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ABSTRACT

Current SCDAP/RELAPS oxidation models have proven to underpredict oxidation, and
therefore hydrogen production, when modeling reflocd during in-pile tests. As an example, while
OECD LOFT Experiment LP-FP-2 shows significant increases in temperature and pressure dur-
ing reflood due to increased oxidation, only minimal additional oxidation is currently predicted
with SCDAP/RELAPS. Since SCDAP/RELAPS predicts a steam rich environment during
reflood, the parameter limiting oxidation must be the availability of zircaloy. Two phenomena, not
currently modeled, may provide the necessary unoxidized zircaloy during reflood: (1) localized
steam starvation prior to reflood, caused by debris blockage or hydrcgen generation, or (2) shat-
tering of oxidized cladding during reflood. The objective of this design report is to develop new
models to accurately predict zircaloy cladding oxidation during the temperature transients prior to
and during reflood. Evidence compiled from postirradiation examination (PIE) of fuel bundles
subjected to severe accident conditions from several in-pile tests is used to identify mechanisms
for additional cladding oxidation during reflood and to develop specific criteria to determine when

these mechanisms are applicable.

FIN No. A6889 -- SCDAP/RELAP5/MOD?3 Maintenance
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1. Introduction

Current SCDAP/RELAPS oxidation models have proven to underpredict oxidation, and
therefore hydrogen production, when modeling reflood during in-pile tests. As an example, while
OECD LOFT Experiment LP-FP-2 shows significant increases in temperature and pressure dur-
ing reflood due to increased oxidation, only minimal additional oxidation is currently predicted
with SCDAP/RELAPS. Since the code predic;ts a steam-rich environment during reflood, the
parameter limiting oxidation must be the availability of zircaloy.

The addition of three models, to track phenomena not currently modeled, will improve the
reflood oxidation capability of the code and should provide the necessary addi'tional zircaloy oxi-
dation during reflood. The three phenomena not currently modeled are: (1) localized steam starva-
tion caused by debris blockage, (2) shattering of the protective oxide layer during reflood, and (3)
oxidation of relocating/relocated debris. Localized steam starvation downstream of a core flow
blockage may leave unoxidized zircaloy available for oxidation during reflood. Though evidence
from LOFT points towards this mechanism, it was not observed in the PBF experiments. A sec-
ond phenomenon that may expose zircaloy for oxidation is shattering of the protective oxide layer
due to the thermal shock imposed by the strong thermal gradients experienced during reflood. A
third phenomena thai is a factor in the oxidation rate, both prior to and during reflood, is oxidation
of relocating debris. This phenomenon has not been considered here, since it is being addressed
under a task to improve late-phase severe accident models.

The objective of this design report is to describe the development of new models to accu-
rately predict zircaloy cladding oxidation during the temperature transients prior to and during
reflood. Evidence compiled from postirradiation examination (PIE) of fuel bundles subjected to
severe accident conditions from several in-pile tests is used to identify mechanisms for additional
cladding oxidation during reflood and to develop specific criteria to determine when these mecha-
nisms are applicable.

Section 2 of this report consists of a brief, qualitative description of the modifications to

SCDAP/RELAPS. The reader is referred to Allison [1] for a complete description of the existing
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oxidation models. Section 3 documents the justification for each modification. This information
includes evidence from PIE examination and posttest calculations of applicable experiments.
Detailed descriptions of model modifications are included in Section 4. Section 5 describes accep-

tance testing of the modifications, and Section 6 makes recommendations.
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2. Summary of Modifications

The workscope specified for this task identified three extensions to SCDAP/RELAPS.
These extensions are all directed towards correcting the identified deficiency of underpredicting
the production of hydrogen during reflood. The extensions are:

» Flow diversion around debris blockage,
« Diffusion of steam across a hydrogen boundary layer, and
» Shattering of oxidized cladding.

The first two modifications obviously relate to steam starvation of the oxidation process,
and therefore impose limitations on oxidation during the transient, thereby leaving additional zir-
caloy for oxidation during reflood. The final modification is independent of transient phenomena
and exposes additional zircaloy surface at the initiation of reflood.

Flow diversion can be modeled in the current version of SCDAP/RELAPS and does not
require any code modifications. Given a sufficient number of parallel flow channels with the
appropriate cross-flow junctions between each volume, current models will simulate flow diver-
sion and any associated steam starvation. One of the limitations of this approach, however, is that
the connecting volumes are assumed to be predominantly axial flow volumes in that the crossflow
junction momentum flux, as well as the associated numerical viscous term, are neglected. This
assumption, however, is ideally suited to calculations of core flow blockage. Despite this capabil-
ity, little guidance is provided to the code user regarding when the use of multiple flow channels
during the core flow blockage phase of the transient is needed. It is the intent of this task to pro-
vide such a user guideline.

When the oxidation process becomes significantly energetic, a hydrogen boundary layer can
be established along the surface of the oxidizing component, and diffusion of steam across this
hydrogen boundafy layer limits the rate of zircaloy oxidation. One of the limitations of perform-
ing an analysis of oxidation is that a set of bulk conditions for the volume above the oxidizing sur-
face must be applied along the surface as well as in the flow stream. A code extension has

therefore been identified to impose a limit on zircaloy oxidation such that the reaction rate does
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not exceed the availability of oxygen due to diffusion across a hydrogen boundary layer.

The extension to provide enhanced oxidation during reflood will require code modifications
to simulate the spalling or cracking of the protective oxide film. However, the basic high-temper-
ature oxidation rate equations will remain unchanged. High-temperature oxide layer thickness,

oxygen weight gain, and alpha layer thickness are all derived from parabolic rate equations {2,3];

dd _ A Bt
VT ]

where

d= the rate of growth of oxide layer, oxygen weight gain, or alpha phase thickness,
T =temperature (K),

t =time (s),

A,B =parabolic rate constants taken from MATPRO [4].

This parabolic rate relationship is coupled to transient heat transfer behavior through the exother-
mic heat, and resultant temperature increases, produced during the conversion of zircaloy to
ZrO,. Limiting factors include the availability of unoxidized zircaloy and the availability of
steam.

Figure 1 illustrates the manner in which the reflood oxidation extensions will mesh with
existing and future models. Beginning at the top, the code will first examine the potential for
insufficient radial nodalization under flow blockage conditions by estimating the current recircu-
lation volume and issuing a message to the user if such potential exists. Then, the oxidation limits
due to either steam starvation or mass diffusion of steam across a hydrogen boundary layer are

estimated.

The logic flow enters the reflood oxidation criteria by first examining the criteria for reflood
and the P phase thickness. If either of these criteria are not met, then the logic flow is, obviously,

diverted around the reflood oxidation model. A failure from the third part of the criteria, that of
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the oxide surface temperature being within the shattering range, will, in the future, allow the logic
flow to enter a rubble debris bed model that is being considered under the late-phase model devel-
opment. If the three reflood oxidation criteria are met, then the effective oxide layer thickness and
the effective oxygen weight gain will be set to their lower limits. As described in the model imple-
mentation section, this effective oxide thickness and effective weight gain will be used in the par-

abolic rate equations.

The lower half of Figure 1 also illustrates the logic flow for the existing oxidation model
and the manner in which that logic flow will mesh with the Zr-U-O rivulet flow model now being
planned. The box representing the calculation of the oxidation based on intact cladding is some-
what deceiving, because there are two different models for this calculation, steady-state and tran-
sient. The steady-state model for calculation of oxidation does not allow feedback from the
oxidation heating to change the cladding temperature during a single time step, and therefore
assumes slow heating rate conditions. The transient model uses a simultaneous differential equa-
tion solver to model the fast heating conditions that require feedback from the oxidation heating
to the cladding temperature. As shown in the logic flow diagram, if the cladding is ruptured and if

double-sided oxidation is being modeled, then the oxidation rate is doubled.

Continuing, the logic flow enters the rivulet flow model, enclosed by a dotted line, which is
planned for future development. This model will track rivulets of molten core material flowing
along the outside of core components, whereas the existing liquid film flow model completely
coats the surface of core components as it flows downward. While the existing model could allow
a molten zircaloy film to oxidize, such a model would overpredict available zircaloy surface area
and would significantly overpredict oxidation. The rivulet flow model provides a more physically
realistic model of molten material relocation and should therefore provide a more realistic oxida-
tion rate of relocating material. Finally, the logic flow sets physical limits on the oxidation rate,
first to assure that no more steam can be consumed than is present and second to assure that no

more Zr can be consumed than is present.
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The modifications described in this report should correct the trend of the current oxidation
model to underpredict oxidation when it is applied to reflood conditions. They should also mesh
well with current and planned capabilities of the SCDAP./RELAPS models of core behavior under

accident conditions.
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3. Evidence For Model Modifications

The modifications discussed in the previous section are supported by experimental evidence
from the following reports, referenced by author in Section 7.:

Carboneau, 1989 (LOFT), [5]

Hofmann, 1988 (PBF-SFD ST) [6]

Jensen, 1989 (LOFT) [7]

Knipe, 1986 (PBF-SFD ST) [8]

Martinson, 1989 (PBF-SFD 1-3) [9]

Minato, 1991 (CORA) [10]

3.1 Steam Starvation - Flow Diversion

The formation of an impermeable or semi-permeable blockage in a reactor core may cause
flow to be diverted around the blockage, which, in turn, may lead to localized steam starvation. If
the facility being modeled has isolated flow channels, such as in an experimental facility or in a
BWR, and if the blockage is large with respect to the flow area of the coolant flow channel, flow
may be diverted to adjacent channels. Carboneau et al. [Ref 5, pp.83-85] investigated the possibil-
ity that flow diversion to peripheral assemblies occurred during the LOFT LP-FP-2 experiment.
Based on upper plenum thermocouple data, it was concluded that some steam flow diverted
around the center fuel module. Localized steam starvation from flow diversion has been hypothe-
sized by Jensen [7] to account for the apparent availability of fresh zircaloy metal for oxidation
during reflood in this experiment. In contrast, if the blockage is small with respect to the flow area
of the coolant channel, flow may not be diverted to adjacent channels but may be diverted around
the blockage within the same coolant channel. This creates a recirculation zone behind the block-
age, with recovery of the original flow velocity much further downstream.

The suggested criterion for identifying when flow diversion should be modeled is based on

experimental studies of recirculation flow behind blockages in rod bundle subchannels of liquid-
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metal cooled fast breeder reactors (LMFBRs). The size of the recirculation zone is used as the cri-
terion for flow diversion steam starvation, because mass exchange rates in LMFBR recirculation
zones have been measured to be less than 10% of the total mass flow rate [11].

Multiple channels should be considered to model steam starvation due to flow diversion
when the volume of the recirculation zone exceeds 10% of the total volume in the channel. The
volume of the recirculation zone is calculated assuming a cylindrical shape, where the basc diam-
eter equals the effective diameter of the blockage and the length is the smaller of 5h and 1.7d (if
the blockage is centrally located) or 2.5d (if the blockage is located in a corner), where h is the
height of the blockage and d is the effective diameter of the blockage.

With the reduced mass exchange rate, little oxidation is expected to take place in the recir-
culation zone. Therefore, size of the recirculation zone (in percent total channel volume) can be
used as an approximate value for the percent steam starvation. The 10% criterion is chosen on this
basis. However, it should be noted that the relationship between actual steam starvation and recir-
culation zone size depends on zircaloy availability and steam density.

Length-to-height and length-to-diameter ratios are taken from studies performed by Kirsch
[11] and Vegter et al. [12] for LMFBR geometries. These studies differ from LWR conditions in
the lattice geometry and the Reynold’s numberz. In LMFBR reactors, rods are assembled within a
hexagonal fuel lattice, whereas in PWRs and BWRs, fuel rods are assembled within a square fuel
lattice. The Kirsch study was performed at higher Reynold’s numbers (>10,000) than would be
expected in LWR accident scenarios prior to reflood (Re < 5000). Though the LMFBR ratios may
not exactly predict LWR recirculation zone size, with such high turbulence, they are likely to
specify a lower limit on the zone size.

When modeling flow diversion, as a minimum, there should be enough flow channels to
define the blockage. Similarly, as a minimum, the axial volumes also must be small enough to
define the blockage. Beyond the minimums, the proper numbers of axial volumes and radial chan-
nels to model flow diversion depend on the parameter (eg., temperature, pressure, hydrogen pro-

duction) being monitored and the required precision, and are therefore transient-specific.

10
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Cross-flow resistances are found, iteratively, by matching the recirculation zone volume to
the computed volume above. The recirculation zone is the region of separated or reversed flow
behind a blockage. The number of radial channels, the number of axial volumes and the cross-

flow resistances must be established by the user, prior to the analysis.

3.2 Diffusion Limit Of Steam Through Hydrogen

Experimental evidence of oxidation reaction rates, limited by diffusion of steam through the
hydrogen by-product, is not available. However, it is necessary and reasonable to assume that this
limiting factor exists. The basis for this assumption is that when essentially clean zircaloy is
exposed to the high-temperature steam environment experienced during a severe accident, an
extremely energetic metal-water react‘ion occurs. Large quantities of hydrogen generated from the
metal-water reaction would be sufficient to form a hydrogen boundary layer along the surface of
the fuel rod under most flow conditions experienced during this phase of the accident. If this
occurs, then the metal-water reaction rate would be limited by the rate of diffusion of steam across
the hydrogen boundary layer. In this code extension, the oxidation reaction rate limited by the
maximum diffusion of steam through a hydrogen layer, is calculated using a previously reported
correlation [13]. This correlation specifies a diffusion coefficient of steam through the steam/
hydrogen mixture, and then utilizes the heat/mass transfer analogy to irapose an upper limit on the
metal-water reaction rate. Without this limitation, zircaloy oxidation would be overpredicted dur-
ing any extremely energetic oxidation event, such as upon implementation of the shattering crite-

rion, which is discussed below.

3.3 Shattering Of Oxidized Cladding

Shattered oxidized cladding debris was observed in LOFT LP-FP-2, SFD-ST, and CORA-
12 experiments, where each core was subjected to reflood. Figure 2 shows shattered cladding

within the LOFT LP-FP-2 bundle, and Figure 3 shows shattered cladding fragments within the

[
——
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PBF SFD-ST bundle. PIE examination of the LOFT experiment reveals cladding remnants scat-
tered through the upper blockage (Figure 4), which was formed during the reflood [Ref 14].
Whether a result of the force of the falling debris or the thermal shock during reflood, these clad-
ding remnants had to have been formed during the reflood.

Direct comparison of comparable experiments with and without reflood is possible using
\ data from the CORA facility. Table 1 shows the posttest condition of simulator rod cladding after
CORA-12, which was subjected to a reflood, while Table 2 shows the posttest condition of the
simulator rod cladding after CORA-5, which did not experience reflood. These tables list the
number of rods at a given location and cladding endstate condition. Table 1 shows that after the
CORA-12 reflood a significant portion of the cladding was broken or missing, while Table 2
shows that CORA-5, with no reflood, experienced no extensive shattering, since shattering would
have shown broken shard.s or missing cladding. Comparison of CORA-5 (no reflood) and CORA-
12 (with reflood) indicates that cladding was mechanically broken during the quench. Apparently,
the cladding was brittle due to oxidation; thermal stresses induced by reflood caused the exposed
surfaces to shatter, resulting in exposure of fresh metal that oxidized immediately [Ref 10, pp. 28,
29]. This mechanism of oxidation also helps to explain the surge in temperatures and hydrogen
production during reflood.

In the shattering model to be implemented, if the thickness of the B phase is less than
0.1 mm, the cladding fails. This is based on a study by Chung and Kassner [Ref 15, pp. 23-28] for
fast-cooled cladding (100 K/s through the phase transformation). Chung and Kassner found that
“all tubes in which the thickness of the B phase, with <0.9 wt% oxygen, was < 0.1 mm thick
failed, irrespective of the temperature, wall thickness of the deformed tube and total oxygen con-
tent of the material.” [Ref 4, p. 28]. In order for zircaloy cladding to remain intact through the
thermal shock conditions associated with reflood, there must be B phase material with < 0.9 wt%
oxygen and this material must have a thickness > 0.1 mm. The associated physical phenomena is
that the fully oxidized cladding has no inherent strength and the B phase zircaloy carries the load.

Because SCDAP/RELAPS uses parabolic rate equations to define oxidation, rather than a

12
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Fully oxidized
cladding
fragments

88M496

Figure 2 LOFT LP-FP-2 metallographic cross section 14 at 0.66 m.
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Figure 3 PBF SFD-ST metallographic cross section at 0.825 m.
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Figure 4 LOFT LP-FP-2 metallographic cross section G3 at 0.46 m.
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Table 1 CORA-12 cladding posttest condition.

Elevation | Cladding | Cladding | Cladding |- Cladding ?ﬂdei:_g Absorber
(mm) Intact missing reacted flowered mechanic.al rod

e ]

51 23 0 0 0 0 2

216 0 9 6 0 8 2

381 0 5 0 18 0 0

503 0 16 0 7 0 0

711 0 19 0 4. 0 0

876 2 15 0 6 0 0
Table 2 CORA-S cladding posttest condition.

Elevation | Cladding | Cladding | Cladding | Cladding ?foi‘g:? Absorber
(mm) intact missing reacted flowered mechanic. al rod
o5 | 22 | o | o o | o | 1
208 23 0 1 0 0 1
393 0 0 3 21 0 0
408 0 0 2 22 0 0
663 0 8 0 16 0 0
853 0 10 0 14 0 0

more complex diffusion model, the code does not calculate the profile of oxygen content through

any phase. The proposed shattering criterion, therefore allows cladding to remain intact if the B

phase thickness is > 0.1 mm, irrespective of the oxygen content. However, from the zirconium-

oxygen phase equilibrium diagram, it can be seen that for maximum temperatures less than 1560

K, the oxygen content in the B phase is less than 0.9 wt%. So the proposed shattering criterion

deviates from Chung and Kassner only for cases where the maximum cladding temperature

exceeds 1560 K. For such cases, cladding will be assumed to remain intact, and Zr oxidation may

be underpredicted.

16
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One additional criteria is suggested for the shattering model. If the cooling rate from 1560 K
to 1150 K (the o-B transformation temperatures for zirconium with 0.9 wt% oxygen) is greater
than 2 K/s, and the Chung and Kassner B phase criterion is met, then the cladding fails. This
added criterion specifies a minimum cooling rate through a specific temperature region. Thermal
shock failure is a result of high-temperature gradients (large temperature differences with respect
to distance, not time). Minimum rates should be specified because, with slow cooling rates, the
gradient is reduced and failure is less likely. In CORA-5, the zircaloy cladding survived a 2 K/s
cooling rate through the transition temperature without failure, whereas in the tests run by Chung
and Kassner, failure was observed for cooling rates of 5 K/s. Cooling rates outside of the transfor-
mation temperature region are not considered in this criterion, because the failure mechanism is
assumed to be associated with the transformation from {3 phase (body-centered cubic) to o phase

(hexagonal close pack).

17
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4. Implementation Of New Models

In this section, a detailed description of the method of implémentation of the new models in
SCDAP/RELAPS is presented. As stated earlier, modeling flow diversion around a core blockage
does not require code modification but may require more flow channels to be added to an existing
model. Steam diffusion through a hydrogen layer requires that the code be modified to impose an
upper limit on the oxidation reaction rate, based on steam diffusion through hydrogen. The ZrO,
shattering model also requires code modifications to determine the conditions for shattering, plus

provide a methodology to track the oxide shattering history.

The oxidation reaction rate limit based on the diffusion of steam through a boundary layer of
hydrogen is calculated by first determining the diffusion coefficient of oxygen through the hydro-

gen boundary layer {13]. This diffusion coefficient, Dyjpq, is determined as follows:

D - RXT XHZHHZ . XH,O“H,O
H,0 P My, My.o

where
R = gas constant
T = fluid temperature
P = pressure
Xy2, Xg20 = Hp and Hy0 mole fractions respectively
K> Moo = Hp and HyO absolute viscosity respectively
Mpys, Mys0 = Hp and HyO molecular weights, respectively.

Then, applying the mass/heat transfer analogy, a mass transfer film coefficient, B, is determined as

in

8 = D,,zoxSh
D,

19
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where
Dypo = diffusion coefficient of steam through the steam/hydrogen mixture
Sh = Sherwood number '
Dy, = hydraulic diameter.

The maximum reaction rate is then simply

Lo szoxBxMZ,
2xMy o

where
I = reaction rate of the Zr-O reaction
PH20 = density of water
B = mass transfer film coefficient
Mgz, = molecular weight of Zr
My»0 = molecular weight of water.

The implementation of the reflood shattering model consists of an additional subroutine,
SHATTR, to code the criteria for oxide shattering, and a change within the oxidation models to
implement two parallel oxide histories. The logic flow of the implementation of the SHATTR sub-
routine and the modifications to allow initialization bf the model are shown in Figure 5, while the
logic flow for the implementation of the parallel oxide histories is shown in Figure 6. The
SHATTR subroutine was first introduced in version 83, while the extensions to implement parallel
oxide histories were introCuced in version 84.

Subroutine SHATTR is a stand-alone module that determines whether or not a reflood con-
dition is being experienced. It is interesting to note that the reflood criteria can potentially be met
repetitively during a reflood. For example, a reflood could be imposed that shatters the oxide
layer. This would stop the quench, due to the additional heat generation, until the reflood cooling
overcame the additional oxidation. If reflood cooling were overcome by the heat of oxidation,
then quench conditions would be reinstated, reestablishing the conditions that meet the reflood
criterion. Quench conditions would, consequently, reshatter the oxide. It should be noted that a

part of the acceptance testing of this modification should include a quench of this nature, to verify
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the stability of the numerics under these conditions.

In additional to the shattering criteria described in this report, a Boolean variable has been
introduced, which, when true, will shatter the oxide layer on all components at all axial nodes.
This Boolean variable is linked to a RELAPS logical trip, which is specified on input. It should be
noted that this Boolean variable is intended to be drastically conservative, since all in-core oxide
is shattered, and should dramatically overpredict the rate of hydrogen production. This part of the
model has been implemented to allow the user to estimate the maximum oxidation rate that could
be experienced for a given transient.

There were two potential approaches to implementing the oxide shattering model within the
oxidation routines. The first was to assume that when the reflood criteria were met, all zircaloy
oxide within that node would spall away from the component, exposing fresh zircaloy for oxida-
tion, with the oxide fragments falling into the debris bed models. The second was to assume that
when the reflood criteria were met, cracks would form in the oxide layer, exposing fresh zircaloy
for oxidation, but leaving the oxide within the component model. The two approaches would pro-
duce the identical resulting additional oxidation, since the additional exposed zircaloy surface
area would be identical to the component surface area, but differ in the manner in which the zir-
caloy oxide mass balance is maintained. In the cracking approach, the oxide mass balance would
be performed by the component routines, while in the spalling approach, the oxide mass balance
would be performed in the debris bed routines. The diffculty with the spalling approach is that a
debris bed may not yet be formed, and indeed, there is no assurance that it would ever be formed.
While it is possible to add zircaloy oxide mass to debris bed variables prior to the formation of the
debris bed, so that the oxide mass balance would be maintained once the debris bed was formed, it
would be difficult to keep the user informed of oxide mass after reflood, but before debris bed for-
mation. For these reasons the cracking approach was used: however it is recommended that this
approach be reexamined in the future if rubble debris bed modifications are implemented.

In the implementation of the oxide shattering model, the oxidation model was modified to

model two oxide histories, a physical oxide history and an effective oxide history. The physical
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oxide history is the same set of variables in use prior to this modification and is used for all the
mass balance and heat conduction modelling. The effective oxide history has been added as two
independent variables, the effective oxide thickness and the effective oxygen weight gain. These

variables are, of course, tracked for each axial node of each component and are used as the

. . o dd A _p .
denominator, 9, in the parabolic raté equation — = 5 e . When the reflood criteria are

dt
met, the effective oxide thickness is reset to model fresh unoxidized zircaloy, and the oxygen

weight gain is reset to the difference between the physical oxygen weight gain and the cxygen in

the removed oxide layer.
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Figure 5 Logic flow for reflood modifications.
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5. Verification Of ZrO, Shattering Model

Five test case problems were assembled to perform acceptance testing on the ZrO; shattering
model. The model was designed to shatter the oxide layer when both of the following criteria
were met:

1) P phase thickness less than or equal to 0.1 mm,
2) Cooling rate greater than 2 K/s for four consecutive time steps within the temperature
range of 1150 K to 1560 K.
The five test problems were pre-designed to exercise the limits of the criteria above. Test

cases 1a and 1b were designed to satisfy both of the criteria and initate the shattering model. Test
cases 2a, 2b, and 3 were designed to meet only one of the criterion and thus not initate the model.
Each case was executed using version 83 of SCDAP/RELAP5/MOD3 with the ZrO, shattering
model added. For benchmarking purposes, test problem la was re-executed without the ZrO,
model on version 83 and the results were compared. A listing of the design parameters used for

the five test problems is shown in Table 3.

Table 3 Test case design parameters.

Maximum core | Cooling rate in B phase Satisfies Satisfies
Test case surface temp. temp. range of thickness prior terion 1 iterion 2
prior to cooling | 1150 - 1560 K to cooling cnien cnierion
la > 1800 K >10K/s < 0.1 mm yes yes
1b 1150-1560 K >2K/s <0.1 mm yes yes
2a > 1560 K <2K/s <0.1 mm yes no
2b <1150K >2K/s <0.1 mm yes no
3 1150-1560 K >2K/s >0.1 mm no yes

Each test problem was a derivative of a skeletal baseline input deck. The baseline was a sim-
ple model with two source volumes, a lower plenum volume, a core volume, and a sink volume. A
single SCDAP component with six axial nodes was used to model 5625 fuel rods in the core. All
decks had nuclear heat generation disabled and the ballooning models were deactivated. RELAP
variable and logic trips were used to initate cooling when the above design parameters were met.

The parameters for each case were obtained by adjusting the following conditions:
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» Flow rates of the two source junctions

» Initial thermodynamic states of all volumes
» Initial temperature of fuel rods

« Initial B phase thickness

Figure 7 illustrates the nodalization of the baseline input deck

Sink
(Vol. 500)
? Jun, 450
6
SCDAP Fuel Rods |--------- S I
(5625 fuel rods modeled) s
i N P J U
\ 4 Core
pooecce. eepececece- (Pipe 400)
3
.............. S
2
1

Lower Plenum

(Branch 300)
Jun 150 ______* L____ Jun 250
Source 1 Source 2
(Vol. 100) (Vol. 200)

Figure 7 Nodalization diagram of baseline input deck.

26



EGG-RAAM-10307

5.1 Test Case 1a

Test Case 1a was executed successfully to completion by satisfying both of the shattering
model’s criteria. The problem was designed to have core surface temperatures greater than
1800 K, a cooling rate greater than 10 K/s within the transition range of 1150 K to 1560K, and a B
phase thickness less than 0.1 mm. Figure 8 shows the nodalization for Case 1a with boundary and

initial conditions superimposed.
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@ 1800 K, 15.6 MPa
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SCDAP Fuel Rods
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initial uniform temperature @ 1000 K |-=--=~--1 Rialet il 1
\ 5
\ . Core
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initial superheated steam
@ 1800 K, 15.6 MPa
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Jun 150 9 t ipped oolmm 0.1
1.0 m/s till Jun 250 tripped on tripped on 10 0.01 m/s @ P phase <0.1 mm

and core max surface temp > 1800 K

Source 1 Source 2
superheated steam saturated liquid
@ 1800 K, 15.6 MPa @ 618.4K, 15.6 MPa
(Vol. 100) (Vol. 200)

Figure 8 Boundary and initial conditions for Case la.

The core was heated with superheated steam at 1800 K, 15.6 MPa, with a velocity of 1.0 m/s
and cooled with saturated liquid at 15.6 MPa with a velocity of 0.01 m/s. An initial p phase thick-
ness was set at 0.3 mm, and the fuel rod temperatures were initiated at 1000 K. RELAP trips were
used to initiate cooling when the maximum core surface temperature was greater than 1800 K and
the B phase thickness was less than 0.1 mm.

Case 1a experienced the highest core temperatures of all the test cases and had the greatest
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oxidation activity. Axial node one was the first to meet the problem parameters and will be the

focus of this section. The B phase thickness and surface temperature history plot for axial node

one is shown in Figure 9.
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Figure 9 P phase thickness and surface temperature at axial node one for Case 1a.

Rapid oxidation prior to cooling at axial node one occurred at a problem time of 95 seconds
as the surface temperature reached 1800 K. Prior to rapid oxidation, the B phase thickness was
decreasing at a rate of 2.4 x 10 mmy/s; during rapid oxidation the rate jumped to 7.1 x 103 mmys.
At 109 seconds, the problem parameters were satisfied and cooling was initiated. Surface temper-
atures continued to rise due to the drop in the mass flow rate as the lower plenum filled with satu-
rated liquid. At 217 seconds, the saturated liquid reached the bottom of the core and rapid cooling
began. The core cooled at an average rate of 15.5 K/s within the transition temperature range of
1150 K to 1560 K. The first oxide layer shattering occurred at 251 seconds, as the surface temper-
ature reached 1560 K. A temperature spike occurred after shattering when new unoxidized zir-
caloy was exposed to the cooling water. The new zircaloy was immediately oxidized, releasing
enough heat to the upper axial nodes to cause melting and relocation. The melted material moved

down the core and relocated at axial node one. This relocation caused a temperature increase until
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the cooling water could carry away the added heat. Additional shattering followed with the heat-
ing and cooling process. A total of five melt relocations to axial node one occurred. Oxidation and
shattering continued until 300 seconds, when the remaining o layer was completely oxidized.

Table 4 lists the significant events and parameters for Case 1a.

Table 4 Significant events and parameters for Case la.

Rapid oxidation prior to cooling 955, 1800 K

Maximum surface temperature prior to cooling at node one 1928 K, 109 s

Cooling initiation 109s
B phase deteriorated 176 s
Maximum surface temperature at node one 2072 K, 217 s
Saturated liquid reaches axial node one in core 217s

Average cooling rate in temperature range 1150 Kto 1560 K | 15.5K/s

Initial oxide layer shatter 251s
Complete oxidation of o phase 300s
Melt relocation times 264,276,303 5,322,337 s

Case 1a was re-executed without the ZrO, shattering model installed on version 83 for
benchmarking purposes. Surface temperature comparisons at axial node one are shown in Figure
10 for the two calculations. Both calculations yielded identical results until problem time 251 sec-
onds, which was the initial shatter time of the original calculation. After this time, the two calcu-
lations diverge. The original problem predicted rapid heatup and five melt relocations during

reflood, whereas the sensitivity calculation showed no heatup or core damage during quenching.
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Figure 10 Surface temperature comparisons at axial node one for Case la.

5.2 Test Case 1b

Test Case 1b was run to a successful completion by satisfying both of the shattering model’s
criteria. The problem was designed to have core surface temperatures within the transition range
of 1150 K to 1560 K, a cooling rate greater than 2 K/s, and a § phase thickness less than 0.1 mm.
Figure 11 shows the nodalization of Case 1b with the imposed boundary and initial conditions.
The fuel rods were heated using superheated steam at 1500 K, 15.6 MPa, with a velocity of 0.8 m/
s. The initial B phase thickness was set at 0.2 mm, and the fuel rod temperatures were initiated at
1000 K. Cooling was provided by saturated liquid at 15.6 MPa with a velocity of 0.01 m/s. Cool-

ing initiation started when the maximum core surface temperature exceeded 1400 K and the

phase thickness was less than 0.1 mm.
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Figure 11 Boundary and initial conditions for Case 1b.

Figure 12 shows the B phase/surface temperature history plot for axial node one. Axial node
one was the first node to experience oxide shattering and will be the focus of this section. Prior to
cooling, a quasi-steady-state temperature of 1536 K was reached. At a problem time of 227 sec-
onds, cooling was initiated when oxidation reduced the B phase thickness below 0.1 mm. Upon
cooling initiation, the surface temperature at axial node one began to climb and peaked at 1546 K.
There are two reasons for the increase in temperature: 1) oxidation was on-going, and 2) the cool-
ing capacity of th., fluid was reduced (i.e., the mass flow rate into the core dropped off sharply
while the lower plenum was filled with saturated liquid). At a problem time of 335 seconds, sat.u-
rated liquid reached the core, which resulted in an average cooling rate of 15 K/s. At a problem

time of 336 seconds, the ZrO, layer shattered at axial node one, causing increased oxidation heat
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Figure 12 P phase thickness and surface temperature at axial node one for Case 1b

and a sharp increase in temperature. After the first ZrO, shatter, the coolant was able to cool the

surface at a rate greater than 2 K/s, resulting in a second shatter. The oscillatory behavior of shat-
tering, heating, and cooling repeated until the surface temperature fell below 1150 K at a problem
time of 399 seconds. From this time on, the fuel rods at axial node one were uneventfully cooled
to the saturation temperature of 618 K. Significant events and parameters are summarized in Table

5.

Table 5 Significant events and parameters for Case 1b.

Cooling initiation 227 s

Maximum surface temperature at axial node one 1546 K@ 242 s

Saturated liquid in core 335s

Average cooling rate prior to ZrO; shatter 15 K/s @ axial node 1 I
First ZrO, shatter 336 s @ axial node 1

End of oxidation 425s

For Case 1b, hydrogen production was tracked. Figure 13 shows the plot of the hydrogen pro-

duction plotted against the hydrogen availability. In this report, hydrogen availability is defined as
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the maximum hydrogen production rate that can be sustained for a given steam flow rate. For
example, hydrogen availability for test Case 1b is the mass flow rate into the core divided by nine.
After the ZrO, layer shattered, the hydrogen production rate increased and exceeded the oxygen
availability, which resulted in steam-limited oxidation. The steam-limited oxidation continued for
approximately 30 seconds. Liquefied cladding relocated at problem times 380, 393, 406 and 424
seconds into axial node two and effected hydrogen production. At problem time 425 seconds,
hydrogen production ended. A total of 30.9 kg of hydrogen was produced for this run. This corre-

sponds to 86% of the zircaloy being consumed at the end of the oxidation reaction.
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Figure 13 Hydrogen production vs. hydrogen availability for Case 1b.

5.3 Test Case 2a

* Test Case 2a was executed to a successful completion with no ZrO, shattering. The test prob-
lem was designed to produce core surface temperatures greater than 1560 K, a cooling rate less
than 2 K/s within the transition temperature range of 1150 K to 1560 K and a  phase thickness
less than 0.1 mm. With these design parameters, only criterion 1 was met and shattering did not

occur. Figure 14 shows the nodalization for Case 2a with boundary and initial conditions superim-
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Figure 14 Initial and boundary conditions for Case 2a.

The core was heated with superheated steam at 1560 K, 15.6 MPa, with a velocity of 1.0 m/s

and cooled with superheated steam at 1000 K, 15.6 MPa with a velocity of 0.08 m/s. The initial

phase thickness was set at 0.2 mm, and the fuel rods were initialized at a uniform temperature of

1000 K. RELAP trips were set to initate cooling when the maximum core surface temperature was

greater than 1560 K and the P phase thickness was less than 0.1 mm. The P phase thickness and

core surface temperature history plots for axial node one are shown in Figure 15. Axial node one

was the first to meet the trip parameters and successfully pass through the transition temperature

range of 1150 K to 1560 K without shattering and is the focus of this section.
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Figure 15 P phase thickness and surface temperature at axial node one for Case 2a.

Core cooling was initiated at a problem time of 160 seconds when the RELAP trips were met.

After initiation of cooling, axial node one continued to heat up until the cooling steam at 1000 K

reached the core at 173 seconds after filling the lower plenum. Within the transition temperature

range of 1150 K to 1560 K, cooling was at an average rate of 1.2 K/s and did not cause oxide shat-

tering. The final B phase thickness at the end of the problem was 0.048 mm.Table 6 lists the sig-

nificant events and parameters for Case 2a.

Table 6 Significant events and parameters for Case 2a.

Maximum core surface temperature prior to cooling 1598 K@ 160 s
Cooling initiation 160 s

Cooling steam reaches axial node one 173s

Average cooling rate in temperature range of 1150 K to 1560 K 1.2K/s
Minimum f phase thickness 0.048 mm
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5.4 Test Case 2b

Test Case 2b was run to a successful completion with no ZrO, shattering. The test problem
was to meet criterion 1 only and not cause ZrO, shattering. The designed parameters were to pro-
duce core surface temperatures less than 1150 K, a cooling rate greater than 2 K/s and a 3 phase
thickness less than 0.1 mm. Figure 16 shows the nodalization of Case 2b with the imposed bound-
ary and initial conditions. The fuel rods were heated by superheated steam at 1500 K, 15.6 MPa,
with a velocity of 0.05 m/s. Cooling was provided by saturated liquid at 15.6 MPa, with a velocity
of 0.05 m/s. Cooling initiation started when the maximum core surface temperature exceeded
1145 K. The B phase thickness was initialized below the shattering criteria at 0.098 mm, and an

initial uniform temperature of 1000 K was imposed on the fuel rods.
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Figure 16 Boundary and initial conditions for Case 2b.

Figure 17 shows the surface temperature history plot for axial node one. Significant events
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and parameters are listed in Table 7.
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Figure 17 Surface temperature history at axial node cne foi' Case 2b.

At a problem time of 167 seconds, the trip conditic:is were met and cooling began. A maxi-
mum core surface temperature of 1146 K was attained two seconds afier cooling initiation. The
fuel rods were cooled at an average rate of 13 K/s to the saturation temperature of 618 K with no
ZrO, shattering.

Table 7 Significant Events and Parameters for Case 2b

Cooling initiation 167 s

Maiximum core surface temperature 1146 K @ 169 s

End of oxidation at axial node 1 194 5

Average cooling rate (range 1146 K - 618 K) 13 K/s @ axial node 1
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5.5 Test Case 3

Test Case 3 was run to a successful completion with no ZrO, shattering. The test problem
was designed to see core surface temperatures within the temperature range of 1150 K to 1560 K,
a cooling rate greater than 2 K/s and a B phase thickness greater than 0.1 mm. With these design
parameters only criterion 2 was met. Figure 18 shows the nodalization of Case 3 with the imposed

boundary and initial conditions.
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Figure 18 Boundary and initial conditions for Case 3.

The fuel rods were heated with superheated steam at 1500 K, 15.6 MPa, with a velocity of 0.8
m/s. Cooling was provided by saturated liquid at 15.6 MPa, with a velocity of 0.01 m/s. Cooling
was started when the maximum core surface temperature exceeded 1300 K and the 8 phase thick-
ness was less than 1 mm. The initial B phase th.cxness was 0.998 mm, and an initial uniform tem-

perature of 1000 K was imposed on the fuel rods. Figure 19 shows the B thickness and surface
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temperature time history plot for axial node one.
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Figure 19 [ phase thickness and surface temperature at axial node one for Case 3.

At a problem time of 59 seconds, the trip conditions were met and cooling began. As shown,
the time coincides with the temperature roll-over experienced when junction 150 is tripped off. At
a problem time of 167 seconds, saturated liquid began filling axial node one, which is illustrated
by the knee in the temperature plot. At a problem time of 196 seconds, oxidation at axial node one
stops, which is in agreement with the B phase reduction due to oxidation. By a problem tinie of
300 seconds, axial node one was uneventfully cooled to the saturation temperature of 618 K with-

out ZrO, shattering. Significant events and parameters are listed in Table 8.
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Table 8 Significant events and parameters for Case 3.

Cooling initiation 59s

Maximum core surface temperature prior to cooling 1290 K@ 59 s

Saturated liquid in core 167 s

End of oxidation at axial node one 196 s

Average cooling rate (range 1150 K - 1560 K) 6 K/s @ axial node 1
Minimum f phase thickness for axial node one 0.97 mm @ axial node 1

5.6 Conclusion

Two main conclusions were drawn from the verification process:

»  Under the boundary conditions tested, the ZrO, shattering model increased the sever-
ity of core damage calculated by SCDAP/RELAPS.

+  The programming logic for initiation of ZrO, shattering was coded as intended.
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6. Recommendations

Based upon the body of work documented in this report, the authors believe they can make
several pertinent recommendations. The first regards the validation of the reflood oxidation mod-
els incorporated into SCDAP/RELAPS with this report. The second regards further elimination of
the underprediction of hydrogen production now being observed, and the third suggests refine-
ments to the existing model.

The reflood oxidation models documented in this report and incorporated into SCDAP/
RELAPS have been verified, as documented in Section §, and should behave as intended. While
this verification completes the scope of a design report in that it provides acceptance testing, it
does not validate the models. Any analytical model of an event as dynamic as reflood of a poten-
tially damaged reactor core is prone to a relatively large degree of uncertainty, because reflood is
difficult to examine experimentally. We therefore recommend that these reflood oxidation models
be validated and assessed against several experimentally observed reflood of a damaged core.
CORA-13 (International Standard Problem 31) would seem to be an excellent starting poinf, since
it best isolates the reflood phenomena. The reflood of OECD LOFT Experiment LP-FP-2 also
seems to provide a unique opportunity for code validation and assessment, which would provide
the user community an understanding of the uses and limitations of the new code models.

Zircaloy cladding has been observed to oxidize during relocation and after resolidification
during subsequent heatups. PIE of the LOFT LP-FP-2 center fuel module [5] showed oxidized
uranium and zirconium in melts that relocated during reflood to form a blockage at the second
spacer grid. Metallographic examination of the PBF-SFD 1-3 test indicated that zircaloy contin-
ued to oxidize during and following relocation [Ref 9, p. 141]. While current models oxidize
material while they remain within intact geometry, no model will currently oxidize relocating
debris or debris that has resolidified and is being exposed to additional heating. This seems unnec-
essarily nonconservative. The authors recommend that oxidation of molten debris, as well as relo-
cated material, be considered.

Finally, the current oxidation models make use a set of parabolic rate equations to model the
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oxidation process. While this has some benefits, particularly in computational time, it would be of
benefit to have available a diffusion model to examine oxygen diffusion through Zr and ZrO,.
Such a model would benefit the user in the following manner: (1) the user would no longer have
to model ZrO, failure with a user-input failure temperature, (2) the impact of oxygen content on
cladding strength could be modeled, and finally, (3) a refined model of oxidation would be avail-
able to the user. Such a diffusion model should not directly replace the existing parabolic rate
equation models, since a significant fraction of the user community would not sufficiently benefit
from the new model to justify the additional computational time. However, it would be appropri-

ate to offer the user a choice between the two models.
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