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ABSTRACT




EXECUTIVE SUMMARY

During the Three Mile Island Unit 2 (TMI-2) acci-
dent, approximately 500 kg of hydrogen gas (H,) were
generated, equivalent to full oxidation of about half
the core inventory of zircaloy cladding. Although the
TMI-2 containment survived a H, burn without loss of
integrity, the accident demonstrated that large quanti-
ties of H, can be generated during severe accidents. In
response to this accident, the United States Nuclear
Regulatory Commission (NRC) initiated an interna-
tionally sponsored?® research program on severe core
damage for light water reactors (LWRs). One of the
objectives of the NRC severe fuel damage (SFD) pro-
gram is to obtain hydrogen generation data under pro-
totypic accident conditions, which can be used to verify
predictive mechanistic models that reflect governing
phenomena. A major portion of the NRC-SFD in-pile
experiments program involves the four SFD tests that
were conducted in the Power Burst Facility (PBF) at the
Idaho National Engineering Laboratory (INEL) dur-
ing the period from October 1982 to February 1985.
Although actual testing has been completed, posttest
metallographic data on the nature and extent of zirca-
loy oxidation are now available only for the first two
tests. Since such metallographic data are important to
the final assay of bundle oxidation behavior, this report
is limited to a discussion of the first two tests for which
all data are now available, namely the Scoping Test
(SFD-ST) and SFD 1-1.

The data from the first two tests are assessed here
with respect to in-vessel processes affecting the
hydrogen source term, where the principal out-
standing issues concern (a) the effect of zircaloy
melting and relocation on oxidation behavior, and
(b) fuel bundle reconfiguration effects, which may
alter steam flow and hydrogen generation charac-
teristics. Observations from the SFD-ST and
SFD 1-1 data relative to these issues can be summa-
rized as follows.

a. Partners in the program include Belgium, Canada, Federal
Republic of Germany, ltaly, Japan, Netherlands, Republic of
Korea, Spain, Sweden, United Kingdom, American Institute of
Taiwan, and the United States Nuclear Regulat  Commission.

Oxidation Behavior of Molten
Zircaloy

The prediction of oxidation behavior after the
initiation of zircaloy melting and UO, dissolution
(at 2170 K) is an unresolved issue and a principal
point of interest in the assessment of the PBF-SFD
test data. Specific information on the kinetics of
molten zircaloy oxidation, oxidation during melt
relocation, and the kinetics of molten zircaloy dis-
solution of UO, cannot be obtained from the inte-
gral PBF-SFD experiments. However gross
changes in oxidation/ hyvdrogen generation behav-
ior after the onset of fuel dissolution can be
assessed from a comparison of the measured on-
line hydrogen generation with cladding thermocou-
ple data. Additional insight on governing
phenomena can also be obtained from posttest
metallographic inspection of previously molten
zircaloy-bearing test debris.

A best-estimate comparison of the H, release
and cladding thermocouple data for the SFD-ST

xperiment indicates that about 25-40% of the total
hydrogen generated occurred after initiation of zir-
caloy melting and fuel dissolution (~2170 K). For
the SFD 1-1 test, a hydrogen generation fraction
prior to the onset of fuel dissolution of approxi-
mately 15% was obtained, the remaining 85%
occurring after initiation of fue! dissolution. Post-
test metallographic examinations show extensive
oxidation of previously molten zircaloy-bearing
test debris by steam for both tests, which corrobo-
rates the trend of the on-line, time-dependent data.
The PBF SFD-ST and SFD 1-1 test data thus do
not indicate a cutoff or severely diminished H, pro-
duction process upon initiation of zircaloy melting
and fuel dissolution.

The difference in partitioning of H, generation
between the two tests is largely related to steam supply
conditions. For the steam-rich SFD-ST experiment,
oxidation over the entire bundic occurred during
heatup. For the steam-starved SFD 1-1 test, oxidation



was limited to a local region of the bundle during bun-
die heatup, leaving a significant portion of the zircaloy
relatively unoxidized after 2170 K was reached, and

Flow Blockage/Steam Diversion
Effects

It has been suggested by the Industry Degraded
Core Rulemaking (IDCOR)? program that, due to
fuel liquefaction at temperatures above 2170 K,
loss of rod geometry in canned boiling water reac-
tor (BWR) fuel assemblies results in fuel assembly
blockage, sufficient in extent to cause steam pres-
surization below the blockage region and attendant
coolant diversion to adjacent undamaged assem-
blies. Hydrogen production in a degraded BWR
fuel bundle is thereby postulated to be substantially
reduced or terminated above 2170 K.

Posttest inspections of the SFD-ST and SFD 1-1 test
degraded fuel bundles indicate only partial flow area
blockage. Analysis of bundle pressurization/flow
diversion potential indicates that near-total flow area
blockage (> 98%) would be required to cause pressur-
ization at the inlet of the degraded SFD-ST and
SFD 1-1 test bundles. Such large-scale blockage condi-
tions are not supported by the SFD-ST and SFD 1-1
posttest bundle examinations. Ana'ysis also indicates

a. The IDCOR program is an independent technical effort
sponsored by the commercial nuclear power industry under the
corporate auspices of the Atomic Industrial Forum. The pur-
pose of this program is to develop a technical position to assist in
deciding whether or not changes in licensing regulations are
needed to reflect degraded core or core melt accidents.

v

that steam flow may tend to cause hydrodynamic
breakup of relocating moiten zircaloy, thereby delaying
or preventing complete flow area blockage. Likewise,
the SFD 1-1 data indicate asymmetric bundle heatup
conditions which appear exacerbated by the autocata-
Ivtic nature of the zircaloy oxidation process. Such
asymunetry in bundle heatup can lead to incoherency
of zircaloy melting, fuel dissolution, and debris reloca-
tion. It should be cautioned that although complete
flow area blockages did not occur in the SFD-ST and
SFD 1-1 tests, such limited blockage data do not prove
that complete blockages in BWR fuel assemblies can
never occur. Nevertheless, the SFD-ST and SFD -1
data do call into question the IDCOR presumption
that complete flow area blockages always occur in
BWR canned fuel assemblies upon melt relocation.
The argument for blockage and flow diversion in
BWR cores also requires that the BWR fuel assem-
bly channel wall remain intact. Evidence from the
SFD-ST and SFD 1-1 tests, however, indicates that
a BWR zircaloy channel wall may experience
oxidation-driven heatup and failure similar to the
cladding. The SFD bundles were shrouded in a
0.76-mm (~0.03-in.) thick zircaloy liner which was
instrumented with thermocouples. Test data indi-
cate that the liner experienced oxidation-driven
heatup similar to the test fuel rods. Posttest metal-
lographic examination of the liner also indicated
melt failure and extensive oxidation of the liner
material. The SFD-ST and SFD 1-1 observations
on bundle liner behavior indicate that BWR chan-
nel wall failure may occur during severe accident
boiloff sequences. Failure of the fuel assembiy wall
would diminish-or negate flow diversion in BWR
core geometries and allow coolant to reenter the
flow channels and promote further oxidation.
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AN ASSESSMENT OF HYDROGEN GENERATION
FOR THE PBF SEVERE FUEL DAMAGE
SCOPING AND 1-1 TESTS

INTRODUCTION

Zircaloy oxidation and attendant hydrogen gen-
eration in both the TMI-2 and Cherncbyl accidents
has increased awareness that large amounts of
hydrogen (H,) can be released during severe acci-
dents. For the TMI-2 accident, it has been esti-
mated that about 500 kg of hydrogcn"2 were
generated, equivalent to full oxidation of about
one-half the available core inventory of zircaloy
cladding. Approximately 270 kg of H, burned in
the containment building, resulting in a 28-psi pres-
sure rise. (The TMI-2 containment design pressure
is 60 psi.) Although TMI-2 containment integrity
was maintained, such was not the case at
Chernobyl. Preliminary observations on the
Chernobyl accident?+4 indicate that failure of the
ceactor building occurred as a consequence of rapid
steam pressurization due to a reactivity-initiated
fuel-coolant thermal interaction, a hydrogen-air
explosion, or a combination of both. Potentially
large quantities of hydrogen could have been gener-
ated in this accident, dus to the oxidation of the
zircaloy fuel cladding anc pressure tubes that com-
prise approximately 100 tons of core material, as
compared to about 20 tons of zircaloy in typical
PWRs. Loss of the low-pressure containment struc-
ture at Chernobyl resulted in release of radioactive
fission products and site worker fatalities.

Such accidents emphasize the importance that
hydrogen generation can exert on accident conse-
quences. Uncertainty concerning the timing and
rate of hydrogen evolution, as well as the maximum
quantity of hydrogen produced, leads to large
uncertainties relative to containment failure proba-
bilities for severe accident sequences. Containment
designs for U. S. nuclear plants can be classified
into three major categories relative to their capabil-
ity to accommodate large-scale hydrogen release
and subsequent deflagraliom.5 These categories
are listed in Table | for operating and future plants.

The small containments include the Mark-I and
Mark-II BWR designs; however, hydrogen combus-
tion is precluded for these containments since they
are inerted. Because of the relatively high design
pressures and large volumes, no near-term mitiga-

tion measures are likewise being required for hydro-
gen control in large dry containments. The issue of
hydrogen-induced containment failure therefore
centers primarily on intermediate-size Mark-111
BWK’s and ice condenser PWR’s. Containment
failure could result from hydrogen combustion
equivalent to oxidation of about 25% of the zirca-
loy cladding.5 Since approximately 50% of the
TMI-2 zircaloy oxidized, the question arises as (0
containment survivability for intermediate-size
containments subject to severe accident conditions.

Oxidation of solid zircaloy is reasonably well
understood, where parabolic rate kinetics is gov-
erned by the oxygen concentration in the inner layer
of metallic zircaloy and the oxygen diffusional
resistance of the oxide (ZrO,) surface layer. How-
ever, once zircaloy melts, the potential exists for
destruction of the protective ZrO, layer and direct
exposure of molten « -Zr(O) to steam, which may
tend to accelerate the reaction. On the other hand,
molten zircaloy relocation and dissolution of UO,
may reduce the effective surface-to-volume ratio,
which could decrease the oxidation rate. In addi-
tion, hydriding of unoxidized zircalov may result in
holdup of H, in the metallic melt (or solid). These
competing effects complicate the understanding of
molten zircaloy oxidation.

Degradation of fuel rod geometry can also
impact overall hydrogen generation behavior. For
BWR canned fuel assemblies, it has been proposed
by the Industry Degraded Core Rulemaking
(IDCOR) program? that clad melting, fuel dissolu-
tion, and debris relocation will lead to blocked
BWR fucl assemblies.®»7 Steam pressure buildup
below tiie blockage region is postulated to cause
diversion of the residual coolant to adjacent
unblocked assemblies. As a result, boiloff and fur-
ther oxidation in a degraded BWR assembly are

a. The IDCOR program is an independent technical effort
sponsored by the commercial nuclear power industry under the
corporate auspices of the Atomic Industrial Forum. The pur-
pose of this program is to develop a technical position to assist in
deciding whether or not changes in licensing regulations are
needed to reflect degraded core or core melt accidents



Table 1. Inventory of containment types

The PBF-SFD Test Program




Table 2. The PBF severe fuel damage test series

Approximate
Approximate Heating
Nominal Steam Rate Prior
Inlet Production to Rapid
Flow Rate Rate Oxidation?
_____ Test Bundle Description (g/s) (g/s) (K/s)
SFD-ST 32 fresh rods 16 16 0.11t00.15
(28 Oct 1982)
SFD 1-1 32 fresh rods 0.6 0.7101.0 0.46 to 1300 K
(8 Sept 1983) 1.210 1600 K
SFD 1-3 26 irradiated rods 0.6 0.6t02.4 0.5 10 1200 K
(3 Aug 1984) 2 fresh rods 1.9 10 1600 K
4 guide tubes
SFD 1-4 26 irradiated rods 0.6 0.6 to 1.26 0.36 10 1200 K
(7 Feb 1985) 2 fresh rods 1.4 10 1600 K

4 Ag-In-Cd control
rods in guide tubes

Cooldown Procedure

Reactor scram, 16 g/s reflood
increasing to ~30 g/s after 4 min.
Whole bundle at T, after ~.8 min.

Power reduction and associated
cooldown over 20 min. prior to
17 g/s reflood.

Power reduction and argon-
associated cooldown over at least
50 min.

Power reduction and argon-
associated cooldown over at
least 50 min.

a. Above ~.1500 K to 2000 K (depending on axial location) in SFD-ST, and about 1600 K in the other three tests, “e heating rate was exiremely rapid and driven by the metal-water

reaction.
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generation characteristics. To accomplish these
objectives, this report is structured as follows.
First, the SFD-ST and SFD 1-1 test data relative to
zircaloy oxidation and hydrogen generation are
presented, including an assessment of the on-line
thermocouple and hydrogen generation data, as
well as a summary of posttest metallographic
observations. Interpretation of the SFD-ST ar

SFD 1-1 data in terms of hydrogen source tern
issues, the principal focus of this report, is then

preserted, followed by a summary and conclu-
sions. Since a large body of SFD data related to
zircaloy-oxidation/hydrogen behavior has been
published in prior SFD Test Results chorts.w'l I
much of the peripheral data will not be reiterated
here. Rather, this report summarizes the principal
relevant findings from each test and their impact on
hydrogen source term issues. Supporting data from
other documents are extensively referenced

throughout this report.



SFD SCOPING TEST RESULTS

Test Conduct
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Figure 2. Axial view of the SFD-ST test train components.



Table 3. Nominal design characteristics
for SFD-ST

On-Line Hydrogen Data
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Figure 6 SFD-ST on-line in-bundle hydrogen generation behavior, adjusted for transport delay to the hydrogen

monitor.

esiimated from integration of the hydrogen monitor
data. The error in the hydrogen monitor measurement
can be attributed to a diminished sensitivity at high
H,/N, molar ratio, where nitrogen carrier gas at a con-
stant flow rate of 0.74 g/s was used to sweep gaseous
effluent from the separator into the measurement cell.
The low nitrogen flow rate diminished the meter sensi-
tivity to hydrogen during the period of peak oxidation,
i.e., bevond a test time of 200 min. Because of the
uncertainties in the hydrogen monitor data late in the
test, the metallographic results are considered more
reliable after 200 min. Before 200 min, the hydrogen
monitor data provide a reasonable time-dependent
indication of hydrogen generation. Integration of the
mass release curve during the first 200 min yields a
hydrogen release value of 113 + 10 g.'O

In addition to the on-line measurement of hydro-
gen release, a perspective of the overall time-
dependence of zircaloy oxidation for the SFD-ST
transient can be obtained from inspection of the
cladding thermocouple data.

Thermocouple Data

The cladding thermocouples provided reliable data
only up to about 200 min into the test. After 20 min,
most of the zircaloy-sheathed thermocouples shunted
and formed virtual or new junctions as a result of relo-
cation of molten material around the thermocouple
leads. A radially averaged temperature history for the
0.35-m, 0.50-m and 0.70-m elevations has been com-
puted from the qualified thermocouple data of the
instrumented fuel rods distributed throughout the bun-
dle. 10 These average temperature profiles are presented
in Figure 7 and are terminated when the signals
became erratic, indicating shunting. Inspection of the
measured cladding temperatures indicates that during
the first 190 min into the test transient fuel rod heatup
was governed by nuclear heating at a rate of about 0.1
10 0.2 K/s; at times greater than 190 min, heatup is
driven by oxidation. Prior to thermocouple failure,
heatup rates in excess of 3 K/s were measured.
Figure 7 also compares the average cladding and fuel
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centerline temperatures at the 0.7-m elevation. The six
instrumented rods containing fuel centerline thermo-
couples agreed within + 50 K with the cladding tem-
perature through most of the transient.

Summary of Posttest Bundle
Examination Data

Posttest examination of bundle geometric char-
acteristics and assay of zircaloy oxidation were also
conducted and are summarized here. The detailed
data are presented in Reference 10.

Bundle G~umetric Characteristics. Extensive
flow area blockage with a reduced zircaloy surface-to-
volume ratio may tend to diminish the overall hydrogen
production, so that this effect is of importance in the
assessment of the PBF-SFD test data.

Although posttest pressure drop measurements over
the bundle length and computerized tomographic
reconstruction of the degraded bundle give qualitative
information on the extent of flow area degradation, the
most reliable blockage data were obtained from post-
test metallographic examination. Nine cross-sectional
samples of the bundle were examined, located at
the 0.055-,0.145-,0.17-,0.245-, 0.270-, 0.395-, 0.495-,
0.825-, and 0.915-m elevations above the bottom of the
fuel stack. The 0.17-m sample, shown in Figure 8, was
found to exhibit maximum blockage.

As discussed in Reference 1€, definition of an effec-
tve brndle flow area from visual examination of end-
of-test metallographic cross-section samples is
complicated by the participation of the shroud liner
and insulation material in bundle reconfiguration.
Therefore, degradation of flow area was quoted in
terms of changes in the area within the saddles. In the
as-built geometry, the UO, fuel occupied 19.9% of the
intersaddle area, the cladding 6.3%, and the liner and
insulation 31.2%, leaving a flow area of 42.6% (of
which 0.8%% is associated with the rod gap spacci. Mea-
surement of the degree of flow area degradation within
the confines of the original inner liner was not possibie
due to oxidation and melt failure of the zircaloy inner
liner and fuel rod debris interaction with the ZrO, insu-
lation material. The percentage of flow area degrada-
tion within the liner was therefore taken as equivalent
to the percentage of blockage within the confines of the
saddle. Although this may not be totally satisfactory,
the alternative would involve unquantifiable judgment
as to that amount of a cross-section sample occupied
by fuel rod debris versus iner and insulation debris, as
well as judgment concerning interaction between these

13

two classes of bundle material. Based on this method-
ology, the residual flow area from metallographic
examination of the sample at the 0.17-m elevation was
found to be about 31.7% (see Ref. 10, Table 4), which
converts to a nominal posttest open flow area of
approximately 10.2 cm’. (The original bundle flow
area within the liner was ~.32.2 am?))

As will be shown later in this report, flow area blnck-
ages greater than 98% would be required to inhib't the
16-g/s steam flow through the SFD-ST degraded bun-
dle, which translates to a residual open flow area of less
than 0.65 cm?. Although uncertainties exist with
respect to the exact specification of a degraded flow
area based on posttest metallographic examination, the
metallographic data do not indicate such an extreme
blockage condition. The uncertainty of the nominal
degraded flow (10.2 cm?) area can be as much as
9.55 ¢m® without alteration of the conclusions regard-
ing blockage-induced flow diversion effects (see Analy-
sis section of this report).

It should also be noted that the blockage data
from cross-sectional examination yields informa-
tion only with respect tc the final reconfigured state
of the bundle. During actual testing, a different
transient blockage configuration most certainly
occurred as test depris relocated from higher to
lower bundle elevations. However, the extent of
flow area blockage during testing cannot be ascer-
tained, to any degree of accuracy, from the limited
on-line data available. For example, the on-line
pressure perturbations can be attributed not only to
an increase in flow resistance but also to enhanced
boiloff due to debris/coolant thermal interaction,
so that the individual contributions to increased
pressurization cannot be deduced with any degree
of certainty. The blockage data nevertheless should
give a reasonable estimate of the maximum extent
of blockage, since it presents a picture of cumula-
tive debris relocation for the entire experiment. For
these reasons, the posttest cross-sectional measure-
ment of material blockage is considered the best
available estimate of flow area degradation.

Bundle Oxidation Characteristics. [here were
several components in the test train that had the
potential to oxidize and release hydrogen, namely
the fuel rod cladding, the zircaloy saddle, the zirca-
loy inner liner, the end caps, the fallback barrier,
and the fuel. Table 4 presents the maximum possi-
ble I-li generation based on the available zirco-
nium. 10 The final column in Table 4 lists the extent
of oxidation of the various components estimated
from metallographic examination of the test debris.
The metallographic results were obtained from
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Zr0, and a-Zr(0) thickness measurements of zir-
caloy debris, where local sample measurements
were used to ascribe representative values over a
defined axial region of the bundle. Specific details
of these measurements are given in Reference 10.

A total hydrogen generation value of 220 g
(+40 g, -88 g) was assessed from this metalio-
graphic study, consisting of 172 + 40 g from oxi-
dation of zirconium components and an upper
limit of ~48 g from fuel oxidation. Figure 9
presents a composite plot of the on-line measure-
ment of hydrogen release up to 200 min and the
end-of-test metallographic results. Such a compari-
son indicates that approximately 113 + 10 g of
hydrogen were generated prior to 200 min, with the
remainder being gencrated at some unquantified
time after 200 min. This figure summarizes the
most reliable SFD-ST hydrogen generation data
that can be used for interpretation of test results.

A U-Zr-O metallic material can oxidize while in
both the solid and liquid state, releasing hydrogen
in the process. 12,13 |1 oxidation occurs for a solid
U-Zr-O metallic material, «-Zr(O) will transform
to ZrO, and the (U,Zr) alloy will transform to
(U,Zr)O,, where the two phases are distinguishable
in posttest micrographs. However, oxidation of
metallic U-Zr-O melt by steam will produce a
Zr0, + (U,Zn)0, solid solution which appears
homogeneous. Both types of oxidation products
were found in the posttest metallographic inspec-
tion of the SFD-ST debris.

Figure 10 illustrates the oxidation behavior of
previously molten metallic debris which froze in the
spacing between two ballooned cladding remnants
at the 0.495-m elevation. The previously molten
metallic melt is shown to have partially dissolved
the oxidized cladding (ZrO,). However, the previ-
ously molten, formerly metallic debris has been
transformed to a ceramic phase, indicating that it
was oxidized by steam, since complete metallic-to-
ceramic phase transformation can occur only by
steam-induced oxidation of the melt. This type of
oxidation of previously molten debris is mainly
evident in the lower regions of the bundle and is
associated with relocated metallic melt.

Evidence of oxidation of previously molten
metallic debris after it had solidified is shown in
Figure 11. One can recognize the initially oxidized
cladding with its typical columnar grain structure.
The cladding was in contact with melts both on the
outside and inside. The melt between the oxidized
cladding and the fuel partially caused pellet disinte-
gration. This metallic melt then solidified, forming
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pores of various sizes, and apparently was oxidized
later (in a solid state) by steam, as evidenced by two
distinguishable heterogeneous phases of ZrO, and
(U,Zr)O, near the pore surface.

In addition to oxidation of previously molten
Zr-O-U material, examination of the SFD-ST fuel indi-
cates UO, oxidation (o a hyperstoichiometric condi-
tion, which adds to the overall hydrogen generated via
the reaction UO, + xH,0 = UO, + xH,. Scan-
ning Auger Spectroscopy (SAS) of three SFD-ST
debris samples indicates an increase from as-fabricated
stoichiometric UO, , fuel to hyperstoichiometry in the
range of UO, , to UO, .. Figure 12 is a photomicro-
graph of the SFD-ST fuel remains, indicating a change
in fuel stoichiometry from initially UO,, to UO,
which dmnpows on cooling to form UO,, plus

U0, pmcxptmcs 4 Sream i ingress into the failed rods
is considered the cause of fuel oxidation. An upper
estimate of hydrogen generation by fuel oxidation was
presented in Reference 10, assuming that two-thirds of
the fuel oxidized to UO, ,, with a net contribution of
about 48 g hydrogen (see footnote d, Table 4). It is
interesting to note that preci Emla of U0, were also
found in the TMI-2 debris. !

Code-Predicted Oxidation
Behavior

Analysis of the SFD-Scoping Test was also per-
formed with the Severe Core Damage Analysis
Package (SCDAP);16 details of the calculations
performed for the SFD-ST experiment are pre-
sented in Reference 10. In this section, a summary
description is given of such predictions relative to
predicted czircaloy oxidation and hydrogen genera-
tion behavior. (No MAAP predictions for SFD-ST
are available.)

To predict the transient nature of oxidation and
attendant hydrogen generation, one must accurately
model the test sequence leading to coolant boiloff and
fuel rod overheating, as well as overall bundle thermal
hydraulics (pressure and geometry conditions, heat
sinks, heat sources, flow rates, etc.). Uncertainties in
inlet flow and bundle power characteristics are domi-
nant contributors to uncertainties in code predictions.
The SCDAP-predicted oxidation and hydrogen genera-
tion histories are therefore sensitive to the calculated
boildwn/fuel heatup .ransient, so that accurate mod-
eling of oxidation behavior and attendant hydrogen
release requires accurate modeling of the actual test
boildown and fuel rod heatup transient. Small differ-
ences between the predicted (SCDAP) and actual (test)
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was greatly underpredicted. About 25-40% of the
total hydrogen generation during the SFD-ST
experiment can be attributed to oxidation after the
initiation of zircaloy melting and relocation, a
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regime which is not easily characterized by code
models. The SCDAP calculation thus illustrates the
difficulties in predicting oxidation behavior once
rod geometry has been lost.
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SFD 1-1 TEST RESULTS

This section presents the overall SFD 1-1 test
conduct, bundle response with respect to system
conditions, fuel rod temperatures, measurements
of hydrogen production, and a summary of post-
test metallographic findings. SCDAP and MAAP
code analysis of bundle thermal-hydraulics and
oxidation behavior are also given.

Test Conduct

Test SFD 1-1, the second test of the PBF-SFD series,
was completed on September 8, 1983, This test was
similar to SFD-ST; however, because the SFD 1-1 test
was designed to simulate conditions of a small-break
loss of coolant accident (LOCA), it was run at a much
lower rate of makeup coolant flow (A0.64 g/s). As a
result, bundle oxidation was generally steam-starved
during most of the transient. (Steam siarvation calcula-
tions are given in Table A-2 of Appendix A.) In addi-
tion, the SFD -1 test was terminated by a slow
cooldown rather than by rapid bundle reflood. Details
of the test conduct and overall test behavior are pre-
sented in Reference 11,

The SED 1-1 test bundle geometry was similar to
the SFD-ST bundle except for the addition of a
bypass tube and temperature profile detector,
which were added to the corner regions of the bun-
dle. The temperature detector was intended to mea-
sure axial movement of a temperature front along
the bundle height; however, it failed during the test
so that no data were obtained from this device. A
bypass flow tube was introduced into the SFD 1-1
test train for the purpose of ensuring coolant flow
past the bundle should total blockage occur upon
relocation of molten test debris. The bottom of the
bypass tube was at the -0.105-m elevation and was
fabricated from ZrO,, with an ID of 4.75 mm and
a cross-sectional flow area of 0.177 ¢m?. Posttest
examination of the SFD 1-1 bundle, however,
revealed that the bypass tube was also destroyed
during the test.

After initial fuel preconditioning and power cali-
bration, the bundle was subjected to a high-
temperature transient leading to coolant boilof!
and exposure of the test fuel rods to steam, with
attendant high-temperature cladding oxidation.
Boildown was achieved by a reduction in water inlet
flow to approximately 0.64 g/s and power ramping
from ~8 to 35 kW, The test was terminated by a
gradual decrease in power; fuel cooldown was

ro
re

accomplished by the addition of argon gas, which
also purged fission products and hydrogen from
the bundle.

An overview of the thermal-hydraulic behavior of
the SFD I-1 test bundle is presented in Figure 15,
where bundle nuclear power, pressure, coolant mass
makeup flow rate, and in-bundlc liquid level are
shown. The two-phase liquid coolant level shown in
Figure 15 is based on fission chamber data. The gen-
eral temperature response of the SFD 1-1 bundle is
illustrated in Figure 1€ which shows the cladding tem-
perature of Rod 3F at the 0.35-m elevation (up to
2034 5) and the bundle fission power during the tran-
sient. The high-temperature transient was initiated at
720 s when the cladding temperature was about 800 K.
The bundic .uclear power was slowly increased to
maintain a bundle average heatup rate (as measured by
I8 cladding thermocouples) of 0.46 K/s up to
A~ 1300 K. At 1300 K, the bundle average temperature
ramp rate had increased to 1.2 K/s due to the exother-
mic oxidation of the zircaloy cladding by steam. When
the average bundle temperature had reached 1700 K at
about 1950 s, the temperature ramp rate had increased
to above 6.8 K/s. At about 2000 K (2034 s for
Rod 3F), the thermocouples failed, forming new junc-
tions at unknown lower locations so that further
temperature-clevation data are unreliable. The power
was held constant at ~.36.4 kW for 220 s before a
power decrease was begun at 2394 s,

Of particular interest to zircaloy oxidation and
hydrogen generation is the bundle boildown sequence
and zircaloy temperature history. Both the bundle inlet
makeup flow and the steam/two-phase interface level
were measured indirectly. Makeup coolant flow to the
bundle was provided by a positive displacement injec-
tion pump, which was calibrated to deliver 0.6 g/s. In
addition, bypass coolant was supplied to the outer
shroud region of the test assembly to ensure that the in-
pile test tube (1PT) was maintained at low temperatures
(535 K). The bypass flow was held constant at
263 L/s (1950 g/s). Leakage flow (-0.151t0
+0.45 g/s) from the IPT bypass coolant to the bundle
was detected prior to the transient during isothermal
sitbeooled conditions and when the bundle was parti-
ally filled with steam. It was not possible to determine
the source of the leakage However, a mass balance!!
of coolant flow through the test apparatus indicated
that the nominal flow through the bundle was
~A).64 g/s throughout the transient, composed of the
pump inlet flow (0.6 g/s) and an additional 0.04 g/s
presumed to be leakage. The estimated uncertainty in
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Table 5. Estimated mass of hydrogen
trapped in dead space above the
fallback barrier
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elevation.

temperatures, while the thermocouples were opera-
tional. A close examination of the fuel and clad-
ding temperatures for Rod 4B indicates that the
fuel temperature exceeded the cladding tempera-
ture by less than 5 K up to 1325 K. However,
between 1325 K and the temperature at which the
thermocouples failed, the cladding temperature
exceeded the fuel temperature by up to 50 K, indi-
cating an increasing oxidation rate.

Figure 21 presents the measured cladding tem-
perature response of the peripheral Rod 3F. The
onset of rapid heatup is indicated to have first
occurred at the 0.35-m elevation, then at the 0.5-m
elevation, and then at the 0.7-m elevation. Rapid
heatup evidently propagated upwards on the
periphery of the bundle. Cata from the middle row
(Rod 4B) also indicate that the onset of rapid
heatup started at lower elevations and moved
upwards. However, data from the inner row
(Rod 3D) indicate that rapid heatup began .\ the
bundle first at the 0.5-m elevation (at 1900 s) and
then propagated downwards. Thus, it appears that
rapid heatup began near the 1dial and axial center
of the bundle, propagating downwards and then
radially outwards and upwards through the outer
regions of the bundle. !
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Summary of Posttest Bundle
Examination Data

Posttest examination of bundle geometric char-
acteristics and assav of zircaloy oxidation were also
conducted and are summarized here. The detailed
data are presented in Reference 11.

Bundle Geometric Characteristics. Although
posttest pressure drop measurements over the bundle
length and computerized tomographic reconstruction
of the degraded bundle give qualitative information on
the extent of flow area degradation, the most reliable
blockage data were obtained from posttest examina-
tion of the bundle. Eleven metallographic cross-section
samples, at the 0.041-, 0.066-, 0.092-, 0.11-7, 0.232,
0.333-, 0.460-, 0.612-, 0.739-, and 0.879-m elevations,
were examined to assay for the extent of flow blockage.

Extensive saddle collapse necessitated that the
posttest assay of the extent of bundle reconfigura-
tion include allowance for saddle collapse. ldeally,
it would be desirable to distinguish between block-
age caused by saddle collapse and that due to relo-
cation of molten and solid fuel rod debris.
However, because of extensive bundle distortion,
this could not be done. The 0.066-m sample shown
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Figure 21. SFD 1-1 measured cladding temperatures on Rod 3F.

in Figure 22 was found to exhibit the lughest degree
of flow area restriction, with a total blockage area
of approximaiely 81.6 cm? inside the saddle,!!
where the pretest cross-sectional area occupied by
various test components (e.g., fuel rods, liner, insu-
lation) was approximately 86.5 ¢cm?. On this basis,
the residual posttest open area for coolant flow at
the 0.066-m elevation would nominally be 4.9 ¢cm?.
However, porosity was found in some of the
ceramic meli debris and insulation material, which
would increase secmewhat the open flow area if such
porosity were true flow channels rather than sealed
pores. Neglecting porosity effects, the metallo-
graphic data indicate a minimum flow area of
about 4.9 ¢cm?.

As mentioned in the discussion of the SFD-ST
blockage data, although uncertainties exist with respect
to the specification of a degraded fiow area based on
posttest metallographic results, such uncertainties do
not alter conclusions regarding steam flow through the
degraded SFD 1-1 bundle. Steam venting calculations
presented in the Analysis section of this report indicate
that a flow area blockage in excess of 98% (residual
flow area of ~0.65 cm?) would be required to inhibit
the 0.64-g/s flow through the degraded SFD 1-1 bun-
die. Thus, the uncertainty of the nominal degraded
flow arca can be in the range of 4.9 + 4.25 cm’ with-
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out alteration of the conclusions regarding blockage
effects on flow stagnation.

Bundle Oxidation Characteristics. There were
several components in the test train that had the
potential to oxidize and release hydrogen during
the transient, namely the fuel rod cladding, the zir-
caloy saddle, the zircaloy inner liner, the end caps,
the fallback barrier, and the fuel. As indicated in
Reference 11, large uncertainties exist in the PIE
estimate of hydrogen generation. Estimates of total
hydrogen generation from these components are
given in Table 6. The first column presents the
maximum possible H, generation based on the
available zirconium, while the second column lists
the extent of oxidation for the various components
estimated from posttest metallographic examina-
t.on of the test debris.

As indicated, oxidation of zircaloy in ihe relo-
cated previously molten debris can be an important
contributor to the overall hydrogen geners.ion
process, vielding about half the total based » »on
extrapolation of the metallographic data. The tact
that most of the oxidized previously molten debris
was found in the lower regions of the bundle is indi-
rect evidence that previously molien relocated
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Table 6. Potential sources of hydrogen generation and metallographic results for Test
SFD 11

Hvdrogen Generation

(2)
Metallographic
Source Upper Limit Estimate
Intact cladding 155 37.0
Oxidized melt< 50.1
Upper end caps 12 B
. I
Lower -,'5:\1\.|[‘~' 21 0.0
Shroud inner liner* 73 12.3
Lead carriers 6 0.0
Shroud saddle* 593 1.6
1
Fallback barrier¥ 22 0.0
Total RRD 103.5
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zircaloy can be a significant contributor to overall
hyd:cgen generation.

Figure 23 illustrates some of the principal obser-
vations concerning SFD 1-1 melt debris oxidation.
Shown is the metallography of a rod stub (Rod 6D)
embedded in previously moiten relocated debris at
the 0.117-m elevation. The U0, fuel pellet appears
to be partially dissolved by previously molten
ceramic (U,Zr)O, material, sandwiched between
the fuel and still-intact completely oxidized clad-
ding. Since molten a-Zr(O) cannot completely
reduce UO, to form a ceramic (U,Zr)O, phase, the
molten material inside the cladding must have been
partially oxidized by stea n ingress. Outside the
intact cladding is anothes lay  of previously mol-
ten ceramic material. " he oxi lized cladding rem-
nant indicates partial chemics attack at the outside
surface by the previously molten material. Since a
ceramic (U,Zr)O, material would not dissolve
Zr0,, the partial dissolution of the ciadding rem-
nant is evidence that the molten debris must have
initially been a metallic that began to attack the
oxidized cladding and then was subsequently oxi-
dized in place by steam. Both the previously molten
ceramic phase inside and outside the cladding are
perforated with pores, which would have allowed
for steam ingress and oxidation of the previously
molten material. This type of oxidation of previ-
ously molten debris is mainly evident in the lower
regions of the bundle and is associated with relo-
cated metallic melt. Further observations relative to
overall SFD 1-1 bundle oxidation behavior are pre-
sented in Reference 11. Additional insight into
bundle events affecting hydrogen generation was
also obtained by test simulation using the SCDAP
and MAAP codes.

Code-Predicted Oxidation Behavior

Analysis of the SFD 1-1 test was also_pcrformcd
with the SCDAP 6 and IDCOR-MAAP7: 17 codes.
Here, a summary description is presented of such
predictions relative to oxidation and hydrogen
vehavior.

SCDAP Predictions. In an attempt to decouple
SCDAP code-predicted oxidation behavior from
thermal-hydraulic modeling uncertainties, the
measured coolant level shown in Figure 15 was
used as a code input parameter. (Additional coding
input parameters and assumptions are discussed in
Reference 11.) Comparison plots of the measured
and SCDAP-calculated cladding temperatures are

shown in Figure 19 for the 0.35-, 0.50-, and 0.70-m
elevations. A summary of comparative results is
given in Table 7, which indicates that the SCDAP-
calculated heatup rate up to 1300 K was about 10%
higher than the measured heatup rate. The SCDAP-
calculated heatup rate from 1300 to 2000 K, how-
ever, was about 36% lower than measured.

As discussed in Reference 11, uncertainties in the
actual timing and magnitude of the hydrogen genera-
tion rate and the axial distribution of oxidation in the
bundle prevent a quantitative assessment of the oxida-
tion and hydrogen generation models in SCDAP.
Therefore, SCDAP results are limited to integral com-
parisons between the measurements and the calcula-
tion. The total hydrogen production predicted by
SCDAP was 89 g. This value is greater than the collec-
tion tank value of 64 + 7 g. The SCDAP analysis pre-
dicted a hydrogen production of 89 g, which is about
40% greater than the nominal collection tank value
(considered to be the most accurate data for SFD 1-1).
The overprediction of hydrogen production by
SCDAP was probably caused by an overprediction of
cladding temperatures during heatup. In addition,
actual hydrogen generation during the later stages of
the test may have been reduced by bvpass of the steam
around some of the bundle, due to partial flow block-
age in the lower bundle region. Channeling of the
steam through only part of the bundle would tend to
decrease the overall hydrogen production.

The metallographic data indicate essentially com-
plete zircaloy oxidation of the blockage reeion.
Although the SCDAP simulation overpiedicts total
hydrogen production for the SFD 1-1 test, it underpre-
dicted oxidation of relocated debris by a factor of two
and overpredicted oxidation in the upper intact regions
of the bundle. Although these two effects tend to can-
cel each other, the actual SFD 1-1 bundle oxidation
characteristics were not well modeled by SCDAP once
loss of geometry occurred. This was also the case for
the SCDAP prediction for the SFD-ST experiment.

MAAP Predictions. The MAAP (Modular Acar-
dent Analysis Program) severe accident analysis
codz” has been developed as part of the IDCOR
Program. Separate models were developed for
BWR cores with canned fuel assemblies versus
open lattice PWR geometry. The generalized
models are shown schematically in Figure 24. The
MAAP zircaloy oxidation model is governed by the
Cathcart-Pawel equation for zircaloy temperatures
less than 1850 K and the Baker-Just equation for
higher tempera<ures, which would produce similar
initial oxidation behavior as SCDAP. However, an
important assumption of the MAAP-BWR code is
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Table 7. Comparison of measured and SCDAP-calculated results
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ANALYSIS OF THE SFD-ST AND SFD 1-1
HYDROGEN GENERATION DATA

As mentioned in the Introduction, the principal out-
standing issues related 10 in-vessel hydrogen generation
under severe accident conditions concern high-
temperature oxidation behavior, specifically the influ-
ence of zircaloy melting and fuel dissolution on
oxidation and fuel bundle reconfiguration effects
which may divert steam flow from the degraded bundle
and alter hydrogen generation characteristics. These
issues are discussed here in the context of findings
noted from analysis and interpretation of the SFD-ST
and SFD 1-1 test data. First, however, a brief overview
of hydrogen source term issues is presented.

Perspective on Hydrogen Source
Term Issues

The major in-vessel source of hvdrogen genera-
tion is due to the reaction oi zircaloy cladding with
steam. To a lesser degree, oxidation of stainless
steel and fuel to a hyperstoichiometric condition
can also add to the total hydrogen produced. This
renort primarily concerns zircaloy oxidation,
which is governed by the foilowing chemical equa-
tion:

k

D
v

2H,0 (steam) + Zr = 2H, + Zr0O, + 6700 §/g-Zr (1

where k;- is the reaction rate constant. For each mole of
zircaloy oxidized, two moles of hydrogen are generated
and a significant amount of reaction heat 1s released
(6700 1/g-Zr or 305 kJ/g-O at 1900 K'8). The T™I-2
inventory of zircaloy cladding (~.23,000 kg) can be
used to illustrate the energetics and hydrogen genera-
tion characteristics of this reaction. Assuming 50%
conversion of zirconium to Zr(),, the reaction heat lib-
erated is

Qe UISE+6)(63E+31/g) = T25E+10) )

while the corresponding amount of hydrogen
generated? is

a. Estimates of the total hydrogen mass generated during the
T™MI-2 accident range berween 450 to 580 kg.

LLLEV

e-zr \ [2mole-H, [ 2¢H,
T PP 5~ § T febomacatod doae B B
91 g-Zi mole-Zr mole-H,

S06 kg

Because of the potentially large quantity of
hydrogen that can be produced and the fact that the
reaction heat accelerates core degradation, an
understanding of in-core processes affecting zirca-
loy oxidation is of prime importance. The overall
oxidation process is not only affected by chemical
kinetics considerations, but also by the availability
of steam, the zircaloy surface-to-volume ratio
effects, and thermal-hydraulic conditions.

During the early intact-rod geometry phase of
the accident, zircaloy oxidation is reasonably well
understood. The isothermal reaction process can
be expressed in terms of parabolic kinetics, where
the mass of zirconium reacted per unit surface area
(W) is proportional to the square root of time, i.e.

0.5
W (Lpl) 4)
where
t = time,s
k, = parabolic Kinetics,

(mg-Zr reacted/cm?)/s.

Such parabolic Kinetics are governed by the oxygen
diffusional characteristics, so that the rate constant
k_ (analogous to the diffusion coefficient) can be
c;&prcswd in terms of the temperature-dependent
diffusional properties of the ZrO, surface layer and
the oxygen conceniration conditions at the expo-
sure surface and the ZrO,/a-Zr(O) interface.

The tzmperature-dependence of k, can be
described by the Arrhentus equation of the form

kr = A exp(-Q/RT) (5)
where

A = scaling ¢r 1stant

Q = activatio energy

R = the universal gas constant.
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Table 8. Arrhenius correlations for the parabolic rate constant
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Figure 27. Comparison of parabolic growth-rate constants for oxide-layer growth.
saturaiion limit (i.e., less than 30 mol.% oxygen), it accelerated. Once a-Zr(O) reaches its saturation limit,
should partially dissolve ZrO,. As the thickness of the dissolution of ZrO, terminates and oxidation kinetics

ZrO, layer is reduced, oxidation kinetics would be would be controlled by the growth of the ZrO, layer.

Table 9. Thermophysical properties of zircaloy claddingzs

____Properties Alpha-Zircaloy Beta-Zircaloy 40,
Density@ 6.49 6.44 5.82
(2/cm’)

Specific heat 375 650 604.8
(J/kg-K)

Thermal ~onductivity? 19.6 28.5 2.2
(W/m-k)

Laten: heat of fusion 2.25E+5S 2.25E+5 7.06E + 5
(J/kg)

Melting point (K) - S0 2125.0 2950.0
Boiling point (K) —_ 3853.0 4548.0

a. For solid zircaloy at roor; temperature
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Table 10. Arrhenius equations for oxygen diffusivity in zircaloy

Oxygen l?iffusion Diffusivity (D) Temperature
Coefficient > (cm?/s) __Range(K) _Reference
Alpha-zircaloy 0.196 exp (-41,006, RT) 1273 <T <1773 Mallett
et al
3.923 exp (-51,000/RT) 1273 <T <1777 Pawel
0.0661 exp (-44,000/RT) 563 <T <923 Ritchie/
Atrens
16.5 exp (-54,000/RT)? 923 <T <1773 Ritchie/
Atrens
Beta-zircaloy 0.0453 exp (-28,000/RT) 1273 <T <1773 Domagala/
McPherson
0.0263 exp (-28,000/RT)? 1273 <T <1773 Perkins
Zr0, 2.88 x 10 exp (-28,000/RT) 873 <T <1123 Rosa/Hagel
0.1387 exp (-34,680/RT)3 1274 <T <1777 Pawel
0.9 x 10 exp (-28,700/RT) 600 <T <743 Smith
a. Preferred ~xpression when several correlations exist for the same temperature range
.4
m L} A A v - v r Ll > " L Al LS " v v
ﬂ"_‘..
.a-""” ..... i
-— ’. ’.0”.‘"-_ o il
{ 10 i ",/"'
o~ ./
o
£ -
Z 10°
>
B
=
-7
§ 10
B
o 10
m" A i L A i i i i " 1 i i i 1 i A
1400 1600 1800 2000 2200
Temperature (K) P383 ST-0228-08

Figure 28. Temperature-dependence of the oxygen diffusivity in a-Zr(O} and ZrO, (Reference 2.
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Figure 32. Comparison of the SED 1-1 thermocouple and on-line H, generation data, to assess H, partitioning
before and after the initiation of « -Zr(0)/UO, eutectic melting at 2170 K.

experiments and the measurement of hydrogen
release from the entire bundle, this could not be
accomplished. Rather, it was only possible to assess
(from thermocouple data) when zircaloy melting
first occurred at some location in the bundle and
then partition H, generation before and after that
time. Nevertheless, such a comparison does relate
to the IDCOR arguments presented in
References 6, 7, and 17 for cutoff or diminished
hydrogen production in BWRSs upon the onset tem-
perature (2170 K) for molten «-Zr(O) dissolution
of UO,. The SFD data indicate that a significant
amount of hydrogen generation occurred after
2170 K was reached at some location in the bundle.

The on-line indication of continued H., generation
after the onset of zircaloy melting is corroborated by
posttest metallographic evidence of significant oxida-
tion of previously molten zircaloy test debris. Metallo-
graphic examination of the SFD-ST bundle shows clear
evidence of extensive molten zircaloy formation and
oxidation of such melt. The microstructures were com-
pared to well defined out-of-pile separate-effects
microstructures to determine material composition
and temperatures required to form the various types of
metallic and ceramic debris found. Essentially com-
plete oxidation of previously molten metallic debris to
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a ceramic state was observed from inspection of the
SFD-ST test debris. Steam-induced oxidation is con-
sidered to be the principal cause of transformation of
previously molten zircaloy-bearing metallic debris to
ceramic debris. Posttest metallographic inspection of
the SFD 1 1 test debris also corroborates the on-line
data for <ignificant oxidation of previously molten zir-
caloy. N etaliograpaic assay of the SFD 1-1 bundle
indicates that in excess of 50% of the total hydrogen
generated in the SFD 1-1 test can be accounted for by
oxidation of previously molten zircaloy-bearing debris.
Such metallographic data clearly demonstrate that oxi-
dation of relocated material is a significant contributor
to the overall H, source term.

Fuel Bundle Reconfiguration Effects in BWRs. |t
has been proposed by IDCOR that, for canned BWR
fuel assemblies, zircaloy clad melting and loss of rod
geometry will lead to liquefied fuel-clad material
slumping and bundle blockage.” Pressure buildup in
the degraded BWR fuel assemoly is then postulated to
cause diversion of coolant flow to adjacent assemblies,
as illustrated in Figure 30. Hydrogen production in the
degraded fuel assembly is thereby substantially reduced
or terminated in the IDCOR MAAP-BWR code.” The
validity of this hypothesis hinges on two key



assumptions: (a) a high degree of flow area blockage
so that steam pressure buildup below the blockage zone
results in coolant diversion, and (b) the channel walls
remaining intact so as to inhibit cross-flow communi-
cation between fuel assemblies. The SFD-ST and
SFD 1-1 test data are examined here relative to these
LWO assumptions.

Bundle Blockage/Coolant Diversion. Posticst
examination of the SFD-ST and SFD 1-1 test bundles
revealed that the maximum flow constriction occurred
in the lower region of the bundle as a consequence of
freezing of previously molten relocated test debris. As
previously noted, posttest assay of the degree of flow
area blockage yields information only with respect to
the final reconfigured state \ / the bundle. During
actual testing, a different bundle configuration existed
as test debris relocated from higher to lower bundle
elevations. Likewise, volume contraction on the order
to 5 to 20% can be expected upon debris solidification.
Thus, the posttest degree of flow area blockage is not
necessarily that which existed during testing. However,
the extent of flow area blockage during testing cannot
be ascertained to any degree of accuracy from the lim-
ited on-line data available. The end-of-test blockage
data nevertheless should give a reasonable estimate of
the maximum extent of blockage, since it presents a
picture of cumulative debris relocation for the entire
test. Also, the effects of porosity within resolidifed
debris, which compensate somewhat for volume
shrinkage effects, were not included in the posttest
assay of residual open flow area. For these reasons, the
posttest cross-sectional measurement of blockage is
considered the best available estimate of flow area
reduction. A nominal minimum posttest flow area of
10.2 ¢em? for SFD-ST and 4.9 cm® for SFD 1-1 was
found, compared to the nominal flow area of 32.8 cm?
for the intact bundle.

The question then centers on whether such partial
blockages would result in bundle pressurization
sufficient to induce significant flow diversion for true
BWR geometry. Although in actuality no parallel path
for flow diversion existed in the single-bundle SFD
experiments, nevertheless one can assess if the degrada-
tion of test-bundle flow area would be sufficient to
cause bundle pressurization and flow diversion to adja-
cent channels, Yad a parallel flow path been present.

An estimate of the differential pressure necessary to
force steam flow through the blockage orifice illus-
trated in Figure 33 can be assessed from consideration
of the compressible isentropic flow equations, where
the mass flow rate per unit area for subsonic conditions
can be expressed as:
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where
A, = minimum flow area, cm’
g = conversion factor, g cm/s’ dyne
7 = isentropic exponent = C,/C,
P, = upstream pressure, dynes/cm?
P, = downstream pressure, dynes/cm?
p, = upstream density, g/cm’.

Inspection of the above equation indicates that
the steam flow rate through the blockage orifice
(A,) is governed by the upstream and downstream
pressures, the downstream density, and the isentro-
pic exponent. An evaluation of the steam {low
capacity (Equation §) is assessed in Appendix A
(Table A-3) at various differential pressures. yield-
ing the following results:

AP
S T s e R T s m/A,
psi dynes/cm (g/cm?s)
5 345 E - 05 157
2 1.38E - 0§ 100
1 0.69E + 05 70
0.1 0.69E + 08 22

Since the posttest indication of the minimum
open flow area for the degraded SFD-ST bundle is
10.2 cm?, the steam venting capacity through the
blockage region at AP = 1 psi is 2stimated to be
approximately 714 g/s. Since the nominal steam
production rate for the SFD-ST experiment was
only 16 g/s, it can be seen that a differential pres-
sure of less than 1 psi is more than sufficient to
cause continued steam venting through the par-
tially blocked SFD-ST bundle. By equating the sub-
sonic mass flow rate to the SFD-ST nominal steam
production rate of 16 g/s, the blocked flow area
(A,) needed to accommodate this steaming rate can
be assessed. Calculations indicate that flow area
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Figure 33. lustration of isentropic compressible flow through a blockage orifice.

blockages in excess of 98% would be required to
cause any appreciable pressurization (>1 psi) at
the inlet of the degraded SFD-ST fuel bundle.

Similar results are estimated for the SFD 1-1 test.
Noting that the posttest indication of the minimum
flow area for the degraded SFD -1 bundle was
4.9 ¢m?, the steam venting capacity at AP = 1 psi
is on the order of 343 g/s. Since the nominal steam
production rate for the SFD -1 test was 0.64 g/s, a
4.9-cm? flow area is more than adequate to accom-
modate continued steam venting through the par-
tially blocked bundle. Again, calculations indicate
that flow area blockages in excess of 98% (nominal
flow area = 32.2 ¢cm?, blockage flow area = 0.32
t0 0.64 ¢cm?) would be required to cause appreciable
pressurization of the SFD 1-1 bundle. Although
some uncertainty exists relative to the specification
of a degraded flow area from posttest metallo-
graphic examinations, such extreme blockage con-
ditions are not justified from the available data for
either test.

Figure 34 compares the nominal flow arca of the
intact bundle (A, = 32.8 cm?), the posttest flow areas
in the maximum blockage region of the degraded
SFD-ST and SFD 1-1 fuel bundles, and the flow area
of the effluent line used to vent steam froin the bundle
to the effluent collection and monitoring system. Since
the inside diameter of the steamline is 0.643 cm, its
flow area (0.324 ¢cm?) is small compared to that of the
bundle itselt, Clearly the smaller flow area of the off-
gasing steamline (or flow control valve) would have
governed choked flow conditions, rather than the
larger flow area of the partial blockage regions of the
degraded SFD-ST and SFD 1-1 test bundles. However,
no such choking occurred, as indicated by either the
SFD-ST or SFD 1-1 pressure data.

Recently it has been argued-u’ that the absence of a
parallel flow path in the PBF-SFD tests prevented sta-
ble blockage formation. By contrast, for whole-core
BWR geometry it is postulated that downward melt
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debris relocation will result in debris plugging of the
entire fuel assembly flow area, with subsequent surface
or crust solidification, which will effectively seal the
bundle from further oxidation. In the analysis, it is
assumed that a BWR fuel assembly is first completely
blocked. Pressure buildup below the refrozen blockage
crust is then calculated and compared with the growth
rate for crust buildup. Since a BWR core incorporates
parallel flow path geometry, pressure relief below the
blockage crust is postulated to occur by diverting water
to adjacent fuel assemblies, so that stable blockage is
predicted to occur. Due to the absence of a parallel flow
path for pressure relief in the PBFSFD tests, it is
argued that crusi breakup will occur which effectively
excludes permanent blockage formation.

The validity of these arguments hinges primarily
on the assumed initial condition that the coolant
channel is first blocked. If this were not the case,
then a flow path would exist for continued steam
flow through the bundle and attendant continued
oxidation above the blockage region. The primary
question centers on whether or not downward melt
debris relocation will spread across the entire fuel
assembly and completely block the flow area, or
whether the debris will relocate and freeze in an
asymmetrical incoherent manner, allowing for flow
channels and continued steam venting through the
degraded bundle.

A first-principles assessment of the geometric condi-
tions for transient melt relocation and solidification in
bundle geometry is difficult to predict, due in part to
the coupled hydrodynamic and solidification heat
transfer aspects of (he problem, as well as the difficulty
of defining a generic set of boundary conditions. Like-
wise, non-uniform asymmetric conditions which com-
plicate the analysis may occur. These difficulties aside,
an order-of-magnitude assessment of the potential to
form flow channels in the meit can be made by
consideration of the hydrodynamic aspect of
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Figure 34. Comparison of flow area degradation in the SFD-ST and SFD 1-1 test bundles.

downward flowing liquid zircaloy exposed to upward
steam flow.

Figure 35 illustrates the problem of counter-
current flow in which a film of zircaloy mel: debris
is subjected to gravity-induced drainage and an
upward directed shear stress caused by steam flow.
As the steaming rate increases, liquid waves appear
at the film interface. Eventually the flow becomes
chaotic, and liquid droplets will break off the sur-
face. This condition is known as flooding. For
counter-current liquid-gas flow, the flooding veloc-
ity (V,) can be expressed as:37

Ve = 8D, (o, -p)/0) i~ 8D 0/0)" O
where
D, the equivalent channel diameter, cm
P the gas density, g/cm’
p, = the liquid density, g/cm’
g = the gravitation constant, 980 cm/s?,

To assess the diameter of the flow channe! at which
the onset of flooding will occur in terms of the gas
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flow conditions, the continuity equation is applied,
i.e.,

m=p AV, = er\',DgM (10)
wherem s the mass flow rate, A, is the flow area,
and V, is velocity. Combining these equations
vields the following expression for the channel
diameter at which liquid film breakup will occur

3 (n
(7)” pr1og8

Table A4 of Appendix A presents results for the
SFD-ST and SFD 1-1 test conditions. For the SFD-ST
nominal steam flow conditions of 16 g/s, an equiva-
lent flow diameter (D) of less than 1.126 ¢cm is calcu-
lated to result in floeding-induced breakup of the melt
debris, where the associated flow area (A)) is
~A0.996 ¢cm? and the flooding velocity (V,) is 446 ¢m /s
For comparative purposes, the nominal open flow arca
of the undegraded bundle is 32.8 cm?, while the sonic
velocity of steam at a temperature of 1500 K is approx-
imately 800 m/s. For the SFD-ST flow rate of 16 g/s,
the onsxt of flooding and attendant breakup of a
draining Yiquid film geometry is thus predicted at a fac-
tor of 30 reduction in flow area, with the attendant
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inner liner indicate that approximately 39 g of
hydrogen were generated from liner oxidation,
compared to a maximum possible ot 73 g for com-
plete liner oxidation to ZrO, (see Table 4). The
highest degree of liner oxidation occurred above
the maximum blockage e!zvation (0.17 m) as deter-
mined from oxide layer thickness measurements
(see Ref. 10, Table 5). Extensive liner failure was
also noted at essentially ali axial locations along the
axial length of the bundle.

Figure 40 presents metallographic cross sections of
the SFD-ST bundle at two axial elevations, indicating
extensive liner failure at both sample locations. Posttest
metallographic examination of the SFD 1-1 bundle at
the elevation of maximum blockage (0.066 m) likewise
showed extensive interaction between previously mol-
ten test debris and the zircaloy liner.!! At the 0.066-m
cross section, the liner adiacent to fuel rods was essen-
tially completely oxidized. Figure 41 indicates that dis-
solution of the oxidized liner occurred at the inner
surface by atiack of previously molten metallic melt.
At several circumferential orientations at the 0.066-m
elevation, the liner material showed melt failure or was
missing (see Figure 22). Oxide layer thickness measure-
ments over the entire bundle length indicated that a
total of 12.3 g of hydrogen was generated from liner
oxidation, out of a possible maximum of 73 g (see
Table 6). Failure of the SFD 1-1 liner was noted at
essentially all axial elevations.

The implications of the SFD-ST and SFD 1-1 test
data are that survival of a BWR zrcaloy channel box
cannot be assured, which would largely negate the
assumption of segregated BWR assembly geometry
upon which the IDCOR-BWR blockage/flow diver-
sion arguments hinge. As illustrated in Figure 42, fail-
ure of a BWR channel wall would tend to reestablish
flow through a blocked bundle and allow for continued
oxidation of rod stubs above the blockage region.
Although differences in test conditions and accident
sequences can lead to different boiloff and cladding-
versus-channel-box oxidation behavior, the fact that
the thickness of a typical BWR zircaloy channel box
(80 to 100 mils) is only about two to three times that of
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the fuel rod cladding indicates that a BWR channel
wall may indeed experience failure under severe acci-
dent conditions, as the SFD data indicate.

It should be also be noted that recent experimen-
tal studies? have becn performed to investigate
BWR control rod behavior for severe accident
coolant-boiloff conditions. Results indicate early
failure of the stainless-steel clad B,C cruciform
control rods due to B-Fe eutectic melting at about
1520 K (1250°C). The resultant iron-rich melt was
also found to dissolve the zircaloy channel box by
Fe-Zr eutectic melt formation at about 1570 K
(1300°C), providing yet another means for channel
box failure.

In summary, the analysis of the SFD-ST and
SFD 1-1 test data with respect to the effects of loss
of rod geometry on potential flow diversion for
BWR conditions indicates that essentially complete
flow area blockage (>9%%) would be required to
cause choked flow and bundle pressurization. Such
extreme blockage conditions are not supported by
the SFD bundle examination results. Analysis also
indicates that counter-current steam flow may tend
to cause hydrodynamic breakup of relocating mol-
ten zircaloy, which may prevent complete flow area
blockage of the fuel assembly or induce asymmet-
ric melt drainage conditions. Likewise, asymmetric
bundle heatup conditions were noted, which may
induce incoherency of zircaloy melting and debris
relocation. Evidence was also presented indicating
that oxidation-driven heatup of a BWR assembly
channel box can be expected to follow closely that
of the fuel rod cladding so that channel box sur-
vival cannot be assured. These findings therefore
call into question the IDCOR-BWR contention
that cladding melting and attendant loss of rod
geometry result “a priori” in blocked BWR fuel
assemblies with intact channel box walls, with cool-
ant flow diversion from the degraded assembly and
termination of hydrogen production. Further dis-
cussion of the implications of the SFD-ST and
SFD 1-1 test data on severe accident hydrogen gen-
eration source term issues is given in Reference 41.
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SUMMARY AND CONCLUSIONS

The overall objective of the PBF-SFD test series
was 1o contribute to the understanding of IWR
severe accident behavior, with particular emphasis
on fuel degradation behavior, hydrogen genera-
tion, and fission product release. In this report, the
SFD-ST and SFD 1-1 data relative to zircaloy oxi-
dation and hydrogen generation were presented,
and implications to the understanding of in-vessel
processes affecting hydrogen generation under
severe accident conditions were assessed. The prin-
cipal findings can be summarized as follows.

During the intact-rod geometry phase of the test,
zircaloy oxidation is reasonably well understood.
Within the uncertainties of test boundary condi-
tions (e.g., coolant liquid level, bundie nuclear
power, shroud heat losses), cladding temperatures
as predicted by SCDAP using parabolic oxidation
kinetics were in reasonable agreement with the
SFD-ST and SFD 1-1 thermocouple data. The
cladding thermocouples were sheathed in zircaloy
and could accurately measure temperatures only up
to about 2200 K before they failed. At about the
same temperature, «-Zr(O) melting and dissolution
attack of UO, (2170 K) will commence, so that oxi-
dation behavior of zircaloy melt must be deduced
from less-certain on-line hydrogen collection and
posttest metallograpnic data. Measurement uncer-
tainties and loss of rod geometry complicate the
interpretation of test behavior after temperatures
of ~2170 K are reached. Nevertheless, the on-line
hydrogen generation and posttest metallographic
data indicate some common observations for both
the SFD-ST and SFD 1-1 tests.

In both experiments, posttest metallographic
examinations revealed that previously molten
metallic debris oxidized by reacting with steam dur-
ing and following melt debris relocation. A com-
parison of the on-line hydrogen release and clad
thermocouple data also indicate continued and sig-
nificant hydrogen generation after cladding tem-
peratures in excess of 2170 K had been achieved.

Test specific data are summarized in .able 11. The
large difference in the total amount of hydrogen gener-
ated for the SFD-ST and SFD 1-1 tests is attributed to
differences in steam supply conditions. For the steam-
rich SFD-ST environment, significantly more hydro-
gen was generated as would be expected.
Metallographic data indicated extensive evidence of
oxidation of previously molten, zircaloy-bearing
debris. Fuel oxidation was also evident from metalio-
graphic examination of the SFD-ST fuel debris. No

fuel oxidation was observed, however, for the steam-
starved SFD 1-1 test.

With respect to in-vessel processes affecting the
hydrogen source term for severe accident condi-
tions, the SFD-ST and SFD 1-1 data indicate the
following trends. Concerning the issue of oxidation
behavior after the onset of zircaloy melting and fuel
dissolution (2170 K), posttest metallographic data
indicate significant oxidation of previously molten
zircaloy in both the SFD-ST and SFD 1-1 tests.
Likewise, a comparison of on-line hydrogen release
and cladding thermocouple data indicates signifi-
cant hydrogen production after the temperature for
Zr/UQ, eutectic melting (2170 K) was achieved.
For Test SFD-ST, 25-40% of the total hydrogen
produced is estimated to have occurred after a tem-
perature of 2170 K was reached in the test bundle.
For the SFD 1-1 test, approximately 85% of :he
total hydrogen generated is indicated to have
occurred after onset of eutectic melting. Thus, the
on-line hydrogen release and posttest metallo-
graphic data are consistent and indicate continued
oxidation of molten zircaloy bearing test debris.
Arguments for cutoff or significantly diminished
hydrogen generation upon zircaloy melting and
fuel divsolution are not supported by the SFD-ST
and SFD 1-1 test data.

The difference in partitioning of H, generation
betweer the two tests (60-75% before 2170 K for
SFD-ST and 15% before 2170 K for SFD 1-1) is
largely related to steam supply conditions. For the
steam-rich SFD-ST experiment, oxidation over the
entire bundle occurred during heatup. For the steam-
starved SFD 1-1 test, oxidation was limited to a local
region of the bundle during initial heatup, leaving a
large portion of zircaloy relatively unoxidized after
2170 K was reached, and thus available for later oxida-
tion. Since the SFD 1-1 steam supply conditions are
more typical of what would be expected for decay-
heat-induced core boiloff conditions, the hydrogen
partitioning for SFD 1-1 is considered more typical of
what can be expected for small-break-1OCA-initiated
severe accidents.

With respect to melt debris relocation/blockage/
coolant < version effects in BWRs, analysis of the
SFD-ST and SFD 1-1 test data indicates that essen-
tially complete flow area blockage ( >98%) would be
required to cause choked flow and bundle pressuriza-
tion. Such extreme blockage conditions are not sup-
ported by the on-line data or posttest bundle
examinations. Analysis also indicates that



Table 11. Wmm«mmwmmmwmm
PBF SFD-ST and SFD 1-1 experiments

Parameters Source of Data or Analysis SFD-ST SFD 1-1
Test environment -Nominal makeup flow ~16 g/s (steam rich) ~0.64 g/s (steam starved)
-Nominal heating rate ~0.13K/s ~0.30t00.9K/s
-Measured oxidation-driven
heat rate above 1700 K >3K/s >6.8K/s
Hydrogen -Hydrogen monitor data 375 + !40 g 73g
generation -Collection tank data Not available 64 +7¢g
-Metallographic data (total) 220 ¢ 103.5¢
Zircaloy cladding 112¢g 5s
Other bundle zircaloy 60 g 66.5 g (includes melt)
vo, 48 ¢ 0
Metallurgical findings -Meiallographic data Essentially complete Es;entjally comp!cte
on zircaloy oxidation oxidation of previousl:’ oxidation of pmnou;ly
characteristics molten zircaloy debris molten zircaloy debris
High degree of
oxidation Partial oxidation of

-Comparison of cladding
thermocouple and H,
generation data

Pastitioning of H,
generation relative

to onset of zircaloy
melting/fuel
dissolution at 2170 K
Bundle -Flow area of intact bundle
reconfiguration
characteristics -Metallographic examination

minimum flow area

of still-intact zircaloy
cladding

Partial oxidation of fuel
to a hyperstochiometric
condition (U,0y +
uo,,)

~.25-40% after onset of
Zr/U0, dissolution

~32.8 cm?

~10.2 em?

still-intact zircaloy
cladding

No fuel oxidation

~.84-86% after onset of
Zr/UQ, dissolution

~32.8 sz

~4.9 cm?

counter-current steam flow may tend to cause hydro-
dynamic breakup of relocating molten zircaloy, thereby
delaying complete blockage or inducing an asymmetri-
cal melt relocation/blockage configuration. Asymmet-
ric bundle heatup conditions were also noted, that may
induce corresponding asymmetry in zircaloy melt relo-
cation. The fact that complete flow area blockage did
not occur in the SFD-ST and SFD 1-1 tests does not
prove that complete blockages in BWR fuel assemblies
can rever occur. Nevertheless, the SFD-ST and SFD 1-
1 data do call into question the IDCOR assumption
that complete flow area blockages always occur in
BWRs upon melt relocation.
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Evidence was also presented indicating that
oxidation-driven heatup of a BWR assembly channel
box can be expected to follow closely that of the fuel
rod cladding, based upon a comparison of the SFD-ST
and SFD 1-1 bundle liner versus cladding thermocou-
ple measurements. The SFD metallographic examina-
tions also indicate extensive failure of the zircaloy liner.
The implications of the SFD test data are that survival
of a BWR zircaloy channel box cannot be assur~d.
These resuits contradict the IDCOR assumption that
blockage of individual BWR assemblies would resuit in
flow diversion and termination of H, production in
degraded BWR fuel assemblies.
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APPENDIX A
ILLUSTRATIVE CALCULATIONS

Detailed calculations of various parz.neters used in the assessment of Tests SFD-ST and SFD 1-1 are given

in Tables A-1 through A-S.



Table A-1. Estimated steam-starvation height for the

SFD-ST test conditions




tions

d steam starvation height for the SFD 1-1 test cond

Table A-2. Estimate




Table A-3. Assessment of the differential pressure for stear
constricted orifice

N removal capacity through a




Table A-4. Estimate of the flooding conditions for breakup of a liquid zircaloy film




Table A-5. Assessment of single-phase dif/

2rential pressure for steam removal capacity

through the constricted region of the SFD-ST bundie

Lovernmg Equation
E

0.9957 ¢n (Table A-4)

1000 psi
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APPENDIX B

DISCUSSION OF FLOW PERTURBATIONS
DURING THE SFD-ST TRANSIENT

Pressure and coolant flow variations occurred
during the Severe Fuel Damage Scoping Test
(SFD-ST) which could have affected overall bundle
oxidation and attendant hydrogen generation
behavior. The most significant thermal-hydraulic
events occurred at the time of shroud failure (184 t0
185 min) and relocation of molten material (204 to
206 min). The impact of these flow perturbations
on stean supply to the bundle and atrendant
oxidation/hydrogen production characteristics is
considered here.

Flow Perturbation from 184 to
185 Min

Figure B-1 compares the differential temperature in
the bypass coolant and the output of the shrovd melt-
through detector, indicating shroud failure at about
184 min into the SFD-ST transient. At the time of
shroud failure, a sharp reduction in the two-phase/
steam interface elevation (based on fission chamber
data) occurred, as shown in Figure B-2, indicating
enhanced boiloff. Coolant flashing due to a temporary
reduction in bundle pressure caused by shroud failure is
considered the likely cause for enhanced boilof*. Such
increased steaming resulted in temporary cooling of the
bundle, as indicated by a drop in fuel rod temperatures
as shown in Figure B-3. However, since the fuel rod
terperat.ves were below 1900 K at this time, shroud
failure and its attendant effects on bundle thermal-
hydraulic behavior had little impact on overall hydro-
gen zeneration characteristics for the SFD-ST
expe-iment. This is evident in Figure B-3, where ther-
mocouple signals are shown to recover at a test time of
about 185.5 min, with a subsequent rise in tempera-
tures at lzater times when the oxidation process was
accelerated at higher cladding temperatures. Likewise,
the on-line hydrogen measurement, shown in
Figure 13-4, indicated no apparent alteration of the
hydrog:n release rate at 184 min. Thus, the flow per-
turbation at the time of shroud failure had essentially
no irpact on overall hydrogen generation behavior.

B-3

Flow Perturbation from 202 to
206 Min

Figure B-5 shows an overlay plot of the differen-
tial pressure measurement over the bundle length
(via sensors located at the -0.3- and + 1.77-m eleva-
tions), the separator pressure, and the inlet flow
rate at a time just after shroud failure (184 to
185 min) until completion of the rapid cooldown
phase. The bundle differential pressure is shown to
steadily increase following shroud failure (184 min)
until about 203 min. The differential pressure then
decreased during the next minute before increasing
again until reactor scram. The coolant inlet flow
rate is shown to decrease slightly from about
0.02 L/sat 209 minto about 0.017 L/s at 204 min.
The separator pressure is shown to increase gradu-
ally during the period 140 to 200 min, then increase
more rapidly at about 203 min.

A probable explanation for the temporary flow
reduction noted at the separator (at 204 min) is by
activation of the pressure difterential check valve
upstream of the separator. As illustrated in Figure 1
(see Introduction), the steamline between the sepa-
rator and condenser contains a pressure differential
activated check valve, which prevents effluent flow-
back into the bundle. This check valve had a set
differential pressure of approximately 0.22 psi. A
slight increase in separator differential pressure
would have initiated check valve closure at
204 min, resulting in separator flow stagnation. If
bundle blockage had occurred, then a sharp reduc-
tion in the bundle inlet flow would have been indi-
cated; and steam flow through the bundle would
have been cut off, thereby terminating oxidation-
driven bundle heatup and hydrogen release. As
shown in Figures B-4 and B-5, this was not the
case. Thus, the most consistent postulate which
accounts for flow stagnation to the separator, but
does not violate other on-line measurements, is for
check valve closure.
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Figure C-2. llustration of oxygen diffusion problem for oxidation of relocated a-Zr(0O).

Table C-1. Evaluation of the effect of oxygen content on the growth rate constant

Property Values:

e = 0,094 atom-O/cm’ (Ref. C-1)
Cy = (.086 atom-O/c¢cm’ (Ref. C-1)
C = 0.029 atom-O/cm’ (Ref, C-1)

D,(1573 K) = 2.0 E-06 ¢cm?/s (Ref. C-1)
D (1573 K) = 3.2 E-07 ecm?/s (Ref. C-1)
D,(1777 K) = 7.75 E-06 em?/s (Ref. C-3)
D,(1777 K) = 2.04 E-06 cm?/s (Ref. C-3)

Calculated Results:

MA, M,

G C/C, (1573 K) (1777 K)
0.0 0.0 1.00 1.00
0.0145 0.5 0.70 (.68
0.029 1.0 0.41 0.35
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