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DEVELOPMENT OF THE BWR DRY CORE 
INITIAL AND BOUNDARY CONDITIONS 

FORTHESNLXR2- 

F. P. Griffin L. J. Ott 

Boiling Water Reactor Experimental Analysis and Model Development for Severe Accidents Program 
Oak Ridge National Laboratory 

Oak Ridge, Tennessee 

1. INTRODUCTION 

The objectives of the Boiling Water Reactor Experimental Analysis and Model Development for 
Severe Accidents (BEAMD) Program at the Oak Ridge National Laboratory (ORNL) are: (1) the 
development of a sound quantitative understanding of boiling water reactor (BWR) core melt 
progression; this includes control blade and channel box effects, metallic melt relocation and 
possible blockage formation under severe accident conditions, and (2) provision of BWR melt 
progression modeling capabilities in SCDAP/RELAP5 (consistent with the BWR experimental 
data base). 

This requires the assessment of current modeling of BWR core melt progression against the 
expanding BWR data base. Emphasis is placed upon data from the BWR tests in the German 
CO&l test ficility and from the ex-reactor experiments [Sandia National Laboratories (SNL)] on 
metallic melt relocation and blockage formation in BWRs, as weR as upon in-reactor data from 
the Annular Core Research Reactor (ACRR) DF-4 BWR test (conducted in 1986 at SNL). 

The BEAMD Program is a derivative of the BWR Severe Accident Technology Programs at 
ORNL. The ORNL BWR programs have studied postulated severe accidents in BWRs and have 
developed a set of models’ specific to boiling water reactor response under severe accident 
conditions. These models, in an experiment-specific format, have been successfully applied to 
both pretest and posttest analyses of the DF-4 experiment,- and the BWR severe fuel damage 
(SFD) experiments6’ performed in the CORA facility at the Kemforschungszentrum Karlsruhe 
(KK) in Germany, resulting in excellent agreement between model prediction and experiment. 

The ORNL BWR models have provided fkr more precise predictions of the conditions in the BWR 
experiments than were previously available. This has provided a basis for more accurate 
interpretation of the phenomena for which the experiments are performed. The experiment- 
specific models, as used in the ORNL DF-4 and CORA BWR experimental analyses, also provide 
a basis for the efficient development of new models for phenomena such as materials interaction; 
and these validated phenomenological models (from the results of the experiments) then may be 
incorporated in the systems-level codes (MELCOR’ and SCDAP/RELAP54. 
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Improved structural models for the BWR canister/control blade,‘@” simplified versions of the 
CORA BWR experiment-specific models, have been incorporated into the SCDAP/RELAP5 
code. 

In accordance with Task 5 of the Form 189 for JCN W6202, dated September 15, 1994, the 
ORNL BEAMD Program is to continue to interact with SNL and provide analytical support to 
SNL for the XR2 series of tests (under JCN L1468 at SNL) on metallic melt relocation and 
blockage formation under BWR accident conditions. Initial and boundary conditions for the XR2- 
1 experiment are to be obtained by means of SCDAP/RELAP5 calculations based upon the 
Browns Ferry station blackout accident sequence. 

It is the purpose of this letter report to present the results of the best-estimate SCDAFVRELAP5 
calculations and to provide recommended initial and boundary conditions for the SNL XR2 ex- 
reactor experiments. Chapter 2 will focus on the description of the BWR dry-core accident 
scenario and the SNL ex-reactor experiments. Chapter 3 briefly describes the ORNL 
SCDAP/RELAP5 Browns Ferry model. Chapter 4 will discuss the results of the ORNL analysis. 

Chapter 5 provides a summary of the main points of this report. References cited are listed in 
Chapter 6. 

This report is in partial fuhillment of Task 5 of the NRC Form 189 for JCN W6202 dated 
September 15, 1994. 
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2. XRExPERIMEms 

2.1 BWR DRY CORE ACCIDENT SCENARIO” 

Review of the results of probabilistic risk assessment (PRA) demonstrates conclusively that the 
BWR is vulnerable only to loss of reactor vessel injection and that the postulated accident sequence 
scenarios leading to core damage always involve means for failure of function of the vessel 
injection systems. As defined, the various severe accident sequences involve different pathways 
to and timing of loss of vessel injection capability but, in every case, the core must become 
uncovered before core damage can occur. 

The Station Blackout accident sequence has consistently been identified as the leading contributor 
to the calculated core damage frequency in recent PRAs for plants of the BWR design. BWRs are 
well protected against core damage because they have redundant reactor vessel injection systems 
to keep the core covered with water. The reason that Station Blackout is the leading contributor 
to BWR core damage frequency is simply that the majority of the reactor vessel injection systems 
are dependent upon the availability of alternate current (AC) power and BWRs are vulnerable to 
loss of injection. 

Station Blackout is the accident sequence initiated by loss of off-site AC power and the associated 
scram and closure of the main steam isolation valves combined with failure of the station diesels 
(or gas turbines) to start and load. Therefore, all electric motor-driven reactor injection systems 
become unavailable at the inception of the accident sequence. 

Most of the 37 operating BWR facilities in the United States are protected against loss of the 
motor-driven reactor vessel injection systems by having steam turbine-driven injection systems. 
Since these systems rely upon direct current (DC) power for valve operation and turbine governor 
control, they will eventually be lost if AC power is not restored before the unit batteries become 
exhausted. The sequence with successful operation of the turbine-driven injection systems is 
classified as Long-Term Station Blackout because a significant period of time (typically six to 
eight hours) would elapse before battery exhaustion caused loss of reactor vessel injection 
capability and means for operator control of pressure. ‘The characteristics of this sequence 
(Figure 2.1) are (1) loss of injection, (2) loss of ability to manually manipulate the safety relief 
valves (SRVs) after battery failure, (3) vessel pressure dependent on SRV automatic actuations, 
(4) boiloff, and (5) core steaming dominated by SRV actuations. This sequence is termed a “wet” 
core degradation scenario; that is, during the core degradation process there is water within the 
core with continuous steaming that can feed metal/steam oxidation reactions. 

The second form of the severe accident sequence associated with loss of all AC power is termed 
Short-Term Station Blackout (STSB) because for this sequence, the steam turbine-driven injection 
systems fail to start upon demand. However, DC power is available for SRV actuation so that the 
operators can take meaningful action in following the Emergency Procedure Guidelines (EPGs). 
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The basic functional goal of the EPGs is to establish the prudent actions to be taken by the 
operators in response to the symptoms observed by them at any point in time. Once entry into 
the EPGs has occurred, the operators are expected to take the specified actions regardless of 
equipment design bases limitations or licensing commitments. The guidelines use. multiple 
mitigation strategies wherever possible so that recovery from an abnormal situation does not 
require successful operation of any one system or component. 

IntheSTSBscenari o, if AC power is not restored, partial uncovering of the core will occur and, 
per the EPGs, the operators will initiate the ‘steam cooling” maneuver.. The purpose of this 
maneuver is to delay fuel heatup by cooling the uncovered upper regions of the core by a rapid 
flow of steam. Since the source of the steam is the remaining inventory of water in the reactor 
vessel, however, the steam cooling maneuver provides only a temporary delay (10 to 20 minutes) 
in core heatup and concludes with a vessel water level below the core plate. (The core plate is 
located -23 cm below the active fissile region of the core.) The characteristics of this sequence 
(Figure 2.2) are (1) no injection, (2) vessel depressurized, (3) boiloff with flashing during 
depressurization, and (4) steam-starved core degradation. This sequence is termed a “dry” core 
degradation scenario because core degradation occurs under minimal steaming conditions with 
essentially a stagnant, steam-starved core atmosphere. 

All BWR degraded core experiments performed prior to CORA-336 (October 1992) were 
conducted under “wet” core degradation conditions for which water remains within the core and 
continuous steaming feeds metal/steam oxidation reactions on the in-core metallic surfaces. Thus, 
one dominant set of accident scenarios, the “dry” core sequence, had been entirely neglected 
experimentally. 

To date, only CORA-33 and the SNL XR experiments have addressed the BWR “dry” core severe 
accident sequences. 

2.2 XR TEST DESCRIPTIONn 

The ex-reactor (XR) experiments at SNL are designed to resolve phenomenological uncertainties 
concerning the behavior of relocating metallic melts draining into the lower regions of a dry BWR 
core as a result of a core-melt accident. The experiments are intended to determine under what 
conditions the metallic melts would form in-core blockages and under what conditions draining 
into the lower plenum would occur. The experiments specifically address the dry core accident 
conditions associated with depressurized BWR core melt accidents where rapid vessel blowdown 
has lowered the water level below the core plate. Under these conditions, the melt progression 
proceeds without the rapid oxidation-driven core damage mechanisms that have been more 
commonly investigated. 

A major uncertainty currently exists with respect to the behavior of melting metallic core materials 
in the BWR under the dry core accident conditions associated with station blackout with vessel 
depressurization. At issue is the question of the formation of in-core metallic blockages in the 
lower region of the core, versus rapid draining of the relocating metallic components to the lower 
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plenum without the formation of an in-core blockage. The phenomenological uncertainty is 
important because of the potential impact upon the remainder of the accident, including influences 
upon the lower vessel head attack and the materials released following vessel failure. 

The XR experiments will determine how melting and relocating metallic BWR core components 
accumulate in the lower region of the BWR core, and the interactions that occur with the core 
structures there. The degree of lateml melt spreading and flooding will be de&mined for a range 
of initial conditions, and the tendency of metallic melts to form blockages around the lower core 
structures and upon the core plate will be determined. Mechanisms of‘wre plate attack and core 
plate bypass by the draining metallic melts will also be examined. 

These phenomena will be investigated using prototypic materials and suitably scaled geometry so 
as to adequately represent a full-size zuzit ceZ2 within the BWR wre lattice. In addition to 
Zircaloy-clad fuel rods, Zircaloy canister walls, and B,C-filled stainless steel control blades, 
structures repmentative of the core plate, the lower fuel canister nose pieces, and the fuel support 
piece will be examined. 

Metallic melts, representing the upper core region melting metallic components, will be prepared 
by means of inductive heating and will be transferred at a controlled rate into preheated test 
bundles representative of the lower 0.5 to 1 m of a dry BWR core. The initial experiments have 
addressed channel box and control blade behavior in response to accumulating metallic melts. 
Later experiments will inwrporate all of the structural elements, including Zircaloy-clad UO, fuel 
rods. The end result of this experimental program will be an adequate understanding of the 
mechanisms associated with the transfer of molten core ma@als from the wre region to the lower 
plenum region of the dry-core BWR wre melt accident. 

The general experimental approach used in the XR experiments is illustrated schematically in 
Figure 2.3. The test rig shown in Figure 2.3 includes the test bundle and melt generator (original 
design) situated within an enclosed confinement chamber. (A confinement chamber is necessary 
in order to inert the test environment with argon gas so that the heated test components will not 
react with air to form oxides or nitrides, and to prevent heated or molten Zircaloy used in the test 
from burning pyrophorically.) The test bundle will be preheated using both electrical resistive 
heating at the perimeter of the test bundle and convective heating supplied by a heated argon gas 
flow system. 

In the original design, the melt generator was an inductively heated tilting type furnace 
(Figure 2.3) capable of preparing melts of up to about 100 kg of steel/Z&alloy mixture. The 
tilting mechanism would alloW for a controlled rate of pour of the molten mixtures into the test 
bundle in order to simulate properly the time duration of the melt relocation. The molten material 
would be introduced into the test bundle using a ceramic funnel arrangement. 

During February 1993, the tilting type furnace was tested via an inductive melt of stainless steel 
and then a controlled pour of the molten mass through a ceramic funnel into a catch tank. 
However, very little of the original melt mass (<25%) entered ‘the catch tank. During the 
controlled pour, the high radiant heat losses from the melt caused rapid refreezing of the melt in 
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the tilt fknace pour spout and in the ceramic funnel. Thus it was demonstrated that this approach 
is not adequate and a new melt delivery system was designed. 

The bottom discharge melter” (shown schematically in Figure 2.4) is located on top of the test 
section so that the melt flows through an array of alumina tubes onto the desired structure; this unit 
is essentially an integral part of the test section. The bottom discharge melter has been tested 
successfblly in May and June of 1993. 

The test bundle designs to be investigated fall into two categories, as shown in Figure 2.5. The 
simpler design shown in the upper half of Figure 2.5 was employed in the initial tests. In the simpler 
design only the channel box walls and the control blade structures are represented in the bundle cross 
section. The lateral dimensions allow a 111 l/4 section of the cruciform-shaped BWR control blade 
to be included in the design and preserve the proportion of “bladed” interchannel gap to “un-bladed” 
gap* 

The more complicated test design shown in the lower half of Figure 2.5 includes an array of 72 
Zircaloy-clad UO, fkl rods, in addition to the channel box and control blade structures. These tests 
will investigate flooding effects in the tie1 canister region that occur when melts intrude into the Gel 
canisters. Fuel rod grid spacers and a tie plate/nose piece structure will be included in the base of this 
design, in addition to the core plate structure. This will allow investigation of the flooding 
phenomena occmkg within the fuel canister and the potential drainage paths through the fiel nose 
piece, bypassing the core plate. The large rod array will make use of the heated argon gas flow 
system in order to preheat the fitel rods. In addition, the perimeter region can be electrically heated 
in order to minimize radial conductive heat losses through the perimeter insulation. 

The principal on-line diagnostic to be used in the XR experiments is thermocouple instrumentation. 
There is also a real-time x-ray imaging device15 (see Figure 2.6) to observe the melt relocation within 
the test section. 

Two XR experiments have been completed, both utilizing the simpler design shown in the upper half 
ofFigure 2.5. The XRl-1 test was success&Uy executed on July 23, 1993.r6 The XRl-2 experiment 
was completed on November 5, 1993.” 

2.3 PEER REVIEW COMMENTS ON THE EX-REACTOR EXPERIMENTS 

In 1993, the USNRC convened an expert technical review group to help guide the future course of 
NBC research in the late phase melt progression area; specifically, this group was to review the ex- 
reactor and late phase experiments at SNL and the late-phase DEBRIS porous media modeling 
effort’*“’ at SNL. Over a three day period in January 1994 (RocKlle, Maryland), the SNL 
researchers presented papers on the results and posttest analyses of completed tests and the planning, 
purpose, and supporting pretest analyses for proposed new experiments. During this meeting, the 
group members were instructed to provide a summary assessment of the ex-reactor program and an 
assessment of the late phase melt progression information that was presented at the meeting. 
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With respect to the SNL ex-reactor experiments, the review group unanimously recommended 
proceeding with the XR2 series of tests. Also, it was recommended that the planning for the XR2 
experiments be augmented by a firm, documented, analytical basis for the debris pour 
compositions, rates, and distributions as well as for the initial temperatures of the c0re.plat.e and 
overlying structures that will receive the pours. It was also suggested that a best-estimate 
simulation of a BWR dry-core accident scenario be performed (using SCDAP@LAP5) to supply 
the desired initial and boundary conditions for the XIX2 tests. 

2.4 ORNL SUPPORT OF THE XI22 TEST SERIES 

In response to the peer review recommendations for the SNL XR2 series of experiments, Task 5 
of JCN W6202 for the BEQID Program was modified to authorize a best-estimate analysis of 
a BWR dry-core severe accident sequence using the SCDAP/RELAP5 code. 

Chapter 3 describes the SCDAP/RELAP5 model employed in the ORNL analysis; Chapter 4 
presents the results of the ORNL analysis. 
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3. SCDAI’/RELAPS MODEL FOR BROJVNS FERRY 

A SCDAP/RELM5 model has been developed for the Browns Ferry Nuclear Plant design based 
upon a short-term station blackout (STSB) accident sequence. This STSB model was developed 
by modifying a Browns Ferry input deck representing a large-break loss of coolant accident 
(LOCA) sequence obtained from INEL. Other improvements were made to incorporate more 
detailed axial and radial power profiles and to refine the representation of the structures in the 
lower core, core-plate region, and lower plenum. 

3.1 DESCRIPTION OF BASIC MbDEL 

3.1.1 Hydrodynamic Nodalization 

A nodalization diagram for the Browns Ferry reactor vessel and associated piping is shown in 
Figure 3.1. The reactor coolant system is represented from the feedwater inlet to the turbine inlet 
and includes the reactor pressure vessel, two recirculation loops, the feedwater piping, the control 
rod drive (CRD) cooling water, and the steam piping. The recirculation loop on the left-hand side 
of Figure 3.1 was originally used at INEL to rqresent a LOCA sequence. For the STSB accident 
sequence, both recirculation loops remain intact (i.e., the valves between volumes 200 and 998 
and volumes 210 and 999 are closed). The Browns Ferry containment is not represented 
explicitly. Rather, the safety/relief valves (SRVs) discharge into volume 561, which is assumed 
to remain at a constant pressure of 45 psia. 

A more detailed nodalization diagram of the lower half of the reactor pressure vessel is shown in 
Figure 3.2 with hydrodynamic volumes represented by open boxes and solid structures represented 
by shaded boxes. The active core is divided into four radial rings and thirteen axial nodes. The 
center ring of the core (right-hand side of Figure 3.2) represents -55% of the fuel bundles, while 
the other three rings near the periphery of the core (where the power density is greatly reduced) 
each represent -15% of the fuel bundles. The lower 1.07 m (3.5 ft) of the active core (which is 
the region of interest to the XR experiments) is divided into 7 axial nodes, while the upper 2.74 
m (9.0 ft) of the active core is divided into ‘6 axial nodes. 

In each of the four radial rings, there is one pipe volume that represents the coolant flow inside 
the fuel assemblies (volumes 320, 321, 322, and 323) and one pipe volume that represents the 
coolant flow outside the fuel assemblies in the interstitial region surrounding the control blades 
(volumes 370, 324, 325, and 326). The interstitial volumes outside the fuel assemblies are 
connected by cross-flow junctions that allow coolant to flow horizontally between the center and 
the periphery of the core. 

The primary coolant flow through the core (about 90% of total) is from the lower plenum 
(volumes 292, 293, and 294) through the fuel support pieces and lower tie plates (volumes 300, 
301,302, and 303) and into the fuel assemblies. The remaining core coolant flow (about 10% 
of total) is through the interstitial region. Coolant enters the interstitial region by either flowing 
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through holes machined in the lower tie plates, leaking past the core plate, or flowing through the 
control rod guide tubes (volumes 340 and 350) from the CRD cooling water pumps. 

The jet pumps are represented by volumes 260, 265, and 270 (first recirculation loop) and 
volumes 261,266, and 271 (second recirculation loop). In a BWR, the upper mixing sections of 
the jet pumps are co~ected to the lower difbser sections by mechanical slip fits for easy removal 
during maintenance. The leakage through these slip joints is represented by junctions that connect 
the jet pumps (bottom of volumes 265 and 266) to the annulus region (volume 455). 

3.1.2 Structure Models 

The fuel rods, water rods, and BWR control blade/channel boxes are represented by SCDAP 
components that include the effects of oxidation, melting, and relocation. RELAP5 heat structures 
(which do not model oxidation and melting) are used to represent the other structures, including: 
(1) the lower tie plates, (2) the fuel support pieces, (3) the core plate, (4) the core plate stiffeners, 
(5) the core shroud, (6) the control rod guide tubes and CRD housings, and (7) the reactor 
pressure vessel wall. 

The SCDAP components are shown in Figure 3.2 as shaded boxes and are labeled with numbers 
1 through 12. A summary of these SCDAP components is provided in Table 3.1. All fuel rods, 
water rods, and control blade/channel boxes within each core radial ring are represented by single 
representative SCDAP components. The SCDAP components transfer heat by convection with 
the adjacent hydrodynamic volumes and by radiation (radial direction only) with other adjacent 
SCDAP components. 

The RELAP5 heat structures are identified in Figure 3.2 with 4digit numbers. Figure 3.3 shows 
a more detailed diagram of the RELAP5 heat structures in the core plate region. A summary of 
these RELAP5 heat structures is provided in Table 3.2. The RELJP5 heat structures transfer heat 
by convection with the adjacent hydrodynamic volumes, but there is no calculated radiative heat 
transfer between RELAP5 heat structures or between REZAP5 heat structures and SCDAP 
components. 

3.1.3 Decay Power Distribution 

Detailed 3-D core power data was developed by EPRI (4/2&Q for the Susquehanna nuclear power 
plant equilibrium core at the end of cycle (10.5 GWD/MTU).’ This data provides the nuclear heat 
generation at 25 axial elevations for each of the 764 8x8 fuel assemblies. Because the 
Susquehanna core configuration is identical to the Browns Ferry core configuration, this power 
data was applied to the Browns Ferry STSB simulation. 
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Based on the thirteen core axial nodes shown in Figure 3.2 (and the core nodalization discussed in 
Section 3.1. l), the Browns Ferry power profiles were calculated from the Susquehanna data. The 
calculated radial and axial power profiles are shown in Figures 3.4 and 3.5, respectively. Note that 
the peripheral fuel assemblies produce only one third the power as the center fire1 assemblies. Also 
note that the peak power in the center fuel assemblies is at a low elevation in the core. 

The RELAPS point kinetics model is used to predict the decay power after scram. When default 
input parameters are used, the RELAPS point kinetics model predicts decay heat generation that is 
too large when compared with the realistic decay heat profiles described in NUREGKR-4 1 69.“’ To 
compensate, a fission product yield factor of 0.8 1 (instead of the default 1 .O) is used in the RELAPS 
point kinetics model to reduce the predicted decay power in accordance with NUREGKR-4169. 

3.1.4 STSB Accident Sequence 

In the Browns Ferry STSB model, the first 300 s (5 min) of the simulation represents a period of 
steady-state operation of the reactor at full power (3293 MWt). The STSB accident sequence is 
caused by a loss of of&ite AC power and is initiated at 300 s in the SCDAP/RELAPS input deck by: 
(1) loss of AC power to the recirculation pumps, (2) loss of AC power to the CRD cooling water 
pumps, (3) initiation of MSN closure, (4) initiation of scram, and (5) loss of the turbine-driven 
feedwater pumps and initiation of feedwater coast-down. Throughout the duration of the STSB 
accident sequence, all sources ofcooling water for the core are unavailable. 

The recirculation pumps are modeled explicitly using RELAP5 pump components that include the 
effect of the inertia of the motor and impeller. The recirculation pumps continue to rotate in response 
to coolant flow through the pumps even though there is no power input to the shafts after 300 S. The 
CRD cooling water pumps are not modeled explicitly and the relatively small CRD cooling water flow 
is simply set to zero at 300 s. 

The MSlV closure time and the control blade insertion time during scram is modeled in the Browns 
Ferry STSB sin&&on. TheMSXVs begin to close at 300 s and are fully closed by 305 s. After the 
scram signal at 300 s, the control blades begin to move at 300.2 s and are fully inserted into the core 
by 302.8 s. In the RELAPS point kinetics model, an appropriate amount of negative reactivity is 
associated with this insertion of the control blades into the core. 

After the feedwater trip signal at 300 s, the turbinedriven f&water pumps briefly continue to supply 
coolant to the vessel. Data available at ORNL from actual tests conducted at the Susquehanna power 
plant (with similar feed pumps) were used to determine the declining amount of feedwater during the 
pump coast-down This Susquehanna data and the feedwater coast-down representation used in the 
SCDAP/RELAPS model are shown in Figure 3.6. In the STSB simulation, the feedwater flow 
wntinues at 100% for 11.78 s after the trip signal and then reduces linearly to zero by 35 s after the 
trip signal. The total amount of coolant injected during the feedwater pump coast-down is 86,660 
lbm, which is about 14% of the normal vessel inventory. 
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The SCDAP/RELAPS model represents automatic actuation of the SRVs during the inital slow boil- 
off; manual operation of the SRVs by reactor operators as specified in the Emergency Procedure 
Guidelines is not represented during this time period. The individual SRVs open and close at diierent 
pressures. The first SRV opens when the vessel pressure reaches 1115 psia (other SRVs may also 
open ifthe pressure wntinues to increase) and remains open until the vessel pressure has declined to 
1014 psia. 

Manual actuation of the Automatic Depressurization System (ADS) as specified in the Emergency 
Procedure Guidelines is represented in the SCDAPKELAPS model by opening the ADS associated 
SRVs when the collapsed water level in the fbel assemblies in the center ring of the core reaches one 
third core height. 

3.2 MODEL TO REPRESENT FUEL BUNDLE TEMPERATURE D~STRIIRJ~ON 

An additional and more detailed SCDAP/RELAPS model of Browns Ferry has been developed to 
represent the effects of the local temperature distribution within the central region fuel bundles. In 
the basic model of Browns Ferry described in Section 3.1, all fuel rods within each core radial ring 
are represented by a single representative SCDAP tie1 rod component. The more detailed model 
represents the fuel rods in the center radial ring with three SCDAP fuel rod components. These 
components are arranged as shown in Figure 3.7 so as to predict the temperature distribution within 
the 62 fuel rods: component 10 represents the 34 fuel rods at the middle of each bundle, component 
11 represents the 13 fire1 rods in the outer rows adjacent to a control blade, and component 12 
represents the 15 fuel rods in the outer rows not adjacent to a control blade. 

A summary of the SCDAP components for the more detailed model with the center assemblies 
represented by three fuel rod groups is provided in Table 3.3. A comparison of Tables 3.1 and 3.3 
reveals that the basic and the more detailed SCDAP~5 models are identical except for the level 
of detail used to model the fuel rods in the assemblies at the center of the core (ring 1). In the 
remainder of this report, the model described in Section 3.1 will be referred to as either the “basic 
model” or the “model with one fuel rod group” and the model defined in this Section will be referred 
to as either the “more detailed model” or the “model with three fuel rod groups.” 

In the more detailed model, the three fbel rod groups in the center core radial ring interact with a 
single RELAPS pipe volume (number 323) that provides a common sink temperature for convection 
heat transfer. During the early phases of the STSB accident Gmulation when this volume is filled with 
water and there is no radiation heat transfii, the temperature predictions for the three fuel rod groups 
are identical. Later in the simulation after the water has drained from this volume, radiation heat 
transfer causes the temperature predictions for the three Fidel rod groups to progressively diier. The 
view factors used in the input deck for radiation between the three fuel rod groups, the water rods, 
and the channel boxes were calculated using the VIEwl’u code developed by NASA. 
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3.3 MODEL VERIF’ICATION 

To verify the Browns Ferry SCDAP/RELAP5 input deck, two types of testing have been conducted. 
First, calculations representing steady-state operation of the reactor at 111 power (3293 MM) were 
performed and compared with the specifications provided in the Browns Ferry Final Safety Analysis 
Report (FUR). Second, the SCDAP/RELAPS transient predictions for the STSB accident sequence 
were compared with predictions from the BWR-LTAS?BWRSAR’ codes developed previously at 
ORNL. During this verification testing, several adjustments were made to parameters in the 
SCDAR-5 input deck (such as flow loss coefficients) to improve the Browns Ferry simulation. 
Also, several minor errors in the input deck were discovered and corrected (these have been reported 
to the INEL staffthat maintain this deck). 

The results of the steady-state calculation are shown in Table 3.4. The feedwater and steam flow 
rates predicted by SCDAP/RELAF’S are about 1% less than the FSAR values. The predicted 
recirculation flow rate (i.e., the wmbiied flow rate through both recirculation loops in Figure 3.1) 
is identical to the FSAR specification, which indicates that the flow losses through the core and the 
remainder of the reactor vessel are being modeled correctly within SCDAP/RELAPS. The predicted 
flow rate through the interstitial region is about 10% of the total flow rate through the core. In a 
typical BWR, this ratio of interstitial to total core flow is between 10% and 12%, depending on the 
age of the fuel assemblies. 

A comparison of the SCDAP/RJZLAPS and BWR-LTAMWRSAR predictions for the STSB 
accident sequence is shown in Table 3.5. This Table lists the timing of important events that occur 
during the boil-off and early core degradation phases of the accident. There is excellent agreement 
between SCDAP/RTZLAPS and BWR-LTAWBWRSAR through the time of ADS actuation. 
Nevertheless, because the control blade and channel box melting models in BWR-LTAWBWRSAR 
are less detailed than those now available in SCDAPWS, some differences exist in the predicted 
timing of these events. 
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Table 3.1. Summary of SCDAP components for basic model 

Number TYPe Description 

1 Fuel rod 100 Abel assemblies at periphery of core (ring 4) 

2 Water rod 100 fbel assemblies at periphery of core (ring 4) 

3 Control bladekhanneI box 19 control blades at periphery of core (ring 4) 

4 Fuel rod 128 fid assemblies (ring 3) 

5 Water rod 128 iGel assemblies (ring 3) 

6 Control blade/channel box 32 control blades (ring 3) 

7 Fuel rod 104 fuel assemblies (ring 2) 

8 Water rod 104 fbel assemblies (ring 2) 

9 Control blade/channel box 26 control blades (ring 2) 

10 Fuel rod 432 fbel assemblies at center of core (ring 1) 

11 Water rod 432 fuel assemblies at center of core (ring 1) 

12 Control blade/channel box 108 control blades at center of core (ring 1) 

Table 3.2. Summary of RELAX’5 heat structures in the lower vessel 

Number Description 

2921,435l Reactor pressure vessel 

2701,271l Jet pumps 

4501 Middle core shroud 

2931,475l Lower core shroud 

2941,340l Control rod guide tubes and CRD housings 

2942 Core plate stiffener plates and rods 

2943 Core plate 

3001 Fuel support pieces and lower tie plates at periphery of core (ring 4) 

3011 Fuel support pieces and lower tie plates (ring 3) 

3021’ Fuel support pieces and lower tie plates (ring 2) 

3031 Fuel support pieces and lower tie plates at center of core (ring 1) 
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Number 

6 

Table 3.3. Summary of SCDAP components for model with 3 fuel groups 
;j . . i 

Type Description 

Fuel rod 100 Abel assemblies at periphery of core (ring 4) 

Water rod 100 Abel assembIies at periphery of core (ring 4) 

Control blade/channel box 19 control blades at periphery of core (ring 4) 

Fuel rod 128 tie1 assemblies (ring 3) 

Water rod . 128 tieI assemblies (ring 3) 

Control bladekhannel box 32 control blades (ring 3) 

Fuel rod 104 fkel assemblies (ring 2) 

Water rod 104 fkel assemblies (ring 2) 

Control bladekhannel box 26 control blades (ring 2) 

Fuel rod 34 Abel rods at center of bundle in 432 Abel 
assemblies at center of core (ring 1) 

Fuel rod 13 fiel rods at edge of bundle adjacent to control 
blade in 432 Abel assemblies at center of core (ring 1) 

Fuel rod 15 tie1 rods at edge of bundle not adjacent to 
control blade in 432 fiel assemblies at center of core 
(ring 1) 

Water rod 432 fire1 assemblies at cent& of core (ring 1) 

Control blade/channel box 108 control blades at center of core (ring 1) 
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Table 3.4. SCDAP/RELAPS predictions for &dy&ate operation at full power 

Parameter 

Nuclear heat generation, Mwt 

SCDAPfRELAP5 FSAR 

3293’ 3293 

Feedwater flow, MlbmIh I 13.20 1 13.33 I 

CRD cooling water flow, Mlbm/h 

Steam flow, Mlbm/h 

Recirculation flow, MlbrnIh 

Flow through fuel assemblies, Mlbmlh 

Flow through interstitial region, Mlbm/h 

Total flow through core, Mlbm/h 

0.03’ 0.05 

13.23 13.38 

34.2 34.2 

92.2 not available 

10.3 not available 

102.5’ 102.5 

‘Parameter is specified directly in the SCDAWRELAPS input deck. 

Table 3.5. Comparison of SCDAP/RELAP5 and BWR-LTA~/BWRSAR predictions 

Event 

Downcomer collapsed level at top of active 
fiel 

Time After Scram 
(min) 

SCDAPf SCDAPI BWR-LTAS/ 
RELAPS RELAPS BWRSAR 
(1 fuel rod (3 fuel rod (2 fuel rod 

group) groups) groups) 

56.8 56.8 55.2 

ADS actuation (core collapsed level at l/3 
active fire1 

First control blade liquefaction 

First interstitial blockage between control 
blade and channel box 

Fii channel box liquefaction ( Zr/SS 
eutectic) 

Fist channel box melting (pure Zr) 

91.3 91.6 

125.0 125.2 

127.6 127.9 

132.5 132.7 

139.6 140.8 

91.1 

131.0 

not 
applicable 

not 
applicable 

132.6 
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Figure 3.7. Center assemblies represented by three fuel rod groups. 
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4. INITIAL AND BOUNDARY CONDITIONS FOR TEE XR2~TESTS 

The objective of the best estimate simulation of the Browns Ferry STSB accident sequence using 
SCDAPIREUPS is the development of initial and boundary conditions for the XR2 series of tests. ’ 
The initial conditions are the thermal state of the coreplate, bundle nosepieces, and lower 0.5-l .Om 
of the core at the time of incipient liquefaction of the control blades in the central region of the core. 
The boundary conditions consist of the debris pour compositions, rates, and distributions from the 
upper core into the lower core region. 

Section 4.1 discusses the STSB transient. Section 4.2 presents the initial thermal condition of the 
lower core at incipient control blade liquefaction. Section 4.3 gives the melt relocation rates, 
compositions, and distribution into the lower core for a period of approximately 3000s after initial 
control blade liquefaction. 

4.1 BROWNS FERRY STSB TRANSIENT 

The Browns Ferry STSB accident sequence simulation is discrii in Section 3.1.4. The results from 
the “model with three tie1 rod groups” will be discussed; referring to Table 3.5, there is very little 
difference in the event timing predicted by the “model with one tie1 rod group” and the more detailed 
“model with three fuel rod groups.” 

The predicted response of the reactor vessel pressure is illustrated in Figure 4.1; note that there are 
two time scales. The lower “SCDAIYRELAPS” time scale includes an i&al 300s of steady-state full 
power operation while the upper scale provides time after scram (the following discussion is based 
upon this time after scram). The vessel pressure rides on the SRV actuations until the ADS is 
manually initiated, which OCCLUS when the in-core water level (Figure 4.2) reaches 113 of the active 
core height. The vessel depressurizes until it equilibrates with the containment pressure. 

The vessel water inventory flashes during the depressurization, stabilizing in the lower plenum (see 
Figure 4.2) at a level of 345 cm (136 in) above the bottom of the vessel. This is 182 cm below the 
top of the coreplate; thus the core region is dry. The lower plenum water level is 28 cm above the 
shroud bottom bafSe and the discharge of the jet pumps; therefore a gross gaseous natural circulation 
loop (annulus-lower plenum-core-upper plenum-annulus) does not occur. Localized gas natural 
circulation loops from the intersititial region of the core to the volume just below the core plate and 
then into the tie1 assemblies (and also in the reverse direction) are predicted to exist. However, the 
steam generation rate in the lower plenum is low, and therefore very little steam is available for 
metal/steam oxidation reactions in the core. Significant hydrogen production starts at approximately 
106 min. At 175 min after scram, only 90 kg of hydrogen has been generated (see Figure 4.3). 

As shown in Figure 4.4, the “steam cooling maneuver” does temporarily cool the core (by nearly 250 
K) and delays the heatup by 12- 13 min. 

The first control blade liquefaction is predicted to occur at 125.2 min in the center of the core at axial 
node 5 (61-76.2 cm above the bottom of the active fuel BAF]). 
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The timing of these events is co&rmed by an independent calculation using the 
BWR-LTAVBWRSAR code suite (see Table 3.5). 

4.2 INITIAL THERMAL CONDITIONS 

When control blade material begins to relocate into the lower core at 125.2 min, the detailed 
SCDAP/RELAPS Gmulation with three ikel rod groups predicts the temperatures given in Table 4.1 
for the structures below the 61 cm level (relative to BAF). A guide to the core structures addressed 
in Table 4.1 is given in Figure 4.5. 

Transient plots of the thermal response of these lower core structures from 123 to 126 min are 
presented in Figures 4.64.10. The structural thermal response in node 4 (Figure 4.10) to relocating 
melt is small since the control blade is within 30 K of the control blade liquefaction temperature and 
there is little heat transfer from the melt to the underlying solid blade. However, in node 3 (Figure 
4.9) the refreezing melt strongly influences the structural thermal responses. 

The detailed SCDAP/RELA.PS model was developed specifically to address the temperature 
distribution within a tie1 bundle at an axial plane. The temperatures in Table 4.1 and Figures 4.6-4.10 
are generated from this detailed model. Table 4.2 contains the structural temperature differences 
within the tieI assembly for nodes l-4 at 125.2 min (this Table was generated from Table 4.1). 

The maximum temperature difference within the fuel assembly at an axial plane in the lower 61 cm 
of the core is 20 K (node 4 in Table 4.2). Given this difference, which is an order of magnitude lower 
than our first estimates, we conclude that it is not necessary to experimentally impose an x-y 
temperature variation at an axial level in the XR2 tests. This added experimental complication would 
not be justified by the small calculated planar temperature differences. 

As shown in Table 4.1 and Figure 4.6, the predicted coreplate and nosepiece temperatures are 
significantly lower than the first core node temperatures. The core is represented by SCDAP 
components while the coreplate and nosepiece are RELAPS heat structures. In reality, there would 
be radiant and conductive heat transfer from the core to these structures; but within the 
SCDAP/RELAPS framework, these energy transfer mechanisms are not modeled. (RELAPS heat 
structures are heated or cooled only by convection with the fluid.) Thus, these predkted 
temperatures are the minimum expected for these coreplate and nosepiece structures. During the 
heatup phase for the XR2 tests, these structures will realistically attain higher temperatures due to 
the radiant and conductive heat transfer with the core nodes. 

4.3 BOUNDARY CONDITIONS 

SCDAP/RTZLAPS control functions were developed to account for the remaining intact control 
blade/canister structures in the top 3.35 m (11 feei) bf the core (these control fimctions were also 
scaled to the cross-sections of the XR2 tests with 72 fuel rods as shown in Figure 2.5). Figure 4.11 
illustrates the structural volume decrease for the control blade and channel box after 125.2 min. 
Figure 4.12 gives the relocated cladding mass into the lower 0.46 m of the core. 
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Given Figures 4.11 and 4.12 and some simplifjing l&ark&ions of these curves, the best estimate 
melt flow rates into the experimental XR2 test section are given in Table 4.3. Table 4.3 separates 
the metallic “pours” into stainkss steel&C and Zircaloy with further division of the Zircaloy into 
channel box and cladding flows. 

As shown in Figures 4.11 and 4.12, melt relocation into the lower core (0.!6 m) is essentially 
completed by 170 min. 



Table 4.1. Lower core structure temperatures at 125.2 min 
(see Figure 4.5 for component guide) 

(W 

(id 

(cd 

Core Plate 

Nose Piece 

Blade Sheath 

Seg. 1 Box 

Seg. 2 Box 

Seg. 1 Rods 

Seg. 2 Rods 

Hot Rods 

Elevation of Center of Node Above Vessel 0 

206.4 211.9 219.3 225.3 

Elevation of Center of Node Above BAF 

-9.90 -4.40 3.00 9.00 

-25.1 -11.2 7.6 22.9 

Temperatures (K) 

413.9 

438.3 

822.4 1141.6 

861.5 1168.4 

869.5 1179.4 

895.7 1199.2 

897.4 1201.9 

905.5 1209.1 

23 1.3 237.3 

15.00 21.00 

38.1 53.3 

1368.3 1479.8 

1395.4 1505.7 

1414.3 1525.8 

1417.5 1524.9 

1423.2 153 1.2 

1425.7 1532.0 
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Table 4.2. Fuel Assembly Structural Temperature Diffmences Just Before 
Relocations into Lower Core 

Node 

4 

3 

2 

1 

Midpoint Hot Rod A Tmax A Tcanister 
Elevation Temperature (hot rod-wall rods) (seg 2-seg 1) 

(in. above BAF’) 0 0 F) 

21.0 1523.0 7.1 20.1 

15.0 1425.7 8.2 18.9 

9.0 1209.1 9.9 11.0 

3.0 905.5 9.8 8.0 
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Table 4.3. Best estimate melt flow rates into the XR2 test section 
(where time = 0, when melt is first introduced into the test section) 

Stainless Steel&C: 

Time Frame (s) 

O-590 

590-980 

980-2600 

>2600 

Flow Rate (g/s) 

17.3 

6.8 

1.7 

0 

Zircaloy: 
Channel Box 

Time Frame (s) 

O-907 

,. _,” ,,, 1 “._._ ,, ^ _,. 

Flow Rate (g/s) 

0 

907-2410 17.2 

Cladding 

Time Frame (s) Flow Rate @/s) 

O-1037 0 

1037-2600 23.4 

>2600 0 

Total Stainless Steel&C: -15.6 Kg 
Toal Zircaloy . . -62.4 Kg 
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Figure 4.1. Predicted vessel pressure for Browns Ferry STSB. 
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Figure 4.3. Predicted hydrogen generation for Browns Ferry STSB. 
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Figure 4.5. Component guide for detailed Browns Ferry SCDAP model. 
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Figure 4.11. Structural volume remaining in the top 11 ft (3.35 m) of the core. 
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5. SUMMARY 

The ex-reactor (XR) experiments at SNL are designed to resolve phenomenological uncertainties 
concerning the behavior of relocating metallic melts draining into the lower regions of a dry BWR 
core as a result of a core-melt accident. The experiments are intended to determine under what 
conditions the metallic melts would form in-core blockages and under what conditions draining into 
the lower plenum would occur. The experiments specifically address the dry core accident associated 
with depressurized BWR core melt accidents where rapid vessel blowdown has lowered the water 
level below the core plate. 

Two prehminary tests (with simplified geometries) in the ex-reactor program were completed in 
1993. In January of 1994, the NRC convened an expert peer review committee to assess the 
completed XRI tests and the proposed complicated and expensive XR2 experiments. The committee 
unanimously endorsed proceeding with the XR2 tests, but recommended that augmented XR2 
planning include a firm, documented, analytical basis for the initial and boundary ‘conditions. 

In response to the expert peer review comments, a best estimate SCDAP/RELAPS simulation of a 
BWR “dry core” accident scenario (the STSB sequence for Browns Ferry) was performed by the 
ORNL BEAMD program (JWC&J”‘%%2iii). This~simulation provides the best estimate initial and 
boundary conditions for the XR2 experiments. The initial test section thermal conditions are given 
in Section 4.2 and the metallic melt relocation rates (boundary conditions) are presented in Section 
4.3, 

The ORNL “detailed” SCDAPRELAPS model of the BWR fuel assembly allowed the determination 
of the transient structural temperature differences at an axial plane within the Abel assembly. The 
maximum predicted temperature difference across the fire1 assembly at incipient control blade 
liquefaction was 20 K. It is concluded that it is not necessary to impose experimentally an x-y 
temperature variation at an axial level during the initial heatup of the XR2 test section. 

Liasion with the SNL staff for the XlU experiment confirms that the information developed by this 
program and descriied in this report meets all requirements for planning of the experimental 
procedure. 
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