
i 2.3 Gap Width ,

i

I

) Tests with wide-gapped fuel (NSRR-WG)[8,19] 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 UO2

| compared with the STD rods. Ilowever, for energy depositions greater than 240 cal /g UO2
| 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
j fuel rods. Further, the initial failure threshold of the wide-gapped fuel design was
i approximately the same as for the STD fuel design.

i
j 2.4 Internal Pressure

4

$ 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 during heating.

I
' 4.1 prepressurized Fuel Tests. Tests have been conducted in the NSRRllll withi

.

{ NSRR-STD fuel rods prepressurized from 0.25 to 4.9 51Pa. Test results published to date
j 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 illustrates the decreasing initial failure thresholdt

j with increasing prepressurization. Initial internal pressures to 0.6 hlPa had litile, if any,
j inHuence on the thre> hold 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 hlPa, the

j failure threshold was in the range of I 50 to 160 cal /g UO , compared with 244 to 264 cal /g2

] UO2 or initial pressures in the 0 to 0.6 MPa range.f

; Cladding swelling was minor for 0 to 0.6 MPa pressures, but for 1.2 to 2.0 h1Pa,
! significant swelling (60 to 100% circumferential strain) occurred over the active fuellength.

initial pressures of 2.9 to 4.9 MPa resulted in sizeable swelling localized near the position of
3

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
J

4
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Fig.10 Failure behavior of prepressurized NSRRETD rods tested in the 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

2.4.2 Effects of Carbon Impurities. Unusually large cladding swelling was observed in
some tests with GEPqellet rods tested in the CDCI93. In one test at 194 cal /g UO , a2
permanent diametral cladding deformation of 22'70 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

I subsequently determined 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 to an inability to accurately control all

| pertinent variables flowever, simple calculations based on estimated internal gas tempera-
tures showed that carbon monoxide evolution from the fuel could produce pressures of the
magnitude required to initiate cladding deformation. Tests on similar rods containing pellets ,d'

fabricated without the wax binder, and thus containing < l ppm carbon, exhibited littie or
no swelling.
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2

'5 Fuel Form
|

Tests with vibratory compacted powder-fueled rods were conducted in both the>

! CDCI91 and TREATIl21. The CDC tests used GEX and GEP powder-fueled rods. The
-initial failure threshold for the GEX powder rods was in the range of 266 to 292 cal /g UO2
and was approximately 250 cal /g UO2 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 UO2 with
powder-fueled GEX rods showed pressures, nuclear-to-mechanical energy com, 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 similar2
pellet-fueled TREAT rods. Failure was by cladding melting, with indications of cladding

.

penetration by molten UO .2
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2.6 Fuel Material

Plutonium recycle fuels,in the form of mixed oxides, were tested in the CDCl91.The
plutonium recycle test rods had a design similar to that of the GEX pellet UO2 rods and
were designated GliXPR and GEXPR-Cll.The GEXPR rods contained solid pellets, whereas
the GEXPR-Cll 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 UO2 pellet rods; namely,225 to 274 cal /g fuel for GEXPR rods and 223 to
275 cal /g fuel for the GEXPR-Cil rods. Failure of the GEXPR rod at 274 cal /g fuel was
apparently caused by cladding melting, which was also observed for GEX UO2 rods tested
slightly beyond the initial failure threshold. GEXPR-Cll 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 cm long.

Cladding surface temperature measurements showed that at about 225 cal /g fuel, the
maximum cladding surface temperature attained by the mixed oxide fuel rods was about
200 K less than that for a GEX pellet UO2 rod. It was noted that the mixed oxide rods
exhibited an initi.d short interval of nucleate boiling, whereas the UO2 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 fuel, maximum measured cladding surface
temperatures were 200 to 300 K higher for the GEXPR rod than for the GEXPR-Cil 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-Cil rods showed
signficantly lower pressure pulse generation and nuclear-to-mechanical energy conversion
than was measured for GEX pellet UO2 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
NSRR[10,11] w th 5,10, and 20% 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

2 or 5% enriched fuel, 254 to' thresholds were determined to be 265 to 277 cal /g UO f
2 or 10% enriched fuel, and 232 to 246 cal /g UO for 20% enriched fuel.264 cal /g UO f 2
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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 111-3.2.

'

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 CDCI91 with 61-cm-long powder- and
pellet-fueled 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 variations 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

Open-lattice 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 rodsIlll. The test cluster was comprised of a 20%
enriched central rod surrounded by four 10% enriched rods on a square pitch;the rods had a
14-mm center-to-center spacing. The test resulted in an energy deposition of about 180 cal /g
UO2 n the center rod and about 190 cal /g UO3 n the outer rods. Each of the rods wasi i

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 supply 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. Ilowever, the center rod
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!

i

i

i 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 5 s, whereas the cluster center rod remained in film boiling for a time exceeding 10 s.;

!

!

3.1.2 CDC Tests. Tests with open-latice, five-rod clusters of SPXM rods (zircaloy

{ cladding, pelletized UO ) were conducted in the CDC for energy depositions (center rod)2
in the range of 125 to 315 cal /g UO . The test clusters were comprised of 10.5% enriched'

2
I 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:
i

!

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

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

1

! (3) The failure consequences of the test in which the center rod
j received 315 cal /g UO2 and the outer rods received 383 cal /g

| UO2 were more severe than for a test at 378 cal /g UO2 on a
single rod. The peak pressure and nuclear-to-mechanical energy, "
conversion were 2.6 MPa and 0.10%, respectively, for the cluster,
and 0.4 MPa and 0.06%, respectively, for the single rod.

j Metal-water reaction extent, however, was only 30% for the

{ cluster compared with 47% for the single rod.

| 3.2 Reduced local Coolant Inventorv

!

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 NSRR[10,11] in
which NSRR-STD fuel 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.
Cros+section views of the flow shroud geometries used are shown in Figure 15.

Several tests performed with the 14-mm cylindrical shroud showed the initial failure
threshold to be in the range of 211 to 247 cal /g UO ,a decrease from the 244 to 264 cal /g2

UO2 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 UO2 with the 14-mm square shroud,at 237 cal /g UO with the 16-mm cylindrical2

dshroud,and at 240 cal /g UO2 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 in the cladding surface temperature
measurementsshownin l'igure 16. The test with no shroud quenched after about 5 s of Gim
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 of
0.71) quenched at over 10 s. Although not yet conGrmed by metallurgical examinations,it
is likely that the longer durations of Gim 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.

17igure 17 illustrates the effects on temperature-related measurements of reducing the
water / fuel ratio by the use of the various shroud geometries (l'igure 15). The data shown
were from five tests with energy depositions in the range of 237 to 251 cal /g UO , which2

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 5 to 15 s, the temperature of the cladding surface at
time of quenching decreased from about i170 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 each 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 likely caused greater
cladding embrittlement, which probably contributed to the failures.

3.2.2 Cluster Terts in the NSitit. Two tests have been performed in the NSitltilll
in which Ove-rod clusters of NSRit-STD fuel rods were enclosed in open-ended aluminum

shrouds to effectively reduce the water / fuel ratio.The test clusters were comprised of a 20'1
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Iig.16 Claddmy suitace temgwrature histories with and without shrouds for NSRR-STD rods tested in the NSRR.
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enriched central rod surrounded b; four 107c enriched rods on a square pitch of 14 mm.
Figure 18 shows cross-section views of the clusters and now 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 UO in the center rod and 190 cal /g UO2 n thei2 ,

"outer rods. This test was similar to the test performed on an open-lattice cluster
2 n center rod and 190 cal /g UO(Section 11-3.1.1, 180 cal /g UO 2 n outer rods), and noii

significant differences in test results were observed.

The cluster enclosed in the cruciform shroud (water / fuel ratio of 1.17) was subjected
to a test that deposited 225 cal /g UO 2 n the center rod and 240 cal /g UO ii 2 n the outer
rods. This test caused failure of the center rod near the bottom of the active fuellength 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
primarily a result of the asymmetric power distribution across these rods or whether the
shroud innuenced 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 of
1570 K, a quenching temperature of 1070 K, and a quenching time of I1.3 s. 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.

<

_14 m m _ ,14 mm_ _14 mm . _14 mm
, . , . , - , -

b

b

14 mm
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"
- 14 mmw ww w% W"

"
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Water / fuel Water / fuel
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1'ig. I8 Cross sections of clusters and now 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 2.1l). 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 about2
240 cal /g UO2 or unenclosed single rods and for the center rodf
in open-lattice clusters

(2) No failures occurred for a GEX cluster enclosed in a canister as a

2 n the center rodresult of energy depositions of 197 cal /g UO i

(7% enriched) and 176 cal /g UO2 in the outer rods (5%
enriched).

4. EFFECTS OF FUEL BURNUP

Tests were conducted in the CDC19,20) to scope the ef fects 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 Engineering Test Reactor (ETR). Coolant
conditions in the ETR loop simulated a llWR environment;that is,6.9 MPa pressure,511 K
inlet temperature, and 561 K cladding surface temperature. Linear power densities were
55.8 to 65.6 kW/m. Atypical of HWRs 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 pernirmed in the CDC, two with GEP rods having burnups of
N1000 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 (N1000 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 of about 200 and 240 cal /g U0 .2

(2) With regard to failure mode, the failure at 240 cal /g UO2 orthef
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 failure mode from passive meltdown to
pressure-caused rupture was indicated.
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Tests with the higher burnup 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 UO2 test failed at 147 cal /g UO ,and a 32 000 mwd /t2
GEX rod subjected to a 190 cal /g UO2 test failed at 85 cal /g
UO . These two tests represent the lowest initial failure2
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.
Failures of preirradiated rods were in the form of cladding
ruptures or cracks, generally longitudinal, and, in some cases,
extensive and multiple ruptures and cracks. While some failures
appeared to have been ruptures induced by internal pressure, the
32 000 mwd /t GEX rod that failed at 85 cal /g UO2 had three
separate longitudinal fractures (cracks) that extended ove 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, Miller [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 thermany 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 UO2 total energy deposition compared with over
300 cal /g UO ). In the 200 to 300 cal /g UO2 range, the pressure2
pulses were narrow, with magnitudes not exceeding about i

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 UO2 range.

One GEX rod with a burnup of 'b4140 mwd /t was tested at a 0

total energy deposition of 348 cal /g UO . The rod f ailed at2

about 300 cal /g UO , producing a pressure pulse of 16.2 MPa2
and a nuclear-to-mechanical energy conversion of 0.219. A
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)

similar test on an unirradiated GliX rod also resulted in failure
at about 300 cal /g UO , producing a much lower pressure pulse2
of 2.6 MPa, but a larger nuclear-to-mechanical energy con-
version of 0.419. These differences in behavior were conceiv-
ably directly related to the difference in failure modes for the
two rods. The preirradiated rod ruptured r. ear the bottom of the
fuel stack, with the edges of the cladding showing evidence of
cladding melting. The rod was completely severed at the point of
rupture, but no other damage to the rod was noted and only a
small amount of fuel was expelled into the coolant. The
unirradiated rod, on the other hand,showed significant cladding
melting over the entire active length, with a significently greater
quantity of fuel expelled into the coolant.

The failure behavior of the ten preirradiated rods tested in the CDC is illustrated in
Figure 19. Compared with the initial failure threshold rar.ge determined for unitradiated
Gl!X and GI!P rods, seven of the ten preitradiated rods behaved in a manner that agrees with
the findings for unirradiated fuel rods. Three of the preirradiated rods, however, failed at
energy depositions somewhat below the failme threshold for unirradiated rods.The results
of these few tests establish the need for additional experimental work to better understand
and evaluate the effects of burnup on the threshold and consequences of failure under RIA
conditions.
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1'ig.19 l'ailure behavior of preirradiated GLX and GEP rods tested in the CIX'.
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5. EFFECTS OF WATERLOGGED FUEL

1

Tests withvarious waterlogged rod types have been 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-Il rod designs, all of which had pellet fuel clad with
cold-worked zircaloy. The tests with waterlogged rods simulate the conditions of a startup

i 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
1 defects,and the effects of reactor period on the failure threshold.

In general, waterlogged rods were found to fail at Lignificantly lower energy
J depositions than nonwaterlogged rods (with the exception of annealed stainless steel clad

rods). The initial failun threshold was found to be strongly dependent on cladding material
and cladding heat treatmen t, 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- I

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

i (1) Failure thresholds: The initial failure thresholds determined for
' various types of fully waterlogged fuel rods tested in the CDC
' and NSRR are shown in Table Ill. 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 zirealoy clad rods were, in some cases, discolored
over the active region, indicating the attainment of higher

I
temperatures. The discolored zircalo, clad rods were fragile and
casily bmken during handling. indicating some degree of
cladding embrittiement.

,

|

[ (2) Failure consequences: Failure of waterlogged fuel rods
produced high capsule pressures, but the pressure pulses were 1

I 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 III

1INITIAL FAILURE THRESH 0LDS FOR WATERLOGGED FUEL RODS

FailureThreshold[a]
Fuel Rod Fuel Cladding Cladding Heat (caVg 00 )

Type Form Material Treatment 2

E93
SPXM Pellet Zircaloy-2 Cold-worked 85 to 150

E93SPXM Pellet Zircaloy-2 Annealed 157 to 164

E93SPXM Pellet 304 SS Cold-worked 110 to ll6

E93SPXM Pellet 304 SS Annealed 330 to 352

F-type Pellet 304 SS Annealed 240 to 245[b]

E93
GEP Pellet Zircaloy-2 10% cold-worked 60

E93
GEP Powder Zircaloy-2 10% cold-worked 60 to 66

NSRR-STD Pellet Zircaloy-4 Cold-worded 90to140[10,H]

JPDR-II Pellet Zircaloy-4 Cold-worked 100 to 130[10,H ]

NSRR-WG Pellet Zircaloy-4 Cold-worked 90 to 140[10,H ]

[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 Mlb 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 NSRRllll 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 variation 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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Ill. CORRELATIONS AND INTERPRETATIONS

A part of the test results presented in Section 11 are correlated and interpreted in this
section. The correlations are based primarily on data from the CDC program, supplemented
with available data from the NSRR program. The TREAT data are not generally included
because certain of the measurements required for correlation purposes were either not made
or were not available in a usable form. It should be emphasized that only selected data
correlations are presented. The selections were based both on relative importance to the
understanding of the RIA and on the availability of data. The degree of detail included in
the treatment of the various topics in this section varies depending on the type of
measurements considered, measurement accuracy, range of tests considered, amount of data
available, and current understanding of the physical phenomena involved, in several cases,
the need for additional experiments or analysis, or both,is established.

Data from throughout Section 11 and Appendices 11 and C are used, where
appropriate, in the correlations and interpretations presented in this section. Maximum
measured cladding temperatures and deformations of the cladding and fuel are analyzed to
determine the effects of test fuel design and initial parameter variations, to establish trends
as a function of energy depositions,and to identify relevant mechanisms. Failure modes and
mechanisms are examined in detail for both incipient and high energy failures, and a
semi-quantitative model based on test fuel properties and characteristics'is used to evaluate
postulated failure mechanisms for high energy depositions. i

1

1. ANALYSIS OF CLADDING TEMPERATURES

Cladding temperature data from tests with various rod types in the CDC and NSRR
are correlated and analyzed in this section. Fuel design and initial parametric variations are
evaluated to determine their effects on thermal response.

1.1 Maximum Cladding Temperature

Maximum cladding temperature data from the CDC and NSRR tests, in which the
rods were not preirradiated, prepressurized, or enclosed within a shroud, are shown as a
function of radial average energy deposition in Figure 20. These data indicate the following: :

(1) With the exception of several waterlogged fuel tests, departure
from nucleate boiling (DNB) was not observed for energy
depositions less than about 130 cal /g of fuel. The occurrence of
DNil at lower energy depositions for the waterlogged fuel tests

Iresulted in cladding temperatures only about 50 K above the
saturation temperature (1373 K).

40
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(2) Between about 150 and 240 cal /g of fuel, maximum cladding
temperatures increased significantly, indicating degradation of s

heat transfer from the cladding to the coolant caused by DNB
and subsequent film boiling. Maximum cladding temperatures of
stainless steel clad fuels 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 liffect of Pellet-to-Cladding Gap *on the Onset of DNB

Fuel-cladding gap closure from fuel expansion causes a significant increase in gap
conductance, with the resultant increased energy transfer leading to DNB at the cladding
surface. Therefore, the minimum energy deposition necessary to cause DNB is dependent on
the initial fuel-cladding gap; that is, DNB did not occur with NSRR wide-gapped fuel
(NSRR WG) below about 190 cal /g of fuel; however,it occurred at about 130 cal /g UO f2 or
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 UO2 heat capacity equations presented in Reference 21 and the UO2
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
prerequisite for 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 e! adding yield. In Figure 22, maximum
cladding temperatures and cladding radial expansions are compared for zircaloy clad
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l'or waterlogged rods, the incompressibility of water and large internal pressure
j

/ generation tend to prevent gap closure. Ilowever, the higher thermal conductivity of water
(about four times that of helium gas) promotes gap heat transfer. The test results exhibit
improved heat transfer for waterlogged rods, in that DNB occurred at lower energy'

?- depositions for which gap closure was not predicted. liigh cladding temperatures and
;' extensive cladding oxidation were not generally observed for waterlogged rods, since

,

O '' cladding failure and fuel expulsion typically occurred in the range of 90 to 165 cal /g UO .2

1.3 Effects of Cladding Material
=

The cladding temperatures differed significantly between zircaloy and stainless steel
clad fuel rods. Evaluation of the data indicates that differences in the thermal properties of
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zircaloy and stainless steel are primarily responsible for the observed higher temperatures for

i zircaloy.

Thermal conductivities 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'

5 Type 304 stainless steel is almost twice that of zircaloy-4 (except at the a-# 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 of2,

]
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.
Ilowever, the maximum temperatures appear to be less dependent on differences in heat
capacity, since the maximum temperature of the zircaloy cladding was only about 50'7o

,

j 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

i
Tests performed in the NSRR,in which NSRR-STD rods were enclosed in open-ended

How 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 5 s 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 mixcdexide-rod tests in the CDC were somewhat

lower than for similar UO2 rods (the mixed oxide fuel consisted of a mixture of PuO2
particles and natural UO ). Most of the fissions occurred in the PuO2 particles and the2
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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 UO2 uels tested at comparable energy depositions. Cladding surfacef

temperature histories are compared in Figure 26 for mixed oxide and UO 2 uel rods, each off
which received energy depositions of about 225 cal /g of fuel. Both the GEXPR and
GEXPR-CII mixed oxide rods exhibited a short interval of nucleate boiling prior to DNB,
whereas the GEX UO2 rod proceeded immediately into Illm boiling and attained the highest
maximum temperature.
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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
elongation mechanisms and the effects of fuel design and initial parametrie 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

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 a
separation of the data into two groups (unirradiated and preirradiated or waterlogged), each
of which exhibits distinct behavior with respect to energy deposition.

For unitradiated rods, the radial deformation data shown in Figure 27 began to
increase in the range of 130 to 160 cal /g fuel. 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 waterlogged
rods axial elongation behavior is quite different from that of the unitradiated rods, however.
Residual clongations of preirradiated and waterlogged rods were either negative or very
small, with the exception of one GEX preitradiated rod that had a residual elongation of
about 5"e following a test at about 350 cal /g fuel.

2.2 Radial Deformation of Unirradiated Fuel Rods

For most of the unitradiated 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 ofideal 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

j expansion. Fuel pellet compression was assumed to be negligible. Powder fuels have no
l 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, e, was therefore calculated using the following equations:

Pellet Fuel

c=c + x 100
m (,)

Powder fuel

0 -p
3 P

+7x x 100c=c
m

O (2)

where

measured cladding radial expansion (%)e =
m

Ar gap width (mm)=

pellet radius (mm)r =

powder feel density=pp

po assumed density to which powder fuel is fully compressed (=947c).=

Th: 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 experimental2
data from several fuel types and the calculated UO2 thermal expansion curve. The large
increase in cladding deformations at approximately 230 cal /g UO could be an indication of2
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 elongation is less dependent on fuel thermal expansion than the radial
deformations because of axial slippage between the fuel and cladding during power ;

51'



:|

10 , i i i i i i ., i

CDC tests (pellet fuel)
9 -

e SPXM
-

_

# a GEX
c o GEP

0 -

e F-type i

# -

$
E
a
57 - NSRR tests (pellet fuel) -

5 o NSRR-STD e a
E m NSRR-WG 0

h6 - V JPDR-II /-
g

k o mOa o e -E5 - CDC tests (powder fuel)
*E e GEX US o

E & GEP g _4 - 'E a c'
~E
o O

-g3 -
-

a
5 e

o* -S2 -

o e e3

S
U

1 - - Thermal expansion curve of fuel pellet -

1 ' ' ' ' ' ' ' '
0

50 75 100 125 150 175 200 225 250 275

INEL-A-8639Total radial average energy deposition (cal /g UO )p

Fig. 29 Comparison of cladding radial expansion with thermal expansion of the fuel.

|

-)

|

I

!

|

52|

l



excursions. Figures 30 and 31 show the measured axial clongations 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 clongations decreased with decreasing
cladding temperature (top and bottom thermocouples were 5.4 cm above and below the
location of the middle thermocouples).

Residual and maximum axial clongations of the cladding were compared with the fuel
expansion etirve in the same manner as previously described for radial deformations
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(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
agee reasonably well with the total thermal expansion of the fuel stack for energy
depositions less than about 150 cal /g UO . At higher energy depositions, the cladding I

2

clongations are generally less than the fuel stack axial elongation calculation, indicating the
effect of fuel-cladding slippage.
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2.4 Radial and Axial Deformations of Waterlogged and Preirradiated Rods

As discussed in Section 111-2.1, waterlogged and preirradiated rods exhibited much
larger radial cladding ballooning than did unirradiated rods. Also, axial elongations for
waterlogged and preirradiated rods were either slightly positive or negative. These trends are
believed to be a result of significantly higher internal rod pressures. For example, a <

maximum internal pressure of 54 MPa was measured in one NSRR waterlogged rod test at
150 cal /g UO . Both the waterlogged and preirradiated rods failed by cladding rupture, with2
no evidence of cladding melting. This failure mode differs from that observed for
unirradiated rods, which failed by cladding melting or embrittlement. Radial cladding j
deformations at energy depositions greater than about 200 cal /g UO exceeded 10%, which j2
could not be attained by fuel thermal expansion alone. Therefore, these results indicate that
internal pressure was more significant than fuel thermal expansion in causing cladding
deformation of waterlogged and preirradiated rods for energy depositions greater than about
200 cal /g UO . Prompt and large pressure increases, particularly in waterlogged rods, may2
occur during the early stages of a transient. Increased pressure would prevent the
pellet-cladding contact and resultant cladding axial elongation, which would explain the
axial shrinkage and small positive elongations observed in waterlogged rod tests.

If the water or gas in the gap prevents fuel-cladding contact, the cladding will shrink
axially according to Poisson's ratio for the material to compensate for the radial expansion.
It should, therefore, be possible to correlate the negative axial elongations for waterlogged
rods to their radial deformations through Poisson's ratio. Figure 33 shows cladding radial
and axial deformation data for JPDR-II waterlogged fuels as a function of energy
deposition. The amount of radial deformation is compared with the calculated radial
thermal expansion of UO , with good agreement noted. The axial contraction data for2
JPDR-il fuels are compared with the calculated axial shrinkage based on a Poisson's ratio of
0.28 for zircaloy. The cladding axial contraction is overestimated, which is an expected

4 , , ,
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the NSRR.
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trend because the radial deformations (ballooning) were of a barrel shape. Uniform radial
| deformations over the active fuel length would have resulted in axial shrinkage of about

twice that observed. Therefore, the comparisons shown in Figure 33 indicate that, for
2 n waterlogged rods, the cladding radialenergy depositions below about 150 cal /g UO i

expansion was a direct result of fuel thermal expansion, and the axial elongation behavior
> can be related to the radial expansion through Poisson's ratio.

3. INCIPIENT FAILURE OF UNIRRADIATED UO2 RODS

!
Observed failure modes and thresholds for uninadiated, zircaloy clad, UO2 rods are

| discussed in this section, with differences and similarities examined and correlated for
several fuel designs. All tests considered were performed in the CDC and NSRR test facilities

| on single, unpressurized rods without shrouds,in stagnant water at atmospheric pressure and

f ambient temperature. The discussion is confined primarily to the enthalpy region near the

|
initial failure threshold. Certain aspects of the failure behavior described for the baseline
fuels in Sections 11-1.1 and 11-1.2 are addressed in more detail and extended to other similar,

fuel designs.

3.1 Failure Modes

No apparent damage occurred to rods for energy depositions up to about 120 cal /g
UO . For energy depositions greater than about 120 cal /g UO , DNB occurred at the2 2
cladding surface. DNB resulted in oxidation of the cladding surface, the extent of which
increased with increasing energy depositions. The first evidence of cladding failure, termed
incipient failure, generally occurred at about 240 cal /g UO . liigh energy depositions caused2
breakup of the test rods into progressively smaller pieces, and eventually into fine
fragments. The behavior at high energy depositions is treated in detail in Section 111-4.

Cladding melting, cracking, and low pressure rupture were all observed in varying
degrees for tests conducted slightly beyond the incipient failure threshold with unitradiated,
unpressurized zircaloy clad rods. Pellet-fueled SPX, SPXM, GEX, and NSRR rods appeared
to have first failed by circumferential cracking of the cladding. Postirradiation examination
(PIE) photographs showed the fractured cladding surfaces to be rugged and sharp-edged
with no apparent decrease in thickness, even where cladding melting occurred. Extensive
surface oxidation and at least partial melting of the inner cladding surface occurred in all

i

cases. The condition of the cladding was such that additional cracks or breaks often
occurred during posttest disassembly operations. The cladding metallurgical analyses
discussed in Section 11-1.2 show oxygen intrusion, and consequent cladding embrittlement,
for tests performed near the failure threshold. Therefore, the incipient failure of these types
of rods is postulated to have occurred by axial and bending forces acting on embrittled
cladding, probably during the quenching or cooldown cycle of the transient. Forces were
probably generated by fuel-cladding interactions, thermal shocks, or radial and axial
temperature gradients during quenching.
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Low pressure rupture (internal pressure coupled with high cladding temperature)
appeared to be the prevalent cause ofinitial failure of the GEX-powder and the GEP-powder
and -pellet-fueled rods. The cladding was locally swollen at the failure point, with the
opening generally in the form of an axial split, as opposed to the melting and
circumferential cracking typical of the other rod types. Low pressure rupture was also
observed from high speed photography of the TREAT tests. Rods that failed by low <

pressure rupture al:,0 showed some evidence of circumferential cracking. Thus, the
mechanisms for cladding embrittlement and low pressure rupture were both apparently
active for tests with GEX-powder and GEP-powder and -pellet rods conducted at or slightly
above the incipient failure threshold.

4

Both the powder-fueled GEX and GEP rods and the pellet-fueled GEP rods contained
comparatively larger initial gas volumes within the fuel region than the pellet-fueled SPX,
SPXM, GEX, and NSRR rods. The gas was distributed throughout the vipac powder fuelin
the GEX and GEP rods and between the dished-end pellets used in the GEP rods. The
pressure produced by heating the gas within the fuelin these rods (powder-fueled GEX and
GEP rods and pellet-fueled GEP rods) may have produced comparatively higher internal
pressure, thus causing the observed low pressure ruptures.

1

3.2 Failure Thresholds ]

Figure 34 illustrates the comparative failure behaviorof several typesof rods tested in
the CIX' and NSRR. The total energy deposition provide approximate bounds on the
threshold of failure for each rod type. For rods that did not fail, the highest attained total
energy deposition without failure is an approximate lower bound on the failure threshold.
For rod that did fail, the lowest attained total energy deposition resulting in failure is an
approximate upper bound on the threshold. Since there is no overlap of failures and
nonfailures for tests on the same type of fuel rods, the minimum energy deposition
difference between failures and nonfailures should be a low multiple of the uncertainty in
the failure threshold.

For example, the GEX pellet rods failed during all tests with energy depositions
greater than 256 cal /g UO2 and did not fail in any test with energy depositions less than
233 cal /g UO . Assuming that o is no larger than half the difference between these energies,2
the test data imply that the standard deviation of the energy deposition required for failure
is no larger than 17 cal /g UO . The average of the standard deviations for GEX, SPX, and2
SPXM rods is 16 cal /g UO -2

If the best value for the energy deposition at failure of a given rod type is taken to be
halfway between the upper and lower bounds, established by the data presented in

|
Figure 34, the energies at failure vary from 218 cal /g UO '

2 or SPX pellet rads to 279 cal /gf

UO2 or GEX powder rods. The difference,61 cal /g UO ,is considerably larger than thef 2
uncertainty for the individual rods.

=
1

The NSRR results also indicate a small uncertainty in threshold energy for two rod
designs tested to date. Rods of standard design failed at 264 and 270 cal /g UO ,but not at2
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e

244 cal /g UO . Rods of similar design but with a wider gap failed at 274 cal /g UO , but not2 2
at 261 cal /g UO .2

Figure 35 shows the maximum cladding surface temperature as a function of the
radial average energy deposition in the unirradiated, zircaloy clad CDC rods. With one
exception (Test 432, in which fracture occurred about 25.4 cm above the bottom of a SPX

fuel rod), rod failures in the energy deposition range up to 375 cal /g UO2 occurred only
when cladding temperatures exceeded 2008 K. Rods containing powder fuel exhibited lower
cladding temperatures than pellet-fueled rods under the same conditions, and, consequently,
had higher failure thresholds. For the static coolant CDC tests, the thermocouple
measurements showed excellent correlation with cladding integrity in this energy deposition >

range.

If rod failure at low and moderate energy depositions is controlled by the cladding
temperature, the radial average energy deposited per unit mass of fuel may not be the most
appropriate independent parameter in all cases. Extensive computer calculations have shown
that in RIA experiments of the type carried out in the CDC and NSRR, the energy
deposited near the outside edge of the pellet is the primary heat source for cladding melting,
whereas the energy deposited in the interior of the fuel is not conducted to the cladding
surface until well after the maximum cladding temperature is reached. An estimate of the
energy deposition at the fuel surface can be obtained by multiplying the average radial ]
energy deposition by the peak-to-average radial power density (which is a function of pellet
enrichment). The effects of differences in fuel density, which varied from about 83%
theoretical density for vipac powder-fueled rods to about 95% theoretical density for
pellet-fueled rods, can be taken into account by converting the energy deposition data to a
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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 111, therefore, use the
parameter peak energy deposition at the fuelsurface in tea ms 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 or2
low pressure rupture, are shown. As illustrated, a peak energy deposition value of
2950 cal /cm3 UO2 s reasonably representative of the initial failure threshold for the variousi

types of CDC test rods, whereas a value of 3350 cal /cm3 UO2 more nearly represents the
, initial failure 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 failed2
below this value. Failure of GEP-pellet rods was first observed at about 3170 cal /cm3 UO .2
with no failure occurring at 3080 cal /cm3 UO . The only CDC rod that failed below2
2950 cal /cm3 UO2 was a SPX test rod (46-cm active length), which failed at 2600 cal /cm 3

UO -2

A higher initial failure threshold is indicated by the 13-em NSRR-STD and NSRR-WG
rods tested in the NSRR, in that all rods tested above 3350 cal /cm3 UO2 ailed, whereasf
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
each facility, but the test results indicate the possible presence of a systematic calibration
error. The 12% error band shown with each set of data in Figure 37 was determined to be
the un< :rtainty in absolute energy deposition for CDC test rods. The illustrated overlap in
error !qnds for the CDC and NSRR test results indicates that the noted differences may not
be statiJically 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.

4

All of the SPX rods tested failed by brittle fracture, including the previously
mentioned failure at 2600 cal /cm3 UO . The behavior of the SPX rods might have been2
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influenced by their radial and axial dimensions. Of the pellet-rod types tested near the
failure threshold, the SPX tod had the smallest ratio of gap width to pellet radius (0.008)
and the largest active length to diameter ratio (72). These dimensional characteristics would
be expected to result in stronger pellet <ladding mechanical interaction and larger bending
forces in the SPX rods under transient conditions than in the other rod types tested. Such
effects may have contributed to the brittle failure (circumferential crack) of the SPX rod at

3 UO , and to the apparent preferential failure of -the unusually low value of 2600 cal /cm 2
SPX rods by brittle fracture at energy depositions well beyond the failure threshold.

No brittle fracture failures occurred in tests of powder-fueled rods and GEP-pellet 1

rods. As discussed in Section 111-3.1, the low pressure failures of these rods may be related
to their larger initial gas volumes compared with the other test rod types. i

4. IllGli ENERGY FAILURE IIEllAVIOR OF UNIRRADIATED UO2 RODS

Energy depositions beyond the initial failure threshold result in progressively greater
breakup of the test rods, with fragmentation occurring for energy depositions greater than
about 350 cal /g UO . Particle size distributions have been developed and analyzed for2

2 n the CDClI41several rod types tested in the range of about 350 to 650 cal /g UO i

Correlation of these distributions with energy deposition has shown that the mean particle
diameter decreases with increasing energy deposition and asymptotically approaches a lower
limit of about 5 mils for energy depositions exceeding about 500 cal /g UO . Fuel2
fragmentation causes the development of transient pressure pulses and mechanical energy
generation.

The modes and mechanisms of high energy failures are examined and analyzed in this
section, primarily on the basis of the CDC test results (only a few NSRR tests have been
conducted in the 400 to 500 cal /g UO2 range, and none above 500 cal /g UO ). The2

threshold of high energy cladding rupture is estimated on the basis of a simple cladding
burst model, with UO2 vapor pressure shown to be the primary contributor to such
ruptuits. Cladding surface temperatures at time of failure and pressure pulses generated by
high energy failures are also examined and correlated.

4.1 liigh Energy Failure Modes and Mechanisms

The rod failure modes for energy depositions near the initial failure threshold were
discussed in Section 111-3.1. With increasing energy depositions to about 350 cal /g UO , the2
rods exhibited breakup into progressively smaller pieces. The failure mechanisms appeared l
to be similar to those near the initial failure threshold, with the occurrence of more severe
surface oxidation, embrittlement, and complete cladding melting. The edge surfaces of the
broken cladding were very sharp, in spite of complete melting, indicating that much of the
rod breakup for energy depositions to about 350 cal /g UO2 probably occurred after the
melted cladding solidified. Rod breakup probably occurred during the quenching period,
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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.

2 uels in terms of energy depositionFigure 38 shows the behavior of several CDC UO f
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 fuel energy deposition at time of i

Ifailure. The solid line at 450 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 UO2 vapor pressure, calculated assuming adiabatic
conditions, as a function of total energy deposition.

1

Cladding melting occurred for tests in which the total energy deposition exceeded |

about 240 cal /g UO2 (Section 111-1.1). The extent of melting generally increased with
increasing energy deposition to about 350 cal /g UO . At 350 cal /g UO , which approxi-2 2
mately corresponds to the point at which fuel rod fragmentation becomcc noticeable, the
rods begin to fail at energies less than the total energy deposition. The amount ofinternal
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 350 cal /g UO , cladding surface tempera-2
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

,

i
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 tirpe 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 UO2 vapor pressure with increasing energy deposition,
as shown in Figure 38.

The previous discussion suggests that UO2 vapor pressure is a major variable affecting
internal pressure rupture of the cladding. Such a failure mechanism could produce
consequences consistent with experimental observations. Namely, the internal' pressure
produced by the UO2 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. UO2
vapor condensation could further produce an additional amount of very fine fuel fragments.

4.2 Analysis of liigh Energy Failure Mechanisms

The previous section suggests that internal pressure rupture of the cladding UO vapor2
pressure may be the primary failure mode at energy depositions sufGeient to cause fuel
fragmentation. An analysis using a simple cladding burst model is presented in this section
to more quantitatively examine the failure mechanisms at high energy depositions.
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4.2.1 Cladding flurst Pressure. An exact determination of tube burst pressure during
an RIA from the available ultimate tensile strength data is difficult, since the actual tube
burst occurs under multiaxial stress conditions affected by ballooning and the axial tension
generated at the tube ends. Ilowever, a simple calculation using the criteria that failure
occurs when the hoop stress exceeds the ultimate tensile strength is assumed to be
applicable as follows:

PB = 2t "u
D.

1 (3) 3

where

Pil burst pressure (MPa)=

cladding wall thickness (mm)t =

cladding inner diameter (mm)Dj =

u ultimate tensile strength (MPa).o =
,

The cladding materials used in the CDC tests were cold-worked and annealed zircaloy
for the SPX and SPXM rods,107o cold-worked zircaloy for the GEP and GEX rods, and
cold-worked and annealed stainless steel for the SPXM rods. Figure 40 shows a comparison
of the ultimate tensile strc agth of the SPXM, GEP, and GEX cladding material with the
correlations of Odekirk and Brasstieldl221 for cold-worked and annealed zircaloy,
respectively. These two correlations agree well with the data for the cold-worked and
annealed SPX and SPXM zirealoy cladding. The data for the 107o cold-worked GEP and
GEX rods are located between the two correlations as shown in Figure 40. Therefore, the
two correlations referenced were used for zirealoy cladding.

For stainless steel cladding, both the yield and ultimate tensile strength of the CDC
rods were compared with the correlation reported by Simmons and Cross [23] for annealed
Type 304 stainless steel. As shown in Figure 41, good agreement was obtained. Therefore,
the correlation of Simmons and Cross was used for stainless steel cladding.

The calculated burst presmres, using Equation (3) and the correlations of Figures 40
and 41, are shown in Figure 42 for CDC test rod claddings as a function of cladding
temperature.

This calculation indicates the following:

(1) Differences in behavior between cold-worked and annealed clad
rods would occur only at low cladding temperatures (less than

: about 800 K). These differences should occur at energy
depositions greater than 6000 cal /cm3 UO2 as determined by
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the relationship shown in Figure 39 between energy deposition'

and cladding temperature at failure.
1

I

(2) The burst pressure of annealed stainless steel cladding is greater
i than that for zircaloy cladding at cladding temperatures

exceeding 800 K; that is, stainless steel clad rods would sustain

j
higher energy depositions than zircaloy clad rods for the same

! -
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cladding temperatures. Ilowever, for a given energy deposition,
stainless steel cladding reaches a lower maximum temperature J

than zirealoy cladding because of the larger heat capacity of
stainless steel.

Vapor Pressure. To obtain the UO vapor pressure as a function of energy4.2.2 g 2 2

deposition, Equation (4) was first used to calculate the UO2 temperature. |
_

T=T * (9 - 9 -Umelt m
p (4)
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fwhere

UO temperature (K)T =
2

UO melting temperature (K) = 3115[24]Tmelt = 2
-

heat capacity for UO liquid (cal /g K) = 0.1201241C =
2p

q energy deposition (cal /g UO )=
2

qm energy deposition necessary to increase fuel temperature to melting=

point (cal /g UO ) = 268l2412

latent heat of vaporization for UO2 (cal /g) = 67I241L =

The UO vapor pressure was then calculated by the following equation (25]:2

log P = 7.7 27900
T (5)

where

2UO vapor pressure (kg/cm )P =
2

T UO temperature (K).=
2

- The calculated UO2 vapor pressure (converted to MPa) as a function of energy
deposition is shown in both Figures 38 and 43.

4.2.3 Comparison of Calculated Cladding Temperature at Failure with Measured
Surface Cladding Temperatures at Failure. As described in Section 111-4.1, the threshold
energy deposition for internal pressure rupture is about 350 cal /g UO . For energy2
depositions greater than 350 cal /g U0 , cladding rupture is assumed to occur when the2
cladding strength for a given temperature cannot withstand the UO2 vapor pressure within
the fuel rod. Thus. the postulated rupture criterion is that rupture occurs when the UO2
vapor pressure is equal to the cladding burst pressure.

Use of this rupture criterion based solely on UO2 vapor pressure assuna J other l
potential sources of fuel rod internal pressure can be neglected for high energy tests with
unirradiated fuel rods. Gas gap expansion and gaseous fission products and impurities within
the fuel matrix are two sources that could contribute to the internal pressure. Gas gap
pressure in pellet-fueled rods which were not prepressurized should be insignificant, since
the initial internal pressure was one atmosphere in the CDC and NSRR test rods, and almost
all of the gap gas would have been expelled from the gap into the plenum by gap closure;

(shown in Section 111-1.2 to occur at a relatively low energy deposition of about 120 cal /g
UO ). Only minor pressures would be expected from gaseous fission products and2
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impurities in unitradiated fuel rods. Therefore, the effects of pressure generated by gas gap
expansion and by gaseous fission products and impurities were assumed negligible and were s

not included in the cladding burst model calculations.

Cladding te mperatures at failure (that is, for equal cladding burst and UO2 vapor
pressures) can be determined as a function of energy deposition at failure from the
correlations shown in Figures 42 and 43. The correlation curves obtained in this manner are
shown in Figure 44 for the cladding of several rod types. Measured cladding surface
temperatures at failure are also shown for high energy deposition tests, which is the !

applicable region of the cladding burst model. Comparison of the correlations with the
measural data indicate the following: (

(1) The threshold energy deposition for rod rupture (fragmentation
threshold) can be defined as that value at which the cladding
temperature at failure drops below the cladding melting tempera-
ture. The calculations show these points to be at energy

2 or zircaloy cladding anddepositions of about 360 cal /g UO f
2 or stainless steel cladding. The data shownabout 450 cal /g UO f

in Figure 44 are in reasonable agreement with the calculated
curves in these regions.
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(2) Most of the measured cladding temperatues at time of failure for
zircaloy clad rods in the failure energy deposition range of 450
to 500 cal /g UO2 were somewhat lower than predicted by the
calculational model. The single data point for a stainless steel
clad rod in this region, however, agrees well with the calculated
curve.

(3) Two of the three measured temperature data points for failure
energy depositions greater than 500 cal /g UO2 are lower than
predicted, and one value is somewhat higher than expected.

Measurement errors associated with the cladding surface thermocouples could have
contributed to the observed differences between the experimental data and calculated
curves in Figure 44. Experience with the small-mass thermocouples used in these
experiments, however, would indicate that such errors would be much less than required to
explain the observed differences. A more likely explanation is that the measurements were
of the cladding surface temperature, whereas the calculated behavior is more indicative of
the average cladding temperature. A method for estimating average cladding temperatures
based on analysis of measured surface temperatures has been developed,as described in the
following subsection.

4.2.4 Comparison of Calculated Cladding Temperature at Failure with Estimated
Average Cladding Temperature at Failure. To develop a method for determining average
cladding temperatures at time of failure, it was postulated that measured cladding surface
temperatures at failure are related to the time of failure during a test. Such a postulate was
evaluated by examination of the time of failure following power excursion peak power.
Measured time of failure after peak power is plotted versus total energy deposition in
Figure 45. The time of failure decreases exponentially as the total energy deposition is
increased. As the cladding surface temperature increase lags the fuel temperature increase,
the decrease of failure time at higher energy should result in a decrease of the cladding
temperature. In Figure 46, the measured temperatures at failure are plotted versus time of
failure after peak power. The calculated curves shown in the figure were developed as
follows. If the temperature at time of failure is mainly controlled by the failure time, the
data would coincide with the history of cladding temperature rise versus time. A transient
heat transfer calculation was performed to examine this assumption using the simplified
model described in the following:

\

(1) Power-time history was approximated by a delta function; that
is, the heat deposition versus time was assumed to be a step
function.

(2) It was assumed that the cladding inner surface temperature
remained at the melting point during the transient. The initial

% condition was, therefore, melting temperature at the cladding ,

inner surface, and room temperature in the rest of the cladding.
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(3) lleat transfer in the cladding was calculated as heat conduction
in a semi-inlinite 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 stainicss 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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The calculated curve in Figure 48 is, however,less than most of the calculated data
points which may be a result of the following.

UO vapor pressure is overestimated by neglecting the heat loss(1) 2
from the fuel surface. If the heat loss is considered, the
temperature curve of Figure 48 will shift toward the higher
energy depositions by the amount of the heat loss.

(2) The effect of large strain rates on cladding rupture strength was
neglected. If a circumferential elongation at rupture of 0.2 is
assumed, and if this value is divided by the time of failure after
peak power, the strain rate is I to 100 s-I for energy depositions
of 350 to 750 cal /g UO . Thus, strain rates may affect the I2
cladding strength. The burst pressure of the cladding increases
with strain rate, and, therefore, the temperature curve would
shift upwards toward higher cladding temperatures.

4.3 Analysis of Pressure Pulses Generated by the liigh Energy Failure of Unirradiated
Rods

=

Unirradiated rod failures for energy depositions greater than approximately 300 cal /g
UO2 produced pressure pulses within the experiment containment capsules. The measured
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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 11-1.3.) Also shown in Figure 49
is the estimated fuel rod internal pressure based on UO2 vapor pressure alone and with the
addition of gap gas pressure. The UO vapor pressure curve was determined by the method2
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 UO2 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 UO2 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 111-4.2.4, 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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The CDC, TREAT, and NSRR programs have provided significant information
germane to the understanding of fuel behavior under RIA conditions. hiost of the results,
however, were acquired from tests with single, unitradiated fuel rods at zero initial power in
stagnant water at ambient temperature and atmospheric pressure. Only a few tests were
performed to investigate the effects of fuel burnup and environmental variations. To further
develop and verify fuel behavior analytical 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 following principal conclusions have been formulated regarding the current f
1

understanding of fuel behavior under RIA conditions.These conclusions are based primarily
on test data obtained from the CDC and NSRR programs and on the correlations and
interpretations of those data.

1. MAXIMUM CLADDING TEMPERATURES

Cladding surface temperature data correlations for unirradiated UO rods showed that2
cladding melting temperatures were generally attained at time of failure for energy
depositions to about 350 cal /g UO . Beyond 350 cal /g UO , which was the approximate2 2
threshold for rod fragmentation, cladding temperatures at time of failure decreased inversely
proportional to the energy deposition. The cladding temperature at time of failure was
shown to be directly related to the UO2 vapor pressure and cladding strength at time of
failure.

Shroud enclosures about the NSRR-STD rods were found to have no detectable effect
on maximum measured cladding surface temperatures, but did significantly extend the
duration of film boiling at the cladding surface prior to quenching. This extended film
boiling time may have caused additional cladding embrittlement, thus contributing to the
observed lower failure thresholds for shroud-enclosed rods.

2. CLADDING AND FUEL DliFORMATIONS
(

Cladding radial deformation of unpressurized, unirradiated rods was shown to be I
'

directly related to fuel thermal expansion. Larger expansions were noted for preirradiated
and waterlogged rods, apparently due to internal pressure generation.

Cladding axial deformation was apparently caused primarily by fuel stack growth after=

gas gap closure. Slipping at the fuel-cladding interface resulted in less elongation of the
cladding than occurred for the fuel stack. Small or negative cladding elongations occurred
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for waterlogged and preirradiated rods, apparently because prompt and large radial
deformation of the cladding prevented gap closures.

.

3. INCIPIENT FAILURE TIIRESIIOLD OF UNIRRADIATED RODS

The incipient failure threshold of unirradiated rods was generally in the range of about
240 to 265 cal /g UO . Rods failed by cladding melting or cracking or apparently embrittled2
cladding, or both. The GEX rods had slightly lower thresholds,223 to 256 cal /g UO , and2

the TREAT rods slightly higher thresholds, N270 cal /g UO . The incipient failure threshold2
was found to be relatively insensitive to cladding material, cladding heat treatment, fuel
form, fuel material, and gap width. Ilowever, 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-STD 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 to2

2 or unenclosed rods. Similar scoping tests with five-rod clusters (both with264 cal /g UO f

and without shrouds) also indicated a reduction in the incipient failure threshold when a

1 shroud was present.

) Tests with prepressurized NSRR-STD fuel rods showed that initial internal pressures
>l.2 MPa resulted in a decrease in the failure threshold; at 2.9 MPa, the fai!ure threshold

i was 150 to 160 cal /g UO .2

I
~

Tests with 5,10,and 207o enriched NSRR-STD rods showed that the failure threshold
decreased slightly with increasing enrichment, apparently 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 UO . The failure threshold was strongly dependent on'

2

j 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'

i waterlogging, and cladding defects did not significantly affect the failure threshold of
waterlogged rods.

4. IllGli ENERGY FAILURE BEllAVIOR OF UNIRRADIATED RODS

For energy depositions to about 350 cal /g UO , unirradiated UO2 rods failed as a2
result of cladding heatup to the approximate melting temperature, which caused
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embrittlement and loss of strength. Some cladding perforation probably occurred while the
cladding was molten, but much of the rod breakup appeared to have occurred during the
cooldown cycle. For energy depositions in excess of about 350 cal /g UO , failures occurred2
by cladding rupture caused by internal pressure, the likely source of which was shown to be
UO vapor pressure, prior to the attainment of cladding melting.2

IThe failure conscquences of unirradiated UO2 rods were insignificant below about ;
300 cal /g UO . In the 300 tc 500 cal /g I'02 range, rods were broken up and fragmented,2
but the maximuin measured pressures did not exceed a few MPa,and nuclear-to-mechanical
energy conversions did not exceed 1%. Metal-water reaction extents increased with energy
deposition, reaching as much as 50% at about 500 cal /g UO . Tests at over 600 cal /g UO22
had more severe consequences, with pressures up to 12 MPa, energy conversions to near 3%, )
and metal-water reaction extents to near 100% being observed.

Failure of waterlogged rods often produced capsule pressures in the tens of MPa, but
the pressure pulses did not contain sufGeient energy to produce failure of adjacent rods.
Fuel rod dimensional variations, degree of waterlogging, and cladding defects did not
significantly affect the failure consequences of waterlogged rods.

5. BEllAVIOR OF IRRADIATED RODS
.

Preirradiated rods tested in the CDC with burnups to 32 000 mwd /t were observed to
fail, in some cases, at lower energy depositions than unirradiated rods, with little sensitivity
attributable to the degree of burnup. Only a few preirradiated rods were tested, with
relatively large scatter in the data; thus, the lower failure threshold was not statistically
established.

The initial failure of preitradiated rods was in the form of cladding rupture or
cracking, generally longitudinal, and in some cases, extensive and multiple fractures
occurred. The cause of failure appeared to be internal pressure or fuel-cladding interaction,
or both. Little or no evidence of cladding melting was detected. Pressure and mechanical
energy generation were detected at lower energy depositions (> 200 cal /g UO ) for2
preirradiated rods; however, the observed magnitudes were relatively insignificant.

=
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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 Oux 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 fuels, instru-
mentation, measurements, and examinations. Additional detailed information is available in
referenced publications,

l. TEST FACILITIES

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

1.1 Capsule Driver Core (CDC)

The CDCI A-Il was an oxide-fueled, pool-type reactor located in the SpERT-IV
Facility at the Idaho National Engineering Laboratory (INEL). The core rods were
comprised of 3% enriched UO2 powder, swage-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 Hux-trap .
irradiation space for experimental rods. The CDC was capable of power excursions with
minimum reactor periods of about 3 ms.

1.2 Nuclear Safety Research Reactor (NSRR)

The NSRR[ A-21 is a modined TRIGA Annular Core Pulse Reactor located at the
Japan Atomic Energy Research 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 eight 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.

,
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1.3 Transient Reactor Test Facility (TREAT)

TREAT [ A-3] is an air-cooled, graphite-moderated reactor located at the INEL. Core
fuel elements are extruded U Og and are graphite clad with zircaloy. Twenty-four control3
rods are used for both normal operation and power excursion initiation. A centrally located
test space, approximately 10 cm square, with horizontal access slots provides an
experimental irradiation space. TREAT is capable of power excursions with minimum
reactor periods of about 35 ms.

2. CONTAINMENT CApSUI.ES AND ENVIRONMENTS

In CDC, NSRR, and TREAT experimental fuel rods were positioned in containment
capsules that were located in the central test space of the respective facilities. In both the
CDCI A-41 and NSRRI A-21, cylindrical stainless steel capsules with inside diameters of
about 7.3 and 12 cm, respectively, were used. The TREAT tests used stainless steel
rectangular capsules, approximately 10 x 10 cm, some of which had a quartz windowl A-5)
to allow high speed photography during tests. Capsule lengths were in the range of 120 to
180 cm.

The capsules normally contained stagnant, deionized water at room temperature and
atmospheric pressure. Capsules were normally filled to within about 25 cm of the top, with
the upper volume containing atmospheric pressure air. The NSRR capsules had the
capability of heating the capsule water to about 363 K.

Internal capsule hardware radially centered the test rods at the approximate axial flux
peak. Rods were rigidly supported only at their bottom ends, allowing free growth or
contraction in response to power excursions. Intermediate spacers were normally used for
relatively long (> 25 cm) test rods. The rod mounting hardware was generally connected via
a support tube to the upper capsule head, resulting in an easily insertable and removable test
train. Figure A-1 shows a typical test train and capsule used in the NSRR program. The
instruments shown in the figure are discussed in Section 4.

3. _T F.ST FUE L

The characteristics of the test rods used m the fuel behavior tests discussed in this
report are summarized in Table A-1. The information presented in the table was obtained
primarily fro m References A-2, A-4, A-6, and A-7. These publications also include
additioaal detailed information on the fabrication techniques and physical properties of the
fuel and cladding for each of the test rod designs.
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TABLE A-I

NOMINAL CHARACTERISTICS OF TEST FUEL RODS [a]

Islygypy_ F - type _ 59: 5;r" GE: GEP GE rPR GE s pe-Cw TRE AT hsat 5?? gsse wG JPaa-t !

fOverall length (cs) 106 53 19.5 22.6/71 22.1/71 21.1 21.1 21.1 26.5 26.5 26.5

Active lengtM (cm) 91 46 12.7 13.2/61 13.2/61 12.7 13.0 14.0 13.5 13.5 13.5

Claddin9 material 304-55 304 -55/ 2 r -2 304-55/2r-2 2r-2 2r-2 2r-2 2r-2 Zr-2 2r-4 2r-4 2r-4

| Cladding heat AN AN/CW AM/Cm 101 CW 10% CW 101 CW 10% Ch -- Cd CW Cd

| j
t rea tmea t

1 Claddin9 outside 1.184 0.635 0.635 0.794 1.43 0.794 0.794 1.422 1.072 1.072 1.223

diameter (ca)

| Claddin9 thickness 0.508 0.356 0. 356 0.508 0.31) c.508 0.508 0.71 0.62 0.62 0.70 |

| (ei)
I

f uel material U0 00 U0 UO U0 Pw0 .UO Pw0 -UO UO 00 U0 00
2 2 2 2 2 7 2 7 y y 7 2 7

i Fuel form PL PL PL PL/PW PL / N PL PL PL/PW PL PL PL

1

Fuel density 92 95 95 94/84 94/84 91 92 95/82 95 95 95

| (1 TD).

cl

,

Enrichment (1) 4.8 1/5/10.5 5/10.5 5/7 5/7 7(wts Pu) 7tutt Pw) 5 5/10/20 10 2.6
1 IJ

I
l Pellet diameter 1.067 0.559 0.559 0.681 1.23 0.683 0.6a8 1.060 0.929 0.909 1.066

(cm)

Pellet length 1.52 1.14 1.14 1.20 2.20 0.711 0.615 -- 1.0 f.0 f .5

(ce)

Pellet end FL FL FL FL/D FL/0 FL FL FL CH CH FL

sMape

Radial 9as 9a0 0.076 0.025 0.025 0.033 0.102 0.051 0.051 0.102 0.095 0.195 0.005

(-)lCl
Peak-to-average 1.1 36 1.05/1.07/1.17 1.07/1.17 -/l .13(PL ) 1.19/1.27(PL) 1.20 1.20 -- 1.16/1.23/ 1.23 1 08

radial r -/1.12 ( PW ) -/1.24(PW) 1.63

denstty

[a] Abbreviations used in this table are are follows;

AM - annealed 0 - dished PW - powder
CH - Chamfered FL - flat 55 - stainless steel
CW * Cold-worked PL - pellet Zr - z t ecaloy

(b) GEXPR-CH rods had a 2.92-m hele asially through the Center of the fuel pellets.

[c] Gas 9ap and plenum fill 9as was helium at one atmosphere for all test r015.

[d] Multiple values correspond to enricNnent or feel form variations, or both.

-
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The GEP and TREAT rod designs were typical of boiling water reactor (BWR) rod
technology of the mid-1960s, while the JPDR-il design is representative of current BWR
designs. The GEX rods were radially-scaled versions of the GEP design.The SPX and SPXM
test rods were radially scaled to approximate pressurized water reactor (1%VR) designs of the
mid-1960s while the NSRR-STD and NSRR-WG test rods more nearly typify current PWR
design. the GEXPR and GliXPR-Cil test rod designs were scaled versions of plutonium
recycle rod designs that were under development.The F-type test rod was representative of
oxide rod designs used in early generation commercial power reactors.

Radial scaling to smaller diameters and the use of higher enrichments than typical of
commercial practice were necessary to allow investigations of fuel behavior at high energy
depositions in the CDC. Test rods were necessarily scaled down to shorter lengths than are
typical of commercial plants, due to the axial dimensions if the driver cores. As a general
rule, it was determined that if the length-todiameter ratio of the test rods was 10 or greater
and end effects in the form of flux peaking were eliminated, short rods would provide
representative transient data. The use of short rods with active lengths of 13 to 14 cm was
also preferable to minimize the effects of axial flux variations inherent in the driver cores,
thus allowing experimental results to be easily related to the specific energy depositions.
Flux peaking at the ends of the fuel stacks were minimized, as necessary, by the use of
poison discs or sleeves.

Some of the test rods were designed and fabricated with special features to permit
dynamic measurements to be made during transients. For example, the GEX, GEP, GEXPR,
GEXPR-Cll, NSRR-STD, NSRR-WG, and JPDR-Il fuel rods contained an iron-alloy piston
in the upper plenum that served as the core of a linear variable differential transformer
(LVDT) mounted on the outside of the rod during testing. This feature permitted
continuous measurement of the axial fuel movement during tests.These rod types, with the
exception of the GEXPR and GEXPR-Cll, also had a specially designed bottom end plug
that served as an adapter to a pressure transducer to allow measurement of the internal rod
pressure during tests.

4. INSTRUMENTATION

Numerous instruments were used to measure dynamic variables during transient tests.
All available instruments were not installed or used in all tests. Instrument selection for any
given test or group of tests was dependent on specific test objectives, test fuel design, and
reliability of certain instruments, depending on their state of development. Variables
frequently measured in the CDC, TREAT, and NSRR programs, and the methods used to
make such measurements are given in the following sections.

4.1 Fuel Rod Axial Elongation [ A-2,A 4]

In the CDC and NSRR tests a small slug of iron alloy was contained within an
extension piece attached to the upper end of the fuel rods. The slug formed the magnetie
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core of a LVDT. Growth or contraction of the fuel rod length changed the position of the
slug and the coupling between the primary and secondary windings in the LVDT. The signal
from the LVDT, which was proportional to the slug position, was recorded. The accuracy of
the measurement was N 5'J, with the response time estimated to be less than 1 ms.

4.2 I;uel Stack Axial lilongationI A-1^41

\
The GEX, GEP, NSRR-STD, NSRR-WG, and JPDR-Il rods were fabricated with an

iron alloy piston in the upper plenum. LVDTs positioned about the upper part of the fuel
rods provided a measurement of fuel stack growth or contraction during tests, with an

;

accuracy of N 5'1 and a response time less than 1 ms.

4.3 Fuel Rod Internal Gas Pressurel A-1^-41

The GEX, GEP, NSRR-STD, NShh-WG, and JPDR-il rods were designed with a lower
end plug that would allow installation of a fast-response pressure transducer to measure fuel
rod internal pressure. Pressure transducers were also attached to the bottom end plug of
waterlogged SPXM rods. In the CDC, internal pressure measurements were generally
unsatisfactory due to differential heating of the transducer diaphragm from fuel particles
and blockage of the pressure transmission path.

4.4 Capsule Pressurel A-LA4 ^4l

A fast-response pressure transducer was positioned in the bottom of the CDC and
NSRR capsules to measure dynamic pressure pulses in the capsule water surrounding the
rods. Transducers with ranges up to 140 MPa were used, which had response times of
N 20 ps and precisions of about 20'A Similar transducers were located at various positions
within the capsules in some NSRR tests.

4.5 Water Column Velocityl A-LA41

Capsule water column velocity following rod failure was measured in the CDC and
NSRR tests using a device (termed a velocity transducer) comprised of a polyethylene lloat,
sensing coils, and two permanent magnets. The sensing coils were wound around an
extension rod, with the direction of the coil winding periodically reversed. The permanent
magnets, diametrically opposed, were embedded in the float. The lloat had about the same
density as water, and when podlioned in the capsule, the surface of the water was at about
the top of the lloat. As the lloat moved upward with the water column, the output of the
sensing coil approximated a sine wave. Tnis system was capable of measuring water velocity
to within 10W.

|

4.6 Cladding Surface Temperaturel A-2,A-4,A-7] |

Cladding surface temperatures were measured in the CDC, TREAT, and NSRR tests j
by thermocouples, resistance welded to the cladding surface. In the CDC, the most reliable '

method developed to measure surface temperatures of zirealoy cladding was by the use of
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0.013<m (tungsten /3% rhenium) versus (tungsten /25% rhenium) thermocouple junctions.
The thermocouples were of the intrinsic type; that is, each wire was separately attached to
the cladding, with the cladding completing the thermoelectric junction. Similar thermo-
couples were used in the TRl!AT tests, whereas good success has been obtained in the
NSRR with platinum versus (platinum /26% rhodium) thermocouples. Chromel-Alumel
thermocouples were used in the CDC tests with stainless steel clad rods.

4.7 liigh Speed Photographyl A-5,A-7]

Some TRl!AT tests were conducted in capsules having a transparent quartz window to
;

allow high speed (304 m/s) color motion pictures to be taken of rods undergoing power
excursions. The film assisted in the evaluation of rod behavior during tests.

5. PRi!TliST AND POSTTliST Ml!ASURiiMiiNTS AND INSPliCTIONS

Pretest and posttest measurements and inspections generally consisted of those given
in the following sectionsl A-2,A-4,A-7,A-8],

5.1 Neutron Radiography

All of the CDC rods were neutron radiographed and inspected prior to testing to
determine if Daws existed and to verify proper construction. Neutron radiographs were
taken of some intact or partially intact rods after testing, to detect changes in fuel
configuration. Similar radiography was performed in some cases for the TRl!AT and NSRR
rods.

5.2 Weights. Dimensions, and Profiles

Measurements were made of the weights and dimensions of rod components during
fabrication and of the as-built rods prior to testing. Some rods were passed through a
profilometer to obtain a pretest diametral profile of the cladding. Similar posttest
measurements of weights, dimensions, and profiles were made on intact rods in some cases.

5.3 Particts-Size Analysisl A-91
e

in some of the CDC tests in which rod failure occurred and fragmented UO2 was
released into the capsule, the fragments were collected and sized by sieve-screen methods to
establish particle size distributions. These distributions were analyzed and related to energy
depositions. Similar analyses were performed for some of the TRiiAT and NSRR tests.

5.4 Photography
<

Fuel rods and hardware were normally photographed following the completion of
each test.
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5.5 Metallurgical Examinations

Posttest metallurgical examinations of various types have been carried out on selected
CDC and TREAT fuel rods. These examinations have provided detailed metallographic
information on the effects of rapid power excursions on rod materials.

)
6. INDIRECT MEASUREMENTS

Several measurements of importance to the evaluation of fuel behavior under RIA 5

conditions were determined indirectly; that is, on the basis of calibration experiments and
other direct measurements. These direct measurements included fuel energy deposition,
energy conversion ratio, and metal-water reaction extent, which were determined as
described in the following.

6.1 Energy Depositionl AAA-7 A-81

Energy deposition data for tests in the CDC, TREAT, and NSRR were all derived
from radiochemical determination of fission product concentrations. While destructive
analysis of rods following fuel behavior tests were performed in isolated cases, most energy
deposition data were based on calibration tests for specitic rod types. The calibration tests
in the CDC subjected a specific rod design to a nondestructive steady state or transient test;
Gux wires or foils were also activated during the test. Following radiochemical analysis of
the fuel at the axial hot spot of the rod and scanning of the flux wire or foil, a ratio of fuel
energy deposition to flux detector activation was established. Energy depositions for
subsequent fuel behavior tests on the " calibrated" fuel type could then be determined from
Gux wires or foils activated during each test in conjunction with the reactor power history.
Energy depositions determined in this way in the CDC had about a 12% uncertainty in
absolute value and a relative precision of about 21 Calibrations described in
Reference A-10 indicate that uncertainties in energy deposition for most NSRR fuel types
are on the order of 31

6.2 Energy Conversion Ratio

The energy conversion ratio measured in the CDC and NSRR tests was defined as the
ratio of the mechanical energy generated by a rod to the fission energy deposited within the
rod. The principal components of the mechanical energy were (a) kinetic energy of the
water column within the capsule, and (b)enthalpy increase of the air at the top of the
capsule due to adiabatic compression by the upward movement of the water column. These
components were evaluated from measured water column velocities for tests with fuel
failure. The reported energy conversion ratios were estimated to be within 10% of the
maximum energy conversion ratios that could have been produced under the test
conditions. The approach provides a meaningful relative comparison of energy conversion=

data as a function of energy deposition. In this way, the effects of fuel rod design,
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i
i

I

environmental conditions, and burnup on the conversion efficiency can be determined.
:,

! Further details on the methods used to determine the energy conversion ratio are provided

iu Reference A4.

6.3 Metal-Water Reaction Extenti A4,A-71
i

i
j 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

j capsules. CDC data were corrected for hydrogen produced by radiolysis of the capsule water e

{ 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 !

i determined from the results of tests performed in the CDC with glass clad rods. Further
j details are provided in Reference A4.

5
|

7. REFERENCES t

!
!

A-1. 3. E. Grund et al, Subassembly Test Program Outlinefor Fl' I969 and 1970,1N-1313
(IDO-17277)(August 1969).

I

I A-2. M. Ishikawa and K. Tomii (ed.), Quarterly Progress Report on the NSRR
Experiments (1): Combined October 1975 - March 1976, JAERI-M 6635

1

a

|
(June 1976). ,

a

A-3. G. A. Freund et al, " TREAT, A Pulsed Graphite-Moderated Reactor for Kinetic.

Experiments," Proceedings of 2nd Conference on the Peaceftd Uses of Atomic
Energy, Cencra, Switzerland,1953, Conference Proceedings,10.

: A4. T. G. Taxelius (ed.), Annual Report, SPERT Project, October 1963 -
j September 1969, IN-1370 (June 1970).

I

\ A-5. G. II. Golden et al, Facility for Photographing in-Pile Meltdown Experiments in

| TREA T, ANL-6457 (1962).
1

A-6. T. G. Taxelius (ed.), Quarterly Technical Report, SPERT Project - July, August,
. Septempber 1967, IDO-17271 (July 1968).
j
s

i A-7. M. D. Freshley and L. J. Ilarrison, "The Transient Behavior of Vipac and Pellet
;

i Thermal Reactor Oxide Fuels,"Nuckar Technology,15 (August 1972).

t

i A-8. M. Ishikawa and K. Tomii (ed.), Quarterly Progress Report on the NSRR
b Experiments (3): Combined. July - December 1976,3AERI-M 7051 (March 1977).
i
;

i
!

i 97
!
i

_ -_ .. _ .._., _ ._. _ _ . _ .. .~ _ -~ _._- _ _ . _ - .. _ m , _ , _ - , _ _ , . _ _ . - _ , _ . . . - - .- - _



,

A-9. 3. A. McClure, Particle SI:e Distributionss frorn FuelRods Fragrnented During Power
Burst Tests in the Capsule Driver Core,1N-1428 (October 1970).

A 10. M. Ishikawa and K. Tomii (ed.), Quarterly l> ogress Report on the NSRR
Experirnents (4); Cornhined, January - June 1977, J AERI-M 7304 ( August 1977).

<

r

98'



i

-

APPENDIX B

SUMMARY OF EXPERIMENTS CONDUCTED IN Tile CDC AND NSRR

4

99

- - . . ._ __ - ., _--



'
/#

r - I m

I',<.~[ .

- .

,,,
. ,,

* *4 s
, . ,,

t...*g,

/h,;
-

*
I

Ia r g

, '' /#

', APPENDIX B :.
F vfj ( r, ,

,

, , v

SUMMARY OF EXPERIMEfTS CONDUCTED IN THE CDC AND NSRR
i

% * ,

Experimen'ts conducted in the CDC and NSRR are categorized in terms of test
numbers, fuel rod designs., transient measurements, and postirradiation examinations. Data
specific to each of the experiments are summarized in Appendix C.

The information is organized into tables, which include the following for the CDC
'

tests:

Table B-1 - CDC, Unirradiated, Zircaloy Clad, Single Rod Tests
~

Table B-Il - CDC, Unirradiated, Zircaloy Clad, Cluster Tests
, Table B-Ill - CDC, Unitradiated, Zircaloy Clad, Mixed Oxide Tests /

,

Table B-IV - CDC, Preirradiated, Zircaloy Clad, Single Rod Tests'
<

* '
Table B-V - CDC, Unitradiated, Stainless Steel Clad, Sir.de Rod Tests
Table B-VI - CDC, Unitradiated, Zircaloy Clad Waterlogged Tests
Table B-Vil f CDC, Unitradiated, Stainless Steel Clad, Wsterlogged Tests.

-

,

,. g

The following tables are included for the NSRR tests [a];
/
'l*

- Table B-VfII - NSRR, Unirradiated, Zircaley Clad, Single RodsTests (NFRR-STD Fuel *

'

Rods) mm s~. <e a - '_,
Table B-lX- NSRR, Unirradiated, Zircaioy Clad, Singfe; Rod,Terts (NSRR-WG and

'i
"-JPDR-Il Fuel Rods) a<,

'

| Table B-X - NSRR, Unirradiated, Zircaloy Clad Waterlogged Tests (JPDR-Il Fuel e'
' '

Rodh). _

,I'

,4~*I j .
,,

j
'

.
r

1
-

.

*
t -a

r /
., , + j
'

w,

,s ,.

! '.,,

!| v

,+

/

;!-
,

<

[ai'' Not 'au NSKR tests considered in the text of this report are included in these tables.#

, ; , For a complete listing of NSRR tests,see Appendix C of Reference B-l. '
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TABLE B-I

CDC, UNIRRADIATED, ZIRCALOY CLAD, SINGLE R0D TESTS

_
Test

Parameter 431 4 32 433 434 437 4 38 439 454 455 456

Rod type SPI SPI SPX SPI SPI SPX SPX SPI SPI SPI

Fuel type 4*llet Pellet Pellet Pellet Pellet Pellet Pellet Pellet Pellet Pellet

ECladding material *3 An. Ir-2 An. Zr-2 An. 2r-2 An. Ir-2 An. 2r-2 An. Ir-2 An. Zr-2 CW. 2r-2 CW. 2r-2 CW. Zr-2

Energy deposition (cal /g 00 ) 197 239 269 296 388 469 569 286 388 498
2

Enrichreat (1) 3 3 3 10 10 10 10 10 10 10

Transtent measurement [b]

Cladding elongation N N N N N 4 4 N N N

Fuel elongation N N N N N N N N N N

Capsule pressure 4 N N N N N 0 -- 1 0

8 Rod internal pressure N N N N N N N N N N

Cladding surface temperature X 0 0 0 0 0 0 0 0 0

Water velocity N N N N N 0 0 -- 0 0

Postirradiation emaetnation[b]

Radiograph N N N N N N N N N N

Ptetograph 0 0 0 0 0 0 0 0 0 0

Cladding elongation 0 N N N N N N N N N

Cladding profile N N N N N N N N N N

Fuel weight N N ie N N N N N N N

Metal-water reaction 0 0 0 0 0 0 0 0 0 0

Flum w.re 0 0 0 0 0 0 0 0 0 0

Fuel particle size N N N N 3 0 0 N N 0

Reference 6-2 6-2 6-2 8-2 8-2 6-2 8 -2 8-2 8-2 8-2

.- _ _ - _

"



_ - _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ . . _ _ - _ _ _ _ _ .

TABLE B-I (continued)

Test

Parameter 457 _452 4 58 510 537 539 503 545 504 541

ECl SPX-B[c] SP X* SP14 $P14 $PRM SPRM SPXN SPXMRod type SPX SPX-B

Twel type Pellet Pellet Pellet Pellet Pellet Pellet Pellet Pellet Pellet Pellet

Cladding material *3E CW. 2-2 An. Ir-2 An. Ir-2 CW. Ir-2 CW. Ir-2 (W. Ir-2 CW. Ir-2 CW. Ir-2 CW. Ir-2 CW. Ir-2

Energy deposition (cal /g U0 ) 590 390 471 168 235 240 257 267 287 338
2

Enrichrnent (1) 10 10 10 10.5 10.5 10.5 10.5 10.5 10.5 10.5

IDITranstent measurement

Cladding elongation N N N O 0 0 0 0 0 0 t

Tuel elongation N M N M M N N N N N

Capsule pressare 0 4 0 N N -- -- -- M N

Rod internal pressere N N M M N N N N N N

_
r.laddtag surface temperature O M 0 N O 0 M 0 2 0

Cw Water velocity 0 0 0 M N -- -- -- M N

Postirradiation enamination[b]

Radiograph N 4 N M 0 0 0 N N N

Photograph 0 0 0 0 0 0 0 0 0 0

Ciadding elongation N N N O O 0 0 N N N

Cladding profile N h N O O O O O O M

Fuel weight N N N N N N N N N N

Metal-water reaction 0 0 0 0 0 0 0 0 0 0

Flux wire 0 0 0 0 0 0 0 0 0 0

Fuel particle size O N N N N M N N N N

Re ference B-2 B-2 B-2 B-3 6-3 B-3 B-3 6-3 B-3 6-3

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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TABLE B-I (continued)

Test

Parawtar 543 506 507 505 5 36 551 549 471 476 478

Rod type SPAM $PIM SP XFt SPXM SPr4 SPIM SPKM GEX GE X GEI

Fuel type Pellet Pellet Pellet Pellet Pellet Pellet Pellet Pellet Pellet Pellet

I CW. Ir-2 CW. Ir-2 CW.Zr-2 CW. Zr-2 CW. Zr-2 CW. Zr-2 CW. Ir-2 CW. Ir-2 CW. Ir-2 CW. Zr-2 ICladding materia 1 'l

Energy deposition (cal /g UO ) 360 378 490 613 620 653 655 196 257 342 1

2

Enrichment (i) 10.5 10.5 10.5 10.5 10.5 10.5 10.5 7 7 7

Transient measurement

Cladding elongation 0 0 3 0 0 0 0 0 0 0

fuel elongation N N N N N N N 0 0 0

Capsule pressure 0 0 0 X 0 0 0 -- -- 0

Rod internal pressure N N N N N N N N N N

Cladding surface temperature O N N N 0 0 0 N N N

.-,.

O Water velocity 0 0 0 0 0 0 0 -- -- 0

Postirradiation examinat'on

Radiograph N N N N N N N O O O

Photograph 0 0 0 0 0 0 0 0 0 0

Cladding elongation N N N N N N N 0 N N

Cladding profile N N N N N N N O N N

Fuel weight N N N N N N N N N N

Metal-water reaction 0 0 0 0 0 0 0 N O O

Flum wire 0 0 0 0 0 0 0 0 0 0

Fuel particle stre N 0 O O O N 0 N N 0

Reference B-3 B-3 B-3 B-3 B-3 6-3 B-3 B-4 B-4 B-4

s
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TABLE B-I (continued)

Test

Parameter 479 692 694 690 691 491 523 518 520 519

Edl EX EI EX GE X
Rod type GE1 GEX GEX GEX GEX GE X-L

Fuel type Pellet Pellet Pellet Pellet Pellet Pellet Powder Powder Powder Powder

Cladding esaterial *l CW. Zr-2 CW. Zr-2 CW. Zr-2 CW. Zr-2 CW. Zr-2 CW. 2r-2 CW. Zr-2 CW. Zr-2 CW. Zr-2 CW. Zr-2E

Energy deposition (cal /g UO ) 414 216 223 256 313 425 151 262 266 292
2

Enrichment (%) 7 7 7 1 7 7 7 7 7 7 1

Transient measurement

Cladding elongation 0 0 0 0 0 0 0 0 0 0 f

Fuel elongation 0 0 0 0 0 1 0 0 0 0

Capsule pressure 0 -- -- -- 0 0 -- -- -- --

Rod internal pressure N N N N N N N N N N

| Cladding surface temperature N O 0 0 0 N 0 0 0 0

h Water velocity 0 -- -- -- -- 0 -- -- -- -- ,

Postirradiation enemination

Radiograph N O O O O N N 0 0 0

Photograph 0 0 0 0 0 0 0 0 0 0

Cladding elongation N 0 0 0 0 N -- 0 0 0

Cladding profile N 0 0 0 0 N N N N N

Fuel weight N N N N N O N N N N

Metal-water reaction 0 0 0 0 0 0 -- 0 0 0

Flum wire 0 0 0 0 0 0 0 0 0 0

Fuel particle size O N N N N 0 N N N N

Reference B-4 8-5 8-5 B-5 8-5 8-6 B-7 B-7 B -7 B-7
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TABLE B-I (continued)

fest

Parameter 525 524 472 477 480 433 497 490 501 484

GEP GEP GEP 'lEEdl
Rod type GEI GE R GER EX EX GC X E x-L

fuel type Powder Powder Powder Powder Powder Powder Powder Pellet Pellet Pellet

Cladding material *lE CW. Zr-2 CW. Ir-2 CW. Ir-2 CW. Ir-2 CW. 2r-2 CW. Zr-2 CW. Ir-2 CW. Zr-2 CW. Ir-2 CW. Zr-2

Energy deposition (cal /g UO ) 314 34 3 200 255 342 440 460 123 120 194
2

Enrichnent (I) 7 7 7 7 7 7 7 4.95 4.95 7

NITransient measurement

Cladding elongation 0 0 0 0 0 0 0 4 0 0

Fuel elongation 0 0 N 0 O O N N N 0

Capsule pressure 0 0 -- -- 0 0 0 -- -- --

Rod internal pressure N N N N N N N N N O

| Cladding surface temperature 0 0 N N N N N N N N
_

1 O
| m water velocity -- 0 -- -- 0 0 0 -- -- --

EDIPosttrradiation esamination

Radiograph 0 0 0 0 0 N N 0 0 0

Photograph 0 0 0 0 0 0 0 0 0 0

Cladding elongation N N O O N N N N 0 O

Cladding profile N N N N N N N O 0 0

Fuel weight N N N N N N 0 N N N

Metal-water reaction 0 0 0 0 0 0 0 N N O

Flus wire 0 0 0 0 0 0 0 0 0 0

Fuel particle size N N N N 0 N O N N N

Reference B-7 B-1 8-4 8-4 8-4 6-4 B-6 8 -8 88 8 -8
1

|
!
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TABLE B-I (continued)

Test

Parameter 489 487 743 741 743 742 682 485 488 504

MP GEP MP[d]E E E 3
M P ') MP '3 MP ') EP GEP GEP MP-L

Rod type

Fuel type Pellet Pellet Pellet Pellet Pellet Pet tet PeIIet Powder Powder Powder

Cladding material *3 CW. Zr-2 CW. Zr-2 CW. Zr-2 CW. Ir-2 CW. Zr-2 C'w , tr-2 CW. tr-2 CW. Zr-2 CW. Zr-2 CW. tr-2I

Energy deposition (cal /g 00 ) 201 243 194 200 238 240 245 193 254 250
7

Enrichment (t) 7 7 7 6.8 6.8 6.8 7 7 7 7

Transient measurement

C l a dd i nr. elongation 0 0 0 0 0 0 0 0 0 0

Fuel elongation 0 0 0 0 0 0 0 N 0 0

Capsule pressure -- 0 -- -- -- -- 0 -- -- --

Rod internal pressure M 0 m N N N N N N N

Cladding surface temperature N N O O O 0 N N N N

hater velocity -- 0 -- -- -- -- -- -- -- --

Postirradiationexamina* ion [b]

Radiograph 0 0 N N N N N O O N

E#3E#3 CE#3 0
0 0 0 0 0 O

Photograpn 0 O

Cladding elongation 0 N 0 0 0 0 N N N N

Cladding prof tle O N 0 0 0 0 N 0 0 N

|

Fuel weight N N N N N N O N N 0

Metal-water reaction 0 0 0 0 0 0 0 0 0 0

Flus w+re 0 0 0 0 0 0 0 0 0 0

fuel particle size N N N N N N N N N N

Reference B-8 B-8 6-9 B-9 B-9 B-9 B -6 6-8 8-8 8-6

[a] An. = annealed. CW. = cold-worked.

[b] 0 * measured = not detected. X = instrument failure. N = no measurement.

[c] A single fuel rod was positioned in the center of a 5 a 5 square array of water filled aluminum tubes.

[d] Long rod with 0.61 m of active length.

[e] Contained 51 ppm cart >on impurity.

[f] Include photomiersgraphs.
1
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TABLE B-II

CDC, UNIRRADIATED, ZIRCALOY CLAD, CLUSTER TESTS

Test

Parameter 678 691 706 710 736 752 755

E I Cl EClI E83 iPXM-S*) SPXM-5'l SPXM-5[b] SPXM-5$PXM-S'l SPXM-5 GEX-5Rod type

Fuel type Pellet Pellet Pellet Pellet Pellet Pellet Pellet

Cladding material [d] CW. Zr-2 CW. Ir-2 CW. Zr-2 CW. Zr-2 CW. Zr-2 CW. Zr-2 CW. Zr-2

Energy deposition (cal /g UO ) * 125/152 218/265 236/287 315/383 225/273 226/275 197/176
2

[nrichment(1) 10.5 10.5 10.5 10.5 10.5 10.5 7 and 5 ]
E#lTransient measurement

Cladding elongation N N N N N N N

Fuel elongation N N N N N N N

Capsule pressure N N O O O O O

Rod internal pressure N N N N N N N

Cladding surface temperature 0 0 0 N O O O

Water velocity N N N O N N N

Postirradiationexamination{Il

Radiograph N N N N N N N

Photograph 0 0 0 0 0 0 0

Cladding elongation N N N N N N N

Cladding profile N N N N N N O

Fuel weight N N N N N N N

Metal-water reaction N 0 O O O O N

Flux wire 0 0 0 0 0 0 0

Fuel particle size N N N O N N N

Reference B-10 B-10 B-10 8-10 B-10 B-10 8-10

[a] Five-rod lattice tests.
(b) five-rod test with cylindrical canister, top vent.

{c] Five-rod test with four dummy rods and a square canister.

[d] CW. = cold-worked.

[e] A/B = Energy deposited in center rod / energy depostted in outside rods.

[f] O = measured. N = not measured.

I
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TABLE B-III

CDC, UNIRRADIATED, ZIRCALOY CLAD, MIXED OXIDE TESTS

Test

Pa rameter 566 562 707 744 731 745 753

a] GEXPR-CH GEXPR-CH GEXPR-CH GEXPR-CHRod type GEXPR GEXPR GEXPR-CH

F e l type Pellet [b] p,yj,g[b] Pe11et bC3 C3 bC3 bCl bClPellet Pellet Pellet Pellet

Claddingmaterial[d] CW. Zr-2 CW. Zr-2 CW. Zr-2 CW. Zr-2 CW. Ir-2 CW. Ir-2 CW. Ir-2

Energy Deposition (cal /g UO ) 225 274 223 275 277 329 4142

Enrichment (1) 7.2 7.2 6.8 6.8 6.8 6.8 6.8

bTransientmeasurement'l

Cladding elongation 0 0 0 0 0 0 0

Fuel elongation N N N 0 N O O

Capsule pressure N N N N N -- 0

Fuel / Internal pressure N N N N N N N

Cladding surface temperature 0 0 0 0 0 0 0

Water velocity N N N N N -- _0

Postirradtation examination 'lb

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

Flum wire 0 0 0 0 0 0 0i

l

i Fuel particle size N N N N N N N

|
'

Reference B-11 8-11 B-11 B-11 B-11 B-11 B-11

[a] CH denotes center hole.

[b] 7.2 wt; plutontum was mixed with natural uranium.

[c] 6.8 wt1 plutonium was mixed with natural uranium.

[d] CW. = cold worked.

[e] O = measured. = not detected. N = no measurerent.
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TABLE B-IV

CDC, PREIRRADIATED, ZIRCALOY CLAD, SINGLE R0D TESTS

Test

Pa ramet er 759 568 _ 567 569 703 709 685 684 756 859

GEX CEX MX GER GEP GEP GE X GER GEX GEX

Rod type
4550 mwd /t 3480 mwd /t 3100 mwd /t 4140 mwd /t 1140 mwd /t 990 Nd/t 13100 mwd /t 12 900 Nd/t 32 700 Nd/t 31800 mwd /t

Fuel type Pellet Pellet Pellet Pellet Pellet Pellet Pellet Pellet Pellet Pellet

Cladding material *I CW. Zr-2 CW. Zr-2 CW. Zr-2 CW. 2r-2 CW. Zr-2 CW. Zr-2 CW. Zr-2 CW. Zr-2 CW. Zr-2 CW. Zr-2
E

Energy Deposition (cal /g U0 ) 161 199 264 348 192 238 186 200 176 190

2

Enrichment (1) 7 7 7 7 7 7 7 7 7 7

Transient measurement {DI

Cladding elongation 0 0 0 0 0 0 0 0 0 0

Fuel elongation 0 0 0 0 0 0 0 0 0 0

Capsule pressure 0 0 0 0 0 0 0 0 0 0

i

Fuel / Internal pressure 0 0 0 0 N N N N N N\

Cladding surface temperature N N N N N N N N N N

Water velocity - 0 0 0 - 0 -- -- -- 0

Postirradiation examination [b]

Radiograph 0 0 0 0 0 0 N N N N

Id ECI ECI ICI O O O 0 0 0
D D OPhotograph O

Cladding elongation 0 0 0 0 0 0 N N 0 N

Cladding profile 0 0 0 0 0 0 N N O N

Fuel weight N N N N N N N N N N

Metal-water reaction 0 0 0 0 0 0 0 0 0 0

Flux wtre 0 0 0 0 0 0 0 0 0 0

Fuel particle size N N N N N N N N N N

Reference B-12 B-12 8-12 B-12 B-12 8-12 8-13 8-13 8-13 8-13

[a] CW. = cold worked.

[b] O = measured = not detected N * not measured.

[c] !aclude photomicrographs.

-
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TABLE B-V

CDC, UNIRRADIATED, STAINi.ESS STEEL CLAD, SINGLE R0D TESTS

Test

Parameter 187 183 184 185 186 187 188 189 190 191

Rod type F type [a] [a] [a] [a] [a] [a] F type F type F type

Fuel type Pellet Pellet Pellet Pellet

Cladding material Type 304 Type 304 Type 304 Type 304

Energy Deposition (cal /g U0 ) 57 71 94 153 184 ??O 257 151 182 216
2

Enrichment (1) 4.8 4.8 46 4.8

Transient measurement [b]

Cladding elongat ton N N N N N N N N N N

Fuel elongation N N N N N N N N N N

Capsule pressure -- -- - -- -- -- -- -- -- --

Fuel / Internal pressure N N N N N N N N N N

O 'l OI ECl ECI ECl ECl_~ Cladding surface temperature O O C N N O O O
-

Water velocity N N N N N N N N N N

Postirradiation examination

Radiograph N N N N N N N N N 4

0[d]Photograph N N N N N N 0 N N

Cladding elongation 0 0 0 0 0 0 0 0 0 0

Cladding profile N N N N N N N N N N

Fuel weight N N 4 N N N N 4 N N

Metal-water reaction N N N N N N N N 4 M

Flus wire 0 0 0 0 0 0 0 0 0 u

Fuel particle size N N N N N N N N N N

Reference B- 14 6-14 B-14 B-14 8-14 6-14 B-14 6-14 B-14 8-14

-----a
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TABLE B-V (continued)

Tes t

I93b NI 302-325Pa rameter 192 193 203 246-287 'I 2RB- 301 319

Rod type F type F type F type F type F type F type SPI

Fuel type Pellet Pellet Pe t t et Pellet Pellet Pet tet Pellet

Ciadding material Type 304 Type 304 Type 304 Type 304 Type 3v4 Type 304 Type 304

Energy Deposttion (cal /g 00 ) 263 278 299 200 100 150 200
2

[nrichment (1) 4. 8 4.8 4.8 4.8 4.8 4.8 3

Transient measurement

Cladding elongation N N N N N N N

Fuel elongation N N N N N N N

Capsule pressure -- -- -- -- -- -- --

Fuel / Internal pressure N N 4 N N N N

Cladding surf ace temperatu e 0 0 0 N N N N
r

[ Water velocity N N h N N N --

I Posttrradiation examination

Radiograph N N N N N N N

0[d] g[d] N N N 0Photograph N

Cladding elongat6on 0 0 0 0 0 0 0

Cladding profile N N N N N N N

Fuel weight N N N N N h N'

Metal-water reaction N N N N N N --

Flun wire 0 0 0 0 0 0 0

Fuel particle size N N N N N N N

Aeference B- 14 B-14 6-14 8-14 6-14 6-14 5-15

~
- __ .__m _ _ _ _ _ . _ _ ________



TABLEB-V(continued [

Tes t

Paramet er 322 329 323 326 327 328

Rod type SPI SPI SPX SPR SP1 SPX

Fuel type Pellet Pellet Pellet Pellet Pellet Pellet
ICladding matertaI * Type 304 Type 304 Type 304 Type 304 Type 304 Type 304

Energ/ Depost"on (cal /g 00 ) 244 276 277 370 477 572
2

Inrichment (t) 3 3 10 10 10 10

Transtent seasurement

Cladding elongetton N N N N N N

Fuel elongation N N N N N N

Capsule pressure -- -- -- 0 0 0 *

Fuel / Internal pressure N N N N N N

Cladding surface temperature 0 0 0 0 0 0

Water velocity -- -- -- 0 0 0

Postirradiation examination--.

-.

C#J Radiograph N N N N N N

Photograph 0 0 0 0 0 0

Cladding elongation 0 N N N N N

Cladding profile N N N N 4 N

fuel weight N N N N N N

Metal-water reaction -- 0 0 0 0 0

Flus wire O C 0 0 0 0

Fuel particle size 4 M N O O O

deference 8-15 B-15 B-15 8-15 B- 15 B-15

[a] 5equential test on a single rod (Test 182).

[b] 0 = measured. = not detected. N = not measured.

[c] Not accurate.

[d] Include photomicrographs.

[e] 13 tests repeated on a single rod.

[f] 14 tests repeated on a single rod.

[g] 7 tests repeated on a single rod.

._ ._- _ _ _ _ _ _ _ _ _ _
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TABLE B-VI

CDC, UNIRRADIATED, ZIRCALOY CLAD, WATERLOGGED TESTS

Test

Parameter 496 514 494 511 552 555 558 547 556 559

Rod type GEP GEP GE P GEP SPIM-B SPIM-8 SPXM-B SPRM-B SP3M-B SPXM-B

Fuel type Pellet Pellet Powder Powder Pellet Pellet Pellet Pellet Pellet Pellet

Cladding material *3 CW. Ir-2 CW. Ir-2 CW. Ir-2 CW. Zr-2 CW. Zr-2 CW. 2r-2 CW. Ir-2 CW. Ir-2 CW. Ir-2 CW. Zr-2I

Energy deposition (cal /g UO ) 220 220 265 265 430 225 225 430 225 225
2

Enrichment (%) 5 5 7 7 5 5 5 5 5 5

ID3Transient measurement

Cladding elongation 0 0 0 0 0 0 0 0 0 0

Fuel elongation N N N N N N N N N N

Capsule pressure 0 0 0 0 0 0 0 0 0 0

{ Fuel / Internal pressure N 0 O O 0 0 0 0 0 0

Cladding surface temperature N N N N N N N N N N

Water velocity 0 0 0 0 0 0 0 0 0 0

Postirradiationexamination[b]

Radiograph N N 4 N N N N N N N

Photograph 0 0 0 0 0 0 0 0 0 0

Cladding elongation N N N N N N N N N N

Cladding profile N N N N N N N N N N

Fuel weight N N N N N N N N N N

Meta)..ater reac tion N N N N N N N N N N

Flum wire 0 0 0 0 0 0 0 0 0 0

Fuel particle size N N N N N N N N N N

Reference B-16 B-16 6-16 6-16 B-17 B-17 B-17 B-17 B-17 B-17

[a] CW. * cold-worked.

[b] O = measured. N = not measured.

-
.
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TABLE B-VII

CDC, UNIRRADIATED, STAINLESS STEEL CLAD, WATERLOGGED TESTS

Test

P a ra~eter 194 195 196 197 193 199 200 201 202 205

Rod type F type [a] [a] [a] [a] [a] [a] [a] F type F type
Fuel type Pellet Pellet Pellet
Cladding materia 1ED3 An. Type 304 An. Type 304 An. Type 304

Energy Deposition (cal /g U0 ) 54 70 71 89 101 119 136 155 153 1812

Enrichment (%) 4.8 4.8 4.8
Transient measurementICI

Cladding 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 .. -- .. .. .. .. .. .. .. .._

,] Fuel / Internal pressure N N N N N N N N N N

Cladding surface temperature N N N N N N N N N N

Water velocity N N N N N N N N N N

Postirradiationexamination'lI

Radiograph N N N N N N N N N N

Photograph N N N N N N N N N N

Cladding elongation .. .. 0 0 0 0 0 0 0 0

Cladding profile N N N N N N N N N N

Fuel weight N N N N N N N N N N

Metal-water reaction N N N N N N N N N N

Flux wire 0 0 0 0 0 0 0 0 0 0

Fuel particle size N N N N N N N N N N
* Reference B-14 B-14 B.14 B-14 B-14 8-14 B-14 B-14 B-14 B-14

__-_______w



"
..

.. .. . . - . . .

.
.

.
. - _ __

.

TABLE B-VII (continued)

Test

Parameter 206 217 218 521 527 538 546 '540 544

Rod type F type F type F type F type Ftype[d] 5PIM-8 SPXM-B 5PXM.B 5PXM.8

Fuel type Pellet pellet Pellet Pellet Pellet Pellet Pellet Pellet rd !+t

Claddingmaterial'l An. Type 304 An. Type 304 An. Type 304 An. Type 304 An. Type 304 An. Type 304 An. Type 304 An. Type 304 An. Type 304I

Energy deposition (cal /g 00 ) 223 257 283 300 300 380 380 380 380
2

Enrichment (1) 4.8 4.8 4.8 4.8 4.8 5 5 5 5

Transient measurement

Cladding elongation N N N N N 0 0 0 0

Fuel elongation N N N N N N N N N

Capsule pressure -- -- -- 0 0 0 0 0 0

.

Fuel / Internal pressure N N N 0 0 0 0 0 0

Cladding surface temnerature N N N N N N N N N

_

$ Water velocity N N N 0 0 0 0 0 0

!

! Postirradiation examination

Radtagraph N N N N N N N N N

Photograph N N N O O 0 0 0 0

Cladding elongation 0 0 0 N N N N N N

Cladding profile N N N N N N N N N

Fuel weight N N N N N N N N N

Metal-water reaction N N N N N N N N N

Flus wire 0 0 0 0 0 0 0 0 0

Fuel particle site N N O N N N N N N

Reference B-14 B-14 B-14 8-14 8-14 8-17 8-17 B-17 B-17

[a] Sequential tests on a single rod.

[b] An. = annealed.

[c] O = measured - = not detected. N = not measured.

[d] Rod was partially filled with water. 0.36 m of 0.91 m active length.

_ _ _ _ _ - .. ._ .
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TABLE B-VIII

NSRR, UNIRRADIATED, ZIRCALOY CLAD, SINGLE R0D TESTS (NSRR-STD rods)

Test

Parameter 200-1-1 200-2-1 200-3 111-3 200-4 200-1-2'3 111-4 201-1 200-5 200-5bE

Rod type NS-STD NS-STD NS-STD NS-STD NS-STD NS-STD NS-STD NS-STD NS-STD NS-STD

Fuel type Pellet Pellet Pellet Pellet Pellet Pellet Pellet Pellet Pellet Pellet

Cladding materia' Zr-4 Zr-4 Zr-4 Zr-4 Zr-4 Zr-4 Zr-4 Zr-4 Zr-4 Zr-4

Energy deposition (cal /g UO ) 39 116 176 189 233 241 244 244 264 267
2

Enrichinent (%) 10 10 10 10 10 10 10 10 10 10

Transientmeasurement[b]

Cladding 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 N N N N N N N N N N

MPostirradiation Examination

Radiograph N N N N N N N N N N

Photograph N N O O O O O O O O

Cladding elongation N N O O O O O O O O

Cladding profile N N O O O 0 0 0 0 0

Fuel weight N N N N N N N N N N

Metal-water reaction N N N N N N N N N N

Flux wire N N N N N N N N N N

Fuel particle size N N N N N N N N N N

Reference B-18 B-18 B-18 B-18 B-18 B-18 B-18 B-19 B-18 B-19
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TABLE B-VIII (continued)

Test
'

Paramter 111-5 200-2-2 200-6 200-6b 200-7 111-6 111-7 111-8 209-1-1 209-1-5 j

ECl EC3NS-STORod type NS-STD NS-STD NS-STD NS-STD NS-STD NS-STD NS-STD NS-STD NS-$TD

Fuel type Pellet Pellet Pellet Pellet Pellet Pellet Pellet Pellet Pellet

Cladding material Zr-4 Z r-4 Ir-4 Zr-4 2r-4 Zr-4 Zr-4 2r-4 Zr-4

Energy deposition (cal /g U0 ) 270 271 271 276 295 333 376 433 177 179
2

Enrichment (1) 10 10 10 10 10 10 10 10 10 10 |

Transient measurement

Cladding 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 0 0 0 0 X 0 0
_

oo Water velocity N N N N N N N N N N

Postirradiation examination [b]

Radiograph N N N N N N N N N N

|
| Photograph 0 0 0 0 0 0 0 0 N O

Cladding elongation 0 0 0 N N N N N N O

Cladding profile 0 0 0 N N N N N N O

Fuel weight N N N N N N N N N N

Metal-water reaction N N N N N N N N N N

Flux wire N N N N N N N N N N

Fuel particle size N f4 N N N N N N N N

Reference B-18 B-18 8-18 B-19 B-18 B-18 B-18 8-19 B-19 8-19

[a] Long run-out power period test.

[b] O = measured, 1 e instrument failure, N * net measured.

[c] Five sequential tests on a single rod (Tests 209-1-1 through 209-1-5).
i

-
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TABLE B-IX

NSRR, UNIRRADIATED, ZIRCALOY CLAD, SINGLE R0D TESTS (NSRR-WG, and JPDR-II rods)

|

|Test

Parameter 232-1 232-2 ???-3 232-4 232-6 232-5 111-1 111-2 111-9 111-10

k?d type NS WG NS-WG NS-WG NS-WG NS-WG NS-WG JPDR-!! JPDR-!! JPDR-!! JPDR-!!

Fuel type Pellet Pellet Pellet Pellet Pellet Pellet Pellet Pellet Pelle t Pellet

Cladding material Zr-4 Zr-4 Ir-4 Zr-4 Zr-4 Zr-4 2r-4 Zr-4 Zr-4 Zr-4

Energy deposition (cal /g 00 ) 181 236 261 274 294 326 44 112 158 204
2

[nrichment (1) 10 10 10 10 10 10 2.6 2.6 2.6 2.6

Transientmeasurement*)E

Cladding elongation N N N N N N N N N N

|
Fuel elongation N N N N N N N N N N

1

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 surf ace temperature 0 0 0 0 0 x 0 0 x 0

| Water velocity N It N N N N N N N N

Postirradiation examination 'lE

Radiograph N N N N N N N N N N

Photograph 0 0 0 0 0 0 0 0 0 0

Cladding elongation -- 0 0 0 0 N 0 O O O

Cladding profile -- 0 0 0 0 N 0 O O 0

Fuel weight N N N N N N N N N N

Metal-water reaction N N N N N N N N N N

Flux wire N N N N N N N N N N

Fuel particle size N N N N N N N N N N

Reference B-18 B-18 B-18 B-18 B-18 B-18 B-18 B-18 B-19 B-19

[a] O = measured. X = instrinnent f ailure, N = no*. measured.
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TABLE B-X

NSRR, UNIRRADIATED, ZIRCALOY CLAD, WATERLOGGED TESTS (JPDR-II rods)

Tes t

Parameter 401-1 431-2 401-3 401 - 3b 402-1[a] 402-2 'l 402-3'l 411-3[b] g7i,3[c]I I

Rod type JPDR-!! JPDR-Il JPOR-!! JPDR-11 JPDR-!! JPOR-!! JPDR-!! JPDR-!! JPOR-!!

Fuel type Pellet Pellet Pellet Pellet Pellet Pellet Pellet Pellet Pellet

C1sdd1pg Naterial Zr-2 Zr-2 Zr-2 Zr-2 Z r-2 Zr-2 Zr-2 Zr-2 Zr-2

Energy deposition (cal /g U0 ) 53 106 154 150 47 104 154 152 152
2

Enrichment (1) 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6

Idl |Transient measurement
|

Cladding elongation N N N N N N N N N

Fuel elongation N N N N N N N N N

Capsule pressure 0 0 0 0 0 0 I 0 0

Fuel / Internal pressure 0 0 X 0 0 I O O O i

y Cladding surface temperature 0 0 0 0 0 0 0 0 0

hater velocity -- -- 0 0 -- -- -- 0 --

Postirradiation examination [d]

Radiograph N N N N N N N N N

Photograph N N O O N N N O 0

Cladding elongation 0 0 0 0 0 0 0 0 0

Cladding profile 0 0 0 0 0 0 0 0 0'

( Fuel weight 4 N N N N N N N N
|

Netal-water reaction N N N N N N N N N

j Flus wire N N N N N N N N N

Fuel particle stae N N N N N N N N N

Reference 8-18 8-18 B-18 8-19 8-18 8-18 8-18 8-19 8-19

[a] Rod was partially filled with water.

(b) Ctadding had a snail hoie detited at the center of active region.

[c] Ciadding had a smati hole delited at the upper plenum region.

[d] O = measured. I = instrument fat ture. N = not measured,

s _ _ _ _ _ _ _ __ __. _
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APPENDIX C

SUMMARY OF DATA FROM THE CDC AND NSRR EXPERIMENTS

Data from tests conducted in the CDC and NSRR are summarized in this appendix.
The data are contained in tables that parallel those presented in Appendix B (fuel rod and
experiment design) and include the following for the CDC:

' Table C-1 - CDC, Unitradiated, Zircaloy Clad, Single Rod Test Data
Table C-Il - CDC, Unitradiated, Zircaloy Clad, Cluster Test Data
Table C-Ill - CDC, Unitradiated, Zircaloy Clad, Mixed Oxide Test Data
Table C IV - CDC, Preirradiated, Zircaloy Clad, Single Rod Test Data
Table C-V - CDC, Unirradiated, Stainless Steel Clad, Single Rod Test Data
Table C-VI - CDC, Unitradiated, Zircaloy Clad, Waterlogged Test Data
Table C-Vil - CDC, Unitradiated, Stainless Steel Clad, Waterlogged Test Data.

The following data tables are included for the NSRR[al:

Table C-Vill- NSRR,Unirradiated,7.ircaloy Clad, Single Rod Test Data (NSRR-STD

Fuel Rods)
Table C-IX - NSRR, Unitradiated, Zircaloy Clad, Single Rod Test Data (NSRR-WG and

JPDR-Il Fuel Rods)
Table C-X - NSRR, Unirradiated, Zircaloy Clad, Waterlogged Test Data (JPDR-Il Fuel

'

Rods).

s tal Not all NSRR data considered in the text of this report are included in these tables.
Most additional data may be found in Reference C-l.
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TABLE C-I

CDC, UNIRRADIATED, ZIRCALOY CLAD, SINGLE R0D TEST DATA

Te. t_ _

Parameter 431 432 433 4 14 437

I83Rod type SPI-PL $PI .PL SPK-PL SPI-PL SPX-PL

Average energy

Deposition (cal /g UO I
2

Total 197 239 269 296 38 8

At f atture -- -- -- -- --

{
Pellet surface energy

Deposition (cal /cm UO }
2

total 2141 2597 2923 3602 4721

At fatture -- -- -- -- --

Reactor period (ms) 4.3 3.6 3.15 6.7 5.0

Peaking factor +

Radial 1.045 1.04 5 1.045 1.17 1.17

An tal 1.08 1.08 1.08 1.09 1.C9

Cladding temperature ("C):

Ma n tmum -- 1600 1950 1900 --

At f atture -- -- -- -- 1300

Cladding radial expanston (1):

Ma n t. -- .- -- -. --

Average -- -- -- -- --

Cladding elongation (1):

Transient mantaun -- -- - -- --

Restdual 1.79 -- -- -- --

Fuel elongation, mastmum (1) -- -- -- -- --

Capsule pressure (MPa) 0 0 0 0 0 i

|
huclear-to-mechanical

energy conversion (1) -- -- -- -- --

Cladding surface caldation 2 2 2 2 --

Failure mode and entent 'l No-B Crack-! Mel t-!! Melt il Melt-!!!I

Fuel enrichment (1) dj 3 3 3 10 10

f uel density (g/cm )[d] 10.4 10.4 10.4 10.4 10.4
3

Fuel diameter (ass)I#3 5.59 5.59 5.59 5.59 5.59

Cladding (ne)Id

Outside diameter 6.35 6.35 6.35 6.35 6.35 /

Tatchness 0.356 0.356 0.356 0.356 0.356

Gas gap width (m)(d] 0.025 0.025 0.025 0.025 0.025

Active UO length (m) 457 457 457 457 4572

1
: I
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TABLE C-I (continued)

_
Test

Parameter 4 38 439 454 455 456

IRod type 'l SP1-PL SPX-Pt SP3-PL SPI-PL SPX-PL

Average energy

Deposition (cal /g UO I
2

Total 469 569 286 388 498

At f atlure 400 390 -- 370 480

Pellet surface energy
3Deposition (cal /cm UO I

2

Total 5707 6926 3480 4721 6060

At failure 4861 4746 -- 4502 5841

Reactor period (ms) 4.1 3. 4 6.9 5.1 4.0

Peaking Factor:

Rad ial 1.11 1.17 1.17 1.17 1.17

An tal 1.09 1.09 1.09 1.09 1.09

Cladding temperature ('C):

Natmum 2060 -- -- -- --

At failure 800 580 1750 s1860 1110

Cladding radial expansion (1):

N a tmum -- -- -- -- -

Average -- -- -- -- --

Cladding elongation (1):

Transient mastmum -- -- -- -- --

Residua l -- -- -- -- --

Fuel elongation, maatamam (1) -- -- -- -- --

Capsule pressure (MPa) -- 0.82 0 -- 0.48

Nuc lear-to-mechanica l

energy conversion (2) 0.04 0.21 -- 0.01 0.02

Cladding surf ace ostdation -- -- -- -- --

Failure mode and extent ' Melt-Ill Melt-III Mel t-!! Melt-!!! Mel t-lll

Fuel EnricPunent (1)Idl 10 10 10 10 10

Fuel density (g/cm )Idl 10.4 10.4 10.4 10.4 10.4

Fuel diameter (m)(d] 5.59 5.59 5.59 5.59 5.59

Cladding (m)[d]

Outside diameter 6.35 6.35 6.35 6.35 6.35

Th ic knet e 0.356 0.356 0.356 0.356 0.356

Gas gap width (m)[d] 0.025 0.02 5 0.025 0.025 0.025

t'"9gg {,)(d] 457 457 457 457 457Ac t t we UO
2
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TABLE C-I (continued)

Tes t

Parameter 457 _ _ 452 458 510 517

Rod type *l SPI-PL $PIB-PL SPXB-PL SP KM-PL $Pum-PL

Average energy s

Deposition (cal /g UO I
2

Total 590 390 471 16o 235

At f ailure 510 38 0 400 - --

Pellet surf ace energy

3Deposition (cal /cm UO I
2

Total 7179 4746 5731 2063 7387 j

At failure 6206 46/4 4867 -- --

|
Beactor period (ms) 3.3 4.2 34 11.7 8.25,

Peaktng factor:

Radial 1.17 1.11 \ 4.Th 1.17 1.17

An t al 1.09 1.09 1.09 1.08 1.OR;

Cladding temperature (*C):

Ma n nam -- -- -- -- 1720 |

At f ailure 280 -- 500 -- --
|

Cladding radial espansion (1):

Mailmum -- -- -- 1.04 3.79

Average -- - -- 0.76 3.19

Cladding elongation (1):

Transient mautnum -- -- -- 1.6 3.4

Residual -- -- -- 0.8 2.0

Fuel elongation maximm (1) -- -- -- - --

Capsule pressure (MPa) 2.76 -- 1.48 0 0

Nuclear-to-mechanica l

energ, conversion (%) 0.19 0. 0' O.05 0 0

Cladding surface outdation{b] -- -- -- 2 2

Failu e mode and entent 'I Mel t-!!! Mel t-l!I Mel t-!!! No-B No-8br

fuel enrichment (t)(d] 10 10 10 10.5 10.5

fuel density (g/cm )(d] 10.4 10.4 10.4 10.4 10.4
3

Fuel diameter (aun)[d] 5.59 5.59 5.59 5.59 5.59

Cladding (sun)[d]

outside diameter 6.35 6. 35 6.35 6.35 6.35

Thic kness 0.356 0. 356 0.356 0.3% 0.356

Gas gap width (m){d] 0.025 0.025 0.025 0.025 0.025

Active 00 length im)EdI 457 457 457 127 1277

J

1
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TABLE C-I (continued)

fest

Parameter $39 503 545 504 541

83 SPKM'-PL SPKM-PL SP3M-PL SPXM-PL SPXM-PLRod type

Average energy

Deposition (cal /g 00 I
2

Total 240 247 267 287 3E

At fatture -- - -- -- --

Pellet surf ace energy

Deposition (ca%m bO I
2

To ta l 2943 3157 3280 3526 4152

At fat)ure -- -- - -- --

Reactor period (ms) 8.11 7.60 7.26 6.86 5.59

Peaking factor *

i Radial 1.17 1.17 1.17 1.17 1.17

4:141 1.08 1.08 1.08 1.08 1.08

Cladding temperature (*C):

Ma ninum 1700 -- 1806 -- 1830

At failure -- -- -- -- -

Cladding radial expansion (t):

Ma simum - -- -- --

AveraJe 3.11 -- -- -- --

Claddie.1 elongation (1):

Transtent maem 5.0 3.6 3.6 3.6 2.2

kesidual 3.4 1.46 2.2 -- --

Fue! elongat tori. mas inent (.) - - - -- --

Capsule preswe (ppa) 0 .1 0 0 0

huc lear-to-mecha nic a l

energy c* version i a 0 0 0 0 0

CiaJding surf ace oa thtton[b] 2 2 2s 2 2

ICI No-B Crad-! Mel t - il Mel t-l! Mel t-!!-IllFailure mode and entent

twel enrichment (1)(d] 10.5 10.5 10.5 10.5 10.5

f uel density (g/cm )(d) 10.4 10.4 10.4 10.4 10.43

f uel diameter (m)(d) 5.59 5.59 .5 59 5.59 5.51

Cladding (m)IdI

Outside diaseter 6.35 6.J5 6.35 6.15 6.35

Th ic k ness 0.356 0.356 0.356 0.356 0.356

Gas gap width (m){d] 0.025 0.025 0.025 0.025 0.025

Act ive 1,0., length (m)(d] 127 127 127 12/ 127

) II9
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TABLE C-I (continued)
'

b'

$ Test

, . _ ta}emeter $43 506 507 505 536-

'lRod type SPAM-PL 5PIM-PL $91M-PL SP1M.PL SPIM-PL

Aversy ) energy
Deposttledcaif e W I

2 ;

fo;e1 360 378 erJ 613 620

'/
;

At f atture 330 365 403 470 420

Pellet surface energy
3Deposition (c 1/cm UO I

2

Total ' 4427 , 4644 6020 7531 7617
'

At f a.Wre en54 , 1494 4914 5774 5160

Reactor period (ms) 5'.?, y 4.93 4.10 3.27 3.28

Peaking f actor: ,i

Radial ' .11 1.17 1.17 1.17 1.17

Aslai f. .J8 1.08 1.08 1.08 1.08

'Cladding temperature (*C): -

% simum lod 0 ' I, .. -. .-

At fallure 1440 -- .. .- 500

Cladding radial espansion (1)*

% tmum .- .. .- -. ..

Average -. -- -- .. ..

Cladding elongation (1):c

Transtent suminum 2.0 1.8 1.3 2.9 0.8

Restdaal -- .. -. .. ..

Fuel elongation manimum (t) -. .. .. .. ..

Capsule pressure (MPa) 0.21 0.41 1.25 -- 2.62

haclear-to-mechanical

energy conversion (*) 0.01 0.02 0.2 1.3 1.4

Cladding surf ace outdation -- .. .. .. ..

Failure mode and entent 'I Mel t-Ill Mel t-Ill Melt-Ill Melt.lll Mel t-!!!E

Fuel enrtchment (t)(d] 10.5 10.5 10.5 10.5 10.5

Fuel density (g/ca')(d] 10.5 10.5 10.5 10.5 10.5

Fuel diareter (m)(d] 5.59 5.59 5.59 5.59 5.59

Claddtag (m)

Outside diameter 6.35 6.35 6.35 6.35 6.35

Thickness 0.356 0.356 0.356 0.356 0.356

E EGas gap wid?h (m) 0.025 0.025 0.025 0.025 'l 0.025 'I

Ac t 6 ve UO length (m)Idl 127 127 127 127 127
2 .

1

:

1
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TABLE C-I (continued)
,

>

!

Test

Parameter $51 549 471 476 473

Rod type 'l SPKM-PL SPKM-PL EI-PL MI-PL GE X-PLI

( Average energy

Deposition (cal /g 00 )
2

Total 653 655 196 257 342

| At failure 4 '10 360 -- -- 300

Pellet surf ace energy

Deposition (cal /cm' UO )"
2

Total 8022 8041 2281 2991 3981

At f atlure 4914 4423 -- -- 3492

Reactor period (ms) 2.99 3.01 6.44 4.80 3.66

Peaking factor:

Radial 1.17 1.17 1.13 1.13 1.13

An tal 1.08 1.08 1.08 1.08 1.08

Cladding temperature (*C):

m ta, -- -. .- -- -.

At f ailure 300 300 -- -- --

Oladding radial espansion (1):

Ma n tmum -- -- 3.52 -- --

Average -- -- 1.76 -- --

Cladding elongat ton (1):

Transient maatmum 1.0 1.0 1., 2.72 0.26

pes tdaal - -- 0. M -- --

Fuel elongation, man tes (1) -- -- 1.24 2.94 1.1

Capsule pressure (Mrs) 11.03 12.0) - 0 2.59

hoc lear-to-mec ha n t cal

energy convers ton (1) 2.2 2.8 0 0 0.19

Cladding surface candation -- -- 2 2 2

Failure mode and eatent['l Melt-111 Mel t-ll! No-8 Melt-il Mel t-l!!

Fuel enrichment (1)[dl 10.5 10.5 7 7 7

fuel denstty (g/cm )(d] 10.5 10.5 10.3 10.3 10.33

Idl 6.82 'l 6.82 'l 6.82 'lf I
Fuel diameter (m) 5.59(d] 5.%

Cladding (m)

6. 35(d) 6. 35(d] 7.86 7.87 'l 7.85 '}E I
Outstde diameter

E 0.365 0.365 0.490 0.491 0.481Thidness

I I E 0.033 'lE
Gas gap width (een) 0.025 'l 0.025 'l 0.033 'l 0.032

E131 'lEdl 131 'l 131['lIActive 00 length (m) 127 127
7

c
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TABLE C-I (continued)

Test

Paraaeter 479 69? 694
_

690 693

Rod type [a] GEI-PL MI-PL M I-PL GEI-PL EI-PL

Aserage energy

Deposition (cal /g UO II
2

Total 414 216 223 256 31 3

At failure 375 -- -- -- 298

Pellet surface energy
3Deposition (cal /cm UO I

2

Total 4819 2514 2595 2980 3643

At failure 4365 -- -- -- 3468

Reactor period (ms) 3.00 5.58 5.60 4.90 4.23

Peaking factor:

Radial 1.13 1.13 1.13 1.13 1.13

An ial 1.08 1.08 1.08 1.08 1.08

Cladding temperature (*C):

%:1 sum -- 1550 1625 1750 1900

At failure -- -- -- -- 1700

Cladding radial espansion (1):

N a term -- 2.72 3.10 -- --

Average -- 1.89 1.76 -- --

Cladding elongatton (1):

Transient mantnun 14.0 1.52 1.42 1.56 1.26

Res tdval -- 0.44 0. 38 -- --

Fuel elongation. meninse (1) 5 1.92 2. 2 1.22 2.00

Capsule pressu e (MPa) 4.96 0 0 0 0.18r

Nuclear-to-mechanical

energy conversion (t) 0.19 0 0 0 0

Cladding su face oxidation 2 2 2 2 2
r

f a nlure mode and en'ent 'l Mel t-!!! ho ho-8 Crach-1 Mel t-!!-!!!I

Fuel enrichment (1)[d] 7 7 7 7 7

3 I I I EFuel density (g/cm ) 10.3 10.33 '3 10.22 'I 10.31 'I 10.38 'l

Fuel diawter (nun) 6.82 '3 6.81[d] 6.81[d] 6.81[d] 6.81[d]E

Cladding (ar)Edl

Outside diameter 7.87 7.84 7.86 7.86 7.84

Thickness 0.491 0.491 0.486 0.487 0.486

Gas gap width (sv=) 0.032'l 0.038E E83 0.038[d] 0.038[d] 0.038Edl

Active UO length (num)Edl 128 128 128 128 1287

;
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TABLE C-I (continued)

Test

Parameter 491 523 518 520 519

Rod type * GE KL-PL MX-N HRC-N MI.N MI-N

Average energy

Deposittor (cal /g 00 ]
2

Total 425 151 262 266 292

At failure 330 -- -- -- --

Pellet su. face energy

IDeposttton (cal /cm 00 )
2

Total 4903 1546 2697 2735 2996

At failure 1807 -- -- -- --

Reactor period (ms) 3.0 8.53 5.13 4.96 4.62

Peaking factor:

Rad *al 1.12 1.12 1.12 1.12 1.12

Antal 1.2 1 OB 1.08 1.08 l.08

Cladding temperature ( C):

% stmum -- 900 1575 1570 1850

At f ailure -- -- -- -- --

Cladding radial enpansion (1):

m a imum -- -- 3.16 2.42 --

Average -- -- 1.90 1.61 --

Cladding elongation (1):

Transient mastmum 1.80 0.44 1.26 1.12 2.24

Residual -- -- 0.40 0.20 --

Fuel elongation manimum (1) -- 1.56 4.40 4.40 1.32

Capsule pressu e (MPa) 4.93 0 0 0 0r

hac lear-to-mechanica l

energy conversion (1) 0.19 0 0 0 0

INCladding surface oxidation - 2 2 2 2

EFallure mode and estent ' Mel t-!!I ho-B No-B ho Mel t-il

fuel enrichment (I){d] 7 7 7 7 7

Fuel density (g/cm ){d] 10.30 9.14 9.19 9.18 9.163

Fuel diameter (m) 6.97[d] 6.97{d] 6.96 ' 6.97 'l 6.97 'lI I

Cladding (m){d]

Outside d6ameter 7.44 7.88 7.89 7.88 7.89

Thickness 0.483 0.453 0.465 0.455 0.458

I C 'lIGas gap width (m) 0.038[d] I O 'lI O 'lO 'l

Active U0 ength (m) d] 612 130 130 1 30 130
2

133

-



.. . ..

TABLE C-I (continued)

Tes t

Parameter $25 524 472 477 480

Rod type *E MK-N MK-N ME-N ME-N M E -NE

Average energy

Deposition (cal /g 00 I
2

Total 314 34 3 200 255 342

At f ailure 290 330 -- -- --

Pellet surface energy

3Deposition (cal /cm UO I
2

Total 3221 3538 2063 2630 3528

At f atture 2975 3404 -- -- 3456

Reactor period (as) 4.22 3.93 6.65 5.02 3.88

Peaking factor

Radial 1.12 1.12 1.12 1.12 1.12 I

Antal 1.08 1.08 1.08 1.08 1.08

Cladding temperaturir ('C):

Ma aimum 1875 1775 -- -- --

At f ailure s1300 600 to 1000 -- -- --

Cladding radial espansion (t): J

Ma simum -- -- 1.25 1.79 --

Average -- -- 0.74 1.18 --

Cladding elon')ation (1):

Transient maatmum 0.60 C.90 0.72 1.56 1.12

Ressdual -- -- -- -- --

Feel elongation. maximum (1) 3.9 5. 6 -- 2.28 5.28

Capsule pressere (MPa) 0.25 0.55 0 0 0.34

Muc lea r-t o-en hanic a l

ene r g y conversion (t) 0 0.07 0 0 0.03

Cladding surf ace onsdation[D1 2 2 2 2 --

Fallore mode and entent(d Me l t . l l-I I I w lt-Ill 40-8 ho-B Mel t-IIIe

Fuel eerschnent (1)Idl 7 7 7 7 7

Fuel dentity (9/cm ) 9.16 9.13 9.11 9.11 9.16

f uel diameter (w)[d] 6.96 6.97 6.88 6.88 6.88

Cladding (m)[

Outside diameter 7.88 7.87 7.85 7.85 7.85

* h tc h ness 0.453 0.453 0.483 0.483 0.483

Gas gap midth (m)[d] O O 0 0 0

Ar t t ve 00 length (as-)[d] 133 131 130 130 1307
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TABLE C-I (continued)

Test

Parame ter 483 492 490 M1 4a4

Rod type * MI PW MIL-PW MP-PL M P-PL M P-PL

Average energy

Deposition (cal /g UO I
2

Total 440 460 123 120 196

At f ailure 425 390 -- -- --

Pellet surf ace energy

IDeposition (cal /cm tJ0 I
2

Total 4539 4704 1505 1869 2516

At f ailure 4384 3988 -- -- --

Reactor period (ms) 3.0 3.0 5.26 5.17 3.76

Peaking factor:

Radic) 1.12 1.12 1.19 1.19 1 27

An tal 1.08 1.2 1.08 1.08 1.08

Cladding temperature (*C)-<

N aimum -- -- -- -- --

At f attore -- -- -- -- --

Cladding radial espansion (1):

Ma n imum -- -- 0 0 23.08

Average 0 0 15.08

Cladding elongation (1):

Transient manimum 0.20 0.50 0.84 -- 0.80

Residual -- -- 0.14 -- --

Fuel elongation, manisun (t) 4.8 -- -- - 5.94

Capsule pressure (MPa) 2.76 3. 9t> 0 0 0

Naclear to-mechanical

enerar converston (1) 0.11 0.16 0 0 0

Cladding surface oxidation -- -- 0 0 0

bl Pelt-lll Melt-I!! No No 40-8Failure mode and entent

f uel enrichment (1) 7 7 4.95 4.95 7

fuel density (g/cm ) d] 8.95 9.13 10.29 10.30 10.223f

Fuel diameter (m) 6.88 'l 6.97(d) 12.30 'l 12.30 'l 12.30 'II I I I

Cladding (m)

I Idl 14.3 'l 14.4 'l 14.3 'lI I IOutside diameter 7.85 'l 7.94

Idl 0.483 0.483 0.904 0.927 0.902inichness

I Idl 0.102 'l 0.102[d]IO 'l C 'l 0.102IGas gap width (m)

Active UO length (m)[d] 130 615 142 141 131j
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TABLE C-I (continued)

Test

Parameter 489 487 740 741 743

Rod type 'l GE P-Pt E P-PL EP.PL EP PL E P-PL

Average energy

Deposition (cal /g UO I
2

Total 201 243 194 200 238

At f ativre -- 205 -- -- --

Pellet surf ace energy

3Deposition (cal /cm UO ):y

Total 2611 3166 2511 2568 3056

At f a t t ure -- 2671 -- -- --

Reactor period (ms) 3.84 3.00 3.79 3.67 3.04

Peaking factor:

Radial 1.27 1.27 1.27 1.26 1.26

An tal l.08 1.08 1.08 1.08 1.08
i

Cladding temperature ("C):

Me a tmum -- -- 1150 1550 1750

At f ailure -- -- -- -- --

Claddtng radial espansion (1):

Ma a tsun 3.73 -- 13.3 3.02 3.56

Average 3.02 -- 9.78 1.74 1.88

Cladding elongation (1):

Transient Nalw 1.30 0.30 0.62 1.02 1.98

Restdual 0.38 -- 0.38 0.C3 0.64
i

fuel elongatton, maa tsun (1) 5.60 6.20 6.2 2.0 6.0

Capsule pressure (MPa) 0 0.26 0 0 0

Nuc lear-to-mechanical

energy conversion (1) 0 0.006 0 0 0

Cladding surface osidation 2 2 2 2 2

Fa t tu e sede and estent 'l N0-8 Mel t-l! No ha ho-BEr

Fuel enrtonent (1)[d] 7 7 7 6.8 6.8

Fuel density (g/cm )[d] 10.24 10.27 10.24 10.22 10.253

fuel diameter (m)(d] 12.30 12.30 12.29 12. 30 12.30

Cladong (sun)Idl

Outside diameter 14.3 14.4 14.4 14.3 14.3

Thic kness 0.899 0.904 0.939 0.909 0.907

Gas gap width (mjd] 0.102 0.102 0.102 0.114 0.114

Ac t s ve u0 lengte (m)(d] 129 130 130 1 16 136
7

e
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TABLE C-I (cantinued)

Tes t

Pa raae ter 742 *82 485 4a8 sn9

Rod type [a] g p.pt g p,pg gp,py g p ,py g pg ,gy

Average energy

Deposition (cal /g UO ):y

Total 240 245 193 254 ?$0

At failure -- -- -- -- 200

Pellet surf ace energy
3

f Deposttion (cal /cm U0 )
2

Total 3081 30a9 2284 3006 2824

At f ailure -- -- -- -- 2260

Reactor period (ms) 3.03 3.0 3.99 3.00 3.0

Peaking f actor:

Radial 1.2f 1.26 1.27 1.27 1.22

An ta l 1.08 1.2 1.08 1.06 1.2

Cladding temperature ('C):

%steun 1725 -- -- -- -

At failure -- -- - -- --

Cladding radial espaaston (1):

N a tsum 2.64 -- 1.21 5.34 --

Av er age 1.96 - 0.71 3.38 --

Cladding elongation (1):

transtent masimum 2.06 1.06 0.36 2.60 0.57

Residual 0.88 -- -- 0.92 --

Iwel elongation, manimum (1) 4.24 1.49 -- 7.6 0.51

Capusic pressure (MPa) 0 0.27 0 0 0.21

ha(lear-to-mechanical

energy conversion (5) 0 0 0 0 0

Cladding surf ace ontdation 2 2 2 2 2

Failure mode and estent 'lI 40-8 ho-8 40-8 Crack Mel t-11

Fuel ecrtchment (1) 6.8 6.8 7 7 1

I lTwel density (g/cm ) 10.24 10.2 9.32 9.32 9.27

f uel dtanwter (se)I 12.30 12.J 12.49 12.43 12.5

Cladding (pun)

Outside diameter 14.3 'I 14.3I IN IN 14. 3[d]14.3 14.3

IdIT hidness 0. 9M 0.508 0.89 0.89 0.508

fees gap width (se) 0.114 0.114 'lI IO 'l O 'lI C 'II

Active U0 ength (ep)[d] 136 623 134 1 34 6252

[a] PL = pellet fuel. Pw = powder fuel.

(b) Claddtag surf ace oxidation; O = no ou tdatten. I = partial osidation. 2 = f ull omidation.

[c] Fallure ande; %o = no f ailure. (rath = cra(s or split was formed tot no distetegration of rod. m lt * f ailuree
by cladding melting. 5plit = cladding was spitt open. B = bowing observed.

Failure entent; I = broken while disassembling. II * broken into several large pieces. !!! = broken into fine# f ra pent s.

[s] hominal value.

[e] Actual value.
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TABLE C-II

CDC, UNIRRADIATED, ZIRCALOY CLAD, CLUSTER TEST DATA

Test
|

Pa rame ter 678 678 691 691 706

Rod type (8) $PIMS-PL $PAM5-PL $PAM5-PL $Plus-PL $PIM5-PL
Center Out side Center Outside Center

Average eriergy

Deposttton (cal /g UO II
2

fotal 125 152 218 265 2 36
P

At f atture -- -- -- -- --

Pellet surf ace energy

3
L Oeposition (cal /cm 00 I

2

fotal 1521 1850 2653 3225 2872

At failure -- -- -- -- --

Reactor period (ms'; 8.37 -- 4.41 -- 3.94

Peaking factor:

Rad ial 1.17 -- 1.17 -- 1.17

An tal 1.08 1.08 1.08 1.08 1.06

Cladding temperature ('C):

%:imum 940 1210 1460 Abo se 1960
melting point

At f a ll,* -- -- -- -- --

Cladding i Atal espanston (1):

N a tsum -- -- -- -- --

Average - -- -- - --

Cladding elongation (1):

Trans tent mesimum -- -- -- -- --

Res idual -- -- - -- --

Fuet elongation. Ne town (1) -- -- -- -- --

Caps 41e prenu e (MPa) 0 -- 0. 34 0 0.38r

Nc l e. r - t o - m me n i c a l

eeer y convers ten (!) 0 - 0 -- 0

CleMing surice caidation[b] 2 2 2 2 2

Failure mode and em'eet{Cl % 40-8 % Melt-11 ho

lf uel enrictrwet (1) 10.5 10.5 10.5 10.5 10.5

IFuel demity (Sim ) 10.4 10.4 10.4 10.4 10.4

f uel d tameter (w)(d] 5.51 5.59 5.59 5.59 5.59

CladJing (m)I l j

Outside diaceter 6.35 6.35 C. 35 6.35 6.35

Thickness 0.356 0. 356 0.356 0.356 0.356

Gas gap width (wddl 0.025 0.02 5 0.025 0.025 0.025

Active UO length (m)!d) 127 127 127 127 127y

.-

_
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TABLE C-II (continued)

Test

Parameter 706 710 710 736 736

IRod type 'l $PIMS-PL $PIMS-PL $ PIPS-PL $PAMS-PL $PIM5-PL
Outside Center Outside Center Outside

Average energy

Deposttlon (cal /g UO I
2

Total 281 31 5 383 225 273

At f ailure -- -- -- -- --

Pellet surface energy
3Deposition (cal /cm UO I

2

Total 3492 3833 4660 2738 3322

At f ailure -- -- -- -- --

Reactor period (ms) -- 3.04 -- 4.43 --

Peaking f actor:

Radial -- 1.17 -- 1.17 --

Ante) 1.08 1.08 1.08 1.08 1.08

Cladding temperature ('C):

Ma s toni Above -- -- -- --

melttng point

At failure -- -- - -- --

Cladding radial espanston (?):

Ma x imum -- -- -- -- --

Average -- -- -- -- --

Claddtng elongation (1):

Transient manimum ~ -- -- -- --

Residual -- -- -- -- --

Fuel elongation, maa tmum (1) -- -- -- -- --

Capsule pressure (MPa) -- 2.59 -- 0.79 --

haclear-to-mechanical

energy conversion (1) -- 0.10 -- 0 --

INCl&ddinj surface osidation 2 -- -- 2 2

Failure mode and estent 'l Mel t-li Mel t-11 Melt-!! Mel t-!! Mel t-!!

Fuel enrictinent (1)I#l 10.5 10.5 10.5 10.5 10.5

Fuel density (9 cm 1 dl/ 10.4 10.4 10.4 10.4 10.4

Fuel diameter (m)[d] 5.59 5.59 5.59 5.59 5.59

Cladding (m)[d]

Outside diameter 6.35 6.35 6.35 6.35 6.35

T hic k ness 0.356 0.356 0.356 0.356 0.356

Gas gap midth (m) 0.025 0.025 0.025 0.025 0.025

Ac t ive 00 length (m)Idl 127 127 127 127 1272

i

|

|

!
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TABLEC-II(continuedl

fest

Parameter 752 752 755 755

e d type 'I SP LM5-PL SPIMs-PL SPAMS-PL 5PIMS-PLo
Center Ou t s tde Center Outside

Average energy

Deposition (tai'g UO I;
2

total 226 275 197 176

At f atture -- -- -- --

Pellet surf ace energy

Depostiton (cal /cm UO II
2

' fotal 2750 3346 2331 2082

At f ailure -- -- -- --

Reactor per*od (ms) 4.45 -- 3.97 --

Peat ing f ac tos :

Radial 3.17 -- 1.16 --

As ta l 1.08 1.08 1.08 1.08

Cladding temperature ("C):

Ma n imum -- -- 1850 1410

At f ailure - - -- --

Claddisq redtal expansion (I):

Ma s imum -- - 9 1

Average -- -- -- --

|

Cledding elongetton (1):

Transient maatsun - -- -- --

Residual -- -- -- --

Fuel elongation, manimum (1) - - -- --

Capsule pressure (Mra) 0.51 - 0.04 --

Nuc l ea r- to-sec ha n i c a l

energy conversion (1) 0 0 --

CladDng surf ace onidation 2 2 2 2

Failure mode and entent [c] Wit-11 Mel t -!! Mo ho

luel enrictiment (1){d] 10.5 10.5 7 5

Twel density (g/cm ){d]3 10.4 10.4 10.2 10.2

Fuel d 6aceter (rm)EdI 5.59 5. 5'i 6.81 6.8) I

Claddtnq (Fr)

Outside diameter 6.35 6.35 6.35 6.35

Thunness 0.356 0. 356 0.350 0. 356
f

Gas gap =totn (m)IdI 0.025 0.025 0R5 0.025

A t t ee UO length (cw;{dI 127 127 127 127
j

[a] PL = pellet fuel. PW * ponder fuel,

[b] Cladding surface omidation. 0 * no os tdation. Ia partial ou tdation. 2 = fell omidation.

[c] Fa t isre pode. Mr> = no f ailure. Crack * cract or split was fot#*d but no disintegration of
rod. Nlt = fatlere by cladding set ting. Sr.itt = (Tedding =as split open. B = twinq

" obser ved.

C Failure estent. ! * broken w lle disassembling. !! = beonen into several large pieces.a

!!! = brchen into fine fragmnts.

[d] hominal value.
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TABLE C-III

CDC, UNIRRADIATED, ZIRCALOY CLAD, MIXED OXIDE TEST DATA

fest

Pa rameter 566 562 707 744 131

Rod type [a] E RPR-PL MXPR-PR EXPRCH-PL E X PRCH-PL E XPRCH-PL

Average energy

Deposition (cal /g fuel):

Total 225 274 223 275 277

At f allure -- < 260 -- -- -

Pellet surface energy

3Deposition (cal /cm f uel):

Total 2716 3230 2606 3I85 3208

At f a t tore -- = 3070 -- -- --

Reactor perted (ms) 7.37 5.69 8.28 6.57 6.59

Peaking factor:

Radial 1.20 1.20 1.15 1.15 1.15

An tal 1.08 1.08 1.08 1.08 1.08

Cladding temperature (*C):

Ma s imum 1350 1925 1400 1675 1625

At fatlure -- 1700 - -- --

Cladding radial espansion (1):

Ma s tmum -- - -- -- -

Average -- -- -- -- -

Cladding elongation (1):

Transient maatmum 2.28 3.8 1.45 2.61 1.14

flesidual 1. 34 -- 0.61 1.33 --

fuel elongation, mas tmum (1) -- -- -- - --

Capsule pressure (MFa) 0 0 0 0 0

Nuc l ea r- to -mec ha n ic a l

energy conversion (1) 0 0 0 0 0

Cladding surf ace onidation 2 2 2 2 2

ICI 20 Melt-il no Crac k Crack-!f ailure mode and entent

f uel enrichrent (1) 7.2 7.2 6.8 6.8 6.8

Fuel density (g/cm E I 10.06 9.83 10.16 10.07 10.07

Fuel diameter (m)[d] 6.88 6.88 6.88 6.88 6.88

Cladding (m)

Outside diameter 7.89 7.89 7. 9 % 7.95 7.95

Thickness 0.483 0. 48 3 0.483 0.483 0.463

Gas gap width (m)bdl 0.069- 0.066- 0.097- 0.104- 0.097-
0.124 0.124 0.124 0.137 0.137

Acttve fuel length (m) 128 128 129 131 131

-
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TABLE C-III (continued)

Tes t

Parame'er 745 753

Rod type *IE MIPRCH-PL EXPRCH-PL

Average energy C

Deposition (cal /g feel):

Total 329 414

At failure 315 398a

Pellet surface energy
I

Deposition (cal /ce fuel):

fotal 3806 4790

At failure < 3644 4604

Reactor period (ms) 5.30 4.30

Peaking factor:

Rad ial i.15 1.15

As tal 1.08 1.08

Cladding temperatere ('C):

Ma nimum 1900 1950

At f ailure 1675 1600

Claddu.s radial espansson (t):

Ma simum .. .. |

|
A vera ge .. ..

Cladding elongation (t):

Transient monimum s 1.57 1.12

Residual .. .-

Fuel elongation, man %st (1):
_ _

Capsule pressure (MPa) 0 0.09

Muc l ea r- t o-mec han ic a l

energy conversion (1) 0 0.0002

Cladding surf ace outdation 2 --

Failure mode and extent 'l Mel t-!!! Mel t-l!!E

f uel enriore.t (t)(d] 6.8 6. 8

Ifuel density (g/cm ) 10.06 10.06

f eel diameter (m) 6. sa 6.88

Cladding (m)Edl
!

Outside diameter 7.95 7.92 |
Thic k ness 0.483 0.483

Gas gap width (m)(dl 0.104- 0.074
0.112 0.127

Active f awl length (m)Edl 137 13)

[a] PL = pellet f eel . PW * prnmier f uel .

(b) Cladding surface osidatton; O = no outdation. I * partial
oxidation, 2 = full osidation.

[c] Failure mode; no a no failure. Crack a cract or split was
formed but no disintegration of rod Melt = failere by clad-
ding setting. Sp11t = cleading was split cLen. 8 = coming
otrserved.

Failure esteet; Ia b*0len while disassemoling. !! * broken
into several lar9e pieces, ll! a broken into fine frapts.

[4] nmnal valwe.
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TABLE C-IV

CDC, PREIRRADIATED, ZIRCALOY CLAD, SINGLE R0D TEST DATA

Test

Pa raseter 571 568 567 569 703

Rod type 'I GD -PL GE X -PL G[ X -PL G( X -PL G[I-Pt
4550 %d/t 3480 %d/t 3100 %d/t 4140 %d/t 1140 %d/t

Average energy .

Deposttlon (cal /g UO I
2

Total 161 199 204 348 192

At fatlure -- 147 225 300 --

Pellet surface energy

3Deposttion (cal /cm UO II
2

Total 1874 2316 3073 4050 2235

At failure -- 1711 2619 3493 --

Reactor period (ms) 7.80 6.06 4.53 3.55 3.68

Peaking factor:

Radial 1.11 1.13 1.13 1.13 1.13

An ta l 1.08 1.08 1.08 1.08 1.08

Cladding temperature (*C):

g,w .- . .. .- --

At f ailure - -- -- -- --

Cladding radial esponsion (!):

% imum 12.16 -- -- -- 12

Avera ge -- -- -- - --

Cladding elonqation (1):

Transtent manimum C.8 0. 6 2.0 8.3 1.8

Res tdual -0.44 0 1. 04 5.02 0. 5

f uel elongation, mentase (t) 1 4 2.8 6 1.0

f apsule prenure (Mra) 0.14 1.14 2.41 16.21 0

Nuclear-to-mec hanical

encr9y conversion (t) 0 -- 0.05 -- 0

Cladding surf ace ou tdation -- -- - -- --

f ailure mode and entent{CI No Crac k Crac k Crac k No

f uel enrictenent (t)(d] 7 7 7 7 7

f uel density (g/cm ) 10.3 10.26 10.3 10.37 10.30

fuel diameter (m)[d] 6.82 6.82 6.82 6.82 12.31

Cladding (m)

Outside diameter 7.87 7.85 7.37 7.85 14 31

Th u kness 0.4M 0.484 0.493 0.481 0.899

Gas gap width (m) 0.032 0.033 0.033 0.033 0.102

Ac tive UO length (m)(d] 130 130 132 131 129
y
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TABLE C-IV (continued)

Tes t

Parameter 709 685 (A4 756 859

I8Rod type MP-PL M I.PL M X-PL M X -PL M R-PL
990 Nd/t 13,000 Nd/t 12.900 md/t 32,700 Nd/t 31.800 Nd/t

Average energy

Depositton (tal/g UO I
2

Total 238 186 200 176 190

At failure 238 -- -- -- --

Pellet surf ace energy

Deposition (cal /cm 00 ):
7

Total 2770 2167 2330 2050 2214

A' f a t t ure 2770 -- -- -- --

Reactor period (ms) 3.10 5.75 5.12 4.42 3.94

Peaking f actor:

Radial 1.?? 1.13 1.13 1.13 1.13

Aa tal 1.08 1.08 1.08 1.08 1.08

Cladding tmperature (*C):

% .imum .. -. -. -- .-

)
At f a t ture -- -- -- -- --

Cladding radial espansion (1):

Naime -- 0 -- 3 --u

Aver age - 0 -- -- --

Cladding elongation (1):

Transient manimum 1.1 0. 8 1.2 1. 4 0.6

Residual 0.26 0 -- .0 --

|Fuel elongation, mas te m (t) 5.6 0. 6 0. 9 1.5 1.5u

Capsule pressure (MPa) 0.39 0.52 0.52 1.03 0.48

hx lear.to-mecha nical

enery convers ton (t) 0.06 0 0 0 0.014

Cladding surface osidation -- -- - -- -

Failure mode and entect 'l Crack ho No Crack Spil tI

Fuel enruhment (1) 7 7 7 7 7

Idl 10. 31[d]3 I Idl 10. 31[d 10.31Fuel density (g/cm ) 10 ''2 'l 1 0. 31

I El lFuel diameter (nr) 12.28 'l 6.81 6.81 6.81 6.81

Cladding (nr)

bl Idl 7. 94[d]7.94 7.94 7.94Outside diameter 14.37

Thianess 0.940 'l 0.508 '' O.508 'I 0.508 'l 0.5% 'lI E I I I

I I#3 0.032[d] 0.032 Idl IdlGa s gap width (ne) 0.102 'l 0.032 0.032

I Id 130[d] 130 Idl NActive 00 length (mm) 131 ' l 130 130
7

~

[a] PL * pellet fuel, N * powder fuel.

[b] Cladding surf ace onida tion, O * no cuidation. I = partial osidation. 2 * full oxidation.

[c] Failure mode Mo e no failure. Cract = track or split was forced but no disintegration of rod, Melt * failure,

by cladding pe! ting. Spilt = claddlag was spilt open, B = buwing oba erved.

'''

Failu e extent; 1 = broken while disasseeblieg. !! * broken into several large p.eces,111 = brc6en into finer-

4f ragments.

[4] 4Pinal value.

[e] Actual value.

144

. .



,

TABLE C-V

CDC, UNIRRDIATED, STAINLESS STEEL CLAD, SINGLE R00 TEST DATA

Test

Parawter In{a] 183 184 195 196

OlRod t ype F. type PL F-type PL F-type PL F-type PL F-type PL

avera9 aerv,

Deposition (tal/g UO I
2

Total 57 71 94 153 184

At f allure -- -- - --

Pellet surf ace ei+rgy
IDeposition (tal/ce UO ):

y

Total 653 813 1076 1752 2107

At failure - -- - - --

Reactor period (ms) 25 15 11.7 6.5 5.2

Peat eng f ac tor;

pa d ia l 1.lM 1.136 1.1 36 1.1 M 1.1 36

As tal - -- -- --

ClaJd ta 3 tem 6+rature (*0} ;

100 s 100 s 550 s 530sta s imum s 100 s

At f allere -- -- - -- --

ClaJding radial espansion (-):

% mum 0 0 0 0 0

Average -- - -- -

Cladding elongst son (1):

Tranuent maomum -- - - -- +-

Aes i dwa l - - - - -

Fuel elongation. eenimum (1)

Capsule pressore (ur ) -- -- -- --a

tuc lear-to se<.unic al

enery (onvers ten (') - -- - -- -

ICladding surf ace caldatten 'l 0 0 0 1 2

#Failure mete ac.d entent ho No No 40-8 40-8

Twel enr ic% rent ( 5)I'l 4.8 4.8 4.8 4.8 4.8

Fuel density (g tm ]I'l 10.08 10.(s 10.08 10.08 10.083

f uel diameter (w)I'l 10.67 10.67 10.67 10.67 10.67

(ladding (e)I'l

Outside d a e,eter 11.83 11.83 11.8) 11.83 11.83

TW hae n 0.508 0.508 0.506 0.508 0.508

Gas gap = >dth (w)I'l 0.076 0.076 0.076 0.076 0.076

Ac t ive 00 lengte (en)I'I 914 914 914 914 914
7
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TABLE C-V (continued)

Test

'Pereseter 197 1 189 199 141

Rod type F type PL F type PL F-type PL F-type PL I-t.wpe PL

A.erage energy

Deposttlan (cal /g UD )
2

Total 200 257 151 182 216

At f all re .. .. . .. ..

Pellet su face energyr

Deposttlen (tal/cm UO ):y

Total 2519 2943 1729 2rk4 2473 p

At fattere . . .

Reetter perted (es) 4.1 3. 5 6.8 5.2 a.0

Peek ing f ac tor:

Radial I.1 36 1.136 1.1 36 1.1M 1.136

Aa tal . .. .

Cledding tenwersture (*C);

ma a talum . . 490 984 1140

At fellere - . ' .- ..

Cladding radial espenston (1):

N s tamm Si t ght 0.41 0.64 0.46

Average . . .

Cladding elongetton (t):

fransiect mes isam .. . .. ..

De s id ea l . 0.32 0.51 0.61

Fuel elonget tom, mee tmum ( .) . . -

Capsule preuvr'e (Wa) . . .

4x lear-to-w.han t( ,

enery cor.versite (;) . . ..

5Cladding surf e. e caiJation ' 2 2 2 2 2

Fe t tere au4e and entent 40 8 Crack 49-5 no 8 to

fuel eartet (I)E'} 4.8 4.8 4.8 4.8 4.8

Fuel densit y (9/cm ){'} 10.08 13.08 10. OR 10. C4 10.08
I

Feel d'ameter (ar)I') 10.67 10.67 10.67 10.67 10.67

(ledding (*)

Outside dieseter 11.83 11.83 11.8) 11.81 11.83

Th u.e nen 0.508 0. 508 0.505 0. 'A8 0.508

fees gap width (ar}['l 0.076 0.076 0.016 0.016 0.076

Ac ti.e uo, lengtn (.ed'l s'4 9:4 914 si4 94

= .,
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TABLE C-V (continued)t
|

|

|
|

!

f es t

U1 247Parase ter 192 193 203 246

Iaod type F-type PL F-type PL F-type PL F-type PL F type PL

Average energy

Deposition (cal /g UD II
2

Total 263 278 299 200 200

At f a t t ure - -- - -- --

Pellet surfue energy

3Deposttion (cal /cm uo I
2

Total 30/2 3/82 3424 2290 2290

At f ailure - -- -- -- --

,

Beector period (es) 3.4 3.2 2.93 4.3 4. 3

Peaking fator:

Radial 1.136 1.136 1.1 36 1.136 1.1 36

Asial -- - -- -- -

Cladding tamperature (*C):

Pls s tanum 1195 1255 135$ - --

At f allure - -- - - --

Cladding radial enpansion (1):

sta s imum 1.29 1.39 2.15 -- --

Average -- - - -- --

Cladding elongation (1):

Transient mastman -- - -- -

I9I I830. 72/I .0BRe s t dua l 0.88 0.84 -- 0. 36/0.36

Fuel elongation, manimum (t) - - -- -

Capsule pressure (Na) - - -- --

huc l ea r- toe han ic a l

energy convers ton P ) - -- -- --

Cladding su face esidation 'l 2 2 2 -Ir

Id3 m nt-1 No-8 N0-040-9 Crac kFailure mode and estent e

Fuel enrichment (1)I'l 4.8 4.8 4.8 4.8 4.8

Fuel density (g/&3)I'3 10.08 10.0B 10.08 10.08 10.08

Fuel dieneter (ed'l 10.67 10.67 10.67 10.61 10.67

Cladding (=)I'I

Outside dieseter 11.83 11.8) 11.83 11.8) 11.83

T h t c knes. 0.506 0.508 0.508 0.508 0.508

r.as gap uidth (e) 0.076 0.076 0.076 0. 07f 0.076

Active UO length (e)I'} 914 914 914 914 914
2

C
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TABLE C-V (continued)

Yest

Paraineter 244 249 250 251 291

IRod type F-type PL F-type PL F-type PL F-type PL F-type PL

Average energy

Deposition (cal /g UC 3
2

fotal 290 200 2% 200 200

At fallere - -

Pellet surfne energy
3Depostinon (tal/cm UQ I

2

Total 2290 2290 2290 2290 2290

At f a t tere - -

Reactor period (ms) 4.3 4.1 4.3 41 4.3

Dese ing fes tor:

84d ia l 1.1 36 1.f4 1.136 1.1 36 1.1 36

An tal - - --

Cladding temperatore (*L):

m a isun -

At f a11ere -

Cladding radial empaas ton ;r |-

ma sw - - -

Average

Cladding elongation (1).

Transient ees iaun

IIIWes t aus : 0.51/3.60 0.51/2 11 0 % . 2 69 0 44/3.17 0.35/3 53

F.el elonget ton, mas twse (1) -

Capwle prengre .,alPa ) - -

%#_ t ear- to-w r.an sa l

ecer.;, ewca s i on { - ) -

IC }Claddmg surf ace omidation - - -- -

bFailgre swide and estent A -B E-6 ko - B ho- b 20-8

Feel enrit wt (1)(' 4.8 4. 8 4.8 88 4.6

F eel dens ity ( gin )i'} 10.08 13.06 10. 0t! 10.08 10.08
I

Fuel d iameter ' e)I'l 10.6; 13.61 10 (7 10 6' 10 67

C ladamq (ee'j 'II

(net s 61e dieset er 11.81 11.83 11.83 11.83 II.8)

Th u tneu 0. kM1 C. '118 0 %;8 0.508 0.508

bas tap m d'h (sur)I') 0.076 0 076 0.076 0.076 0.076

A tive u0 length (=enj 'lI 914 91 4 9?4 414 914
7
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TABLE C-V (continued)

Test

Pa rawt er ?92 79 ) 299 285 286

INRod type F-type PL F type PL F type PL F-type PL F-type PL

Average energy

Deposttien (cal /g 00 }
2

| f atal 200 200 200 200 200

At f ailu e - -- -- .-r

Pellet surface energy
IDeposttien (cal /ce UO ):y

'

Total 2290 2290 2290 22 % 2290

At f a t tere -- -- .- - -

peastor period (es) 4. 3 4.1 4.3 4.3 4.3

Pesting f actor:

Radial I.lM 1.lM 1.136 1.1 M 1.136

Aa lal - -- -. -- --

Cladding temperatu e (*():r

Ma a tsua . -- .- .-

) At f allere . -- -- -* .-

Ciaddin, ,ad,ai e.,ansion m

Me a tmum .- . .. - --

Average . -- --

Cladding elongation (1):

Tranuent mantmum - - +. -- .-

IIIRe s idea l O.48/4.01 0. 39/4.40 0.49/4.89 0.37/5.26 0.34/5.60

feel elongst lon, mesimum (t) -. .. .- --

Capsule preuvre (#4) . .- .- ..

hclear-to eethanical

ence g y convers t on (1) - - -- -- .-

Cladding surf ace cal $stionbl .- - - .- -.

f ailure mode and eateet[d] , , , , g,, g,,, g,,, g,,,

Fuel eartOment (t) ' 4.8 4. 8 4.8 4.8 4.8
'lFeel deauty (g/cm 10.08 10.08 10.08 10.08 10.08

f uel diawter (e)I' 10.67 10.67 10.67 10.67 10.67

ClaJding (w)I'l

Outside diameter 11.83 11.83 11.93 11.83 11.83

Th tt knen 0 508 0. %s 0.508 0.508 0.508

Gas gap width (*)I'l 0.076 0.076 0.076 0.076 0.076

Jk t tve UO length (m)I'l 914 914 914 914 914y

d
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TABLE C-V (continued).

Test

Para eter ?P ? ipN ?P's 70 241

bI###d type F - t ype PL f -type PL F .* ype PL f - t ype PL F -type PL

a or e 3, e er 3,

Depostile (tal/g UG ):
j

fetal 200 100 130 1 Mi 100

At f ailure -

Pellet surfe e energy

IDeposition (cathe UO ):y

fotal 1190 liet 1145 1145 1145 l

at f aii.re

Beactor per ieel (ers ) 4.3 Il 11 11 11

*eak ing f attor :

ka J e al 1,1 36 1. l M. 1.1 36 1.1 % l.lM

As tal

(laiding te%er ature ('() .

m e inum

At f ailure

(f alling re s ia' es pam. ion ( '

% s imum

Aver age

(la tding elonget ta (1)-

Treas teet eeniawa

Oe s t Jua l 0. P/$.9d 9) 0.11/0 fl I'I

fue l e l an s t tom , ma a imum ' 1

(a6 idl e pr e'.%dre {@e )

g.c lear to m haai a

e ne t , t Lif verg i, n '}

( I a dd i nQ bgr Y af. e f,5 ' de T | <Dfl

F a i l ure mode aM e s t emt 40 8 40-9 4o-9 hs-B ho B

Twel enr u rew-nt ( t l{'I 4.8 4.8 4.5 4.8 4A

F.4el ocas i t y ( 3 n a',I' 10.05 10 n l o . rm 10.08 10 08

f uel d iaw 'er (m,* 13.6 T 10.61 10.67 10 61 10 61

C leaJ ing (ej ')l

Out s ide d ia**f er 13.8) 11.93 11.8) 11 R] 11 R)

in it O.ess 0.98 0.500 0 VA 0 SOB ONM

gap sidin (v)I*)fat 0.076 0 's76 0. 0'6 0.076 0 076

l'lA t ive UO l en 3th (aan i 914 914 914 914 914j

i

1
1
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TABLE C-V (continued)

fest

Pa r am' er 792 293 794 795 ?%

Rod type { F type PL f. type PL F. type PL F. type PL F. type PL

Average energy

Deposition (cal /g UO )
2

Total 100 Ir10 100 100 100

At f ailure . . .. .

Pellet surface energy
1Deposition (cal /ts UO 3

2

Total ll45 1145 1145 114% 1145

At fatte e .. .r

Reactor period (es) 11 11 11 11 11

Poaeing f attor:

Radial 1.lM 1.1% 1.1 % 1.1M 1.1 36

As tal . . . ..

Cladding imperature (*C):

% s teum . . .. .

At f ailu e . . ..r

Cladding radtal espanston (11

N e tsum .. .. .. .

Average .. .. .

Cladding elongation (t):

Transleat mas teum . .. ..

Residual . 0.12/0.33(' . 0. l?/J.45 'l
f eel elongation. eenim m (1) . . .u

Lapsule preuvre (sta) . .. .

Ac l ear- to-anhan ual

energy (onversion (1) .. ..

Cle@ng surface Caldation{'I O O O O 0

f ailure sWe and entent{d} No-9 ho-8 4o.8 flo- B h0 5

Fuel en scht (1){'l 4.8 4.8 43 4.3 4.3

Fuel density (g/cm ){'} 10. OR 1 0 . ( 51 10.06 10.08 10.08
3

Fuel diameter (*h'l 10.67 10.67 10.67 10.67 10.67

Cladding (e)I'

Outside diameter 11.83 11.83 11.83 11.83 11.83

Th tc hneu 0.5 Itt 0.508 0.508 0.500 0.508
'Gas 9ap *1dth (* O.076 0.076 0.016 0.076 0.076

Actlee UO length (e)I'I 914 914 314 914 9147

.
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TABLE C-V (continued)

int

e re=urter ?97 196 799 kWp 109a

INaos type F.t ype PL F. type PL f. type PL F type PL f atype PL

Average energy

Deposition Ital /g UD I
2

Total 100 100 100 100 100

At fallere - - -- -- -

Pellet surfete energy

Deposition (tal/un UD ):y

fetal 1145 114$ 1145 1145 lies

At fellere . .

Seec to, period (aq) 11 11 11 Il Il

Peeting f attor:

Rad ia l 3.1 36 l.1 16 1.136 1.1 36 1 .1 16

As tal - -- -

Cledding temperatu e ( *C);r

m a sswa --

A'. f ailure - #

Cladding radial capension (1):

m e imum - - .

Average - - -

Cleiding elongat ion (1);

f ransient mesimum - -

Re' l Jue l 0. lS/0. $h 'I - 0.11/0.1? 'II

f uel elongatloa mes seum (1) - -

Capsule prenere (san ) , .-a

but lear- to-ow henical

ener ,y convers ion (1) -

Clasding surfste osidstion ' O O O O .

re iise ==>de .* ententlil no-o m.a %-s so-a no-a

twel eartonnent (1)I'I 4.8 4.8 40 4.8 48

Ivel density (g/am )I'l 10.08 I D. UH 10.0n 10.08 10. m
I

feel diameter (sun)I'I 10.67 13.67 10.67 10.67 10.67

Cladding (*)I'I

Outside diameter 61.8 1 11.83 11.81 11.83 11 si

Yh tc haen 0. 5:B 0.92 0. 5m 0,508 0.5m

rss 949 width (aum) 0.076 0.076 0.016 0.076 0.016

A ttee 90 leegth (m)b'I 914 914 914 914 914j

)

$C
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TABLE C-V (continued)

Tes t

IllPa ra*e t er 30? 303 304 370 371

IdRod type f type PL F-type PL F-type PL F type PL F-type PL

Average energy

Deposition (cal /g 00 )'
2

Total 150 IW 150 150 150

At failure - -- -- .. -.

Pellet surface energy
IDeposttion (cal /ce UO I;

2

Total 1714 1718 1718 1718 1718

At failure -- -- -- -- --

Reactor period (es) 6.4 6.8 6.8 6.8 6.8

Peaking factor:

Radial i.136 1.1 36 1.1 36 1.136 1.136

As lal .. .- -- -. -.

Cladding temperature (*C):

ma nio .. -- .. .- -

At fatigre . -- -- .- .-

Cladding radial empaaston (1):

Ma a smum -. - -. -- --

Average -- -- -- --

Cladding elongation (1):

Transient mastmum - - -- .. -.

Re s idi.a t -- -- 0.42/0.42 "3 - 0.31/0.73I III
Fuel elongation, manicum (1) -- .- -- -- --

Caps.le preis.re (wa) -- -- - -- --

bec. lear-to-sechaniCal

energy conversion (1) +- - -

Cladding serface esidation 'l I I I i 1
I

Fan |are mode and entent[d] 40-8 sto-8 40-8 ho-B 20-8

fuel enrictment (1)k'l 4.8 4.8 4.8 4.4 4.8

fuel density (t/cm )I*I 10.08 10.08 10.08 10 08 10.08
I

fuel diameter (e)I'l 10.67 10.67 10.67 10.67 10 67

Claddlag (e)I'l

Dutode diameter li.8) 11.83 13.83 11.83 11.83

Thic kness 0.508 0.508 0.508 0.508 0.508

Gas gap utdth (e)I'I 0.076 0.076 0.076 0.076 0.076

Active u0, iength (=;I'l gie 914 914 s14 914

)

153



_ _ _ _ _ _ _ _ _ _ _____

TABLE C-V (continued)

f ea, e

,, Pe r eae' er _ J/4 _ . 3/} _ _ .l' 1 lil _ J* t

Rod 'spe ) F - t ype Pt Irype PL f ' ype PL I9p pe P1 6 -1ppe Pt

4,er e se er er y

fs6 polit t:Ari (f al/') ,0 }

Teel l ',0 I V) 1% 244 216

At f e e l,r e

Pellet tsef or e erwegf

(< e l /(m ' @y )(de6=es t ' lo#

futel 1718 11l4 71t ) /611 i#s

At f etie er

Ree, tur per t >f f es ) 6.8 e.o 4I ).4 10%

Fest in<; f e( t or <

We l i a l 3. 1 16 1 . 1 56 1 04 1 04 ! . 04

As as! I ''9 1 d4 I 0'#

C l e id ing t eve s'are (' L ) .

% iewa I's4 ) 171 r) I l l9

At f e livre

L i sid t vj r e lia l es pee. ton (1)

% e 6anse I

A sere te
.

f. letj 6ng ei ept toe (1):

T r ans 'ent a.e s aw

' 'he'. * dae ! ') .Ml' 01 I , '')4 i,44

i we l e t yn je t ion , mes ia,p (il

(opto te preswee ite) ') 0 0

%s 1ee t v -ee s.o r. s a

l e,e r g e t onne i on (t} 9 L 0

C le.1,1 ma sur f e. e t : 44 f i.,rh ) i 1 ? ? ?

!#)f a ilure en se and essen t AH tre 8 h: b %3 5 ha h

. C1['II wel en i<++M 48 48 J 1 ]

I we l der s i's ( p mI,{'I 10. f m Id. F l'i 4 10 4 10.4

r ;l*l to 67 to si sw sw s,wNe i d . e ,, c -

(! a t 3 n 3 w,I'I

con 1, o emer i t .aj i l . 61 61s 6. n an

t h :4 6ne s k r:. VM L 's dl 0 s' 6 03'6 0 19

'fee t '}&& e l d ' h ' nei. ; O.016 C, . bl4 (: Ol6 C . 016 0 C/6.

A es.,uc,ienatn :..p*1 914 vi 4 49 av av

,

.
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b

TABLE C-V (continued)

,
Teyt

Pe.4,.e, m u6 m no

Rod type SF R - Pt SPI-Pt SPI-PL SPI-PL

Avereide energy

Depulltion ((el/g UO ).y

total ill 510 411 512

At fellere - 350 4 30 480

Pellet surfere energy

Deposill0R (tel/(m IN)g)

Total 3342 4464 5155 6901

At fellere 4127 Sits (1g1

seactor period (ms) 6.4 4.6 3. 74 3.15

Peet ing f ac tor

e dial 1.16 1.16 1.16 f .16e

An sel 1.10 1.10 1.10 1.10

(leading temperatore (*C):

% s imum 13h0 s 1440 -- -

EiAt f ailere - 1770 950 4 70

Cledding radial empeation (1):

%sim m * .u

Aver a ge . . ..

CleSding elongst to# (1);

franglent meaimum = .

Seg idue l . .

f eel elonget toa. mea lsews (1): .

Capsvle petuure (se e) 0 1.03 2 00 3.80

%v(leer-tee heet(41

energy toeversion C ) 0 0. 01 0. u6 0.35
ICla sding surface os idetton 'I 2 1 2

f ailste mode end entent Mri t I Nit-l!. .g t g alcit lli Nit ill

f uel earithment (1)I'I 10 10 10 10

f uel density (g/im )I8II
10.4 10.4 10.4 10.4

f uel diameter (aum)I'I 5. 5g 5. 5g 5.59 5. 5g

Clawag (e)I'I

Gutside deemeter 6.35 4. 35 6.35 6.35

Th ic kness 0. 3% 0. 3% 0. 3% 0. 3%

Gas gap widt% (mm)I'I 0.025 0.025 0.025 0.075

A tive 90 leegtn (nsa) 451 451 451 451g

(4) Sewentiel tests, from 182 tnrougn 1H8.

[b] PL * pellet fuel, Pd * poodes f uel .

[c ] C leddieg sur f ect os idet toa, O * no onidation,1 * partial en tdat ion, ? * fell esidet ton.

(a) re.i . de, % . ao f eitore, cru n crea spiit .s.s formed b.: a. dui.tegration ., rod.
Nit f asi,re b, tiemag seitiag. Sei s t < 1edding s satit opea, e bo tag on.e .ed

teil.re esteet; I e brotes while disassembling, !! * broten inte several large pletes.
til * broaen into fine frayents

[e] musta41 value.

(f) Some test reweted, from festg 246 througn 187

(g) Per test /cen ietive (t4 ginning with test 244).w

[#) Same test repeated, from fests 738 through 301.

(i) re, gro.e of eests/< m.ieti,e (begi i., .ita test ina) .

(j) Some test repeated, from fests 302 throwdb 3/5

(t ] Per group of tests /consuletive 'beginatng with Test 302)
_ _ . _ ___

155

. . .



TABLE C-VI

CDC, UtilRRADIATED, ZlRCALOY CLAD, WATERLOGGED TEST DATA ,
,

fest

Pere =ter 4% 514 4 44 51) at?

IRod type 'l M P - Pt Q P-PL W P.Pe M P PW 5P it*,-PL

Avera ge energy

Deposit ion (cel/q U0 );
2

fotal ?l0 220 165 265 4 30

At f allare 60 33 65 60 165

Pellet sur fen.e energ,

Depos t t ion b el/un' LM)7) .

fotal 2697 i697 1100 31 % 4785

At f at ture 7)$ 4 ' ;4 772 702 IR 16 s

meet tor period (es) 3.0 1. 0 1.0 1.0 3.0

Pe46)ng f e(tor:

sa lis t 1.19 1.11 1.27 1,27 1 G7

An ta l 1. fM 1. '1H 1. rm 1. % 1. fm

C l a44 ing t re.t+re tw e ( 'C ) :e

% a Imnp

At f ailu er

C le+1in+; r ad ia l espaas ton it).

m s 'm .

Averap -

C leiding elongst ton (1) .

Trans trat wa te m * L l4 + > .14 8't hu

- a.14 +0 2R -0.70 -0 10 0.19

m s iL41e

Iwe l elongit ion, manier (1) - -

Capsule preswre t w ) 8. ?4 II.6 ' 41.4 'I . 7 C. 96a

Cat lear to-en ten n al

e ner g y o>ni,er s t ren ( ; ) 0. 2 1. 8 1. 4 0.18

3ClaJding sur f ace onidation 0 0 0 )

bFa t lere swde and esteet 59111-111 Broten-Ill 'ri t t-!!! Split Ill 5911t-11!

Fee l enr t< nee t ( t '' 5 5 7
'

.,

F ,el d> M e t t ( g/ c m ') 10. 10 10. 30 J.lt 9.21 9.21

Fuel diameter (v) 12.44 'I I?.44 'l I/J7 'I 17.67 '! 5. YeI I I i Idl

IdIC141 ding (vj

Out s ide d iameter 14.27 14.2' 14.27 14.27 6.35

T h tt 6 nes s O RI) 0.813 0.813 0.81) 0.356

bI Id O 'I O 02$IGas gap midth (v) 0.102 0.102 O

leegth (w )I''I 1 12 112 131 132 127Ateve tJ0j

Z

l56
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TABLE C-VI (continued)

_ _ _
T es t

Pa ra w t er 555 %4 54 7 %6 553

Rodtg)*l $P a%- PL sh%.PL SPI %-FL SP 19 -PL SP r % -PL

Average roe gy

Deposition (cal /g U0 )
2

Total 225 225 430 225 225

At f ailure 160 160 85 1 50 120

Pellet surf a(.e energy

3Deposition (cal /csi UO I
2

Total 2504 2504 4785 2504 2504

At f ailure 1780 1780 94 6 1669 1335

batter period (es) 5. 5 5. 5 3.0 5.5 5.5

Pea k mi f a: tor:

Radial i Cl 1.07 1.07 1.07 1.07
,

Aalal I.04 l.04 1.04 1.04 1.04

Cladding terperature (*C);

a. mum . - - . .

21 *a ilure . .- -

Clader # rai'ai espans on L t):

% tv - .. ..

Average -- -- . .

Cladding elongation (1):

Transient res imum (t ): 0.20 0. 30 0.24 0.34 0.18

Res idaal - - - -- -

Fuel elon }ation, manitrum (1) -- - -

Capsule tressure iMa) 3.03 3.66 1.18 3.66 2.84

Mu( l ea r- t o -mec ha n i c a l

ene"y con vers i an ( ) 0. 038 0.053 0.25 0 031 0.022

Cladding surf ace ou tdatioM 3 2 2 2 2 2

IF a il ur e eede and e n t en t ' 5plit-Ill Split-lll Split-lli 5p111-111 Split-ll!
*

Fuel enr i( %+nt ( t ) S 5 5 5 5

Fuel density (g/cm )I l3 10.4 10.4 10.4 10.4 10.4

Fuel diameter W)Idl 5.8 5.59 5.59 5.59 5.59

C ladd en) (-r }Idl

Out s loe d iar%+ er 6.35 6.35 6.35 6.35 6.35

inic6 ness 0. ?>6 0.356 0.356 0.356 0.356

Gas gap midin (m)Idl 0. ^25 0. rl25 0. 02 5 0.025 0.025

Ac t ive it0, f cq * (e)b ! 127 127 127 127 127

{a) PL - pellet f uel. Pu = fowder fuel.

{b] Oe lding surf ace ou tdatite; O = no oxidation. 1 = partial caidation. 2 * full osidation.

{c] f. : .t.. e mode, %o = no f a il ure. Crac k = track or split was formed but no disintegration. Mel t = f ailure by
clad *ing we t t ing. Spilt = c laddina was split of.en. S = t+=tng oMerved.

Failu e extent. | = broken while disaswebling 11 = broten into several pieces, til = broken into finer

f ra pris.

[d] 4 mnal value

(e] Ac tual value.
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TABLE C-VII

CDC, UNIRRADIATED, STAINLESS STEEL CLAD, WATERLOGGED TEST DATA

Test

Parae ter 1 94 ' l 195 196 197 198I

ERod type F-type PL F-tyte PL F-type PL F-type PL F-type PL

Average energy

Deposition (cal /g UO ):
7

Total $4 70 71 P9 101

At failure - -- -- -- --

Pellet surface energy

3Deposition (cat!cm UO );y

total 613 801 813 1019 1157

At failure -- - -- -- --

Reactor period (as) 12 20 15.5 12.4 11.3

Pessing f actor:

Radial 1.1% l.136 1.136 1 .1 36 1.1 36

An tal -- -- -- -- --

Claddtag temperature (*C):

N t.ium -- -- -- -- --

At f ailure -- -- -- --
|
|

Cladding radial espanston (1):
OR '3 1.07(CI 1.50 "3I I

N a tenas 0 0 0 64 1.29 1.72

Average - -- -- -- --

Cladding elongation (1);

Transient mantens= -- -- -- -- --

pesidual -- -- -- - --

f uel elonget ton, maalam (1) -- -- - -- --

Capsule pressare (WPa) -- -- - -- --

huc l ea r- to-se< ha n t c a l

#ccr3, convers ton (.) - -- -- - --

E4lCladding surface osidation 0 0 0 0 0

f a t tu e mode and estent 'I No ho % ho Ir 'Ir

3f uel enetchaent (1) 4.8 4.8 4.8 4.8 4.8

fuel density (g/cm )I#l 10.08 10.08 10.08 10.08 10.08 )I

Fuel dieneter (m)I'l 10.67 10.67 10.67 10.67 10.67

Cladding (m)E'I

Outside diameter 11.83 11.83 11.83 11.83 11.83

Thic knes s 0. 5G6 0.508 0.508 0.508 0.508

Gas gap midth (m)III 0.076 0.076 0.076 0.076 0.076

Active 00 '"9th (*) '1 i 94 914 94 94 94
2

: (
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_ TABLE C-VII (continued)

Tes t

Pa rameter 199 20G 201 'l 202 205I

f0lRod type F-type PL F-type Pt F-type PL F-type PL F-type PL

Average energy

Deposition (cal /g UO I
2

Total 119 136 155 153 181

At failure -- - -- -- --

P=llet surface energy

Deposition (cal /cm UO I
2

Total 1563 1557 1775 1752 2073

it f ailure -- -- -- -- -

Reac tor period (ms) }.1 7. 7 6.7 6.8 4.9

Peaking factor:

Radial 1.136 1.136 1.136 1.136 1.1 36

Axial -- -. -- -- --

Cladeng temperature ('C):

%,,, -. .. -- -- ..

At f ailure .- -- -- - --

ICI EC3 6.22 'lICladding radial expansion (1): 3.87 0. 2 t

% m tmum 3.65 C.0 7.20 4.29 10.51

Average - -- -- - --

Cladding elongition (%)*

Transtent maatw -- -- -- -- --

Re s tdual -- -- -- -- --

Fuel elongation, eas tmum (1) -- -- - - --

Capsule pressu e (Wa) -- .- -- -- --r

huclea r-to-mechan tc al

energy conversion (t) -- -- -- -- --

ElCladding surface outdation 0 0 1 1 1

Failure mode and entent{'I ho-B ho-B No-B Mo-B 90-6

Feel enrictrent (t)E'I 4.8 4.8 4.8 4.8 4.8

Fuel density (g/cm )II33 10.8 10.8 10.8 10.8 10.8

Fuel diameter (es)II3 11.83 11.83 11.83 11.03 11.83

Cladding (nor)

Outs:de diameter 10.67 10.67 10.67 10.67 10.67

Ttic kness . %8 0.508 0.508 0 508 0.508

Gas 9ap width (w)E#3 0.076 0.076 0.076 0.076 0.076

Ac t ive UO length (m)UI 1 94 1 94 194 194 194
2
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TABLE C-VII (continued)

Test

Parame ter 206 217 218 521 527

INRod type F-type PL F type PL F-type PL F. type PL F. type PL

Average energy

Deposi tion (cal /g UO )
2

Total 223 257 283 300 300

At f a s tare -. .. -. 245 240

Pellet surface energy
IDepositten (cal /cm UC ):y

To tal 2 5'24 2943 3241 3435 * 3435

At f ailure . .. -- 2805 2748

Reactor period (ms) 4.2 3. 7 3.2 3.0 3.0

Peaking factor:

Radial 1.136 1.136 1.136 1.136 1.136

Antal . -- .- .. --

Cladding temperature (*C):

Ma n imum .. .. .. .- --

At failu e -. .. .. .. --
r

Claiding radial espansion (:):

Ma aim m 5.6 1s.02 16.95 . --
iu '

Av erage -- .- -- .. --

Cladding elongation (1):

Transient maaimum -- -- - .- -

pesidual .. -- . . --

Fuel eloc9ation, manimum (t) -. .- .- .- .-

Capsole pressu e (4Pa) - . .. 12.7 12.7r

% lear-tomtanical

i ener1r tv ersion (I) .. .- -. 0.17 0.25
IdlCladding surfacs *= tda t ion 1 2 0 1 0

Faif a e pode and entent 'l Nc -8 40-8 Spi t t-!!! Split-l' d Split-Ill
5r

Fuel enritet (t]I I 4.8 4.8 4.8 4.8 4 . P.

Fuel density (g/ca )I 10.08 10.08 10.08 10.OR 10.08
l

'wel d 'ameter ise){'I i0.67 10.67 10.67 10.67 10.67

Cladding ( e)I#I

Outstce diameter 11.83 11.83 11.93 11.83 11.83

Thic knes s 0.508 0. 50e 0.508 0.*08 0.508

Gas gap midth (m)I'3 0.076 C.N6 0.076 0.076 0 076

.c t i.. ., ,e,t. (s,2 ,1. ,, a , , . ,,4 ,,.

: (
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TABLE C-VII (continued)

|

Test )

Pa raseter 5 38 546 440 544

Rod type SPXMP.PL $PXPB-PL SPAPE.PL $PIMB-PL

Average energy

Deposition (cal /g UO I'
2

Total 380 380 380 380

At f ailure 330 350 110 115

Pellet surface energy

3Deposttion (cal /cm UO I
2

total 4189 4189 4189 4189

At fatture 36 38 3858 1213 1268

Reactor pertod (ms) 3.0 3. 0 3.0 3.0

Peaking factor:

Radial I.06 1.06 1.06 1.06

Am lal .. .. .. ..

Cleiding temperature ('C):

Ma n tsum -- .. .. ..

At f ailure .. .. .. .-

Cladding radial espenston (1):

Ma aimum .. .. .. ..

Average .. .. .. ..

Cladding elon9ation (1):

Transtent maxim m 0.58 0. ?6 0. 30 0.44u

Residual .. -. . ..

Fuel elongation, mas te (1) -- .- .. ..

Capsule pressure (MPa) 9.02 11.7 3.53 2.26

huc l ea r- to-mer he n ic a l

ewrgy conversion (1) 1.2 1.1 0.20 0.18

Cladding surface ostdationI83 2 0 1 1

Failure sede and estent 'l Sol t t.!!! 5pilt.I!! Spli' lli Split !!!I

Fuel enrichmeet (1)III 5 5 5 5

Fuel density (g/cmYI 10.4 10.4 10.4 10.4
c

Fue' diameter (m)I I 5.59 5.59 5. 5' 5.59

}J edding (e)

Outside diameter 6.35 6.35 6.35 6.35

i Thickness 0.356 0.356 0. % 0.356

I
Gas gap width (m)I 0.025 0.025 0.025 0 025

|

Active UO length (m)I'I 127 127 127 127
2

[a] Segaential tests, from Tests 194 through 201

[b] PL = pellet fuel, PW = powjer fuel.
.

(c) Diameter increases, a t 90' apart.

[d] Claddtag surf ace oxidation; O = no catcation, I * partial ca tdation, 2 * full osidation.

[s] Failure ade; No = no failure, Crach = crack or split was forwd but no disintegration of
rod, Melt * f ailure by cladding witing, Split = cladding was split 0:+n, B = bowing observed.

Failu e entent; I * broken weile disasseret trg, !! * broken into several larga pieces,
')

r

!!! * broken into fine frapts.

(f) Nominal value.
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TABLE C-VIII

NSRR, UNIRRADIATED, ZIRCALOY CLAD, SINGLE R0D TEST DATA
(NSRR-STD rods)

Test

Pai eme ter J00-1 - 1 200-2 1 200-3 111-3 200-4g

Rod type ') 45RR-5T3-PL 45kE-5TD-PL kSR2-5fD-PL 259R-570-PL 4549-5?D-PL
E

Average energy

Deposition (cal /g 00 ):
2

Tot al 33 116 176 189 233

At f ailure .- . .. .. . 1

Pellet surface energy

Deposition (cal /cm3 'J0 I'
2

Total 521 1546 2357 2433 3122

At f ailure -. -- - -. -

Reactor per sod (ms) 28.63 5. 96 3.44 3.29 2. 36

Peaking factor;

Radial 1.2% 1.29 1.29 1.29 1.29

An !al 1.03 1.03 1.03 1.03 1.03

Cladding temerature ("C);

% s imum 1 34 153 1278 -. 1680

At f a t ture .. -- -- .. --

Cladding radial expansion (t)

% s tmum 0 0 0.70 -0.09 2.28

Avei sge 0 0 0.31 -0.06 2.05

Claddtog elongation (1):

Transient ma = *evn -- - -- -- .

Aes idua l -- -- 0.52 0. 30 0.17

Fuel s 'onGatico, mes h (I) -- - -

Capwle preuere (mPa) - . .. .

Ma l ea r- te -eer. ham c a l

enery conversion D) .. .. .. ..

3Cladding wrface osidation - -- 1 2 2

Fail;re mode and esteet 40 40 to 40-8 40-8

fuel errithmeet (t) 10 10 10 10 10

3fuel denstty (9/cm J 10.41 13.41 10.41 10.41 10.41

Feet diawter (m) #3 9.29 9.29 9.29 9.29 9.29

Cladding im) 9

(%tside diereter 10.72 10.72 10.72 10.72 ;0.72

inicaness 0.62 0.62 0.62 0.62 0.62

Gas gap stath four.)E#3 0.095 0.095 0.095 0.015 0 095 $

Active t;0 length (w)E8) IM 135 135 135 135j

s

Z
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TABLE C-VIII (continued)

Test

Parameter 200-1-2 111-4 201-1 200 5 _ 200-56

Rod type *I R$-5TD-PL NS-STD-PL hs-5TD-PL NS-5TD-PL hs-STD-PLE

Average energy

Deposition (cal /g UD );
2

To tal 241 244 244 264 267

At failure -- -* -- -- -

Pellet surf ace ene gy
3Deposttion (cal /cm 00 I

2

Total 3230 2706 3276 2412 3582

At failure -- -- -- -- --

i Eeector period (ms) 2.36 2.41 2.25 2.09 2.03

} Peaning factor:

Radial 1,29 1.29 1.29 1.29 1.29
i
' Aa tal 1.03 1.03 1.03 1.03 1.03.

! Cladding testperatu e ('C):r

Ma s tnum 1600 1690 1775 1825 > 1700

At f ailure ~ -- ~ ~ --

Cladding radial espanston (1):,

f Ma s 6 sic L 54 1.21 4.75 1.07 3.26

Average 2.25 1.01 2.84 4.38 1.24

Cladding elongation (1):*

1

i Transient mastmum -- -- - - --

#esidual 0.37 0.49 0.37 0.44 0.15
1

i fuel elongation, mastmum (1) - - -- -- ~

Capsule pressu e (uPa) -- -- -- - --r

huc lear- to-mec ha n ica l

ewegy converston {ti - -- - - --

Cladding surface os tdation 2 2 2 2 2

Fa tlu e mode and eatent ho-B No 8 Mo-B Crack I Cractr

Fuel enricreent (1)[d] 10 10 10 10 10

Fuel density (g/cm )(d]3 10.41 10.41 10.41 10.41 10.41

Fuel dtameter (m){d] 9.29 9.29 9.29 9.29 9.29

Cladding (pun)

Outside diameter 10.72 10.72 10.72 10.72 10.72

Thickness 0.62 0.62 0.62 0.62 0.62

Gas gap width (nei) 0.095 0.095 0.095 0.095 0.095

Active UO length (sun) 135 135 135 135 135
y

>
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I

TABLE C-VIII (continued)

Test

Pa rame t er 111-5 290-2-2 ?00-6 2fMJ- 60 200-7

Rod type '} 45- 5f D- PL W5?D-PL 45-570- PL 45-5f D-PL % $fD-PiI

Avera9e ener9y i

Deposition (cal /g Up )-.g

Total 270 271 471 276 295

At ta nture -- - -. - -.

Pellet surf ace energy

3Depost tton (tal/cm UO )
2

Total 3629 3643 3643 3705 3%5

At f ailure -- .. . ..

keat tor perted (es) 1.91 2.00 2.00 1.95 1.83

Peak sp9 f at tor :

Radial 1.29 1.29 1.29 1,29 1.29

Asial 1.03 1.03 1.03 1.03 1.03

Cladding temperature (*C);

ela n iewn 1750 - 1660 1783 > 1800 . la.%

At failure . - - <

Cladding radial expanston (1):

N a tsum 3.43 -- 4.19 .

Average 1.48 -- 1.86 --

Cladding elore}ation (1):

Transient awninwm . . .-

Re s i dua l 0. 4 % 0.?? - -

Fuel elongst fon. man spum (!) . . - . .

Capsule pressare (per .} . . .

Muc lear-to-en han ke l

ener<p omvers tue (t) - . -.

C ladding surf ace GR idA!iQn 2 2 2 2 2

f ailut e swde and en tert ' Crack C r a( k - I Crack-1 (s eth-! Nel t -il

Fuel creric4*t (s)bl 10 10 10 10 13

Feel denstty (9/cm3) 10.41 10.41 10.41 10 41 10.41

Fwel 6,4 meter W) 9.29 4.29 9.29 9,29 9.29

Cladding (rshd!

Owtside diawter 10.72 10. 72 10.72 10.72 10.12

ihtt kness 0.62 0. 62 0.62 0.62 0.62

Gas gap midt9 W){d) 30% 0.095 0, r$5 0.095 0.095

Ac t tve 00 length Iser? 13 3 135 I35 1352

s

-mm

n

|
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TABLE C-VIII (continued)

Yest

Para @er 111-6 111-7 111-8 209-1-I '} 209-1-2I

IRod type 'l MS-STD-PL ks 5TD-PL NS-STD-P( 25-5TD-PL h5-STD-PL

Average energy

Der,osition (cal /g UO I
2

Total 333 376 433 177 179

At fallere - -- -- - --

Pellet surface energy
3Deposition (cal /cm UO I

2

Total 4470 5053 5817 2372 2403

At failure -- - -- - --

lleactor period (ms) 1.61 1.43 1.32 1. 38 1.38

Peaking factor:

Radial 1.29 1.29 1.29 1.29 1.29

Asial 1.03 1.03 1.03 1.03 1.03

Cladding temperature ('C):

Ma s1w > 1720 * 1720 -- -- --

At failure -- - -- --

.

Cladding raJial espansion (1):

Ma a tsun -- -- -- -- --

Average -- -- - -- --

Cladding eloegation (1):

Treasient maximum -- - -- -- --

Residual -- -- - -- --

Fuel eloegetton, menisum (1) - -- -- -- --

Capsute pressere (MPe) -- - -- -- --

Oc lear-to-mechan tca l
r

eneegy conversion (1) -- -- -- -- --

Cla$ ding surface ontdation -- - -- --

C}Fallere mode and entent Nit-il Nit-l!! %lt-l!! -- --

Fuel enric* rent (1) 10 10 13 to 10

Fuel density (g/ce'h I 10.41 10.41 10.41 10.41 10.41

Feel diameter (e)Id3 9.29 9.29 9.29 9.29 9 29

Cladding (m)Idl

Outside diameter 10.72 10.72 10.72 10.72 10.72

Thic kness 0.62 0.62 0.62 0.62 0.62

hs gap midth (sun)Idl 0.095 0.095 0.095 0.095 0.095

7 :eagth (ow)IdlActive 00 135 135 135 135 135
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TABLE C-VIII (continued)

Tes t

Peraw'er 209-1-3 209-l.4 20915

Rod type 'l NS-$fD-PL h5-5TD-PL R$ 5TD-PL

i
Average energy

Deposition (cal /g UO I'
2

Total 179 180 183

At failu e - - --r

Fellet surfar.e energy
3Deposition (cal /cm UO )

2

Total 2403 2419 2450

At failure -- -- --

peactor pertod (es) 3.38 3. 38 3.38'

Peating f ar. tor-

Radial 1.29 1.29 1.29

As ial 1.03 1.03 1.03

Cladding temperature (*C):

Ma a ssam 1080 1060 1160

At failure -- - -- j

ICladding radial espansson (1);
EIl

Ma a tsam -- -- 6.15

Average - -- 2.07( )

Claddtng elongation (1):

Trennent maataum -- -- --

E#3
Re s iJua l -- -- 0.70

Fuel elongation, maniews (1) -- - -

Capsule pressure (MPa)

Muc lear-to-mec hanica l

energy conversion (1) -- -- -

N3 -- -- 2Cladding surface oxidation

Failure mode and esteet " -- - iso-B

Fwel enrtctement (t)Idl 10 la 10

Fuel density (9/cw )I#l 10.41 10.41 10.41I

Fuel diameter (w)E#I 9.29 9.29 9.29

Cladding (w)

Outside diawter 10.72 10.72 10.72

Thic kness 0.62 0.62 0.62

Gas gap widtfi (w)(d] D.095 0.095 G.095

Active UO length (sur)Id3 135 135 135
2

(a] PL = pellet fuel. Pu a powder fuel.

(b] Qadding surface outdations 0 * no esidation. 1 * partial es tdation. 2 * fuel
os tda t ion.

Failu e mode; ho = no f attu e. Cract a crack or split was forced but no dis-{c] r r

Integration of rod. Melt * failure by Cladding pelting. 5&llt * C ladding was
spilt open. 8 * bowing observed.

3 Fatlure entent; I = broken wetle disassembling, il = broten into several arge
pieces. Ill e bro 6en into fine fragrents.

(d] Nominal value.

[e] Srquential tests, frue Tests 209-1-1 inrough 209-1-5.

(f] C,mulative in the five tests.
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TABLE C-IX

NSRR, UNIRRADIATED, ZIRCALOY CLAD, SINGLE ROD TEST DATA

(NSRR-WG and JPDR-II rods)

Test

Pa ra we ter 232-1 232-2 212-3 232-4 232-6 232-5

Rod type (*l MSWG-PL NSWG-PL N5eG-PL NSWG-PL hSWG-PL NSWG-PL

Average energy

Deposition (cal /g U0 )
2

To tal 181 236 261 274 PS4 326

At failure -- -- -- -- -- --

Fellet surface energy
3Deposition (cal /cm 00 I

2

Total 2416 3144 3478 3646 3919 4345

At failure -- -- -- - -- --

Reactor period (ms) 3.46 2.50 2.22 2.00 1.83 1.68

Peaking factor:

Radial 1.28 1.28 1.28 1.28 1.28 1.28

Asiel 1.03 1.03 1.03 1.03 1.03 1.03

Claddim, temperature (*C):

%:imum 136 1750 1870 1750 -- --

At failure -- -- -- -- -- --

Cladding radial expansion (!):

Naimum 0 0.28 1.16 2.29 9.14 --

Avera ge 0 0.03 0.92
^

f.49 5. ti4 --

Cladding elongation (%):

Transient maximum -- -- -- -- -- --

Residual 0 0.52 0.59 0.81 -- --

Fuel elongation, mazimum (1) -- -- - -- -- --

Capsule pressure (MPa) -- -- -- -- -- --

Nuc lear-to-:nec hanical

.cnergy (civersion (;) -- -- -- - -- --

E O 2 2 2 2 2Claddtng surface oxidation

Iillu e mode and entent 'lb No ho-B No-B No-B No-B Me l t-llr

fuel enrichment (1)[d] 10 10 10 10 10 10

Fuel density (g/cm )Idl3 10.41 10.41 10.41 10.41 10.41 10.41

Fuel dianeter (wsn)[d] 9.09 9.09 9.09 9.09 9.09 9.09

Cladding (m)td]

Outside diameter 10.72 10.72 10.72 10.72 10.72 10.72

Thickness 0.62 0.62 0.62 0.62 0.62 0.62

Gas gap =idth (m)[d] 0.195 0.195 0.195 0.195 0.195 0.195

Active UO length (m)Edl 135 135 135 135 135 135
2

.
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TABLE C-IX (continued)

Test

Pa *ameter 111-1 111-2 111-9 111-10

IRod type ' JPDR-il PL JPDR.ll PL JPOR-!! PL JPOR-l! PC

Average energy

Deposition (cal /g UO I
2

Total 44 112 158 204

4t failure -- -- -- --

Pellet surf ace energy (

Deposition (cal /cm 00 ):
3

Total 495 1260 1780 2350

At failure -- -- -- -

Peactor pertad (ms) 9.14 2.29 1.59 1.23

Peaking factor:

Radial 1.08 1.08 1.08 1.08
Im

Ax ial 1.03 1.03 1.03 1.C?'

Cladding temperature (*C):

Ma x imum 90 140 -- 1290

At failure -- - -- --

Cladding radial espansinn (1):

fMa n imum -0.08 0.024 2.37 2.05

Average -0.04 0.13 2.01 1.80

Cladding elongation (1);

Transient maateus -- -- -- --

Residual 0.07 0.07 0.44 0.26
t

f uel elongation, ranimum (1) -- -- -- --

Capsale pressure (MPa) -- -- -- --

%clea r-to-m hanical

energy conversion (t ) -- -- -- --

IDI O O 2 2Cladding su face oxidationr

Failure mode and entent 'lI No % %+B % |

Fuel enrichment (1) 2.6 2.6 2.6 2.6

fuel density (g/cm )Idl 10.41 10.41 10.41 10.41
'3

Fuel diameter (m)[d] 10.66 10.66 10.66 10.66

Cladding (wun)Idl

Outside diameter 12.33 12.33 12.33 12.33

Thic k ness 0.70 0.70 0.70 0.70

Gas gap width (mm)I 0.085 0.005 0.085 0.085

Active 110 length (mm)Idl 126 126 126 126y

[a] PL = pellet fuel, PW = powder fuel.

[b] Cladding surf ace osidation; O = no onidation,1 = partial oxidation, 2 = f all caidation.

[c] Failure mode; No a no f ailure, Crack = track or split was forred but no disintegration of
rod, Melt * failu e by cladding reitlag, Split = cladding was solit ripen, B = bowinq observed.r

Failu e entent; I = broken =*i11e d.'sassembling,11 = broken ints several large pieces,r

111 = broken into fine fragner.ts.
- |

''

[d] Nominal value.

i
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TABLE C-X

NSRR, UNIRRADIATED, ZIRCALOY CLAD, WATERLOGGED TEST DATA

(JPDR-II rods)

Tes t

Parameter 4 01 -1 4 01- 2 401-3 401 - 3b 402 1

58} JPOR-il FW JPDR-Il FW JPDR-!! TW JPDR-!! FW JPDR-I! FW
Rod type

Average energy

Deposition (cal /g UO II
2

to tal 53 1% 154 150 47

At failure -- -- 101 1 10 --

Pellet surface energy

3Deposition (cal /cm UO I
2

Total 594 1200 1744 1694 531

At fatte e -- -- 1136 1462 --

r

Reactor pertod (ps) 5.24 2.32 1.56 1.53 5.58

Peaking factor:

Radial 1.08 1. 0t6 1.08 1.08 1.08

An tal 1.03 1.03 1.03 1.03 I.03

Cladding tee.perature (*C):

N a imum 180 270 170 310 240

At fat ture -- -- 120 305 0

Cladoing radial espansion (1):

N a tsum 0.16 0. 57 -- -- 0.08

Avera ge 0 0.41 -- -- 0.03

Cladding elongatton (1):

Transient manimum -- -- -- -- --

Res t dual 0.05 -0.20 -0.03 -0.37 -0.07

Fuel elongation, masimum (1) -- -- -- -- -

Capsvie Pressure (MPa) 0.49 0 98 5 39 5.49 0.78

hac l ea r- to-mec hanic a l

energy conversion (t) 0 0 0.015 0.013 0

Cladding su face osidation[6] O O O O O
r

ho % Split-Ill Spi t t-!!! No
failure mode and estent 'II

Fuel enrichment (1][dl 2.6 2.6 2.6 2.6 2.6

Fuel denstty (g/cm )(d] 10.41 10.41 10.41 10.41 10.41I

10.66 10.66 10.06 10.66 10.66
Fsel diameter (sun)(dl

Cladding (m)Idl

Ourside diameter 12.33 1.233 12.33 12.33 12.33

T hick ness 0.70 0.70 0.70 0.70 0.70

0.085 0.065 0.0J5 0.085 0.085Gas gap width (m)[d3

1 126 126 126 126 126
Active U3 ength (sun)

2

|
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TABLE C-X (continued)
I

_.
Test

Param ter 4 02-2 402 2 411-3 421-3
Rod type [a] JPDit-!! PW JPDR-11 PW JPDR-II '3 JPDR-!! 'II I

PW PW

Average ener9f

Deposition (cal /g U0 ):
7

Total I D4 154 152 152

At f ailure - -- 112 --

Pellet surface energj
3Depositlon (cal /cm 00 )

2

Total 1175 1744 1720 1720

A t f a t tere ~ -- -- --

,

Reactor period (es) 2.27 1.53 1.53 1.53

Peaking factor:

Radial 1.0lf 1.08 1.08 1.08 (
An tal 1.01 1.03 1.C3 1.03

Cladding temperature ('C):

N a imum 540 560 481 325

At failgre -- -- 21$ --
k

Cladding radial espansion f.).

N a imum 237 2.21 -- 2.13
Aver age 1.28 f . 72 ~ 0.44

Cladding elongation (t):

Transient mantNm - -- -- --
)
t Residual -0.15 -0.41 -0. 31 -0.15
- Fuel elongation, menigue (t) - - - -

Capsule prenure (alPa) 1.47 -- 6.37 0.32

muc 1 ra r- to-met tia nica l

energy conversion (:) 0 0 0.046 0

ClaJding sarfar.e oxidation i 1 ~ --

Fa tlere mMe and entent 'I ho ho-8 Split.Ill 40-8

f uel enricturer.t (1]I#3 2.6 2.6 2.6 2. 6
)f uel density (g/ce )Idll

10.41 10.41 10.41 10.41

f uel diavter (v) 10.66 10.66 10.66 10.66

ClaJding (v)Idl

Outside dianter 12.23 12.23 12.23 12.23 )

inickness 0.70 0.70 0. 70 0.70
Gas gao midth (w)IdI 0.085 1 25 0. % 0#5

Active 00 len3th (e) I2 126 126 125 126

[a] Td = f ully materlogged. Pd = partiall/ =aterlogged

[b] Cladding ssrface ou tdatica; O = no osidation.1 * partial ostdation 2 = full oxidation.

[c] Fa t tu e mode. No a no fallare. Crack = track or split was for r d but no distintegration ofr

rod. %1t = failure by claddir.g *elt ing. Spi t t = tladding was split open. B = bowing ot, served.

Fallare estent; I * broten maile disassembling. II * broken into several large pieces.
!!I a tiroken into fine fra yents.

[d] Nominal valve.
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