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ABSTRACT

The SCDAP/RELAPS/MOD3 computer code is designed to describe the
overall reactor coolant system (RCS) thermal-hydraulic response, core
damage progression, and fission product release and transport during
severe accidents. The code is being developed at the Idaho National
Engineering Laboratory (INEL) under the primary sponsorship of the
Office of Nuclear Regulatory Research of the U.S. Nuclear Regulatory
Commission (NRC). Code development activities are currently focused
on three main areas - (a) code usability, (b) early phase melt
progression model improvements, and (c) advanced reactor
thermal-hydraulic model extensions. This paper describes the first
two activities. A companion paper describes the advanced reactor
model improvements being performed under RELAP5/MOD3 funding.

Introduction

The SCDAP/RELAP5/MOD3 computer code is designed to describe the overall
reactor coolant system (RCS) thermal-hydraulic response, core damage
progression, and fission product release and transport during severe
accidents up to the point of reactor vessel or system failure 1,2 The
code is being developed at the Idaho National Engineering Laboratory
(INEL) under the primary sponsorship of the Office of Nuclear Regulatory
Research of the U.S. Nuclear Regulatory Commission (NRC). The code also
includes models developed by the U.S. Department of Energy.

SCDAP/RELAPS/MOD3[7x]b, created in January, 1991, represents a merger of

4 Work supported by the U.S. Nuclear reguiatory Commission, Office of
Research, under DOE Contract No. DE-AC07-761D01570.

b The number ‘n brackets, [7x], represents the configuration control

number assiyned to each code version for quality assurance purposes.
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the SCDAP/RELAP5/MOD2 damage progression and fission product transport and
deposition models with RELAP/MOD3 thermal-hydraulics. A systematic code
developmental assessment affort is now underway for both the RELAPS5/MOD3
thermal-hydraulic models and the SCDAP early phase damage progression
models3:%. As a result of the assessment completed thus far,
SCDAP/RELAPS/MOD3[7x] was frozen in May and released to a limited number
of organizations for beta testing and independent assessment. At that
time, code improvement activities were also initiated to incorporate code
improvements where the assessment had indicated that deticiencies

existed. These development activities are currently focused on three main
areas - (a) code usability, (b) early phase melt progfession model
“improvements, and (c) advanced reactor thermal-hydraulic model

extensions. This paper describes the results of the first two

activities. A companion papers describes the advanced reactor
thermal-hydraulic model improvements.

Code Usability Improvements

Specific requirements and priorities for code usability improvements were
identified from a series of user surveys and the initial results of an
independent peer review of the code. These improvements are focused
primarily on the reduction of overall analysis costs associated with plant
system analysis or the addition of specific user requested features. They
include (a) changes to reduce numerical instabilities and water property
or other state failures, (b) changes in input/output processing to reduce
user errors and to compress output files, and (c) the addition of a data
1ink between SCDAP/RELAPS/MOD3, PATRAN, and ABAQUS.

The changes in the code to reduce numerical instabilities and other code
failures have dramatically improved the cverall reliability of the code
for many types of problems. In addition, in those problems where the code
had previously reduced the time steps to unacceptable values to insure
code stability, these changes have resulted in substantial reductions in
overall run times. The most important changes in this category include
(a) a better treatment of the influence of noncondensibles on phase
appearance and disappearance, (b) timg smoothing options for the explicit



coupling between radiation heat transfer and hydrodynamics models, and (c)
elimination of the discontinuities in thermal-hydraulic constitutive
models for many types of problems.

Changes in code input and output have included the (a) conversion of all
the input to the RELAPS free form, numbered card format, (b) addition of
extensive input error checking, (c) addition of input range checking and
best estimate defaults, (d) addition of options for automatic data
compression for restart plot files, and (e) more descriptive output. As a
result of the changes in code input, the time required to set up and
qualify an input deck has been substantially reduced since a majority of
actual and potential errors cun be identified in a single input test run.
In addition, the code will automatically substitute best estimate default
values for selected model input based upon the results of code-to-data
comparisons performed as part of the code assessment activities. However,
the user can override the default values for sensitivity runs to evaluate
the influence of modeling uncertainties on overall calculations. The
addition of the restart plot compression options was the most notable
change in the output process. These options can reduce the size of the
output file and disk storage requirements substantially, in some cases by
as much as a factor of 5.

The data link between SCDAP/RELAPS/MOD3, PATRAN, and ABAQUS has been added
to the code as a user option. This option was developed to support the
NRC’s Lower Head Failure Program6 and was intended primarily to allow

the detailed thermal and structural analysis of the lower head. This
option can be used to analyze structures throughout the system, however.
An example of the possible application of this link is shown in Figures 1
and 2. In this example, the user uses the general purpose PATRAN code to
build the thermal and structural meshes for a detailed 2D analysis of
debris and associated lower head structures. The resulting thermal mesh
is then used to create the input for the SCDAP/RELAP5/MOD3 detailed COUPLE
model using the INEL-developed PAT2SR5 code while the structural mesh is
processed for input into ABAQUS. The COUPLE model is then used to perform
the detailed thermal analysis of the debris and lower head. This analysis

can include (a) time dependent accumulation of debris, (b) 2D heat
3
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conduction within the debris bed and associated structures, (c) dryout or
quench (rubble bed only), and (d) molten pool formation and growth. The
resulting temperature response can then be used in the ABAQUS structural
analysis. As shown in Figure 2, PATRAN can then be used to display the
results from both the SCDAP/RELAPS and ABAQUS.

Early Phase Model Improvements

As described in a previous Water Reactor Safety Meeting paper[4] and
subsequent report[7], a systematic assessment of the SCDAP/RELAP5 models
has been underway since the summer of 1992. That asséssment, which has
included code-to-data comparisons for SCDAP/RELAPS/MOD3 and earlier
versions of the code, has thus far focused upon the early phases of an
accident where a wide range of experiment results are available. These
early phase code-to-data comparisons have indicated that SCDAP/RELAP5 can
describe many of the important features of the experiments. Specifically,
it has been concluded that:

1. The thermal response of the early phase experiments, including
variations in timing as well as magnitude, could typically be
predicted within +20 % with a few outliers in the +40 % range.
The ballooning and rupture could typically be predicted to a few
percent. The hydrogen production had the worst overall
agreement, particularly during bundle reflood, with a variation
up to a factor of two. The general trends of the melt
relocation, amount of material liquefied and location of the
blockage regions, could be predicted but qualitative estimates
were still limited by the availability of data.

2. Some features of the experiments could not be adequately
predicted including (a) the renewed hydrogen production, heating
and melting during reflood, (b) the influence of material
interactions between the fuel rod, control rod/blade, and
structural materials, (c) flow diversions due to changes in
geometry, (d) rivulet and free droplet flow of liquefied fuel rod

materials, (e) oxidation of the inside of unpressurized fuel rod
5



claddiné, (f) the oxidation of relocating material or material
that has formed a cohesive blockage, and (g) the porosity of
frozen melt and the relocation of ceramic fue] rod material.

As a result of that assessment, work was started in improving the models
where they were shown to be deficient. O0f the seven areas noted above,
model improvements have been completed for (a) renewed hydrogen
production, heating, and melting during reflood, (b) interactions between
Inconel spacer grids-Zircaloy cladding and BWR B4C, stainless steel
control blade, Zircaloy channel boxes, and (c) the influence of cold walls
upon the flow diversions associated with changes in geometry. Work was
started on the interactions between (a) Ag-In-Cd control material,
stainless steel, and Zircaloy and (b) rivulet and free droplet flow of
lTiquefied fuel rod materials.

As shown on Figures 3 and 4, experiments performed in the CORA facility in
Ger‘many7’8'9 have shown that the reflooding of a hot, damaged bundle can
have a dramatic influence on the hydrogen production and heating of the
bundle. Figure 3 shows the results from a PWR bundle test, CORA-12, while
Figure 4 shows the results from two BWR bundle tests, CORA-16 and

CORA-17. CORA-12 was an electrically heated bundle with a 25 rod array
consisting of fuel rods, electrically heated fue] rod simufators, and
Ag-In-Cd control rod. The power in the bundle was increa Tinearly with
time until indicated temperat@res exceeded the melting poifit of Zircaloy,
at a time of ~4900 s, the power was then decreased, resulting in the
initial cooling of the bundle. Then at -5100 s, the bundle was quenched.
The resulting spike in the hydrogen and temperatures at 50 and 1250 mm
where bundle thermocouples were stil] operational is obvious. The same
trend was shown in the CORA-17 experiment.. In this case, the bundle was
composed of BWR structures, fuel rods, electrically heated fuel rod
simulators, Zircaloy channel, and B4C control blade segment. By way of
contrast, the hydrogen production for the CORA-16 test is also shown.

Both CORA-16 and CORA-17 were subjected to the same heatup and melting
transient. However, the bundle in CORA-16 was slowly cooled while the
CORA-17 bundle was quenched.
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However, during the analysis of these experiments, it was found that the
existing SCDAP/RELAPS models could not predict such a rapid increase in
“oxidation during reflood. In fact, the models consistently underpredicted
the oxidation during the reflood phase of the experiments by nearly a
factor of two. In the original models, it was assumed that, during
reflood, the fuel rods would shatter, exposing unoxidized Zircaloy and
forming a loose rubble debris bed, if two basic criteria was satisfied.
First, the cladding was sufficiently oxidized that the cladding had become
embrittled using a criteria developed by Kassner and Chunglo. That is,
the remaining, relatively oxygen free (<0.9 wt %), beta layer of the
Zircaloy cladding had a thickness less than 0.1 mm. Second, the fuel rods
were cooled below 1270 K where it was expected that the oxide was no
Tonger ductile due to a phase transition in the Zr0,.

Consequently, the SCDAP/RELAPS models were changed using the basic
concepts illustrated in Figure 5. It was still assumed that the fuel rods
would shatter using the same criteria as before. However, an additional
region was added where the protective oxide could spall or shatter leaving
a fresh unoxidized surface of metallic Zircaloy. The region would form,
based upon an analysis of the available data, if the cooling rate was
greater than 2 K/S and the temperature of the oxide fell below 1560 K. In
addition, a vapor limited diffusion model was added using a heat/mass
transfer analogy to limit the maximum rate of oxidation when the hot
metallic surface was exposed to steam. Although a detailed assessment of
this model has not been completed, results of verification testing11
indicates that the predicted trends are correct.

The CORA, and other separate effects, experiments performed in Germany12
also show that grid spacers have a pronounced impact on the relocation and
freezing of liquefied material and relocation of loose debris. As shown
in sketches of the end state of several CORA experiments, Figure 6, the
grid spacers act as barriers to the relocation of liquefied material and
loose debris. In addition, Inconel spacer grids can also chemically
interact with the Zircaloy cladding to form relatively low melting
temperature alloys. These interactions can occur quickly as the
temperatures are increased with comp]gte liquefaction of the material in
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the location of the interactions at a temperature near 1500 K.

To account for these effects, the spacer grid models in SCDAP/RELAPS were
modified to account for the stored energy associated with the grid as well
as the interactions between Inconel and Zircaloy. These models are
described in detail by Siefken!3. However, the key features of the
models are shown on Figure 7. The Inconel spacer grid model is the most
elaborate due to the incorporation of reaction kinetics correlations that
define the rate of chemical interactions between the grid and the adjacent
cladding. These correlations use a parabolic rate equation with
exponential temperature dependence. These correlations also account for
the rate Timiting effect of an initial protective oxide layer. The
interactions are assumed to proceed initially with the formation of a pin
hole failure in the cladding at the point of contact between the spacer
grid and cladding. The interactions will then spread from that point
radially until the grid is completely liquefied. Both Zircaloy and
Inconel spacer grids can also act as barriers to the downward relocation
of liquefied or loose debris. In this case, the thermal mass of the grid
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Figure 7. Features of the new Inconel spacer grid-Zircaloy cladding
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spacers are included in the event that the grid, adjacent cladding, and
overlying debris or melt continue to heat up and eventually relocate
downward. Initial assessment of the new model using the results from the
CORA-7 expem‘ment14 indicates that the new model results in a prediction
of melt relocation behavior in much better agreement with the test.

BWR heating and melting experiments in the Annular Core Research Reactor
(ACRR)IS’16 and in the CORA facility7’8’9’17 also showed that the
interactions between the B4C control material, stainless steel cladding
and sheath material, and the channel box Zircaloy dominated the initial
liquefaction and relocation of the BWR control blade and channel box.
However, these structures were originally modeled using two separate
component models. A B4C/stainless steel control rod/blade component was
used to represent the BWR control blade while a general slab model was
used to represent the channel box. Because of this approach, the
interactions between the control blade and adjacent channel box could not
be properly addressed. To resolve this problem, a new component model has
been added to the code which represents the BWR specific combined channel
box and control blade geometry. This model was developed by Oak Ridge
National Laboratory18 and includes (a) a representation of the control
blade and channel box segments adjacent to the control blade and open
intersticial gap, (b) interactions between the B4C, stainless steel
cladding and sheath, and the Zircaloy channel box, (c) oxidation of the
stainless steel, Zircaloy, and B4C, and (d) liquefaction and relocation
of the component structures. The model allows for different flow
conditions in the interstitial region and fuel assembly using the RELAPS
thermal-hydraulics models and correlations.

The analysis of the LOFT FP-2 test with SCDAP/RELAP51?:20 provided the
first indication that the flow diversion due to changes in core geometry
could be important even during the initial change in geometry due to fuel
rod ballooning. As shown in Figure 8, which shows the calculated and
measured temperatures in the central fuel assembly of the LOFT core,
calculations either including or not including the influence of flow
diversions due to fuel rod ballooning tended to bound the measured

temperature respons: of the assembly, but resulted in a substantial change
11 '
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in the predicted temperatures. Further analysis indicated that tha
insulated shroud surrounding the central assembly had a substantial impact
on the predicted behavior of the core. As shown in the schematic of the
left hand side of Figure 9, the initial calculations were performed using
a two flow channel core model due to limitations in coupling between the
SCDAP/RELAPS radiation heat transfer and hydrodynamics models. As a
result, the radial temperatures in the central fuel assembly, fuel rod
ballooning, and melt relocation were predicted to be relatively uniform
across the assembly. The resulting predicted flow diversion was then from
the central assembly to the outer assemblies. Yet, the experimental
results showed that the fuel rod temperatures adjacent to the unheated
shroud were significantly lower than those in the inner part of the
assembly. As a result, as shown in Figure 10, the peak rod temperatures,
and associated formation of blockages due to the melting of the assembly
were concentrated in the center of the assembly.

Because of this result, the coupling between the radiation heat transfer
12
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and hydrodynamics models was modified to allow multiple flow channel
within a single radiation enclosure. Initial analysis with these changes
and using a more representative set of flow channels in the central
assembly indicated that such a radial ncdalization more accurately
predicted the temperature distribution, fuel rod ballooning, and
melting-induced blockage near a cold wall. In the case of the LOFT
analysis, the move detailed representation of the flow channels and fuel
rod behavior in the central fuel assembly resulted in a reduction in the
average flow blockage and associated flow diversion to the outer
assemblies as shown in the right hand schematic of Figdre 9. Additional
LOFT calculations are currently underway to better quantify the influenc:
of the new modeling capability.

The CORA and earlier single rod heatup and melting experiments in the
German NEILS facih‘ty‘:l'22 also clearly identified that the initial
relocation of fuel rod materials associated with the dissolution of UO,
by molten Zircaloy occurs as rivulets and free falling droplets. Figure
11, taken from tests conducted in NEILS in Helium, shows the initial
formation of rivulets of liquefied fuel rod material. Although the
presence of steam, as shown in Figure 12, confused the image of the
process, more recent CORA experiments also show the formation of rivulets
and free falling drops in the presence of steam once significant amounts
of liquefied material have been formed. This is shown in figure 13, which
is a composite of data developed from videos taken for PWR and BWR

experiments in CORA
perimen 8. Because of the graphic evidence from recent CORA

experiments, work has heen started on modifying the existing film flow
models that are used in %reat the relocation of liquefied fuel rod
material.

References

1. RELAPS5/MOD3 Code Manual, Edited by C. M. Allison, C. S. Miller, N. L.
Wade, Draft NUREG/CR-5535, EGG-2596, June 1990.
2. SCDAP/RELAPS/MOD3 Code Manual, Edited by C. M. Allison, E. C. Johnson,

Draft NUREG/CR-5273, EGG-2555, September 1990.
14




0.2 K/s 05 K/is 1.0KI/s 1.5 K/s 4.0 KIs

Figure 11. Fuel rod melting in single rod tests conducted in the German

NEILS facility in helium.
15



0.75 Kis 1.5 Kis 2.5 Kis 3.5 KI/s

Figure 12. Fuel rod melting in single rod tests conducted in the German

NEILS faciny in steam.
16



1.0

A
0.9 I T
' I“f ) s ld;O:: J J! j‘jﬁgﬂ‘“.. i
" vt T Iy :\.ux
0.8 ; Ji [} [N} X}
[} ¢ 4
fp[ )
0.7 — T v 7
_ VR ' s Iy
E 0 G tc 104 J J
Ly . 757 ! :0?0: s ; )
c f‘. ] X AbX )
2 05 Rl :
© !f N S H H
q>, 0.4 Y IQ'L: ‘.’," [ o 1Y Y
w
0.3 4+ PWR
' BWR
0.2 {4 Absorber tailure
® Channel box wall fallure
0.1 1+ Droplet formation —
I/ Rivulet formation

0.0 = X .
4,000 4,100 4,200 4,300 4,400 4,500 4,600 4,700 4,800 4,900 5,000
Time (s)
M3ISO-WHT-601-28
Figure 13. Composite of rivulet and free droplet melt relocation from
CORA PWR and BWR tests.

3. C. M. Allison, et al., "SCDAP/RELAPS/MOD3 Code Development and
Assessment", 19th Water Reactor Safety Meeting, Bethesda,
October, 1991.

C. M. Allison, J. K. Hohorst, C. H. Heath, K. L. Davis,

SCDAP/RELAP5/MOD3 ASSESSMENT: ASSESSMENT OF EARLY PHASE DAMAGE

PROGRESSION MODELS, EGG-SSRE-10098, February, 1992.

§. G. W. Johnsen, "RELAPS Improvement for Modeling Advanced Reactors",
20th Water Reactor Safety Information Meeting, Bethesda, October
21-23, 1992.

6. J. Rempe, et al., Light Water Reactor Lower Head Failure Analyses,
NUREG/CR 5642, EGG-2618 (Draft), March 1992.

7. S. Hagen, et al., "CORA Experiments on the Materials Behavior of LWR
Fuel Rod Bundles at High Temperatures", 19th Water reactor Safety
Information Meeting, Bethesda, October 28-30, 1991.

S

17



8.

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

J. K. Hohorst and C. M. Allison, "Interpretation of Experimental
Results from the CORA Core Melt Progression Experiments", ANS Winter
Meeting, San Francisco, November, 1991.

J. K. Hohorst, C. M. Allison, T. J. Haste, R. P. Hiles, S. Hagen,
"Assessment of SCDAP/RELAPS Using Data From the CORA Core Melt
Progression Experiments", Fifth International Topical Meeting on
Nuclear Reactor Thermal Hydraulics, Salt Lake City, September 21-24,
1992.

H. M. Chung and T. F. Kassner, Embrittlement Criteria for Zircaloy
Fuel Cladding Applicable to Accident Situations in. Light-Water
Reactors: Summary Report, NUREG/CR-1344, ANL79-48, January 1980.

E. W. Coryell, S. A. Chavez, K. L. Davis, M. H. Mortensen, Desiagn
Report: SCDAP/RELAPS Reflood Oxidation Model, EGG-SSRE-10307, (To be
Published).

S. Hagen, et al., Interaction in Zircaloy UOg Fuel Rod Bundles with
Inconel Spacers at Temperatures above 1200 gC (Posttest Results of
Severe Fuel Damage Experiments CORA-2 and CORA-3), KfK-4378,
September, 1990.

L. J. Siefken and M. V. Olsen, "Effect of Inconel Grid Spacers on
Progression of Damage in Reactor Core", Fifth International Topical
Meeting on Nuclear Reactor Thermal Hydraulics, Salt Lake City,
September 21-24, 1992.

Personal communication to J. K. Hohorst

R. 0. Gauntt, R. D. Gasser, and L. J. Ott, The DF-4 Fuel Damage
Experiment in ACRR with a BWR Control Blade and Channel Box,
NUREG/CR-4671, SAND86-1443, November 1989.

J. K. Hohorst and C. M. Allison, "DF-4 Analysis Using
SCDAP/RELAP5",Nuclear Technology, Vol. 98, May 1992.

P. Hofmann, M. Markiewicz, and J. Spino, Reaction Behavior of B,C
Absorber Material with Stgin]gg;_ggggl_ggg_lixgglov in Severe LWR
Accidents, KfK-4598, July, 1989.

F. P. Griffin, BWR Control Blade/Channel Box Interaction and Melt
Relocation Models for SCDAP, ORNL/NRC/LTR-92/12, June, 1992.

E. W. Coryell, "Assessment of Core Damage Models in SCDAP/RELAPS
During OECD LOFT LP-FP-2", ANS Winter Meeting, San Francisco,
November, 1991.

18



20. M. L. Carboneau et al., Expe:;iment Analysis and Summary Report for

21.

22.

QECD LOFT Project Fission Product Experiment LP-FP-2, OECD
LOFT-T-3806, June 1989.

S. Hagen, et al., Experimental Investigation of the Melt-Down Phase of

ugg-21rgglov Fuel Rods in the Event of Failure of the Emergency
Cooling, PNS-4321, December 1978.

S. Hagen, Qut-of-pile Experiments on the High Temperature Behavior of
Zry-4 Clad Fuel Rods, KfK 3567, August 1983.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed hercin do not necessarily state or reflect those of the
United States Government or any agency thereof.

19









	DE93005183_EGGM92630
	DE93005183_EGGM92630-02
	DE93005183_EGGM92630-03
	DE93005183_EGGM92630-04
	DE93005183_EGGM92630-05
	DE93005183_EGGM92630-06
	DE93005183_EGGM92630-07
	DE93005183_EGGM92630-08
	DE93005183_EGGM92630-09
	DE93005183_EGGM92630-10
	DE93005183_EGGM92630-11
	DE93005183_EGGM92630-12
	DE93005183_EGGM92630-13
	DE93005183_EGGM92630-14
	DE93005183_EGGM92630-15
	DE93005183_EGGM92630-16
	DE93005183_EGGM92630-17
	DE93005183_EGGM92630-18
	DE93005183_EGGM92630-19
	DE93005183_EGGM92630-20
	DE93005183_EGGM92630-21


