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. ABSTRACT

This three-volume report contains 83 papers out of the 108 that were presented at the
' Nineteenth Water Reactor Safety information Meeting held at the Bethesda Marriott Hotel,
Bethesda, Maryland, during the week of October 2430,1991. The papers are printed
in the order of their presentation in each session and describe progress and results of
programs in nuclear safety research conducted Ir. this country and abroad. Foreign
participation in the meeting included 14 different papers presented by researchers from
Canada, Germany, France, Japan, Sweden, Taiwan, and USSR, The titles of the papers
and the names of the authors have been updated and may differ from those that
appeared in the final program of the meeting. ,
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BWR LOWER PLENUM DEllRIS IIED MODELS FOR MELCOR

S. A. Ilodge, L. J. Ott

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831

ABSTRACT

,

Work is underway at Oak Ridge National Laboratory (ORNL) to incorporate certain
models of the Boiling Water Reactor Severe Accident Response (BWRSAR) code into
a local version of MELCOR. Specifically, the BWR lower plenum debris bed and
bottom head response models taken from BWRSAR are being tested within the local
MELCOR code structure. Upon successful completion of testing, recommendatians
for formal adoption of these models will be made to the Nuclear Regulatory
Commission (NRC) and to the MELCOR code development staff at Sandia National
Laboratories (SNL). The SNL ccJe development staff retain exclusive responrM1ity
for maintaining the configuration control for the official version of MELCOR.

The BWR lower plenum debris bed and bottom head response models permit the
calculation of heatup, melting, and relocation of the debris after dryout. They predict
the response of the lower plenum internal structures and the bottom head as well as the
composition and timing of material release from the vessel. They have been previously
apphed in severe accident analyses for the Containment Performance Improvement| .

(CPI) Program and the Mark I shell survivability study (NUREG/CR-5423), and in -
recent assessments of cc.ndidate accident management strategies,

This paper provides a brief description of the purpose and operation of these models.

|

1. INTRODUCTION
L

Boiling Water Reactors (BWRs) have unique features (Figures 1-4) for which special
models must be provided if best-estimate severe accident calculations aie to be performed. The
. Boiling Water Reactor Severe Accident Technology (BWRSAT) Program at ORNL has developed
and incorporated into its BWRSAR code several advanced models for application to BWR severe
accident analysesw. All of these models have been made publicly available as they were

-develo >ed, tested, and used in ongoing BWR severe accident studies at Oak Ridge Many,
particu arly the earlier models applicable to the period of the accident sequence before relocation of
core material into the lower plenum, have been incorporated into other codes such as MELCOR43
The lower plenum debris bed formation and behavior models, however, remained unique to the
BWRSAR code until recently.

'The submHted manuscript has been authored by
a contractor of the U S. Government under-
contract No. DE-AC05-840R21400. Accordengty.
the U.S. Government retains a nonexclusive,

royally-free hcense to pubhsh or reproduce the
paabhshed form of this contribution. or allow
others to oo so. for u S Government purposes?
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It is the purpose of this paper to explain the operation of the lower plenum debris bed and
bottom head response models including the practical improvements made prior to transposition of ~

this modeling approach into the more general MELCOR code, which will be employed in future
BWR severe accident studies at ORNL. The discussion begins with a brief description of the
events leading to movement of relocating core structural material beyond the core plate and the
corresponding accumulation of debris in the reactor vessel lower plenum. The representation of

_

'

the structure of the bottom head debris beds and the calculational nodalization of the adjacent
- reactor vessel wall are then described in detail.

Finally, the modifications and improvements accomplished during the period of transposition
of these models into MELCOR are discussed. The desirability of these practical modifications of
and improvements to the lower plenum debris bed models was demonstrated during previous
severe accident analysis applications. <

'

2. DEBRIS IIED FORMATION IN Tile LOWER PLENUM

The following discussion provides a brief synopsis of the events leading to movement of
relocating core structural material and fuel beyond the core plate and the accumulation of debris
within the reactor vessel lower plenum. The illustrative dimensions given in 'his description are
those applicab!c to the 638 cm (251 in.) ID BWR-4 reactor vessel installed at 1067 MWe plants
such as Peach Bottom and Browns Ferry. Any discussion of the behavior of core debris relocated
into the bottom head must begin with consideration of the role of the core plate, which serves as a
boundary between the core region and the reactor vessel lower plenum.

2.1 MATERIAL RELOCATION AND CORE PLATE FAILURE

The primary function of the BWR core plate is to provide lateral alignment for the upper
portion of the control rod guide tubes, as shown in Figures 1 and 2. Each of the 185 control rod
guide tubes supports four fuel assemblies via an orificed fuel support piece as shown in Figure 3.
It should be noted [ Figure 3(b)} that the support piece rests within the upper portion of the control
rod guide tube and that the core plate provides an alignment pin for proper location of both the
guide tube and the support piece. An isometric drawing of the placement of the fuel support piece
is provided in Figure 4, together with a plan view showing the cruciform opening for the control

F blade.

The core plate, which is 5.1 cm (2 in.) thick and weighs 9300 kg (20,500 lbs.), provides
vertical support to only the 24 outermost fuel assemblies (of the 764 assemblies that make up the
core). The support arrangement for these 24 peripheral assemblies is shown in Figure S.

,

|

|
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Fig. 5. Orifice arrangement for the outer fuei assemblies, the only assemblies supported by
the core plate.

The stainless steel core plate is characterized try large holes [28 cm (11 in.) ID) to accommodate
the passage of the control rod guide tubes and smaller holes [5.1 cm (2 in.) ID) for the in-core
instrument guide tubes as shown in the plan view of Figure 6. The core plate is ss pported around
the outer periphery and, thus, resembles a perforated drum membrane. There is, however,
significant central support provided by the stiffener plates and stiffener rods indicated in
Sections A-A and B B of Figure 6.

i.carly the events to occur within the BWR reactor vessel lower plenum under severe
accident conditions would depend upon the manner in which relocating materials from the core
region were to pass the core plate boundary. Both MELCOR and BWRSAR have models to
predict the downward relocation of core debris onto the core plate and the core plate response.
These core degradation models are beyond the scope of this paper, but are discussed elsewhereL5

Boiling water reactors are fitted with an Automatic Depressurization System (ADS) that,
upon actuauon, causes rapid opening of several (five at Peach Bot'om) of the reactor vessel
safety / relief valves (SRVs). The B'VR Emergency Procedures Guidelines' direct the operators,
under severe accident conditions, to manually actuate the ADS when the core has become partially
uncovered (but before any significant core damage has occurred). The flashing attendant to the
resulting rapid depressunzation of the reactor vessel causes the loss of all water from the core
region and core plate drvout. Without restoration of coolant injection to the reactor vessel (and
termination of the accident sequence), the subsequent core heatup and degradation causes the.
downward movement of molten material onto the dry core plate.

At this point, a systematic discussion of the progression of severe accident events should
include a detailed consideration of the expected response of the core plate to the accumulation of
debris over its upper surface. This subject, however, is addressed in a separate report prepared?

under the auspices of the BP Core Melt Progression Phenomena Program. It will suffice here to

6
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point out that the available codes (APRIL, BWRSAR, MELCO" and SCDAP/RELAP) employ
different approaches, all of which are addressed in Reference i. Therefore, the following is
limited to a brief review of the BWRSAR approach.

After core plate dryout, mass builds up over the core plate in a regular but somewhat
discontinuous manner by the candling process over fuel rod cladding and by rapid relocation of
molten control blade and channel box structural material (stainless steel and zirconium,
respectively). The molten material freezes upon coming in contact with the core plate, and lec . ige
through the intact core plate is not reprewnted, lleat transfer from the relocated material inc. eases
the temperature of the core plate. Each radial region of the core plate is considered to fail due to the
accumulated load and loss of strength w hen the regionally calculated mass averaged temperature of
the combined debris and core plate exceeds a user-specified temperature, usually 1420 K
(2100 F). In practice, the mass-averaged temperature increases so rapidly after core plate dryout
that adjusting the assumed failure temperature has little effect on the calculated time of failure.

.

Each failed core plate region and its accumulated debris fall into the lower plenum producing
a burst of steam as the fallen materials is quenched llowever,it is expected that the fuel pellet
columns, encased in ZrO, sheaths, would remain standing since the weight of the fuel is supported
by the control rod guide tubes, not by the core plate. After failure of a core plate region, additional
relocating material in that radial region falls directly into the lower plenum. During the relocation
process, material balances are perfonned to keep track of the individual material species (such as
Fe, Zr, UO ) as they accumulate on the core piate and in the lower plenum.2

2.2 ACCUMULATION OF DEllRIS IN TIIE IlOTTOM llEAD

Fortunately, the development of BWR reactor vessel lower plenum debris bed models can
proceed without the necessity for prior resolution of the numerous uncertainties regarding the-
means by which relocating core and structural material might pass througF the core plate bounaary.
This is true because the lower plenum models can be established in such a manner that they can be
driven by information provided by a separate and independent core plate caiculation. This is the
approach that has been taken with the BWRSAR lower plenum debris bed and bottom head
respo - nodels, which in effect are driven by the masses and associated energies entering from
the _ % ate region. The operation of these models is described in Section 3.

Before leaving this discussion of the downward relocation of debris within the core region,
however, it is important to recognize that the movement of debris might occur in a much more
sudden and massive manner than that described previously. If much of the relocating molten core
debris were to not reach the core plate, but instead were to form a frozen crust atmve the plate,
subsequent debris bed formation and melting above the core plate would lead to an accident event
sequence more like the Three Mile Island experience (PWR) than the sequence predicted by
BWRSAR. __Thus, the question of core plate survival in the BWR severe accident sequence is
pivotal,

it should be noted that the BWRSAR models do predict retention and buildup of a detris bed
above the core plate for cases in which the core plate is sufficiently cooled by reactor vessel water
injection to forestall dryout, heatup, and structural failure. The required water injection rate is-
sniali if continuous, larger if the now is intemlittent and in both cases the integrated effect must be
sufficient to prevent core plate. failure but insufficient to terminate the accident. This scenario
seems most unlikely for prolonged BWR severe accident sequences since any injection system, if;

available, is capable of injection rates ample to recover the core and terminate the accident although

;

|
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- operator action (specified in existing written procedures) would be nec:ssary to enhance the flow
'

in some cases. For this reason, the llWRSAR models for the progression of an unmitigated severe
accident are based upon the assumption of a total loss of injection such as would occur in Station
Blackout.

3. LOWER PLENUM DEBRIS IIED AND llOTTOM Ill'AD RESPONSE
MODELS

:

It is the purpose of this Section to explain the oxration of the models that establish the lower !

plenum debris beds fmm the materials and asscciatec energies passed from the core region through
the core plate. The discussion begins with a brief description'of the structures within the BWR
lower plenum and the numerous penetrations of the bottom head itself. As before, the illustrative
dimensions are those applicable to the 1067 MWe plants such as Peach Bottom and Browns
Ferry.

3.1 DESCRIPTION OF TIIE BWR LOWER PLENUM

The portion of the BWR reactor vessel below the elevation of the core plate is fonned by a
cylindrical section of 638 cm (251 in.) ID joined with a hemispherical section of radius 319 cm
(1251/2 in.). As shown in Figures I and 2, much of the volume immediately beneath the core
plate is occupied by the control rad guide tubes. Also pssing through this volume are source
range, intermediate range, and power range detector assemblies as indicated on Figun s 7 and 8.

There are more than 200 bottom head penetrations as necess 'o accommodate the 185
control rod drive mechanism assembly penetrations,55 instrument 'ube penetrations, and a
5.1 cm (2 in.) drain line penetration near the low point of the i head. The general
arrangement _of the in-core instrument housings and the stub tubes ' he control rod drive
mechanism assemblies is indicated in Figure 9.

The BWR bottom head is clad with Inconel [ thickness 0.32 cm (0.125 in.)] while the
control rod drive mechanism assembly and instrument guide tube penetrations are stainless steel.
Crossisections of the control rod drive mechanism assembly and instrument tube penetrations and

' their weldments are. illustrated in Figure 10. Each in-core instrument tube is held in place by an
inconel-to-stainless steel weld located at the inner surface of the bottom head wall, whereas the

- control rod drive mechanism assemblies are held in place by similar welds at the upper ends of the
Inconel stub tubes. These latter welds would be located about 10 cm (4 in.) within the lower
plenum debris bed expected to be fomied during an unmitigated BWR severe accident.

- Given the perforated status of the BWR bottom head, it is reasonable to expect that the ;aitial
pressure bound:ry failure after lower plenum debris bed dryout _would occur through the vessel
penetrations and not by meltthrough of the 21 cm (8-7/16 in.) thick bottom hecd itself. The
question of the mode of bottom head penetration failure has been the subject of separate analyses"
and will not be addressed here.

I

i
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; 3.2 QUENClllNG OF Tile REl OCATING DEllillS

As discussed in Section 2, structural deformation and downward relocation of molten
control blade, channel box, and candling clad material onto the dry core plate is espected to cause
local creep rupture failures of the core plate and the intioduction of rekrating material into the
lower plenum water. 'lhe unlels for dealing with this relocating material within the low er plenum j

debris bed are based upon the assumption that the wat:r, w hile it lasts, would quench the debris. |

; The argument that the falling heated masses of core debris would be quenched in the reactor
vessel lower plenum is buttressed by the geometry of the structures and the large water mass
present in the llWR lower head. For the Feach llottom example, there are 185 control rod guide .,

tubes of 28 cm (11 in.) outer diameter on a 30.5 cm (12 ind pitch in the vessel lower plenum; i'

thus, within a unit cell, the debris must pass through a 0.032 m2 (0.340 ft ) opening (see j
2

Figure 11) that is 366 cm (12 ft) in length. This, plus the fact that there is sufficient water in the :
lower plenum [73000-95000 kg (160,000-210,000 lbs), depending on the temperaturej to
completely quench more than one molten core, leads to the assumption that the relocating debris is
quenched as it falls through the water. It should be noted, given the progressive relocation from
the core region, that the m ajority of the debris entering the lower plenum would be solid when it
enters the water. The rate of quench of the rehicated debris is determined by algorithms within the |
MELCOR COR package.

As the relocated core material accumulates in the BWR reactor vessel lower pierum,it is
expected that the composition of the quenched debris bed would vary with height, lowemmst in
the bed would be the mostly metallic debris (control blades, canisters, candled clad and dissolved
fuel) that had either accumulated on the core plate before local plate failure or had subsequently,

rekrated downward within the same local region before fuel pellet stack collapse. liigher, within '

the middle region of the bed, would be the collapsed fuel and Lo, from the central region of the -

core. The initial kral core plate stmetural failures would cause temporary bursts of steaming as the ,

relocated metallic debris was quenched; however, with the collapse of the central core fuel pellet
stacks, a constant heat source (the decay heat associated with the pellets would be introduced Ic the
lower plenum trservoir, initiating a rapid continuous boitoff of the remaining water.

After lower plenum dryout, the debris bed temperature would increase, causing thermal
attack and failure of the control rod guide tube structure in the lower plenum, which the dchris
would completely surround to a de ath of about 3 m (10 ft). Since the control rod drive
mechanism assemblies and the contro rod guide tubes support the v te, the remaining standing
outer regions of the core would be expected to collapse into the vessellower plenum when these
support columns fail. Thus, the u,permost portion of the completed lower plenum debris bed
should be composed of the collapset metallic and fuel material from the relatively undamaged outer
regions of the core. The stainless steel of the control rod guide tubes and mechanism assemblies
would be subsumed into the surrounding debris as it becomes mohen.

The lower plenum debris bed nodalization is illustrated in Figure 12 together with a brief
description of the models employed for the calculation of the bed res,onse. The vessel bottom
head is represented at each debris bed node in contact with the wa I, while the wall itself is
sectioned mto three radial segments with the outer segment capable of transferring heat to the
containment (drywell) atmosphere. The debris bed and bottom head representations are described
in greater detailin the following Sections.

-
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3.3 STRUCTURE OF Tile DEllitlS llED

A dntwing of the debris led nodalization .nitially employe i for a treent calculation of the late
phase of a shon-tenn blackout severe accident sequence is prosided in Figure 13. The drawing is
to-scale, correctly indicating the relative sizes of the calculat onal control volumes as initially
established. These volunes (surfaces of revolution) are listed in the following Table.

!
Table 1. Reactor vessel control volumes considered in the lower

plenum debris bed calculallon
,

Ncdal Volune
Designation m' ft'

(1,1) 1.784 63.0
(1,2) .783 63.0
(1,3) 1.784 63.0

(2,1) 4.117 145.4
(2,2) 5.273 186.2
(2,3) 10.109 357.0
C,4) 15.889 561.1
(2,5) 1.625 57.4

(3,1) 1.515 53.5
(3,3) 1.937 68.4
(3,2) 3.715 131.2
(3,4) 10.568 373.2
(3,5) DJ22 2L1

'IOTAL 60.697 2143.5

:It should be noted that the entire debris bed is contained below the center of curvature of the
bottom head hemisphere, The volume occupied by the debris is of course dependent upon the

-

assumed bed porosity, which is user-input. Normally, a mrosity of 0.40 is employed for the solid
oxides and a porosity of 0.20 is employed for the meta.s; these are considered to be reasonable
values based upon the available data .m

The lower plenum debris bed model constructs the bed control volumes in the following'

manner. - Record is kept of the accumulat'en of the different material species as they relocate into -
the lower plenum, and of their associated internal energies. As many as 20 different material
species can be considered.

The first debris layer is comprised of the control blade, channel box, and candling clad
material that relocates prior to any fuel pellet relocation. While the composition of the first debris
layer is primarily metallic,it does include the small amount of ZrOiand UO that is predicted to be2

carried downward with the candling clad as a eutectic mixture The layer is established at the time

14
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cf inilla{ fum *ilet movement into the lower plenum and nonnally contains all of the material >

,

Wuci Mw the core plate prior to that time.1lowever, a maximum (lower) height for the first>

| < cmW t.ct by the user.
,
'

,

i
! Figure 13 shows that the first layer is divided into three control volumes. The vertical
[ ...crfaces are established so that these three volumes are equal, as indicated on Table 1.
N

The second debris layer begins to be fonned at the time of initial fuel pellet movement and
nonnally consists of the material relocated into the lower ?lenum from that time forward. If,
however, the user has chosen to limit the height of the first layer, the excess material above that :

-

height that normally would have been included with the first layer is instead added to the second
'

layer inventory.

.The second layer consists of five control volumes, as shown on Figure 13. The vertical
interfaces between nodes (2,1), (2,2), and (2,3) are simple extensions of the interfaces between
nodes (1,1), (1,2), and (1,3). Therefore, as indicated in Table 1, the volumes associated with
nodes (2,1) and (2,2) are not equal.

The control volume associated with node (2,5) is intended to reptcsent the cooler mass of
oxidic debris expected to exist close to the heat sink of the bottom head wall. (Such a provision is
not considered necessary for the bottom debris layer, since it is normally comprised almost entirely
of metallic debris.) User input detennines the width of node (2,5) perpendicular to the wall.

Finally, the vertical interface twtween nodes (2,3) and (2,4) is established so that the volumes
associated with these nodes are equal. (There is, however, a restriction that the radial distance
between this verticalinterface and the point of intersection of the inner boundary of node (2,5) with
the upper surface of layer one must be at least 2.5 cm (1 in.). This is to provide a minimum floor
area for node (2,4); this restriction is invoked whenever the user chooses to limit the height of layer >

one, as in this example.] As indicated in Table 1, the control volumes asswinted with nodes (2,3)
and (2,4) are the largest within the debris bed.

The five control volumes associated with debris layer two continue to grow as additional
debns moves downward past the core plate. Ileat generation within the control volumes of the
debris bed is associated with the decay heat of the fuel and, after penetration failures have
occuned, with the chemical reacten of steam, passing from the vessel atmosphere through the
bed, with the zirconium metal of the debris.

- The her balances for each debris node are initiated at the time of lower plenum dryout. Ileat
transfer by vonduction is calculated for node to-node and node to-wall energy transfer. >

Additionally, radiation and convection from the surface nodes to the vessel gaseous contents and to
intact structures above the debris bed are considered. Radiation to the shroud and axial conduction
along the vessel wall causes boiloff of water remaining in the downcomerjet pump region. Also
included in the nodal heat balances are the change-of-phase heat of fusion of species (or cutectic
mixtures) as they melt or refrecte within the bed.

Within the debris bed, molten material moves downward from one control volume to another
as long as void space (free volume) remains within the lower control volume. Once the interstitial

- spaces in the lower control volumes are filled, the moiten liquid can move horizontally within the
bed as necessary to keep the liquid level approximately constant within a layer. An exception
occurs in the case of the two outermost control volumes in layer two after penetration weld failure
occurs at the wall, For these two volumes, simultaneous movement downward to the void space

;.

i 16
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i

in the (single) underlying control volume and horizontally to exit the vessel through the failed i

penetration weld can occur. In all cases, the rate of movement of molten material through the :

debris twd is controlled by a user input time constant, usually set at one minute. Thus, for !

example,if the calculational timestep is 0.2 minute (and with the one-minute timestep),20% of the
molten material within a control volume can move horirontally or vertically (or both, for the
outennost middle layer nodes) each timestep.

All aspects of the lower plenum debris twd calculation can proceed inde0nitely (including
penetration failure and the escape of molten material from the vessel) without formation of the third
debris layer shown on Figure 13. The purpose of this third layer is to accommalate the relocation
of the outer, undamaged regions of the core that might occur gradually due to melting or suddenly,

*

upon failure of the supporting control rod guide tube structure in the lower plenum. After tuttom
head dryout, the debns in the bottom and middle debris layers legins to heat up, and it is assumed
that the debris thennally attacks and fails (at a user input debris temperature) the control rod guide,

tubes, which the debris completely surrounds to a depth of 2 4 to 3.0 m (8 to 10 ft). 'the material
(stainless steel) of the control rod diive mechanism assembly housings and guide tubes is
subsumed into the surrounding debris of the bottom, middle, and upper layers, as appropriate.

.

>

The vertical interfaces between the layer three control volumes are este'sions of the interfaces
txtween the layer two control volumes, as shown on Figure 13. The vessel structural massec as
they exist at the initiation of the lower plenum debris bed for the recent calculation of Peach Bottom
short-tenu station blackout are outlined in Table 2. (Layer three was established inunediately after
lower plenum dryout in this calculation.)

Table 2. Material masses (kg) included in the initial setup of.the tiebris bed
layers for Peach llottom short term station blackout

Material . Layer Laver I.ayer Total
I f 3

"Is 12147, 32349 5398. 49894.
Fe 12724, 38412. 41797. 92933.
Cr 3095. 9344. 10167. 22605.
Ni 1378. 4164 4519. 10061.
BC 269, 753. 84 I106.4

zro, 837, 11850. 4337. 17024.
FeO 24. 84. O. 108.
Fe30 41. 197. 23. 261.4

Cr203 17.- 74. _6. 97, .

Nio 3. 14. 2. 19.

B203 6. 15. O. 20.
Uo2 fEL J20757. 1022fL .L61947.

- Totals 31432. 218013. 106631. 356076.

.
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As the temperature of the debris bed increases, the lower plenum model calculates the
melting, migration, freezing, and remelting of the materials composing the bed. The eutectic
mixtures formed and the associated melting temperatures assigned for the recent Feach llotton,
calculation are listed in Table 3. (Other combinations of materials to form cutectic mistures can te
specified by user input.) Ihentually, temperatures near the w all are such that penetrations fail and
a path is opened for gas blowdow n and passage of molten material from the veuel. In general,
most of the debris bed is still solid when penttration failure and vessel blowdow n are predicted to
occur, so that relatively little of the debris is espelled during blowdown.

Table 3, Eutectic misture compositions considered
for the lower plenum debris bed

~

Eutectic Mixtun: Mole Fractions Melting Temperature
K 'F

Zr - SS' O.193 - 0.807 1723 2642.

Fe - Cr - Ni" 0.731 0.190 - 0 079 1733 2660.

Zr - SS - UO2 0.300 - 0.600 - O.100 1X73 2912.

ZrO - UO: 0.750 - 0.250 2573 4172.
2

* SS represents stainless steel.
6 This is the stainless steel eutectic misture.

3,4 Tile VESSEL llOTTOM llEAD WAl.1,
.

g The nodalization employed for the reactor vessel tuttom head wall is shown in Figure 14.
Eight wall nodeI are always placed adjacent to debris bed layer one whereas the number of wall
nmies adjacent to debris Lyer two depends upon the particular calculation. The five wall nodes
,shown adjacent to debris control volume (2,5) in Figure 14 are appropriate to the Peach llottom
short-term station blackout calculation. For other calculations, the code can assign one or two
additional wall nodes adjacent to debris layer two as required by the thickness of the layer; thus,
the total number of nodes adjacent to control volume (2,5) can vary between five and seven.

The bottom head wall adjacent to control volume (3,5) is divided into two nodes, numlvrs 14
and 15 on Vgure 14. Wall naie 16 represents the portion of the wall between the top of debris-

hyer three lhd the bottom of the shroud bafne. One wall node (node 17 in Figure 14) represents'

me wall adjacent to the water trapped above the shroud baf ne in the downcomer region; the upper
s'urface of this last node is at the elevation of the center of curvature of the hemispherical bottom
head.

Should the user choose not to form a third debris layer in the calculatita (by setting an
unattainably high control rod guide tube failure temperature), then the code simply divides the

n ;

|
.
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mrtion of bottom head wall between the (moving) upper surface of debris layer two and the |
acttom of the shroud baffle into three equal codes. The total numlxt of nales and the placement i

of the uppermost wall node adjacent to the downcomer region above the shroud bafne remain the
same.

For the purpose of calculating the bottom head wal! temperatures, each wall node is divided
into three equnl volume segments as shown in Figure 15. lleat is transfened from the adjacent
debris bed control volumes into the wall nodes by conduction, lleat transport along and across the
wall by conduction from segment-to-segment is also calculated. Wall nodes above the elevation of
the upper debris bed surface receive heat transfer by radiation from the bed.

Although not indicated in Figure 15, the thickness of the llWR reactor vessel wallincreases
at some point (plant-specine) between the cylindrical section of the vessel and the lower portion of
the bottom head where tne penetrations are hicated. The vessel wall nodalization established by the
bottom head wall model recognizes the user-input location of this transition point and adjusts the
thickness of the wall nodes above and below this location accordingly. Furthernwre, the lengths
of the two adjacent wall nodes are adjusted (one shortened, one lengthened) so that the transition
point falls exactly on dicir nodal boundary.

The rate of heat transfer from the inner segment of the uppernmst wall node (number 17 in
Figures 14 and 15) to the water in the downcomer region is governed by nucleate boiling and
conduction thmugh the wall.

Ileat transfer from the outer segment of each wall node to the diywell atmosphere is i
calculated using a user-input convection heat transfer coefficient. Different drywell atmosphere
temperatures are used for the portions of the vessel wall above and below the attachment point of
the vessel support skirt (item T in Figure 1). This is because the temperature of the atmosphere
within the pedestal region of the drywell would be much higher than the temperature in the
remainder of the drywell, especially after mohen debris had begun to leave the vessel.

:

3,5 METAL. STEAM REACTION IN Tile DEllRIS IIED

As mentioned previously, llWR bottom head penetration failure mechanisms have been.

described elsewhere% In brief, for the case of heatup of a quenched debris bed, failure is
expected to occur by overflow of molten materials into the instrument housing guide tubes. Sirce
the bottom layer of debris is composed almost entirely of metals while UO2 constitutes more than i
half of the middle layer, the temperature of the middle layer increases much more rapidly after
bottom head dryout than does that of the bottom layer. For this reason, melting of the in-core
housing guide tubes would occur fint in the middle layer. The criteria employed for initiation of
reactor vessel blowdown through the in-core instrument housing guide tubes arc first, that the
middle layer debris bed temperature be alxwe the melting point of stainless steel and second, that
the level ofliquid components of the debris within the reactor vessel lower plenum has risen into
the middle debris layer so that molten material is available to pour into the failed ponion of the
tubes.

After failure of the reactor vessel pressure boundary, a leak path from the vessel to the
drywell atmosphere is created. Subsequently, the vessel gaseous content blows down if the
reactor vessel is at pressure or, if the vessel is depressurized, slowly leaks out as the gas
temperature increases and the water in the reactor vessel downcomer region surrounding the jet
pumps is boiled away. The leak path for the steam generaied from the water surrounding the jet

2n
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pumps is up thmugh the downcomer region, down through the core region, and out thmugh the :
debns bed. Thus, the steam available in the vessel after the time of pressure boundary failure4

would pass thmugh the debris and would react with the zirconium metal during its passage."

Only the steam /rirconium reaction is represented in the lower plenum debris bed model , but .,

this is a major heat source in the contml volume energy balances, particularly for cases in which *

the reactor vessel is pressurized at the time of penetration failure. Stainless steel oxidation in the i
'

tettom head debris is not represented since this is expected to t< a secondary effect and because
the temperatures at which rapid stainless steel oxidation occurs are close to the melting point; thus,
stainless steel tends to relmate rather than to undergo excessive oxidation. The upshot of this is
that much of this metal is expceted to ! cave the vessel in a molten state without osididnt !

!

3.6 AllLATION INDUCED llY FLOW OF Moi, TEN MATEltlAl,

As discussed in Section 3.5, failure of the instrument housing guide tubes within the middle ;

debris layer provides a path for molten materials in the vicinity to pour through the bottom debris
layer and the reactor vessel bottom head wall. The : ,wer plenum debris led and bottom head
response model considers the potential for this Dowing liquid to ablate the material surrounding the
original instrument housing guide tube locations in both the bottom debris layer and in the vessel
wall.

The user input parameters employed by the model that are most important in detennining the
calculated reactor vessel wall temperatures are listed in Table 4.

Table 4. User input parameters affecting the
vessel wall ternperature calculnlion

Parameter Representative Value :

DTIIEAD Time constant for relocation of 1.00 min *

molten material (vertically or
horizontally) within the debris trd

IIPIPES Coefficient for heat transfer W litu -r
180.0 g yjyr,d10,,,1

between molten material Dowing m2 K-

through the instrument tube ' /

locations in the bottom debris layer
and the surrounding metallic debris'

and tuttom head wall

TABIAT Ablation temperature of materialin 1756 K (2700 F)
bottom debris layer and vessel wall

THKCRS Thickness of the debris node 5.08 cm (0.167 ft)
adjacent to the vessel wall

_

22

|
- , - . - - - . . - ~ , . , . _ _ _ - . , - ~ . - - - - . - . - . - - - -.-- -..---- --.



_ ..

hiovement of the molten material through the bed to the instrument housiag guide tubes is
controlled by input ab e constant IYrilliAD. The augmentatiori of this now by ablation of the
surrounding metalli, material of tlw bottom layer and the vessel lettom head is contmiled by input
parameters llPIPES and TAllLAT. Ileat transfer from the melting (ablating) surfaces surrounding
the flowing debris to the interior of the remaining solid ponions of the lettom layer or wall nodes
is calculated by the nnlcl.

Ablation of the mate-ial in the bottom debris layer shrinks the site of the control volume (s)
through which the molten material is Dowing. Whenever the total mass within a control volume
has been reduced to less than 20% of its mitial mass, or the ablated volume exceeds 80'7e of the
current volume occupied by solid debris, the shrunken control volume is merged with the
overlying control volume and the nodalization of the debris led is adjusted accordingly.

4. RECENT DEllRIS IlEI) hlOI)El. Ih1 PROVE 51ENTS

Two sets of model improvements have been implemented into the llWR specific lower
plenum debris bed models previously developed at ORNL for use in severe accident calculations
with the llWRSAR code. These improvements were recently recommended (Reference 11) as a
result of a review camed out in preparation for the transposition of these debris bed nuiels into the
h11?LCOR code. The recommended improvements, while straightforward, involved extensive
changes over several subroutines and, therefore, could be implemented and tested much more
casily and quickly within the llWRSAR code framework than within the sophinticated hil!LCOR
architecture. Thus,it was more practical to carry out these nulineations before installation of the
lower plenum debris bed nulel within 51ELCOR.

The first model improvement provides for updating each timestep the representative density,
porosity, s >ccific heat, and thermal conductivity used for the debris iaixture within each debris bed
control vo ume. Previously, the modellogie applied a single useninput value of bed porosity and
continued use of the initially established overall bed values of density and specific h at throughout
the calculation. While the thennal conductivity was previously calculated each timestep, the value [
for each control volume was based simply upon the relative amounts of metals and oxides within
the volume. With the current improvements, the local porosity is now based upon the relative
mass fractions of metals and oxides while the control volume representative density, specific heat,
and thennal conductivity are mass-averaged values based upon the relative local amounts of each
debris constituent.

The second model improvement extends the applicability of the lower plenum debris bed
model to the sntdler BWR reactor vessels such as those at flatch or Duane Arnold. The following
Table provides infomiation concerning the relative sizes of three U.S. boiling water reactor
facilities (all of the BWR-4 design):

n
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Table 5. Sire parameters foe three representative US IlWits

Panter Browns Ferry llatch Duane Arnold

-
,

'

Rated Power, MWt 3293 2436 1593

Net Power, MWe 1065 768 515

Core Equivalent Diameter, m 4.752 4.069 3.299

Reactor VesselInternal Diameter, m 6.375 5.537 4.648

Radius of Vessel Bottom IIcad, m 3.188 2.769 2.324

As indicated, the reactor veswl internal diameter is reduced from 6.375 m (251 in.) at Browns
Ferry to 4.648 m (183 in.) at Duane Arnold to accommodate the smaller core at the latter plant.
This reduces the cross-sectional area of the vessel by a factor of 0.53. Since the core height is not
changed, the reduction in core volume is of the same proportion. llowever, the corresponding
reduction in the volume of the hemispherical portion of the vessel lower plenum is a factor of 0.38.

There is certainly nothing magical about the relative magnitudes of these reductions in reactor !

vessel cross-sectional area and volume; they arise simply because the area varies as the vessel
diameter squared while the bottom head volume varies as the diameter cuted.- flowever, the eficct
upon the required nodalization of the lower plenum debris bed is significant: The entire volwne of
relocated core and structural debris willfit within the hemispherlealportion of the vessellower
plenwn at Browns Ferry; it wih not at Duane Arnold.

To accommodate application to the smaller reactor vessels, the lower plenum debris bed
model has been modified to accept the gradual relocation of the outer regions of the core into the

,

lower plenum, which is the method usually predicted by MELCOR,in lieu of the sudden relacation
employed by BWRSAR. Normal settling of the bed due to debris melting and relocation during
the period that the additional' material from the outer region is being added will preclude any
overflow from the hemispherical region i:: most applicahuns.

Should future testing reveal a need for additional modifica' ions in the event of overflow of
- debris from the bottom head hemis ,here, they will be developed at that time. This is not expected
to be the case. In the meantime, :ogic modifications have been implemented to preclude code

. interrupt if temporary conditions for overflow do occur, by the simple expedient of delaying the
addition of debris until bed settling makes room for it within the hemispherical region.

5. SUMMARY

The coding developed within the Boiling Water lleactor Severe Accident Response
(BWRSAR) code framcwork for calculating the behavior of a BWR lower plenum debris bed after

_
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dryout and the associated bottom head response is currently being made operational within the'
!

htELCOR code at Oak Ridge National Laterator ORNL). This NRC-sponsored effort [Iloiling
Water Reactor Severe Accident Technology (11%y (S AT) Program) is to test the Oak Ridge lowerR :1

plenum debris bed and tuttom head models within the structure of a heal version of blELCOR
,|and, when successful, to make rreommendations for fonnal adoption of these models to the NRC

and to the htELCOR code development staff at Sandia National Laturatories (SNL).

The purpose of these models within h1ELCOR is to pennit the calculation of material releases
from the reactor vessel as controlled by the melting rate of the internal debris. The models
represent the heatup and melting of the lower plenum debris led after dryout, and include its effect
upon the lower plenum stmetures and the vessel bottom head.

The installation of the lower plenum deris bed and bottom head trs mnse models at ORNL
is expected to be completed by December 31. At that time, these mode s will be passed to the
h1ELCOR development staff at SNL for independent review and, upon their approval, for ultimate
fomial release to outside users.

,

6. REI'ERENCES

1. L. J. Ott, "Ad.wneed Severe Accident Response Models for llWR Application," >

Nuclear Engineering and Design, l 15,289 303,1989.
2. L. J. Ott, " Advanced Severe Accident Response Models for 11WR Application,"

Fifteenth Water Reactor Safety Information Meeting, Nauonal Ilureau of Standards, Gaithersburg,
MD. October 29,1987.

3. S. A. Ilodge and L. J. Ott, Bolling Water Reactor Severe Accident Response
(BWRSAR) Code Description and Assessment, letter teport to Dr. Thomas J. Walker Division of
Systems Research, RES, USNRC, February 1,1989.

4. R. M. Summers et al., AIELCOR 1.8.0: A Computer Codefor Nuclear Reactor Severe
Accident Source Term and Risk Assessment Analyses, NUREGICR 5531 (SAND 90 0364).
Sandia National Laboratories, January 1991.

5. R. M. Summers et al., "MELCOR Primer, Version 1.8.0," Sandia National
.

Laboratories, May 1989.'

,

6. The BWR Owner's Group Emergency Procedure Guidelines, Revision 4, March 1987.
-7. W. l. van Rij and L. J. ott, A Survey of Current Afodels of BWR Core Plate Failure

Used in the Severe Accident Codes APRIL, BWRSAR, AIELCOR, AfELPROG, and
SCDAPIRELAP, letter report ORN1/NRC/LTR-90/14 to Dr. Robert W. Wright, Division of
Systems Research, RES, USNRC, July 31,1990.

'

8.. S. A.'Ifodge and L. J. Ott, Failure Afodes of the BWR Reactor Vessel Bottom llead,
letter remt to Dr. Thomas J. Walker, Division of Systems Research, RES, USNRC, May 10,

~1989.
-9. J. L. Rempe et al., Light Water Reactor fxwcr llecd Failure . inalysis, NUREGICR-

SM2 (EGG-2618), Idaho National Engineering Laboratory, December 1991.
10. G. E. Mueller and A. Soier Thermal-Hydraulic and Characteristic Afodelsfor Packed

Debris Beds, NUREGICR-4689 (ORN1/FM-10117), Oak Ridge National Laboratory, December
1986.

- 1 1. S. A- Ilodge, Lower Plenum Debris Bed AfodelImprovements for AIELCOR, letter.

report to Mr. Yi Shung Chen, Division of Systems Research, RES, USNRC, February 25,
1991.

t

25

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



_ ___._-_ ~._ _.___ _ _ _ _ _ __ _ _ - _ __ _ _ _ _

;

MELCOR PEER REVIEW
by

11. E. Iloyack, V. K. Dhlr. J. A. Gleseke, T. J. Ilaste, M. A. Kenton, .

M. Khatib Rahhar, M. T. Leonard, and R. Viskanta

AIISTRACT

MELCOR is a fully integrated, engineering level computer code that
models the progression of severe accidents in light water reactor nuclear,

power plants. The newest version of MELCOR is Version 1.8.1, July
1991. MELCOR development has reached the point that the United States !
Nuclear Regulatory Commission sponsored a broad technical review by
recognized experts to determine or confirm the technical adequacy of the
code for the serious and complex analyses it is expecied to perfonn. For
this purpose, an eight-member MELCOR Peer Review Committee was r

organized. The Committee has completed its review of the MRCOR code; *

the review process and findings of the MELCOR Peer Review Committee
are documented in a summary repon to be issued soon. The Committee has
determined that recommendations in five areas are appropriate: (1)
MELCOR numerics,(2) models missing from MELCOR Version 1.8.1,(3)
existing MELCOR models needing revision, (4) the need for expanded
MELCOR assessment, and (5) documentation.

Introduction

MELCOR is a fully integrated, engineering-level computer code that models the
progression of severe accidents in light water reactor nuclear power plants. MELCOR is being
developed at Sandia National Laboratories (SNL) for the United States Nuclear Regulatory
Commission (USNRC) as a second generation plant risk assessment tool and as the successor to
the Source Term Code Package.

MELCOR has been under development since 1982. The ne.,est version of MELCOR is
Version 1.8.1, July 1991. The code has now reached sufficient maturity that a number of
organizations inside and outside the NRC are using or are planning to use the code. Although
quality control and validation efforts are in progress, there is a need to have a broad technical
review by .xognized expens to determine or confirm the technical adequacy of the code for the
serious and complex analyses it is expected to perform. A peer review committee hu been
organized using recognized expens from the national laboratories, universities, MELCOR user
community, and independent contractors to perform this assessment.

The objective of this paper is to summarize the findings of the MELCOR Peer Review
Committee that was formed to fulfill the charter described in the following section.

- Committee Charter

The chaner of the MELCOR Peer Review Committee was to (1) provide an independent
assessment of the MELCOR code through a peer review process, (2) cetermine the technical

4dequacy of MELCOR for the complex analyses it is expected to perform, and (3) issue a final
.pn describing the technical findings of the Committee.

27
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Peer Review Process

The Committee developed and followed a multistep process for the hiELCOR Peer j
Review. The steps in the pmcess are as follows:

1. Identify design objectives for the hiELCOR code.
2. Identify targeted applications for the hiELCOR code.
3. Identify the hiELCOR code version to be reviewed.
4. Identify and distribute the MELCOR Document Data Itase to Committee nrmbers.

.

5, Select plants and severe accident scenarios. !

6. Develop a common Committee perspective regarding technical adequacy
7. Identify dominant phenomena for the plants and scenarios. ;

8. Define a " Standard of Technical Adequacy" to be used in developing findings.
9. Define a pmcess for reviewing for technical adequacy.

10. Assess technical adequacy of individual models and/or correlations within the
hiELCOR phenomeno,og cal packages (tottom-up review).

11. Assess technical adequacy of the integral code against the MELCOR design ,

objective and the MELCOR targeted applications oordown review).
12. Document findings in a summary re[on.

Major Findings

Perspectives

The NRC identified both the design objectives and targeted applications for the MELCOR
code for the MELCOR Peer Review Committee. After defining a standard of technical adequacy
and a process for evaluating technical adequacy, the Comnsttee conducted a thorough review from

"

two perspectives. The Committee first reviewed the individual models and correlations in each
MELCOR ahenomenological package or major code subdivision (bottom-up review); this resulted
in the deve opment of numerous findings. The Committee next teviewed the integral perfonnance
of the total code, leading to additional findings (top-down review). The MELCOR Peer Review
Committee recognizes that resources for MELCOR development, revision, and enhancement are,
and will continue to be, limited. 'Iherefore, the Committee made a concened effort to prioritize its
findings. Those findings presented by way of the Commit'ee recommendations are believed to be
the minimurn set of effons that will pemst MELCOR to fulfill its design objectives and effectively
function for its targeted applications.

In developing its recommendations, the Committee, at the direction of the NRC, assigned
primary importance to the adequacy of MELCOR for use in probabilistic risk assessment (PRA)-

-

targeted applications and considered mechanistic accident management (AM) studies to be of
secondary importance for MELCOR application. The Committee screened each identified code
deficiency by considering the importance of the deficiency relative to the potential imp,act on (1) the,

time of containment failure and (2) the magnitude of fission product release to the environment.
Finally, the Committee concluded that the technical requirements, when satisfied, will

result in a technicalb viequate MELCOR for PRA applications, although the requirements may not
always be sufficiem w some aarametric AM studies, if at a future time the rule of the MELCOR
code is expanded i Eade cetailed AM studies focusing on timing and the magnitudes of key
phenomena, Commmec recommendation, for needed improvements have been provided in the
summary report.

|
,

|
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Degree of Completion

The Committee determined that hfELCOR is not a completed code and that additional
development, as discussed below, is needed before hiELCOR can reasonably satisfy its design :
objectives and be applied with confidence to its targeted applications. Comp!ction of htELCOR
can be measured in several ways. First, code completion can be measured relative to the existence
of the needed models for all dominant phenomena ' hat are to be predicted. Second, code
completion can be measured relative to existence of the documentation needed to understand,
appropriately apply, and interpret the code. Third, code completion can be snea.sured relative t - its
demonstrated technical adequacy. The Committee derernuned that by each of these measures. :

further effon will be required before hiELCOR can be considered to be complete.
'

Having made tius point, the Committee also finds that considerable pro ;ress has been made t

in developin;; the MELCOR code, ne component parts of hiELCOR have xen develved and
assembled such that integrated calculations of some severe accident sequences in loth boiling and
pressurized water reactors (BWRs and PWRs) can be completed. Limited benchmarks have been
prepared for some of the individual models and correlations and a limited set of benchmarks have
been completed for the integrated code. An extensive set of documentation has been prepared,
including a code manual, reference manuals for the phenomenological packages, and users'
guides.

Recommendations

The Committee has determined that recommendatio_ns in five areas are appropriate: (1)
MELCCR numerics,(2) models missing from MELCOR Wrsion 1.8.1, (3) exisung MEl COR
models needing revision, (4) need for expanded MELCOR assessment, and (5) documentation.

MELCOR Numerics. The Committee concluded that code numerics are the source of a
3rimary concern regarding the technical adequacy of the ecdc. During the course of the MELCOR
'eer Review, the results of several time step sensitivity studies were made available to thet

Committee. These studies indicated that convergence to limiting values is not currently guaranteedi

as the time step decreases. In fact, key quantities vary erratical y as the time step is changed. Thei

i Committee has concluded that an improved understanding of the time step sensinvities is
important, that other input parameter and modeling sensitivities can be expected, and that correction
of the MELCOR numerics problems should be considered to be a high priority activ;ty.

Models Missing From MELCOR Version 1.8.1. The Committee concludes that
models for the following phenomena, not cunrntly modeled, should be given the highes, priority
for incorporation in MELCOR:

P

PWR primary system natural circulation in components with countercurrent flows,-

high pressure melt ejection and direct containment heating,!
.

| ice condenser,.

L nanexplasive interactions between debris and water,.

fission poduct vapor scrubbing,| .

additional reactor coolant system fission product deposition processes, and.

fission product reactions with surfaces.|
.

|

l The Committee notes that funded model development activities are currently either planned or
under way for either part or all of the PWR primary system natural circulation r Wel, the high.
pressure melt ejection and direct containment heating model, and the ice condensei model.

1

2
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'
Existing MELCOR Models Needing Revision. The Committee's bottom up review of

the MELCOR phenomenological packages identined individual nnlels that werr of concein. He
Committee completed a screening activity to detennine4hich models should receive priority
attention using as screening criteria (1) the time of containment failure and (2) the magnitude of the
soufre term. De Committee recommends that the following issues, ranked by the Committee as
"very imponant," be given the highest priority.

An evaluation should be made to determine whether the water*

condensation / evaporation uniel used in the liydrmlynamic P,chavior (CVil) Package
is implemented adequately as it supplies nxxtelinfonnation to the Radionuclide (RN) ;

package. Currently, condensation is treated independently in the CVil package from ;

the calculations of aerowl particle growth and deposition in the RN package. The
Committer feels that se 3arating condensation growth fmm other growth calculations i

is a questionable procec ure and the validity of this approach should be demonstrated
by comparison with more exact matels or data.
Inconsistencies in treatment of chemical reactions between CORCON and VANESA. ,

should be resolved, and improvements should be 4nade to the CORCON/ MOD 2
phase diagrams. Consolidation of CORCON and VANESA into a unined code as

lanned for CORCON/ MOD 3 is desirable. De Commhtee did not review
currently p/ MOD 3 maiels; however, based on a brief presentation to the CommitteeCORCOh
by SNL,it appears this code has the potential for remedying most of these concems.
A peer revi_ew of CORCON/ MOD 3 models would be desirable before its
implementation into MEl COR.
The model for condensation in containment (mass transfer) should be revised. With !.

the existing model, steam condensation rates, predicted for conditions when the '

thermal resistance of the structure on which cond ensation occurs does not dominate,
will be in serious error. The model used for condensation in the presence of
noncondensables is seriously Hawed.
De pool scrubbing model is largely derived from previously available models but.

assumes spherical bubble shapes while correcting for bubble flattening by using
coefficients derived from comparisons to other models, Impaction of pam,eles from

'

steam /airjets entering the pool would be expected to provide significant deposition
for larger partic'es, but the effect is ignored in the current model. Decontamination '

factors computed with the current model are quite low in comparison with other
nniels and the existing data base.

,

Need for Expanded MELCOR Assessment, De Committee concluded that the ability ;

of MELCOR to calculate severe accident phenomena is not sufficiently demonstrated. Such a
demonstration would ce t'ased on a documented collection of (1) sensitivity studies, (2)'

benchmarking activities using experimental data, and (3) code-toexic assessments.
The Committee has concluded that review of a comprehensive set of well-defined and

exe:uted sensitivity analyses is an important and necessary component of the effoit to determine
- technical adequacy. Unfortunately, this comprehensive set of MELCOR sensitivity analyses does
not presently exist. Rather, a sparse set of sensitivity studies exists.

By any measure, the MELCOR integral benchmarking effort is very small. De Committee
has concladed that a more comprehensive and ongoing integral assessment program is needed.
While encouraging an increasing pace for the integral assessnwnt effort, the Committee emphasizes
the imporunce of maintaining an overall perspective about the oted to benchmark the individual
models by using test data. A comp:ete assessment of the tecnnical adequacy of an integral code
considers both the componer,t parts and the adequacy of the integrated coded package. De review
of the component parts focuses on the pedigree, applicability, and fidelity of the individual maleis
and correlations. The Committee emphasizes the importance of having technically adequate
detailed models and contlations which are, in reality, the building blocks of the integral cale. ;

o
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Although crxbto cmle comparisons cannot and should riot displace or replace code |
benchmarking effons against test data, the Committee concludes that code to-code comparisons
can provide usefc.) supplementary insights. For severe accident phenomena, their value lies not in
the absolute,i.e., what is right and what is wrong, but in focusmg attention on wh.): is different.
The Corrantee recommeals that ccmparison activities continue in the future. .

Potumemailon. The wallability, cornent, completeness, and quality of documentauon is i

an important factor innuencing the outcmne of a code peer review activity. The NRC has recently
'

prepared and is ued documentation guidance to organizations involved in the development of
software for the NRC's Office of Nuclear Regulatory Research. Each of the documentation
elements identified by the NRC exist in one form of MELCOR documentation or another. The

'

body of existing documentation rentesec.ts a signincant and positive accomplishmert. The |
Committee was tile, for exataple, to accomplish a significant portion of its review using the
documentation that has already been pre,mtred. The Comenittee does, however, have concern;
about panicular aspects cithe documentaion and these are detailed in the following parapraphs,

ne MELCOR sumury report and phenomenological package rrference manuai cover the
elements of the code or theory manual < The Committee determined, howeer, that the level of

,

detail was less than that needed by the user community. After extensive interactions with the SNL
staff, the Committee felt that the detailed descriptions of the models and correlations were lacking
in some cases. That is, vihat was modeled was described but the descriptions of pedigree,
applicability, and benchmarking were citter inadequate or missirg. The Committee recommends
that careful consideration be given to producing a "Models and Correlations" document for
MELCOR equivalent the similar documents prepared for the NRC's thermal hydraulle systems
codes. At a minircam, the Committee recommends that all new model development be
accompanied by detailed documentetion of model pedigree, applicability, and fidelity
(benchmarking).

A particular area of concern to the Committee is the dispersed nature of model
documentation when other computer codes, or pans of other computer codes, have been imported *

into MELCOR. In several areas, MELCOR documentadon simply referrnces the manuals for the ;

nrent code without sufficient supponing discussion of which poruon(s) of the parent code models
lave been incorporated unchanged into MELCOR, which have been mod:Ged, and how the
import:d models have been incorperated into the MELCOR framework. The ideal solution would
be to incorporate into the MELCOR documentation a complete description of each imported
physical model. At a minimur'1, the Committee recommends that references to parent code
documentation in the MELCOR documentation be accompanied by a clear and specific discussions
of how and why the imponed models have been selected for MELCOR implementation.

The MELCOR developmentcl assessment documentation is sparse. The Committee
recommends that the MELCOR developmental assessment be expanded and that the results of the '

assessment effort be thoroughly documented. The Committee recommends that as future
assessments are completed, careful consideration be given to documentation of the assessments,
individually and collectively, so that the lessons learned in the assessment process are incorporated
into the MELCOR development effort and and immediately helpful to the user community.

The design of the MELCOR code, with its strong emphasis on user input for modeling
both the facility and parametric studies of the many and complex physical processes being
examined, places a uniquely difficult burden on the MELCOR user. Effective use of MELCOR
demands a knowledgeable and well informed user. Documentation of practical modeling
guidelines is needed. The ongoing collection of user lessons teamed or 1ractical guidelines does
not seem to be occurring. The Committee recommends that a structurec and ongoing process of
collecting, documenting, and distributing practical user guidelines to the MELCOR user
community be developed and executed.
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Although MELCOR is now being successfully applied in severe accident '

analyses, it is not yet complete and additional development and
assessment is needed before MELCOR can fully satisfy its design r

object'.ves and be applied with confidence to its targeted appilca -
t h>nn A number of current'and planned improvements and assessment
activitle= recesaarv t.o reach that stage are described in this paper.
Modifications 'that have bacn imniemented in the latest release of the ;g
code, version 1.8.1, are mm atized, the status of work in progress
on new models such as direct contalinent heating, in vessel natural
circulation, and materials interactions is given, and several
additional models and other enhancements planned fer the near future -

are described. The.results of recent assessment calculations
performed at Sandia are summarized, and assessment ef forts that have '

| just begun or are planned for the near future are briefly mentioned.
I

'
i

1, INTRODUCTION,

,

!- HELCOR [1] is a fully integrated, engineering level computer code that models
the progression of severe accidents in light water reactor (LVR) nuclear power

i plants.- MELCOR is being developed at Sandia National Laboratories for the
U.S. Nuclear Regulatory Commission (USNRC) as a second gentration plant risk
assessment tool and the successor to the Source Term Code Package (STCP) [2].
The entire spectrum af severe accident phenomena, including reactor coolant -

,

system and containment thermal-hydraulic response, core beniup, degradation
and relocation, and fission product release and transport, *s treated in
MELCOR in-a unified framework for both boiling water reactors and pressurized
water reactors. MELCOR has been especially designed to facilitate sensitivity
- and uncertainty analyses, Its. current uses include estimation of severe
accident source terms and their sensitivities and-uncertaintics in a variety

of applications,

Version 1.8.1 of MELCOR was frozen in March of 1991 and distributed in July.
This version included several significant improvements, summarized in the-
following paragraphs. (The discussion in this paper assumes some knowledge of
the capabilities of previous versions of MELCOR.)

This work was supported by the U.S. Nuclear' Regulatory Commission and was*

performed at Sandia National Laboratories, which in operated for the U.S.
Department of-Energy under Contract Number DE AC04 76DP00789.

I
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1. Error correction: The bulk of the changes involved corrections of orrors j
of varying degrees of severity. Many of them incorpor,ted improved ~

numerics to increase computational efficiency. The result has been a :
faster running, inore robust code with fewer instances of demonstrably ;
wrong calculated behavior. Improvernents in input and output procening -

were also implernented in several places, i

2. Ilme Snecified ControLhhute.1: The capability to define control volumes
with conditions (temperature, pressure, composition, etc.) specifled as :
constants or by user defined control functions was added. These control "

voltunes provide 'a much more convenient means to specify known boundary
conditions, a particularly useful #cature in simulating experiments,

,

3. Radionuclide Modeling: Several problers areas in the modeling of
radionuclide behavior were addressed. Implementation of the model for
fission product removal by sprays was completed. The interface with the
Control Volume flydrodynamics (CVil) package was upgraded to allow
transport of fission products with bulk fluids as the CVil package

,

subeycles, thus eliminating potentially serious discrepancies. '

Substantial modifications were made to the MEl, Colt implementation of
MAEROS 13] to resolve mass conservation and computational cost concerns.
The filter inndel was enhanced to treat dernisters, llEpA f11ters, and
charcoal bed filters. Finally, the model f or absorption of bet a decay
energy in control . volumes was modified to consider the actual thickness

* .

of the volume atmosphere. !

4. llent Struegure Modeling: Two fundamental problems with the llen t
Structure package were addressed. The thermal coupling of heat

-structures.to the hydrodynamics was modified to attempt to damp
oscillar. ions that nay occur when structures with high surface area
enmmunicate with control volumes with low total heat capacity. The water
condensation / evaporation model was altered to climinate discontinuous

-behavior with the introduction of noncondensibles to a pure steam
environment.

5.-Core Modeling: Three model upgrades in the Core package were
,.

Implemented. More flexibility and user control were provided for the
f ailure of structures such as the core plate. Modeling of the effects of
conglomerare debris (introduced by melt relocation onto lower portions of

. care structures) on convective and radiative heat transfer rates was
added. Limi c were placed on heat transfer rates from particulate debris-

beds by applying a dryout heat flux correlation. This latter change can
drastically alter the course of the :alculation at the point of massive
debris relocation into the lower plenun.

6.-Transpor; properti g Modeling: In the Material properties package, the
modeling o_f transport properties (i.e., viscosity and= thermal
conductivity) for pure fluids-and fluid mixtures was substantially
enhanced to include Chapman-EnskoS and Eucken relationships based on
Lennard-Jones potentials for individual gases and semi-theoretical
weighting formulas for combinations ot gases.
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7. Core-Concrete Interactjons Modeling: New correlations to treat debris-
concrete.and inter-layer heat transfer, taken from the developmental
version of CORCON MOD 3, were incorporated into the MELCOR implementation
of CORCON MOD 2 [4] . Also, through work sponsored by the DOE for metallic
fuel reactors, the cavity package was modified to treat metallic uranium
and aluminum during molten core concrete interactions.

2 .. CURRENT DEVELOPMENT I
,

MELCOR 1.8.1 has recently undergone a comprehensive technical review by
recognized experts to determine the technical adequacy of the code for the

,

serious and complex analyses it is expected to perform. The review process
and findings are documented in a previous paper for this session and in a
report soon to be issued [5]. These findings' corroborated those of a prior
revicw conducted internally at Sandia [6), and work had already begun in
several areas recognized as deficient. The status o1 improvements in these
areas is described in the following sections.

2.1 lee Condenser Model-

Modeling of ice condensors has recently been incorporated by modifying the
degassing model in the llent Struct ure package. In principic, the phase change
associated with melting ice is not unlike the phase change simulated by the
degassing model. In both cases, an endothermic process occurring over a known
temperature range consumes a characteristic amount of energy during the
liberation of a reaction product. Therefore, it is logical to_model an ice
condenser es a number of vertical heat structures composed of a special fee-
bearing testorial defined by user input. The user activates the ice condenser
logic by including a prescribed keyword in the input for the heat structures.
The properties for the base' material should be specified to simulate the
transient thermal response of the composite metal / ice matrix, and the
properties of_tlje laternal_" gas" source should be chosen to simulate the phase
chango associated with molting ice.

A number of adjustable parameters have been included-in the MELCOR ice
condenser model to eccount for details lacking-in the modeling. A special ice
condenser Nusselt number multiplier may be' defined by the user to account for
effects not explicitly-modeled that may. affect the rate of heat trannfer to
the ice. Similarly, an ice condenser radionuclido deposition surface area
enhancement factor may.also be defined by the. user ta account for unmodeled

- effects that will enhance the rate of fission product deposition in the ice
condenser. Finally, a parameter' may be adjusted by user input to control the
rate of decrease of the ice -surface area as the ice melts. The code
automatically accounts for_the_ volume change associated with the reduction in
ice. mass as melting proceeds and deposits the water'in the pou- t of the ice
condenser control volume. The dynamic response of the inlet and nutlet doorn
to the ice condenser compartment is readily simulated with the Control
Function package in ME!COR.
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A sittple ice condenser t est problem was constructed to compare the tesponse of .

the MELCOR inodel with a CONTAIN [7] calculati9n of the same problem. This -

'

test problem simulated a simple LVR stearn blowdown into contaltunent ,
discharging 200,000 kg of superheated wat3r (540 P.) and 1 kg of fission

!product aerosol into a 500 m) reactor cavity volume over a period of 20
seconds. The resulting steam entered an ice condenser cortpartment containing
1000 m) of ice, and the gaseous effluent from the ice condenser entered an
upper containment volume of 59.500 m3 The MELCOR rnodel predictions were in .

'good agreement with CONTAIN results for pressure response, steam condensatton,
and fission product deposition, as shown in Figures 1 and 2.

,

!2.2 Fitie-Scale Natural Circ 3 ation Model1

!t;atural circulation within the reactor pressure vessel has been a,hown in
several PWR analyses to have a major linpact on core and vessel heating rates
and the tirning and location of vessel f ailure. In comparin6 cases with and
without natural circulation modeling it has been found that natural
circulation delays vessel failure by over an hour, leads to 25% greater
oxidation of the Zircaloy, and results in nearly 2000 kg of additional steel
(from the melting of control rod drives) in the melt ejected froin the vessel
[8). In addition, the roode of RCS failure (l'.e., hot leg versus lower head)
can only be ascertained if natural circulation is modeled.

No rnodel currently exists in MELCOR to treat natural circulation flows on the
scale required for credible and inexpensive cere heatup calculations. The
MELCOR hydrodynamics roodels were not designed to inodel flow processes on a
fine scale such ar in TRAC [9], and the code's capability to model natural
circulation ef fects is limited to flows through well-defined loops of several
typteally quite la,3e control volumes. Thus, although HELCOR can currently-
model natural circulation coarsely with the hydrodynamics (CVH) package (but
neglecting the roomentum flux terms, which may he i rrpor t ant, for !

rnultidimensional flows), the calculation cost would be proh!hitive for
irtended FIELCOR applications if the system were nodalized on a fine scale with
control volumes small enough to resolve the re-entrant core flows that may.be
of-interest.in, for example, a " pVR TMLB' sequence.

Improvernent in the treaticent of natural c'rculation in MELCOR is underway to
model fine-scale circulation patterns within the core and hetween the core atid
upper plenum, In addition, single-phase counter current flow between the
reactor vessel and hot leg piping or steam generator will be treated.
Implementation of a natural circulation model in the Core package is greatly

-

complicated, however, by the overlapping jyrisdiction with the CVil package.
Model development efforts have so far focused on defining this interface
between the two packages. The principal difficulties are ensuring that the

-Core package natural circulation model does not Icad to gross inconsistencies
In quantities-(e.g,i-temperature;-flow rates) predicted by-the CVil package and-
that numerical instabilities in calculating flows are not introduced,'
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The Core package, of course, can calculate any internal flows within a |
particular core control volume without confilet with the CVil package, which |
currently does not track detailed conditions within a control volume that are
determined by other packages. The internal flow model is now planned t< he a

simplified version of the CVil approach ba.ied on known flows at the doma
bot 3ndary . The interfacing problem occurs at the boundary between two co. sol
volumes (e.g., between the upper plenum t,nd the core). To climinate
inconsistencies between the two packages, one or the other must be solely
responsible for detr. 'ning flows at this boundery, or competing solutions ,

must somehow be reconcued. '

Two basic strate 6 es to resolving this problem have been identified. The1

first is to require the CVll package to calculate the flow distribution across
the boundary using donor quantities based on local fluid conditions calculated
by the COR pacl< age (i.e., local pressures, teiperatures, and mass
-compositions). This flow distribution would then be used by the COR package
on the next cycle as new boundary conditions to recalculate and update tho
internal flow distribution and local fluid conditions. The alternative i

strategy is to allow the COR package to calculate the flow distribution at the
boundary between control volumes and directly transfer these flows t o CVll,
either as explicit mass and energy sources and sinks for the associated
volumes or as imposed mass and energy flows through the connecting flow paths.
Work on evaluating both strategies, especially to resolve concerns regarding
numerical stability, is now in progress.

,

2.3 Di rec t .CJmi ainment lleating Model

Direct containment heating phenomena have been shown to pose a potential
threat to reactor containments. The rapid disperssl of core materials and
resultant heating and chemical reactions can lead to rapid pressure increases
in the containment. MELCOR currently has very limited capability to model
debris ejection and dispersal phenomena, and the MELCOR peer review concluded
that the lack of modeling compromiser.-the code's use for some important PRA
sequences as well as for audit calcuiations of the results of other codes.

A model has been developed within the context of the CONTAIN project t h a t.
represents the global response of the containment to such events (10},
CONTAIN treats only ex-vessel phenomena, so the amount of melt ejected is a ,

parameterized boundary condition. Adaptation of direct containment heating
models from CONTAIN bas begun, but HELCOR improvements to model DCil phenomena
are planned to include additional parametric capabilities and user
flexibility, as well as a more generalized interface to debris ejection from
the reactor vessel. The planned model will allow MELCOR to calculate the
integrated response of the containment t- a DCll event without the use of fully

mechanistic modeling. The planned model will be sufficie.itly flexibic_ to
encompass parametrically the uncertainties currently being addressed by-
ongoing:cxperimental research and CONTAIN analyses.
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L4 CORCON_ MOD 3 ImrQ ntentation

Core-concrete interar t ion phenomena are currently modeled in MEl,CCm by CORCON- i
e

MOD 2, which was incorporated into MELCOR in 1986 without significant
,

modification, with fission product release during these interactions treated
,

by the MELCOR inplernentation of VANESA [11). The CORCON development staff is
planning release of a new version, CORCON MOD 3, which wi'' integrate VANESA |
with CORCON and will include new or 1rproved models for condensed phase
chemist ry, bubble behavior, interlayer inixing, oxidic and metallic phase
diagrams, and nonideal solution chernistry, as well as the addition of a time-'

dependent melt radius option.

We have begun the process of implement ing CORCON MOD 3 into MELCOR. Updates to
C09 CON to create an interim version of MOD 3 have been received from the CORCON
code development staff and are now being reviewed for formal incorporation
into MELCOR. ke hope to receive the final updates to create the released
stand alone version of CORCON-MOD 3 later this fall, after which we will
finalize the MELCOR implementation of MOD 3.

2.5 Corn. Mat erials inirtrijens Model

'Severe LWR accidents of ten y nerate conditions under which cote materials
begin to rapidly melt, oxidite, or otherwise interact with one another. When
the molten materials mix or contact certain other solids, react. ions can occur

that produce new mixtures wi'h properties which may differ from those of the
L reactants. For example, melting points (or liquidus and solidus temperatures; !

| may change significantly as materials interact with one another or as the
| composition-of raixtures changes.
| The exact analysis of all the reactions and products that could conceivably .

occur is virtually impossible at this time, However, to accurately describe
the course of an accident .i t is necessary to consider and effectively treat.
the materials interactions that will-significantly affect melt progression.'

( In the past, the MELCOR Core package included only a crude model for treating
materials interactions. User input allowed certain solid materials to he
transported by molten Zircaloy or molten steel. This model was intended to
simulate parametrically the movement of fission product bearing materials
_ (i.e., fuel) with molten Zircaloy. Each molten material was treated
separately in a sequential inshion; there was no consideration of independent,
multicomponent phases.

We are presently working to improve the MELCOR Core package t r e a t.me n t of .

matcrials interactions. Because the basic data for such an improvement is
sparse and still uncertain, and because in a large system code like MELCOR,
flexibility rather than detailed modeling is the more important objective, the
approach being-adopted will--caphasize -rnodularity and adaptability. The
proposed new materials interactions model will replace the current treatment
of-melting, candling, and freezing of individual core materials by slinflat
treatment for a mixture of materials. Additionally, the mixture will have the
potential to dissolve solid materials at temperatures below their solidus if
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pnase interactions permit. The details of each phyelcal process will be i

contained in one or more subroutines that n be easily replaced or modified
as warrarted by new phenomenological resca..n. Certain parametric features of
the model will be adapted from BWRSAR [12), but the t,eneral approach will also
have much in common with that used in MELpROC [13] and SCDAP (14).

.

2.1 Lower Plenum Modelinr. Studin

The Boiling Vater Reactor Severe Accident Technology program at Oak Ridge
National Laboratory (ORNL) is conductitig studies to investigate the effects of
more sophisticated modeling on tower plenum debris behevior and reactor vessel
failure and assess the need for improvement. In particular, their object!ws
are to incorporate npecific locally developed BVR accident response models for
lower plenum debris beds into MELCOR and examine their behavior in an
integrated MELCOR environment. To that end, the relevant sub: sutines have
been extracted from l'VPMR and are being incorporated into MELCOR, hypassing
the current Core package models for cells in the lower plenum.

,

These studies are scheduled for completion at tk end of 1991 and will likely
result in specific recommendations for additional MELCOR modeling chanps or
enhancements. Togef Ser with the NRC, Sandia will evaluate the ORNL
recomrnendations and anst a the proposed modelin;; changes and enhancements.
This assessment will determine the amount of additional work required to
integrate t.he changes in accordance with MELCOR design philosophy and coding
conventions, a step essential to long-term maintenance of the new models ,

3. TUTURE DEVELOPMM]: ,

'Additional improvements are planned for MELCOR in the naar future, as
described in the following sections. Mmot of these improvements addrece ,

specific deficiencies identified during the MELCOR peer review and asscascent.
,

programs.

!

3.1 Numerical Sensitivities J

Concerns have been raised recently regarding the sensitivities of certain
results calculated by MELCOR to machine type, time step size, and small
changes in modeling parameters. These sensitivities severely impact the
overall credibility of the code and its capability to perform meaningful
sensitivity and uncertainty studies, one of it s principal design objectives.
The MELCOR peer review recommended that resolution of these sensitivities be

.

.given the highest priority. .

These problems have~1ong been recognized by the code development staf f but
.have only recently been brought to user attention by the availability of
computing environments in which sevetal systems are available to a single
user. . These sensitivities are not unique to MELCOR, but are typical of large
complicated,-integrated systems codes. One major cause is " event" driven
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models that change the course of a calculation at a discrete set of times
(from finite time steps) when some condition is satisfied. MELCOR models are
highly event laden, and subtle interactions between different evente or
changes in their order can greatly magnify small dif ferences in calculations.
Of course, some of these sensitivities may in fact be ,hysically real,
reflecting chaotic processes caused by the complex interplay of real
phenomenological events.

To address these concerns, the level of effort for code maintenance is being
significantly increased. These types of difficulties are usually extremely
Jifficult and time-consuming io diagnose, often involving very subtle
ntnerical and phenomenological model interactions. Special emphasis is now
being pieced on investigating such numerics' sensitivities to identify their
underlying causes and to cevelop strategies to eliminate or mitigate them.
Calculations that have detonstrated serious sensitivities are being thoroughly
examined by MELCOR code development staff diagnose the causes. Also, small

-

test calculations are being developed to further diagnose the problen:s and to
develop and test various fixes.

3.2 Momentum Exchange

Momentum exchange between liquid and vapor phases sharing a flow path (the so-

called " inter-phase force") is cesponsible for both entrainment and flooding
phenomena in MELCOR. The present model is very slap'e, based on
experimentally determined parameters for the floodiag curve, but it lacks
adequate capability to dif ferentiate between various types of flow paths. In

particular, the MELCOR peer review committee has concluded that the current
model is inadequate for prediction of pressurizer drainage under PVR severe
accident conditions. Other difficulties, such as the persistence of t uspended
liquid pools in stacked contrel volumes and inadequate consideration ot -he
effects of var!ations in the flow path geometry (e.g., circular tubes vs.
narrow slits), have also been encountered. The current model can underpredict
coupling of the phases in some cases, but may seriously overpredict it in

_

others. This can result in inaccurate evaluation of entrainment effects, such

as liquid carryover from the reactor cavity during high pressure blowdown, and
of phenomena such as flooding of rooms through narrow apertures.

We are currently assessing the adequacy of the current modeling approach in
light of the observed deficiencies to determine how best to modify it to apply
to these other geometries and flow conditions. We then plan to incorporate
enhancements to address the observed difficulties and to provide additional
flexibility for the user to properly deal with complex flow path geometries.
We believe that a relatively simple extension of the present model to other
ilow regimes and geometries will be adequate for MELCOR (we do not anticipate
the need for a full flow regime map as in TRAC). Implementation of these
enhancements will be assessed against the more detailed treatments of
interphase flow processes in codes such as TRAC or REIAPS , which have been
extensively validated for these processes.
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L3 - Tvo-Phase Naturpi Circulation

A major difficulty in the CVH package was recently discovered when trying to
run the FLECHT-SEASET natural circulation test for the assessment program.
Severe problems in code performance were axperienced at the beginning of
circulation of two phase mixtures across the top of the steam generator-tubes.
The models in the CVH package for the treatment of two phase pools and the

_

lo3 c for depletion of_ control volume atmospheres are suspected as likely1

causes. We plan to conduct a more thorough diagnosis of the source (s) of the
problems observed and to investigate and possibly implement simple fixes.
Major modifications to these two models may be required, however.

3.4 Fission Product Releace

An updated version of the CORSOR mo>el [15] for fission product release,
_

suitable for implementation in MELCOR, has been developed at Battelle
Columbus, as documented in an October 1990 draft report for the NRC. This-

version has incorporated improvements in the release formulation and the
release coefficients, including consideration of mass transport limitations
and the use of the Booth model for diffusion of fission product species. We !

plan to review the new codels, implement them in the code, and test them in
the MiGCOR environment. |

|

|
3.5 Water Condensation |

fDeficiencies were identified by the MELCOR peer review in the treatment of
- condensation of water at the pool / atmosphere interface in a control volume and j

on structures in the Heat Structure package. In particular, for subcooled '

quiescent pools the calculation of natural convec' ion from a stably stratified j
warm saturated liquid-layer (at the interface) to the subcooled bulk is '

. physically incorrect and can lead to substantial over-predictions in steam
condensatir. rates. We plan to eliminate the first order error of such an !
unphysical modeling approach and evaluate ways to account for the transient |
nature of conduction in quiescent, stable pools.

The heat structure condensation model does not account for the resistance of
the condensate film in the presence of noncondensibles, and the use of
correlations based on a low mass transfer limi.t will result in incorrect mass
transfer coefficients under high mass transfer conditions. Results from<

CONTAIN calculations have confirmed the need for modeling these ef fects in
some shorter tore transients. We plan to revise the model to include both
effects, similar to the current CONTAIN model, with extensive testing of the
revised model on a variety of calculations to determine the impact of the new
model and to ensure-its robustness.

1

.
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36 Debris-Heat ~Tr{Lqgj.n

Heat transfer from-debris,to_ water as it relocates from the core region to
form a; debris bed-or pool-in the lower plenum, with full or partial quenching,
was ~1dentified by the MELCOR peer review as a very important missing model .
Adaptation of the coarse mixing model in the Fuel Dispersal Interactions (FD1)
package, used for ex-vessel debris heat transfer calculations during low
pressute debris ejection, is planned to treat in vessel debris streams as
well.

The formation of fully or partially coolable debris beds in the reactor cavity *

'with associated heat transfer (prior to the initiation of core-concrete
interactions) was also identified by the MELCOR peer review as a very

.

'important missing model'. Following a review and careful determination of the
requirements of such a model and-its interfaces to the CORCON core. concrete
interactions models, we plan to implement a debris bed model that takes into
account appropriate dryout heat flux limitations.

3.7 Fission Product Denosition and Chemistry

'
Several fission product transport phenomena not currently treated by MELLOR
were identified by the MELCOR peer review as very import ent missing models.
The existing MELCOR deposition models are most suitable for analysis of
containment volumes, and the use of an input value for the diffusional
boundary layer thickness, valid for containment, is questionablo in primary
system flows where flow and geometry effects dominate. The peer review
committee has suggested that specific models now available for deposition from
flowing gas streams onto surfaces, including inertial deposition from

~

turbulent flow, diffusional deposition f rom turbulent flow, impaction from
flow direc tion changes, and impaction on cbstacles, be. examined for
implementation into MELCOR.

Other significant omissions are the effect on vapor pressure of dilution in
mixed deposits, and the' interaction of these deposits with surfaces
(chemisorption). There is also now a considerable amnunt of information
available on' aqueous-chemistry that could form the basis for a first order
model (at least for iodine chemistry). The scrubbing of-fission-product
vapors, now neglected, should be added. We plan to reassess all the phenomena
described abore in light of.research over the past ten years and examine
existing apptoximate or simple models for these effects-for implementation

'into MELCOR.

4 ASSESSMENT3 -.

- One of the- key- findings of the peer review was the need _ for expanded MELCOR
-assessment. A comprehensive,-multi-year, assessment plan has been-developed
and activities are underway to begin addressing this i.eed. Only a very smali
.portlen of the plan has been accomplished to date, but it is a high priority
to obtain asse:ssment results for each of the major phenomena treated by the
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code as soon as possible, in particular to provide input for developing user
guidelines. The plan anticipates the participation of a number of-

organizations, including universities and foreign institutions.

A-draft. assessment plan was submitted to the NRC in March 1991. That draft
summarized previous fand current NRC MELCOR assessment activities, reviewed and
prioritized assessment needs for the different phenomenological areas modeled
by.the-MELCOR code, proposed some general pr6cedural-and documentation
requirements for a useful, efficient assessment program, and identified a
number of specific MELCOR assessment tasks to be done by various participants
in the next few years, sorted into an assessment program time line. This

first draft has been reviewed within the NRC and sent to a few other national
laboratorier. for further comment, and an updated draft is due in March 1992.

Assessment calculations _have been completed recently and documented for the,

IACE LA4 aerosol transport experiment, the FLECHT SEASET natural circu'ation
tests, the HDR V44 steam blowdown experiment and T31.5 hydrogen mixing
international standard problem (ISP23), and the PilEBUS B9+ core damage

,

international standard problem (ISP28).

In the LACE i.erosol experiment IA4, the behavior of double-component,
hygroscopic and nonhygroscopic, aerosols in a condensing environment was
monitored. Results using MELCOR 1,8.1 gave good agreement with experimental
data for most aspects of both the thermal / hydraulic and the aerosol behavior.
Comparisons were also made to CONTAIN calculations. Sensitivity studies were
done on time step effects and machine dependercies; thermal / hydraulic
parameters such as condensation on heat structures and on pool surface, and
radiation heat trans fe r ; and aerosol parameters such as number cf MAEROS
components and sections assumed, the degree to which plated aerosols are
washed off heat structures by condensate film draining, and the effect of non-
default values for shape factors and diameter limits. A letter report on this
assessment analysis was sent to the NRC in June 1991, and a formal report [16]
was published in October 1991,

We have also completed MELCOR 1.8.1 calculations for the- FLECitT SEASET natural
circulation experiments done in a scale-model Westinghouse-PWR test facility,
with code results compared to experimental data. Single-phase liquid and two-
phase natural circulation cooling modes were studied, as well as reflux
condensation. Sensitivity studies were done, for both single-phase and two-
phase natural circulation conditions, _on time step effects and machino
dependencies; nodalization studies and studies on several code modeling
options were.also done. Cood agreement was found between prediction and
observation.for steady-state, single-phase. liquid natural circulation. The

- code could-reproduce the major thermal / hydraulic response characteristics in
two-phase natural _ circulation, but only through a number of nonstandard input
modeling modifications; MELCOR could not reproduce the requisite physical .

phenomena _with " normal" input models. Because the same response is observed
in similar tests at other facilities over a range of scales and is expected to
occur in full-scale plants as well, the ability of the user to " match" the

7 ' observed behavior through a small set of nonstandard input codeling changes
allows MELCOR to be used in PRA studles in which such physics are expected to
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be' encountered, while_ awaiting corrections to the code _ models involved. The
inability of MELCOR to correctly represent two phase natural circulation more
severely impaces its potential use in-those accident management applications.-

where a greater degree of accuracy'vould be required, The time step control
algorithm in MELCOR did not-run this problem efficiently; a substantial
reduction in time step resulted'in significantly less oscillation predicted at
the cost nf only a small increase in run time. A letter report on this

' assessment analysis was sent to the NRC in October 1991, and a formal report
[17] is now being reviewed for publication. 4

Earlier, MELCOR was used to simulate the HDR experiment V44, a reactor-scale
. steam blowdown experiment conducted by Kernforschungszentrum Karlsruhe (KfK)
'at the decommissioned HDR reactor facility near Frankfurt, West Germany,
Those analyses were run with-a version of MELCOR containing most, but not all,
of the code changes incorporated in MELCOR 1,8,1. Results were compared to
experimental- data, _to results obtained using an older MELCOR version (1.6,0)

; and to a CONTAIN calculation, vith good agreement demonstrated. Sensitivity
i studies.were done on the time step control used, on the degree of noding

' detail included, and on heat transfer coefficients and the user-specified
characteristic lengths used in calculating energy transfer between control
volumes and heat structures. A letter report on this assessment analysis (18 3
was sent to the NRC in March 1991, but no formal report is cutrently planned.

The analyses described above were done as part of a technical assessment
program. In addition, Sandia has submitted MEL40R analyses for several recent
-international standard problems, as part of a separate program, In general,
MELCOR has done a very credible job in reproducing the essential featu es -
these standard _ problems.

.MELCOR has been used to' simulate PHEBUS test B9+, an in pile severe fuel
damage experiment done at the Cadarache Nuclear Center in France to
-investigate-cladding oxidation, the mechanical behavior of a zirconia layer
containing molten zircaloy, dissolution and relocation of the melt, as part of

International Standard Problem (ISP) 28. Those analyses were run at the start
L of FY91 with MELCOR 1.8.0, and are now being-repeated with MELCOR 1,8,1.

. Comparisons of the thermal behavior of the bundle during high fission power
,

heating and oxidation phases show good agreement with the test data.'

Sensitivity studies were done on core nodalization detail, insulation thermal
conductivity used, inlet mass flow and core power (within experimental
uncertainties),-radiation view factors, and convective-heat transfer
coefficients. A Ictter report on the MELCOR results [19) was submitted to the
standard problem-group in December 1990, and a letter report on the posttest
recalculations with the 1.8.1 code is planned.

HDR test T31.5 was analyzed with MELCOR 1,8.0 for the ISP23 exeteise. In this
experiment, a steam source was injected into one of the containment

_

=campartments--to simulate a pipe rupture or loss-of-coolant accident, As with
the _HDR V44 test and analysis, both short-term containment pressurization and
temperature buildup, and long term cooling and nateral consection, were
examined. In_a follow-on' phase in this experiment, a mixte.re of hydrogen and
helium gasta vas injected to investigate hydrogen transport and mixing in a

i
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large multi + volume containment. Letter reports were written on both the blind
. pretest analyses-[20] and the posttest analyses and sensitivity studies [21].

MELCOX 1.8.0 was also used to analyze the THI-2 standard problem. This

allowed for comparisons of the model predictions in MELCOR to both full-scale,
-plant data and to the results of more mechanistic analyses. The calculations
were ecpable of simulating the course of events in the accident and predicting
the major _ trends , although improvements needed in various models were-
identified. The most recent results were presented at last year'= Vater
Reactor Safety Information Meeting [22].

!

While MELCOR has been used extensively to analyze BWR accident scenarios, the
TMI-2 analysis was the first use in a PWR configuration. Recently, a pair of
demonstration calculations were done for the MELCOR Peer Review, in which a

station blackout scenario was analyzed from full-power steady state operation,
through core damage and relocation to reactor cavities, including containment
pressurization, hydrogen burns, etc., for both a typical PWR and a typical
BWR.

Work is currently in progress on calculations for the LOFT LP-FP 2 integral
test ~and the ACRR ST-1/ST 2 in-pile fission product release and collection
tests. The LOPr LP-FP-2 assessment analysis will examine primary system
thermal / hydraulics, in-vessel core damage, and fission product and aerosol
release, transport, and collection, individually and in interaction, in a
" top-down" configuration, while most of the other assessment analyses
completed or upcoming examine such phenomena in a more isolated, " bottom-up"
situation. Additional calculations planned for the near future include the

-CORA 13 core damage international standard problem (ISP31); the ACRR DF-4 in-
pile BWR fuel' damage and relocation experiment; the Semiscale S-SG-7 integral
PWR steam. generator-tube rupture test; the Marviken-V ATT-2b and ATT-4 aerosol
transport and deposition experiments (in a primary system piping geometry, in
contrast to the open containment geometry studied in the LACE LA4 assessment
analysis); the SURC-2 large-scale uranla-concrete interaction test; PNL ice
condenser tests 11-6 and 16-11 (which a'so were used recently to validate the
CONTAIN ice condenser model); and the ACRR MP-1 in-pile late-phase melt~

_ progression experiment,

5. CONCLUSION

MELCOR computer. code development has reached the point where it is now being_

successfully applied in severe accident analyses. However, as stated in the

MELCOR-Peer Review report, MELLOR is not a completed code and additional
development:and assessment is needed before MELCOR can reasonably satisfy its
design objectives'and be applied with confidence to its targeted applications. .

Plans are now in place to address the most important findings of the peer
review. Numerics | issues are being aggressively pursued, the remaining few
missing models are being developed and implemented, deficiencies in existing
models are being addressed, and a comprehensive assessment program has been

j initiated.
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We envision that MELCOR 2.0.0, with a targeted release in late 1993, will
include _all capabilities originally _ envisioned for the code- plus additional
capabilities that.were net originally mandated (for example, limited

Japplicatior.s in accident management). Ve believe that the bulk of the serious
deficiencies will have been eliminated by this time. Furthermore, although it
will by no-means be complete, a substantial assessment base will have been
established to_ guide analysts in using the code and giving credibility to its
calculated results.
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ABSTRACT

Two revisions of. the CONTAIN code, CONTAIN 1.11 and 1.12, have
recently.been released. 'The purpose of this paper is to highlight
the new features of these revisions and to discuss other new code
features currently under development. The features of CONTAIN 1.11
discussed here include a quasi-mechanistic concrete outgaasing
model, the connected structure option for heat conduction bc., tween
compartments, and a new approach for modeling forced convective hast
transfer. The Ldirect containment heating-(DCH) models released as
part of CONTAIN l'.12 -are also discussed. New code features
currently under development include a revised gas combustion model
and a new multifield DCH model. New features of the revised
combustion model include the treatment of spontaneous recombination
Land diffusion flames. CONTAIN plant calculations comparing the old
and the revised combustion models are presented. The new features
of . he multifield DCH model are discussed, and demonstration

'

calculations using this model to analyze a small scale -experiment
are presented.

INTRODUCTION

The CONTAIN code _is the. United. States Nuclear Regulatory Commission's (USNRC)
best-estimate code - for the -integrated- analysis of phenomena in reactor
containments-during severe accidents. While the most recent conplete set of
documentation. applies to the CONTAIN .1.10 code version,(1,2) two major

~

-revisions beyond CONTAIN 1.10 have . recently been released. The purpose of
this paper is- to -highlight- the new features of the recent revisions and .to
discuss the new code : features currently 'under development. Discussic s will.

.be ' limited .~ to those features that address containment- issues either-through

new or significantly improved modeling or by providing the user with a means
of conveniently assessing uncertainties for. those modeling areas in which the -
phenomena-are poorly understood. The variants of CONTAIN that modal renetors
with ' heavy water - or liquid metalLccalant are not discussed here -but are

~

documented'elsewhere.[3,4]

* This work supported' by the United States Nuclear Esgulatory Commission and -
performed at Sandia National Laboratories, which is operated for the U. S.

= Depar*.taent- of Energy' Urder L Contract Number DE- AC04-76DP00789.

** Loc Alamos Technical Associates, Albuquerque, NM.
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The CONTAIN 1,11 code revision was not: widely distributed, However, it

contains?a number of new features including (1) a quasi-mechanistic concrete
outgassing model, (2) the connec ted - structure option for heat conduction
between compartments,_or cells, and (3) a new approach for calculating forced-

,

- convective heat transfer. The. concrete outgassing model addresses a
potentially . important source of steam that could significantly affect
pressures, the distribution of heat loads, and the steam inerting of hydrogen
burns. The connected structure option allows heat conduction between cells
through a common vall to be modeled, while allowing a full range of processes
to be modeled at the wall atmosphere interfaces. The new approach for forced
convective - heat transfer calculates forced convective velocities from flow
path velocities for use in heat transfer correlations and in the direct
containment heating (DCH) models. The CONTAIN 1.11 features are discussed in
- the-first major section below,

The principal new_ feature of CONTAIN 1.12 is the DCH modeling. The DCH
models, which had previously besn used in unofficial versions of CONTAIN,
represent . a - major extension of code capabilities. The basic __ singic field
debris-model (SDM) treats the interactions of suspended core debris droplets
with the atmosphere and with structures. It is similar to the interim model
used in earlier - analyses. [5] However, the modeling of debris trapping has
been made more mechanistic. Cavity dispersal models, which were not part of
the interim model, have also been incorporated into CONTAIN 1.12. The DCH

- models are discussed in the second major section below.

- New code features. currently under development include-a revised gas combustion
model and improved models for DCH. The revised combustion model incorporates

updated flame speed and burn completeness correlations and introduces two new-

types of continuous ~ burn models, The need for continuous burn modeling was

clearly . indicated in earlier DCH analyses.[5] Continuous burns are also
recognized as a potentially important mode for burning hydrogen in
containments when igniters are operating, To demonstrate the revised model,

CONTAIN plant calculations comparing the -old and the revised models are
presented. The effects of the burn modeling on the predicted pressures and

: thertal loads within a containment are discussed, New DCH modeling is also
under - development to remove modeling limitations identified in earlier
analyses. In particular, a multifield debris model (MDM) for suspended debris
droplets has been_develsped to replace the SDM used in CONTAIN 1.12, and the,

debris chemistry model has been extended to treat chromium and aluminum. The
,'

multifield formulation is designed to track debris droplets with dif ferent
debris composition, temperature, and size, whereas only average. debria
properties can be tracked-in the SDM. Thus, the eifects of distributions in

droplet composition,~ temperature, and size and the correlations between these- - - -

quantities cannot be-readily evaluated in the SDM. Demonstration calculations
. of a small scale DCH experiment are presented to illustrate the importance of
; the multifield approach.

,
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NE'J MODE 13 1N CONTAIN 1.11

This section discusses the CONTAIN concrete outgassing model, the connected
structure option, and the new approach for forced convection modeling in
CONTAIN 1.11.

Jnmroverent s in the C0filAIN C_20.CJtit.SVt assinr Modelc

A quasi mechanistic model for concrete outgassing [6] was installed in CONTAIG
1.11. The objective of this model was to have .a simple, computationally
efficient model that could be used, i f necenary , for all o' the ennerete
struttures within a typical containment nodalization for scenarios that could
last many days. This model assumes that concrete outgassing is controlled
primarily by the penetration of the tempereture field into tt concrete and
neglects the time required for the volatilized gases to migrate to the heated
concrete face. The original CONTAIN 1.11 model was benchmarked against the

--

more mechanistic SUd1 and USINT codes and gave good agreement in the test
cases.[6] Application of the original model to concrete nodalizations and
timesteps typical of CONTAIN input decks for plant analysis, however, revealed
problems with numerical robustness. Signif' cant improvements haze
subsegaertly becu made in the numerics. The principal changes involve the
correction of bugs that could lead to large energy conservation errors and the
implementation of a revised algorithm that tracks the position of the
outgassing interface in a continuous manner.

In the quasi-mechanistic model, the evaporable water is assumed to gas
within a uucr-specified band [Tro , Tu] of temperatures. The f rac e wn of
tvaporable water released from a given location in the concrete is assumed to
be given by (T - Tio)/ (Twi - Tio) , where T is tb concrete temperature. The
lower bouno T of this band is by default the saturation temperature; T -to u
T ir by default 10 Kio

Figure 1 illustrates the method used in CONTAIN 1.12 to calculate the
outgassing of evaporable water. One problem with the original algorithm is _

its assumption of uniform temperatures within each node, In general, a
spatially continuous temperature profile is required to ensure that the
outgassir; is continuous. The revised algorithm provides this continuity
through an assumed quadratic temperature dependence within a node. This
dependence is determined from the node temperature and the two adj ac e nt node
interface temperatures. (These are given as T , T, and T , respectively. In1 23

the figure.) The node interface temperatures are determined as usual from the
conduction solution without outgassing; however, the node temperature for an
cutgassing node is iterated until it is consistent with the neat conducted
into the node and the latent heat required to vaporize the incremental change
in the released water. As one can infer from the above discussion, the cross-
hatched area in Figure 1 is proportional to the amount of evaporable water
that has been released.

Figure 2 compares the pe -formance of the revised algorithm with the original
algorithm. This figura gives the amount of water outgassed per square meter
from a 2m thick concrete slab, as a result of a 1000 K surface temperature
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|
boundary condition applied to one surface. On the order of 80 nodes are used
to n.odel the slab, with fine nodes adj ac e nt to the heated surface, lt is
apparent that the outgassing with the original algorithm is subject to bursts
as soon as the temperature field penetrates into the coarsely nodalized region
of the concrete. The revised algorithm gives considerably smoother behavior.

In a recent study, the quasi-mechanistic model was used to show that
outgassing is important in determining the late time containment pressure in a
TMLB' scenario for the Surry plant configuration.[7] Two bounding cases in
this study consider outgassin6 f rutu vuly the concrete in the reactor cavity
and from all of the concrete in the containment. The late time contairwent
pressure was predicted to be 7.6 x 105 pa and 17.2 x 105 pa, respectively, in
these two cases after 6 days. This variation shows that outgassing is
important in determining the late time contairment pressure.

The Connected Structure Option -

New designs for passively cooled contaitwents often require that decay heat be
removed from containment by conduction through an inner containment shell.
This chell is typically cooled externally by water sprays and by natural
convection of outside air. Because of architectural limitations arising from
the use of control volume-oriented model processing, CONTAIN has difficulty in
modeling the processes associated wich heat transfer structures when a single
heat transfer structure connects two different control volumes, or cells.
Conduction between cells through such a structure can be modeled only if dry
convective heat transfer is assumed to be the only important process occurring
at one of the exposed structure faces. This approach to modeling conduction
between cells therefore precludes the modeling of forced convection.
condensation and evaporation hear transfer, a rface films, radiative heat
transfer, nerosol deposition, and fission product heating at one of the
structure faces. This is a serious limitation for passively cooled
containments.

The new connected structure option models conduction between two cells by [using two heat transfer structuras, one in each cell. The " outer" surfaces of
these structures are assumed to be in contact, and thus the two structures
actually form a comporite structure. The full suite of processes described
above may be modeled on the faces of the connected structures that are exposed
to the cell atmospheres. However, architectural constraints still pose
problems, since the conduction solution cannot be obtained at one time for all
nodes in the composite structure and the proper boundary condition at the
common surface is not in general known when the first. of the two structures is
processed. The boundary condition at the c u _.mo n surface is therefore
determined by successive approximation. When the first structure is
processed, a guess is made for the updated flux boundary condition at the
c,mmon surface that would be conristent with the updated conditions for both
structures after they are processed. These successive guesses converge to a
self-consistent solution of the composite structure over several timesteps,
provided the thermal diffusion length over a timestep does not exceed the
thickness of either structure.
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Figure 3. _The transient response of two connected structures, initially at
300 K, that are suddenly subjected to a 1000 K gas temperature on the x - O
face and a 300 K gas temperature on the face at x - 0.02 m. The structures

are each 0,01 m thick. The timestep is 10 s.

Figure 3 illustrates an extreme case for the transient response of a 2.0 cm
thick iron plate represented by two connected structures. (Note that an
accurate calculation of this transient response requires a post-COSTAIN-1.12
bugfix.) The plate is initially at 300 K The left face at x - 0 is suddenly

exposed to a gas at 1000 K at t .0 s, whereas the right face is exposed to a

gas at 300 K. The convective heat transfer coefficient at each face is taken
to be 2000 W/m2-K, a value that is typical of condensation heat transfer. The
calculational timesteps are taken to be 10 s, which is a facter of two larger
than that- given by the diffusion length criterion. The iteration of the
temperature profiles to a self-consistent solution is illustrated by th r-
calculated results for _ the first, third, and seventh times teps . The
calculated temperature discontinuities shown in Figure 3 at the midplane are
reasonable even though this example represents an extreme case. Because the
exposed face boundary conditions are also calculated explicitly, in actual
applications it is desirabic that the variations in the surface temperatures

the exposed faces vary much more slowly per timestep than shown here. Inat
such a situation, the temperature discontinuities shown in Figure 3 would be
considerably smaller.
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A New Annroach for Forced Convective Heat Transfer Modeling

- CONTAIN: is a control-vclume - ccde in which gas velocities and momentum are
neglected within cells for the purpose of calculating atmosphere thermodynamic
states and intercell flow. ,This stagnant cell approximation is, however,
supplemented by natural convective heat transfer correlations for use in
calculating heat transfer to : structures. In addition, _ the user may specify

forced convective heat transfer coefficients in tabular form for situations in
which natural convection is not appropriate. Such forced convective hear
transfer may be appropriate during a blowdown or for heat transfer structures
of relatively small characteristic length that are sitting in the natural
convection field of larger struct tres. It has been argued, for example, that
:such coupling between structures is important . in the analysis of the LA 4
experiment.!8) ,The difficulty with the tabular method of specifying forced
convective heat transfer is that the user often does not know a priori which
velocities to-use. A new approach in CONTAIN 1.11 allows forced convective
velocities - to be _ calculated from flow path velocities, provided the
containment nodalization is sufficiently detailed to captt e the flow pattern
in question. This approach allows the user to specify the general linear
combination of velocities in the flow paths attached to a cell that define the
forced convective velocity for a particular structure. .By default, the forced
convective velocity is defined as the average of cell inlet and outlet
velocities. The inlet velocity is calculated by assuring that the incoming
flows mix together and . channel into a user-specified hydraulic area. By
default, .the hydraulic area used for the inlet and outlet velocities is the
cell volume to the two-thirds power. This option should make it considerably
easier for-the user to model forced convective heat trans fe r .

DIRECT CONTAINMENT HEATING MODELS IN CONTAIN 1.12

The DCH models are the principal new models in CONTAIN 1 12. They are a.

refinement of unreleased interim models that were exercised extensively to
analyze experiments and to investigate the important physical processes that
determine DCH loads in nuclear power plants.|5) The single field uebris nodel
(SDM) is the basic debris droplet interaction model. Debris chemical
reactions involving Zr and Fe in the debris with oxygen and steam - in the
atmosphere are modeled, using transport rates determined by both gas- and
drop-side diffusion. Debris structure and debris-gas heat transfer are
modeled, as - well as other debris structure interactions, such as. debris-

trapping. -The intercell transport of the droplet field is calculated.directly
by the implicit-flow solver, where it is treated as a separate ficid-from the
gas field but presently assumed to flow without slip with respect to the gas.

A number of refinements and additions to ' the original interim rodel(S] are
'

reflected in the SDM. -One refinement is in the Fe chemistry, which now uses
- an equilibrium model, - as opposed to one in which the Fe reactions go to

completion. The trapping model has also been expanded to offer the user-a
.

wider variety of methods for - calculating trapping rates. The original -

approrch of a user-specified trapping rate has been retained, but since the
user of te i specified a rate -- corre sponding to settling, an option for

1
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gravitational fall-time (CFT) modeling of the rate may now be specified
directly, in - addition, a new time-to first impact (TFI) model uses a jet
expansion law and the' distance to'the_first surface encountered by the jet to
_ calculate trapping - rates . Finally, the TFI approach is coupled to a
Rutatelad:e criterion to determine trapping rates in the time of-flight
(TOF/KU) . option. 'In the latter option, if the debris is re-entrained after
the first impact according to a Rutadelate criterion, it is assumed to strike
a second surface. The debris is assumed to be trapped on that surface if the
re-entrainment criterion for that surface is not satisfied. For re+cntrained
debris, either the mean cell convective velocity or GFr criterion may be used
to determine the final trapping rate.

Two models are present in CONTAIN 1,12 to describe the details of the debris-
steam interactions in the cavity: CORDE(9] and GASBLOW[10] . CORDE models a
number of processes in the cavity, beginning with the debris / steam blowdown
from the vessel, wh ch is assumed to start from an instrument tube failure.
The ablation of the hole in the vessel is modeled concurrently with the jet of
molten debris and steam from the vessel. The jet initially is composed of
molten debris until steam blowthrough, af ter which the jet becomes a two-phase !

mixture of steam and debris.

CORDE assumes that the debris will accumulate largely as a liquid pool on the
cavity floor prior to steam blowthrough from the vessel. After steam
blowthrough, _the molten debris is assumed to be pushed away from the region

-

beneath the vessel and to form a hydraulic step. CORDE models entrainment as
occurring from this step. As in ths- SDH. heat transfer and chemical reactions
of the entrained debris are modeled. The amount of debris dispersed from the
cavity will depend on a number of processes, including impaction on surfaces,
re entrainment, crusting of debris o1 surfacu , e d levitation by gas flow in
the vertical direction.

Because of the similarities between CORDE and CASBLOW, only the GASBLOW models
-that are substantially -different from those in CORDE have been implemented. A
ignificant difference in the CASBLOW modeling is that debris entrainment is

assumed to occur from the entire cavity iloor, not just the hydraulic step.
Seven different GASBLOW models for the entrainment process and three different
GASBLOW models for heat' transfer to the ablating vessel wall are available as
options withiti the CORDE implementation.

1t-should be-noted that although the CORDE module in CONTAIN 1.12 was tested
on several full scale containment problems, numerical difficulties have been

- encountered in applications to small scale systems. Although the~e problemt>

have. reportedly been addressed in the latest version of CORDE[9), tais version-

thas yet to be evaluated and officially incorporated into CONTAIN.

RECENT CODE DEVELOPMENT

This_section discusses recent code development-that extends the-models present i

in CONTAIN-1.12. These extensions are presently being incorporated into a new
code version,'CONTAIN 1.2. The first subsection below discusses the revised;_
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gas combustion . model and presents the results of - sample plant _ calculations
exercising the revised model. The second subsection discusses recent DCH
modeling features . including _ the ability to treat chromium and' . aluminum
chemistry and an extension of the SDM to multiple fields.

'The Revised Cas Combustion Model-

:The' hydrogen deflagration modeling in CONTAIN 1.12 is based on the HECTR 1.5
code.(11] Vith the advent of the HECTR 1.8 code,[12] the correlations used
for? flame Espeed and burn completeness in CONTAIN 1.12 appeared to be out of- '

date.' Also, the deflagration model applies only to one of the several types

has been- revised to _in containment analysis.
Thus, the gas combustion modelof burns of interest

include the HECTR 1.8 correlations for flame speed and
burn completeness. Also, two additional types of burns are modeled: diffusion ,

flames,.which can occur when a combustible gas enters a compartment containing
oxygen,. and bulk spontaneous re cot.bination , which is expected to occur at
sufficiettly: high temperature. One ' further change is to use a new diluent
inerting _ criterion that takes into account the inerting effect of excess
nitrogen, which is the amount present in exceas of the ratio with oxygen found
in air. The diluting effect of excess nitrogen is important to consider if
previous burns have occurred. It should be noted that nitrogen is not
considered to . contribute to diluent inerting in either CONTAIN 1.12 or . the
HECTR 1.8 code,

The purpose of the~ diffusion ~ flame model is to ah w the user to explore the
effects of burning hydrogen-in a jet rather than in a deflagration involving
premixed gases. The burning of premixed gases could be physically reasonable
when igniters are first tutned on, or when igniters are on and the atmosphere
subsequently deinerts.- .However, in. cases in which hydrogen _is being.
introduced to containment with igniters on and the - atmosphere is- not inerted,

_
,

quasi-continuous burning such as calculated in the diffusion flame mocel may
be physically more reasonable. The effect of-such quasi-continuous burning is

'illustrated in the sample plant calculations' discussed below.

The_ diffusion flame model -is - a relatively simple one that is not intended to
be __ fully mechanistic. .The parametric nature of the model steas principally-
:from the fact that the dynamics-of the diffusion flame are not modeled. Uhile

_

the user may specify the inerting concentrations above which: the diffusinn.
flame cannot initiate, there is no modeling of the dynamics of toe flame front
that determine whether the diffusion flame 'is stable. For eumple. the
tendency of -- the flame to blow out- at high jet velocities is not modeled.
There'is also no explicit modeling'of entrainment processes that would cause
some of the bulk hydrogen (if any) in the cell with the diffusion flame to be
carried into the. flame and recombined.- The diffusion flame model, given non-
inerted conditions and the presence .of - an ignition source in the ' downstrecm
cell, simply burns.the combustibl.e gas flowing into a ec11 through a flowpath
or from an external source, utilizing.the oxygen in the cell. Note _that there
.is . presently.'no provision for j et 'self-i gnition, which. can happen, for-
example, when the incoming gas is sufficiently hot, The diffusion flame and
spontaneous recombination models are solved implicitly with the intercoll flow
and atmosphere thermodynamic models to prevent numerical stability problems.

4
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The bulk t.pontaneous ruombination rr.adel is also a simple parametrie model.
Ibe model uses a recombination threshold temperature and a recombination rate
const. z n are specified by the user. This _ rnodel provides -'a physically
reasonab description of riontaneous recombination for DCH parametric
studies.[SJ The unconditional hydrogen burn (UCHB) approach used in previous
DCH studies to simulate spontaneous. _ recom" nation _ utilizes the CONTAIN
defla5 ration roodel with a user-specified i.ame speed and with ignition
thresholds set to zero. The UCHB method requires determining a suitable
" ignition rime" in each cell in advance, and code restarts with input changes
are in addition required if conventional deflagrations prior to the start of

. spontaneous recombination are also modeled. The UCHB approach also introduces
numerical artiftets such as " dead. time," during which no burning is allowed.
Calculations comparing the new spontaneous recombination model with the UCHB
epprnach are discussed in the next section.

Sarrpir, Plant Calculations With the Revised Gas Combustion Model. The sample
plant calculations discussed here are intended to illustrate the effects of-
the changes in the gas combustion model. Although a DCH event is involved,
the-principal focus of these calculations is the hydrogen behavior, not.the
DCH-behavior. Thus, the effect of different models or assumptiuns regarding
hydrogen behavior is investigated but only a base case is considered ' with
respect to the DCH parameters. In addition only the single-field DCH model in
CONTAIN 1.12 is used in the p1snt calculations.

|

These calculations are based oa a Surry TMLB'- scenario. The scenario selected
corresponds to one that was previously used to study the mitigation effects of
intentional early depressurization (ED) of the pressure vessel on the DCH

. event.[7] In early depressurization, the pressure vessel is postulated to be
depressurized, sto the extent possible, through opening of the pressurizer
relief valves and head valves at the point of steam generator dryout.
Although the calculated vessel pressure at vessel failure, 1.5 $1Pa, is much
lower than the set-point pressure of the pressurizer - relief valves, it is.

assumed-to be-sufficient to cause a DCH event. Significant mitigation of the
DCH loads, however, is found because of the reduction. in the inventory of
steam and hydrogen in the vessel, which reduces the driving force for the DCH *

event.

The. plant configuration is shown in FiBure 4. As indicated in this figure,

Cell _1 corresponds to the reactor . cavity; Cell 2, the basement - and lower-'

annulus; Cell 3, the upper and middle crane wall annulus; Cell 4, the done-and
steam generator cubicles;_and Cell 5, the pressurizer compartment,

As discussed in the - earlier study,[7] the pressure vessel conditions and the
steam and hydrogen sources-to containment _for_the ED scenario prior to vessel.
breach were calculated at_-.INEL using the SCDAP/RELAP codes. These sources are
directed into the - pressurizer compartment - (Cell 5) . The steam and hydrogen
blowdown rates from the vessel and the ' core debris entrainment _ rates during
the DCH event were_ calculated separately, as described in the earlier study.
Fifty pe.rcent of the-core is assumed to participate in the DCH event.
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Table 1.
Hydrogen Burn Modeling Features Used

in the Surry Plant Calculations

Deflagrations Dit'usion Spontaneous

, Flames Recombination
-

Case 1 x

Caso 2 x x

Case 3 x x x

Case 4 x

Case 5 x'

* Uses the UCHB approach

The sample calculations performed here address the offect of hydrogen burns
prior to vessel breach and during the DCH event. A series of five sample
calculations were run, as summarized in- Table I. The hydro 6en burning
modeling in the runs was varied as folle>s: In Cases 1-3, independently
powered ignitors are assumed to be turned on at all times, and in Cases 4-5,
ignition sources (except for bulk spontaneous recombination induced by the hot
debris) are assumed not to be available. Furthermore, in Case 1, the hydrogen
in the prob em is assumed to -- burn only according to the new dei'lagration
model, even during the DCH event after vessel breach. In Case 2, the hydrogen
is~ also assumed to burn only according to the deflagration model prior to
vesu t breach. -During the DCH event, however, both deflagrations and bulk
spontaneous recombination are modelsd. In Case 3, both diffusion flames and
deflagrations are modeled. In addition, during the DCH evene , spontaneous
recombination is modeled. In Cases 4 and 5, it is . assumed that because of the

absence of ignition sources, no hydrogen is burned _ prior to the DCH event.
However, bulk spontaneous recombination is assumed to occur during DCH. In
Case 4, the spontaneous recombination is modeled using the new approach,
whereas in Case 5 the unconditional hydrogen burn (UCHB) approach discussed
above is used.

The calculated results will be discussed in the following order: First, the

deflagration _ behavior calculated in Case 1 with the revised modeling will be
compared with that obtained with the .old modeling. Second, t.h e effect of

diffusion flames'on the hydrogen burn history prior to vessel breach (Case 3)
will be discussed. Finally, the effect of the revised modeling on the DCH
event will be discussed.

Figure 5 gives the dome pressures calculated in Case 1 with the new rnodeling.
Only the period prior to vessel breach, which occurs at 33000 seconds, is
shovn. Three groups of def .agrations occur, at approximately 11000, 24000,
and 26000 seconds. The first group corresponds to a propagating burn
involving the basement and annulus (Cells 1, 2, and 3); the second, a set of
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Table 11.
Comparisen of Deflagration Burns

Obtained With the Old and New Burn Correlations
in the Surry ED Scenario

Burn Group 1: Burn Group 2: Burn Group 3:
Propagating Multiple Burns Propanting Burn

Burn in One Cill

New | Old New Old New Old

initiating Cell 1 1 5 5 5 5 -

8Peak Pressura (10 Pa) 2.07 1.99 1.78* 1.80' 3.09 2.39

Peak Temperature (K) 638 633 954' 825' 843 762

Cumulative H Burned 79.3 73.7 93.9 121.9 383.0 303.92
(kg)

Initiating Time (s) 10680 10680 24080 24040 25619 25728

Group Burn Time (s) 77.8 127.1 9.2 36.8* 52.0 137.1

* Refers to initial burn only

multiple burns in the pressurizer compartment (Call 5); and the third
corresponds to a propagating burn.in all five containment cells. The
characteristics of these burns are also given in Table II, under the column
labeled "New."

The observed burns either shortly follow or coincide with th( three periods in
which the steam / hydrogen mixtures vented to_ containment are particularly rich
-in hydrogen, The fact that the burns do not always involve the pressurizer
compartment (Ceil 5) is dua to steam inerting. The burns that do occur in the
pressurizer compartment are in fact deinerting burns; i.e., ones whose timing
is dictated by the point at which the diluent mole fraction drops below the
inerting limit (by default, 55%). The deinerting of the pressurizer
compartment coincidos with the venting of hydrogen rich steamj ydrogen
mixtures into the prersurizer compartment, which tends to decrease the steam
mole fraction.

For comp.trison, the burn charecteristics obtained in the old deflagration
modeling are also presented in.Tablo II. One can see that the burns with the
new modeling have a significantly shorter burn time than with the old
modeling. This is. consistent with the expected differences between the old
and new flame velocity correlations at high concentrations of diluent, which
in the present calculations is primarily steam. For atmospheres with steam
concentrations close to the inerting limit of 55%,- one would expect the new
correla tic.n to give higher flame velocities then the old correlation, for a
given hy4cogen concentration. Conversely, for relatively dry atmospheres, the

!
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-new correlation gives lower flame velocities. The faster burns are consistent
with the calculated steam concentration of 'pproximately 50% during the' burns.a

As shown in Table II, the amounts burned in the propagating burns (Burn Groups
1 and 3) with the new correlations are substantially larger than with the old.
This fact is believed to b primarily the result .of the change in the~ burn
completeness correlation, although the amounts of hydrogen burned for a given
burn completeness may also be indirectly __affected by the changes in the ficme
velocity correlation. For exampla, in cells with highly restrictive flow
patha, a faster burn will not allow as much gas to be expelled from the cell
during the burn, which will allow more to burn in the cell. Conversely, in
cells with large heat transfer areas and nonrestrictive flow paths, a s. ser
burn vill allow more heat to be transferred from _ the gas during the burn,
which will reduce the gas expansicn rate and allow more hydrogen to burn.

-The relationship between th old and new burn completeness correlations
depends on both the hydrogen mole fraction at ignition and the diluent ecle
fraction. At 50% diluent mole fraction, the new completeness correlation

.gives a higher completeness _ up co 8% hydroger. , at which the completeness
becomes | unity. For somewhat lower diluent mole fractions, burns are more
complete at lower hydrogen concentrations with the new correlation . (at 40%
diluent. - the point at which higher completeness is obtained with the new
correlation is 6.6% hydrogen). For relatively low diluent concentrations, the
new correlation gives a lower completeness than the old.

It should be noted that the number of burns occurring in the second burn group-
in Table 'II'_ dif fers substantially between the new and old correlations. Two
burns occur in succession -in the pressurizer compartment (Cell 5) in this
group with the new correlations, whereas six burns occur in succession with
the old correlations. This difference is believed to be due to the inclusion
of the effects _of excess nitrogen in the new diluent inerting criterion, which
tends-to inhibit burns within a cell as oxygen is depleted. The large number
of multiple burns in Cell 5 with the old - correlations - tends t: decrease the
hydrogen reaching ' the surrounding cells. This decrease contributes to the
relative weakness of the third burn when the old correlations are used.

The diffution flame modeling in Case 3 apparently changes the character of the
hydrogen burns appreciably. (The burns in Case'2 prior'to vessel breach are
identical to those in Case 1.) This change is most clearly seen in the total
hydrogen burned, since the dif fusion - flames do not- increase the pressure
appreciably _ above . the background value calculated in the absence of burns.
Figuro 6 compares _ the cumulative - total hydrogen burned,- prior to -vessel
breacn, for Cases 1 and 3. .The continuous initial rise in the hydrogen burned

.
.

'

in Case 3 indicates that the hydrogen burns initially in the fort.-of diffusion
flames in these cells and not ' as a deflagration. The' sporadic nature of the-
diffusion flame burning shown in Figure 6 is - due to the fact that the
compartment atmosph-res typica?ly have s team molar fractions close to the bulk-

- inerting - limit of- 0. 55 (the default value for diffusion flames) and in
addition the intercell flows typically have steam / hydrogen molar ratios close
to ' the flow ' inerting ratio of 9 (the default value). While local
deflagrations stil) w cur in the pressurizer compartment (Cell 5) around 24000
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Figure 6. A comparison of the cu:nulative hydrogen burned in Case 1 and Case 3
versus time,

and 26000 seconds in Case 3, the diffusion flame modeling alters the hydrogen
distributions sufficiently to eliminate the propagating burns that occur in
Case 1 at 11000 and 26000 seconds.

As indicated by Figure 6, the total hydrogen burned prior to vessel breach is
considerably less with the diffusion flames modeled in Case 3 than without.
As discussed below, the additional hydrogen present in Case 3 increases the
severity of the containment- loads-from the DCH event at vessel > breach when
spontaneous- recombination . is modeled. However, whether more or less hydrogen
is burned with diffusion flames is clearly scenario dependent. If the
diffusion flamas had burned more efficiently (i.e , if inerted conditions were.

not present part of'the time) or if a major deflagration had not occurred in
the absence of diffusion flames, then the relationship between the amounts
burned in the two cases could be inverted.

The diffusion flame model controls not only.the burning of intercell gas flows
but also the burning =of external sources such as the steam / hydrogen mixture
vented into the pressurizer compartment (Cell 5) from the primary system.
However, the user-specified bulk steam inerting mole fraction for diffusion
flames in the present calculations is set to the default value of 0.55 (the
same value used for deflagrations), and thus, when'inerted, the pressurizer
compartment is inerted against both deflagrations and diffusion flames, When

this compartment deinerts through the influx of a hydrogen rich steam / hydrogen
mixture, the resulting deflagration typically dominates tho hydrogen burning,
although some diffusion flame burning of the mixture could also occur.

63

. . - , . _



8.0

g LEGEND

y Case 1
Case 2***"..

7.0 - /'
/ Case 3-- -

Cese 4---

y e.s. ,- . - -

-

I#
'*

N-
.

'....''*....W.. ;~~D..~ ]. %
:

4.0 - ,,,,'......~;.-
-

.

.._ m..

.............
3.0 - - - - -

1

3.0 -

1.0
3300 0 330LO 33b2.0 33b3.0 33b4 0 33b60 33060

Time (s) *1d

Figure 7. The dome gas pressure calculated in various cases during the DCH
event.

700.0

7p # ~ J4ME600.0 ;

l/*sf?-
- DOO.0 " / o

I,n.
6 400.0-,)a _r

i I||s -

300.0- '

200.0 - #
LEGEND

10 0.0 -
*l

Case 1
Case 2.......

Ceso 3,-

Case 4

fJ
---

'

- Case 5
0.0 , , , , ,

3300.0 330t0 3302.0 3303 0 3304 0 33060 33060
Timo (s) *1d

Figure 8. The cumulative hydrogen burned in various cases. The time period
shown corresponds to the DCH event.

64

,



__ ._ .- . .. _ _ _ _ . . _ _ _ _ . _ _ . _ _ _ . _ .s._. .._._ _ _ . _ -

Cases 4 and 5, which do not have burns prior to vessel breach,-aro of interest
primarily with respect to the burns occurring during the DCH event following
. vessel' breach at'33000 seconds,

The discussion of' th'e burns during DCH is simplified considerably by the fact
that at the time of vessel failure, the upper containment is inert in Cases
1 3 so that diffusion flames and deflagrations cannot initiate. In Case 3, a

small amount of hydrogen (a few kilograms) is burned in a diffusion flame in
the lower containment (Cell 2) during the DCH event, but this amount is
negligiore. In addition, in Cases 4 and 5 diffusion flames and deflagrations
are. assumed to be absent. Thus, all five cases can essentially be discussed-
in the context of the high temperature bulk spontaneous recombination process.

In previous calculations of-the present scenario,[7] the containment was not
calculated to be inert during the DCH event when deflagrations occurred prior
to vessel breach. Thus, deflagrations could also occur during the DCH event.
The change from noninert to inert conditions with prior deflagrations reflects
the fact that the new inerting criterion takes excess nitrogen into account.

Figure.7 gives the dome pressure calculated in each of the five cases during
the DCH event. Case 1 (which models only deflagrations according to the
default criteria before and during DCH) gives the lowest pressure, since no
hydrogen is in fact - burned during DCH. Cases 2-5 assume that spontaneous-

recombination occurs during debris dispersal. Except for Case 5, these latter
cases differ primarily in the amounts of hydrogen -burned prior to vessel
breach. As discussed above, in Case 2, deflagrations are modeled before
vessel breach. In Case 3 both deflagrations ard diffusion flames.are modeled
before vessel breach, while in Case 4 and Case 5 no burns are modeled prior to
vessel breach.. Cases 2-4 use the new spontaneous recombination model after
vessel breach, with a threshold temperature of 773 K, while Case 5 uses the
UCMB approach, with a flame speed of 5 m/s and an ignition time corresponding
te the time of vessel breach. This v 'ue of the flame speed was chosen to be

conservative in the sense that hydrogen burning at this rate significantly re-
enforces - the pressures that would otherwise be generated during DCH. For
comparison purposes, the recombination rate in the spontaneous recombination
-model was taken to-be the inverse of the burn time in the UCHB approach.

Figure 8 gives the total amounts of hydrogen burned in the five cases as a
function of time, including the hydrogen burned prior to vessel breach. One

can deduce from this figure that the change in peak pressure frort the baseline
_

provided-by Case 1 1s approximately proportional to the amount of hydrogen
burned during DCH up to the point of peak pressure, snich is not too
surprising.

-What is surprising is the sensitivity of the peak pressure to - the existing
hydrogen present in containment at vessel breach. A mass balance shows that
approximately 440 kg of hydrogen is generated from' the metal-steam reactions
during DCH, with another 5 kg present in the vessel at vessel breach. This is
to be compared to the 515 kg vented into containment prior to vessel breach.

-

.The change in peak pressure from Case 2 to Case 3 (more than a factor of two
relative to that between Case 2 and Case 1) corresponds to a change in

i-
|
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existing-hydrogen of 150 kg,- which is only one third of_the amount _ generated
during- DCH. This sensitivity ec.uld be explained if much of the hydrogen-

generated 'during DCH were confined to the oxygen poor lower regions of ,

containmer,t. . or if the _ generation of the hydrogen occurred relatively late.
Examination!of the hydrogen distributions at the ~ end of the calculations at
33060' s shows that an amount corresponding to about two-thirds of the
generated hydrogen is retained in the basement and lower annulus. This
observation explains the sensitivity of the peak pressure to the existing
. hydrogen in the present scenario. Note that this sensitivity may not be
present to the same degree in fully pressurized scenarios because more vessel
steam would probably improve the transport of hydro 6en from DCH to- the upper

-containment.
.

The _ distinct _ difference in the timing of the hydrogen burning between Case 5
and the other cases is due to the fact that a constant burning rate is. assumed

UCHB' approach and an exponential burning rate is assumed in thein the -

spontaneous recombination model. The pressure trace and amount burned for
Case 5 also reficct an artifact introduced by the use of the de flagrat ion
model for " continuous burning"; namely, the oscillations in the lurning rate

_ f-peak pressure. These are due to the " dead time" in theafter the point o
deflagration modeling, which is the period after the end of one deflagration
during which a second deflarration cannot start. Also, the sudden jump
observed in the_ pressure in Gase 2 naar the peak pressure is a numerical
artifact related to flow oscillations-' caused by the explicit nature of the
debris chemistry model, and thus the jump should be ignored as a contribution
to the pressure.

Recent DCH Modeline Improvements

Improvements to the DCH modeling in CONTAIN 1.12 are presently under
development for inclusion in the future CONTAIN 1.2 code version. The first
-is an extension of the debris chemistry model to include reactions involving,

Cr = and A1 in addition to . Zr and Fe. While Cr chemistry is of interest in
plant. analysis, the principal motivation for this nxtension lies in being able
to analyze DCH experiments that use Fe-Al thermite to simulate core debris.
The previous approach for modeling Cr and Al reactions treated Cr and Al as an
equivalent amount of Zr. Since one can define the equivalent amount in terms

_

of either.the hydrogen or energy produced and since it i_s-important to produce
the correct amounts of both, the equivalent amoum of Zr was computed u the
basis of- hydrogen generated, and the Zr enthalp) functions were modii a d to
give the appropriate heat of reaction and specific '.e t . Needless t.- .s ay ,

such an approach is cumbersome -and requires - significant alterations in input
whenever the debris simulant composition is changed.

A - second improvement is an _ extension of the droplet interaction model - to-
-include multiple fields. The SDM can, of-course, track only a single droplet
size anc. only :the average debris - temperature and composition in a cell. _The
-pitfalls of such a representation are related to the. fact that distributions
of composition, temperature, and size may exist _among the debris droplets.

_

For example, newly entrained debris, with a relatively high metal content, may
constitute only a small fraction of the airborne debris. In this case

!
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averaging .the new debris - in with the olt burned out but . still airborne
debris could _ introduce serious distortiou in the metal burnup and heat
- transfer rates. Because of metal-burning, new drops are likely to be much
hotter than the average, yet could represent much less than_ the total heat and
reass transfer area available for airborne-debris. The limitations of the SDM
and the approaches previously - taken to compensate for these limitations are
discussed in detai1~in Reference 5. However, without a multifield model there

,

is no good way to assess quantitatively the distortions introduced by the ;

i single field approach. Recent DCH experiments, furthermore, indicate that the
debris size-distribution-is very broad. As indicated by the MDM demonstration
calculations discussed below, use of a single droplet size is not adequate for
these very broad distributions, at Icast for small scale experiments in which
the efficiency of debris interactions is not very high.

The MDM presently has' a number of ways to characterize the multiple fields.
Different sizes may be assigned to the various fields. Debris droplets

entrained at different times may be assigned to different debris fields, or
" generations." Also, debris droplets may be assigned to different fields
according to compositior The MDM is still under development. Its final form

-will be dictated by ine needs of ongoing experiment analyses and by the
modeling details required to extrapolate the results of experiment analyses to
full scale.

MDM Demonstration Calculations. This section discusses a series of
-demonstration calculations that have been completed with the etDM. These
calculations investigate the sensitivities preseit with respect to debris -

droplet composition, history, and size distr'hutions in the analysis of a
small scale experiment. The importance of the MDM in predicting scale
dependencies for small scale experiments is also discussed.

These calculations are based on the Integral Etfects Test (IET) series being
conducted at Sandia National Laboratories. For these experiments the Surtsey-

facility has been modified to-represent the lower compartments and structures
of the Zion plant in a 1:10 linear scale. The calculations use a 14-cell
CONTAIN model that was developed to perform pre- and post-test analyses of the
IET experiments. The initial conditions and sources used were derived from
the_IET 1 experiment.[13] Calculations using a rescaled 14-cell model were
also performed at 1:39 scale, which corresponds to that of experiments to he
performed at the CVII facility [14) at Argonne National Laboratory and the
results are compared to those at 1:10 scale.

It should be emphasized that the present -calculations were undertaken to
- investigate the modeling sensitivities that can be examined specifically with

~

the MDM-and to investigate the effects of these sensitivities in predicting
-- scale - dependencies. For these purposes it is not necessary to do a best. -

estimate calculation for_IET-1, as long as the results agree reasonably well
with the experiment. Thus, features such as the quasi-mechanistic trapping
models available _in CONTAIN 1.12 and the recent cr/A1 chemistry models were
. not -used in the present calculations. Consequently, they rhould not be
construed as representing a best estimate analysis for IET 1.

,
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Table III . gives the results from the various - calculations- for the pressure
rise,- the - amount. of steam reacter, at the heat transfer from the debris
during debris dispersal. The sensitivitt being. examined in each-case are
discussed in conjunction with each individual calculation below. The "IE"

series of calculations used the normal 1:10 experimental scale, and the "CW"
calculations used 1:39. The-airborne debris droplet size distribution in each
case was chosen to be consistent with the recent experiments in the Surtsey
facility. Unless otherwise indicated in the table, only a single size was
used, with a drop diameter of 1 mm. In the case of multiple sizes, a
lognormal distribution was used, with a mass median diameter of 1 mm and a
geometric standard deviation of 4 Unlike the mass and energy in the problem,
which were assumed to scale like the volume, the droplet sizes were assumed
not to change with scale. An invariant size distribution is consistent with
the assumption that intensive parameters, such as gas kinetic energy
densities, determine the size distribution. It should be noted that in
CONTAIN only the airborne debris is allowed to react with and transfer heat to
the atmosphere. The area for heat and mass transfer with respect to the
debris therefore scales like the volume.

The calculations in Table III labeled IE-BO, IE-B1, and CV-B0 are bounding
cases given' for comparison purposes. In IE B0 and CV-B0 the debris is
excluded, and the prersure rise is due only to the steam blowdown from the

Table 111.
The Pressure Rise, Percente je of Steam Reacted,

and Energy Transferred from the Debris, Calculated With
Various Particle Distribution Assumptions

Run- Description 6P (MPa) Reacted Energy
Steam Transfer

IE-BO Blowdown Only 0.024 - -

IE-B1 Adiabatic Equilibration 0.535 74 % 79 %t
IE-1 SDM O.076 26% 17 %

IE.2 ' MDM, 2 bins 0.075 21 % 16%

IE-3 MDM,1 Bin 0.080 34% ' 17 %

j IE-4 .MDM,2 Bins.
| 10 Generations 0.075 21 % 16%
t

: IE-7 -MDM, 20 Bins,10 Sizes 0.088 31 % 22%-
!

CW-BO Blowdown Only 0.022 - -

CW-1 -SDM - 0.036 10 % 5%

CW-2 MDM,2 Bins 0.034 -6% 5%:

|'
CW-7 MDM,20 Bins,10 Sizes 0.058 18% 13 %

.
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4

pressure vessel. In IE 81 the debris is annumed to react and come to
thermodynamic equilibriurn with the gas in en adiabatic, well mixed _ volume .

!Thus,-IE B1 gives the maximum possible pressure rise, reacted steam, and heat
transfer.

| In the IE 1 calculation, the SDM was used, with relative debris p s velocities
selected to correspond to gravitational terminal velocities. (The latter
velocities were used to provide a baels for comparison with the MDM

| calculations, for which the new quasi mechanistic trapping and convective |
velocity models were not invoked.) The results from Table III for IE 1 show a

: pressure rise of only 0.076 HPa. Only 26% of the available steam reacts ar.d
17% of the debris energy is transferred to the gas. By comparing these
nurt.bers with those for the adiabatic bounding calculation, IE B1, one can see ,

'

that the debris interactions are relatively incomplete. This b apparently;

due to the fact that the airborne debris does not have sufficient time to
interact with the gas before being trapped and effectively removed from the
problen.

A number of calculations were run to check on the sensitivity to droplet
; coeposition. The variation of composition between different droplets coald be

important if the metals are assumed to be initially see,regated from the oxides
'

in tho fresh debris droplets. Thus, to the extent possible, the metals were
assumed in-the present calculations to be completely segregated initially.
(The distribution _of compositions that arises when fresh debris is mixed with

;- oldar, burned out debris in the same cell is handled through the use of
different droplet generations, as discussed below.) In IE 2, the MDM was used
with two compositional bins, one for metals and their reaction droducts and
one for Al O . As shown in Table III, somewhat less steam in reacted than ing 3

aE-1, In IE 3, only one bin was used, and considerably more steam was reacted<-

than in IE 1. This difference between IE 2 and IE 3 is due to the fact that,

the total reactive droplet surface area increases when the metals are assumed
miud with the A10s in one bin and the droplet size is kept fixed, Although2

the SDM is a single field model, the IE 1 and IE 3 calculations do not give
the sxme results, primarily because the approximate 't> rat" and ":: r r a t "
fornslism was invoked in the SDM to keep track of the as med vgregation of

, _ metals. This formalism calculates the reactive dr-ciet ~.m 7 ace area by
assuming that the metal burnup has reached steady s: .t e Lichin a cell, a
condition that was not achieved in the present calculations, Consequantly,
while this formalism prevented the steam from reacting to t * extent found i,

IE 3, it predicted somewhat more reacted steam than is ce: rect for the
'' segregated casa.
c

In IE 4, the sencitivity to droplet history was checked by splitting the
entrc'.ned debris into ten generations with respect to the time of entroinment,

and into two compositional-bins. As indicated above, the use of a number of
generations could - be important if fresh droplets in a cell are mixed with !

older, burned out droplets, or if droplets of the same composition in the same
cell for some teason have signficantly different thermal histories.

. . Essentially. the same results were obtained in IE 4- as in IE-2, as could be
expected.because the debris does not have much time to reect or transfer heat

.

.
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to the atmosphere before being trapped or transported to , he next cell
downs t re arn .

Because of the relatively inefficient debris * Bas interactions in the present
calculations, the use of an appropriate droplet size distribution could be
important. For inefficient interactions, the smaller droplets in a,

distribution should rehet more cottpletely and thus contributt proportionately
tnore to the pressure rise than the larger droplets. To check on the

'
sensi+1vity to size distributions, calculations were r s with 5 and 10
different droplet sizes, vlth sepatate bins for metals and oxides. The
droplet sizes were selected as discussed above. Since the calculated results
for 5 and 10 sizes were found siinilar , only the results for 10 sizes (IE 7)
are given. As shown in Table Ill, the pressure rise, reacted steam, and heat
transfer all increased significantly in IE 7 relative to IE 2.

The sensitivities present in-extrapolating frotn 1:10 scale to 1:39 scale can
be inferred frora the "CV" cases stown in Table III. These calculations were
done with a rescaled Surtsey 14 cell deck, n discussed above. Each "CW"
-alculation corresponds to the "1E" calculation with the same number.
Although the steam only case, CV-BO, gives comparable results, in the other
"CV" cases the pressure rise, reacted s t e a tn , and heat transfer are
significantly smaller than in the corresponding "IE" calculation. The
decreased effect of the debris is due to the fact that both the debris
trapping tirne and the duration of the DCH event are approximately proport ional
to the linear scale. Thus, the time available in the "CV" calculai ons for
the d*bris to react and transfer heat to the a t ino s ph e r e is reduced
considerably coapared to the "1E" calculations.

The ratios by which the pressure cise attributable to the debris, t !.e
percentage of stearn reacted, and heat transferred are reduced in going from
1:10 to 1:39 scale can be derived from Table III. These ratios are summarized
in 'able IV. Quite c1carly, these ratios are sensitive to the assumed droplet
site distribution and, t +2 a lesser extent, the treatment of droplet

Table IV.
Ratios b Which the Pressure Rise Attributable to the

Debrh the Amount of Reacted Steam, and the
Energy 'ransfer From the Debns Are Reduced in'

| Going From 1:10 (lET) Scale to 1:39 (CWTI) Scale

i

~_

Ratio
as

Pressure Reacted Energy
Rise Steam Transfer

SDM 3.7 2.6 3.4

MDM,2 Bins 4.2 3.5 3.2

MDM,20 Bins,10 Sizes 1.8 1.7 1.7

10
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compesition. furthermore, the use of a distribution of sizes appects to
reduce the dependente on scale c o.nsi de rabl y . It should be acted that these
conclusions depend strongly on the CONTAIN a s surnpt ion that only suspended j

'

debris droplets interact with the a t tuc, s p h e r e . Alternative modes of
interaction, such as between the gas and debris films on surfaces, have been !

proposed for which the expe.ted dependence of the pressure rise on scale is :

relatively weak. Also, if the dropict diarneters had been taken to be touch I'

smaller than asstuned here. there would in general be snuch less sennitivity to
size distribution and composition and rauch less dependence on scale than ;

calculated here. Iloweve r , much smaller diameters would also lead to more '

.
efficient debris interactions, which may not be consistent with the

j experimental results,[13)

SUMMARY AND CONCLUSIONS

The new features of the CONTAIN 1.11 and CONTAIN 1.12 code revisions have been
reviewed. TFe nurse ric al robustness of the CONTAIN concrete outgassing

,

algorithra in CONTAIN 1.11 has been significantly improved through a continuous !

tracking rnethod for the outgassing interface. Also, the connected st.ructure

option has been shown to be a visble way to overcome architectural liraitationn
in CONTAIN in the inode li ng of heat conduction between cells. This option
allows heat conduction between cells to be reode l e d , while allowing the full j
CONTAIN suite of rnodeln to be used for the atrnosphere-structure interfaces.
This flexibility could be t roportant in modeling the inner containment the11 in
passively cooleo containment designs. Finally, a new approach for calculat ing
forced convective heat transfer has been discussed.

1 The DCll anodels present in CONTAIN 1.12 have been reviewed. Improvements in
the SDM over the original interim rnodel include equilibrium Fe chemistry and
improved modeling of debris trapping. The features of the CORDE and CASBLok'
cavity dispersal roodel s , which only recently have been incorporated into
CONTAIN, have also been discussed.

f

A revised gas combustion model 15, currently under development. This model !

includes updated flarne velocity and burn completeness correlations for
deflagrations as well as new rnodeling for spor.taneous recombination and
di f fus.' on flames. The revised rnodel has been exercised in a set of plent
calculations based on a Surry e<irly depressurization scenario._ In these plant
calculations, the revised inodel was found to give considerably stronger
deflagration burns than the old model. These stronger burns were found
consistent with the behavior of the new correlations at high steam
concentrations. When invoked, diffusion flame modeling was found to have a
large effect in suppressing deflagrations. The peak pressures generated

'

during the DCH event following vessel breach were found to be surprisingly
sensitive to the existing hydrogen at vt anel breach and thus to the prior i

hydrogen burn history. This sensitivity is apparently due to the low
,

efficiency in the early depressurization scenario for transporting hydrogen
-generated during PCH to the upper containment. This ef ficiency reay not he as
low in fully pressurized scenarios because more steam would be availabic to-
transport the hydrogen generated during DCil.

t

|
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DCil modeling itsprovements under development include the MDM and an extension
of the debris chettistry modeling tu include Cr and A1. The results of
demonstrstion calculations for the MDM heve been presented. These explore the
sensitivities present with respect to debris droplet composition, history, and
size distributions in the analysis of the IET 1 experiment. The implications
of these sensitivities for extrapolating the results of such an analysis to a
smaller scale were discussed. An accurate representation of the debris
droplet size distributions, as afforded by the MDM, was found to be ittpor t ant
in extrapolating the resu ts of the analycis to a smaller sce.lc. Also, if the*

,

metals are assumed to be initially segregated from the oxides in fresh debris
droplets, the improvement afforded by the MDM in representing debris
cotoposition was also found to be significant, although not as striking as in
the case of droplet sizes.
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Abstract

The chemicalinteractions that may occur in a fuel rod bundle with increas-
ing temperature up to the complete melting of the components are de-

scribed.The materials behavior of BWR and PWR fuel rod bundles has been
studied in integral experiments (CORA program) and extensive separate-
effects tests. The kinetic results of the most important chemical interactions

are represented, in most cases, the reaction products have lower melting
points or ranges than the original components. This results in a relocation of

liquefied components, at temperatures often far below their melting points.
In addition, the influence of thin oxide layers, which form on Zircaloy sur-
faces during normal reactor operation, on the chemical interactions is indi-

cated. As e re5 alt of the various studies three distinct temperature regimes
can be defined in which liquid phases form in the fuel rod bundles in dif fer-

ent, but iarge quantities. Their influence on damaga progression and on
possible accident management measures to avoid an uncontrolled core
melt down accident are described.
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1. Introduction

The accident at the TMI 2 reactor, Harrisburg, has shown that even if the design

basis accident temperature limit of 1200 *C is clearly exceeded due to a small leak

in the cooling system of a light water reactor (LWR), along with a temporary f ail-
ure of the emergency cooling system, this does not necessarily lead to an uncon-
trolled core meltdown accident. Despite severe damage to the fuel elements and

other reactor components as a result of melting of wide core regions,it was possi-
ble to transfer the TMI-2 core into a coolable configuration ll). Comprehensive

research programs have been initiated to provide the data base and subsequent
understanding of those physical and chemical processes which dominate the initi-
ation, progression, termination and environmental consequences of severe acci- ;

dents (21,

,

One of the ongoing research programs on core-melt progression phenomena is
the CORA program which will be described in detail in this paper [3). To study se-
vere accident sequences, which imply severe fuel damage (SFD), fuel rod bundles

are heated electrically in the CORA experiments at an initial heatup rate of about-
1Kis in the presence of steam. The maximum temperatures attained are around
2400 #C.The hot fuel rod bundle is either cooled slowly or by means of a quench-

ing device which simulates cold emergency cooling water entering the reactor
core from the bottom simulating flooding conditions. Thus, the conditions pre-
valling in the CORA facility simula,e partial sequences of still controllable acci-
dents os even severe accidents involving core meltdown. As soon as the major un.

derlying damage mechanisms are known,information can be provided inter alia-

on how long the core still possesses a geometry capable of Leing cooled during

high temperature transients.

Regarding the chemical behavior of reactor core materials it can be stated that-'

most components enter into reactions with each other or with the environment
(steam) when the teroperature is sufficiently high because the multicomponent

system is not stable thermodynamically (4).~
.

-2. CORA Experimental Facility

' ~ The CORA experimental facility with the fuel rod test bund'e in its center has
been represented schematically in Fiqure 1. The superheated steam from thej

steam generator and superheater enters the test bundle at the bottom end. The

|
,
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steam that is not consumed and the hydrogen produced m the iirconium-steam
and stainless steel-steam reactions flow from the upper bundle outlet through
two parallel condensers into a mixing chamber where the hydrogen is sufficiently
diluted with air to avoid the risk of an oxyhydrogen explosion. Beneath the test
bundle a cylinder filled with cold water is positioned which can be raised for
quenching the heated test bundle. Above the high temperature shield there is a
surge condenser which serves as an additional safety measure for COR A plant op-

eration (3].

The test train consists mainly of the test bundle accommodating 2 m long fuel rod
simulators which are held in their positions by three grid spacers (two Zircaloy

'

spacers and one inconel spacer) and are surrounded by a shroud. A maximum of
59 rods can be introduced into each bundle. In the 25-rod bundle 16 rods are
heated over 1 m length (Figure 1). Heating is carried out electrically using tung-
sten heating ele'ments, which are installed in the center of the heated rods and
surrounded by annular UO2 pellets. The total heating power available is 96 kW
which can be distributed among the three groups of heated rods. The unheated
rods are filled with solid UO2 pellets and hence correspond in their construction
exactly to LWR rods (3).

The most important materials used for the fuel rod simulators are original PWR
cladding tubes made irom Zircaloy 4 and UO2 pellets. Both types of fuel rod simu-
lator, heated and unheated, can be exposed to an internal pressure of up to 10
MPa so that the influence of ballooned and burst cladding tubes on the_ material

behavior at high temperatures can be studied. Moreovel, the test bundles can
'

contain absorber materials, an (Ag,In,Cd) alloy for PWR tests, and B4C for the
BWR tests.

The advantages of the CORA out-of-pile experimental facility include, above all,
the accessibility oithe test bundle after testing.The high temperature shield can
be lowered down and the bundle can be viewed in the " frozen" condition with-
out requiring any man;pulation whatsoever. In this way, the danger of the me-
chanicalimpact on h<eavily embrittled components and their post test fragmenta-
tion can be avoided. Another advantage offered by the CORA facility is the possi-

:bility of quenching heated fuel elements with cold _ water. This allows the extent
of damage to the core during reflooding to be determined [3].

,,

Manifold and comprehensive test instrumentation makes it possible to study the
progressionof the bundle damage thoroughly as a function of temperature. For
instance, the temperature in the test bundle is measured by means of high tem-

,
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pe'ature thermocouples at d two colour pyrometers.The composition of the gas,
especially the hydrogen content in the test atmosphere,is determined using two
quadrupole mass spactrometers. Employment of so-called videoscopes (video
cameras with an optical system'for observation through the pressure vessel and
the insulation material of the fuel rod bundle itself) allows the development of
damage of the bundle to be continuously recorded on video and on photograph-
ic films.

3. Test Prograni and Objectives

The CORA program currently provides a total of 21 international!y coordinated
tests with UO2 bundles. To be able to investigate the differences in damage se-
quences in the cores of pressurized water reactors and boiling water reactors, the
test bundles have been designed appropriately.This applies also to the configura-
tion of the rods with the different absorber materiais (Ag,In,Cd) and 84C. The ar-

rangement of the fuel and absorber rods in the PWR can be seen from Figure 1
for a small and for a large fuel rod bundle.The BWR core cell design of the CORA
bundle is illustrated in Figure 1 for the large bundle only.

The objectives of the CORA program are to investigate out-of-pile the integral
material behavior of PWR and BWR fuel rod bundles up to about 2400 C.

'

Of specialirterest are the

a) oxidation behavior and the critical temperature at which the temperature es-
calation starts as a result of the exothermal Zircaloy/ steam interaction,

b) fragmentation of embrittled fuel rods, particularly during cooldown and wa-
"ter quenching; characterization of the resulting debris,

c) onset of liquid phase formation due to chemical interactions of bundle com-
ponents such as fuel rods, absorber materials, spacer grids, and stainless steel
structural materials with each other,

d) influence of liquid phases and molten components on bundle damage pro-
gression,

_ _

e) extent of UO and ZrO dissolution by molten Zircaloy or a-Zr(O),2 2

f) relocation and solidification behavior of liquid materials,

g) extent of bundle blockage formation,
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h) coolabihty of the damaged fuel elements by simulating a rising water level;
quench behavior,

i) timing and magnitude of H generation,2

j) development of material behavior modelsin combination with CORA and sup-
porting separate-effects tests,

|
k) quantification of safety margins presently existing in the safety systems of op- |

erating reactors, and to explore possibilities of ending a high temperature
transient before it can lead to an uncontrolled core meltdown,

1) performance of out-of. pile reference tests with the possibility to study many
parameters for comparison with the limited number of in-pile experiments in
the ACRR, LOFT, NRU, PBF, PHEBUS reactors and the TMI-2 accident (2].

The CORA experiments have been performed under various boundary conditic ns.
The parameters which have been varied are: maximum temperature, system pres-
sure, initial heatup rate, rod internal pressure, steam supply, termination of the
test (slow cooldown or water quenching), bundle size, chemical conditions of the
bundle components (as-received, pre-oxidized).

The completed and planned CORA experiments are listed in Table 1. The table
shows that by November 1991 a tc .al of 14 experiments have been performed
successfully with different boundary conditions. The CORA-2 and CORA-3 tests
had been planned as reference tests using no absorber material to observe the
fuel rod / cladding interactions as well as the interactions of the inconel spacer grid
with the Zircaloy-4 cladding material.The CORA 3 test was ca; ied out as a high-
temperature experiment (max. temperature about 2400 *C). Typical PWR absorb-

er materials (Ag,In,Cd) were inserted in the COR A-5 and CORA-12 test bundles to

evaluate the effects of absorber material on core damage. Moreover, CORA-12
was the first PWR test in which the hot bundle was quenched by cold water, simu-

~ lating floceding conditions. CORA-16 was the first test involving BWR materials,
without quenching, to study the interactions that occur between the B4C absorb.

er material and the stainless steel of the control blade and then the stainless steel
from the blade with Zircaloy trom the channel box walls and the fuel rod clad-

- ding. CORA-17 was the first BWR test with quenching. In the CORA-15 bundle all
rods, except the two absorber rods, were exposed to a high internal pressure in
order to study the influence of ballooning and bursting of the fuel element clad-
ding tubes on the material behavior of the bundle. In CORA-9 a higher system
pressure (rod external pressure) of 10 bar was simulated to cause the cladding
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.

tubes to collapse onto the fuel. The CORA 7 and CORA-1b testswere the first PWR

and BWR experiments, respectively, involving a larger number of fuel rods (57
and 59, respectively compared to 25 for the smaller bundles). They served to

'

study the axial and especially the radial melt distribution and the formation of
crusts (blockages). The tests CORA-7 and 18 were terminated below 2000 'C to
obtain more information on the chemical composition of the intermediate inter- ,

action products and relocated moiten materials. CORA-13 was a PWR test which

was quenched from a higher temperature than that in the test CORA-12. CORA-
,

13 was selected as an International Standard Problem (15P 31) by the OECD/CSNI.

CORA-29 was the first PWR test with pre oxidized bundle components. The max.

ZrO2 layer thickness on the cladding outer surfar.e was about 12 pm. CORA 31
was the first BWR test with a much lower initial heatup rate of about 0.3 K/s, com-

pared to about 1 K/s for all the other previous tests, to study the fuel rod bundle
(core) behavior for a severe accident initiated from a shutdown power plant.
CORA-30 was an analogous PWR test with an even lower inital heatup rate of
0.2 K/s.

4. Test Sequence and Post-test Examination of the Bundle

The test sequence can be broken doven into three phases. During the initial 3000 s

the bundk is heated with argon, which has been preheated to approx. 600 "C in
the steam superheater. Within the time interval of 3000 s to approx. 5000 s
electric power is supplied which increases linearly with time from 6 kW to a pre-
determined maximum value. Beginning at 3300 s superheated steam (2 g/s to 6
g/s) is fed into the test bundle ir addition to argon (8 g/s). The test is terminated
by reduction of the electric power and simultaneous interruption of the steam
supply. Cooling of the test bundle proceeds either slowly in flowing ' Argon or
quickly by quenching with cold water [3].

Af ter the test the degraded bundle is carefully photographed, cast into epoxy re-
sin for preservation of geometry of the damage and, after disassembly from the
test facility, it is cut to prepare transverse and longitudinal sections. The subse--
quent preoaration of metallographic micrographs is the prerequisite of investiaa-
ting the manifold materialinteractions between the components of an LWR fuel
element. Besides the examination of the , crostructures, analysis of the chemical
compositions of the reaction products formed and of the solidified meltsis of par-
ticular importance. Using a scanning electron microscope, energy dispersive X ray
(EDX) and wavelength dispersive X-ray (WDX) analyses are made (5). With the re-
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sults in hand,information can be provided on the type of chemicalinteractions
and their extent by a comparison with results obtained in parallel studies on sin-
gle of fects. The additional assessment of the structures formed on the basis of in-

formation available from phase diagrams, moreover, furnishes indications of ma- |

ximum temperatures which have been reached locally, the formation of molten i

phases and their resolidification tempnratures. -

5. Tect Results

it is not proposed here to present and discuss the results of the individual CORA
tests; the intention is rather to present in a more comprehensive framework the
general fuel rod bundle and material behavior [4,5,6,7,8,9,10].

5,1 Separate EffectsTests

To be able to describe in detail the integral material behavior of the test bundle &

subjected to a temperature transient the results of separate-effccts studies must
also be discussed.These results regarding the temperature dependence of the re-
actions and the chemical composition and microstructure of the reaction products
formed in that process are important to explain the observed final condition of :
the bundles and the approach adopted in post test examinations [6,7,8,W.

The kinetic results of the separate-effects tests performed are summarized in Fi-
nure 2. 'lhe reaction zone growth rates for important LWR core material couples
are plotted versus the reciprocal temperaturc. The chemical interaction rates vary -

over several orders of magnitude. The faste; iteractions occur between Zircaloy
and stainless steel, (Ag,In,Cd) alloy and Zircaloy, and Zircaloy and inconel 718. For
each material couple a critical temperature exists above which rapid and comple-

te liquefaction of the specimens occurs,in all cases these critical temperatures are

well below the melting points of the individual materials. As one can recogni?e,
liquefaction of the materials, including UO2 fuel, can occur well below 2000 C,
Oxide layers on the surface delay the chemical interactions, but cannot prevent
them [4,5,6,7,8,9}.

-S.2' General Bundle Behaviour

All CORA experiments exhibit similar macroscopic post-test appearance in the up-

per part of the test bundles. Partial to complete oxidation and embrittlement of
the cladding and fragmentation of cladding as well as of fuel takes place.This al-
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so holds for the I;ind of cladding deformation known as " flowering" which is
mainly to be found in the upper regions of the bundles and is caused by dif feren- ;

ces in the zirconium oxide growth around the cladding circumference on the ou-
ter and inner surf ace.1he resulting hoop stresses are eventually f elieved by axial ,

splitting and flattening of the cladding tubes.
!
'

In contrast to the upper regions, the appearance of the lower zones in the bundle
is more dependent on the presence of absorber material with respect to the :

amount and distribution of accumulated fragments and relocated so' Jified melts
(blockage zones).

.

5.3 Macroscopic Appearance of the Bundle after the Test

rhe macroscopic post-test appearance of the CORA-5 test bundle is represented
in Fiqure 3 as an example. This is a PWR test bundle viith a central (Ag,In,Cd) ab-

sorber rod, two Zircaloy-4 grid spacers and one Inconel grid spacer. The maximum

measured cladding temperature was about 2000 *C. Wide spread destruction of
the test bundle, along with seve- oxidation of the Zircatoy cladding tubes, the
formation of metallic and ceramic melts, which solidify at different axial elevati-
ons and give rise to bundle blockages of different sizes, can be recognized. The
micrographs of cross sections prepared at different axial elevations of the bundle
(Figure 3) make the extent o| damage charly visible.The lower cross section (208
mm) shows clearly the original fuel rod and absorber configuration consisting of
16 heated and 8 unheated fuel rods as well as one absorber rod with a Zircaloy

guide tube. At the same time, relocated metallic melts, some of them attacking
the Zircaloy cladding material chemically, can be recognized. The upper cross-
section (853 mm) shows a cut through the Zircaloy grid spacer plane.The cladding

material has almost completely melted down|while dissolving some of the solid
UO fuel. Some of the solidified melt can be found again in the c.entral bundle zo-2

ne (408 mm) where strong oxidation of the claddinq material can be observed.
The still metallic portion between the 2rO2 ayer and UO2 had melted and retoro-l

ted; the annular cavities formed are clearly visible (Figure 3) [10).

Reaching higher temperatures, as in test CORA 3 (about 2400 *C), resulted in very

severe damage of the fuel rod bundle with extended UO fuel and ZrO dissoluti-2 2

on by molten oxygen poor 7,ircaloy beyond about 1760 *C, the melting point of
Zircaloy-4 (Fiqure 4). The liquefied and molten materials (including UO2) reloca-
ted and formed a complete blockage of the bundle cross section in the lower part '
-of the bundle on solidification (Figure 4,longituoinal section 70 - 170 mm). Both

metallic and ceramic molten materials were detected.1he microstructures of the

. . .
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solidified melts indicated UO2 fuel dissolution by molten Zircaloy to various ex-
tents. Part of the metallic melt relocated within the bundle, even down to the
bottom of the bundle (Figure 4, cross-section elevation 20 mm) and had melted
the cladding and dissolved some of the UO2 fuel [5]. The metallographic structu-
res seen in the destructive post-test examination of the CORA tests correspond
very closely to those obtained in TMI 2 core fragment and core bore examinations
[4,13] and by in-pile experiments [2].

5.4 Temperature Escalation

The critical temperature above which uncontrolled temperature escalation takes
-place due to the exothermal zirconium / steam reaction crucially depends on the
heat loss from the bundle,i.e. on bundle insulation. With the good bundle insula-
foi in the CORA test facility, temperature escalation starts between 1100 and
1200 *C giving rise to a maximum heating rate of 15 K/s. The maximum tempera-
tures attained are about 2000 *C; the oxide layers formed and the consumption of
the available steam set limits on the temperature escalation due to rate-
controlled diffusion processes.The temperatute escalation starts in the hotter up-
per half of the bundle and the oxidation front subsequently migrates from there
both upwards and downwards [5].

5.5 Melting of the Cladding Material

After attainment of the melting point of the Zircoloy cladding material at about
1760 *C and/or of oxy 0en-stabilized a Zr(O) at approx. 2050 *C the Zircaloy melt
flows over large distances, starting from locations where the oxide layer on the
cladding tubes might be penetrated due to chemical and/or mechanical effects.
However, the longer simultaneous contact of Zircaloy with the fuel and ZrO2 en
the cladding tube surface exists, the more UO2 dissolution predominates because

it proceeds faster than the dissolution of ZrO2 [4]. The cladding integrity can be
destroyed far below the rnelting point of Zircoloy by eutectic interactions with in- '

conei grid spacer or absorber materials (stainless steel or absorber alloy) resulting

in liquid phases at temperatures as low as 1250''C.
1

5.6 UOp Fuel Dissolution -

Vigorous chemical interactions take place between the metallic melts from the
cladding material and the solid UO2 pellets. In this way, the UO2 s liquefied ati

about 1000 K below its melting point (2850 *C) while forming a (Zr,U,O) melt [4].
UO liquefaction results in an increased release of fission products and initiates a2

,

b)

.__ . _ _ . .___ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ . . _ _ _ _ . _ . _ . _ _ . _ _ --. _ _ _ -



m _ _ _ _ _ . _ _ _ _ _ . - _ . _ _ . . _ _ _ _ _ _ -- _ _ _ .-. _ _ _

i

mechanism of " low temperature" relocation of the fuelin the reactor core. The
(Zr,U,0) melts formed solidify in cooler zones forming metallic cooling channel
blockages (crust formation) or, due to interactions with steam, forming ceramic
(Zr,U)O2 masses. All CORA tests have made the considerable dissolution of the

I! UO pellets in the upper bundle zones evident [5,10). Whereas at the maximum2

temperatures achievable purely ceramic melts cannot yet be formed, the relocati-
on of the melt with high uranium and oxygen contents can be observed; in the
process of solidification the melts decompose forming ceramic phases with metal.

lic phases as secondary constituents (Figures 3,4).

5,7 Grid Spacers

5.7.1 Inconel Spacers
,

The NI base alloy inconel 718 reacts with the Zircaloy cladding material forming a
eutectic, According to separate-effects tests, the first liquid phases occur from
1000 ''C onward, and above 1250 *C they cause rapid liquefaction of the inconel -

spac>tr and part of the Zircaloy cladding. Only small quantities of inconel(or stain-
less steel) are necessary to dissolve large quantities of Zircaloy. ZrO layers present2

on the Zircaloy surf ace delay the eutectic interactions with inconel and shift mel-4

ting down of the grid spacer and the Zircaloy cladding towards higher tempera- ,

tures but are unable to prevent it. However, in all cases Inconel liquef action due
to the reaction with Zircaloy takes place below its melting point (1450 *c) [7). It ,

,

was possible to observe this liquefaction directly in the CORA experiments; mel+
,

ting down was completed within a few seconds. The zirconium rich melt genera. .

ted severely damaged the fuel rods around the spacer grid. The melt produced in

this interaction was found to have been distributed over the whole lower half of
the bundle and some of it was collected in the zone of the lowest grid spacer.

5.7.2 Zircal_ov Spacers

The chemical behavior of the Zircaloy spacers differs clearly from that of the In-
conel spacers.The upper grid spacers positioned in the hot bundle zone undergo
partial melting and contribute to the :iquefaction of solid UO2. The lower, colder

- grid spacers act as " material catcher" for solid and liquid bundle (.nmponents and

thus exert a majo, influence on the development of cooling channel blockages

.(crusts).

|

|
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5.8 Behavior of (Ag,In Cd) Absorber Material '

The influence exerted by the temperature on absorber rod failure is of consi-
I
'

derable interest. For PWR absorber rods consisting of (Ag,ln,Cd) absorber materi-

al, stainless steel cladding and Zircaloy guide tube, premature failure was clearly

observed [9.10).

The (Ag,in,Cd) absorber material melts at approx. 800 #C and initially remains wit-

hin the stainless stc el cladding tule without chemical reaction with steel because
the system is thermodynamically stable. Due to the eccentric location of the ab-
sorber rod within its Zircaloy guide tube or due to ballooning of the stainless steel
cladding by Cd vapour pressure, a contact is established between Zircaloy and the
steel components and different eutectic melts are formed between 1200 and
1400 "C, i.e. below the melting point of the stainless steel claddmg (1450 "C). T his

-

is the moment when the (Ag,In,Cd) absorber melt starts to relocate. On the one
hand, the gap between the claddmg and the guide tube becomes filled; on the
other hand, the material flows out into the cooling channels and downwards and
there it reacts with the cladding tubes of the fuel rods. The absorber melt is di-
stributed over large zones; it contains Zircaloy and steel components. The melt is
formed similarly to the rcaloy cladding Inconel grid spacer melts (eutectic reacti-
ons), and is observed in the same range of temperature. Thn melt also contributes
considerably to premature damage of the fuel rods at " low" temperatures. In the
presence of (Ag,In,Cd) absorber material two blockage zones develop in the test

bundle as a result of solidified melts. The main constituents of the metallic melt
that relocates first are (Ag,ln,Zr,Fe,Cr,Ni) with the cadmium portion in the melt

savily reduced due to evaporation. The other zone is a ceramic melt consisting
mainly of (U,2r,0)in the form of (P,U)O [10). Due to the differences in solidifica-2

tion temperature, the two melts are stratifbd with the ceramic riateiial overlying
the metallic materia!(Figure 3).

5,9 Behavior of B4C Absorber Material

Bolon carbide (B4C) is used is absorber material in BWRs. In experiments with
B4C, absorber material damage propagation starts upon melting of the two.
layered stainless steel cladding at approx.1250 "C. Melting of the steelis promp-
ted by the eutectic interaction with the BaC absorber material. The failure tem-
perature of 1250 'C, which is clearly below the melting temperature of steel (ap-
prox.1450 "C), results from the formation of eutectic melts originating between
the steel constituents (Fe,Cr,Ni) and boron on the one hand, as well as carbon on

the other hand Single-effect, investigations have shown that first liquid phases

%
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develop from approx.1000 *C upwards; rapid liquefaction occurs above 1250 *C

[8).

Both, the boron carbide / steel melt formed and the melt constituents react
eutectically with the coolant channel wall made of Zircoloy, giving rise to Zircaloy
liquefaction around 1250 *C. In this way, the Zircatoy cladding material is already ,

liquefied well below its melting point of 1760 ''C. The result of this lowering of
the melting point is the beginning of UO dissolution at " low" temperatures. In2

the upper bundle zone the Zircaloy cooling channel wallis destroyed so that the ;

melt can spread radially and relocate downward. As a result, coolant channel
blockages develop in the bottom part of the bundle.

'

5.10 Influence of Quenching
.

Quenching of the hot bundles by water caused further fragmentation and an en-
hanced Zr/H O reaction resulting in a temperature rise at the top of the bundle,2

althcugh the electric power supply was shut off, and in additional hydrogen ge-
. neration. Some further meltdown of materialin the upper bundle regions was
observed due to the additional exothermic Zr/ steam interactions and the resul-
ting h;gh temperatures.

The watet entering the bundle and the developing steam cause a thermal shock
on the embrittled materials, generating new surfaces. The steam reacts with the |
metallic components of the newly formed surfaces, and, as a result of the exo-
thermai Zr/H O reaction, local temperature escalations take place again. The ad-2

ditional hydrogen formed at this point in time is quite considerable, i.e up to'

about 80 % of the total hydrogen [11}. In the 1.0FT experiment FP-2 the percenta-
ge of hydrogen generated during the reflood was approx.80 % [12]. i

5.11 Hydrogen Generation

The results from the CORA tests support the conclusion that hydrogen generation

during severe accidents will continue, assuming a sufficient steam supply, up to
complete consumption of the available Zircaloy and stainless steel. One of the
mechanisms for reducing hydrogen generation is the removal of hot materials
from the high temperature oxidation zone into a cooler zone. During the tests,>

because little material relocated from the high temperature region to the steam-
cooled region, hydrogen generation continued until either termination of the
test or complete consumption of the available Zircaloy and stainless steel. Re-

t
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flood of the hot bundle (quenching) resulted in an additional strong hydrogen
generation as deuribed in section 5.10 |

5.12 Influence of Bundle Size
I

The larger f uel rod bundles (CORA 7 and CORA-18) with 57 and 59 fuel rods, re-
spectively, cornpared with 25 fuel rods in the smaller bundles, did not show any
different material behavior. In general, simisar physical and chemical phenomena

|

were observed as in the smaller bundles. Temperature escalation started at about

1200 *C and continued even after shut off of the electric power, as long as steam

was available. The (Ag,In,Cd) absorber rods or 84C absorber blades failed at
arour'd 1250 "C and initiated the damage progression within the bundles. After
the .ests, the upper parts of the bundles were free of any absorber material. This '

material has relocated to the lower,i.e. cooler, part of the bundle.

5.13. Influence of Heat up Rate

The only CORA experiments performed so f ar with lower heat up rates of 0.2 K/s
and 0.3 K/s, respectively, (CORA-30 and -31) compared to 1 K/s demonstrated
clearly that no temperature escalation due to the exothermal Zircaloy/ steam in- ;

teractions takes place.The chemicalinteraction energy formed caused only an in. ;

creased heatup rate between 1200 and 1800 *C of about 1 K/s. The oxide layer .

which has formed on the cladding outer surf ace during heatup delays the chemi-
'

Cdl interactions between Zircaloy and steam since the diffusion of oxygen
through the ZrO layer is the rate determining step. The Zircaloy wit: be almost2

completely _ oxidized, or at least converted into u Zr(O), before reaching the mel-

ting point of oxy; ?n poor (as-received) Zircaloy at about 1760 *C. As a result,lar-
,

p UO2 fuelliquefaction by molten Zircaloy will not take place, this means smal-
ler fission product release rates and it requires much higher temperatures (=
2850 *C) before UO2 melting and relocation occurs.

6. Summary of the Major Results

This is a summary of major results from the CORA experiments and separate-
effects investigations performed so far:

- Temperature escalation due to the zirconium steam reaction starts in the
,

upper, i.e. hotter bundle half at about 1100 "C and propagates from there
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downwards and upwards. The maximum temperatures measured are ap-
prox.2000*C.

Fuel rod failure in the test bundles without absorber material starts at the-
,

.

level of the inconel grid spacer. Inconel reacts eutecbcally with Zircaloy as
'

early as 1000 *C while forming liquid phases ZrO2 ayers on the external si-l

de of the cladding tube delay melting and shift its onset towards higher
temperatures, although they cannot prevent melting Above 1250 "C the"

-

' pacer is completely liquefied within a short period of time..

The behavior of the Zircaloy grid spacers depends on the temperature attal--

ned locally. The upper spacer (hot zone) partly melts and contributes to the
chemical dissolution of UO .The lower spacer is located in a relatively cold2

zone where it acts as a material catcher where melt rivulets and melt dro.
plets as well as solid embrittled cladding tube and fuel fragments are-

caught.

- The unoxidized part of the Zircaloy cladding brst melts m the upper bundle
,

zone because of the higher temperatures prevailing there. Due to the pro- i

|gressing chemical dissolution of UO , molts consisting of (Zr,U,0) develop2

with different contents of uranium and oxygen which relocate into the bot-
tom part of the bundle after the ZrO2 ayer has failed. The melt solidifies inl

the colder zone, causing coolant channel blockages of dif ferent sizes.

Thick ZrOy layers on the external cladding tube surfaces prevent substantial-

amounts of metallic Zircaloy melt from relocatmg, so that the Zircaloy re-
mains in contact with the UO fuel. Thin ZrO2 ayers are dissolved chemically2 l

'

: by metallic Zircaloy. This causes the oxide layer to rupture locally and the
(Zr,0,U) metallic melt to escape.

- Most of the melt relocates along the surface as rivulets (candling) and, to a
'

minor extent,in the free fall as droplets,i.e. without contact with other sur-
faces (slumping). Film flow type of melt relocation down the rods was not
observed,

At the higher test temperatures of 2400 "C, compared to 2000 "C, larger-

amounts of molten material are produced so that the blockage zone in the
lower bundle region is clearly larger.The formation of a distinct crust consi-
sting of metallic material was observed, on which the metallic and ceramic

I
! melts formed later accumulated.

an
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Cladding tube and fuel fragments of various sites accumulate on the soli--

dified lumps of melt which develop and are relocated while the bundle con-
tinues to cool down.The smallest particles are as UO2 powder and are of the-

order of micrometersin size.

In the presence of PWR absorber material (Ag,In,Cd) the secuence of failure-

starts with the release, relocation and resolidification of the (Ag,In,Cd) melt.
However, most of the melt reacts with the Zircaloy cladding material for-
ming a metallic melt of the type (Ag,in,2r). Due to its zirconium content this ,

melt is capable of dissolving UO2 even below the melting point of Zircaloy. !

; On account of the different solidification temperatures of the melts a streti. ,

fication develops such that the metallic lumps of melt rich in absorber mate-
rial are superimposed by metallic and/or ceramic (Zr,U,0) blockages fo,med

later.

In the experiments involving BWR absorber material (B4C) the first molten
'

-

phases occurred from approx.1250 *C upwards af ter failure c.f the absorber
,

rod cladding made of stainless steel. After failure of the steel cladding the;

84C/ steel melt produced reacted with the Zircaloy of the coolant channel
walls forming melts of eutectic compositions.The reaction caused the chan- ;

nel wall to be destroyed and hence the melt to propagate towards the outsi-
de and mainly downwards. As a consequence of this, partial coolant channel

blockages develop in the lower bundle section.

Water quenching (flooding) of the hot degraded fuel rod bundle caused ad--

ditional fragmentation and an enhanced Zircaloy/ stem interaction resulting
in a renewed temperature rise, a meltdown of material, and in an additio- ,

nal strong hydrogen generation,

7. Conclusions

- Core melt progression is a noncoherent stage by stage process that results
in melting and liquefaction of materials mainly due to eutectic interactions
at dif ferent temperatures.

- Control rod materials can separate by liquid relocation processes from fuel
rod materials at temperatures as low as 1250 'C, Therefore, reflood water

'

must be sufficiently borated to avoid recriticality and power generation du-

|

|
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ring early phase core degradation, that means, prior to the disintegration of
the core into a rubble bed.

7

;

Significant molten UO2 relocation can begin at the Zircaloy melting tem--

perature of about 1760 *C, that means about 1000 K below the melting po-
'

int of UO2. The low temperature early fuel relocation is important for the
release of fission products and the redistribution of decay heat sources in a

'

damaged core,

Reflood of a damaged core can fragment oxidation embrittled Zircaloy-

cladding, fracture solidified once-molten materials (blockages), induce 1o- *

cally a renewed temperatute rise and strong additional hydrogen generati-
on Accident management strategies must consider the consequences of re-
flood phenomena.

.

The results of the integral CORA tests and of separate effects tests allow-

thedefinition 'of three temperature regimes in which large quantities of li-
quid phases form which cause f uel rod bundle (core) damage (Finure 5):

-.1200 - 1400 *C: localized core damage
.1800 - 2000 *C: extended core damage

-. 2600 - 2850 *C: total core destruction

- The extent of damage depends on the initial heat up rate and the maximum ,

temperature reached. Accident management measures which delay the core

uncovery result in smaller initial heat-up rates of the core and, hence, in a
reduced formation of liquid phases up to about 2600 *C (Figure 5).

The present knowledge of early phase core melt progression provides a bet--

ter understanding of the physical and chemical processes contributing to
the degradation of a reactor core with increasing temperature (for examp-
le, the TMI-2 accident) and provides a reasonable basis for code develop- '

ment and validation.

For BWR core material behavior in severe reactor accidents, the use of other-

materials (84C/Zircaloy) instead of the present ones (n4C/ stainless steel)i

| would result in a greater flexibility for accident management measures,

L because meltdown would be delayed in time and shif ted to higher tempera-

tures. .

It can be summarized that the CORA experiments and single-effect investigations '

have contnbuted substantially to the understanding of the material behavior in
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reat. tor accidents. The comparison of the out-of pile CORA test results of material

behavior with the results of in-pile experiments [2] as well as the results of the ex- |
aminations of TMI 2 specimens, some of',vhich were analyzed in the KfK Hot Cells
(13), shows very good agreement. Moreover, the CORA experiments have provi-

ded new findings on damage initiation and propagation in LWR fuel rod bundles. |

These findings are of particular importance regarding possible accident manage-
ment measures. The modelling of low temperature liquefaction and quenching
eff ects is not yet included in most computer codes.

,
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Max.
Test Cladding Absorber Other Test Date of TestN o. Tempera- Material Conditions

tures
_

2 ~ 2000'C - UO refer.,inconel spacer Aug. 6,19872

3 - 2400^C - UO2 refer., high temperature Dec. 3,1987
,

5 - 2000"C Ag, in, Cd PWR absorber Febr. 26,1988

12 - 2000"C Ag, In, Cd quenching June 9,1988

16 ~ 2000"C B4C BWR-absorber Nov. 24,1988

15 = 2000"C Ag, in, Cd rods with internal pressure March 2,1989

17 - 2000"C BC quenching June 29,19894

9 - 2000*C Ag, In, Cd 10 bar system pre,sure Nov. 9,1989

7 < 2000"C Ag, in ,Cd 57-rod bundle, slow cooling Febr. 22,1990
,

18 < 2000 C BC 59-rod bundle, slow cooling June 21,19904

OECD/ISP; quench initiation at
13 - 2200"C Ag, In, Cd Nov.15,1990higher temperature

29' ~ 2000"C Ag, In, Cd pre oxidized April 11,1991

31* - 2000"C B4C siow initial heat-up (~ 0.3 K/s) July 25,1991

30* - 2000''C Ag, In, Cd slow initial heat-up (-0.2 K/s) Oct. 30,1991

28* = 2000'C B4C pre oxidized planned for 1992

h9 te p t
nd e ]e10 - 2400*C Ag, In, Cd gg{e Y Pd""Udf 'I992Ier pa 1 { 20

dry core c nditions, no steam13* - 2000'C B4C flow planned for 1992

very high temperature27 - 2400'C B4C lower part of bundle in H O2

25 - 2000'C B4C 10 bar system pressure

26 - 2000"C B4C fast heatup, quenching

steam-rich conditions,24 - 2000"C B4C quenching

32* - 2000'C Ag,In, Cd quenching from the top

initial heat-up rate: * 1.0 K/s; Steam flow rate, PWR: 6 g/s, BWR: 2 g/s; quench
rate (ftom the bottom) = 1 cm/s
* further proposed experiments

Table 1: CORA test matrix. U a to now 14 PWR and BWR related tests have been
performed under different boundary conditions.

.
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Figure 1: Main components of the CORA severe fuel damage test facility which
serves to study the fuel element behavior up to 2400 *C. Bundle cross-
sections with configuration of the heated and non-heated fuel rods and
absorber materials for BWRs and PWRs (small and large bundle cross
section).

94

.. - . ~ . - - , - . - . .



I
!

Temperature, *C

1800 1600 1400 000 1200 1100 1000 0 80,090
_ 4

Iry a lt( Al0J 6jg3 .

i.'lidutfa(lion el the -k
" ' '' #"' ''"I # #

, . temponents dE lo ' - \ 'g
'I "

> deakat^ interactions- .

Nin4 [.
-

\
e 9,,ma s\N

e /
-

g
"

10'5 - T
\

Ag.in,td/Ir,

8 \
\|e t -

5 10''-- | | \,
3 \
e 1 \ \.

i

xIcn \ \
\'\,\\* -

Ig 33 3 g \ Zry/inconel118

{ Alp /lry \
'N -

ss \.\c
.9 \

'

-

H 1 \\
$ 10'8 - I

\ \\ \ '\,'

U nry --- g- BJ/ss --- g Y\, \

| \Y
10''- g

*

\ g\g
N \-

g
s \

N
10'" > >

r ; 4 :

5 6 7 8 9 10

4Reciprocal temperature.1/r,10 /K

Figure 2: Comparison of the total reaction zone growth rates of different LWR
reaction couples. There exists for each material couple a critical tem-
perature above which a rapid and complete liquefaction of the speci-
mens occurs.

.,

95

-

a . - ~ - . _ _ _ _- _ . . . . . . _ . _ - _ . - _ - - _ - _ . _ . - _ _ - , , . . _ . _ . _ _ . _ , _ - - _ . . . _ _ _ _ _



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

,

_

|

'
W heater

p, , ' f g s (),T * 9) ,

s e c *)E
. ~>

W heater spa (er grid .
q

,

,

/,RQ./;', , .800
oxidized Zry : 1g,g

by $) O/ Q%~'

-

- EMBEID p, |

Cross section elevation: 853 mm 1
~'

oxidic melt
' '

700
.

,,

,

ca.:n e .

:f e'
Zry melt [

'

gag . r;ii -

onidired Zry , ;*
,

*

i+ 4^t Cross rection elevation . m

g' edifUsk
5

i.

metallicmelt. O.

in.u.oj '

500
,

absorber rod
- A ''' C'O

. ,

A U0 fragments-

2| .-

| v. .n
Tm. , : 20C0 "C

2'AK, { g! *
4'30 h c a " id.'"'" Cross section elevation: 208 mm

Figure 3: Post test appearance of the simulated PWR bundle CORA 5 with one ,

(Ag,In,Cd) absorber rod and Zircaloy guide tube. The maximum tem- :

perature in the bundle was about 2000 C.
|

t

96

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



_ . - _ _ _ _ - _ . -

.iuaia .%i * Rur E! ' *

-

, til.2: po,e *

4{-
'

+ . -

... n .
.

b * '

| a |rorjbnu
-x ..

! v .3 4 |. ,

'f
~

?'
- - iu.r.m y ,

t

dd wiii. 91* '
-

E. 4

E >~ ^ ' NA V W d' 3
Mictostrucitro of relocated molta-

^''

,4
y 4.:

, ,

, g n

Q q . ,,..J Y '^
;

' b.
.

| .

,

d. -- : ts.i
, -

-- 3->., ge .u. coa. .g, r i-
i

' / wq[
.-

_,
,

r# e a';
.

*** i ,,

300 3 & ):.:* 7
.

i i

ris. 24 Ki /g ( ' , , ,
,

-

M, %
,

h.: [
;

<<.a m . 9, - e -.4. x, ,,,,,
'b(fd tsA,1coitumes @

. ', p.__ .. g - r

,a,,,u, % Longitudinal section : 70 - 170 mm, .
"

' ' zn a.v o u , .

)

q . . .

-
1

200 """'*

0 '' O E. :
''3'

_0
,., a

,

(VJ - jetted Ostennun 'r # -

j ,

c 44 :g
'ooj ,

e a .... ... ,,,,,, rf x rw
% - p m, ,g ,M '

. ,
,

'"

'-- i k' ' M'd "" . .

-

ai ,,,,,, ,uw,,,,,, i .

100 Tmax. 2400"C
#t Cioss nection elevation : 20 mm<

:

Figure 4: Post-test appearance of the simulated PWR bundle CORA-3 without
| absorber rods. The maximum temperature in the bundle was about
1 2400 C.

;

I

97

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



I!
to
C
5
ui Temperature regimes for extensive

.T

y*%S* . T liquid phase formation and relocation:
o ,7 3000*C - :TOTALCORE 3000 *C -~ Influence of heating ratem$ mg3 DESTRUCTION
&$0o-s %, m 2850 *C - 4

OTV
,; ,a-f, m o,,onto y

oo%5 Complete meltdown TOTALCORESC w+ ping of the fuel and - of all core materials. DESTRUCTIONn ,3 g n g0. , # n ved <tadd*9 Formation of a E > 383 min E < 27 minDto b' ceramic melt 2600 *CG +o m
m3' 2600*C - o u zO Melting of aff sofid3 6

"

3 C^3.
-- constituentsO^

m -V O07 ODk = 233 min* 3* EXTENDED CORE = 10 mia
C, DJ ' C + -

DAM AG E ' -
p

'O i

e Vu'
9

'
- % 2000*C - eestingof the ] Formation of metal- "

x5g* rema.ning metaw zry lic and ceramic melts EXTENDED CORE
which relocate and DAMAGE-e ^Fva and/ar ,ert(o) with~ --

1760*C - . Uoff uel dissolution on solidification 1760,C -- |~'wge subwquent <hemk I form large blockagesm y
1m3y

raiture of fuel rods daddmgO m -. =
*C0 .0 e ndired7
Ny C * 1.3 min

1E -- [dT/dt e to K/s)

Oo$ v 14 00 *C - tiqueta< tion of tb ~ l Formation of '0 C ~
'

O$ LOCAUZED COREog e y in<onel grid spa <e. .*nd metallic melts which DAMAGE-- abso.be< rod materiats +n a e,
ae due to d.cmkat initiate co. re melt 1200+C-V

03 c 1200.C - fge,3 n;,,,,3 progression , , , , , ._, ,g, g,
"

""*'"h'"04 3 1000 *C - ,3 m;n . 3 5 m;n1000 *C -- LOCALIZED FUEL !e * ,+ g
4 = 3" h

'ROD AND COREE g m *O, ' DAMAGEe1
Me'tingo'{A JaXd) initial core heat-up rate: . 0.1 K!s ,1 K/sc g g- 800 *C - -

,

#ooE co tea'Watu'e e5(a'''sa
5 1_ bU

c. 5 re
3+mwdo n.o.s o, <

*E
O 'd *' t

m%OO
i

1

. _ _



_ . - ._ . _ _ . . . . _ _ _ __ . . . .- _m .

:

Holling Jet Mukling on IFCI - Preliminary Report

MJ. Righthy

Sandia National Laboratories

ABSTRACT

Simulations of the breakup and penetration of high temperature thermite jets into
water have been performed using the integrated fuel-coolant interaction code, IFCI,
The work ta date has been directed towards assessing the model performance against
data obtained from an experimental test series performed at Sandia. The tests, part of
the EJET series, were extensively photographed to allow for direct digitization of the
melt profile data thereby allowing a direct comparison of the IFCI predictions to the
test data. This document is a preliminary report for Task 1, Molten Jet Model
Evaluation, of the Molten Fuel-Coolant Interaction Program..

The IFCI simulation of test EJET-1, with initially saturated water, showed reasonable
performance in predicting early time leading edge penetration rate and initial jet
spreading as shown by comparisons of the molten thermite volume fraction. A
transition to a bulk boiling temperature regime which was observed in both tests was
not modeled adequately by IFCI, An attempt to simulate test EJET-0, with initially
subcooled water, failed at very early times due to an automatic decrease in the time
'' n to an unacceptable value caused by nonconvergence of the numerical algorithm.
It climinary assessment resuhs suggest (1) the need to include the steam vohtme
n .~ - in the data comparisons, (2) an improvement of the boiling model in IFCI to
M. c 3: the buli Niling question and (3) use of a finer noding scheme to improve the

vmi e resolutic.. of IFCI before the code is applied to addressing accident
ce g aent concerns at reactor scale.

<
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1. INTRODUCTION

1.1 Program llackground

Postulated severe accidents in a nuclear reactor include the possibility of high
temperature molten core materials contacting water and producing an explosive fuel-
coolant interaction (FCI). The IFCI computer code (integrated fuel-coolant
interactions) was developed as a tool to provide researchers with a best estimate tool
to studies FCis in reactor geometries. Since it was developed based on known
physical laws and the results of avai'iable experiments, it can be used to aid in the
interpretation of experimental results and to help study the phenomenological aspects
of the experiments themselves.lll121

A NRC program entitled " Molten Fuel-Coolant Interac: ions" (FIN #A1030) was-

developed to apply the IFCI code to study FCls through an assessment of the code's
performance against available experimental data and parametric analyses at reactor
scale. Task 1 of this project involves an assessment of the boiling and fragmentation
models in IFCI against the EJET series of boiling jet experiments performed at
Sandia. This document is a preliminary report on the progress of the assessment of

.

IFCI against the EJET tests as described in the work statement for this task in the
NRC Form 189. It includes a comparison of the IFCI predictions of the breakup of
the molten thermite jet in a saturated water test (EJET-1) and the results of a
preliminary attempt to apply the code to a subcooled experiment (EJ ET-0).

1,2 Report Organizatioa

The report is divided into three primary sections: IFCI input information, comparison
results and a summary and future work section. The input information is included to
provide an understanding of the nature of the process of setting up a " simulation" of an
experiment on IFCI and it also provides suggestions for possible methods of improving
the performs a of the code without significant mcdifications. The results section -
presents the la Cl output and the experimental data and discusses the implications of
the comparison resuhs. Some time was expended in developing a " post-processing"
technique that allows the experimental data and the IFCI data to be presented on the
same plot. This method is briefly discussed based on its relevance to the comparison.
Finally, the summary and future work sraion includes _ ideas for possible code
improvements and plans for termination of the Molten Jet Model Evaluation task.

2. IFCI INPUT INFORMNI'lON

This section presents the relevant information concerning the input variable values for
the EJET simulations on IFCI. The differences in the input decks for specific :ests
are discussed in the results section.

l
!
l
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2,1 Noding

For the initial attempts to simulate the boiling jet experiment:, on IFCl, a fairly coarse
noding scheme was used. For the simulations discussed in this report,15 axial nodes
and 4 radial nodes were used to define the 2-D grid. Symmetry about the vertical axis
was assumed (due to the two dimensional nature of IFCI). Consequently, the 15X4
noding covered a plane of dimensions 1.57 m height and 0.32 m width (.which is the
half width of the tank). Figure 1 illustrates the noding scheme.

It was anticipated that, if the results of the initial IFCI runs indicated a significant _

improvement would be achieved with a finer mesh, a new problem using a finer mesh
would be run. The mesh dlustrated in Figure 1 above, although coarse, still required
over an hour run time on Sandia's Cray YMP to simulate 3 seconds of the EJET-1
test.

2.2 lloundary Conditions

The IFCI code is presently set up in such a way that, lacking a definition of the
pressure along any boundary cells, the default is a solid boundary. Consequently, the
input deck for the EJI!T simulations defined the inner ring cell at the " top" of the tank
(axial cell 1, ring cell 1) as the inflow boundary and the outer ring cell at the top as the
outflow boundary. All other boundarier were not specifically defined which forces

,

them to be solid surfaces. The cell size was chosen to represent the size of the " mixer
plate assembly"DI allowing the outflow to occur along the outer annulus. The
boundary condition at this location was defined as ambient pressure.

2.3 initial Conditions

The initial conditions for the IFCI executions are cancerned with the thermite jet
.

entrance into the water tank through the jet orifice. For tests IUET-1 and EJE f-0,
the orifice size was 3.8 cm. The thermite inflow velocity was estimated from the
photographic coverage of the tests to be 1 m/s (note that th: thermite was released
from a reaction crucible and fell 30 cm to the mixer plate assemb'y).131 The initial
temperature of the thermite was dcfined as 2700K.14l The noding scheme used in the
IFCI rw was defined such that the thermite jet entered the coolant tank through the
inner ring cell at the top of the tank. The thermite used in the EJET tests consisted of
55% (by mass) iron and 45% alumina.

3. RESUl|l'S ANI) COMPARISONS

The results of the IFCI simulations of tests lijET-1 and liJET-0 are presented in this
section. Some discussion of the post-processing of the computer data is included since
both sets of data (numerical and experimental) are presented on the same plot. An
interpretation of the comparison between the two data sets, including indicated
suggestions for code improvements, is given.

In1
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Figure 1. RIET Simulation Noding Scheme

3.1 l' JET-1

3.1.1 Test Parameters and Description. The initial IFCI simulation was of test
EJET-1 (the first test was named EJET-0). The second test was chosen due to the
subcooled nature of the coolant in test EJET-0. It was anticipated that problems in
the bulk boiling model in IFCI would cause a subcooled coolant simulation to be
unsatisfactory. The coolant temperature for EJET-1 was 362K. As was mentioned
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previously, the thermite was ignited in a reaction crucible and, at the appropriate time
(i.e., when the molten products of the reaction raelted through a OM cm ; hick steel
" burn through" plate of 12.7 cm diameter), introduced into the reservoir where the jet
orifice was located.

A review of the high speed films of the test revealed that the thermite Et fragmented
immediately upon contact with the water. The characteristic drop diameters were
observed to be much less than the jet orifice diameter Curves of the jet profile show
that th mixture region expands to approximately twice the size o' the jet orifice _

diameter.l31 At a time of approximately 1.3 seconds, the upper section of the jet (which ,

is still glowing brightly) expands rapidly to fill the entire water chamber. The portion
of thejet below this expansion region is still relatively narrow and has gradually lost its
luminescence, The probable explanation for this is obtained by noting that postlest
examination of thermite drops cooled in water show that the drop is radially stratified
with a center of iron oxide (and possibly some unoxidized iron) and an outer shell of

,

alumina. During the cooling phase, the outer surface of the drop (which is farthest '

from the exothermically reacting iron core) probably forms a thin crust of alumina
which would " block out" the glow from the iron oxidation process (this situation would
be aided by the probable change in the emissivity of the alumina upon phase
transition). Bottom contact of this cooler leading edge of the jet occurs around 1.9 i
seconds. The glowing upper section of the jet " touches down" shortly thereafter (- 1.2
s).

3.1.2 IFCI Data Output. Execution of the IFCI code produces data based on the 4
fluids simulated in the code. The separation of the fluids presents some difficulties in -

presenting the data for a quantitative comparison with the experimental data. A -

digitization technique is employed to obtain the profile of the jet from the high speed
films of the test. When this data is scaled and corrected for photographic imprecision,
the result is a profile that represents the location of the interface between the liquid
water (fluid 2 in IFCI) and the mixture of the melt (fluid 4 is molten thermite) and the
steam (fluid 1). Since IFCI presents its data in terms of the volume fraction of each
fluid separately, some judgement must be made to allow direct comparison on a single
plot.

For the initial comparisons performed for this study, the variable plotted against the
experimentally measured melt profile is the product of the volume fraction and the
density of the thermite (ophid 4). A direct comparison is provided by post-
processing the IFCI data into a contour configuration in which the x and y axes are
transformed from the discretired noding pattern to the spatial domain of the water
chamber. The experimental data can then be overplotted in two dimensions after
being translated to the ey coordinates of the water chamber.

101
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3.1.3 Comparison of Melt Profile Data to IFCI Data, The results of the post-
processing data analysis are presented in Figures 2 through 7 for times (in seconds
after initial malt / water contact) of 0.08,0.7,1.32,1.94,2.56 and 3.1, respectively. After
3.1 seconds, the melt had essentially expanded to fill the entire water chamber. The
plots show the spatial location of the visible interface between the water and the
melt / steam mixture as diamond shaped points. The IFCI data are presented ag
contours of the op4 product with values of 10,100 and, space permitting,300 kg/m' -

labelejl. Note that molten stoichiometric thermite has a density on the order of ~4000
kg/m , so the contours shown in the 3.1 second simulation are, at their maximum,
approximately one order of magnitude below the value representing a volume fraction
of unity.

,

The test data shown in the plots illustrate the initial jet spreading to twice the inlet
diameter (Figure 2). Although the IFCI data shows a similar initial spreading
characteristic, thq contours that are observed to spread represent volume fractions on
the order of itP (Figures 3 and 4). liowever, any conclusions that might be drawn
from this point must be deferred until similar plots of the steam volume fraction are
obtained. Recall that the -experimental melt profile data represent the visible
interface between the water and the melt / steam mixture and, as such, some
judgement is necessary to properly interpret the IFCI predictions. Certainly, some
further study of this simulation concerning steam volume fractions is in order and will
be addressed in the final report.

As is clear from looking at the plots (especially Figures 3,4 and 5), the IFCI data is
satisfactory in terms of predicting the leading edge penetration rate and the spreading
of the jet prior to the rapid expansion that is first observed in the plots in Figure 4.
This secondary rapid expansion of the jet, which is also observed in subcooled tests at
relatively.later times, is thought to be caused by a transition into the bulk boiling _
regime. (An unsuccessful attempt to model the subcooled test EJET-0 also seems to

- indicate that the bulk boiling model in IFCI is not correct.)

At times _ around 1.3 s, the IFCI model shows bottom contact of the lowest contours of
apa. The IFCI. data appears to follow the leadmg edge of the test data closely,
although a comparison of the contour labeled "100" and the leading edge of the data
illustrates that the datalippears to be " moving faster" than the IFCI predictions (see
Figures 3,4 and 5). The test data shows bottom contact some time before t=1.9s
(Figure 5). - Due to the size of the bulk boiling. associated rapid expansion of the
thermite jet, it is difficult to observe any pile up of melt on the tank bottom. Figure 6
shows that the IFCI contour labeled "100" has already contacted the bottom and
considerable pile-up has occurred, -It is not clear from the data, however, that the
expanded jet has reached the bottom at this time. In the judgement of the author,
based on repeated viewings of the film records of the test, the wide section of the jet
has not reached bottom and Figure 6 actually illustrates the pile up " meeting" the wide-

jet at some point above the water chamber floor. Figure 7 appears to verify this claim
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Figure 2. - Predicted Vs. Measured Jet Breakup (t = 0.08 s) -

although'the reason for the narrowing of the flow froni t=2.6 s to- t=3.1 s is-
-

unexplainable and probably is attributable to error in the data (collecting accurate
_

data near the bottom of the tank at late time is difficult).

12 FJET-0

The basic experimental set up for the EJET-0 test is identical to that reported for.
EJET 1,131 The primary difference is that ElET-0 was conducted with subcooled
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Figure 3. Predicted Vs. Measured Jet Breakup (t =0.7 s)

water at a temperature of 3Q3 K.. The results are similar to EJET-1 including the lack
.of a coherent jet (implying rapid fragmentation), the almost immediate spreading of
-the jet to twice the erifice diameter and the.seconJary later time. rapid expansion

~

associated with' a boiling transition. An important difference in the results (which is
expected) is that the secondary rapid expansion occurs around 2.5 s compared to 1.3 s
for the EJET-1 test supporting the hypothc3is that the threshold and transition into-

: the new boiling regime is water temperature driven.

106

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



, , _ ,_. . _ . _ _ _ . _ _ . . _ . . . . _ . _ . _ _ . _ . . _ _ _ _ . _ . _ _ _ _ _ . _ . _ . . . _ . _ . _ . . _ . _ _ . _ .

;

u

-.

..,

' "
21 0 i " ~T "' T" '

- Legend- -

Cohtour.10 - > atpha = 3E-03
* Contour 100 =- > oIpba - 3E-02

-
*

Contour 300 := =- > ctpho - 8E-02 '

-

- li5 - Y h /f /!
|

hj! I s ,''\ 0.s}
-

ic-

Q 5. '
-

2 / . !| f INN

.?r
- %g|f j/ n! j]\s//V',/;\jN/j.o*4

-

'
e % fg

\
-8

/ '$ 10
' \( b t>[

-fc ) j
--

.

-

??
-

\ f
- E.

'
<

OJ | e( .
\ t" |

\ '\ '

|y&'iQQ'd|'|/ -

0^5

v
X N, ~ / / / .Time ' 32 s

~ q r
,

i
- N N ~'

,

,

\/s e
,

_ . _ .t_ /--0.0 -

. .m
'

. _1___m _L__m____a .._ _a__ _.

-0A - 0. 2 0.0 0.2 OA-
radial dictance

Figure 4. Predicted Vs. Messured Jet Breakup (t = 1.32 s)

An IFCI simulation was set up to model the EJET-0 test. ~The input deck was
,

- identical to the EJET-1 input with the exception that the initial temperature of the
- water (fluid 2) was changed tci the value measured in EJET-0. The execution attempt
was unsuccessful and|the program was terminated after a few time steps. The failure
of IFCI to run with the same input deck but a decrease in the water temperature also

'

1 imp _ lies that the boiling model in IFCI may be the culprit.
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4. SUMMARY AND PIANS FOR TASK TERMINATION

The computer code IFCI was used to model two tests of the penetration and breakup
of a high temperature molten material (stoichiometric thermite) into a tank of water.
The two tests were identical with the exception of the initial water temperature. The-

IFCI predictions appeared to reasonably simulate the early time behavior of the jet
including the initial spreading and the rate of penetration of the leading edge. A
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Figure 6. Predicted Vs. Measured Jet Ilreakup (t =2.56 s)

phenomenon thought to be associated with the onset of a boiling regime transition
-(possibly from subcooled to bulk boiling) was observed in the photographic records of
both tests at different times. This behavior was not observed in the IFCI data for the
' initially saturated water test (IllET-1). The IFCI simulation for EJET-0, in which the
water was initially subcooled, failed at very early times due to an attempt to reduce the
time step to an unacceptable value (IFCI will automatically reduce the time step to
ensure that numerical errors remain below an acceptable level, or if the pressure
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,

- iteration in the fluids solution method fails to converge)..

Prior to running simulations of the remaining _two tests, EJET-2 and EJET-3, three
points need to be addressed. The first concerns the choice of the molten thermite

_ _ =(fluid 4) as the IFCI output variable to be plotted against the test data. .The volume
'_ fracuan of the steam _inside the " glowing" section of the jet is not directly obtainable

from the test data. So, whether the visible interface recorded by the digitization is, in
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fact,' the boundary between the molten thermite and the water or is actually steam
determined temains to be seen. Performing the same data analysis for the steam

- volume fraction (IFCI fluid 1) as was done for the thermite is warranted for the data
taken from EJET-1. It is possible that a combination of the two fluids is required to
completely address the extent of the jet mixture region.

Secondly, the apparent failure of IFCI to adequately model the transition into bulk
boiling in EJET-1 and the total breakdown of the code for the IUET-0 simulation
indicates that further study of the boiling models in IFCI is warranted.

Finally, for the simulations attempted to date, the noding scheme has been relatively
coarse iu order to assess the behavior of the model at minimum computational cost.
- A significant improvement in performance may be obtained by utilizing a finer mesh
in critical areas of the numerical domain.

It appear 3 that the simulation of the breakup of a high temperature molten jet in
water is adequately modeled t IFCI. Further assessments of the code's performance
against other codes (such as TEXAS,- PM-ALPIIA and TillRMAL) would be useful
to confirm the performance of IFCI. When the bulk boiling model in IFCI has been
corrected, the assessment of the code against the boiling jet tests will simply be a
matter of " fine tuning" the code in preparation for the continuation of the total
assessment of IFCI (i.e., subsequent tasks in the Molten Fuel-Coolant Interaction>

"

program),

;
.
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ADIABATIC EQUILIllRIUM MODELS
FOR DIRECT CONTAINMENT llEATING

Martin M. Pilch

Severe Accident Phenomenology, M22
Sandia National Laboratories

Albuquerque, New Mexico 87185 ,

_

ABSTRACT

PRA studies are being extended to include a wider spectrum of reactor plants than was
considered in NUREG-1150. There is a need for computationally simple models for
Direct Coi.tainment lleating (DCll) that could be used for screening studies aimed at
identifying potentially significant contributors to risk. This paper discusses two
adiabatic equilibrium models that are candidates for the task. The first, a 1-cell model,
places a true upper tx3und on DCll loads. This upper bound, however, often far exceeds
reasonable expectations of containment loads based or. best estimate CONTAIN
calculations or exp:riment observations, in this paper, a 2-cell model is developed that
istgely captures the major mitigating features of containment compartmentalization, thus
providing mote reasonable estimates of the containment load. Predictions of the
equilibrium models are compared with experiment data from the Limital Flight Path "

(LFP) test s: ries conducted at Sandia National Laboratories.

1.0 Single-Cell Adiabatic Equilibrium Model
"

The single-cell adiabatic equilibrium model assumes that the entite containment volume
can be t eated as a single control volume m which there are no energy sinks. Failure of the
lower head of the reactor pressure vessel (RPV) initiates melt ejection and blowdown of the
reactor coolant system (RCS) into the reactor cavity. Blowdown gas adds both mass and energy
to the containment atmosphere.

Some ponion of the molten core material that is ejected from the RPV into the reactor
'

cavity is assumed to be entrained rom the reactor cavity and dispersed into the containment
atmosphere; the remainder can be ipored in containment loads analyses of DCII. The metallic
componerits of the dispersed corium are assumed to react completely with available steam,
releasing energy to the debris and producing hydrogen. It is further assumed that the dispersed
mass temains airborne indefinitely so that it can come to thermal equilibrium with the
containment atmosphere.

1L3
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The above processes will heat the containment atmosphere, often to the point at which
steam can no longer inert the combustion of hydrogen. - In this analysis, preexisting hydrogen,
hydrogen in the blowdown gas, and hydrogen produced from metal / steam reactions in the
containment are assumed to bum slowly to the extent that oxygen is available globally.

,

Impulsive pressure loads due to possible hydrogen detonations are not considered.

Derivation of the single-cell model is being documented by Pilch and Allen [1990]. The
relevant results are summarized here. Thermal equilibrium between airborne debris and the
containment atmosphere,

{ AE.'AU AP (1),
=_= ,

U* P' U *(1 + y)

yields a rimple, bounding expression for the DCH load. Here
J

AU total internal energy gained by the containment atmosphere,=

U' initial intemal energy of the entire containment atmosphere,=

pressure rise in the containment resulting from the DCH event,AP =

initial containment pressure.P' =

maximum energy that could be added to the containment atmosphere byAE =i

the i* process, and
heat capacity ratio.y =

The heat capacity ratio appears because at thermal equilibrium between airborne debris
and the atmosphere the debris still carries sensible heat that is not available for containment
pressurization. The heat capacity ratio is def'med by

N,C,*

(2)

Y = (N" + NM

where

N, number of moles of debris participating in DCH,=

C, molar heat capacity of debris,=-

N' number of gas moles initially in the containment,=

N, number of nas moles added to the cc:nnment by RCS blowdown, and=

C, molar heat capacity of the containment atmosphere.=

The molar inventory of the atmosphere and the RCS can be expressed in terms of containment
and RCS initial conditions as

,

t
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N'= (3)
R,T*

"* ""N| = (4).

R,Ta*c3

where

I*,I*acs initial pressures in the containment and RCS, respectively,=

V',V'acs volumes of the containment and RCS, respectively,=

universal gas constant, andR, =

T*7*acs initial gas temperatures in the containment and RCS, respectively.=

The number of debris moles participating in DCH can be related to the initial numoer
of debris moles in the RCS,

N, = f,f,g/W* , -(5)

where

f,g fraction of melt initially in the RCS that is ejected into the reactor cavity=

fraction of melt ejected into the reactor cavity that is dispersed into thef.,, =

containment, and

N/ ' = moles of molten debris initially present in the RPV at the time of vessel
breach.

DCII experiments and analyses [Pilch and Tarbell,1985] suggest that virtually all molten material
in the bottom of the RPV at the time of vessel breach is ejected into the reactor cavity (i.e., f,y
- 1.0). Experiments in the Zion, Surry, and Watts Bar geornetries [ Tutu et al.,1990; Tuto and
Ginsberg,19901 have failed to demonstrate that any cavity design will prevent dispersal of debris
from the reactor cavity into the containment atmosphere for RCS pressures greater than about
4 MPa: consequently, fg = 1.0. This is contrary to subjective speculation by IDCOR [1985).

Four processes contribute to containment pressurization during DCH:

1. - RCS blowdown,
2. exchange of debris thermal energy with the containment atmosphere,
3. chemical energy released by oxidation of metallic constituents of airborne core

material by the containment atmosphere, and
4. combustion of hydrogen in the atmosphere.

I15
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Working expressions for these processes are discussed next.

The internal energy of the RCS is given by

Pa*cs acs (6)
V

$g ,
y-I

where

C/C, is the isentropic exponent of blowdown gas.y =

Virtually all this energy is convected into the containment during RCS blowdown.

The thermal energy contribution represents the total intemal energy of airborne debris
referenced to the initial temperature of the atmosphere

,

I)
AE, . = N, u,(T*) - u,(T'')

where

molar intemal energy of airborne debris,u, =

T/ initial temperature of airborne debris, and=

'I* initial temperature of the containment atmosphere.=

The specific internal energies are composition dependent,

u,(T) = f,p,j(T) (8)

where

mole fraction of i* species in the airborne debris, andf =
43

uti = molar internal energy of the i* species in the airborne debris.

The chemical energy term accounts for the exothermic oxidation of the metallic
components of airbome debris,

N, f,Ah,j (9)AE, =

o
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where

Ah = - molar heat of reaction of the i* component of the debris.o

Two sources of oxidant in the containment atmosphere are oxygen and steam. The debris will
preferentially oxidite with 0 when available, and this is the mort energetic reaction. If debris2

does react with steam, however, then hydrogen is produced that may subsequently combust with
the available oxygen; in which care, the net energy release of the cycle is the same as if the
debris burned with oxygen.

Reaction energies based on metal / steam reactions are recommended, provided the
resulting hydrogen production is explicitly accounted for in the hydrogen combustion term. T;..
facilitates comparison with experiments in which the atmosphere is inerted (no oxygen), but in i

which steam is available for reaction with the metal. There may be reactor applications when
a similar situation arises. The energy contribution resulting from hydrogen combustion is given
by

AE,,f = N,,,,Ah,,, (10)

,

I where
(
! Nn2 total number of hydrogen moles in the containment atmosphere, and=

Ahn2 molar heat of reaction for hydrogen combustion.=

The intal amount of hydrogen available for combustion can be expmssed as
E
'

N,,, = f,,f/ * + f,,,y3N|c3 + N,,,,,, (II)-

where
|

fn2 mole fraction of hydrogen initially in the containment atmosphere,=

fnues mole fraction of hydrogen in the RCS at the time of vessel breach, and=

fn:m moles of hydrogen produced by metal / steam oxidation.=

Global oxidant limitations for debris oxidation and hydrogen combustion generally do not exist
for pressurized water reactor (PWR) containments, and they are not explicitly. accounted for in
this screening model. The magnitude of these energy terms will require adjustment should
oxidant limitations arise in any other applications.

The earliest considerations of DCH [NRC,1985] identified cavity water as a potential
mitigator of DCH. Simple energy arguments support cavity water as a mitigator because energy
absorbed in vaporizing water will not contribute to increased atmospheric temperature. Although

i
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vaporized water adds moles of steam to the containment atmosphere leading to increased
pressure, the resulting pressure rise would be considerably less than if all the energy went into
heating the atmosphere. Consequently, cavity water is a potentially mitigating factor.

This simplistic energy argument does not reflect the kinetics of debris / water interactions.
Experiments [ Spencer et al.,1987: Allen et al.,1991b] have shown that cavity water can enhance
debris dispersal from the cavity; however, the screening model already assumes nearly complete
dispersal from the cavity for RCS pressures greater than 4 MPa. CONTAIN calculations
[ Williams et al.,1987] have indicated that efficient water interactions in the eavity can increase
the peak pressure by as much as 20 percent compared to a dry scenario for a wide range of water
masses ($100 MT). Only modest increases in peak pressure and hydrogen prmiuction [ Spencer
et al.,1987; llenry et al.,1991; Allen et al.,1991b) have been observed in experiments. The
latter already is accounted for fully in the equilibrium models. Analyses of these experiment
results suggest that only a small fraction of the available water participates in the interactions.
This conclusion is supported by other experiment observatians [Tarbell et al.,1991] where violent
debris / water interactions in the cavity expel the bulk of the water from the cavity as a slug. For
these reasons, the neglect of cavity water in the screening model is judged to have minimal
impact on predicted results.

2.0 Two-Cell Adiabatic Equilibrium Model

The two-cell adiabatic equilibrium model extends the previous results in c rder to capture
part of the mitigating effects associated with containment compartmentalization, which prevents
the efficient mixing of airborne debris with the entire atmosphere by confining the bulk of the
debris to the subcompartment of the containment. Thermal equilibrium between debris and gas .

in the subcompartment retains more energy in the debris as unavailable for additional heating of
the atmosphere. This effect is termed thermal saturation. Conceptual development of the model
follows, as it has not been documented elsewhere.

The containment is divided into two volumes: upper dome and subcompartment. For
a PWR, the subcompartment typically comprises the reactor cavity and the region generally
located beneath the operating floor, bounded by the crane wall and the refueling canal wall. The
upper dome comprises the remainder of the containment. Debris can be dispersed from a PWR
cavity through two possible flow paths. De first flow path exists so that incore instrument guide
tubes can have access to the lower head of the reactor pressure vessel. Debris dispersal through
this path will enter the containment subcompartment.

A second path for debris dispersal is through an annular gap surrounding the reactor
pressure vessel. Debris dispersed through this path enters the upper dome of the containment.
The annular gap usually is filled partially with reflective insulation. The insulation is mostly
void with layers of metal foil retained by thin sheet metal. The fate of the insulation under
severe accident conditions is a matter of speculation. Some researchers argue that the insulation
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will cnimple up and restrict the flow path, while others argue that the insulation will be blown
out of the way or compressed against the RPV, thus presenting the maximum Dow area for debris
dispersal. The analysis presented here allows for the passibility that both Dow paths can exist.

The premise of the two-cell model is that DCH occurs independently in the
subcompartment and the upper dome. The total energy imparted to the atmosphere is the sum
of the subcompartment and upper dome contributions,

[ AE [ AEu u
' (I IAU = AU + AU, = _'. +

i ,

1 + y, I + y,

so that the resulting pressure rise is given by

{ AE'. { AE"AU , AP , (13), ,o .

Ua P" U "(l ' + y,) U "( I + y,)

where

yi, V2 = heat capacity ratio for the sutrompartment and upper dome
respectively, and

AE ,; AEu = maximum contribution of the i* process in the subcompartment andi
the upper dome respectively.

On a containment-wice basis, y is usually a second order effect; but the local heat
capacity ratio, yi, could be very significant in the lower containment regions., Consequently,
thermal saturation of a subcompartment has the potential to mitigate sigificanti containment
loads. De _ local heat capacity ratios are defined by

AirNS,
vi (14)=

(%,N + for [kN

(1 - f;,)Nf,
,

(1 - fnW" + (1 - f,,)N| C,
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1

)
I

where -|
l

fraction of the total containment volume occupied by the subcompartment, and |fvi =

fraction of the total flow area from the reactor cavity that communicates withf,i =

the subcompartment.

The assumption here is that the debris and blowdown gas enter each cell in the same fructions
as the flow areas. The HIPS-8C experiment (Pilch et al.,1988] lends partial :redibility to this
assumption.

Consider the contribution of RCS blowdown to the atmosphere energy. 'Ihe total is the
sum of the individual contributions for each cell

,

AU, = f',AE, (1 - fa,)AE,
(16)+

,

1 + y, I+V2

which, after some rearrangement, can be written as

AE' (17)
AU, = n, 1 + y ,

,

where the efficiency is given by

I*V
= f, 1 + y,I ' V + (1 - f,,) I + y (18)q, .

,

The thermal and chemical energy contribution can be developed in a simila. fashion since debris
is also apportioned between the cells according to the flow areas. The results are

LE' (19)AU,= q,1+y

AE' (20)AU, q,1+y=
,

where q,=q,=q, are identical because all temis are flow-area weighted.

The contribution due to hydmgen combustion requires a little more care because
preexisting hydrogen is apportioned between the cells by volume fractions, while hydrogen
carried with the blowdown gas or formed by metal oxidation is apportioned by flow area

-

fractions. The contribution due to hydrogen combustion is given by

_

'I

*
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AE#1 (21)AU , y , _1 + y
=

y y

where

frin?' * f.i nacFEcs + Nnze,h1+y
,

inF" + finscFa'cs + N I * Y'nzi
(22)

.(1-f>)fn8"+(I~f.i)hu2ec8*cs+Nine=) I + V
,

fuf' * fnscF$cs + N ,,, 1 * V1
i y

In this fonnulation, it is assumed that sufficient oxygen exists to burn all hydrogen. Globally this
may be true, but the assumption is suspect in the subcompartment. The more bounding result
is favo.ed for screening models However, H located in the subcompartment cotild be displaced2

into the upper dome where it could still bum.

The total containment response now can be written as

[ TI'AE-'AU AP (23),
= =

,

U* F* U*(1 + y)

or attematively as

AU , AP , y'' ' AP I (24)
- U '' P* P* l-cell '

< >

where the efficiency due to containment compartmentalization ? given by the energy-weighted
average of the individual process efficiencies

E '1;AE,
'y'' = (25)
[ AE,
i
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3.0 Comparison With Experiment Data

The LFP experiments [ Allen et al.,1991a] provide useful data for assessing the utility of
the adiabatic equilibrium models. In the LFP tests, the Surtsey vessel was divided into upper and
lower compartments by a concrete slab placed in the path of dispersing debris. The relative size
of the subcompartment was varied by positioning the concrete slab at various heights above the
cavity exit. large flow paths permitted easy gas flow between the cells. Virtually no debris was
found above the slab; however, the annular gap around the RPV was not simulated in these
experiments so that fa = 1. Furthermore, the containment atmosphere was inerted in these
experiments, so the DCH contribution due to hydrogen combustion was eliminated. The tests
employed a 1:10 linearly scaled reactor cavity representative of the Zion nuclear power plant.

Although the LFP tests simulate contamment compartmentalization, they do not simulate
any of the complex structures or equipment located in typical reactor subcompartments. Twn
additional tests, which provided detailed simulation of the Zion subcompartment structures, are
added to the LFP data for model assessment. The first, SNIJIET-1 [ Allen et al.,1991c]
nominally represented a 1:10 linearly scaled mockup of the Zion containment; while the second,
FAl/DCH-4 [ Henry et al.,1991] nominally represented a 1:20 linearly scaled mockup of the same
NPP. The containment atmosphere was inerted in both these tests, and the annular gap around
the RPV was not simulated.

Figure 1 prosides an assessment of the 1-cell equilibrium model. The axes represent the
ptessure increment (AP) nonnalized by the initial containment pressure (I$ Figure i shows no
correlation of the 1-cell model with the experiment data. Predicted pressure increments all
exceed measured values, thus supporting the bounding nature of the !-cell equilibrium model.
Unfortunately, predicted values can exceed measured values by nearly an order of magnitude.
Margins this large are likely to be of limited utility in most reactor analyses.

Figure 2 provides an assessment of the 2-cell equilibrium model. Experiment results are
nonnalized by the pressure increment predicted by the 1-cell equilibrium model. In this manner,,

comparisons can be made on an efficiency basis. The lowest efficiencies typically occur for the
smallest subcompartment volumes. For these cases, the 1-cell model overpredicts the pressure
rise by nearly an order of magnitude. In comparison, the 2-cell model predicts pressures (nat
exceed measured values by approximately a factor of 2, regardless of the degree of
compamnentalization. TL 1, the 2-cell model is favored strongly over the 1-cell model as a
screening model.

Temptations to renormalize (tune) the two-cell model by this factor of 2 with the
experiment data should be resisted for two reasons. First, the margin between model predictions
and experiment data might be explained by kinetic arguments that pit heat and mass transfer rates
against trapping rates. These kinetic argunents are potentially scale-dependent, resulting in a
smaller margin at reactor scale.
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The second reason for caution is that the two-cell model may not be a rigorous bound to
the DCH load in compartmentalized geometries. Although most model assumptions are selected
to favor a bounding result, subtle kinetic arguments preclude such a strong assertion at this time.
More complex integral effects experiments (which include the potential for hydrogen combustion)
or numerical experiments using the CONTAIN code could lend more weight to the bounding
nature of the 2-cell equilibrium model.

The apparent correlation shown in Figure 2 between the 2-cell model predictions and
experiment measurements has important implications. De LFP tests [ Allen et al.,1991a]
employed only the crudest representation of containment compartmentalization, while the
SN!JIET-l' test and the FAl/DCH 4 tests employed accurate and complex npmsentations of the
Zion subcompartment geometry. Yet all the tests appamntly are correlated by the simple control
volume representation inherent in the 2-cell model. His suggests that the plant specific details
of subcompartment geometry are at most a second-order effect and that the dominate mitigating
effect on debris / gas heat transfer is thermal saturation of the sutrompartment atmosphem. Thus,
DCH mitigation in compartmentalized geometries is predominantly a volume effect.

4.0 Reactor Analyses

The 2-cell equilibrium model is not intended to replace CONTAIN as the state-of-the-an
best estimate tool for calculating DCil loads; however, the 2-cell model could be useful in PRA
screening studies aimed at bounding the potential significance of DCH in a variety of reactor
plants. This is illustrated with an application to the Zion reactor where typical initial conditions
for a S2D accident (pump seal LOCA initiated by a station blackout) are given by P"ac3=6 MPa,
Mm=53 tonnes, and P"=0.2 MPa with 4% preexisting hydrogen. Table 1 summarizes the results
for two cases: one with hydrogen combustion and one without hydrogen combustion. Clearly,
the potential combustion of hydrogen is a dominant contributor to the DCH load, and the 2-cell
model treats- hydrogen in a very bounding fashion (i.e., complete oxidation of the metallic
component of dispersed debris and complete combustion of all hydrogen). Nonetheless, the
probability of containment failure is reduced to nearly zero based on predictions of the 2-cell
model; by comparison, the 1-cell rnodel suggests that failure is virtually assured.

1

Table i
Peak Containment Pressure (MPa)

for Zion Predicted by the Equilibrium Models
t

Model Zicn-S2D Zion-S2D Conditional Probability
Without H Combustion H Combustion of Containment Failure

2 2

1-Cell Model 0.65 1.11 0.85

2-Cell Model 0.43 0.78 0.04

|
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Simple DCII models could p}ay an important role in bridging the gap between the
complexity of phenomenological codes such as CONTAIN and the reqairements of PRA
analyses. PRA analyses of DC11 are served better by a computationally efficient tool that returns
peak containment pressure as a function of PRA-supplied initial conditions at the time of vessel
breach. Best estimate computer codes are far too computationally burdensome to serve the need
directly; however, a response surface fitted to computer generated data could serve as a ;urrcgate
for the phenomenological code in the PRA analyses. If phenomenological uncertainties exist,
then the response surface can be sampled in a Monte-Carlo fashion to quantify the total
uncertainty in peak containment pressure.

Response surface techniques have been applied successfully in other areas of NRC
research (e.g., NRC,1989), but they have not been applied to the DCil probl n. One potent ali

shortcoming of the technique is the difficulty in finding a suitable response surface that is
applicable over the entire range cf important parameters. Although not quantitatively accurate,
simple phenomenologically based models, such as the 2-cell model or perhaps a 2-cell model
with simple kinetic enhancements, can capture the major parameter sensitivities while preserving
known phenomenological limits. The simple models can then be used as a seed for a more
accurate response surface by fitting a candidate function to computer generated data that has been
normalized by predic. ions of the simple rnodel. In this manner, simple DCli models can be used
to help bridge the gap between best estimate codes and PRA analyses by increasing the
likelihood of finding a suitable response surface.

5.0 SUMMARY
|

Results of the 2-cell adiabatic equilibrium model clearly demonstrate that the inherent
compartmentalization of reactor containments is a dominant mitigating factor for debris / gas heat
transfer. DCll mitigation in compartmentalized geometries is predominantly a volume effect.

; Although viewed primarily as a bounding model, the 2-cell model could be a useful tool for PRA
screening studies because it provides some discrimination as to the vulnerability of some plants -,

to possible DCH loads. The model is computationally simple, and it has the potential to serve
as a seca for a more complex phenomenologically based response surface describing DCIf
containm:nt loads.

|

|

|
|

;

!

l

|
|

125

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



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

.

,

i RiiFERENCES
.

M. D. Allen et al.,1991a, Emeriments to Investicate the Effect of Flicht Path on Direct;

! Containment licetine (DCil) in the Surtsey Test Facility: 'Ihe 1 imited Micht Path (LFP) Tests.
NUREG/CR 5728. SAND 91 110f Sandia National Laboratories, Albuquerque, NM,

M. D. Allen, et al.,1991b, Emerim nts to InvestinatttM Effect of Water in the Cavity on Direct
ContainmenilleatinnJDCil)in the Sursey Test Facility, SAND 90 Il73 to be pubi. ,ed. Sandia
National Laboratories, Albuquerque, NM.

M, D. Al!cn, et al., Oct.1991c. .Qdtk Look Report on the Intecnd Effects Test (IET-1) in the
Surtsey Test Facility, Sandia National Laboratories, Albuquerque, NM.

R. E. llenry et al.,1991, " Direct Ccatainment lleating Experiments in a Zion Like Geometry,"'

Seminar report,26th National lleating Transfer Conference, Vol. 87.

IDCOR, July 1985, Te&acal Support for issue Resolution. Technical Report 85.2, (Fauske &
Associates).

NRC,1985, Estimates _og atly Containment 1 oads from Core Melt Accidents, NUREG-1079,
U.S. Nuclear Regulatory Commisslori, Washington, DC.

NRC,1989, Ouantifyinc Reactor Safety Marcins, NUREG/CR 5249, EGO 2552, U.S. Nuclear
Regulatory Commission, Washington, DC.

M. Pilch et al., Sept.1988, 'The influence of Selected Containment Structures on Debris
Dispersal and Transport Fo:fowine Ilich Pressure Melt Eicetion from the Reactor Vessel,
NUREG/CR 4914, SAND 87-0940, Sandia National Laboratories, Albuquerque, NM.

M. Pilch and M. D. Allen Dec,1990, A Scaline Methmlolony for Direct Conttinment lleating
With Applicatien to the Desinn and Specification of an Emetiment Pronram for Resolvine DC11
tsnin, Draft for Comment Sandia National Laboratories, Albuquerque, NM.

i M. Pilch and W. W, Tarbell, Sept.1985, Ilich Pressure Melt Fiection From o Reactor Pressure
Vessel: The Discharce Phasg, NUREG/CR 4783, SAND 85 0012 Sandia National Lateratorier,

,

i Albuquerque, NM.

fl. W. Spencer et al., Mar.1987, lledrodynamics and lieat Trannr Aspects of Corium Water
Interactions. EPRI NP 5127, Argonne National Laboratory, Argonne, IL

W. W. Tarbell et al., Mar.1991, Pressurized Melt Eiection into Water Pools, NUREG/CR-3416,
S AND84-1531, Sandia National Laboratories, Albuquerque, NM.

; 1.%

|



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

i

P

1

N. K. Tutu et cl., April 1990, hielt Disnersal Characteristics of the Watts liar Cavity. Technical
Repon A 3024, llrookhaven National Laturatory, NY.

N. K. Tutu and T. Ginsberg, Oct.1990, "A Letter Report on the Results of hielt Dispersal
Eyerinents With Surry and Zion Cavity hiodels",11rtokhaven National Lateratory NY.

D. C. Williarns et al., hiay 1987, Containment leads Due to Direct Containment lleatine and
Associated livdre.;en Itchaviort Analysis and Calculations with the CONTAIN Code,
NUREG/CR 4896 SAND 87 0633, Sandia National Lateratories, Albuquerque, Nht.

i

l

i

1

4

127

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



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

|

RESULTS OF RECENT NUPEC llYDROCf.N REi ATED TESTS

K Takumi and A. Nonaka, Nuclear Power Engineering Center

-K.Moriya, Hitachi, Ltd.

J,0gata, Mitsubishi Heavy Industries, Ltd.

ABSIRACI

NUPEC has started NUPEC Containment Integrity project
entitled " Proving Test on the Reliability for Reactor
Containment Vessel * since June. 1987. This in the
project for the term of eleven years sponsored by

MITI (Mini st ry of International Trade and Industry,
Japanese Government). Based on the test results,

computer codes are verified and as the results of
analr11s and eval 4tation by the . computer codes,

containment integrity is to be confirmed.

This pape r. _ i ndi ca t es the results of hydrogen mixing
and distribution test and hydrogen burning test.

The NUPEC tests conducted so far suggest that hydro-
gen wilI be we11 mlxed in the mode 1 containment
vessel and the prediction by the computer code is in
excellent ~ agreement with the data.

The NUPEC hydrogen burnins test data is in good
agreement with the FITS datu at SNL that were ob-
tained at the lower hydrogen concentration conditlo'n.
New data bases have been added in the higher hydrogen
concentration by the NUPEC data.

1. INTRODUCTION

A reactor containment _ vessel as important because it can hold
radioactive materials when an accident occurs. Under present
establishment permit, it is able to maintain integrity- regard-
ing internal pressure, temperature. _ flammable gas (hydrogen) ,

etc. on. the accident. In addition. It is able to maintain
Lintegrity even - when a large amount of hydrogen gas is pro-

duced.
On the accident in the Soviet Union which occurred in April
1986, 'however, it was reported that a reactor containment
vessel of sufficient performance had not been -installed in
that nuclear plant, in Japan, as a result, there occurred a
fear among population, especially people living nearby nuclear
power plants, that containment vessels used in Japan nuclear
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reactors might not be sufficient necessarily.

'Therefore, it is necessary to prove the integrity of reactor
containment vessels and to calm the fear of population on the
promotion of nuclear tour ger.eration,

in order to confirm the integrity of contalnment vessels under i

conditions which are assumed when a large amount of hydtogen
is produced, hydrogen mlxing and distiibution iest, and hydro-

gen burning test are conducted.
The hvdrogen mixing and distr'ibution tests are to investigate
their behaviors in the containment vessel with multiple com-
partments representing a typical large dry containment of a

PWR, The test vessel has a volume of 1, 6 0 0 m' that is a' ,, t

1/4th scale of an actual PWR containment vessel. Compa r t n.en t

number 25 in the test vessel is the same as that of actual

plants. Hellum gas is used for this test instead of hydrogen

to avoid unexpected explosion.

Hydrogen burning tests are conducted at NUPEC with the nbjec- i

tives to investigate hydrogen burning phenomena including
,

mitigation offect of steam, spray, and nitrogen inserting in a
containment ve+sel and +o confirm containment integrity

against hydroge,1 burning. The hydrogen burning tests are

conducted by using a small scale cylindrical vessel with S nl-

and a large scale * sphe r ical vessel with 2 7 0nl. In the small
scale test, the offects of gases have been investigated in,

detail prior to the large scale test.

2 Hydrogen Mixinu and Distribution Test

, 3
2.1 TEST FACILITY AND 1EST CONDITIONS

i
i

The objective of this test is to investigate hydrogen distri-
i
'

bution and mixing behavior in the containment with large

volume and many compartments for the case of tn relatively

large amount of hydrogen production. Figure 1 and 2 show flow
chart and test facility of hydrogen mixing and distribution
test. The diameter and height of the test vessel are 10m and

I 20m respectively. Compartment number 25 in the test vessel i s-

the same as that of actual plants, Figure 3 shows model com-
I

'

partment arrangement.

-Having similar characteristic to hydrogen, helium is used for

| this test instead of hydrogen in order to avoid unexpected

|
explosion. Equivalent hydrogen concentration in this test is

| less than 18%, The test faci 1ity has gas tbree supply systoms
that are helium supply system, cooling water supply system and
steam supply system for simulating the burst of piping and

blow down. Table I shows PWR mixing and distribution ts t

conditions. For BWR only analysis is performed.
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j ?.2 TEST RESULTS I

|
|- Hydrogen mixing and distribution test was performed at Tadotsu

| Enusneering Laboratory of NUPEC from 1989 to 1990. And addi-
| tional test-will be performed from 1991 to 1992.

! Main test items are effect of natural circulation with helium
i injection, effect of density difference between helium and
i ai r, effect of steam injection, effect of spray water, etc.
; ,

t

i !

!
|

4 '

I'

!
i !

!

i

i

:
i;

!- i

|-

| Table 1 PWR Mixing and Distribution Test Conditions
,

i i

t
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ITEMS MIXING TEST CONDITIONS
,

g [ h- ] ~
~~

|llYDROGEN OiEL10M)
y

CONCENTRAtl0N !
b.

'
2 SfEAM CONCENTRAll0N 5 f,0 V01, % ;

- -. -. . -4 - - . . . . - . . .

'

3 WATER SPRAY FLOW 70 nUh
;

1- 4 !!YDR0 GEN (llEllUM) FLOW max. O.12 kg/s

,
_

'

| - 5 STBAM FLOW max. 0.74 kg/s

j 0- COMPARTMENT 25 '

f T POSTULATEDBREAKDOEN
~~

SG UiiiiI ol5i ~ ~ ~ ~ ~ ~
~

R

LOCATION - PRESSURIZER RELIEF TANK- - i
'

: INITIAL NITROGEN
8- AlMOSPl:ERIC :

CONCENTRATION

INITIAL OXGEN
9 AT40SPHERit,

CONCENTRATION
.

-

; . . . -.- _ 7

! 10 INITIAL PRESSURE AiMUSlitRIC |

|
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3 liydrogen Burning lest

3. 1 TEST FACllllY NJD 1EST CONDITIONS

The objective of this test is to rosearch hydrogen burning
phenomena including mitigation effects of steam, spray, nitro-

gen inerting etc. in containment vessel and to confirm con-
tainment Integrity for hydrogen burning. This' test is composed
of small scale test in 5 m' cylindrical vessel and large scale
test in 270m' spherical vessel.

Figure 4 and 5 show test vessel and test facility of small

scale hydrogen burning test. The diameter of test vessel is

1. 5m and its helght is approximately 3. Sm. The vessei design
pror.sure 30kg/etd was decided taking account of the postulated
detonatlon. _ Figure 6 shows test vessel of large scale hydrogen
burning test. The diameter of spherical test vessel is 8 m.

Test facility of large scale hydrogen burning test is now
under construction at Takasago Engineering Laboratory of

NUPEC.

The content of the small scale tests is as follows:
(1) Bef ore large scale tests are conducted, basic data pertain-
ing to the transitional areas among combustion, deflagration
and detonation is a'ccumulated to decide the scope of the large

scale tests.
(2) De f or e large scale tests are conducted, the appropriateness

of the measurement and data processing system is confirmed.

(3) Compa r i s on s are made with data from the United States to
make sure that the data is valid.
(4) l n order to confirm the effectiveness of hydrogen combus-
tion control, characteristic data is obtained.

(5) T he fIammable 1imit under. nitrogen inerting condition is

confirmed.
The content of the large scale tests is as follows:

(1)1he effectiveness of compartments for hydrogen combustion

is confirmed.
(2) Sma l l scale and large scale test are conducted to confirm

the effects of scale.
(3) T he - effectiveness of hydrogen combustion controls using

blowdown steam, nitrogen and other diluents is confirmed.

(4) T he fIammable 1imit under nltrogen inerting condition is

confirmed.
Table.2 and 3 show burning test. conditions,

3.2 TEST RESUl.1S
Y

Hydrogen burning test (small scale) was performed at Katstuta
Engineering Laboratory of NUPEC from 1989 to 1990, and addi-
tional test will be performed f r om 1991 to 1992. liydrogen
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,

burning test (large scale) will be performed form 1992 to
1994. Main test items are effect of temperature, effect of
pressure, turbulence effect, spray effect. distribution ef-
fect, concenration efft;t of gases etc. figure 7 shows Iso-
arrival time contour. Figure 8 shows tyoical temerature
trenstent curve.

REFERENCES

(1) B. W. Ma r s ha l 1. J r. . "Hyd r ogen : Al r : S t e am F1ammability Limits
and Combustion Characteristies in the F11S Ve 5 se 1'. NUREG/CR-
3468. Dec.1984

_

lable 2 Small Scale Burning Test Coditions

. . _ . _ - . __ __

lilMS BWR IhR

1 IlYDROGEN CONCENTRA110N s70voik - hovol%
2 STliA4 CONCliNTRAll0N s 60 vol \ n 60 vol %
_ . _ _ _ _ _ _

3 NITROGEN CONCEN1RAll0N 6 97 vol % AlMOSNIERIC

4 OXYGEN CONCENTRA110N :.4 10 vol % ATMUSNIFRIC

5 SikAY1:1.0WRATE G 15 nuh 3 nuh*

6 iNITI AL PRESSl!Rii AlMOSIllER1C AT MUSl'Ill RIC
- . .- - . = - - - -

7 COMPAR1MENTS --

-. ]_ ._ ___ _ _ _ _ . _ _ _.

Table 3 1.arge Scale Burning Test Coditions

1 JMS BWR PWR
. . - -. - . ._ - -. . .-

1 IlYDROGEN CONCENTRA110N :a 70 vol 4 :; 18 vol \
. .- - - . - - -

2 STEAM CONCENTRATION < 60 vol % 60 vol %-

- _ _ . . _ - -. . -

3 NITROGEN CONCENTRATION 5. 97 vol % ATMOSHIERIC
.

4 OXYGEN CONCENlRATION : 10 vol % AlMBSNIERIC !
-1

5 SPRAY H.0W RATE , M nuh n n; nuh

6 INITIAL PRESSl:RE AlMBSPill:Ril: AIMOShiERif

7 004PARTMEhlS
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COMPAltlSONS IlETWEEN llDR il, DISTitillUTION
INPEll1MENTS El1.2 AND El1.4

l- Woll', I Valencia,11.11. Wenzel* *. it. Grimm * *, K. Junsen* *
Projekt ilDit. Kernforschungstentrum Karlsruhe Gmbil. Karlsruhe, I'l(G

''11111( Karlstein. I'l(G
'llattelk Europt, I rankf urt am Ntain, i 1(G

1. INTRODUCTION

l'he ll -d:stribution and mising esperin.ents, designated as 'lest Gnmp Ell, performed in the2

lil)ll fetility /1 15! combine the following featurrs:
-

latye scale of the esperimental facility-

high lir thuse ratesr-

superheattd steam injection into the containment-

multi compartment geometry with sulliciently laiye dome solume repirsentation-

representatise internal concrete and metal sinuturn and surfaces-

energy inmsfer acnns the containment i, teel shell into a s try high annular ring space of-

50 m height
- multiple steam and licinjection phases

dillerent asial pmitions for ll, releases-

eumination of the el11riency of II mitigating featurrs including external dome spniy as-

well as senting

The test group consisted of a total of eight different nperiments addressing a wide spectrum of
licdistribution and mitigation issues in sesere accident containment atmmpherts.

The paper focuses upon the speellic Ell.2 aml Ell.4 /14' whhh both cmer small lutuk
scenarios and a variety of mitigating measures. A gas misture consisting of 85 vol'~c lie and 15 -

vol% 11 was used to esamine the distribution and mising behastor. The mdor differsnces2

between the esperiments Ell.2 and Ell.4 concern primarily the asial break and gas tricase
positions (Ell.2: high; Ell.4: low), the test dunition and total energy input.

Iig. I prrsents an meniew of the llDR facility and the dherse subsystems used during the
esperiments El1.2 and Ell.4 together with the positions of thermocouples and ll, concentnition
sensors, measured results of which att presented and discussed in the following,

l'ig. 2 shows schematic menleos of the nperimental procedurrs esetrised for the tests Ell.2
and Ell.4, rtspectively. Details and objecthes of these proceduits huse been alread3 presented
in various tiports and at a number of conferences 116,1012,1415!, including the 18th Wl(SN1
17|.

As an outcome of intenshe discussions and as a result of mlditional efforts by all of the
patilcipants in the allermuth of the two PilDit Illind llenchmark Exercises /4,8!(see Chapt. 3),
PilDR/11DR w as forced to perform ircalibration tests /13! on the esternal steam line originating
at the neighboring coal fired power station. These tests were performed for most parts with the
originul steam line, instrumentation und additional dheise and redundant Instrumentation as
depicted in l'ig. 3.

I19
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The 11ndings from these trcalibrh?n tests llN confinned tarlier speculatiams't.uggestions b the3

computer code applicants thut the PilDibsupplied steam maw flow was indeed too high. This
is shown in l'Ig. 4 which compares the incontct with the corrt(t esternal steam mass flows ,

indicating a substantial dillettnce between both of them. Various maasuremt nt infor' stions
and verification procedurts were used to (onlinn the co Tected steam man llow, de ils of
which are deuribed in /IN.

2. COMPARISON lil?FWEEN Tile EXPERIMENTAL, RESUl!FS OF El1.2 AND

Ell.4
:

ligs. 5 thnmgh 10 present pairwise some major experimental results for pressures (Fig. 5),
temperatuirs (I ig. 61, steam contentrations il ig. 7), gas mntentrations (Fig. 8), velocities at the
31 m position (Fig. 9) and it-mperatures in the annular gap between containment steel shtll and L

secondary concrete shell (Fig.10),

in onter to cornptthend the transient histories of the different quantitles under consideration,
Fig. 2 should be consulted to refer to the savious experimental subphases. A detailed account for
Ell.2 was given in /7/.

A pulruise on>ss compurison of the figures reveals among some similarities in the contalument
response, gmss differences in the stnittlication and gas concentration distribution putterns,
largely due to the asially dillering break and rtlease posWion (Ell.2: hight Ell.4: low).

As shown in Fig. 5,in both experiments, u maximum pressure of anmnd 2 bar is reached at the
end of the respectise heatup periods as indicated in I'lg. 2.

The dilTerent axial birak! tlease positions lead to substantially dillerent stnitillcation patterns
in both experiments as demonstrated in l'ig. 6. Whereas for Ell.2, u steep temperature uradient
exists between the lower and upper parts of the containment, which cannot be equattred esen
by an additional steam release f rom the containment lower part. Ell.4 is chanitterlied by an
almost homogeneous containment atmosphere escept at positlons below the bivaleirlease

_

position. These differences huse a major impact upon all other quantitles as shown in the
following 11guits.

The differences in the thernml stratillcation tninstate further into substantial ditTerences in the
steam concentration behastor as shown in Fig. 7. Again, for Ell.2 the asial steam -
concentrations dilTers, about 100 vol G between top and bottom regions of the containment
whereas Ell.4 - shows close to homogeneous steam concentnition throughout the whole
containment (bandwidth about 10 sol %) with the exception of the lowest containment part.

As a result of thernml and steam concentration gradients as well as the dillerences in impacts
by ;e accident mitigation! management measurrs, such as esternal steam shell spraying, gas
concentration histories for Ell 2 and Ell.4 show a totally dillerent behasior. Whereas for
Ell.2, the gas concentnition_ histories show extremely sensible responses as result of the various
experimental subphases, such us steam addition, esternal spniy, Ell.4 is characterlied by a
nearly homogeneously distributed gas misture throughout the whole estent of containment und
over the total test time. Clearly, for Ell.2 the steam "pult" f rom the lower part and especially
the external dome steel shell spniy have a dramatic cliect upon the redistribution of the gas
(lleill ) whereas nothing similar can be obsersed during Ell.4 As a result, close to the end of

t

the test timt,just prior to senting, a substansit. gas concentrution gradient remains for Ell 2,
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despite the broad variety of AMM exertistd, whereas for Ell.4 an esen moir homogeneous
atmmpheric state prnails. The tomparkon of both figures of lig. N sural the intere . ting
obsenation that despite of the dilitrtnt hhtmin both end states of the paCh>drogen
contentrations are the same tabout 10 sol 'H prior to senting.

Iig. 9 compares the schicitin in the staircase and the spiral taircai.e time to the upper deck for
Ell.2 and Ell.4, itsputhely 't he sen*.or in the spin i tau f ailed during Ell.2 carl 3 in the
heatup phase. Otherw he, the selo(it3 trm es ticar h show the tirculation puttern from the
staircase towards the spiral staireni.e sia the dome. Masimum ulocities of about 2 m s are
reathed ut thn asial position, ropecthely.

As the fil)lt. containment thermally interacts sia the stui shtli with the surrounding annular
gap wbkh um kept at a slightly subatmmpheric pressuit by a suction line, the major
differences among the tu o esperiments in containment atmmpheric behnslors also translate into

~

differences in the asial thermal gnidients in the annular gap as shown in lig.10. It is
worthmentioning that spilte a large asial temperature gnidient esists along the gap aho for
E11.4 although the inside is rather homogeneom. The tempeniturt dillerente between bottom
and dome reaches 70" C for Ell.2 in the gap. It h uppartnt from the e obsenations that the
annular gap should!must be part of the computer mulel her analping containment accidents of
the type exumined by the Test Group Ell.2.

It h nident from the aforementioned diuussions and data tomparbons that I oth esperiments
span a broad spectrum for the quallikation and urification of the pitdicthe capabilitin of
present containment analysh codes.

3. Ill,1ND CODE ANAINSFS - PilDR llENCilMARK EXEltCISIM

llecause of the shift in emphasis from Dil A l.OCA towants snere accidents, the 11111(.
esperiments olTered an excellent opportunity to test the predicthe capabilities of present
containment analysh codes with rnpect to licdl tribution and mising phenomena. Only blind
computations Ionn a sound hmis for a qualified, stringent judgement in unter to minimin
potentlui uncertainties introduced by the actual performance of the esperiments, only blind post-
test pitdictium could justify the substantial efforts by the participants.

The esperiments Ell.2 and Ell.4, introduced in the foregoing wear chosen as the specille tets
for the twa Pill)lt llenchmark Inertisn.

The PilDR lienchmark Eserche on Ell.2 recched widespread international attention with nine
organtiations from four coun' ries narticipating with eight dilhernt tomputer omles. These
included: CONTAIN, SNL, USA, and Alit l'K; COMPACT, NNC, UK; IIECTit \"IT,
Finhmd; MELCOlt, Al'A. UK; MAAP, l'AI, USA: ItALOC, GitS, Fl(G; and WAVCO,
Siemens KWU, FRG.

It is optuent from this list th..t the participating codes cm er a broad spectnim of presently,
world wide known <:ontainment analyses touts for I, Wit-containment snere accident analyses.

The participation in the Ell.4.Eserche denta'ed substr tially and insohrd the following
reduced set of cules: l'ATilOMS, lil',1 l(G; ilECTit: VTT, l' inland: M AAP, l'Al, l'SA;
ilALOC, GRS, FRG; and WAVCO, Siemens KWt FitG.

|
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All of the parthipating institutions reuhed the same set of input data information and
additional supplements as the esaluution prmess of the most impo 1 ant esperimet.talinillal and1

j boundary conditions esobcC. llowestr no actual date of Ell.2 or till.4 (hanirteriting the
; containment atmospheir were rthused prior to the same deadline of both Pill >lbeserci es. 'l he

computationalitsults had to be pnnided in the Pill)lbstandant l'ormut for a large number of
measuttment positions for man) dilltrent physical qmmtitles.

After the deadline of both eurcises, esperiment Ell.2, was selected as the open post Int,
OECll CSNI international Standant Problem No. 29 /4. $/, now in progerse with a deadline of

? January 1992. At the khkoll muting of INP 29 /4', the esperimental data of Ell.2 were made
pubikly available and the institutions parthipating in the illnd post. tnt Pill)lblkmhmark
therche on Ell.2 ruched all of the esperimental data on magnetic tape for their own use in '

addition, each institution recched a set of hani copy plots comparing data with the indhidual
pitdiction. Iloth, magnetic tape data and comparison plots enabled the Indhidualinstitutions to
prepart presentations and reasonings at the international workshop of the Pill)lbliemhmark
Esercise /8/.

In view of the fact that ISP 29 h specified as an open standard problem, potential participants
in ISP 20 were allowed to attend the workshop on Ell.2 to optimlic Information inmsfer and
minimize misconcep:lons.

The E11,2 participants unanimomly decided during the workshop to publish the comparbons
between data and ptrdictions, pnnided, no quantitathe reference h made to indhidual code
results,'

in the following, this paper strictly adherrs to that det klon.

4. COMPARISONS Bl?I' WEEN DATA AND CODE PREDICTIONS

In onier to mort easily compirhend the dillearntes in the esperimental results between Ell.2
and Ell.4 as well as the dillerences betwetn perdirtions and data, the results for some major
physical quantitles are shown pairwise for the same pmitions in the containment in l'igs.11
through 15.-

The following discussion is ideally supplemented by the esperimental backgnmnd outlined in
Chap.3.

4

l'ig.11 provides an mer iew of both the esperimental ptrssure hhtories as well as of the
comparisons with the code predictions. To evenbody's smprise, the parthipating institutions
merpredicted the esperimental data b,s up to a t' actor of 4. This type of discrepancy in one of
the controlling esperimental parameters has neser happened befort in litill related esercises
and itsuited in speculations and controversies with respect to the reliability and quality of th(
esperimental data as well as the input data lor the_ computations pnnided b) Pill >R.

A quantitative comparhon between the left and right parts of l'ig.11 rescals that the
i merpredictions are more ses ett for E l l .4 than El l .2. l'urthermore, the route for

overpredictions already starts in the early phases of the esperimental long term hentup phase
for Ell.2 and despite some substantial underpredhtions (too high energy transfer into stnicturr)
by most codes during the early stage. Surprhingly large are not only the destations of the codes
(one noticeable exception for Isil.2) compared to the data but also the dilTettnces among the

'
I!d
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code predictions for both Ell.2 and Ell.4. This suggests qualituthel) that not only one i. ingle
root.cause is respnsible for all of the ditterrnces shown but that combinations of different '

factors presall for eser) indhidual code perdiction.
|

Ilesides of the os erptrdictions,it is aho orinsterst to look at the dttaih of the prvdlethe quality
for the indithlual expedmentul phases outlined in l'ig. 2. Concerning Ell.2 and Ell.4 the
following obscrtations can be made, including also the compurbons with the dome tempeniturr
us depicted in l'ig.12:

Ell.2:
The Individual esperimental phases: steam into 1(1805, oscriapping steam und gas-

irdettions into 1(180$, steam into 1(1405 dow contulnment position) are predicted quite
well us the detailed histories of computed pressore und temperature indicate.
As the compadsons among the codes indicate many codes useremphastre the ellects-

up<>n the pirssuit histories.
The agreements arr much better for the dome temptniture both with respect to the-

absolute value as well as the detalk of the temperature hhtories. '

The subsequent expedmental phase of natural cooldow n after steam irdertion into 1(1405-

has been prrdicted quite well by some of the codes; howeser, there are also grme
dkcrepancies noticeable for at least half of the code risults, predicting yet another
perssurization with more or less steep pressurization gradient wherras in reality, the
pressurt curse shows a slight decline as expected. Interestingly enough, the predicted
temperaturrs do not show this peculiar behaslor.
The perdicthe quality for the subsequent phase of external steel dome spniying is-

dlflicult to qualify; all codes deprewurire from more or less pnmounced pressurr peala;
some codes show good agttement with the tempond pressure history.
The agrrements with the measurrd tempenitmr (l'ig.13) h much better.-

The following experimental phases of natund cooldown h perdicted q tite wtll by all-

e. odes both with resput of containment pressure as well as tempeniturr; in fact it h
surprising to see all codes to conserve closely towants the data once they had
"sentured" far out.

.4;-

d of the aforrmenti med observations also hold for the predicti'm for this experiment.
w es er:.

The deviations in pirdicted les ch of pitssurrs and temperatures comparrd with the data-

ure much more pronounced; on the other hand, the predictive quality for the indhidual
experimental phases and their detalk is seemingly better, although uguin in some emes
striking differences in gnidlents are recognizable.-
1,arge differences prevail at the end of the final natural cooldown period in contret to-

the obsersation made for Ell.2. '

l' rom the sum of the obsersations listed abme the following major conclusions can be dniwn:
All codes put too much eneryy into the containment atmospherr (one exception for.-

EIL2); the amount dillering among the participants.
This effect is even more pnmounced for Ell.4 thun Ell.2.-

Some grase dherepancies and inconsistencies exist in the details.-
,

Some scry good agrrements eshts in the predicted details, especially for Ell.4.-

Naturally, as it is known by now, all of the participating codes whtre equally altected by
foremost:
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i

the incorrect external steam mass flow speellied as input and-

the ommission by Pill)R to specify the heat sink by the cooling lines to the sensors as-

one of the important input data.

Iloweser, as indicated by the wide spirad of computational tr$ults, their must be additional
sources for the diff ertnces among the code results as well as the code specille des hition fnim the j
experimental data curse.

|
1

fig.13 shows the comparisons between data and predictions for the transient gas dhtributions
in the dome for Ell.2 and Ell.4. As is apparent from both figures gas distribution hhtories
develop quite differtntly in both experiments mainly because of the ditTertnt positions of break,
steam and gas irdettions (high for Ell.2, low for E11.4). This strongly alTects hentup,
stratification and gas distribution as already discussed in Chap. 2.

The code predictions show for

E11.2:
a) Selected nodalliations, models and codes are unable to predict the high gas

concentration buildup as a result of the mitigathe measurt of external spniy.Just to the
contrary; besides of too low pitdicted concentration lesels at the beginning of gas
Irdection, the predicted gas concentrations sharply decrtase, thereby showing just the
opposite behavior than the experiment. When linal peak concentrations are rtached in
the data, code results indicate minimum gas concentration. When meusurtd
concentration decreases, one the condensation potential at the dome shell ceased,
predicted concentnitions inertase.

b) The differences among the codes' predictions art seemingly smaller than for the other
quantitles.

c) All codes underpredict the gas concentration at the end of the experiment.

! These risults are the more surprising considering the qualitathe agreement in the dome
temperature at the same position (compart l'ig. 3 left). because of this as well as the fact that

: the esternal spniy and low steam Irdection periods are much later than the heatup period, w hen
the effect of the omitted heat sink is much less (compure flg. 9 leil), the heat sink issue cannot
solely be made responsible for the desiations obsened, rather other facton contribute also.

Ell.4:
a) The dilTerences between data an<l code predictions are seemingly smaller compared 19

E11.2.
b) The dilTerences among the codes' results are about the same as those obsened for Ell.2.
c) Some pnmounced destations are noticeable for the external spray period,
d) For E11.4 the external spray does not result in such a dramatic gas concentration

buildup as in Ell.2t howeser, some codes predict more or less pnmounced increases,
,

I while they did not for Ell.2, when they should.
! c) For the most part, all codes underp_rulict the gas concentration.

The somewhat improsed tendency concerning agttement for most of the experimental time span -
is the more surprising in slew of the dramatic and substantial dillerrnces in pitssurr and
tonperature, the latter at the same position.

! !44
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Some of the peculiaritla noted abene can be esplained in terms of the temperatures and ga$
concentrations at 12 m for Ell 2 and Elf.4 as shown lu l'igs.14 and 15, respectisely. The
following findings esolse from these 11 gusts: |

El12
1) Comparkg the esperimental data curses betueen Figt 12 and 14 (left),it is obvious tiuit

the containment utmmpherv is clearly stratilled, with the tei.iperatuir ut that position ;

battly incitasing despite t'n substantial mergy input into the mnininment 10 m higher i

up (compare Chapt. 2,1 ig. 6J. :

2) It is only during the steam Iqjection period Inim the lower part that the tempeniture
incitases und decitases allerwants.

3) None of the codes pitdicted the stratification at this position.
4) Most perdicted the ternpenitutt inctrase due to paulug steam cor rctly but one code

even pitdicted a temperaturr decerase, i

5) Ily comparing the pitdictions shown in Figs.12 and 14 it is appartnt that the codes
predict nearly homogeneous temperatures between 40 m und 12 m.

6) The same can be said conceniing the gas concentnition shown in Fig.15 (lell). All codes
more or less mn predict the gas concentration increaw which is nither benign in the
measurement.

7) Ibpecially the irdection period is substantlully merpiedicted by dramatic spikes w hen in ;

reality the concentration is barely measunible. This indicates the dninbacks oflumped
puntmeter codes amt too coarw nodalitation in this region of the containment, among
other things.

8) With so much gas inmsported and distributed into the lower parts of the containment
by the predictions, it is cetininly dil11 cult for the codes to calculate concentnition
inerrases at higher positions (40 m, compare Fig.13) due to esternal spniy and lower

,

steam Irdection,
9) Some of these peculiarities weit already noted during the T31.5 esercise but obviously

did not enter the mmici considenitions for Ell.
.10) lleavms for the computed homogenitation could be nodallration, unrealistic

recitruhitions, artificial mising etc.

El1.4:
1) Esperimentally, the containment atmosphere is not stratilled but close to perfectly

homogeneous, because of the low position of the Iglection port (compare Chapt. 2).
2) Qualitatively the codes perdict this correctly (compare Figs. 3 and 5 right) albeit with

the altrudy mentioned deviations between data and pitdictions as well as among
pitdictions.

3) llecause of the homogeneous atmospheit, the agreements for the gas concentnition
between data and pivdictions ars romewhat better than tho' 'bserved for Ell.2 and of
about the same quality as already diwussed for the posillort ?0 m.

4) As before, some codes overpredict the esternal spray effect to ,m same estent as for the
40 m position.

In general, it is obilous that esperiment El1.4 is much better suited than El1.2 for code success
'

because of its homogeneous features.

As discuswd during the workshop !8' and schematically show n in Figs 16 und 17 other possible
sources of uncertainties intn>duced directly or indittetty into the Pill)lt input data speellications
affecting moir or less the codes' results are:
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leaks desebping at ths inttrfutes between steel shell and hatches etc. under hot, .-

'
pressurind long tenn (onditionn howevtr an additional leak test at 111114 (cold) pnn ed

; '

j that the lillikontainment is leuk tight for the condition of the leak test
crrors in the exptrimental detennination of mass flow rates, which unfortunately for the j-

curches pnned to be true
additional, unspeellied f ruttion of inside steel shell expr ad to dittet steam necess, e.g.-

additional condensation, because of past deterioration of insulation material between
concrete and steel due to high lesel shaker experiments simulating earthquake
cultations
unknown water ingress into porous concrtte stnaturrs because of deterionited wall-

plaster and paint peeled oil because of thermal, blasting, and jet impact by presious

: llDit experiments of dillerent kinds in the past
deviations of the thenual physical properties of the concrete stnittuits compartd to the'

,
-

spettlied input data because of unisotropic stbar distributions in dillerent parts of the
llDit structures ,

envrs' uncertainties in specifying the putying of the annular gap-

l(PV insulation-

With the help of the reculibration tests and a course specilitation of the additional cooling linesa

j heat sinks, the primary causes for most of the difTerences between data ;, code predictions
'

have been resolved by now, lloweser, the ditrerences among the code prullctions can only be
explained by additional sourtes of unttrtaintics which hase been intnnluted by the code user
into the model and'or are inhearntly embedded in the computer codes themselses by sirtue of
assumptions, physical models, correlations and numerical methmis.

During the work. shop /R the following list of potential contributors for the deslutions was
assembled, which is also presented in l'ig.17 in a mort condensed format:

neglect of enetyy transfer across the steel shell into and nenns the annular gap by-

specif 1ng isothermal or adiabatic boundary conditions3

too coarse nodallration schemes not representatise of the rent flow-

the course nodalliation schemes at the release lesels chosen from pmt experience-

simulating LOCA pn> cesses but not suitable for following plume like behavior oflight
gases injected into a post accident containment atmospheir
too low energy transfer rates into internal stnictuits, irsulting in too high cuergies-

remaining in the containment atmosphere for pressner built up
ptrsent deliciencies in simulating counter current flow phenomenu through sents in the-

context oflumpea parameter codes and the basis of available correlations
artilklui mixing induced by the lumped.panimeter method-

too much mixing and resultant homogenitation intniduced by unmg nodalization-

schemes
not fully tested, patched on inclusion of gnnit3 terms into typical LOCA containment-

codes
user errors introduced in collapsing the 72 room l'11011 data nles into computational

-

models with lowtr numbers of control selumes to decrease computational expenditure
wrong assumptions for specifying sent tion coellicients-

errors introduced in modelling internal sinatures ;-

This list is not necessarily complete as moir insights will erobe thnmgh the ISP 29 and other,
additional open post _ test computations, such as the one with the GOTillC Code /16,17/
discussed in the following chapter.

:
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5. OPEN GOTillC. CODE ANAINSFS OF Ell.2 AND Ell.4

5.1 GENERAL, FATilOMS AND GOTillC FEATURES

i FATilOMS, denloped by NAl,' USA, a u ntenshm of the well kmmn code COllRA.NU, h a
'

state.of.the. art computer prognim used transient thennal hydraulle anulpes of multiphaw
splems in comptes geometries. It sobes ine wnservation equations for mass, momentum, and

i energy for multicomponent, two phaw flow, l'NillOMS h a i OltTRAN code that can he j
optruttd on computen ranging from PC's and low tnd workstntions to muinframes and <

su permmputen.
|

CAPP h a completely gniphics amt menu drhen pre postprocessor for wtting up the input for
FATl! OMS, running the calculations, and selecting and obtaining graphical output from the
analplo it allows for last,11esible oration and modification of computationul modch, while
grantly staharing the possibility of erners in the input.

The linite volume upproath uwd in I ATilOMS allows modeling in one, two, or thire
dimensions as well as lumped panimeter modeling. Combining lumped panimeter noding with
multidimensional noding within a single problem h permitted using i ATilOMS' venmut
noding approach FATIIOMS models the interdependent behavior of three sepurute flow fields
(8. equation mode:H

Continuous liquid.

Steam ami nonmrulensable gas misture-

Liquid droplets-

Concentrations of up to eight nonmndensable gases are trucked.1 ATilOMS sohes for the
temperatutt distrihotion in solid conductors and has modeh for fluhl to solid und interfacial
heat transfer that emer the entist nmge of flow trgions

More recently, FATilOMS has been further espanded into a full 9-equation model (3 fluids)
completely accounting for a fully sepanited drop model. Under EPRI sponsorship now it has
been ernamed to GOTillC 110,17/. A nuclear plant utillt) working group, conshting of 20
mostly American utilities, has been assembled with the objecthe to apply for and obtain a NRC.
license for GOTillC for containment 1.OCA anulpes, equipment qualifications ar.d the like.
These ell' orts intohe diverse applications of GOTillC to tral phmt upplications, as well as
stringent quality usunmte pnegrams concerning the code including a 5ast dhersity of verifying
computations emering all known containment esperiments.

5.2 FATilOMS GOTillC MODEL OF Tile El l.2 AND ell 4 IIDR.
EXPERIMENTS

In designing the FATIIOMS GOTillC computationul model for the Ell.2 and Ell.4
esperiments the following considerations werr kept in mind:

(1) To keep model development costs down, a single model should be used for both
esperiments with about the same degree of accuracy without the need for ruoning

(2) llecause of the asial differences in major release pmitions for El1.2 and El1.4, sut11clent '

detail had to be fattortd into the modtl at both erlease lesch
(3) l~ rom the outset it was tieur thut the annular gap plays an importunt nde in the enetyy
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transfer path: thertron additional attention was paid to model it properly by also
1 accounting for poulble asymmetries in the containment flow paths, e.g. staircase und

spiral stalrease. To account for this, considenitions were ghen not only to the asial
extent of the gup, but also to its ailmuthat noding.

(4) From the T31.5 exertise it was known that the laiye dome space may atlect the gas '

concentratirn markedly and that gas concentration prudients may develop mer its
apprtclable height. In addition, because the mitigathe feature of the esternal spniy was L

to be examined during both esperiments, the impact of which upon the contalnment
intental atmosphere was not known a priori, it was decided to use a true two-
dimtnsional model for the dome itglon coupled to the lumped. parameter representation
of the itst of the lillit containment.

(5) llecause 24 h (Ell.2) and 54 h (Ell 4) problem times had to be emered for the sery
complex lil)ll multicompartmtot geometry, a compromise had to be made between
computational expenditure and scientille curiosity.

The 11nal features of the FATilOMLmodel accounting for the considerations ghen above are ;

listed in Figs.18 and 19. Accontingly, the model contained the following major features:

41 lumped.panimeter nodes for the inside of the containment below the dome space-

6 truly two dimensional subspaces for the dome-

9 lumped parameter nodes for the outside annular gap with one nixle covering the upper-
,

dome, two times four nodes trprisenting staircase and s; inil staltrase sides, respecthely
97 flow path junctions inside the containment-

10 flow path Junctions in the unnular gap-

54 heat stnittuits repitsenting concitte walls in4de the containment-

47 heat structures reptrsenting metallic structuru inside the containment-

43 heat stn.ctures re;ntsenting the steel shell, which shows thot special attention was-

paid to this energy inmsfer path right from the outset.

Ilecause from previous experiments it was known that the tkhlda. correlation may somewhat
underperdict heat transfer during long tenn heatup, it was ampillied by a factor of three.

4 The steel shell was simulated as a plate heated!cmded from both sides. Special carx was ghen
to simulate the external spra).

' To account for deteriorated insulation between concitte and steel shell,it was assumed that the
steel shell comes In contact with the steam aho at these twations. On the other hand, the
associated concrete structures werv only modeled as one sided heat conducton.

With the model features listed abme, the following computation times were achleted on the
workstation APOLLO I)N 10000:

Test Ell.2, problem time: 24 h, computation time: 4.2 h-

Test Ell.4, problem time: 54 h, computation time 21.6 h-

The same model as described above has been used for the open GOTillC. predictions with some
readjustments as noted below.'

!
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5.3 COMPARISONS IIETWEEN DATA,IllIND FATIIOMS AND OPEN GOTillC ;

PREDILTIONS
'

The following changes were intniduced for the open post test predictions by GOTillC Ven 3.4
for reninning Ell.2:

1, Correct esternal steam maw flow for heutup as show n in l'ig. 4
2. llent sink capability by cooling lines
3. Containment steel shell modeling according the I'llDit specillcution accounting for

concrete and insulation
4. Ileat transfer to internal stnicturts acconting to the Uchida correlation (no '

ampillication)
3

5. Ilent transfer coellicient from steel shtll to annular gap, h = 5 W/m K ;

6 No air exchange in annular gap

The (hunges made for the Ell.4 open post test prediction were as follows:

A. Same changes 14, as abose
II. llent ininsfer coellicient from steel shell to annular gap, h = 25 W/m'K.

C. Air euhunge in annular gup accounted for.

The following figures, l'igs. 20 through 33 show pulrwlse arnmged the comparisons of EI1.2 and
11.4 with respect to the data, blind FATilOMS. and open GOTillC code predictions,
respechely.

7

Without going into many details, the comparisons show the following:

1. Correcting the esternal steam maw flow and accounting for the heat sinks by the cooling
lines, together with the other items listed utune substantially impnne the agreements
between data and GOTillC pirdictions.

11. The impnnements are especially noteworthy and consistent for all quantities and
positions for Ell.4 including the gas concentnitions und velocities, with only some minor
differences remaining.

.

111. For Ell.2, the impnnements, especially for the pressure, some temperatuits, some
steam concentrations and velocities, are tymurkable but not to tha extent as observed for
Ell.4, which is not surprising in view of the stnitification.

I V. Despite of noticenhle impnnements in ptrdicting the stnatification pattern for Ell.2,
there is still need for further impnnements.

V. Especially worthmentioning is, thut despite of the-impnnements in all predicted
- quantitles, the post test prtdicted lirconcentnitions remained about the same us for the
blind prediction (for which the lower initial peuks were caused by course sampling for
post processing purposes). Top irgion lirconcentrations are still too low; bottom region
!!rconcentnations remain too high.

VI. The agreements for the selocities are acceptable to escellent,

v.9
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;
.

Yll. The physical modeh for nur>t ASINI seem to work quite sathractory.

Possible causes for the rtmaining dillearntes, espedaily for Ell.2, are listed in l'ig.17.
I

llecause of the sery special GOTillC featuits (multi dimensional, mised dimensions) and the
code's nume rical (filtiency, it is hoped that the desiations whidi may be attributed to the
plume like rdense behuviors, amplilled by the top break position, can he resolved.

ISP 29 constitutes an opportunity for such an improsed computation.

6. OVERALL CONCLUSIONS AND RECOMMENDATIONS

l' rom qualitath e and companatise esidence presented in the fortgoing the followinp conclusions
emerge:

1. Large scale facility data are needed for code quallikation and strification. ,

11. tamg term containment processes indicate quite ditTerent energy partitioning patterns
than what can be estrapolated from past esperience from typleal lillA LOCA
atmospherts.

Ill. Therefort, previous data bases art partially unsultable for reliably covering and sohing i

present mntainment issues.
IV. Ilecause of the importance of mmputational tools in this area containment facilities are

also needed in the futurv to prmide dose to realistic data. The importance of this
contribution has been highlighted by virtue of the blind post test Pill)R ilenchmark
Esercises again.

V. The value of performing hiind exerdses to obtain a realistic picturv of persent codelusers
capabilities cannot be rat (d high enough, as the foregoing discussions show, even when
contrmerwies arise.

Yl. The predicthe qualities of containment analyses codes hase been pmsibly overrated in
i the past, espesially considering long term elTects.

Yll, On the other hand, the question arises whether for real systems and'or those being
designed suf!1cient informations can be provided to the cuend necessary as needed to
obtain acceptable computational nfsults (heat sources, sinks).

. Vill, lumg term etreets are charact- *d by extreme sensitivities which pose stringent
requirements for lumped parameter codes not preslously anticipated,

IX. Given the stringent objectives of design goals for mitigative measures as well as
udvanced containment systems (passhe heat removal) great care should be exercised by
applying code and nodalliation stnategies stemming from the past and presently
availc lherrfore, there remains the explidt need for additional experimental data.

X. Other areas of containment unnlyses, such as fire analyses, hase already succeeded in
applying local multi dimensional discretliations coupled to the common lumped-
parameter approach, thereby sohing counter cuntnt and plume rise lion phenomena.
This~ knoo how has not been transfentd yet to the thermal. hydraulic issues but is
readily available now.

XI. The total set of international esperiments (IACE, F2 (12), VANANI, lit)R) and the
associated exercises altogether reveal mmmonalities uml draw backs with irspect'to the .
abilities of codes which hase not been e!ther fully fed back to and/or taken up by the
code deselopers ami users.

150

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



i

ACKNOWLEDGEM ENT
i

The Germon l'ederal Ministry of Research and Tuhnology (11$111) full 3 suppods the ill R-
Safety Pnegram and made the esecution of the Test Group Ell poulble. It pnnided .i

experiments Ell.2 and Ell.4 to the internauonal community for participation in the PilDR |
'

blind post test llenchmark Esenise as well as for the OECD CSNI International Standun!
Problem No. 29. We gnitefully acknowledge the parthipation of a larger number of
Inteniational institu tions. :

REFERENCES

/1/ Yalenda, L; Wolf, L: Ilydn> gen Distribution Experiments, E11.1 E11.5, Preliminary '

Design Report, PilDR Working Report No. 10.003/89. March 1989

/2/ Wenzel.11.11.; C 'Imm, IL: lAhr, L: lipDistribution Esperiments, llDR Test Group
CON, Experiment Ell.2 Data lleport (in German), I'llDit Working Report No.
10.010!89, Aug.13,1989

/3/ Wenzel,11.11.1 Grimm, R.; 1Ahr, L: II, Distrit,ution inperiments, llDR Test Gnmp
CON, Experiment Ell.4, Data Report (In German). PilDR Working Report No.
10.0Lt89, Aug. 27 30,1989

/4! International Working Group and ISP 29 Kitkoll' Meeting on Ell.2/4, ISP29,
PilDR!KfK, June 19 20. 1990

/5/ Kurn at,11.: OECD International Standan! Prol>lem: OECD CSNI ISP29: Distribution
of Ilydrog'm Within the IIDH Containment Under Sesen Accident Conditions Task
S;)ecifications , July 990

,

/6! Valencia, L: Wolf, L: Ostr lew of I'Irst Results on lirl)istribution Tests at the Large.
Scale llDR Facility, 2nd inti. Conf. on Containment Design and Openition, Toronto,
Oct 1417.1990

/7/ Wolf,l<i Valencia, L: I;irge Scale llDR ilydnigen Mising Esperiments Test Group
Eli 18th WRSIM, Rocksille, MD, USA. Oct. 22 24, 1990

/8/ International Working Gnmp Meeting on Ell, PilDR, Kernforschungszentnim
Karlsnihe Gmbit, Nov. 2900,1990 (presentations, papers and notes exchanged)

/9! Tuomi.sto,111 Ily tunen. Y.I Valenchi, L: Application ofIIDR Experiments Ell,2 and 4
to Demonstnite Ellectiseness of External Spray Cooling for Loviisa Containments,14th
Status Report of PilDIUKlK, Dec. 12. 1990, Contribution No. 2, pp. 99128, PIIDR.
Working Report 05.48 90

*
/10.' Valenela, L.; Wolf, L: Esperimental Results of the I;oye-Scale flDR Ilyrirogen Mixing

Experiments Ell.2 and Ell.4, CEC / Water Coe led Nuclear Pomr P:.%f.s. liniwels,
Belgium, March 4 8, 1991

/11/ Wolf, L; Valencia, L: Results of the PilDR Coroputanal 3.lenchmark Exercises on
_

Ilydrogen Dbtribution Esperiments Ell.2 and Ell.4: ! bid

151

2



. - - - - - . ~ . - . - - --- _ - - . . . ---- - -.- -

1 i

/12/ Wolf, L.; llolihauer,11. Comparisons of l'ATilOMS illind and Open l'ost Test.

Predictions With the Esperimental 11ata of litilt llcMising Tests Ell.2 r -d Ell.4, thid

!!3/ Wenzel,11.11., Wolf, L.; Vale, cia, L.; lladtr, ll. J.; Gilmm,11.1 Jansen, K.: .tityC

Considonitions of Major illeret and Indirect Measuitd Quantitles I' ' the
Esperiments of Ttsi Group Ell 1:suminations of Miasurtmtnt Ermrs a,i -i s of>

Measurtments for Enety) and Mass llalances for the licMising Esperiment*
l>emonstrated on the liasis of Esptriment Eli 2 (ISI' 24i, I'lilll( Working lleport No:
10.02$/91, June 1991

/14' Valencia, L,.: llydrogtn l>istribution Tests at the Larve Scale lilill l~mility, SMlltT il.
Seminar No. 4: Containtnent of Nudeur 1(cattors, Shanghul, Vit China. Aug.1416,
1991

/15/ Valencia. L.: II)drogen I)istribution Test Under Sescre Accident Conditions at the
Large eeule III)l( Fuellity, SMlllT 11. Tokyo, Japan, Aug. 1 4 23, 1991, l' aper J1!!!

/16/ Merilo, M.: George, T.L.: Thermoh>draulle Analpis of Containments, Numerlen.
Simulation, Montstal, Canada.1990

/17/ George. T.L.; Thuivood, M.J.; Wiles L.E.: Wheeler, C.L.: Merilo, M.: Containment
Analysis With GOTillC, lleat I ransfer Coni., Portland, Ostgon, l'SA, July 1991

,

I

.

J

l

152

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



L I;f; !II i+hjij{ ;([i[|:L! i i fI[i - |* ' i*!ii,t.!f. r !! !i

_

e 8 5 1 1 3 5 7 5 3 5 _s 3 3 3 6 ! 7 5 5 4
Wa 4 4 4 7 C 0 2 1

c 1 1 1 1 1 1 1 T 1
:r G G GGG G CG G G
a C C CCC C CC C Ct

. S ~

vv-
v

q
'Gd -}

_S
_* -}'

- i

i "r7
-

;

^ a_ J .
X ~

- * * , . . s-
r

m~*.
' _ e

s

p<k-
S
n

Fr~r ._Y i'. h b bp J. .n io

f' e= C5 n.5

-
n

/ :
bb{1;-

-- ti.

*
Np-

. " . t
n si * * * .- e

,

h" c r,t
.

i

._
i 14e9 n o[ - o

-_47_.
'0 C sg 7-

. 2 s na
[ G e

r Sia f
ct

S 3 5 2 2 s 3 E 1 s n3 3 3 9 e 7 E 1 e!

4 4 4 C c 0 t
;

p G G G G G GG G
ic oa C

r T 1 1 t i 1 i
t i
t t

S C C C C C CC ; s
e a

P r
t

n-

e 3 5 1 1 2 1 1 3 1 : 5 3 es 3 3 3 6 0 0 0 0 0 3 3
a 4 4 4 7 3 5 7 5 3 5 3 cc 2 D 0 3 v 8 7 5 5 4 3
r T T T T T T T T T T T nia C C CCC C CC C C C ot

S _-
,C C-

-.
2-

'0 H
I

- y 9
-* d-

j- ns
'g" r

\ N~- *. 7"

- ar
" * , .. * - o

hj s.

s

n,.gf
ed!i

* - " p
*

Z' -
. 1

f l;
:'

1, g* ' ;,*[ F y,g h. 7 lc-5- :
=

3
_

z u

"b*d*
A* o, g - s

- c.

t '1,4f i,
. 7~g.p

e
- * * * . , s o- u

m
. - e, .

*3,[ e- cii ~ e r0 m

I. r e7
.

2 e
. h h4-

[
s T Tr

i ~ fa os ft
hS 0 5 2 2 1 1 a 1 3 st o1

3 3 3 7 0 0 c 0 0 0 3 na!
4 4 4 2 4 8 5 1a 5 3 3

ip T T T T T TT T T T
ioFr 0 D C 9 8 7 6 1 4 3 s

S C C C C C CC C C C
it ws no oPB o

i

. t

n u0 t
5

i

b2
t

t t. N ,t gn n nwD ine e r l
re

v e
i

tv
n m t ioe sn r. m n a bo io ia E go e i

k tim aa t t p
- p Di

c*ht t
et ec n : n
u3 r o e e e5 ir uS+ BL C V

S% A ,

a

s d

' - "
- n

g

' i
n

- - " -}1 V

* t3 n y9 e
. i. g it,

lr n
\ Ji < :

{" a-,,
oi1 A {! i

%
el i:-~;.

Yh%ig,pi !dS

= C cc f o
RB a
D F~ p

i r
Hn

h% -reu R-

'

h{{';,d_ii Ds

M--
- d-

nin- H-[h * ,g1
as't

L

P_ i

.

P eg
e- -

._ int

- . . ~
'e i i

G_ pJ iht

e
p1,f. 3. 'y * N,[ ydx:f.

c aa eFH,
.

" f cG oi :,<

& _
r7 e 1

3 ,
2 wh

ep .,fp is gv crGu m em i

Fvt
0 OA

i! . 4 i} i.;| j! Iij* :t 31 11 j )-j1ji: | !! !!!t!,! ;2 I



_ .m . _ , m__...___._.. . . _ - .-.._. _ . _ . - . . - - - _ ._

E* a , ,,

4 7- - g - 7-- iP450re WM put

W]p f ; 5 ; ; jdes wir n sman <

,

g { j | ; }**# . M 32tt$ i

p Ca
.g..;_.-___ g ______ 4 ___ .. .g e

.[.
4 i W1 > . >

i citi ... . , 'b.. _ _ k f* *** 8 *3'N
h < i ' i

; e, , m ., -

[ tilu=w [ ; g -j..I . . r -Q
'

, _ _ - - - - - - - - - -

steo.. ~ nGW ie inis i |
' '

i 5-

ser.: ,. Aude punit g ; ; | {,

. . . . . - . ' . . _ - . . .~
liIiin;a m .opos pneu W 1 - A st - i c

sotty a busoq dans d,' .g j'* - ___ __-

e qm_i son. . . ..is
t, y,4 j ,

.- ,.

f :.
. !. i

.

4 .. .i , ,o4 i
-

. t -$ ; ]c
4 -...

.: L : , i,
- ',

)g senv eim .is *Eg* ,
s .r<. n im = .
G 1 ^f-*'-*-'~' [--*~~'"-~~~~~' ~k **gterg est ersta seg

. a,
$.c ,pusenamemm 1y gg

-

, +

mWmEra !* Ii { ,: ' '

a

| " sottu ciui wins jag ii + .

i " ",,
g

|
w s 54 so.u s na se no|IPHIf 83wb!$ h I f( .j,___..

--- - - -

-
|5 e,k

'
.

non e 2nc.n n e> = 6.n ...auaun we v' I8 -- r-- -
.

pie W !E '. i[ [ ; 's [ -,

04!!4 tit! t'Shl=4 Weis postu lang pound dn-6 suf=! ~d I[l *

!.g5
,.,*+ 3 * J E ort' co not o2 & 4 m -g .

$ a. 5 ik)
.

sw% *'

h s/ q ut ages mo;; ssnu wests y* *
6

- u.
..

.

.

&'E
.E Q/p\~

> gT .
t

{ L %s /s*
%-.

$gf'!E

\''p(d ; N:P[ $7 / p3r = ! W
wec n amu'A }9 i .,-P yy

Oyg%g!/Qhg9.ruyua I
61: t' \ ip3

,'

..-, ,,,ni.r n,,..,.s g .

I .4u w
- q i, .

\s 'N/WAEQf
'

i
t

k g j
aq ev.i o pris \x - k , e,;jSlo wu

3..4.. . i. n>su.i ,,
e \ 'z \ohs .
,

i 1[[ gl j'% p g)i !"
#

.

\
at ud :oi neppos priew - j. %-|

a> !! -
4 os a

s)s,
, u-

.

~k Eg h
10HU 0 ut weig g - ..e g- -

\ y/ k , ~'}
p . gte li b L *" i ga

L.**fR g y*g,H OA til*H % PA $13rD f.

f
E, =-

I n
dittW CtM ='.15 14

aw d'stit rkwsz el pap =oiq seawn.i ype A |3 )g '/ n n*

d \ U.'[ n8 \ \-'*

i f 1,pus - ,.2 3
s g3 \ >! -

6! It.fister ratte rweni pain smv new en-in,,1
_~ j .i gw s |5

.
> <

p ej $ " ~ $ $ - 4 E
. -

'

-
'

v x

|
- a x ?'

c -h m
|
, ..
, =+ (9! N
' .
.. . m
|.- Q p
< 'a== t'
I u. 154 ,

.---y,i.-,_f,---..,,w_s., -. ,,'~,,--m,..-v--n-mr,.r,.w,y,,,-e-,,---,-,..---,.,-,,-,-,.n,-.ws.r---.m,w,...r---,,mr,--r,- .r ,,,,,,,,,,r-,,.,mc,.---- - , - - , . , , , , , -

'



, i:f' ! y. ]; > [' ' .! ,(:L 1![ * r ft ||tc1LEf1I>

.

.

.

.

.,,.

_. <

-
_ - ~

N~_ ( 11
, -

1 0

E _ - _o E -
1 o

9g3,,(3 ,)_ ,,tt - I|9 !tt<1m ixd a 5ei |,' | fi'
- 0

_ - ' I |''ths. '

- -

e

. _
.

_ s5 n -

; \e -

_ _

J*-
i1-hp ., - -_

m mmm
,

\
.

%[S
. .,, _ ~s

. -_ 'v

. 6D4
.

, _ .
4. ,

e=c c.m + + + -
m.7 _

t

= = = - '

. $_.,,JI
Is_f||iI8i* m* .,

. _

m O' .

i . Mm~ [4 0 0
.

_ 04H HHH
t .,| <N.1
mmem

.1ir j -. 6gsi,(1aI

,.
e.

' 456 ..

_
1

p/
-_ sS ,.

.

_ _ E - E

.
. .T

,

-
%_ J - - .a. .

_ r

t _
t a,<=

- ' /' t e

._ W , aar -
nn -

. ~ c
_ n,4

. -. _ _ s
N' ,

s
a.

s' _ _ ! ,. e.
e

- - t t.
1

.

_f ,iitl :oT 95

o u , - - 0 u 1
. _ 0c. o E

in - j
a |'2i5 t

s 0Tel _ '

1 t ,iea |-r|* ;N,,
,,l

sg)g,19I1_
-

sb L-
- e' 4 T

. -

. _ 1
,

.

1

y
lr

s _ _ -

uwum mm E . e. t

_ _ - s. U t a
_ _ s _ * -

,.

.T
, Mmm . -

e
. N

.

_ ,

.

. e
- -

. ,
a. ,.

,

Mmme
-

' t9'
* - - S_ e4

. r m 0eo
-

- _. E
P

md'
. _ g

.
.

.i' Ii
'

. s.
5

nn<
-

u - / r
4 -

sg& tit 84 4 7|..i1 s
- u, jr||- ! '4i' o

.
-

-4 ..
.

r 1

_., lan
_
,

P . (. O ,
_

.
* .

. t .

1 n> - _ s
- . e

rn -

8 b t
. u

aa g *s k-. 8e e go.

? v $go 'E T#
8m a.

eg ~&myL e
ia p

. r.
( n e

mt

n
o e
C T

i

0|

_
. m. 0

_

1 4If|.i41t ;iIi ,f t1t(i
,s ] ,I,. | |' ;Mi |'*

,55_

_
i

11 -

[ - !_E -._ -

_ .
_

i>i,
.

r 4
_ _

.

.

.

inns_. _
.

h
.

_ . - .

1 m &-

'wQ
.

. ( %g
,

< _ _
,

,

. - _

.

_ _ . m=m 04, e 0
_ i c ueu4
. .

eMmm
,|i. ' '

\, i ' 0
. i1f3if9|1.g;,, .4:56t 1e ;s . _di

1, 5
,

a

\

. ,. _

1 _.
i _ -

_f
.

' *
s

- .
_ nan 00 _

me. m
1. _

ce. * t 5,

S .

[E
_.

T
T 1 rr U

. _ U ,

lion _ W
ii _ N. _ N i

I ,
t se.,

_ I m. m o 8 06o 0
I 2

. W ,
4

N , m mmmr N
,

. r

.
0

- _ _ oE . s i i
2

.

n 1
0 f. 1

s
I 34 4 ~ W 1

5
- . W r++++ }r*r'S l _ E

P 4tI|ii46(_,' , lI t.t:46tt - ,5
! isr

.(it

[.1
.

- _ T

_T t v r - =====_ t
- _ s
. - HHHHH, e

. . _
. 2 T
. t

s
t 2345 ,

(Nue.
-

_ s
e

t E .
. h

. / .
.

f'
:

_ s _ nt

t+mm
. _ ia

w e$ - .

_.
t , _

.
,

Ooc .

i

0 g

_ r
h . _ e .t

p

T .

imw .
*..

t

. _ ' e
. , _ sS.

,
.

._l:91I s .
,I,. |_

|1[/ <feI< o

. 0P .

m
r

,m ( u
_. s , 1'yf" n_

3 iiI1iiliI_9|..4I e is- ?sm

it
. r inu _ _

P ., Oin. _. , -

_ s. t

. D .
t .

i* e
rn .I[ .

8 C. ta
e

ae gM k'. 8a ,;; -

g ua yQ e l

o ~ jyg 5 u5e 8.
m ,

e
- M, r, : e

a p
mt

n eo
C T

:
:

5 6
.

.

g g
i

i

F F

vv

e ' z .- !t



. - ., .-

i

e

i
:

, 'i
. ,a . . n

.

n .. ..,n .n.. . .n w + ., n . e. . .n . , . . . .e..,.,.,..-a...,

!s oi a as.3= mce um e s e n ot.2 - aans m em e-is i rw . no.w m ts , e s ee e tn a caes m em e , a!

asl{j} f{}} g 7 th 4 SEM3 mm tre e i.es 3 (ts.e - cotas Me (2w4 gI l'12 8 E8418 Fle8 fM 4.1M S itt 3 e 09:46 Pot Uth VB t 41g id ;s rn t . a eem po em e s aa e nts : neom s am um o tw s tu s esm Metz e + ee e in e asu neem eg ,
- i e i 2

- . . + i
4- i i 1 H = + 31 m i i 6 - i t t
4 1 8 6 O t 1 I s >

s 1 H = + 48 m j | fo8 | - ! [ '
0.= . _ _ _ , _ _ _ _ _ _ _ _ .. ,____4_ _ _ , . < _ .e * ----4--- - 2 ' H = + 27 m - - - - - + - - - - - -* - - - - - r

.e - 4 i4H=+-6m 1 8 .' 3 H = + 17 m .
* ' '4 ;

g i 1- i > ,

! 5H=+0m e,p f'4 2 ' ' '

. __'[.. J{l d,L-_|_{_---_'h _'i|L _6 H =_4 m
> 1 4 H=+6m

p _ _ . . . . . _...__i_ $* .__ ' __ 5 H = + 0 m _ _ _ _;-- _ _ _ _. _ _ _ _ q'- _ _ _
-r* ~8 '

.8. .
ez

| i4

h } )!Ik | .| | g j f6H=-4m | |.
$ i n t i 9 4 i #

9 8.____.ff)|_ _ _ . . ..__L _~ _ _ _ ___-..___

~ 4 _ g __p- _q- . _ _ _ q- - ~ _
8 8 ' I3-t 1

i | 'g
U

F 6 i Il ti i
'

6 3O i 1 - * . . 2F l y ,,

; es ; xi
'_' [

'38 | | ,

s :
4-*yd ___ _ . , . . _ _ _ - _ _ _ . _ , _ _ _ - _ . . .,- . -_ _.__.. .__ u +- . - _ _ p_-__ ;_____---_,_

f ,

T f ! .f[#'

s
.!

' 00 '3.0c io re t'5 00 '.M 50 06 Nm MA !
'

TIuE IN PNUTES .t0' TsuE IN MINUTES * 10 ' .I

==- --_-m _ _ . _ _ _ _ =Qc- - _ $ _ _ _ ___ _ __. __
'

Fig. 7: st. :n concentraties aiong staircase. Test sit.2 ste , conce,trattens erong staircase, rest sits

?

w D

u, .4 .. . w ..,.m.- .u . . i m. - n .. , , . , , , . .. ..,..,,,,.s,..,,n,.

@ s ( 11 2 2Y.'sent balal ( Te M I 90 e(tt f Gt 8% ble t/m . WC * !M 1 (ta e tf seja s sis (2m vg 9 er a { te d M*01 m Unas tit f 01

[]](jj 7 f r$ e gem 3 s%e tw gg y gp 5Ene mies m IIsa M 'r2 (II 2 (% tele Me ir.d sG t 00 S(M2 e CCit.E ht18 (*.m E Us

s oi s . cn.* M= i += c iso e in e . ew m em w u- ini. mm wen. . ,. er.. m.w m um e ** t

s. I t 4 6 i . i

I'''t I I p . t 4

I 1 I t 6 i f
I

i i t 4 i f

8 1, s 8 i i t ;
;pp. _ - i. _ ... - _ . . . - - . _ _ _ . . - --i._ g _.,_ _ % _ __--._.a_.-___

| [ g ; |1 H = + 48 m | | ['
,

9 - - 2 H = + 27 m 2 i i'3 ' 1 I '
s

'

'I . . - - - _ . - -

$ .
- . . _ . . --f. 3 H = + 17 m ., _ _ _ _ . , _ ___ [.-_ . _ _ . . _ . . _

4 H=+6mi r~~

4 1 H = + 31 m i ! 4 i i , ,g,
j g | Q | 5H=+0mj | q$ | 2 H = + 48 m |

'' s'

h 3 H = + 40 m j._ ~ _._j "%d h | ._ ._| 6 H = ,4 m L
,_

!'

+C W 8 ' * i '
'

c 4 H=+ Smt ,

4

i -
i i. :o , e : e

z 5H=+0m * _ a

i i r .. c -

| | L __- |8 4m | [ 4
*

"' E.. - - - .

_3,..
.

'

. _ . L| 6 H =_ _-
8 5- -i -

.. . _ . - _ , . _ . _ . - _.7 - _ _ .
'

-% ,---7,i. 5. - i . .., t i
i

, , h | > > t 1

(j '

,i t t i : i .
i t

l ' L

I. i
8 I 8 I 'i hQ t ,f 1 J , ,

- t . . . * * Fc_
' 00 'S.00 to 00 i$ 00 ,00 itt 00 b 00 b# !

T1hE IN WINUTES *10 e faut IN u NU't5 10'

&g- -- F@%._ '
i

;-

Gas Concentrations a ong Staircase. Test Ett4Fig. 8.' Gas Concentrations along Statresse, Test E11.2

1

. _



'|t , ,!(r , b i r ' , , i ;t iI r r II
. ;

_.
' ,

- _
_ i( _

i _

j-|

,i(i1i;4' 7$ A_ i 1
+! 3 ss! <' |

;. l
,t

1 1
_ _1
.

1
.- _ E E 0

0
[

_ f 3 (t
6 X

_
e i

1 | "4

Aa
t.

_ _ s

%g
_ _ $a - s-

1p,e,
_

[,I

Y_
t -_, ;,

_ :
- e,g :

. ___

_ t ..

_ _-

-
.

..
_

:
o ee- -

. _ b' I

i

y' r iii*
' e _ '

0 0 T - mm
.

- eo; f;h- .0 *Jq
:

. -
- ._6|

, '.4.
1 .

- t._

aw
,1 4|i1 r?| ,,^

3* )
. it ' i 5i{ .

m 2-
a

. - _ tr 7
-

re --5 2 s

" s
ii

V it

ts a

-

- T ta - t

G t

m o.w mmmmm-
r_ S s . s. =. . ..S. - _ vC la

.,.~
4f u t

.
- - i$a. - _ _

SS W :e ,.
s 532

1 1 7S 3t.

s tow
-

- ,

_ ip = n =. n
.

c r e

s i

--
t + E - t

,
' M

.
+ + + + -, 1 2 0 so u=== = : -- W - 0 s eu-

, tli'

'_ .
| Y. . .* I .

0 n pi HHHHH

' g _mr
e
o

i o1 T''nss

nn
.

- n.eai

- ri. 1 234 5.

m- _
- e

. .> s -. r. a, ..
s err ' :ant _ . -

- t

mew
. n-

.

i.r m www ' s.e
-

. .

k:,. im

s.
- _mm 1 wmm.

- -
e- - _.

mm s( ,o wee -
.

- 0L 0s

_ -
}I|. i' m ,. *|!

i 4_
:

_'
ti

si
. . . . e.u 5 r.

_ - . n uoo 2 . oimu4, _ .
-

.
is t

.

. re e.

8 8% 8 - 85 84 s g ,-

o " %hU a wh|= m
. g 8 g

q 0" tt
oe

T!c

-
ie ,
e a
v c

.

-

-
. _ m _ 0 -

0

1 .,Jebi;i|

#.
$ a3f|ii, i

-
1

_

- 1 . I j * t| | i; ! pbi: ,5
_ _ s

1_1

-[ [
~

,| mmmmm-

'c_.
-

.i 1 1 75 3 -

5 32 .
. - .

.
.

m - + + + + - e
. _ , u..

g~ t k( a.,
_ - 2. . . t n

e = = = = -

.

dHHH

e .
% Nw'_ms i

;*l

. E v.
- >

..o t 1 234 5
' 3

0r,. s
.

uu

m.
,Ii' ,'i,|! : .Q. j

4e. i,fittq.|
_

|f u,? |,3
3-.

7 1 0' T . .m .

. _
1

-0
0',

. -3

mw 1

_
.sr

~ !a
.

U' r
s.

.

E 7 ew .
et . ; S

_-s s ._ E.

a
.

T
J -

_ w t o ni _
. cl

.-.
. ar

w
r. . !s% . N <.m- 2.

t
s . 7

_
. .S5 a.

T s m t

- 1 2 el s ,
nns _ _. I aN

tu.* - . t r
u.

.
T s i ii , ME t

.

. u s
an eii.ta;4|5{|I , ,i| ,e>'5

.ee|i,. | h , . ,; 1i 5;3
.

.

n T
e. o nn-s.

_ nnce _ a _ ,.

n_

_ ram _

s a
_ c.. _. . . m. r

~
nn . . eie e
. a _ t.

.s ta
.

mwe.
s sm. c x e ~. .

_ ire i.
. gut

.

_ (
i

mm. weom / :s
e

_s .
n u.

. - (f , , a
|ii

_

m 0

.s _ i rrt
. fi ' ,i| | | - * 1:e.r e

,n 0

_ m - s. 3e
. ,f.:

ru _ un s uun ta
.

~ in
.

- a
., s nu .t

r
e

oo g% t. ge 8.' s . g3 .

g- p
. mm} $ m e o_ " hb s whj=

e .
e

_ c T
o p

_ v a
Y c
: :

9 0
1.

ig .

g
F i

F
- wN

i i |j a4



,

95

MAAP

FAlHOMS HECTR HECTR

RALOC COMPACT FATHOMS
,_

S WAVC0 MELCOR MAAP
S CONTAIN USA ( C0fCAN UK :s WAVCO

_7 RALOC

",\E
'

g 5- *

3-

:: x ,

-

I / Qw j ( l
'

s,,

/ ( Experiment
'

U 500 1000 1500 'O 1600 2500 3600

Tune in min Time in min i

i

Fig.11: E11.2 (left), E11.4 (right) - Date vs. Code Predictions for Containment Pressures j

!
._.

$ 200200- -

MAAP

FATHOMS HECTR HECTR
,

.RALOC COMPACT . FATHOMS

WAVC0 A' _
MAAP /MELCOR

_8 CONTAIN USA CONTA!N UK 8 WAVC0 .

^

6

100 -
.

Q, 100-

\Experiment '
-

"g .,

p y
- Expuimentu'

y .,

I ..

i

0
d 5d0 1600 1500 6 1 00 2000 3600

'

Time in min Time in min
t

Fig.12: E11.2 (left), E11.4 (right) - Data vs. Code Pred:ctions for Temperature in Dome Region at 40 m
;

|

I



. _ .. - -

Ni.

s E11
* s E11

R

FATHOMS
RALOC

HECTR

^ 0MS,, - Of AN USA f.
'

MAAP y4 3
e3

HECM WAYCO*

Yc
-, CCMPACT RALOC

,e
e ELCM \ g L,

,

88 CONTAN UK Experimer:t $8 ( Lj- M J Experiment

.

@ j 8 [ f' .00 '5.00 40 00 15.00 50.00 jo.co .
|Tine in Mnutes +108 Tine in Mnutes * 10 ' '

s,Fig.13: E11.2 (left), E11.4 (right) - Data vs. Code Predictions for Gas Concentrations in Dome Region at 40 m. (
G
c t

,

200 #00

!MAAP
e

FATHOMS HECTR HECTR !
RALOC COI.tPACT FATHOMS '

WAVC0 MELCOR - MAAP
~8 CONTAW USA CONTAW UK 3 WAVCO

,

e 5 RALOC ,[ e
i

100- 100-f ,

| '

Experiment"

[P

. i

d 5dG 1000 1500 'O 1600 2d00 3500
Time in min . Time in min

Fig.14: E11.2 (left), E11.4 (right) - Data vs. Code Predictions for Temperatures at 12 m i

:

!

!
_.



- _ .

.

,

E11E11 ga- ,

g 4 ,

,

,
!

FATHOMS HECTH

RALOC- a FATHOMS
..""g

$ WAVC0 2- MAAP>

1 i CONTA!N USA " WAVC0
.c WAAP i RALOC
e HECTR c

$ COMPACT
^} 8-8 MELCOR g -

O P- CONTAIN UK "f .N ,

! G y''f* [ f -

hd
q / 'l Experirnent ' fjY ' ~

'
'

IGi ~y ,

Q Experiment ' Qf f.! 1,_

8 I 8 f I,,
~

Io r; 15 00 50 00 - 50 00'.m 5m
Tirre in Vnutes 10 Ime in Enutes 10' ;

Fig.15: E11.2 (left), E11.4 (right) - Data vs. Code Predictions for Gas Concentrations at 12 m
; e

o
,

E . -w .3,. Nodalizaton
Mass / Energy input d., : Mass! Energy Output+

*
- Realistic Modet!ing for Long Term ig.ww sp., creur.

t. .

'_$',',",$',7,

_. _ g,,,,,,,

arv rfam - - Accounting for a!! Heat Sources and Sinks [
,

_

, - m , y y|p se . cetaim.ww.t >

|, n. - u.eien, s.n.s. - Boundary Condtens
.

,

t o : t{: - Energy Partioning
- w.e w.e. .,

*

|[ c , tu

*[~ N,*mYO,"c,, - Heat Transfer During Stratif. cation ;$',[ *
~ t i - teas st.w so.: s.<=.. ;- m.. ca n, aa

Fn- J |. - Artificial Mixing Lp;g..3 3
>s . n.av, ,-

.

- um. cum 3- .o ;
- Counter-Current Pows ;

,

WDr" ._| ewi aww,non c .+.s.e cwy
'

3 44 * W j es w = tem |.wuc - i

;[
"r ..:...a % s, . - we w""

- Multi-Dimensional EMects '
- mde Te r=*)-cre_e...n e, i

2r M*~7C7,",'"'. - Physics of AMM,

,

Fig.16: Input Data for Code Predictions Fig.17: Issues of Uncertainties by. Code Predictions i

r

#

_-- + _ __



_ _.__ . . _ _ - - ~ _ . . . _ _ _ . _ _ . . _ . _ _ . _ _ .._ _ __. _._.. _ __. _ _. _ _ _ _ .

1

!

Nodalisation
1
i

1.) Control Volumes 1

Cannrrern 41 brred Pararca tids )

1 (Dorno) ? -dmensonal ,-

wnh 6 Rbuts |

ArnAv Cap 9 bripxl Pirm,ter tAus

2.) nowcath Junctions

Cormnrron: 97

Arn47 Cop to

3.) Heat Stnictures

Corutte Wab 51

r.w.c snexes a

Eteel SN'l 43

Fig.18: Summary of FATHOMS Nodalization

r-- . _,____..______ ____._ _.. ---_

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

., ___. _____ ;g' ss isa .

,
I

I
_ . _ . _ - - - . .- - .. _ - .

If. i
Ii

** ; . ,.. - - _

,f2
g.

,Si
m

i :i,

,ii + .
I| I 1

i i i , i - ..a u___ _ ___.u_____
-

, ,ur,. ,r tr 'i ,r .m. .r r al rii

. g 7 L.J L d~ C
.

3 ,,
,

{'| uJ L. I i
s - 1 t - !

| Fl F~1 i t , :t P. El Fi : !
t
i '

,

a a u _ i - La | u j,y, o _. -

,m, , . ,g ,i g- i>ng,
r ,g ,i r. .:p

,i - i
I

|- 1 J L! u.) LJ LJ c_i LJ i i i
i i ;' t

,s; ,s ' ,n; ,q ,tr; ,m ~, ,tr, ,.: > ii
,i -,

,,
L.) LI L.J L_' uJ u ._ l . W iiy ,y ,

| i Fl PR P~~i F F~ ~l .Fi i [ !,
'

u a L. ._ i. ; ac_; a i- a i
ii =

r I'p, ,g ,i ,r - ' F i ,D 'i r -'i ,E ;=~ >

ii u e s , ii,

a g4 u ; a ui i L_i u .__ ;
; ;-

-

ni ,r - n .r ,u , .

._ _. _ _

i

Fia.19: Control Volume Nodalization of HDR

161

_ . _ _ _ . . _ . _ _ _ _



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

. ge; , - g ,mg; ; ; -g---- _

.l! . - - -__._ _ _. . . . . . . . .
[pJ/;

h 3 t

g-:p s T--- rj 7
,g _ _ _ _ _ , ,

3
.

! !
-

t
!1 : 1

iLi i
-

;: ; ,
,

1: 1

.h. |
I. ! |

5 i&

1
(

t ,
l

j-
"|*

h-y
, [ F.----4.~ _ . _ )_ ; __ _ .f g

'

'*
I k j i ;i !. * /,y

"-

| ! , ; .t - : ,
= e s- ,

! I c( j / 1 i

& i' . 4

- E <![, -A' | ! -i -/ - i l
t

1
, +: w1

' ' . _ .i -c z ' i . '(
I W - --_& g. _ , ,

@ ,-. ~ -__y,_ ___ ~-c
tt 4 ,, , *

4 j C ! e. 'I- |, - , : ,,
'

Aq.,: .: : : -
.O t

F.c. w 1 ' W .s:q
ct 9, a .y j

,

-a O
| '4 i i ! O

*~9 ~ fy-1 | ,
- . . _ _ _ . , . . . . _ _ . . ,''

I~~ 'I e,, , j i

Y. (';
a i O i ji h [' .\ f

'
i -t". .Z '! (1 ( 4!
I

6 ,-- s - r -
p
4 Ei Q. _ _' ^r \ i i?wj j '

! ; si |
J ' s
C.1 I a i :. < ,

- .. x :
-7. ;;

,

.: .
.

.-t #;
l i 7; A

- -
*

4i
_

! , O |' O,.t*! 4| e : ; - - - . _ ~ _ -( 2 3i* .
F--~~--t----*e t

- <S ,i
-y

*
am 5 ; i ; 3'

- - . :.- O
-\ : :'

1.titi *~J! ) ? O-j' |i i

! 4 |
- - !,

b C. "Z / '''
j Zf Ni i -

I
k'/

|
' q/ i -

(D
.- 1 i !j I

!'
! i

- - -
i

i ** e --- - m -1..___..,- Q
-

| I i; e

1 - :;
> 4_ , , _| * ,. ; -

,

r.
i j

' g\ C 3$?
. O

i
;,: ~.; ,.

il8 c 2,3 Q
* 02 Z

< m< +\ -.' * * ei s 1 '

' T ? ", { k O ;;; p
> ! :: I s

tIy . _ . _ . _ ~ '* O~*
- 7=c:

(J eq) a-J nkeay C [ 3] u nie u J m"q Q"' "
-

t

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

$@ sn

II
H &
< <

u.u.
*

"O - - - - - - O- - ---.-;_m, .

q$ .
t u.. .c.. ,,= .. -

a ; { ~ ~ . - - _ . _ - . . _ _ _ , _ ,$ --
' O |hg5[{ C'

k [h. h.;.-- i
.

.

.

4- .

c 5
et i C

j Ow*i

li C (- ,m.\,. o -
. . _ - - __].._.. - 6

=< , .,
_., t_ ~~ :~ // [ ~ * f Gj O |. jQ

: i -.

/(\ ><. 1U . O ,-+
:: i2
x- / 4 0 . 2 d- eeJ

(D N s o a : .it - . \ --. Q4a
~~ C\c- . e. -- i - i #"i !i

w' - - - - ,

.| 1,
' O

- -_ .v.. . . . _ . . - . . _ Q.: t
{ Q.

, - - .c<

I i
(<

.

@ / N Z M'

', h 2[ g 7 ' .s 'w Q'

yy
'

(O . e m =-- { _. O : f o _ $
,

: _: gi :--
-

- - = Ei 'C" . ; .. ~r : -
m y -- - -- - - - = Q

'l : : O | T f k ~ Q2, 5 - .k - - - . - #
- -

4 4 1e
I E.A P

: ' "I I L - C - - x~ = t
ob- g ,

.

.-.$.. 6--- z.
5 : & 6 .,

A : - u 4
-

g:

\ H . Q "~
\ a Q=== \ '% y

. - \. Q - - t-_._ _ _ ~ _ ._m a e~- . ___e
*

iI 5 '\ . Z \
*

% ! -\ s
; e g.

-

_3 \-*

e -
\.t 2i{i g(.- O - ? _

s. p
a a

I i ; ..**

- ' .
N. - ;

e , _I f. i.
N . . N

--~.-_--_._~,w _-_ - _ . . _ ~ _ _ _ ~ o%. u
- =. 5 - . =

; g g e:
NN ($

h hI

. -- - _ _ _ _ _ _ ~ _ _ _ . . _ _ . . _ _M u e m m.u .-1|
?

,! (na; unmy
-

a
i U . . _ _ _ _ . _ _ _

.

I
|162

m ___ _ _ _ _ _ _ _ _ . - _ _ _ _ _ - . _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



_ . _ . - - _ _

+ . - . - ,

y-
-.- - C74391 Es partment 17f a )

. , _ -
. _ . ._ .n,.,

_- CT9%F Fspettmees.t (Fala |- . mi ... c . ice.o nw e em
os i.am

, , m 4 r ..~i.u e,r cem. , , , _ _ _ .o,.. <. .ees.u.=, . - - . , .
.u,_._,,s ~.-. - - . . . . " * * *

- .

N.
r.i~_ wm.--. . - -

. . . . _ ,1***** Mas
-4

.. i.e cmn
,

-

IlDR Test Ell.2 - 5tairwell +2G3 m. . . . _ . .
. . _ , . _ . . , 11DR-Test El t.-t Stairw ell '2G.5 rn,

DATA M
| [

,

! - .L j.
~~

. . _ d.i ._ _ .._ _ t._ _._ _ ._ _ _- . . . . _ c
:- _ .

4 JA
.

.

; . | '/ _

O O '

eBLIND
. _ |-- - i

{y%
,'-: OPEN%n tnOPEN -

if: '.'(_ -.,5%- G %'
~ ]4 t

!'| e' ,

. A{ ~ \
- _. - . ,\ sy

;
m

:hp . .._ . p,

|9 h,
s

p .f % -

p_ . .
,

*** - v s. ,* **

3 .

% .-
. DATA ,

'_
- !; 4%- [t f"

2o 5-,-...._.-
.- .-...~ . . . . . . _ _ . . . .

. _ _ _ _ . .. _ _ _ _ _ _ .,l.__.,m_.....
._ _ . . _ _ _ . _ _ . , _

. _ , , _ . . . _ . . . . . _ . _ . L_ __
+-

.
. ,. m m

_
j*

m ,. m .. ..

. ~ . . .... . , _ . ._ .. . . _ . _ . ,.

,

.

.

Fig. 22: Temperatures; Comparisons Data, FATHOMS, GOTHIC
1

w L

& !
*w

. . . - . - _

gg7 9 .

, . . _ . - _-. . , . .._m,........ ,. i a 1 _.m,, , , . . ,
.g [ . =,,,, c, .c . , . , I
' ,u<..e...... m ,,m

<.,m. - , r. n
- ,..w~.... . -m . v,..c.~... o.,,,,,--

| ;.. .
j
;. ..y

II Di' -Te<r t. E i s ' si ,iirn elt * Iai.5 in
,

It t + P. -T* = 1 E I I ,4 Si nir w ell + 103 en
, i

! ,

' ' ) J - - . ; 7_ __ !i! , ;

)dg j . _ - - .. _ _ _ . _ _ . . _ . _ a - __ _ ,

,
. t.- t j! ! OPEN. BLIND

! f
,,

'# ' /6 BLINDi
.- i k

'

.
;, 'V DATA!',w-;

; y g, ,1.. , -,
- .

, , . e
s{g -g ,, m. _ . .,~aI

7_..-.._~ - - _. .} _ ._ %, .. _ _ _ . , _ . ,
i DATA # N

.t h '70 PEN b.s Jk }%.I $ N~.
1 '2 .|'% | *' % a , {*

s i
,

ijY' ' '

#

- - .. } + _ . . - .

.- . . .

.= !
, .

. = 1 t

, 6
.. I. ..L,,. . . . - .. ..._ )

,
* I i ,>

. . . . . . L .. c
.: GP 45 P ut *% O

.-._~a-_ ~--.-..----Y. J _ -x- ] s ._.J
r>

. H - 1.-_ -x~--
69 P'* % 4' 9,. 63 )l

Time [toca r$] Titua(hental
l

_ .. , . . .._..J _. - - . - - - . . . _ . - -.

y

l I

1 Fig. 23: Temperatures; Comparisons Data, FATHOMS, GOTHIC ,

i
,
-

i - 'r,

i
i
s

h. _ - -' _ __ _ _ _



.

-- -- w; . . _ - - . . - - - - _ . _ - - - . . _ _ , _

.--. , i n w e r. .. n... i vi. . >
.

_ , i .3 , r.r + . . n. ,.

en-4 r. , .o o.t +ean
.

. n,i.4 r.e-t.o o.r cran I
'

o,.. .i~ ..o o r r..no .,,,..c.i,..n.. o., rio_ , , , _

s!Im-Test 1:11.2. st ain well +6 m lillit-Te t I'lt.1 Sinirwell 411 na I,,

r
- '"

. t .n._, , , . ;
' s - .. no,,

g, e . _ . -._J._,- n.

. _ . _ - _ _ __ __2. MM la _ _ , - _ _ . . _ . .
,,

* BUND' .OPEN,

DUND - - ! ' \ ,, g "*'/ ! ,

_v..K
O,P E N

) . __.
_ .

7'
~ _ -- . + - - - .v.

' *

'h- - f|7' OA1A
y'r !i j .,

. - - ,.
~ DATA3 g

. . -

g
!g

. . . _ _ _ _ . _ _ _ _ ___ _ - _
,

t E,n-
a,. t- . - - - - -

. .. ,c. ,
. . ~

.

,e . m .. .. s... m n ,

u ,.- o- - a um, n.oore
_ __

t

Fig. 24: Temperatures; Comparisons Data, FATHOMS, GOTHIC
-
&
C~

-_ . . - - - . ,

1;p-,,..,,.......~, . y
y. , . . . . . . . . . - . , y. ,

s,.....-....~ .....n . , , , , . . . . . ~ , . , , . . , , , , , ,, , ,

, . . . . . . . . . . . i ., m i,3 . m ;

,

i
e ., . . ~ . . . . , o,. on.o

!!Dit-Tes t E11.4 St airw ell -3.6 m
1 fil)l: 'icsl Eli.' sl a ir w ell -:1.6 in |

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

,

.. .. , ,
'

i -- . -. :[u:a .

[i| BLIND - ?i
- - .

-

^

i
,

," BUND
., . . .

g

h'' OPEN :L OP,EN
*+

4 e

if ,., _ _ . . _ . _ . . _ _. g,

f [
-

f . i ,
/ o n n. - 4 m .,

I DATA I
ATA

_
_ y p ;,[ ___ , _. _ _ _ _ _ . _ .,

-

,

, | | !.g ._- . . _ . . _ . . ,g 1-
~ .. 6,._,

... , - .-
+ .s-.. ...-.L-.-. - - ~ . ~ . - .

4 to tb 20 Ms 9 98 20. 59 49 99 94

n .. p.m...;u ,,,- n. .e. , y ,

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

i

Fig. 25: Temperatures; Comparisons Data, FATHOMS, GOTHIC

t



t< 1ir t* -- [ , e' ,

be I.,l{ :.. 9I * ,h 8

_ . . *

*
e *

_
_ _
_ ~* _.~. = . ._ ~

, m
. ~

_ ._ r 1

,

_. /_ ,

_
.

.

m<_ m .

6
.

7
. I

_. !
, _ - . 5. . _

.

.

.

. _
. e . %

'\
j.

_. , _
, + , '

. ._'_

2_

. 4 _

- _
l . ~ "_ 0 _

, -

.
l.

+ - .

. ,

e _ w_ .

_. 1 . _ r, .
m _ ,..

. .

ia_
.

__
. -N A.

o. ,

OgD
. - S_ ', E/

.
'

_ t , N _. D_ , E[ ,
T _- -

Pm A - . P -'

- O-
-.

-

t.
-

1 .
_,

a
t

.- ,.
l..

.

., _
i D -

l D A ]- .

E_.o_ IN .

W .

yi- t . U me

.E ,
-

T
L _ u- . Ng e

. A, i n. n, .. t

.

D. s D .

b
,,_ '. . snwe_ B hn c. . a -

.

-

. .k
.

M C u
, T

. [. w[m
C

.

. , <.n =,_. T
.

_

.

.

_-
,

._
.

-,.
. H

,

. _ _ .m_b.. G

ww.b .
_

_ . II r
t s ! _. i HD .

U H r !

_.
I

-
T

-.
_-

I

.-
TT

. . O .
_ l .

' , \- i _.-

.

_ O. .

- -. 'jr ,. ;

. ' . G..

. u. u _.
,

.
.

- .n. _..

_. __[ _.- ,. s. . .

- - S -

- , ..i.-
,

v. u _ . . a. . S.
.

.

_r
. .

_<
_ _ ~ . -

. c

.ne . _ _. MM 3
.r.. a.

1
, .

_
. '

Ou . - _
<! <. u e- - ~~. .

a- O up w- _ r .

- -
-

,I .u H.g
j _ >,m n;::* H . - :

g j_.
; -

2$ 'Ey " TT -

A A
F F

, ,

a a
t t

a a
D D
s s
n n
o o

-
!iJ s s'6 bC' ,! j !* iiw~ .,

.
== r_

.. r
-

- n aa ~

- --

- -
p - p

_
- m,- m rn ,_. -

.- - .
C 5. __ ~

, ;

- _

- o o
C6 _m., 2

%_.,.
_

le __ I
.f,.w

,.; . + _.

_ _
.

s
,

s .H .
.

n
. l ._ .D_

+-
,

.N n4 -

D s oo w_ _. L . i

,

e- \s _
_ N

- r . sy
. O. ,

ir_ Bi .,

U _.
.

tn t

lo-
a_ aat _B .
t

. r. j .,
t .

> , tf

_ n .
_ .

.

e-
- . n. s

.E
P _ e .

.

i gN[Jy A N. c1' ,
, . . , O c 2

t2. . _

1

,

1 E. n
. n

t . .

-

)

o
1 . O

,}
. i C

.

%_. , e C i n. m

. g
: .

P ] ol

E. r - . .t
. nas ts.

_ _
{

m om
=

s.
tb.

. rue r ,- ho

me
.

c
.

e [
i.

. T A ._
e a. T t m=m.T

.

.

n
. r .

n a
a. r re .

- . ~ _A r

.

._T -. Tl e
-u

D- mA l e
l _.A

ut n ,

R R

_
T )

_ t

.

I D
I _

t
l

.

S
_

.- S I
.

.gD ..
.

.

- 1L_ . . 7I , ,. i|i.

. .. ,. 4,. ..

. ..
n.. . -.

_ o. .

_.
a, a -.

.,M. . . .

_

, -

. i.. , . - - .

- -
-

:
. - . :. . .

- . _

. .u e. _

-
_

_ 2 m..- g/ 7c < 6 .... c

2-|
f,. . ,-. . -

.

. u *: o-
!4Ijca.

. n_me
.. If. r

.
- g- g , g g a

.

g g

.oe:3 - i

F 4i|

_ i u5u!e' F
i. _>c

-@Le



_ . .,
. _ . . . _ ._. _ . . _ . . _ . . _ _ _ _ . , . . . . . _ _ . .

--<,enis.,......... .i r . , , v -- S i nos3 , . r.. . t i,. p

D -w.<<...s... w mn- n ,.a r sn. .. . . n,,r . w p

. F c,.. c.i 4... <>.r c , ,o, . . s. . . i m c.,rm
- - - - ._ .. - _ , _ _ _ _ _ _ _ _ . -..

IIDl!-Test Ell.? W irwell 4t1 m IIDR-Test Ell.4 St airwell +G m
; ..

_ _
.; g _ _

|BUND | BUND
,

.tN-
4 ,

. p.
. ,/

. .
c

g _ . - . _ _. : _ rp_
. - .

|1

_.;. ; - -. d'I=. > g

, , . . .: ' 4. '
o ,

> , , ,

' '

'i '._U $ _. Q _y .~ _! ,

k ', I
E

- OPEN ; E . i \ DATA
i-'

je /[h- .__ hi _ _f( __ _. _
A_j {'* * =

I i' .!
s

N
* > - . .i:: r

;; OPEN"-

DATA |5

,
|

.

.--4.---'.-.--J_.- .3 - ..b
--h d

' __
., . . . .

.~ , . , . . _ #

. , , ,. . . , _ , . .. .. . . -
o . ,.

U m * [It M r. | .
_ 'Illste { f t nog g g {

_. ._.. _ . .

Fig. 28: Steam Concentrations; Comparisons Data, FATHOMS, GOTHIC
-

&
&

.

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

, g., i

. _.s.,.,..a y.. , .

< < . . . , , ..;- .. - ni a.4 t . ,-i.* *.. m oars
eu . ..., e . v . u . . , it r e r.rs

! _ _ , _ ~ -
n,......., , ii., < , ii , _..__ c, c . t. . , ... ,,, c.xm

lion - res t ic i t e u.a. e 4 la m liim-Test Ell A D.im e +40 m
, , g .

j
- -- -_ 4 ,

, 7
!;

af | .. ' , . . _ _ ! O __ - .._ _ _ _ . _ _ _ - _ _ . (

hy ; DATA
f I /\ k i s

| ._ _ . _ _ _ _ _ ..__ _
. _ _ ., L/EN J! -

,, _

/ DATA \xp|._
$ - ~ > - )(

p<

p
_

''

I -
. -

J_- - . - _ :|
$! OPEN ::

t
- .-; ft_|. . . _ , -

; h -.- _-_.. - - - ---. _ _

8:

f;fw/ . :. _ =
f BUND

f p
%;; } g BUND

0, 1 l _. . _ . _ . _ .._ d .___ } y;; .-. _ __--

-|_ _ . .
1

'
-_

< i -.--.~~1 .F_ . _ t._..._d -! . ..d . ! e i
A , 1

L, _ J. _ _ -
, -

a _ . - _ _ . -. i . . - - ., .. .=
..

I n- D im:u ,,,- n. .. ,, , , r
. .b . , . .

- _ -

Fig. 29: H,-Concentrations; Comparisons Data, FATHO55, GUT.4|C



__ _ _
_ . . _ . . . ___ . , . ,

_ . _ - - - _ _ _ _ . . . _ . _ . _ . . . . . _ _...-____g_
_ _ . _

i -- i .. . me , . c. . , ,r. , ,
; ,

j.
--. c . s w a a . ,., , .. ., tri 4 3

y,w . . . . . . . . - . , . . - , ,,. ,
....-..m.. .., <,.,,

i.
~..<.,...m r, < ,r t.n

- . , . . _ . _ -- _ . - . _ . . .,_ _._. _ _.-a ;-
- __ ..

, - , - -
e,..<.~.m.. r, nr.n ,

|
. .

IIDH .Tesi E l l .2 M air w ell +26.5 in !
- - - - -- r --r- - - 4--- --r

!!D!! -Te st E ! ! .4 M air w ell +2G 5 rn
t

,
_

I ! . L_ , _ __a,ATA . I. :.:D_..__.r- ,--- * ,

: ..j 3, ! t ,, - _
_

| , }
,,

[ | DATA 'f j f . |l .. ._ _ q_ e . _._ - - . g ; ; n ,

;<.___....._ - fOPEN_1,__J ;|.,
< ! ___

i >Ij- 3
-

- i
..

l|- '! 3 |

_. - | !
,

I' 'r.'
4 %-;

}R
l

'

j OPEN
.J

* '

'.13- !

: 1 - j: r- .,'
1 r , . , 1. .L-.-_..,,_ p. - 1..._

, .

l ;0
3, i,

4. .,
, i - - - - - - _ a

]

n[
, - , . .

-r- j,
.

| } BLIND fj f
f,/

' ' 0;-

BLIND rp

; j v : :. -i -_ ! ! ! i

, 1 -)
- u T i - i

ea i i
-

| !e : ,

e | j
.

l.
- n .s 1 . u .. ..s . _ . ;- ,

. , , ,. .. .. ..- . ..
. , .. ,, ,. ,,

| - T i en e { h me r * j
i Tinie{hnurs] \ .~...--.J
'

l

| Fig. 30: H,-Concentrations; Comparisons Data, FATHOMS, GOTHIC
1 -

| Q
l __ m. _,

--
_ _. m. m. , , . 3

; ___ r s . , , , , , , , , . . . , a. 3

!
''

4
%-- u.m 7. r. . . i g. 3

,q|
.

m,n.,,,.4,., r,,,<,.,, ; (p - ........u. m , , . . wj , , . , , , . . . , . , , < , , , , ,
.' _ _ _ _ _

..___ - - ,
.. . , , . , e n. ,3.~ .

- -. _ ._. _ _ - -- j,
t illm - Tm1 E11.2 * i a i r iv e ll + 16.6 in l ll D H - Te s t EII 1 st a t t w eil + 16.5 rn

t
} ,. , .q .- , _

|
,

,

!

, , ..
1 ,,

! | 1
+

1' -
,

.

;. ___ ! T'
j _ ! ;'

4

{ | | . _ . . k
.,

i ,

f 'f
a

DATA''''' '

_i _' -. j| <
' I l~~ I I i_ . . 3

f. -. -- - - . L' '4, 0P'EN 3,-C .- 1' V.j ! OPEN ! i
' ')

, : c. ; .c __-__2

. - ' , \
.. .}

._ .,

.

< t . . - .
i ' ; .

| i :
.

! c.,-
,

is . . , - -._.4._

! -i . . . :i c ,; : j. j j __ p, j / ....l__._, _j ,
,

, ,

;. | DATA ift ,. | .I: i
? ..

; BLIND j j t|
'

- _ ~ . . - _ _ . ! t

| - j; i
! g. ; .

. . _ . .
>

| BLIND 1 i; j !
'

<|
i i +

;

s | !
i > ;i .

.
r i j,

;; t --
- .+. ---;~ t.

; , - ~c ;

1 .
;

. .. _ _ ~ ,
.

! !t .i ~
.- .l.. t _ } -._ .~

J; !
,n r

_t.{= '

r, +- 74. w .* eo e ,_

e , e m to n ,

! re.n,[i,m.r.} |j
inn,Inma.1

. _ _ _ _ . _ _. _ . _ a

Fig. 31: H -Concentrations; Comparisons Data, FATHOMS, GOTHIC
2

_
- -

. . . _ . .
. , .

-

.

.-

. J
--



' | .L , ;| f .' |'

.

t,' g- ;:a
1

l f,!'j' f, ,1 *

- T . ..
.

. , . ,| 4|jII;

,

- _. _
.

m _ - _

s ifi _
.

p{I- ~ .(
C,

.,

.\ .

4 gip | _ .

. s
_.

.

_
- _.

. _ n.- . 0

+ [ ~|p;t![9;|
.

n
. . 3 -.

e
.

_ r .

3' i -G _

_ l E
N, o _ . _ i o> i

_+
a ,,.'rn uu _ . _. '

hF -

t
.

l

P . N ]

6rq. , f(p?|:- . ,_
_ ip

'

-

e
.

. n ,

l
_

4|,[ f"
_ w O

.
,

.

a i l

,-_ _ _ . ., r.

_~ .

_ n- .,.,
" .

_

N- _ iU _. __
t

_.
. N__

S
b-- ]'

_
_ p| _ .

.

-

_ 'l 11

l
) l

' A
. _

l -
_

.
~

_.

._: i,.
E -

* l

Y T
.

_ m_4 ._
: E

1_M A
. . 6t .

t - _
.

,m.t._ - _

. D - .

p __
.

n_
_

t>
. s ,

,) v i .

DT ,. r. s
re e .

n . f

T j e . T
.

e, _, - . /*
.

.

- . m - , ,u , r.
t . e - - a.

_
,

6 o4, r.t _ i _ - u_
o

D~
.

m
l g{ . a-

i . t
_

s i ( . j- . ,
. T

.

-
.

.

D
.

-

! ' _ , C
.

.

#. \I
. _.

.

,
.

!
_. l

-
-

.

, - .-

_ Ie, '

_ _
j H u. . . ,||

D .,

e, , .

.

3.,
.

_

T . . n. . - ..

.

9 c

_
.

.

G e . i. .
.

.-
.

B -. _-
e

_
.

,

t .

_, .

_n o ..
._- N .,.

_
.

. O .i. ._ _ -
.p

_

. ,
~-

,

_, r -
-

- L 4- y en -

. . r
-

. .-

" , ,
nv.e _ ,

.

_a, ,, _ - . . -e .
n. _ ..

,

r. r.
,[iI tye _ Cg; n e.p

. r_
t

i S 4
, o.

= * ._
.

a * I
,, - * _ H

-
, M -

.

7j U> . W
, -

O if ;fj ; |u T
-

-
i: {gc ' er

OH
T G
A ,

F S
M,

a Ot

a H
D T
s , nE ' p'jP h' -

A
.edC n . .- , i ' J._ F. !5 |: e_

- o ~

"
~

_ ,

* -
_. i *

,- i. E-
.

_ a
-

s N
~ t

r . a
- .

n. P

_ Hi /
_ ~

. a a

. _ ._ D.

O[_ _ 5
_ - ,

p 2_

.

s+ .
-

_.

G I[

.,

m~ _ .

r.
-

t ,. n+ - 'D - _ o i. _ o
i - I

- _ a .
l

- N C -
_ st

\L -

_ S De
w , B A i

., . ; l
I _._ N r. _T

- i-
A _ _ s

s

a e ar ' p\L
- ta' D

, n i. -D n p'
_

~ _ . p -

N- a
.

&_i
.

mo S
_

S-_
'

' _i i

_ t
. o_

~

- j- r j. C
'

E . ~
'

.
2 A2*.' P .

t . , '
_.

l ' O . n l T ;

E~ _ r e U D .

3, s~

_ }
l Al '

'

* -

L

' u c ,
,-
,

3

H t o u
,

e
_._ r r

s' _ h n i n. v . t . <

t

. e C ' - o u e.
. )M

,
i

- } r
f

, n s
'

na e

e' t e.'

i

.
~-

.
c.m4 T '' c

vmm lt ,
n

a r F
'

~ r
74 ! _ s C

- l .
-

s. ,. o. -._ e
=4 b(

!
_

T
" u

l

D .

H l - A' .i-l

n

! e1 .

2
! VI _. -

I -
,

.

t

~
.

_

Tj

n
.

-
n . ... . .e a _ev : a ~ o. 4

.

en 4

tto_e

a i.
,

_

:
- _ a. a. .e .

, . _ :,. m. r.
_

+

. Pap. wri ,

2
e

_ 3
_ 1 c. la - 3 m<.t _.

--

'e. ' . 3_t*

o m,.4 n1 .

e - - -- 4

g i i r. it!! i
,h

. n
.

.

_.
C n p -

( a O

, - 3
i

-
= " g-

. . .
7} ::e .> i

. -
z c3tc #2 F f

F_

5'c.

_

.

.

.

_



. . .-- . - . - _ - - . _ - - ._ _ _- _ _ - . . ~ . - -- . _ . - ._

MOST: LIKELY FAILURE LOCATION DURING SEVERE ACCIDENT CONDITIONS *

J. L. Rempe and C. M. Allison
Idaho National Engineering Laboratory

EG&G Idaho, Inc.
P.O. Box 1625

Idaho falls, Idaho 83415

ABSTRACT

.This paper describes preliminary results from an analysis in
which finite element calculation-results are used in conjunction with
analytical calculation results to predict failure in' different LWR

vessel designs during a severe accicent. Detailed analyses are.being
performed to investigate the relative likelihood of a BWR vessel and
drain line penetration to fail during a wide range of severe accident
conditions. Analytically developed failure maps, which were developed-

,

i in terms of dimensionless groups, are applied to consider geometries
|

and materials occurring in other LWR vessel designs.

Preliminary numerical analysis results indicate that if. ceramic
debris ralocates within the BWR drain line to a distance below the
lower head, the drain line will reach failure temperatures before the
vesrel fails. Application of. failure maps for these debris conditions-,

to other LWR ' geometries indicate that in-vessel tube . melting will
occur:in either BWR or PWR vessel designs. Furthermore, if this ..:elt
is assumed to fill the entire penetration flow area, the melt is
predicted to travel well below the lower head in any of the reference
LWR penetrations. However, failure maps suggest the result that
ex-vessel tube temperatures exceed the penetration's ultimate strength
is specific-to the.BWR drain line because of its material composition
and relatively. large effective diameter for melt flow.

1. INTRODUCTION

The rode and timing of reactor vessel lower head. failure has a controlling
effect on subsequent consequences during a severe accident. Because of-
uncertainties related to the nature of vessel failure, the U.S. Nuclear
Regulatory Commission (NRC) is sponsoring a lower vessel head research program'

to investigate plausible modes of reactor vessel failure to determine (a) which
. modes have the greatest likelihood of occurrence during a severe accident and
L(b) the *ange of core debris and accident conditions that lead to these
failures.' All major types of U.S. light water reactor (LWR) vessels are being
considered, and-both high- and low-pressure conditions are being addressed for
each reactor type. The research program includes analytical and finite element

a. Work supported by- the U.S. Nuclear Commission, Office of Nuclear
Regulatory Research, under DOE Contract No. DE-AC07-761001570.
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calcul ations. - In addition, high temperature creep and tensile data for i

predicting vessel structural response were obt8ined.

This paper describes results from one aspect of this i tearch program in
which results from finite element thermal response calculations are used with
results from analytical calculations to predict which failure location is more
likely in different LWR designs. Preliminary results from an on-going two-
dimensional thermal and structural response for a boiling water reactor (BWR)
penetration and vessel are reported and compared with results from analytical
models. Then, analytical models are used to consider penetrations in other LWR
vessel designs.

1.1 Obiectives and Problem Description

Severalwajor questions related to vessel failure require detailed analyses.
Detailed thermal and structural response calculations are being performed within
the_NRC Lower Head Failure Research Program. Primary objectives of the thermal
calculations, which are discussed within this paper, are to (a) assess the
relative importance of thermal fronts created by the debris in a vessel
penetration and upon the vessel lower head; (b) assess the sensitivity of thermal
response to debris composition, porosity, and heat removal from the lower head
and drain line; (c) provide input to the structural response analyses; and (d)
provide input to subsequent consequence analysis codes by specifying the fraction
of the debris that is molten at the time of vessel failure. Although these
objectives require detailed numerical techniques, results from a limited number
of nur rical' calculations can be used in conjunction with aralytical results to
obtain neneral conclusions related to the nature of lower head failure,

Detailed calculations described within this paper center upon a BWR vessel
and its drain line penetration. A BWR design was selected because of design
information availability. A schematic of the BWR 4 vessel and drain '%e is
shown in Figure 1. The vessel is composed of SA533 Grade 8, Class I steel The

lower head is somewhat thicker (0.20 m) than the sidewalls (0.16 m) so tLe it
can be penetrated by 185 control rod guide tubes, 55 instrument tubes, and the
drain line tube. A support skirt, which is composed of SA302 Grade B steel, is
attached to the lower head. Surrounding the lower head and support shirt is
reflective insulation composed of layered stainless steel,-7.6 cm thick.

Analyses in this paper focus upon the drain line because initial studies
i indicate that this penetration is more likely to fail than other locations within;

BWR vessels. The drain line penetration is located in the bottom of the reactor
vessel, six inches off the centerline. It directs flow to the reactor water

| clean-up system to aid in the removal of suspended solids, provide a' temperature
measurement of water in the_ bottom head area, and minimize cold water
stratification in the bottom head area. The portion of the drain line analyzed
in this study consists of the SA105 Class II carbon steel nozzle and the SA106
Grade B mating pipe. A schematic of the drain line penetration is also shown in
Figure 1. The pipe- extends two feet vertically below the vessel before
connecting to in elbow joint.
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A preliminary study indicates that the drain line penetration is the region
most likely to fail for the following reasons:

Primary stresses (those caused by system pressures) are estimated to be low.

in the vessel and the drain line. Therefore, failure is most likely to
occur at elevated temperatures from the reduction N strength.

Drain line thickness (0.7 cm) i s much less in n the vessel lower head.

thickness (20.0 cm). Thus, if debris relocates onto the lower head and
into the drain line, the drain line may be susceptible to reaching failure
temperatures more rapidly than the vessel.

Once high temperatures are reached, drain line material is more susceptible '
.

to high temperature failure than the vessel or other BWR penetration
use - above 811 K.,ain pipe material, SA106 Grade B, is not recommended fogmaterial. -The dr

The ultimate strength of SA106 is 238 MPa at 811 K
whereas the ultimate strength of the vessel material, SA533B, is over
350 MPa at the same temperature.

Although BWR instrument tube walls are thinner than the drain line, the.

drain line has a larger effective diameter for melt flow. Furthermore, the ,

drain nozzle is directly open to relocating corium melt and no in-vessel
structure melting is required for melt penetration.

1.2 Two-Dimensional Thermal Resconse Model

A two-dimensional finite element analysis is being performed using the
COUPLE- thermal analysis model in Version 3.0 of the SCDAP/RELAP5 code.'
Although not discussed in this paper, detagiled structural analysis for the vessel
will be performed using the ABAQUS code

Separate analytical closed form solutions to evaluate heat transfer from
debris to the penetration tube and the vessel are available. ilowever, a two-

dimensional finite element numerical solution i s needed to simultaneously
evaluate the relative importance of the thermal fronts transmitted from the
debris through the drain-line and through-the vessel lower head. SCDAP/RELAPS

- offers a number of advantages over most two-dimensional heat transfer codes
because it simulates reactor thermal-hydraulic conditions, fuel liquefaction and
relocation, time- and composition-dependent debris pool formation, and natural
convection from a pool of molten debris.

Since a primary objective of this analysis is to determine vessel and
penetration thermal response, a simplified RELAP hydrodynamic model was used with
a detailed COUPLE- model (the finite element -conduction- heat transfer model in
SCDAP/RELAP5) of the debris, vessel, and drain line configuration. As shown in

-

Figure -2, two representative RELAP circuits -were used to represent- the
-hydrodynamic conditions - through the - vessel and through the reactor building
- cavity. The first loop includes an eight subvolume " pipe" component (volumes
70-01 through 70-08) to model the heat removal from the debris to coolant in the -
vessel. Liquid in the first subvolume (volume 70-01) is in contact with the
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Figure 2. RELAP hydrodynamic model used for modeling BWR vessel and drain line
penetration..

vessel inner surface and the debris, which is assumed to relocate into the lower
head and the penetration at the beginning of the transient. As vapor is
generated within this volume,.it travels upward-(from vc.umes 70-01 to 70-08).-

Pressure remains constant within the reactor vessel by allowing excess steam to
exit to- a time-dependent " sink" component (volume 10). The second loop is
included to model the heat removal from the vessel outer surface to the reactor
building cavity (volume 250). Pressure within the reactor building cavity
remains constant by allowing excess vapor .to exit to a time-dependent " sink"
component (volume 300).

.173

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



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

Figure 3 and Figure 4 illustrate the COUPLE models for the debris / vessel and
debris / vessel / drain line configurations. Models were constructed in r-z
geometries, axisymmetric with respect to the center of the vessel or with respect
to the penetration tube. Only a portion of the vessel was modelled in the drain
line mesh (Figure 4). The maximum radial width of this mesh was selected to
correspond to half of the distance between the center of the drain line and the
center of the nearest penetrations in a BWR lower head (7.62 cm). The axial
length was based on the distance traveled bv the melt before it solidified within
the drain line pipe and the maximum expected debris height. Up to four types of
materials are included in the models. Both meshes contain carbon steel for the
vessel and drain line; a null material for the debris-to-vessel and debris-to-
drain line gaps; and a debris mixture, consisting of U0 , stainless steel,
zircaloy or zirconium oxide, and B C. In ddition, the mesh for the drain line

4

contains Inconel for the vessel liner. Accuracy requirements. for mesh
nodalization precluded the inclusion of this thin liner in the global vessel
mesh. As discussed:in Reference 6, the insulation present around the outside
of the vessel will not impede water from contacting the vessel i f the
containment is flooded. Hence, the outer boundary conditions for the vessel and
drain line can be simulated by applying the appropriate convective heat transfer
coefficient. Sensitivity studies were used to confirm that the nodalization
scheme and the timesteps chosen for these calculations performed were adequate.

Vessel coolant
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Figure 3. COUPLE mesh nodalization scheme and boundary conditions for BWR vessel
thermal analysis.

i

17i

p. .g, -+ c- -- .m i- .. 9-u---- T--



Vessel coount

$$$$ $
-Q
p

||,(
:X:
j.
.-g.

1. '
l~-

' I/ Debels 8f 93
:I f,

-3

;{\ 61

O
/g , , . _

-''
,

i- 46= _f n1,

Ca$on deei \
- (vessel & dram lino)

. .
:

|%

2 [ -Z,

A /
'

~
'

DL.
( r,

|~

M476 P 119109

Figure 4. COUPLE mesh nodalization scheme and boundary conditions for BWR drain
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Boundary conditions for each of the COUPLE meshes are also illustrated in
Figure 3 and Figure 4. Heat is convected away from the top surface of the debris
to-the coolant in vessei subvolume 70-01. For the vessel calculations, heat is

convected along the vessel outer surface (along the surface with nodes 17 through
32) and the vessel support skirt surfaces (surfaces with nodes 1 through 16) to
the containment building. An adiabatic boundary condition is assumed at the
center of the axisymmetric mesh. For the drain line calculations, heat is
convected from the drain line and vessel outer surface (along the surfaces with
nodes 7, 21, 35, 61, and 87 through 93) to the contairment building. Adiabatic
boundary conditions are assumed at the outer surface of the mesh, the lower edge
of the drain pipe, and at the center of the axisymmetric mesh.

The rate of heat transfer from the debris region to the vessel and drain
line is a strong function of the conditions at the interface between the debris
and structure, The modeling of this heat transfer is simulated by including a
gap between these materials. The gap heat transfer coefficient is divided into
two regimes for solidified and liquefied debris. For the solidified debris
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regime, the heat transfer coefficient is b'ased upon a user-specified value tha}
is based upon parameters, such as the debris and structure surface roughness.
In the liquefied debris regime, a gap heat transfer coefficient is calculated

-based on the rate of heat transfer through the thermal boundary layer between thgliquefied debris and the structure in contact with the liquefied debris.
Radiative and convective heat transfer from the vessel to the stainless steel
insulation is modeled by using an effective conductivity for the air between
these structures.

Table I summarizes input assumptions and parameters used for base case
calculations. Three types of debris beds are considered: a uniform debris bed
that is primarily metallic (Case 1); a uniform debris bed that is primarily
ceramic (Case II); and a layered debris bed with metallic debris near the vessel
and ceramic debris on top (Case III). These compositions were selected to
envelope the possible _ BWR debris bed compositions during severe accidents.
Sensitivity studies are being performed to consider the effects of parameters

Table 1. Input assumptions for thermal analysis

Parameter Case ! Case 11 Case 111

per 1 Layer 2

Corium mass, kg

00 1200 10'" . 'JG ITN 1080002
Zircaloy 17804 17uo4 ------

Zircaloy in Zr0 --- 9370 --- 93702
B,C 330 174 330 174
SS 4666 2d6 4666 2456;

Total, kg 24000 120000 24000 120000
4

Relocation time j
period, s 5000 5000 5000 5000

Corium-temperature, K 2100 .?00 2100 2700
_

3Power density. MWt/m 0.1 0.4 0.1 0.4

Water inventory, kg 88000 260000 0 .

Water-temperature
(saturated), K 433 559 433'

System pressure, MPa 0.62 7.0 0.62

Drain line/vtssel
temperature, K 433 559 433

Reactm building
tempetature, K 373 373 373

i.

$
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such as debris decay _ heat, debris porosity, debris particle size, debris-to-
surface gap resistance, reactor coolant pressure, and heat transfer conditions
on the outer surface of the drain line and vessel. In this paper, results will i

only be reported for base Case II. '

In Case 11 calculations, it is assumed that 50% of the corium mass relocates
to the lower head. Although all of the control rods and structural materials are
assumed to be included in the core debris, they represent a small fraction of the
total corium mixture, which consists primarily of UO . Most metallic components3
are assumed to be oxidized. This scenario is more similar to the debris
relocation postulated to have occurred during the TMI-2 event and has been
postulated to occur during long term BWR station blackout events. During this

-event, loss of control air or dc power precludes the opening of the safety relief
valves, so that coolant within the vessel causes molten material to form
blockages above the core plate. When the core plate fails, the corium relocates
as e fully molten mass into the lower plenum.'

Other assumptions utilized within these calculations are summarized below:

Material Thermal Properties. Corium thermal _ properties, such as specific.

heat, density, thermal conductivity, latent heat of fusion, fusion
temperature, and viscosity _ of the corium are calculated in SCDAP/RELAP5
based upon.the debris composition. Structural material thermal properties
are also calculated in SCDAP/RELAP5 using temperature dependent functions.
Before performing these calculations, carbon rRel thermal properties
(enthalpy, conductivity, and density) in SCDAP/RELAPS were updated using
data in Reference 1. However, it should be noted that these updated
thermal properties of carbon steel are extrapolated for temperatures above
900 K.

Corium Porosity and Particle Size. For Case II, a liquid debris with 0.0.

perosity is assumed. However, on-going-sensitivity studies are considering
potosities ranging from 0.0 (corresponding to liquid) to 0.7 (corresponding
to upper values observed in the TMI-2 debris).

Debris Relocation Time. The debris is assumed to relocate during the first.

5000 seconds of the transients simulated in Cases I and II. The relocation
time for the multilayer debris simulated in Case III is based upon
calculations described in Reference 9.

Melt Plug Distance within the Penetration Tube. in selecting a proper.

drain pipe length that-the melt could travel before solidification or the
melt " plug" distance, it must first be established that the melt could
enter the-drain pipe, which is filled with reactor coolant. Appl
Taylor wavelength criteria for two-fluids with unequal densities,ging theit can
be established that molten debris will penetrato c.isy tube with a-diameter
larger than 0.5 cm.

Although detailed numerical calculations may provide an exact distance that
the melt could penetrate a tube filled wit |i water, it was decided to bound
possible distances by neglecting the resistance and cooling from water

,

i .
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within the tube. The melt plug distance selected was 0.66 m. This plug
distance was calculated using analytical expressions for a condition where
conduction heat transfer dominated (using the model proposed by Epstein in
Reference 11) and for a condition where turbulent heat transfer dominated
(using the model proposed by 0 stensen and Jackson in Reference 12).
Although plug distances for both methods were greater than 1.0 m,
preliminary analyses indicated that hot spots within the drain line
occurred nearer to the vessel / drain line interface. Hence, the mesh was
truncated at 0.66 m, and an adiabatic boundary condition was applied to the
lower edge of the tube aad debris.

-Solid Debris to Vessel and Drain Line Thermal Contact. The results.

reported in this paper assume a solid debris-to-vessel and debris-to-drain
2

heat transfer coefficient is being varied from 500 to 10,000 W/m#e of thisline heat transfer coefficient of 500 W/m K. However, the valn
K, Upper

and lower bounds for this heat transfer coefficient were calculated based
upon the debris-to-vessel gap thickness, the debr surface
roughness, system pressure, and system temperature.js and vessel

Heat Removal from Vessel Outer Surface. Results reported in this paper.

assumed that heat is removed from the vessel via natural convection and
radiation. However, heat removal conditions on the vessel outer surface
are also being varied to consider cases when the vessel is subjected to
flooded cavity conditions.

1.3 Analytically-Developed Failure Map Models

In predicting the potential for tube and vessel failure based upon thermal
response, several key questions can be answered by applying failure maps that
were developed in Reference 1.

Is the temperature and mass of the debris sufficient to induce in-vessel.

tube melting?
,

Will the melt penetrate belcw the vessel?.
,

Will the tube fail ex-vessel?.

Failure maps a.e used to predict failure for other penetration and vessel
geometries subjected to the debris conditions input for the BWR drain line and
vessel calculations.

,

The application of analytical wethods is simplified if debris conditions and
reactor geometries are viewed in terms of key parameters and dimensionless
groups, such as the key geometrical dimensionless parameters listed in Table 2.
The parameters in Table 2 emphasize some key geometrical differences between LWR
vessel and penetration designs. For example, a BWR lower head is relatively
thicker than a PWR lower head. These groups also illustrate that a Westinghouse
instrument tube is one of the thickest LWR penetrations with one of the smallest
flow areas and that a BWR drain line has a relatively high flow area compared to
other LWR penetrations.

|
,

i
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Table 2| Key geometrical Lk'R dimensionless groups

Parameter General Electric Babcock Combustion Vestinghouse
& Vilcon Engineering

Vessel Radius / thickness 13.1; 17.48 19.73 15.71

bPenetration * DN if C/R li hA IT

Outer radius / inner radius 1.28 1.31 1.73 1.71 NA 4.13

Effective flow diameter / outer 0.78 0.67 0.43 0.52 NA 0.24
diameter

Tube cross-sect tonal area / 0.64 -0.93 1.84 2.47 NA 15.06
effective flow area

a. Penetrattens include a GE BVR drain line ncule (CN); a Oc B&W FWR. and Westinghouse PWR instrument
-

.e ,

tube (IT): &nd a GE BWR control rod guide tube (CR).

b. Representottve Combustion Engineering plant considered does act have any lower head penetrations.

2. RESULTS

As discussed in Section 1.2, three types of debris beds are considered for
base case analyses-in these calculations. Final results for each of the base
cases and sensitivity analyses are documented in Reference 1. Base case results
for Case II, which considers vessel and drain line response following relocation
of a ceramic debris at a vessel pressure of 7.0 MPa, are discussed in
Section 2.1. Calculational results are then applied to failure maps to predict
the response of other LWR vessel designs in Sectic, 2.2.

2.1 Mimerical Results for Base Case Ceramic Debris (Case II)

In base Case 11, approximately 120000 kg of ceramic debris is assumed to
relocate as a liquid within 5000 seconds to the lower head. Temperature profiles
at 0.5 and I hour are shown in Figure 5 and Figure 6. Peak debris temperatures
are predicted to occur near tne center of the-debris bed.

During the time that the debris is relocating to the lower head, heat is
,

predicted to be primarily transferred from the debris bed to the coolant (Volume
70 in Figure 2), although some heat is also transferred to the reactor building
cavity outsida the vessel (volume 250 in Figure 2). For example,-at one hour,
91% of the heat is transferred to the vessel coolant. Figure 7 shows peak debris
temperature predictions for base Case !!. As shown.in Figure 7, peak debris and
vessel temperatures remain below-2500 K for the-first two hours, although these
temperatures are increasing because of decay heat. Since the solidus temperature -
for this eutectic is around 2700 K, the relocated debris remains solid during the
time this transient-is modeled.

Numerical results indicate that drain line melting occurs within 0.6 hours,
but vessel temperatures remain below 1400 K during the two hours that the
transient was evaluated. Peak vessel temperatures are predicted to occur near

i
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the bottom of- the vessel at the. debris / vessel interface, and peak drain line
-temperatures are predicted to occur ~ at a location (-14_ cm) below the cuter
surface of.the vessel lower head.

:2.2 Application to Analytical -Mo' del Predictions

As . discussed in Section 1, a final' objective of this analysis is tt
extrapolate numerical calculation results to other debris conditions and,

geometries using analytically-developed failure maps (a detailed description of
failure map development is. found in _ Reference - 1). . Results are presented as

-

responses-to the key questions discussed in Section 1.3.

Is the' temperature and mass of- the-| debris sufficient to induce in-vessel tube
| me1 ting?--

= The- drain line - does not contain any - in-vessel structure that must be
attacked by the debris-before melt-exits the' vessel. However, in-vessel tube
melting is of interest in considering the potential for melt to enter instrument
tube and control-rod penetrations.

Figure -8 is a failure map for predicting the- potential for debris heat
ccapacitance-to induct. tube failure. The abscissa for points in this failure map-
-is-the_ mass ratio of the tube material to the-debris material that relocates to
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Figure 8. Failure map for determining requirements for in-vessel tube melting.

the lower head (M /M ), and the ordinate for points is the ratio of the effectivee
debris to tube t,emperature ratio (6,/0,), which are defined by the following
equations:

L L'
+ ; 0, = T,,,, - T, ( 0 ) +Ge = T @) - T,ng,,o

pd pt

where T(0) represents the initial temperature, T ,,d creprescats tne tube meltingpoint, L represents tne latent heat of fusion, an represents the specific
heat capacity for the debris or tube material (denoted by the subscripts d or t).
The failure region is separated from the intact region by lines that are
dependent upon the tube material composition (note that only Inconel and
stainless steel are considered on this map, since there are no drain line in-
vessel structures). These lines were obtained by applying energy conservation
to debris that relocates around vessel penetrations, which simplifies to

8e_c,Mp 1
O c M

t gg

The lower axis in Figure 8 illustrates the range of tube to debris mass
ratios that occur in PWR and BWR lower heads. Ranges are presented in this
figure since the ratios are highly dependent upon the location within the lower
head penetration configuration (i.e., whether along the periphary or the central
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region of the reactor v'.ssel). figure 8 contains a crost-hatched horizontal bar
that cor.esponds to Case 11 debris bed / tube effective temperatire ratios. As
indicated in Figai. 8, this crombatched region f alls within the f ailure region

- for tube-to-debris mass ratios sound in PWR and BWR designs. Hence, tube melting
predicted to occur in both BWf and PWR lower heads for the highly ceramic base4*

.

Case 11 debris bed compositions onsidered.

Wi11 the melt travel tbrough the ponetratton to a distance below the lower head?

Reference 1 discusses the methodology used to predict the distana that the
m!.lt will travel in a penetration before it solidifies. As discussed within
Reference 1, melt penetration distances are highly dependent upon whether
conduction or turbulent hcat transfer dominates heat transfer between the celt
and the tube. Some of the parameters identified in Reference 1 for predicting
penetration distance, X , of a melt at a specified temperature through a tube atp
an initial tempereture are shown in figure 9 and include the distance required
for the melt to travel till it has gone beyond the lot s head, I ; the effective

p
diameter for melt flow with n a tube, d,; and the Peclet number for the debris,
Pe , which is a functi .n of the melt velocity, v,, melt thermal dif fusivity, a , \g e
and d,.

Figure 10 cont tins a map for predicting melt penetratior, distance. This map
is developed in terms of the dimensionless Peclet number and the ratio of the
predicted melt penetration distance, X , to the tube effective diameter, d,. Thep
large horizontal bar contuins bounding values for the ratio of the distance that
the melt must travel through different LWR penetrations so that it is below the
lower head, I , to the tube ef fective diameter for melt flow, d . The two curves
it, figure 10 represent penetration distances predicted for ce,ramic flows usingp

the bulk model (in which turbulent heat transfer is assumed todominate)"f reezingand the conduction model (in which conduction heat transfer is
assumed to d e late) . " As discussed in Reference 1, molten debris is predicted
to travel mut inger distances if conduction heat trsnsfer dominates since the
crust that i: lumed to form along the wall retards heat transfer between the

-tube and the t ten debris.

A f } d? p v }(d?,- df)A

l I Tube
.\ +f ] failure,

1 / !

W,g&:Q ; }N
t 1rJ1

T,
~ '

d
v.,--

Figure 9. Geometry of tube and vessel configuration for developing melt
penetretion and ex-vessel tube failure maps.
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Figure 10. Comparison of melt penetratien distances ri;suming full effective
diameter flow,

Lower axes in figure 10 are marked to inoicate Peclet numbers calculated for
base Case 11 debris conditions and various penetrations found within LWR lower
heads: a GE BWR instrument tube (GE IT), a BWR drain line nozzle (GE ON), a GE
BWR control rod guide tube (GE CR), a Westinghouse PWR instrument tube (W IT),
and a B&W PWR instrument tube (B&W IT). -As indicated on-these axes, higher
Peclet numbers (and thus longer melt dinance predictions) occur for penetrations
with larger effective diameters (e.g., a GE control rod guide tube and a GE drain
line),

As shown in figure 10, the melt is predicted to travel distances
significantly longer than the bottom of the lower head if the melt follows
;onduction model predictions. Even if the melt behaves according to bulk-
freezing model predictions, the melt is predicted to travel below the lower head

'for the penetrations considered.

Will ex-vessel tube failure occur?

In figure 11 is shown a failure map for predicting tube equilibrium
temperature using a h9at balance. The abscissa for points in this map is the-
ratio of the tube cross sectional area, A , to the tube ef fective area for melt
flow, Ag , as defined in figure 9. The ordinate for points in this map is the
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Figure 11. Failure map obtained from heat balance between tube and debris.

ratio of the effective debris to tube temperature ratio, which are given by the
following equations:

l d
e = T (0) - T +-

d d ut
cg

8 =T -T(0)t ut t .

where T represents the tube failure temperature, which is the temperaturenwhere the tube material's u''.imate strength decreases to zero,

in this map, the failure region is separated from the intact region by lines that
are dependent upon the debris composition and the tu'e material. These lineso
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were obtained by applying energy conservation to dcbris that relocates into the
penetrations, which simplifies to

8 A,, cd g p,
- = .

8 A c pt m g g

The lower axis in Figure 11 illustrates the range of area ratios that exist
in LWR penetration W :uming that the debris fills the entire cross-section of
area available for * M Tlow). The axis emphasizes the point that PWR instrument
tubes have relat: Gick walls and relatively low areas available for snelt
flow.

Consistent with the numerical retults for Case 11, the failure map indicates
that the drain line will fail if subjected to this debris composition. lloweve r,
the map also indicates that the Westinghouse penetration tube would remain intact
if subjected to base Case 11 ceramic debris.

Figure 12 contains a f ailure map for predicting tube failure by considering
debris decay beat and radiation heat transfer to the reactor containment
building. The abscissa for points in this map is the ratio of the tube u Jective
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Figure 12. Failure map obtained considering debris decay heat and radiation to
containment,

D-

9

186



. . . _

diameter f or melt flow to the tube outside diameter (see figure 9), lhe ordinate
for points in this map is the ratio of the debris heat flux (q,) to the tube
emissivity (( ) , the Stefan Boltzmann constant (o), and the containment
temperature (1,). In this map, the f ailure region is separated f rom the intact
region by lines that are dependent upon the tube material. thte that the failure
region for sal"5/SA106 steel is considerably larger than that for inconel or
st ainless steel, because the temperatures at which the ultimate strength for
Inconel or stainless steel go to zero (-1450 K for Inconel and ~1370 K for
stainless steel) are considerably higher than for SA105/SA106 steel (-1000 K).

lhe lower axis in figure 12 illustrates the range of diameter ratios that
exist in LWR penetrations (assuming that the debris fills the entire cross-

section of area available for melt flow). This axis errphasizes the point that
drain line penetrations have a considerably larger effective diameter for melt
flow than other LWR penetrations. -

Consistent with numerical results for base Case 11, this failure map also
indicates that the drain line will f ail if subjected to either of these debris
compositions. However, tt map also indicates all of the other tWR penetrations
will remain intact if subjected to Case 11 ceramic debris. Thus, the BWR drain
line penetration is more likely to fail than other penetrations because of its
material composition and geometry.

3. CONCLUSIONS

A study is being performed to assess the two-dimensional thermal and
mechanical response of a BWR drain line penetration and vessel when subjected to
relocated debris for a wide range of accident conditions. Results to date from
these calculations indicate that the drain line will reach 'ailure temperatures
before the vessel fails if subjected to base Case 11 ceramic debris conditions.
Two-dimensional results are in agreement with results obtained with analytically-
developed f ailure maps for the base case ceramic (Case 11) dcbris ccnditions.

Application of failure maps to other LWR geometries indicate that in-vessel "

tube melting will occur f ollowing Case 11 debris relocation in any of the BWR and
PWR vessel designs considered. Furthermore, * e melt is predicted to travel.

distances well below the lower head for bcse case debris conditions in any of the
reference PWR penetrations (Westinghouse instrument tubes, B&W instrument
nozzles, GE control rod guide tubes, GE instrument tubes, and GE drain line
penetrations were considered). However, failure maps suggest that the result
that ex-vessel tube temperatures exceed the penetration's ultimate strength is
specific to the BWR drain line because of its material composition and relatively
large effective diameter for melt flow.
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ON Tile l'ItEDICTION Ol' STEAN1 EXi'I.OSIONS 1:NEltt;l: TICS
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Santa liarbara, CA 93106

A bst ract
_

The quantitative aspects of " premixing" and rate of " fragmentation" in steam
explosions are addressed. For " premising" the cyrriments are focused on the water-
depletion phenomenon predicted to occur within the two-dimensional, three-phase,
transient mixing zone of a high temperature melt poured into a pool of coolant. These
experiments are scaled to yield similar water depletion regimes as expected in the
lower plenum of the reactor vessel. The first, pictiminary, results are consistent with
numerical predictions. For " fragmentation" the experiments are focused on observ.
ing single exploding melt drops in a steady, elevated pressure field, prototypic of an
escalated explosion. The first, preliminary, data demonstrate the interplay between
the " thermal" and "hydrodynamie" components of the fragmentation-driving mecha-
nism(s), and provide the promise that on such a basis appropriate constitutive laws can
be made available for the numerical computation of the escalation and propagation of
steam explosions,

1. INTitODUCTION

Several analytical / numerical tools are now available to compute the " premixing," and once
a trigger has been supplied, the " propagation" of steam explosions (Niedhekar et al.1989). The
" premixing" computations are useful in defining the range of consistencies (volume-fraction dis-
tribution of melt, steam, and water) possible for given initial and boundary conditions, and this
has been used in conjunction with a conservative treatment of energy conversion (thermodynam-
ically ideal) to estimate upper bounds on the energetics of such explosions (Theofanous et al.
1987). This y ark emphasized the impodance of verifying these predictions experimentally, and
the major component of the present effort is io fulfill this need.

The " escalation" and " propagation" calculations are useful in characteriz.ing what premix-
tures, under given triggers, can support detonations and in providing estimates of resulting
pressures, in panicular, large scale mixing rones evolve into highly non uniform, highly voided
configurations, and such propagation calculations have indicated significant effects on the explo-
sion propagation dynamics and peak pressures reached (Niedhekar et al.1989). The basic feature
in these computations is the fine scale fragmentation (and mixing with the surrounding coolant),
which is responsible for providing the pressure feedback necessary to develop the explosion, or
rather its rate as modelled in terms of the " driving" parameters. It is known that this " driving"

*
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of fragmentation will have " thermal" and'or " hydrodynamic" components, but the data needed
to delineate these regimes are not yet avaibble. hio" calculations make use of data (and related ;

formulations) from the hydrodynamic regune-i.e. obtained under isothermal conditiont On :

the other hand, it is known that single drops can thermally explode, given a sharp pressure pulse
(a trigger). What is needed is fragmentation rate data in a sustained pressure field, as in the ,

" reaction" zone of a propagating explosion, with the pressure lesel and melt temperature being
'

the parameters. Such observations, of course, are not possible in a real explosion; howeser, the
condition can be simulated in a hydrodynamic shock tube and a single drop that can be obsen ed
in the fine detail that is necessary. The second component of this effort is to fulfill this need.

Our basic analytical tools are Phi- Al.Pil A and ESPROSE for the premixing and propagation
calculations, respectively. The corresponding experimental facilities are N1AGICO and SIGNI A.
In this presentation we include a description of the experimental f acilities, related instmmentation,
and a set of initial experimental results, which have just been obtained (preliminary, thereforet
An indication of the future experimental program is also provided.

1

2, PitEMIXING EXPERIMENTS

The basic idea for this experiment is to test the 3-fluid formulation (field equations and
constitutive laws) in Phi-ALPilA by isolating the melt particle size elfects; this is done by
using fixed size, solid particles instead of a melt. Once this is done, one could then approach ,

'

the_ process of breakup, as it would occur with melt pours, with all other pans of the model
fixed. The point is that the various degrees (varying in space and time) of paniculation :n ,

an experiment cannot be measured directly (and the relevant breakup processes are not well
understood yet), but they could possibly be inferred, once all other part' of the model have been
verified experimentally, in all other respects the experiments are intended to simulate premixing
in ..w lower plenum of a pressurized water reactor.

As already mentioned, the key " figure of merit" in premixing results is the space-time
distribution of the three fluids in the mixing zone: melt, steam, and water. Thus local volume
fraction measurements are needed in a 2-dimensional, hostile (very high temperatures), and highly
transient environment, This experimental difficulty is responsible for the ah,mee (until now) of
relevant data in this area. A great deal of the present effort has been devoted to overcoming this
obstacle, which eventually we did with the development of FLUTE (Angelini et al.1991). ,

in the experiment mm-size hot steel spheres are poured, in tens-of-kilogram quantities,
into a pool of saturated water. The interaction is followed by high-speed video equipment and
local measurements of the volumetric liquid (water) concentration (using FLUTE). Similarity

,

to reactor conditions is obtained by using a 1/8-scale geometrically similar lower plenum and'

choosing particle sizes, initial temperatures, and pour rates that produce (numerically, using PM-
ALPilA) similar water depletion (voiding) patterns as in the reactor. The experiments reported
here ,were rtm with 9 kg of 1.5 mm steel panicles at initial temperatures of 993 and 1073 K.
Future experiments will explore in detail particle size and temperature, pour diameter, pour area
density, and internal structures m the lower plenum.

A schematic.of the experimental facility (called NIAGICO) is shown in Figure 1. Once
in the " core" region the panicles are suddenly released into the lower plenum by aligning the
holes in the two " core support" plates as shown. A view of the facility in operation is given in
Figure 2.

;
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Figure 2. The M AGICO experiment in operation.

The first experimental data, from shake-dcwn runs #8 and #16 an shown together with
| PM-ALPilA predictions in Figures 3,4 e,nd 5. In Figures 3 and 4 the average void fraction in
i the premixing zone was obtained from the observed water level change in the pool. In Figure 5
| the transient void fraction measured is at a position of 5 cm below the initial water level along the
| test section vertical axis. It is noteworthy that these are a priori predictions, using the standard

features of PM-ALPIIA code, as already published (Medhekar et al.1989). Also, it should be'

noted that the data in Figure 5 were obtained with the original version of FLUTE, capable of rates
up to only 150 llz (hence the rough character of the signal). A new version now coming on line
will pr /ide rates of up to 100,000 llz, and thus the possibility of simultaneous measurements in
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2 or ? different locations still at adequately high rates (to essentially continuous signal). These
experiments provide the first experimental demonstrations of the water-depletion phenomenon
in premixing, as originally conjectured by llenry and Fauske (1981) and subsequently quantified
by Amarasouriya and Theofanous (1987).
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Figure 3. Comparison of measured and predicted average void fraction transients, in the
mixing zone, for shake down run #8 in MAGICO. Steel particles,1.5 mm, at 993 K.
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3. FitAGMENTATION EXPElt1MENTS

The basic idea for this experiment is to create, in a shock tube, the pressure field of a
propagating steam explosion, such that exploding single melt drops can be observed undet the '

relevant conditions. From such detailed observations fragmentation rates can be determined and
on this basis appropriate, generally valid, constitutive laws be formulated. Such formulations
will, in turn, allow rational investigations of the detonation phenomena, and addressing such
issues as " pressure cutoff," role of void fraction in mitigating / limiting explosions, and peak
detonation pressures in large scale explosions with reactor materials.

The shock-tube facility (called SIGMA) is shown in Figure 6. The cross section is $ cm
square, and it can provide pressure waves of up
to 100 MPa and 2.5 ms duration. The melt drop p
generator releases single molten metal drops of pf r
precisely controlled mass (currently Ig) and tem- - 4
peratures (currently up to 1,000 'C but we are [

< -

"working toward even higher temperatures). %c 'g 25

generation of the pressure wave is synchronized i ! l

with the drop release such that the shock drop ''
>

impact occurs within the view of a small win- i
dow, and thre is still enough time to observe the fN
fragmentation process, for time delays of up to - 1 %

""!2.5 ms following 'he initial impact. The progres- 1 ;'.-
'? inion of fragmentation is obtained from flash X- u

' '

ray radiographs obtained at different delay times, r- 4
.

following impact, in a series of repeat runs (with che 7 M..
all other conditions kept the same). Besides, the p y"t
final debris is collected to determine the frag- *>

ment size distribution and the rate of cooling
(from metallographic examinations). [

'

IIere we report some initial nms, using Ig
tin drops at 800 *C under 6.6 or 20 MPa pressure
waves (Figure 7). Also, we have some previous -

data with molten tin at 425 'C under 20 MPa
(F' ure 8) and previously obtained a rather de- Figure 6. A view of the SIGMA facility.
taA.d set of data with mercury droplets,isother- !

mal conditions (Figure 9) and pressure waves up
to 50 MPa. In future experiments we also will consider the effects of coolant void fraction andi

elevated initial pressure.

From these figures we see three significantly different fragmentation regimes. First, in the
isothermal runs (Figure 9), we observe a gradual development of a downstream cloud from a
diminishing-in-size " lumped" mass. The low-temperature tin experiments (Figure 8), at early
times show a similar behavior, but at 2 ms the mass distribution is quite different. Finally, the
high-temperature tin drops (Figure 7) at high pressures are similar also, but at 6.6 MPa exhibit
a still different behavior, liere the drop seems to explode (fragment) up and against the flow.
Clearly, many more runs are necessary to fully elucidate these " thermal" vs " hydrodynamic"
mechanisms and to quantify respective regimes.
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4. CONCLUSIONS

This is a predominantly experimental program addressing important needs in (a) verifying
th: 3-field treatment of premixing, as in PM ALPilA, and (b) providing applicable experimental
data for the kinetics of fragmentation in piopagating explosions. From the initial experimental
data available at this time we can conclude the following:

1. Major experimental challenges, in both areas, have been successfully met, and the facili-
ties /instmmentation are ready for production runs.

2, The water-depletion phenomenon,in premixing, has been experimentally demonstrated, and
comparisons with PM-ALPHA predictions are very promising.

3. Th: interplay between " thermal" and "he+odynamic" fragmentation regimes under proper
explosion escalation / propagation conda has been experimentally demonstrated, and a
new theoretical description accounting wr this interplay appears to be required (it is to be
developed once the data base is sufficient).
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C. M. Allison, C. H. !! cath, L. J. Siefken, J. K. Hohorst

4
Idaho Natiomi Dgineerirg laboratory

i

ABSIPA T

The SCDAP/R11AP5 conputer code is designed to describe the overall
reMor coolant system (RCS) therml-hydraulic response, core damgo
progression, and fission product release and transport durirg severe ''

accidents. The code is toing developed at the Idaho Natioml
Engineeriry laboratorf (INEL) under the prirary sponsorship of the
Office of Nuclear Regulatory Pescarch of the U.S. Nuclear Rcqulatory
Comission (NRc) . The current version of the code, SCDAP/RELAPS/ LOD 3,
was created in Jar.umy,1991 ard reflects the rerger of ;

SCDAP/REU@5/fDD2.5 damgo prcgression ard fission product transport
nodels with RELAP5/ LOD 3 system thermal-hydraulics models. Systemtic
assessnent of modelirg uncertainties is currently underway. This
paper describes the results of that assesment. Results presented
include (a) a sumary of inportant results frcn code-to-data
comparisons , (b) estimates of modelirq ard experirental
uncertainties, and (c) proposed model irprovements to resolve the
deficiencier identified in the assessment.

Intrcduction

The SCDAP/RELAP5 computer code is designed to describe the overall reactor
coolant system (PLS) therml-hydraulic response, core damge progression,
and fission prcduct release ard transport durity s ocre accidents up to i

the point of reactor vessel or system failure. The ccda is beirq
'

develtpod at the Idaho Natioml Engineerirq laboratory (INEL) under the
prirarf sponsorship of the office of Nuclear Pagulatory Posearch of the
U.S. Nuclear Regulatory Comission (NRC) . 'Ihe code also inclu_.as models
developed by the U.S. Departrent of Energy.

Status

SCDAP/RDAP5/?OD3 was created in January,1991. A systematic code
developmental assessment offort is now underway for tr 2 the RELAPS/M003
thermal-hydraulic rn3els and the SCDAP carly phase damge progression

,

models. The results of the assessment will be descript in ncw volume
boirs added to the code mnual draf t NURED/Cg reports . This volume,
with the addition of new REIAPS/FDD3 volumes dese:ribing the syst.an
therml-hydraulics models will to to issued as draf t NURED/CR reports this
fall.- A total of ten volumes will te issued with six volumes dercribing
the systems therml-hydraulics models - theory, models and correlations

.

" Work supported by the U.S. Nuclear regulatory Conmission, Office of
Research, under DOE Centract No. DE-AC07-761D01570. ;
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used, nun :rics, develorrental assessrent, ard user guidelines and four
voluces describirg damge progression ard fission product rodels - theory,

;

mterial properties, devoleprental assessment, ard user guidelines.
,

Ccde Cambilities
'

SCEAP/PDAg5/ MOD 3 is the result of rcrging RI1AP5/FDD3 with SGAP ard
rodels from SWAP /REIAPS/FDD2.5. The RIIAP5 nodelsTRAP-MELT 2

calculate the overall RCS therml-hydraulics, control system interactions,
reactor kinetics, aM the transport of noncordensible gases, fission
products, ard aerosols. The SCDAP models calculate the damgo progression
in the core stnictures, the formtion, heatup, ard meltim of debris, and
the creep nipture failure of the lcuer head and other RCS structures. The
TRAP-MELT rodels calculate the deposition of fission products upon
aercools or stnictural surfaces; the formtion, grcwth, or depcsition of
aerosols; ard the evaporation of species from surfaces.

These models are explicitly coupled at each time step as shcun in
Figure 1. R11APS models provide therml-hydraulic bouMary corditions to
the SQAP ard 1 PAP-MELT models, the SCDAP models describe the source terns
for heat and mass transfer frcn the strictures imludim fission product
release ard hydrogen prcduction, and the TRAP-MELT todels describe the
mss transfer of fission products or aerosols carried in the fluid or
deposited on walls. Surface-tcrsurface radiation heat transfer witgi.n the
core region is modelcd using an enc 1ccure model develcred for SQAP . A
radiation rodel developed specifically for RELAPS heat structures is ural
outside the core.

!
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All of the capabilities of R12APS/ fro 3 have been mintained to descrite
the response of the RCs durity accident initiation ard the sovere accident

,

portions of the accident. We hydrodymmics rodel uses a or m dirensiom1,
nonhamogeneous, nonequilibrium, two-fluid apprcach. Multiduensloml ficw
for Icw ficw rate or rutural circulation coMitions can te modelcd thrcxgh
a simplified crocsflcw junction cption. In this cption, the full
two-fluid rodel equations are applicd in the primry ficw direction while
sirplificd equations, ncglectirn virtual mas ard crocs-prcduct mmentum
fluxes, are applied in the secordary ficw directions. Camrarlsons of the
rniel against full three-dirensiomi two-fluid ye ard a#

special version of RI2APS beirq devolcpcd for DOE '}s in TRACnhcu gocd agrecrent
for prcdicted ficw patterns while rcquirity significantly less ccrpater
tire.

The code uses representative structures to rodel the core durity the early
phases of an accident. _ Specific representative structures include (a)
D -Zircaloy fuel rods, (b) Ag-In-a.1, stainless steel clad control rcds2

wit 1 surrourdity Zircaloy guide tubes, (c) B C, stainless steel clad
4

control rods / blades, and (d) a generic structural rcdel khich is uscd to
represent IER channel boxes and other structures subject to oxidation aM

|_ reltirg. We ccde also includes a fuel rod rrdel with a central turnsten ,

heater element designed specifically for electrically heated experirents.
RI2APS heat structures can also be used to rodel those structures where'

| oxidation ard moltirg can be noglected. These representative structures ' i

incorporate models to treat (a) one-dirensiomi (radial) ard'

two-dirensiomi (radial and axial) heat anduction, (b) exidation, (c)
nuclear heat generation, (d) fission product release (fuel rods only), ard
:a) charges in gecinetry including clackiirn deformtion ard rupture (fuel
rod mcdels only), fragmentation, liquefaction, ard mit relccation.

' lunped parameter and detailed porous body structure rodels are uscd to
bound thg core aid vessel behavior during the latter phases of an
accident . 'lhe lumped parameter rodels are used in the cura region to
treat the formtion of loose rubble beds or cchesive toda of previously
liquefied mterial. We lumped pararctor desigmtion is used because it
is mmni that rubble within a g.ven therml-hydraulic voJune is at a
sirgle tenperature ard of a uniformly mixed ccrposition. W e detailed
porous body mcdel accounts for time deperdent accunulation of debris,
two-dimensiom1 heat conduction within a debris bed ard associated vessel
structures, and creep rupture of tnose structures. We m aition,o
porosity, and other debris characteristics can vary throughout the debris
bed for the detailed model. Although an arbitrary mesh can be defined for
the detailed redel, the mesh spacity is typically tagnificantly smaller
than an associatcd thermal-hydraulic voluco se that gradients in the tod
can be resolvod. W e detailed rodel can be used anywhere in the system.

- Both the lumped pararoter ard detailed models treat the interml dryout
ard quenchiry of rubble beds, formtion aM grcuth of rolten rools,
surrourdity crust failure and associatcd melt relocation. Fission prcduct '

release and oxidation of a limited set of m terials is considered for the
detailed model. Debris beds can be forced as a result of (a) the
significant disruption of representative core structures, such aa the

!

|-

|
i
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fragmentation or nelt down of representativo fuel rods, (b) the relocation
of noiten mterial frca a nelten pool, ard, in the case of the detailed
nodel, (c) user defincd decrin bods ard structures. '

,

1ho fission prcduct behavior trdols uso a cambiration of four tasic
approaches. The aeroco ard finsion prcduct deposition nodols were
derived frcn TPAP-14ELT2}, while the fission prcduct release is nodolod

,

9usirq a thooretical nodel develcpod ty Rest to treat +.he release g Xo,
Kr, Co, I, ard To frca solid fuel ard an ecpirical rodel, CDRSOR-fi , to <

nedeled usirq a nodel developcd by Loren:gn<d acrcool fornation is
treat less volatile fission prcducts. Ag ,

,

Codo Assesirvult
,

'

The systematic assessrent of nodeling uncertainties in SCDAP/RIIAP5 code
is currently urderway. This assessent ircludes (a) the evaluation of
codo-to-data canparisons usiry stard-alone SOAP ard SQ%P/REIAPS, (b) the
estination of nodoliry ard experinental uncerta nties, ard (c) thed

determination of the influence of thcoe uncertainties on prcdicted r.cVero
accident behavior.

|

The evaluation of code-to-data engloons incitdes a strmary of
historical codo-to-data camp'trisons unity the tests ard codo versions
identified in Tabic I. The ongoirg SCMP/RELAP/MJD3 code-tcmiata
ccrparisons are focused on thcse experinents that cover the early phases
of the accident as listed on Table II. As shown in Figure 2, these
code-to data canparisons cover a wide carne of scales toth in tcrns of the

Tablo ~ - Summry of Ilistorical Codo-to-Data Ccqurisons.

Th
o.io..t.L ..nene, .or. al -f.rty Ovidauon. H FP

.sw.
toen..ni t..o.,. . . e.a.on.no D.u... P,oaw on n......

_

P8P GFD ST $ 8 - B S S

PDF SFD t t S S S S S S

PDF SFD 13 SR 3 SA 3 SA F SA a SA 9 SR t

PSF SPD t 4 SA 1 SR 1 GR l SA 1 4A t
i

SA 1 SA-f
OECD t.0FT L.P FP t - SH t $81 +

-

84-3 6 SR 2 6
| CORA7 SR 2 6 . .

I
S S S

i - DF l 5 -

DF 4 SA 2 - SA 2 SM 2 $8 7

TM4 F SR- t SR t SR 1 SR 1 SP< t SR 1
-. --

S
FLHT3.4 & S S S S +

Othe# - G S S

Let

8 .SODAP
SR 1 , SCD AP/RE( APS/ MOD t
SR 2 . SCD AP:REL APS' MOD 2 werma n as
SR26 . SCDAP/REL APSIMOD2 6

202

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



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

I
.

Table II - ongoirg Ccde-to-Data Ccqurinons.
.

Problem Type Experiment

integral. Effects Problems:

1. Fission driven bundio bolldown, heatup, ceramic PDF SFD.ST, STD 1 1
*

molting SFD 13, SFD 14

2. Fission driven bundle bolldown, heatup, metallic NRU FLHT 5. FLHT 6
molting

3. Fission driven bundle heatup in steam ACRR DF 4

4. Decay heat driven core heatup, ceramic melting LOFT FP 2

5. Electrical heat driver, bundia heatup and CORA 2 3.5,7,9,10,18
metallic molting with slow cooling

6. Electrical heat driven bundle heatup and COnA 12,17
metallic molting with quenching

Separate Effects Problems

1. Rod bundle and rupturo during LOCA TO be determined
um . .. , . , , .
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Figure 2 - Relative Scales of Different Experimental Bundles.
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number of rods ard wial length. Table III gives a more detailcd
description of the important characteristics of these tests.

Table III - Key Experirental Corditions for Ccde Assessment hperitents.

Test / Fuel Control Spacer Steam fJo Rods / lleating Gystem

Accident irre,diation Materials Grids _ Input length Method Pressuio (MPa)

DF 1 Traco iJono inconel Limited 9/0.5 m Fission 0 28

DF 2 Traco tJono inconel Limited 9/0 S m Fission 1.72

DF 3 Trnco Ag In Cd loconel limited 8!0.5 m Fission 0 62

DF-4 Traco thC inconel Limited 14/0.5 m Fission 0 69

SFD ST Traco tJono incons! Excess 32!0.9 m Fission 6.9

SF D 1-1 Trace tJono inconel Limited 32!0.0 m Fission 68

SFD13 30 GWd!tU fJono inconel Linuted 28/0 0 m resson 685/47
SFD 1-4 30 GWd/IU Ag in Cd inconel Limited 20/0 9 m Fisson 6 95

: CORA" iJono Ag in Cd/ Incanet Variat;lo 18 57/1.0 m Electric 0 2 1.0

DC + Zry
4

FLHT1 Traco- fJono inconel Excess 12/4.0 m Fission 1.38

FLHT2 Traco iJono inconel Limited 12/4.0 m 1.38

FLHT 4 130 GWd/lu Fission

10 Traco fJono inconel Limited 11/4.0 m 1.38

FLHT 5 130 GWd/tU Fission

10 Traco tJono inconel Limited 11/4.0 m 1.38

4 Zry Fission

LOFT FP-2 0.45 GWd!!U A0 in-Cd Inconel Excess 100/1.7 m 11

,H 00 Decay
3 3

TMI 2 3 GWd/tu Ag In Cd Inconel Excess 30,816/ 5-15

e11 0 0 4.0 in Decay
3 3

a CORA test mahin includes 15 test

We evaluation of code-to-data comparisons using SCLAP and SQAP/RELAPS
in11cated that the calculations perfomed with SCDAP/RELAP5, and to a
lesser extent-SCLAP, described the important features of each experiment.
Hcuever, the assessment identified several important nodeling
improvements, incorporated during successive releases of SQAP ard
SCLAP/RELAP5, that considerably inproved the agreement between calculation
and experiment. Wese included the merger of SQAP with REIAP5 and the
addition of the new models for double sided oxidation, fuel dissolution,

ard axial heat transfer.

We overall code-to-data ccraparisons for SQAP/REIAPS irdicated that
estimatg variation between calculated ard measurcd results was as
follcus We thermal response, including variations in tintiny as well.

as ragnitude, could typically be predicttd within f20 % with a few
outliers in the 40 % range. Figures 3 ard 4 shcw comparisons of
calculated ard rnasured tecperatures for experirents using representative
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IhH aid LLH hirdles. Figuro 5 shcus calculated fuel rtd tarperatures for
representative tests plottcd versus reasured tenteratures at the sare tire
and position. 'Ihe balloonirn and rupture could typically te predictcd to
a fu percent. 'Ihe hydrogen production had the worst overall agrecrent,
particularly durity burdle reflooo, with a variation up to a factor of
two.
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Figure 5 - Cverall Variation Between Calculated ard Measured Fuel Rod
Claddiry Tenperatures.

Sensitivity studies usiry SQAP/REIAPS indicated that the variations
betwen SCDAP/REIAPS calculations ard experiments were due equally to
uncertainties in (a) experimental conditiors or results ard (b) nodelirg
important pr e s*s. Uncertainties in radial heat losses, power, flow
corditions, hydrogen production measurements, ard peak temperature
estimates were dcminant contributors for experiree.al corditions or
results. Figure 6 shcus the variation in calcula' .d claddirg temperatures
for the SFD 1-4 experiment for a sys tic variation in test corditions
within their estimted uncertainties In this experirent, variations
in radial heat losses due to a estimted degradation in the zirco'ia
insulation around the bundle due to the ingress of steam charged peak
bundle tenperatures by 400-500 K. Dcninant modelirg uncertainties were
the initial relocation of liquefied fuel rod anterial, flow diversions due
to charges in gecretry, nulti-dinensional flow patterns in the up;cr
plenum rcgion, ard oxidation once the initial bundle geometry was lost.
Figure 7 shows the variation in calculated claddirg tmperatures for the

,
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Figure 6 - Variation in Calculatrd Fuel Rod Temperatures for SFD 1-4
Due to Experimatal Uncertainties.

STD 1-4 experbnent for a systematic variation within estimtod modelim
uncertainties. 'Ihe potential variation in the initiation of mit
relocation startiM at a peak buMle tenperature at two extremes frm
2150 K to 2650 K caused a camparible variation in the peak burdle
temperatures.

IVariations in predictcd ard actual therml-hydraulic response of the
experimental systems - (a) liquid level ard dryout tires for temperatures
belw 1000 K, (b) local flcv perturintions due to cross flows from outer i
asrelies or flow diversions frm damged bundles, ard (c) radial heat
losses, due to both experimatal and modeling uncertai: : les had a damirant
influence on the overall variation betweer, experiment ard calculation.
User guidelines are beim developed to minimize the influence of these
uncertainties in modeling the thermal hydraulic featutes of those
facilities.

Omoim Itdel Improvements

Six specific damage progression ncdel deficiencies were identificd in
code-to-data emparisons - (a) influence of balloonim upon flow ard
subsequent heatup, (b) exidation of the inside of unpressurized fuel rcd
claddirg, (c) the oxidation of relocating material or material that has
forned a cohesive blockage, (d) additional hydrogen during reflood, (e)
the porosity of frozen melt ard the relocation of ceramic fuel rod

!
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Figure 7 - Variation in Calculatcd Puel Rod Tarp 2ratures for Sm 1-4
Due to Modeliry Uncertainties._

material, ard (f) the interaction occurriry betwr.n bundle mterials ard
complex ficw of rivulets and droplets. A nadel develcin2nt effort to
resolve these deficiencies is currently underway.
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MAIN SAFINT ISSUES REl.ATED TO IPSN SEVI:ltE ACCIDENT RFSEAllCil

C.1.ECOMTE

jfSN (INSTIT(!TE FOR NICI. EAR PROTECTION AND SAFETY)

DPEI (DEPARTMENT FOR THE PROTECTION OF ENVIRONMENT AND INSTAL.LATIONS

FRANCE

ABSTRACT

IPSN has developed a raticaule for accident studies which
involves both analytical and crisis strategies. The operational aim to
provide as high as possible prevention of damage for Installations and
environment is fulfilled during accidental and post-accidental phases
through development of crisis tools and analysis of emergency plans.
Further research will provide still more detailed insight into release
prevention capabilities and environment recovery techniques.

1 - INTRODUCTION

The work performed at IPSN concerning accident studies on nuclear
Installations is focused on the characterization of accidental sequences witn three major
aims:

prevention :

- mitigation :

- dimensioning and optimisation of counter-measures.

As criteria to optimize all efforts made to improve nuclear safety so as to
prevent environmental consequences, the _ effects of radioactive dispersal in the
environment' must be quantified as - function of. Internal and external r; tioactive
products transfers. This effort involves the development of both detailed, analytical

: tools for safety studies, and crisis tools specifically designed for on time evaluations.
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2,- INTERN Al. PI ANT llE!! AVIOR Cll AltACTEltt/ATION

2.1 AN ALYTICAl, METHODS

The ESCADRE system is the french code system used by IPSN, as technical
support to the french safety authorities, for the overall analysis of severe accident
sequences liable to occur on pressurized water reactors, its main objective is to
determine, qualit atively and quantitatively, the potential source term to the
environment in case of severe accidrnt. It also allows to study the efficiency of various
preventive or mitigative measures,

in order ta fulfill this goal, it is necessary to predict quantitatively the Ossion
products location, a, any time and for every containment failure modes.

For this, the thei, c .Wd raulics v.operties of te carrier Guid which governs
;

fission product phenomena have to be computed, eitPer for the circuits, either for the!

- containment.

Then, the fission products caracteristics - i.e. t, e hysical at hemical
properties - are computed at ea-h stage from the core to the containment . d to the
environment.

ESCADRE is validated by numerous analytical studies related to containment |

and fission product behaviour it will be further qualified by the results of the global |
experiments performed in the PflEBUS FP facility at IPSN with a large internationa: i

cooperation. |
1

The organization scheme of the ESCADRE system is represented cn Figure 1.
The different codes belong to two distinct categories :

|- thermalhydraulics cMes }
c,r m ,, , .

.g.
-

. ,
!* VC!,CAIN for the primary ,gwv,cf ,, [ _

, , ~ ~ " ' " xacno ,ctreuit thermalhydraulics and core
fya ldegradation VULCAIN also

: ".|.T.O5.':'.""~
}"""' : ':, ,J,,,.,.

vote, .
,

calculates the fission products I.. -- __.

release during core degradatior . L_, . n . = ;.:,
some 'l r1 scaout

6 ' - -*
c :m

L,a- . ,
+--* JERICHO for containment ;;;"

thermalhydraulics ; JEitlCHO _J e.[l*yp IS....
' ' " ' " ' - F-calculates pressu re, temperature, ),

atmosphere composition in the "=7 L","it ./::,L, j

' F - j G[ *I-containment, from mass and energy T -

!kflowrates coming from the other ,, _ ,fo$$$jf3,,,,,,,^' e

."1 ;

* ~~""~~"T "". : {"
""'

: =;"==;.",t,.',-modules it can also describe
-4~,

hydrogen deflagration phenomena : i f- ates

kECROUL is a module + > ~ ~
.*

bascd on mass and energy balances
' ' C--

CohRAD |
!- which can derive the t.ime between ; ,=y,,y;f2
!

a given core degradation state and
the beginning of corium-concrete Figure 1 Organization of the code
interaction ; system ESCADRE

212

-



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

-* WECliSL calculates corium-concrete interaction and the resulting gas
.

and energy Dowrates to the contain. ment :
:

, fission product codes :

* VULCAIN already mentioned, for which fission products release and
core thermaihydraulles are strongly coupied :

* SOPillE which stands for vapor fission product behavior in the
_ipes:p

*i, >SOLS CIRCUlT concerning the specific dep!etion of aerosols in
pipes (prima. - or secondary circuit, safety hdection lines)

* AEROSOLS /BP which calculates the behavior of aerosols in de
containment ;

* IODE, which is aevoted to the chemistry of lodine compounds under.

radiation in the containment.

Finally, the code ALICE can evaluate the activity transport and the dose rate
due to the fission products fri different buildings, as a function of time.

. As mentioned earlier, the ESCADRE code system is an operational tool aimed at
. predicti.ig r.tain parameters describing the potential " source term" in case of severe
accident , the strategy adopted by IPSN has been to develop an engineer code, the
degree of detail in the modelisation bdng adapted to both the final needs and the
posslLility of obtalliing pertinent data frota the experiments, given the general

- Instrumentation !!mitations.

So far, - the code system ESCADRE has helped to prepare a number of
experiments, from the results of which it derives furthm data.

Besides this, the main applications of- the ESCADRE system in the frame of
safety studies involve :

- characterization of selected core-melt sequences, from the point of view of
containment and fission products behavior :

~

- parametric ~ studies in order to identify the more significant parameters for
-source term evaluation :

-identification of the potential effects of operator actions :

pr'aritization and assessment of new Accident Management Measures :

- techn.ical basis for emergency planning implementation :
.

- reference calculations for crisis tools development.

2.2 - CftiSIS TOOLS '

1
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During an hypathetical crisis, IPSN, as technical support to the french safety
authorities (DSIN/ Direction for the Safety of Nuclear Installations), would be in charge
of the evaluation of the situation in order to forecast its development, mainly in terms
of releases in the environment.

For that purpose, the IPSN Emergency Technical Center (CTC for " Centre
'

Technique de Crise", in French) is organized round a management unit receiving analysis
data from two working parties, one studying the situation within the damaged plant ,

(Plant Assessment Unit) and the other concerned with assessing the radiological
censequences of the accident (Radiological Consequence Unit., discussed in 6 3.1),

o

In the Plant Assessment Unt:, the experts have to make an operational
synthesis of the available informations, which implies the identificatloa of erroneous
informations and the discrepancy between essentini and subordinate informations ,
doing so, they elaborate a diagnosis and a prognosis of the situation. which is
periodically confronted, through a phone conference network. to the evaluations of the

%

?he work of the Plant Assessment Unit is supported by the use of the tools
:i in the frame of the SESAME project.

in a first step, a TIIE SESAME PROJECT
ive assessment is made ORG AW ATmM THE SOM ARES

.<ntify the state of the l' SED llY THE Pl. ANT ASSESSMENT UNtT
-oiety barriers . this qualitative
diagnosis is elaborated by _,

" " ' ' " ""'C"'"""' '"''

monitoring a set of about 100
==Y.'O ~a 90''*C"' ."*.Smeasurements, picked out " * " " " Iamong all the data transmitted * " ' " " ' ' ' "

from the affected plant to the | o* * * * . i

| **S**E'~'* * " " * * ~ '
IPSN CTC. i

< o-o - : i ,,,,
i . . < - . mi.u. i '"'*'"''*"""!"*The evaluation la made i . .ais -t -- . . . . , , , , . .

easier by use of the expert | " ' * ' " _* , * * , j
'

$' ' 5s ,, )
.

| |,system ALADIN, developed by i i i

, n.no m.
- ! l

'

" " " " * * ' "' "..'."*.'."m.. i,! IPSN - this s>'s t em gives i ;i ,,,,,, ,,,,,,,

}
. L_~~~_informatiot.s on safety systems t ****a** ' " * " " " - '

i
, , , , , , , , , , , , ' ,availability ; it contains both a . i

-

| '*"'."E C..,, l
documentation function - 1

' | [
c,,

'I
'

description of the electrical | 6
' " " " " * '

|supply of the systems - and a ; '|"";*' "'' i,, , '
'

simulation function -

i
e" ~ ~v

9"'' ! %,".",,oinvestigation of the 1

**"a'** I ' . E "J.*

consequences of a fault on an |I ' ~*
"---------

electrical supply or a

component - Figure 2 : Organization of the SESAME tools

The second step is a quantitative approach in this step, the Emergency Teams
try to give some quantitative answers about the _ state of the safety functions
(suberiticality, core cooling. confinement efficiency) and the margins to critical states.

l
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'In order to answer these questions, specine tools have been developped in the
frame of a project entitled SESAME the organisation of these tools is described in
Figure 2.

In the origin, these tools consisted mainly of correlations and reports, that have
entued the progressive development of ecftwares running on PCs or work stations.

All these tools have conunon features, which are user friendliness. Dexibility,
fast execution. They use realistic assumptions and physical laws a systematic,

quallfication is performed through comparison with reference codes, which also allows
the identification of their validity domain.

These tools can be classined according to three main groups

- thermal hydraulics :

The "BRECHEMETRE" sofuure makes on evaluation of the size of the
prima rt) break by means of a mass balance on the primary circuit and a
comparison with a cri;ical flow correlation issued from the french CATHARE
code.

An other tvay to estintate the break size is to use the "SINBAD" sojhvare
tchich allows to compare the pressure evolution in the containment with
scenarios precalculated with the ESCADRE system. "SINBA D" also includes
correlations and calculations on core and RCP behavior.

The "SCHEHERASADE" sojheare calculates the evolution of the litplid
inventory in the primary circuit by means of mass and energy balances. The
delay before care uncovert) can thus be estimated.

- fission products behavior :

The expert system "A LIBA BA" provides an early diagnosis of
containment leakago and identifies the position of the leakage. This diagucsis is
elaboratedfrom radioactivity measurements in the auxiliary buildings andfrom
informations on containment isolation valves.

The "SINBAD" sojheare which has already been mentioned includes also
correlations for estimation of core residual poutr, core residual activity and
jhne rate through the containment leaks.

The "PERSA N" soJ1 ware collects the data from "A LA DIN",
"SCHEHERA SA vE", "AllBA BA" and "SINBA D" to calculate the evolution of
fission products within the RCP, the containment, the leakpaths and the auxiliarz!
buildings.

Finally, the "R1W sojheare calculates fussion products releases in case
of steam generator tube rupture without core degradation.

- other softwares

The "HYDROMEL" soJhvare is used to study the behavior of hydrogen in
the containment by calculating the position of the containment atmosphere in the

|
! 2D
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Shapiro diagram ; if combustion is found possible, corresponding pressure and
temperature loads e s calculated.

The margin to criticality is approximately evaluated by the "CRAC"
sojhvare tchich performs a reactivity balance in the core.

,

2.3 - ACCIDENT M ANAGEMENT MEASURES

During an hypothetical emergency situation, the utilities would apply
operational means including design basis and ultimate measures and application of tne
" Internal Emergency Plan" (PUI for " Plan d'Urgence interne").

Procedures to cope with an accident involve the 1 (Incidental), A (Accidental),
H (Complementary) and U (Ultimate) measures ; e further level of reflexion is provided
by the GIAG (Guide for Intervention in case of Severe Accident) which supports the
reflexion of the national crisis teams.-

All these procedures and 'uidelines are validated by numerous studies and,

experiments.

Besides these technical measures, a specific organisation has been defined and
is regularly tested to ensure an adequate management of the plant accident situation
for the short-term period (a few days) it defines the respective roles and

,

responsabilities of all partners. The organisation of the utility is described by the PUI -
Internal Emergency Plans-

1

A three-step PUI exists for each site and is initiated by the heed of the plant
whenever an accident occurs ; the different steps of the PUI are initiated either on
rautological cri*eria, either depending on the application of procedures from a pre-
established list. j

|

The goals of the emergency organization established by the PUI are as follows :

-- decisions and implementation of relevant actions for reactor and
environment protection ;

- collection of userui informations for the diagnosis /-prognosis of the
accident :

+ information of the administration. f
-I

-Special emergency teams are constituted to fulfill these goals.

As technical support of the Safety Authorities. IPSN is in charge of Internal
,

Emergency Plans analysis ; following points are systematically investigated .

- operationality of the orgarization ;

- quality insurance of the documents ;

,
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- compatibility with the technical basis " source-term", as defined by the safety
aut horities ;

- on site crisis preparedness.

3 - RADIOACTIVE REl. EASES IN Tile ENVIRON \ LENT

3.1 - PREDICTION OF REl EASES

After the first phase of an accident, the goals and means of the ETC would
change. Given the potential " source term" from the inst allation, the radioactivity
dispersal in the environment can then be predicted both by detailed codes and crisis
tools. The CONRAD system is operational to predict the dispersal itself, while the CART
project will produce a data base of relevant parameters for the countries surrounding
nue' ear sites.

The prediction of radiological consequences makes use of predicted releases
(see 6 2.2) , it aise needs the knowledge of meteorogical data, which are available from
three main ways

- meteorological parameters from the damaged site .

- "METEOTEL" images ;

- connection with the computers of the meteorological office.

Atmospheric dispersion and dose calculations for the near field (some tens of
km) are made with the CONRAD system ; three methods are used, all based on Doury's
standard deviations

- set of operational graphs of atmospheric transfer coefficients ;

- classical bi-gaussian plume model:

- gaussian puff model integrated in the SIROCCO code.

For long distances (up to some hundreds of km), the SIROCCO-LD code has
been developed, on the same physical basis as SIROCCO. The puffs follow the
meteorological trajectories which are generated enco hour.

For all these met hod s, a computerized graphical treatment allo ws to
superimpose isovalue curve (for concentration. dose. ..) on maps showing the
distribution of population, rivers, road or railway network.

3.2 - PROTEC'l;ON OF THE POPULATION

These results are essential to determine the adequate counter-measures for the
protection of the population and the environment, as they are planned in the so-called
"Particular Intervention Plans" (PPI for " Plans Particuliers d' Intervention").
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The goal of a PPI on a nuclear site is to forecast and organize relevant short-
term measures to protect the population out of the considered nuclea- site.

The elaboration of the PPI requires the defm' ition of one or more conventional
" source terms" which represent the potential releases originating from the installations
on the site,

The definition of these " source terms" relies on the realistic evaluation of the
more serious accidents liable to occur on the installations considered. Counter-measures
which have to be foreseen result from the dispersal of these " source terms" and from
the sanitary effects which could eventually be indu ced, taking into account
radiological / toxicological recommendations in a french or international frame.

3.3 - CHAR ACTERIZATION OF ENVIRONMENTAL IMPACT

The prediction of environmental consequences during a c. isis would also be a
guide line to elaborate the = measurement strategy for the impact of releases in the
environment, both for accidental and post-accidental phases.

Afte; an hypothetical radioactive release, the ground, the population. the
vegetation and the water bodies can be contaminated,

The optimisation of measurement actions (e.g. sampling, airborne
measurements, dose to the population, ..) results from the radiological calculations as
combined with cartographic data, as cited in a 3.1.

4 - REllAUll.ITATION OF Tile ENVIRONMENT

Concerning this latter phase, rehabilitation of contaminated environment is the
purpose of the " Post-Accidental action Plan" (PPA). The technical actions to be
undertaken are based on the results of predictions and measurements; their efficiency
is studied by the experimental program named RESSAC, adressing soil and plant
radionucleide transfers - and contamination removal techniques. *ihis program is
performed in cooperation with the European Community Commission.

Main objectives of the RESSAC program may be described as follows

- determination of intervention priorities -

This action is based on cartographic data banks, including soil
.

occupation and known vulnerabilities. Spec 1al mention has to be made for
underground teater levels. Specific enmtiries can be performed.

- evaluation of nucleide behavior in soils and plants

Analytical as tvell as global experimentat ons are performed in order to.
evaluate radionucleide migration in soils and plants ; realistic agricultural
practices are investigated, including for example the use offertilizing additives.
Global crperiments are performed with the POLYR oven, tchich produces
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^ representative aerosols from UOg and structural materigt ; within the frame of
'

j
the european . cooperation, soil samples (about I m J' taken from selected
curopean nuclear sites will be studied and reali tic agricultural and
meteorological conditions teill be simulated.

- choice of operational intervention strategies

The techniques which are investigate'l are the interception by specific
- vegetals (culturcs/ trees) and the possibilities of soit removal, for example by
mechanical means.

- treatment of wastes.

The evaluation of the volume of wastes generated is made for each
technique.

5 - CONCI,USIONS

IPSN . ha:: developed a rationale for accident studies which involves both
analytical and crisis strategies. The operational aim to provide as high as possible,

prevention of damage for installations and environment is fulfilled during accidental
and post-accidental phases. Further research will provide still more detailed insight into
release prevention capabilities and environment recovery techniques.
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Recent Development and Results from Severo Accident Research In Japan

K. Soda, J. Sugimoto, N. Yamano,- K. Shiba
Department of Fuel Safety Research

Japan Atomic Energy Research -Institute
Tokal-mura, Ibaraki-ken, Japan

SUMMARY

An overview on Japanese activities of severe accident research is
presented, covering various fields and _ topics of experimental
investigation on severe accident phenomena such as fuel damage
and melt progression, fission products release and transport, and
component and containment integrity. The current status of analyt-
leal investigation on severe accident is also described in the fields

of the level-1 and level-2 pSA studies, code development and
assessment activities. The basic considerations on accident man-

-agement is summarized.

1. INTRODUCTION

In the procedure of nuclear power plant licensing in Japan, the safety
examination on basic design _is performed based upon the relating laws and
guidelines-whose requirements on safety design are-prescribed within the
design basis accident. Accordingly, the severe accident Nsues are not involved
in the current licensing procedures. In recent years, h:., wever, it became
widely recognized _ that severe accident research is imrsortant to understand
the safety tolerance of the system in detail and also s investigate how to

. Improve the accident management measures.
As a background for_ the safety examination of a particular design of a

nuclear _ power plant or for the' examination -of -its operational safety,-pSAs on a
reference plant similar to the particular design are being performed, and the
results are being taken into account as reference materials for the safety

' evaluation. In this sense, severe accident research is a useful support for the
.

safety licensing procedure.

Within the Government authorities,- the Nuclear Safety Commission ;(NSC)
has initiated a discussion of severe accident issues and the interim report was
released in 1991. The position of NSC on severe accident is summarized as
follows;a

(1) The knowledge of severe accident is one of the most important basis
for' the formulation of safety design. criteria, siting criteria, and
guideline for . emergency planning.

'

(2) plant operator should have knowledge of severe accident and reflect'

.it upon the plant management so as to be able to cope with properly
even in cases _of beyond design basis tecident.

(3) Industry and research organizations should perform severe accident
research of which purposes are;

. To identify phenomena associated with a severe accident,*
To develop analytical tools for source term analysis,*

* -To es'imate a risk and safety margin of plant, and

221
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To evaluate measures to prevent and mitigate severe accident*

by design and/or accident management.
In accordance with the NSC's recommendation, the Government's Annual

Plan on Reactor Safety Research gives an emphasis on severe accident re-
search as ene of the top-prioritized reactor safety research /1/. The Japan
Atomi" Energy Research Institute (JAERI) is the primary Government research
organization pursuing severe accident research experimentally and analytically
/2/. In addition, demonstiation tests are conducted at the Nuclet. Power
Engineering Cerser (NUPEC) with an emphasis on quantification of the safety
tolerance of a nuclear power plant in conditions beyond t he design basis.
InduLtries are making progress in quantifying risks of nuclear power plants
in Japan.

2. CURRENT STATUS OF SEVERE ACCIDENT RESEARCH IN JAPAN
2.1 Experimental Studies
2.1.1 Melt Progression

In-Vessel
Experimental investigation of in-vessel melt progression in Japan relies

largely on the international research collaboration involving a large scale
experiment such as the Cooperative Severe Accident Research program (CSARP)
and the TMI-2 R & D Program in U.S. A., the CORA experiment in Germany, the
LOFT program of OECD and the PHEBUS program in France. Analyses of such
experimental data has e provided us insights into how core melt progresses
during a severe accident.

To better understand and interpret the data of the large scale experi-
ments, fuel damage experiment was performed at JAERI by using the Nuclear
Safety Research Reactor (NSRR) which is capable of performing a test simulat-
ing reactivity initiated accident (RIA) conditions as well as transient condi-
tions. Recent experimer ts at NSRR included high temperature flooding experi-
ment by using the test capsule illustrated in Fig.1. Failure of the cladding
caused by flooding was correlated with oxidation of the cladding material as
shown in Fig. 2 /3/.

Interactions of fuel, control rod and core component materials have been
studied to supplement the large scale experiment. The apparatus used for this
purpose is shown in Fig. 3. Reaction rates of various combinations of core
materials were experbaentally measured as shown in Fig. 4 /4/. The TMI-2
debris samples were received and the examination has been initiated since
spring of 1991.

Mechanism of vessel failure due to the attack of molten core to the
reactor vessel still remains with a large uncertainty. The TMI-VIP program is
expected to provide useful information to reduce the uncertainty. Structural
analysis of the reactor vessel was performed at JAERI to interpret the data
obtained in the TMIVIP program as shown in Fig. 5. Results showed that the
stress concentration near the instrument nome might have caused the crack

near the nozzle /5/.

M: Vessel
Ex-vessel melt progression after the vessel failure plays an important

role in determining timing of the containment failure and quantifying source
terms. Problems arising during the _x-vessel melt progression include core-

2:2
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concrete interaction and melt coolability in a cortainment. llydrogen generation
and burn in the containment are alsc affected by the ex-vessel melt progres-
sion.

The Assessment of Loads and Performance of Containment in a-Ilypothet-
leal Accident ( ALPilA) program at JAERI focuses on the ex-vessel melt progres-
sion, especially core-concrete interaction and molten core coolability in a
containment in which steam explosion may have an influence on the integrity
of a reactor vessel and a containment. Schematic diagram of the ALPi!A test
facility is shown in Fig. 6 and the major capability of the facility is summa-
rized in Table 1. Reccat experiment of molten metal and water interaction
resulted in steam explosion. Energy conversion ratio was estimated from data
as less than 1.0 % /6/. Future experiments will include steam explosion at high
pressure and cooling of molten core by water pool or water spray.

2.L2 Fission product Release and Transport
Fission product release and transport have been studied at JAERI from

the view point of supplementing' the 'arge scale integral experiment data such
as those obtained from the CSAR" program and the PIIEBUS FP program.

Formation of organic iodine in the radiation field is experimentally stud-
L ied with the small test apparatus at JAERI. Recent result showed the effect of

organic compound on formation of organic iodine as shown in Fig. 7 /7/. Basic
reaction kinetics of lodine, cesium and tellurium with component materials such
as Fe, Ni and Cr are investigated by using the apparatus illustrated in Fig. 8.
Future test is plannea at JAERI to febricate a test assembly with which fission
product release from a damaged fuel will be investigated at high temperature

0of' 2800 C under various conditions ranging from oxidized to reduced environ-
ment.

As was pointed out by the PSA studies at JAERI, pool scrubbing effi-
ciency is one of the dominant factors influencing source term evaluation.
Therefore the experimental facility for pool _ scrubbing investigation (EPSI)

,

shown in Fig. 9 was fabricated at JAERI to quantify the efficiency. Experiment
results indicato as shown in Fig.10 that pool scrubbing is extremely effective
to remove fission products even at elevated temperature and pressure /8/.

NUPEC is planning a test program of radioactive material trapping in the
leakage path of a containment such as electric penetration assembly (EPA) and
an equipment. hatch. In this test, iodine trapping effect in the leakage path
will be investigated under simulated severe accident conditions. The test

program consists of a bench scale test for surveying controlling parameters
which affect the efficiency of trapping iodine in the leak path and a large
scale test for confirming and evaluating iodine trapping effect in an actual

: component _ used in a nuclear power plant.

2.1.3 Components and Containment Integrity
Integrity of a containment has become focus of attention especially since

the Chernobyl accident showed'important roles of a containment, namely con-
taining radioactive materials not to be released to the environment. It is antic-

ipated during e mere accident that mechanical and thermal loads might be
resulted from ex-vessel phenomena such as steam explosion, hydrogen burn,
over-pressure and over-temperature exceeding the design limit.

Effects.of dynamic and static pressure increase exceeding the design
limit has been studied at JAERI by the finite element analysis code. The

D1
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result indicated that a containment will inaintain its integrity even if the

pressure reaches 4 to 5 times of the design pressure as shown in Fig.11 for
a pWR steel contain:nent /9/, Similar result was obtained for a BWR steel con-
tiunment /10/. The predicted result by J AERI of the 1/G scale reinforced
concrete containment vessel (RCCV) experiment at the Sandia National I abora-
tories (SNl.) is shown in Fig. 12 in which the first yielding zones were in
good agreement with experimental results /11/.

Leak rate tests at high pressure and temperature have been car ried out
as a part of the ALPHA program at JAERI to characterize the failure mecha-
nism of the penetrations for instrument cables and power cables. Experiments
conducted so far show no leakage resulting from high pressure /12/, but a
potential leakage may occur due to the high temperature in the containment.

A proving test program on containment integrity is promoted by N'IPEC.
In the program are included hydrogen mixing and distribution tests, hydrogen
burning tests, and tests to failure of a steel containment vessel (SCV) and a
prestressed concrete containment vesstl (PCC"). Failure tests of a containment
due to os er-pressuri ation of SCV and PCCV are in preparation in which the
scales of these tests are 1/10 th scale for SCV with 1/5 thickness and 1/G th
scale for PCCV.

2.1.4 Accident Management
Accident management has become an important issue in terms of preven-

tion and mitigation of a severe accident. For the prevention phase of accident
management, the utilities have set up operational procedures to terminate an
accident early enough so that the accident never goea into a severe accident.
Experimental and analy tical studies have been also made for this aspect to
prove and propose methods of accident management.

ROSA-V program planned at J AERI focuses on accident management |

during a transient and accidents. Experiments will be conducted to demon- |
strate the effectiveness of methods of accident management by using the 1/48 |
scale large test facility simulating a PWR. Al.PHA program pays an attention to I

the ex-vessel phase of accident management such ac; terminating f urther core I

degradation by a,lding water on top of molton core material and mitigating
consequences of a severe accMent by scrubbing and/or filtering.

2.2 Analytical Studies on Severe Accident

2.2.1 Recent PSAs for 1 WR Plants

IMel 1 15A
Probabilistic Sakty Assessment (PSA) is recognized as the convincing

tool to support the deterministic method to assess the halance of design and
assist regulatory activities of nuclear power plants. From this point, the
preparation and application of PS A methodologies are under way wit.h collabo-
ration among the government organizations and industries.

Among the governmental organizations, JAERI has been developing a
met hodology of PSA while the Japan Institute of Nuclear Safety (JINS) of
NUPEC has been conducting level-1 and level-2 PSAs for typical Japanese
BWRs and PWRs /13/. The evaluations of 1,100 Mwe-class BWR-5 with MARK Il
containment and 1,ln0 MWe-class four loop PWR wit h a large dry steel contain-
ment were completed in 1989.

The initiating events selected for t he lev. l-1 I SA at JINS were .;mited to

-
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the internal events such as a loss of coolant accident (LOCA) and abnormal
operational transients during high power operation. In this study, the data
base of component failure rates was mainly composed of the JREP and the LER
data while the data on the emergency diesel generator failure rate and recov-
ery rate of failed off-site power were based on Japanese experiences.

The result of the JINS PSA showed thry/ Reactor Yeag (RY). The upper 5%quency (CDF) for the BWR is about 2.0 x 10~
the total mean core damage fre-

~7value is 4.9 x 10 /RY and the lower 5% value is 8,9 x 10~ /RY. Corresponding
error factor is 7.4 Among the initiating events, LOCAs have contribution of
83% tc the total CDF and the secondary side break, steam generator tube rup-
ture (SGTR), and other events have 7%, 5%, and 5%, respectively

The reevaluation for the 1,100 MWe-class BWR and pWR is bngoing using
the revised data base which includes more domestic data on the component
failure rates based on the operational experiences. Two year program has
started of surveying the possibility of core damage occurrenco during the
maintenance activkies at the plant shutdown state.

Level 2 PSA
JAERI has developed its original source term code package which con-

sists of the TilALES code for severe accident progression analysis and the
ART code for fission product release and transport analysis. The validity of
the code package was examined through comparisons with experimental results
or benchmarked against detailed analysis codes Recent improvement of the
code package includes an integration of THALES and ART into the TilALES-2
code and addition of new models.

The TIIALES-2 code was applied to a source term calculation for some
severe accident sequences in BWR with Mark-Il containment. The analysis re- i

sults indicated that the retention of fission products in the reactor coolant
- system would be strongly affected by revaporization and that the effects of
the revaporization on the source terms are dependent on the timing of the
containment failure and the structure temperature in the reactor coolant
system /14/. Code comparison exercise was carried out at JAERI for MELCOR
and STCP. It- revealed that melt progression models influences release fractions
of fission products as seen in Fig.13,

Level-2 PSA at JINS follows the JINS level-1 PSA. Containment event
trees were developed, considering physical phenomena influencing on fission
product release timing and the recovery of failed safety systems. Dominant
accident sequences were analyzed using the Source Term Code Package (STCP)
and point-estimated values of fission product release-frequency and source
term were obtained for each release category. The result shows that the
dominant accident sequences concerning fission product release frequency are
not.necessarily the same as those for the core damage frequency.

2.2.2 Code Development and Assessment
Code Development has been primarily pursuec at JAERI and verification

and assessment of the codes have been extensively done. In order to verify,
models of the THALES code package, the detailed mechanistic codes have been
developed for benchmark ealculation. ''he mechanistic cooes .havn been also4

used for experimental analysis. Such codes include MUFLAR. HO' N and REMOV-
AL.

MUFLAR is a two-dimensional core wide analysis code which was used
.
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for analyzing core damage progression /15/. HORN.is the code which is capable
of predicting chemical forms of fission products along the release path of fis-
sion products /16/. REMOVAL is the aerosol _ analysis code which has been vall-

'
dated against the LACE experiments /17/.

Assessment of the integrated code such as SCDAP/RELAP5 and MELCOR
has been carried out by applying to reactor situation such as the TMI-2
accident /18/. Large scale tests such as PBF/SFD, CORA and PHEBUS/SFD were
also used for code assessment. An example of the CORA experiment analysis is
shown- in Fig.14.

Participation in the international standard problem (ISP) exercise organ-

ized b. the Committee of Safety of Nuclear Installations (CSHI) of OECD has
become one of the important acti ities for the code assessment. JAERI has
participated in 10Ps of the TMI-2, CORA, BETA, HDR and PHEBUS experiments.

2.2.3 Accident Management Strategies
In the accident management, various measures will be involved including

operational procedures, special equipments, and communications. Many of these
have to be propered primarily by the owners of nuclear power plants in
coordination with the basic safety considerations of the regulatory body. From
this point of view, the Japanese utilities have been making a lot of effort, for
instance to provide emergency procedures.

As to the operational procedures for accidents, the electric utilities have
already partly proceeded to the symptom-based procedure to cope with the
unexpected events which has not been described in the event-based opera-
tional procedures during accidents. Operators are expected to use the symp-
tom-based procedure when the event is beyond or not under control of the
event-based procedures. The addition of symptom-based procedure brings
flexibility to the operators, and the preparation of authorized recovery proce-
dure against the error following the event-based procedure surely contributes4

to the reduction of work load.
'

Analytical investigation of accident management was performed by using
STCP and RELAP5/SCDAP at JAERI with emphasis on effectiveness of intention-
al depressurization /19/ and- also on reflooding of damaged core /20/. Inten-
tional depressurization was found effective to prevent a direct containmenti

heating (DCH) if the rate of depressurization is equivalent to opening more
than two PORVs simultaneously as shown in Fig.15. It was also found- that
amount of hydrogen generation during reflooding of damaged core depends on
the timing of the reflooding initiation as in Fig,16. There seems to exist a
optimum timing to minimize hydrogen generation during reflooding.

Findings from such analyses will be further investigated experimentally
to confirm and quantify the effectiveness of accident management scheme. For
this purpose, experiment facilities such as ALPHA, ROSA-V and EPSI will be
utilized.

3. SUMMARY

Severe accident research is prcuoted by the Government research
organization to understand phenomena associated with severe accidents and to
quantify the safety tolerance of a nuclear reactor under extreme condillons.
Experimental and analytical studies have been conducted at JAERI and other
organizations in Japan.

i
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Experimental studies includo in-vessel and ex-vessel melt progression,
fission product release and transport,;componentr, and containment integrity,
and accident management, Recent achievements have increased our knowledge
of severe accident phenomena and reduced uncertainties of some oi~ phenome-
na. Results are expected to be reflected into modeling improvement and devel-
opment.

Analytical studies include PSA, code development and assessment, and
accident management evaluation. The THALES-2 code package is JAERI's pri-
mary tool for source term evaluation of a nuclear power plant. Result of appli-
cation of THALES-2 code to a nuclear power plant identified key parameters
which influences source term.

Severe accident research will be continued until a closure of severe
accident issues has been achieved, it is also common agreement that the an
international cooperation is truly indispensable for effectively conduc.Jng
experiments and analysis, since the severe acrXant is- the com' issue among
the countries and its investigation can be promoted effectively m . sharing
information and resources.
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Table 1. Major Dimensions and
Capabilities of ALPilA
.... ... _ .-- _-- ------...

3Volume 50 m
Height 5.7 m
Diameter 3.9 m
Design Pressure 2 MPa

UDesign Temperature 250 C
..s__- . _....___._ -_ .___. _

Table 2. Summary of Experimental Conditions

........................................................................

Pressure : 0.1 - 1.6 Moa
Melt mass : 10 - 20 kg
Melt composition : Thermite

(iron oxide + aluminum)
Estimated melt temperature : about 2750 K
Water temperature : 285,7 - 293 K
Water mass : 778 - 1,000 kg
Height above water : 3.5 m

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

Table 3. Summary of Steam Explosion Experiment
.= . . . . . . . = _-__ ,.................._ ...... ~ ..............

- Run No. Melt Masa Pressure - Explosion Comment
(kg) (Mpa) - (Y/N)-

....................... ........ .................................. .... ..... ...

STX001 10 0.1 N
STX002 20 0.1 Y Data Acquisition Troub!e

* .STX003 20 0.1 Y
STX004 20 0.1 Small Dispersion Device

'

- STX005 20 0.1 Y Transparent Vessel (T.V.)_

STX006 20 0.1 N Dispersion Device T.V.
STX007 20 1.6 N High Pressure, T.V.

. . . . . . . . . . . . . . . . . . . . . . .
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CORE-CONCRETE INTERACTIONS WITH OVERLYING WATER P0OLS

E. R. Copus
Sandia National Laboratories

: Albuquerque, New Mexico

.

ABSTRACI

An-inductively heated experiment, WETCOR-1, was executed as part
of the NRC research program to study and evaluate core debris
coolability by overlying water pools. A 35 kg charge material of
80.w/o Al 02 3 20 w/o Ca0 was heated to melting at 1850K witnin a

-32 cm diameter tungsten annulus heated to 2100K. Ablation of a
limestone-common sand concrete basemat was allowed to begin and
water at 293K was then added continuously at 60 liters per
minute. Both power.and water flow were terminated after a 30
minute test period. The main observations from the WETCOR-1 test
were that there was an initial period of vigorous melt-water
interaction which lasted for 1-2 minutes-and was replaced by a
relatively stable crust-water geometry with_substantially reduced
rates of energy transfer _to the overlying water. These rates of
energy transfer were insufficient to either_ quench the melt or to
discontinue the pre-established meltpool-concrete ablation
process.

INTRJ0 lCILONj

.Cne of the most important phenomenological issues in the_ progression of
severe accidents after the reactor vessel has failed is whether or not the
piant can be brought to a stable condition which avoids the threat to
containment' integrity, whether by basemat penetration or by. containment
pressurization. The most commonly available mechanism for removing heat
from discharged melt in LWR containments is water addition. The 00E,
intiustry, and the _NRC are all now working to develop and evaluate design

- criteria to address core debris coolability by water pools. The WETCOR
experimental program being performed at Sandia National Laboratories is

-part of the NRC effort to address this issue which is identified as issue
i L5 under the revised Severe Accident Research Plan. These tests are

interded to compliment and_ augment the ACE / MACE program sponsored by EPRI.
Technically, the NRC approach will differ from the basic approach in the
MACE tests by including heating of the experiment perimeter to reduce crust

'
attachnent and support and thus promote conditions which might lead to bulk
freezing. This is accomplished by inductively heating a 32 cm diameter
tungsten annulus which is filled with molten oxide mixtures of Al 0 , Zr0 ,23 2
Ca0, and SiO2 at temperatures of 1800 - 2400K and then flowing subcooled
water oqto the melt. The WETCOR tests are also designed-to answer two
additional questions: These are (1) Is oxidic debris more or less coolable
than the metallic debris studied in the SWISS test series? (2) What are
the limits of coolability in terms of the debris depth, the debris power,
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and the debris composition? WETCOR-1 was performed using a different
'oxidic debris type and under different boundary conditions than either the

SWISS tests or the MACE tests in order to focus on the first question. The
remaining WETCOR tests will focus on conditions which will address the
second question.

WETCOR-1 TEST

WETCOR-1 was executed on September 5, 1991. The test goals were to observe
and record the initial simultaneous interactions among molten oxide debris,
a concrete basemat,-and an overlying water pool. The charge materials for
the test were 34 kg of an oxide powder mixture composed of 79 w/o Al 023-
15 w/o Ca0 - 4 w/o SiO2 - 1 W/0 fe2 3 with a density of 2.54 g/cc0

(75% dense). The controte material for the test was limestone - common
sand with a density of 2.34 and a composition of 36 w/o SiO2 - 32 w/o Ca0 -

2 (as CACO ) - 5 w/o H 0. The test procedure was to beat and melt22 w/o CO 3 2
the charge at 1850K, hold a tungsten wall temperature of ?!00K, allow 2 cm
of ablation to establish the concrete interaction, and u en add water at 60
lpm. The water addition was continued for thirty minta:s and tb.. the
experifnent was terminated by turning off the input power

A schematic diagram for the WETCOR test apparatus is shown in Figure 1.
Overall crucible dimensions were 60 cm in diameter and 100 cm in height.
The inner tungsten sleeves contained the charge material and had an inside
diameter of 32 cm, a height of 18 cm, and a thickness of two centimeters.
The concrete basemat was 40 cm in diameter and 40 cm deep. This entire
apparatus was contained in a stainless vessel which was continuously purged
with air at a rate of 1500 liters per minute and vented through a gravel
filter so as to-dilute and contain all of the aerosol effluents.
Instrumentation for the test was designed to measure the debris
temperature, the crucible sidewall temperatures, the heat flux to the -
overlying water pool, the concrete ablation rate, the approximate gas
release rates and composition, and the approximate aerosol release rates
and compositions. In addition, there was video coverage of the meltpool
surface so that the initial debris-water interactions could be observed.

OBSERVATIONS

The main purpose for performing the WETCOR-1 test was to ascertain whether
!- or not melt-coolant interactions were unstable for extended times during
| the initial interaction period. Long-lived instabilities might allow for
| extended periods of very high rates of heat transfer which would result in
| relatively rapid bulk freezing with very little interaction with the-

concrete basemat. Extraordinary effort was made in the design and
|-
; execution of the WETCOR-1 experiment to extend the time for unstable melt-
| coolant interaction and thus promote a bulk quenching process. This

included the use of heated tungsten sidewalls to reduce heat flux-iimiting
crusts, the use of oxide materials with relatively high specific teats to
maximize melt surface temperatures, and the use of a concrete basemat with

|
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an cstablished high gas production rate to increase melt mixing and crust
breakup. In addition, the power input to the melt was held to relatively
low levels and the meltpool height was relatively shallow. The main
observations from the WETCOR-1 test were that there was indeed an initial
period of vigorous melt-water instability but that this period only lasted
for 1-2 minutes and was replaced with a relatively stable crust-water
geometry with substantially reduced rates of energy transfer to the
overlying water.

The total energy to the overlying water pool was quantified by measuring
the temperature rise in a water supply which was flowing constantly at
60 liters per minute. Initial energy removal rates were 300 kJ/s. These
rates steadily dropped to 60 kJ/s after a few minutes and then were
relatively constant for the remainder of the test. This total energy must
be partitioned among the crucible wall surface area, the tungsten surface
area and the meltpool surface area to obtain heat flux information. A

quantitative estimate of the energy transfer rates from the debris surface
to the water pool is 1.5 MW/m2 initially with an exponential drop to
.4 MW/m2 at 8-10 minutes and times thereafter. These rates of energy
transfer were insufficient to either quench the melt or to discontinue the
pre-established meltpool-concrete ablation process.

A comparison of the WETCOR-1 result to previous experiments and analysis
indicates that no new dominant phenomenology has been identified and that
these results are comparable to those for the FRAG, SWISS, and MACE tests.
In each of these previous tests there have been only short periods of high
energy release, the concrete ablation process has continued, and stable
crusts have formed which limited the upward heat flux to .3 .8 MW/m2 None
of these tests have defined the regime of coolability.

_

Our next goal is to analyze the extensive data return from the WETCOR-1 '

test and to compare these results to the data return from the MACE program
sponsored by EPRI. Future WETCOR tests will be designed to focus on
defining and bounding the limit of debris coolability by varying the debris
depth, the debris power, and the debris composition.
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PARAMETER EFFECTS ON MOLTEN DEBRIS SPREADING AND COOLABILITY

F. J . Moody
K. M. Fruth

R. Muralidharan

CE Nuclear Energy

ABSTRACT

The spreading, cooling, and freezing of molten core debris on a
horizontal surface during a postulated severe accident are important
considerations which influence the containment thermal respr ose.
This study describes theoretical'models for predicting the
time dependent spreading geometry of molten core debris on a
horizontal _ floor, and'several associated cooling responses, it was
found that corium discharge from a doorway -tends' to have a spreading
angel of about 52 degrees when surface tension is negligible,
Simplified heat transfer models are employed to estimate local
freezing and mounding of flowing corium, which can diminish its
coolability. Effects of metal / oxide stratification and voids on the
hot spot temperature also are included. It is shown that when
corium~ arrives at a wall, the.resulting hot spot temperature is
reduced if the wall slopes away.from the corium.

NOMENCLATURE

A Area
e Specific h'est
D Diameter, Doorway width
E Energy
e Heat of solidification
t-s-

F Force
g. Acceleration of gravity
g Newton's constant in F - Ma/g

-H Corium depth
h- Convective heat transfer coefficient
h- Equivalent rat'' tion coefficient

#k Thermal condu ity
H Mass
P Pressure
Q- Volume flow-rat
q-

'
Heat transfer rate

q''; q''' Heat flux; Volumetric heating rate
R, r- Radius

1T Temperature
t. Time
y - ul + v1 Velocity; u, v components
x,y,.: Displacement coordinates
(- ) Concrete

- ( - )" Initial value

.
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( )' Steet: Slab
( )* Ambient value
V Volume
a Void fraction: Thermal diffusivity

6 Plate thickness
t Small paranator
$ Angle
a Surface tension
p Density
t Response time

,

INTRODUCTION

Coolability of flowing debris is largely determined by the spreading
configuration, as described by its time dependent surface area and depth. If

f reezing cecurs at the frontal edge of flowing debris, it may be suf ficiently
immobilized to prevent its contacting exposed containment boundaries.
However, local mounding or piling up of debris could reach a depth at which
decay and chemical heating cannot be removed by available cooling mechanisms,
resulting in progressive, localized concreto degradation.

An important aspect of inolten debris spreading is its pattsrn as it
emergca from the pedestal doorway in a Mark I containment. Various analyses,
including those by Kazimi [1], Spencer (2), and Moody (3) were done to help
understand various aspects of corium spreading. Experiments by Creene [4] and
Henry {$) demonstrate several parameter effects on the flow and freezing
configurations of molten simulants.

Available programe for tracking and the spread of flowing debris are
based on an assumed spreading angle. The MELTSPREAD [2] computer program has
been structured to include all of the anticipated phenomena of molten corium
spreating, and it appears that it can he upgraded as new understanding
develops. The phenomena treated by MELTSPREAD include spreading, puddling,
cooling to the freezing temperature, freezing, remelting, interaction with
concrete, convrctivo cooling from the top surface, and internal heat
generation. T5s code is- not- fully verified at chis time.

One difficulty in using or developing a multi-phenomena, complex computer
simulation of postulated severe accidents is that the effects of various ;|,

ace . dent parameters are often obscured. Simplified theoretical models usually
,

rac. provide an understanding or insight into how a given parameter affects
some aspect of an accident.

This study ecploys a simplified method of characteristics formulation to
predict the unsteady spreading pattern prior to arrival at a containment
boundary. Additional analyses provide approximate models to estimate: how

\ far molten debris can spread before immobilization by freezing and subseque.
mounding; tne effect of gaseous void fraction; the effect of metal / oxide
stratification on the vartical-temperature profile; and the effect of aloping
angic on the hot spot of an embedded wall when molten dabris arrives.

,

-
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The siteplified models are offered only for help in unders,tanding
individual parameter effects on selected severe accident responses.

MOLTE!J DEBRIS SPREADI!iG O!J A fl!7)R

Figure 1 shoun a two-dimensional spreading configuration where molten
core debris discharges through a doorway of width D onto a hori~.ontal floer.
Open channel theorr [6] yields a critical discharge Froude nurthe r of
V /Cy 1.0, so that a volwte flow rate Q corresponds to the discharge-

,

eTevation and velocit"
<

1/3
\ |Q

i (1)o
,

2( gD
o

1/3
SQ S
-2@oV (2)- i-

.

D, jo

Liquid spreading on a floor is driven by gravity, and restrained by
both viscosity and surface tension. The reciprocal Reynolds number v/y V for

liquid corium depth of several millimeters or more is less than G.0003, anda

can be nuglected. The puddle depth, y,, determined by equal hydrostatic
pressure and surface tension forces, is given by

2ng a
o 1, Moderate t'- * t ing.

( 3)y ,n--

o pg 2, flonwett'-1

When the spreading front reaches a depe it stopt. getting thinner as it>
',

spreads.

'A mass conservation and momentum formulation for the spreading
configuration in Fig. 1 is based on a model for one dimensional hydrostatic
waves in a char rel of variable width b' (x' , t' ) , to accommodate lateral

spreading (7], (8). The lateral spreading rate of a flowing liquid requires
one additional describing equation, taken as the open channel result,
Db' /Dt' - /gy' The full set of equations for a LaGrangian system which moves
with the liquid is expressed in the nondimensional form,

D+EN EMass: 4 y -0 (I. )De b Dt ax

Mmue ntum :
'

U-0 (5)3

LX

Spreading: - 2 /y' (6)

m
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vhere ;he variablet. are

u

b E, y N , V - h , x N , t
D

t', (7)
D y \ D

o o o o o

and the total (substantial) derivative operator is given by

LLE4 V (8)
Dt at dx

Boundary conditions are given by

x - 0, V - 1, y - 1, b - 1 (9)

and initial conditions correspond to

t - 0, V - 1, y - 1, b - 1 (10)

Equations (4) - (6) are cast into characteristic forms (7),

Rithi (+) and Left 6) Traye11nglis turbanct.g

i /y + 2 '' - 0, on -Vi /y (11)

Fluid Particle Path

- 2 /y -0 en -V (12),

If surface tension is zero, the advancing front resembles a classical darn
break problem where y7 - 0. However, the advancing front cannot be less than i

'the puddle depth of Eq. (3), which would remain constant. In either case,

dy/dt - O at the front. Moreovc.r, y/b = 0 since the depth y is generally touch
smaller than the width b. It follows f roin the right tuoving dist urbance of
Eq. (11) that the frontal velocity remains constant for the cases of zero or
nunzero surface tension. The value of frontal velocity can be obtained by

first integrating the right traveling disturbance of Eq. (11) as j

"Y *f eto

U D+ dV + dt - 0

1* 0* 0-
I

letting t * 0, the frontal velocity is

V - 2 (1 - /j~ ) (13)
g
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Equation (13) also can be obtained f rotn the Riercann solution for sittple waves
with propagation in one direction only [7). The frontal velocity of Eq. (13)

'

describes a boundary in the t,x solution field shown in Fig. 2.

2.0 isMost corium pours will result in a sufficiently high y that V =

; a reasonable sitoplif f ration, and surface -nsion does not d8minate hhe
'

apreading front velocity or profile. The case for negligible surface tension,
vit.h a critical Froude number discharge, results in the single time-dependent
profile solut.lon shown in Fig. 3. The forward flow is supercritical. The
elevation profile also is shown in Fig. 3.

,

Vater spreading experiments in a 1/10 scale facility were reported by
Theofanous [9), and several profiles are shown in Fig. 4. Calculations in the
present study are based on a sudden outpouring of molten debria at the
critical Froude number with fixed depth in the doorway. Vater pours in the
experiments would have spread from the doorway at a variabic discharge rate
until the discharge level reached its steady value. 110weve r , the qualitative
comparison appears to bear a good resemblance. Moreover, the method of
characteristics solution can be easily modified to include a time-dependent4

pour from the doorway.

The steady state profile for an unbounded floor is obtained by setting
all the partial derivatives.with respect to time equal to zero in Eqs. (4),
(5), and (6). The resulting equations.

.

V U+%v N E -0 (14)
dx b dx + y dx

V N+b-0 (l$)dx dx

b - 2 /y' (16)V
dx

can be integrated-to give steady profiles of b, y, and V as functions of x.
The calculated results show that the spreading angle is about 52 degrees when
surface tension is o gligible. It follows that the assumption of 45 degrees
used in the MELTSPREAD program is reasonably supported by this analysis. No

far wall boundary conditions are included in the present analysis.

'

BASIC llEAT TRANSFER MODEl.S [10, 11, 12)
.

Theoretical models for t. racking the two-dimensional spreading of molten
core siebris on a surface involves the mechanics of a gravity driven fluid.
However, cooling of the liquid and phase change to the solid may impose both
local ficw restraints or regional boundaries which immobilize t: flow.

Therefore, the vertical depth of a corium layer may become uneven, causing
local hot spots or other regions which are noncoolable, resulting in extensive
concrete attack, and containment-pressurization by gas release and chemical
heating, Several heat transfer models are summarized next to display effects
of various parameters - on corium teroperatures.

.

4)
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L!nsteady Conduction with llent Generation

lleat conduction in a multidimensional region with volumetric heat
generation q''' is governed by [10)

2 O ## #

T - uV T 4 (17)
t pc

The neat generation term is useful for corium temperature estimates when decay
or chemical heat is present, and the heat transfer is conduction dominated.

Unsteady Cooline of Flowinc Liould Laver

The cooling of a layer of fluid flowing at velocity u with depth II,
uniform width, and internal volumetric heat generation q''' , based on uniforrn

vertical temperature, neg,11gible conduction in the flow direction, and surface
heat flux q,' ' is obtained from energy conservation in the form

q,'' n'''
(18)T + uT + -

t x 0C11 pc

Equation (18) applies to corium layers having either rapid conduction thermal
response, or internal mixing which maintains local temperature uniformity.

Lumped Thermal Regjgng

When the internal teroperature of a region is approximately uniform, a
lumped heat transfer model of volume V and surface area A yields

q,'' g,,,
& (19)T - -

t pc V pc

which is useful in estirnating the thermal response of hot corium layers. j

Surface Cooline

If a hot system is cooled by cenvection, the heat flux is expressed by

q'' - h (T - T ,) (20)

where the convection coefficient h can be modified to include radiation
effects by adding [10]

4 4
o (T T*)-

f(c) (21)h -

(T T,)r
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,

a

i The term f (c) depends on geometry and amissivity, c. A small object in a
large enclosure has ( - t, which can range from about 0.2 to 0.6, depending on
the radiation boundary materials.

THERMAL RESPONSE TIMES

Thermal response times encountered in postulated severe accident
conditions are useful in determining which cooling modes and models are
expected to dominate various heat transfer configurations. Each case below
gives a brici description of the phenomenon, the temperature transient form,
and the thermal response time.

,

Convection Cooling

A closed region of uniform temperature T(t) in contact with a convective
'

environment cools according to

*

o/A *

h (T. T ) T1T ~ "*P I''/'h) ( 2)~

1 = =

", .ayer, depth H (23)- -
h

Internal Heat Conduction

lleat transfer from an object of characteristic dimension L could be
controlled by internal conduction, based on the classical analysis of a slab
[10), which gives the surface temperature.

T T,
T ~ ^1 **E I'*/'a} * (20)T

'''
-

i =

b {2; L-H, layer (25)f,
-

OK

Jnsulated Hot Layer on a Thick Slab

A molten layer of thickness H and initial tempereture T is suddenlyi
placed in contact with a thick slab at T,, where outer surfaces are insulated.
'nTe molten layer without internal heating provides the boundary condition
dT/dt - q'' /pcH f rom Eq. (19) with q''' - 0, for whien

-e! erfc (t/t) / (26)T -

i =

4
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f

1

2 2Er - 1.7 (27)'

0, p
ss/

Meltinc_ or Freezinc_

A region of pure substance initially at tereperature T with melting
g

K (T T )/L. Er, could have a surface heat flux limited by either conduction,
teitperature T

convection h (T T ). If the heat flux is equated to the
g grate *oi phase change, h V p hiere V is the velocity of the phase change

front, the freezing or melting. response time istg

,

2 s .<

# |LS
conduction limited ;

X (T T )

k-< * (28)t y '
n L ph

7,g
covection litaited

h (T T )i in
s >

HEAT TRANSFER DURING CORIUM SPREADING ON A FLOOR

An estimate of response tirnes is useful in determining which pheno;nena
dominate a particular transient. Selected responses are sumrnarized below,
based on example pararneters in Appendix 1 for y of 1.0 cr.

Internal conduction throuch coriurn laver (25)

~1 2x 2,
s (29)# -

conduction a n

Enhanced film boilinc convection to overivinr water (23)
,

pc
_

2s (30)# ~ -

convection h ,

Condug. tion to contrf_te (27)
! 2.

2 pc
324 s (31)i ~

concrete pe
c c pc

.;

Freezine by vpter. limited by internal conduction (28) |

2
.y ph ,t ,

-7s (32)-# ~

freezing K (Tg T)g
:

,

2l O
\
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Freezine by water. limited bv_cenvection to water _{23.1

yph
*-2 22 s (33)r

freezing h (1 g T,)

This set of example parameters shows that while spreading, convection to water
dorninates both cooling and freezing. Concrete heat transfer does not play a
strong role during the initial spread, and internal conduction across the
spreading layer is f ast enough to consider uniform local temperature across

1 the depth.

Equation (18) for flow in a channel of uniform width with the surface
heat transfer r ~~ of Eq. (20) and the conditions,

w
incoming boundary T (o,t) -T |g

5 (34)
initial temperature T (x,0) - T,

.

yield the solution

g (1 c"'*)T* (x*,t*) - n >

+e'**< 1-n 1 e'I'* * **)
11, ( t * x*) (35)y

with

TT
T* T - T, , x* A x ; t* I' t* '"

;x (36)
g pcyV pey 1 (T - T,)h

1

where H is the Heaviside unit step, which is 1.0 for positive values of its
argumenl, and otherwise is zero. Temperature of the advancing corium tront
corresponds to x - Vt, or t* - x*, for which Eq. (35) yields

T* front - c'** + n1 (1 e **) (37)
*

*

The corium front teroperature is graphed _in Fig. 5 for corium entering at
T, with volumetric heat generation. Other paratueter effects included are the
corium density, specific heat, convective heat transfer coef ficient, the
flowing depth and velocity, and the distance tr&veled. It is seen that the
corium front will be_ cooled as it flows for values of the parameter q'''Y/h
(Tg_- T,) < 1,0 Consider a_ case where corium enters at-the liquidus)
temperature, T - 2600'K, with internal heat. generation q''' - 4 Mw/m which
includes both Eirconium reaction and radioactive decay. Use of additional
-properties of Appendix 1 in flg. 5 show that when the front travels a distance
x - 3 m across the ex pedestal floor to the shell, its temperature dtops to
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2
2288'K for an enhanced film boiling coefficiegt of h - 390 V/m ,g gg

nucleate boiling occurred with h - 60,000 V/m K,-the corium front would reach
the 2100*K solidus temperature before it traveled $ cm. Therefore, there are
ranges of accident perameters which would result in corium freezing before it
reached the shell.

If a downward vertical corium jet spreads radially at uniform depth y on
,

a horizontal concrete surface with cooling by an overlying water layer and |
negligible heat generation, Eq. (18) becomes

DE +A + b (T T,) - 0 (38) :

where

a k;b- h
(39)2ny peg -

Initial and boundary conditions are given by

IC T (r,0) - T,, (before flow begins) (40)
,

BC T (0,t) - T (41)g

A solution for temperature in the spreading layer is

T 2 T 2'T (r,t) -

whr avr=
(42)- exp ! Il ''

h
-

T -T g9 s
i a vo/ o .

Eq. (42) shows that the temperature'is a function of r nly, behind the
2

advancing front, which proceeds according to t - syr /Q,, or

Qt
(43)r -

F xy

The temperature profile generated behind r does not depend on the depth y (asp
long as the assumption of uniform T across the depth is valid). Increased h
or decreased Q vould cause a steeper temperature reduction in the radial
direction. If the exemple parameters of Appendix 1 are used, it is found that-

the' freezing temperature is reached at the front when it. reaches a radius

r - 2.7 mp

Suppose that the front stops moving when freezing begins, and forms a dam for
continued pour to overflow. ~ A slow flow would continue to freeze at the same
r , according to Eq. (42). This model does not show whether the fraczingpwould extend radially inward or outward from the point of initial frontal
freezing.
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i

A variation in the heat transfer model is employed when the dam forms to
de t e rrnine if f reeting and mounding, or conthued flowing of the corium would
occur. Figure 6 shows corium flow into the puddled region of radius r withp
heat transfer frors the top surface. If the convect ive heat transfer rate is
based on an average temperature T, energy conservation vields

. .

l - i)2 (Tg (T - T,) (44)- -

y ,nr vy ;
. .

Note that the layer temperature rises (dT/dt > 0) or falls (dT/dt < 0),
depending on the sign of the bracketed term. The value of rF for dT/de - 0
is, therefore,

'

- 1/2Q,pe (T - T) g~y 1
r ~

F nh - dt(T - T,)
-

A larrar value of rF would cause continued cooling of the layer. If T is set
equal.to T - |100 K,g ,

r - 2.88 mp

which is close to the results of Eq. (43) for the parameters of Appendix 1.
It follows that a slightly greater rF corresponds to a lower average
temperature T and dT/dt < 0, or continued cooling. In other words, the

-coriurn would tend to build a frozen mound (probably lif ting a top surface
crust) inside the radius rF. The total pour, therefore, is expected to remain
within an approximate radius rF. given by Eq. (45) with 7 $ Tf. A higher pour
-rate Q extends r ultimately to the floor limits, for which uniform shall:,wp
spreading would be-expected.

The pour rate for which the corium would cover a floor of about 10 m
radius, based on_Eq. (45) with 7 - Tf, and the other parameters of Appendix 1
would be

Q, - 0,1 m /s

'CORILM.VALL CONTACT TEMPERATURE

If a layer of corium.of depth H and temperature T arrives at a wall of
g

thickness 6 and temperature T,, continuous heat transfer across the interface -
-

results in a contact temperature between T and T,. Equation (17) was solved
g
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E

a

in both the coriwn and wall of Fi , I for which the short term solution yieldsi
the classical result ''t) i

i

T -T k 1

~ * (46)
T T \

based on constant specific heat of both materials. The case of a pure
substance with phase change (11] increases the contact temperature about 100*K
for the parameters of Appendix 1. biffusion in a steel wall of the geometry
in Fig. 7 causes immediate reduction of the contact temperature, quickly
achieving the contact boundary condition -kHT -k 6T . The conduction
response time of Eq. (29) for a 3.0 cm thick Iteel* plats * wall and 1.0 cm
corium depth is 7 s, after which the contact temperature approaches

T -T k 1

1+dA f (47)# *
-

T T, Hk % a,g

or about 864 K, based on an arriving temperature of T - 2600 K,
g

Equations (46) and (47) are based on constant specific heat of corium.
Since corium is not a pure substance, its temperature changes during
solidification. An equivalent specific heat was obtained by employing the
heat of fusion in the definition of specific heat, which gave

- 0.5 J/gm K (48)c- -

T 1
p liq sol'

This value of specific heat is essentially equal to M,e corium value of
Appendix 1.

. QUASI STEADY CORIUM TDiPERATURE

The corium depth will continue to increase in a bounded region while
discharge is occurring. The temperature profile will approach the steady
state whenever the cooling rate exceetis the energy addition rate by mass flow
and internal ~heatipg. If corium is added at volume rate Q, the energy
addition rate is E - pcQ (T T,). If'it is spread over area A~to a depth

g
11 , che internal heating rate is q''' AH, If cooling is by convection at an'

approximate flux q - hA (T T , and internal condugtion is not limiting,
tg gonditions for quasi-steady,) temperature are q > E1 + q' ' ' AH , and scH/h > ;

H x a,or

2 2

- IL_ < rdi < B6 , ' o' ' ' A H (69)
,2, h Q h (T - T,) Qg

.
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A corium layer of about 20cmdepghsatisfiesthe quasi-steady conditions'

of Eq. (49) for a cgrium rat e of 0. 3 m / gin, enhanced f ilm boiling, a floor
area of about 130 m , and about 1.0 Mw/m decay heat generation.

-

STEADY CORIUM TEMPERATURE PROFILE

The quasi steady tvenperature profile in a layer of corium gf dept,h H gnd
internal heating q' '' is governed by Eq. '

and cooled b. - O and V T - d T/dy'(17) with T
If the layer is insulated at the bottom, y convection at the top,

T(y) - T, q'''H a''' ? 2
# - (H - y) (50)h A'

with the inaximum temperature at H.e bottom,
.

C [1 + S lT(0) - T (51)h \ 2k/=

A et; .un depth of 20 cm with q''' - 1.0 M''/rn' and enhanced f ilm boiling yields
the maximwn temperature T(0) - 1540 E if gas bubbling occurred, stirring the
layer so that the effective k increased substantially, T(0) would be reduced
to about 870 K

,

CORIUM, EMBEDDED PLATE ll0T SPOT

laquid corium rises on an e,cbedded plate of thickness 6, insulated on the
outside as shown in l'ig. 8. The botcom corium surface also is insulated and
the top is .ooled by convection. Excess heat transfer goes to the plate,
which acts like a fin. Therefore, the steady form of Eq. (17) is solved with
the ai lonal plate boundary condition,'

T,, [x (y),y] + T [x (y),y] - 0 (52)
S

-

If the plate profile is described by

x - ty (53)

where is small, a regular perturbation of the form

M
T (x,y) - c"T (x,y) (54)

n-0

n-0 yields an eigenvalue problem for 6-0, which gives the vertical plate
solution. The n - 1 solution gives the linearized slanted plate solution.
The plate hot spot temperature T(0,0) is given in Fig. 8 for the example
parameters hH/k - 2.7 and kH/k 6 - 4. It is seen that a plate which slants
outward from the corium has a Iower hot spot temperature than a vertical or
inward sloping plate.

2;3
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d

CORIUM STRATIFICATION

The steady form of Eq. (17) was applied to cases where the corium was
" |stratified with UO, settled to depth H and molten metal of depth H2 """y

!'top, as shown in fig. 9. The ratio of homogenized to- stratified corium
maximum temperatures is

1h4 _2 , b b I
i # t

[T(0) T,]h 2 \H2 / k k H
2 2 2

(55)--

[ (0) - T,), (g H1.1\ (1
k

hHg1 j
H 2k(k2 2 j \ 2 g/

-

Stratification is not likely if gas is bubbling through the corium from
concrete releases. However, gas bubbling is expected to raise the internal

heat generation rate and the temperature by3 reacting chemically with coriurn
metals. A typical case for q''' - 1.0 Mw/m decay heat in stratified UO "

2
the bottom has a hot spot temperatu3e about 75% of that resulting from a
bubbling mixture with q''' - 4 Mw/rn decay plus chemical heating in a
homogenized layer.

1

THE EFFECT OF VOIDS j

The collapsed depth of corium is H with the steady temperature of
Eq. (50). If-bubbling caused a void fraction of a, the swollen depth H , k , ,

|and q''', would correspond to

H
; k, - k(1-a); q''',-q''' (1 a) (56)H, gy,,)

for which the ratio of maximum temperatures at y - O for a swollen and
collapsed depth is

1+d I

(T(0) . T,], 2k 271,g
}~

[T(0) - T, ) ' y,M

; , Equation (57) shows that higher voids increases the maximum t ',- ature.
A void fraction of 10% increases the maximum temperature by about thm same
percentage for a collapsed corium depth of 20 ua. However, the presence of
voids implies continuous mixing of corium, which increases the ef fective -
conductivity k, thereby causing the maximum temperature to approach its value
without voids.

- _ _ ._

- SUMMARY

Simplified theoretical models are summarized in this work to predict: .

; the spreading angle of molten core debris flowing from a doorway onto a
horizontal floor; the temperature profile of spreading debris; and the effect

.
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of metal / oxide stratificiation, volds, and embedded wall slope on the hot spot
temperature.

The predicted spreading angle is about 52 degrees if surface tension is
negligible. Parameter effects on the hot spot :emperature are displayed by
graphs and equations which include heat transfer properties of the metal and
oxide, convective heat transfer coefficients, corium depth, spreading
velocity, pouring rate, and concrete properties.
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APPDiDIX 1

Examnic Severe Accident Parameters
Corium k - 30 W/m K T - 2600 K

p - 9000 kg/m T, - 2100 K
e - 0.48 J/ga K o - 1.0 N/my
e - 250 J - 0,07 cm /s
vA*(6-7)10'fgm1 2 3

a /s Q, - 0.00833 5 /8 (81 W Pour)2
.

Steel k - 50 W/m K a - 0.14 era /s
p 8000 kg/m c", - 0.46 J/ga)K

*

Concrete k, - 1.3 W/n K a - 0.0068 cm /s
* C 3

p - 2300 kg/m- 0.835 J/gg Kc
C

p[-1000kgfm - 4.17 J/pg KVater c

a" - 0.11 cm /s 9"_(1,13)go g.,j,2Py

k - 0.6 W/m K v - 1.7 m /kg
2h" - 2453 kJ/kg hb 390 U/m Kg

-

|

%
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MARK I CONTAINMENT GEOMETRY * T.|Uf ,,'',*,JfM, % !, iju s c. .-.e . . .

by

J. J. Sienicki, C. C. Chu and H. T. Farmer
Engineering Development Laboratories

Reactor Engineering Division
Argonne National Laboratory

Argonne, IL 60439

ABSTRACT;

An assessment of melt spreading in the Mark I system has been
carried out using the MELTSPREAD-1 computer code together with
supporting analyses. Application of HELTSPREAD 1 confirms the
calculation of shell survival in a wet containment for the most
probable melt release conditions from NUREG/CR-5423. According to
HELTSPREAD-1, a dry containment also may not be threatened by melt
spreading. This reflects the heat losses undergone by the melt in
the process of spreading io the shell conservatively neglected in
NUREG/CR 5423. However, there exist parameter ranges outside the
most probable set where shell failure may be calculated. Accounting
for the breakup and quenching of melt relocating through a deep

#
.

1ayer of subcooled water also conservatively neglected in NUREG/CR-
5423 can reduce the set of parameter variations for which
containment failure is calculated in the wet case. '

INTRODUCTION

Studies of the risks associated with U. S. Mark Boiling Water Reactors
(BWRs) have focused attention on postulated severe accidents involving core melt,
core material migration into the reactor vessel lower plenum, vessel lower head
failure, and melt release into the containment. Of major interest is whether or
not core and structural materials can accumulate inside the pedestal and relocate
horizontally under the influence of gravity, or spread, all the way to contact
the containment shell and cause shell failure. In the Peach Bottom 2 and 3 Mark
I units, the spreading melt is free to exit the pedestal through a single doorway
to' enter the annular region between the pedestal and containment shell (Figure
1). Although the containment shell is located only 2.6 meters (8.6 feet) from
the doorway, the spreading melt will be subjected to significant heat losses as
the result of upward heat transfer to overlying water and downward heat transfer
to underlying concrete. . Heat removal from the spreading material will tend to
lower its temperature and promote fr:ezing. Assessment of the potential for melt
to spread to the shell and to cause shell failure thus requires the calculation
of a number of interrelated physical processes.

An assessment of the containment shell conditional failure probability in
the event of melt release into the drywell has been carried out by Theofanous et.
al. in NUREG/CR-5423 (1989) using a probabilistic framework. While NUREG/CR-5423

Mork sponsored by the United States Nuclear Regulatory Commission, Officn of
Nuclear Regulatory Research, Division of Systems Research under FIN No. Lll351.

265

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



_ _ _ _ _ - _ _ _ _ _

presents an extensively documented and methodical treatment of the shell
vulnerability problem as well as providing approaches and solutions for many of
the processes involved, a simplified treatment of melt spreading was employed.

In particular, for rapid melt release rates NUREG/CR-5423 applied results from
one tenth scale simui ' material experiments utilizing water as the spreading
fluid. These results , include the effects of melt freezing nor thermal and
chemical interactions wt ither the underlying concrete or overlying water that
would be present during spreading in the actual Hark I system. for slow melt
release rates, melt was simply postulated, in a parametric fashion, to spread
over a specified por tion of the drywell floor area.

A computer code, MEL1 SPREAD-1, has been developed at Argonne National
Laboratory under Electric Power Research Institute (EPRI) sponsorship to
calculate the transient spreading of core and structural materials inside reactor
containments (farmer, Sienicki and Spencer, 1990). HELTSPREAD-1 incorporates
models for the basic processes involved in the spreading of reactor materials
over a steel or concrete substrate. The code currently accounts for: gravity-
driven flow; melt freezing, immobilization, and remelting; concrete heatup,
decomposition, and gas release; concrete melting, entrainment, and intermixing
with the spreading melt; enhancement _ of heat transfer to overlying water or
underlying concrete due to sparging decomposition gases; chemical oxidation of
melt metallic constituents; spreading of melt over previously spread material;
and two dimensional heatup of the shell due to forced convection and impingement
heat transfer from spreading melt adjacent to the shell.

There were numerous conservatisms in the approach used in NUREG/CR 5423 to
calculate the melt spreading and containment shell heatup behavior. in general,
the conservatisms can be grouped into three categories, first, there are the
conditions of melt release from the reactor vessel following failure of the
vessel lowe- head. Currently, the various in-vessel codes and models predict a
wide spectrum of melt release conditions, particularly with regard to melt
release rate. In NUREG/CR-5423, the wide variations in the calculated melt
delivery rates were treated by defining two widely differing " scenarios." The
first, Scenario 1, is based on results obtained from then-current MAAP
calculations and assumes a rapid initial release of mainly oxidic core melt
materials followed by a slow long-term release of mainly oxidic materiais. In
Scenario 11, based upon Oak Ridge model calculations, the release consists of a
more gradual initial release of mainly molten stainless steel and zirconium
metals followed by a somewhat slower long-term release of mostly oxides. A

second type of conservatism involves the interactions that the melt undergoes
while rel_ocating downward from the reactor vessel to the pedestal floor. The
conditions of melt arriving upon the pedestal floor may be quite different from
the conditions of melt release at the reactor vessel due to the effects of melt
interactions with _ the principally control rod drive-related structure located
below the reactor vessel as well as water residing on the drywell floor. The
effects of such interactions were conservatively neglected in NUREG/CR-5423. The
third type of conservatism involves the melt spreading dynamics which
conservatively ignored heat loss processes (to overlying water and the concrete
substrate) during spreading.

The objectives of the present work are to evaluate the conservatisms made
in the probabilistic assessment of NUREG/CR-5423 and determine the major
sensitivities to parameter variations in melt release conditions and melt

|
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spreading phenomena. in addition to the application of MEL1 SPREAD-1, supporting
analyses involving the compilation of BWR melt release conditions and
calculations of below-vessel interactions are carried out.

BWR NEli RELEASE CONDITIONS

Table I shows melt release conditions for Scenarios I and 11 corresponding
to the most probable values determined from NUREG/CR 5423. Various in vessel ,

accident progression analyses predict release conditions different from those in '

lable 1. In order to determine the_ extent by which specific melt release
conditior,s differ from those selected in NUREG/CR-5423, the results of in-vessel
analyses were compiled and documented, for the initial release phases of
Scenarios I and II, figures 2 and 3 present the comparison of model and code
predictions versus the most probable values from NUREG/CR-5423. Three
calculations are represented in these figures: (i) a MAAP 3.08 Rev. 6.05,

calculation for a BWR 3 subjected to the simultaneous loss-of-offsite power and
loss-of-injection contributed by J. R. Gabor (Gabor, Kenton & Associates); (ii)
an APRIL Mod 3 calculation for a BWR-4 ATWS sequence received from M. Z. Podowski
(RPI); and (iii) a recent ORNL model calculation for a short term station
blackout in the Peach Bottom BWR-4 units contributed by S. A. Hodge (ORNL).

Aside from differences in the mass released during the initial phase, the
melt superheat and release rate calculated with MAAP 3.0B both exceed the most
probable values for Scenario I from NUREG/CR-5423 by a significant amount (figure
2). The extent of in-vessel zirconium oxidation predicted by MAAP 3.08 is also
much lower than the most probable value from NUREG/CR 5423 (figure 3). In
contrast, APRIL Mod 3 predicts a lower release rate and zero superheat relative
to NUREG/CR-5423 but a similar extent of in-vessel oxidation. APRIL Mod 3 also
predicts a greater proportion of metal in the released melt mixture than assumed
in Scenario 1. This retlects the inclusion in the released material of melted-
in, above-core stainless steel structure calculated by APRIL but not considered
in NUREG/CR-5423. MAAP 3.00 also predicts the presence of stainless steel
constituents in the released melt not included in the melt composition assumed ,'

for Scenario 1. The results of the recent ORNL model calculation are in fairly
close agreement with the most probable values from Scenario 11 with the exception
of the superheat of the released melt constituent phases.

ANALYSIS OF BELO.-VESSEL INTERACTIONS

An analysis of the effects of below-vessel melt-structure and melt-water
interactions was carried out. The analysis accounts for the progression of
phenomena involved in the relocation to the_ floor of a corium jet released from
a single localized failure in the lower head: melt jet interception by a below-
vessel structural member: freezing-induced melt retention within the structure
(figure 4); dripping of melt drops off of. the structure; breakup and quenching
of the drops in the water layer on the floor; meltthrough of 'he intervening
structural member by jet impingement heat transfer; as well as the breakup and
quenching of the subsequently unimpeded melt jet in the water layer (figure 5).
Also calculated are the consequences of the melt-water interactions upon the ,

occurrence and timing of melt jet impingement-induced heatup and meitthrough of
the carbon steel sump cover plates located beneath the vessel at the drywell
floor elevation. Helt-jet water interactions were calculated using the recently
upgraded THIRMAL code developed at Argonne (Wang, Blomquist, and Spencer,1989).
The breakup of drops dripped form the structure is predicted based upon Taylor
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instability processes,

for an initially 15 centimeter diameter jet corresponding to the most
probable melt release conditions of Scenario I from NUREG/CR-5423, the jet
splashes in the structure for the first 30 seconds. Of the 106000 Kilograms
released in the 189 second long initial release phase, 6500 Kilograms freezes in
the structure during the 30 second splashing stage and 10400 Kilograms falls into
the water as drops that break up into smaller droplets that largely freeze to
form particulate. Thereafter, melt enters the water layer as a coherent jet

; calculated to undergo significant partial erosion and freezing but a portion of
the melt still impinges upon the sump covers in a jet mode. At 52 seconds,
localized plate meltthrough allows the melt remaining in the form of a jet to
enter the sump region such that melt impinges upon the sump floor. At the end
of the initial release phase, 43700 Kilograms of molten corium ha filled the
sumps, another 28200 Kilograms has arrived as molten droplets or melt jet, and
27600 Kilograms has arrived as solid particulate. In the 8800 second long-term
release phase of Scenario I that involves release rates nearly two orders of

I' magnitude lower than the initial phase, the jet is calculated to initially break
| up and freeze completely in the water layer. However, the extent of quenching

and breakup progressively decrease as a moundlike accumulation of frozen corium<

develops beneath the vessel and the local effective water depth decreases.

for Scenario 11, a negligible mass is calculated to be retained in the
4

structure, following the 15 second long period cf splashing in the structure,'

the mainly metallic melt jet undergoes partial erosion in the water layer but
still impinges on the sump covers causing cover plate meltthrough at 420 seconds.
At the end of the 12000 second initial release phase, 38700 Kilograms of molten
material has filled the sumps, another 113000 Kilograms has arrived as molten
droplets or jet, and 72000 Kilograms has arrived as particulate. The melt jet
is calculated to be initially completely broken up and solidified during the
subsequent 13000 second long secondary release phase. However, material
accumulation effects again ultimately decrease the extent of quenching and
breakup.

Thus, melt-water interactions are not calculated to be effective in
completely breaking up and freezing the melt released in either Scenarios I or
11. However, partial breakup and quenching are predicted such that the released
materials arrive as a liquid-solid slurry having a reduced temperature.

HELTSPREAD-1 ANALYSIS APPROACH

To meet the objectives of the present study, a large number of cases were
,

defined summarized in Tables 2 through 4. Cases 1 through 4 correspond as'

closely as possible to the spreading scenarios addressed in NUREG/CR-5423. These
calculations employ the reference melt reletse conditions representing most
probable values from NUREG/CR 5423 (Table 1). Both Scenarios I and 11 as well
as wet and dry containments are calculated. These calculations provide a
prediction of shell heatup for conditions similar to NUREG/CR-5423 but using a

,

| detailed mechanistic analysis tool (MELTSPREAD-1) that is largely independent of
: the methodology followed in NUREG/CR-5423. Consistent with the approach followed
| in NUREG/CR-5423, the calculations include the ef fects of meltthrough of the sump

cover plates and melt collection in the sump volume but neglect melt retention
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in the below-vessel structure as well as quenching of the melt as it passes
through water on the pedestal floor.

Cases 5 through 41 comprise a sensitivity study for Scenarios I and 11.
The purpose of the sensitivity study is to determine where the major 1

sensitivities to parameter variations in melt release cc .ditions and melt
spreading phenomenlogy lie. Paving identified what conditions or modeling
assumptions to vary, special attention has been devoted to determining the range
within which the value of a particular variable may lie or, at least, the lower

i or upper end of the range. The intent here is to preclude the calculation of
'

variations that lie outside of physically realistic bounds and, at the same time,
understand the relationship of the assumed variation relative to the realizable
range. For each pertinent case, the range or either the upper or lower end of
the range is included in Tables 3 and 4. Also, ine basis for each particular
variation is given, for most of the uncertainties examined, only one variation
is performed. The present study does not go so far as to delineate the
dependency of the spreading behavior upon a particular variable throughout the
possible range. In fact, it might be desirable to determine such dependenc4es
for the more sensitive variables at a later date.

Helt is assumed to relocate from the reactor vessel cs a single circular
jet having a diameter of 15 centimeters (6.0 inches). Due to the effects of melt
jet inpingement-induced heat transfer, 'the jet locally melts through the sump
covers. Prior to the local meltthrough time, all of the arriving materials
collect upon the cover plates. Following meltthrough, the jet penetrates through
the hole in the covers and collects inside the sump region. For those cases
incorporating the offects of below-vessel interactions, a portion of the melt is
assumed to be eroded from the jet to form droplets and particles that continue
to accumulate as a slurry on the remaining intact part of the plates. When the
sumps are completely filled up, meltthrough of the cover plate thickness
sandwiched between the melt in the sump and overlying corium is assumed to
incediately occur and the plate carbon steel is added to the material accumulated
inside the sump region.

The configuration of the Peach Bottom 2 and 3 Mars. I units is assumed for I4

all calculations. MEL.TSPREAD-1 calculates the spreading of materials through a
one-dimensional spreading geometry. Figure 4 shows the nodalization scheme
employed for all cases except Cases 13 and 19 that examine-the sensitivity to
speculation about " tunneling" from the pedestal doorway to the shell and are
carried out using the nodalization shown in figure 5. Inside the pedestal,
radial mesh cells are defined concentric with the centrally located jet
impingement point. The first four nodes correspond to a radial representation
of the rectangular sump region having the same _ total volume contained by the
sumps.

a

SCENARIO I REFERENCE CASE-

,

figures 6 through 9 illustrate the calculated spreading behavior for the
Scenario I wet containment reference case (Case 1). In the spreading profiles
(figure 6), the horizontal axis represents the distance along the one dimensional
spreading pathway through which materials spread inside the drywell. In
particular, zero distance is equivalent to the center of the cylindrical pedestal
and a distance of 20 meters corresponds to the rear of the drywell annulus behind
the doorway. Plotted on each figure are the calculated local elevation c ' the

uv
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substrate plus imobilized material layers, the actual melt height (with gas,

' sparging-induced level swell effects), the collapsed melt height (without level
swell effects included), and the temperature of spreading melt. By 10 seconds,
the melt that impinges upon the center of the sump cover plates has spread over

,

the plate area as well as the surrounding concrete pedestal floor and has just'

flowed through the thickner; of the pedestal doo way. The melt temperature has
decreased to oxide liquidus a short distance from the jet impingement zone and
continues to decrease from the liquidus to a value somewhat above the oxide
solidus over the extent of the pedestal and doorway. Between the liquidis and
solidus, the melt is assumed in MELTSPREAD-1 to consist of a liquid-solid lurry
in which solid particles are intarmixed with the molten metal phase (i.e., molten
zirconium) and remaining liquid oxide. At 16 seconds, the impinging melt jet
locally melts through the rump covers creating a circular hole through the cover
plates. Beyond this time the impinging jet passes through the hole eroded
through the plate thickness and the released melt collects inside the sump
region. However, the surrounding portion of the sump covers is still intact and
the melt that has previously collected atop the covers and pedestal floor
continues to spread. By 20 seconds, freezing of the oxides at the leading edge
of this spreading melt has resulted in imobilization of the leading edge
material and formation of a " dam" immediately outside the doorway. At 57
seconds, the sump volume becomes filled with two-phase corium resulting in i

moltout of the cover plate thickness and incorporation of the melted plate steel i

into the melt. As melt released from the vessel continues to collect in the sump

region, the melt layer above the sumps increases and intermittently exceeds the
height of the immobilized material adjacent to and in the pedestal doorway. Helt

i

overflows the imobilized layer and spreads to about half the distance from the
,

pedestal to the shell by 70 seconds. 9y 100 seconds, the height of melt
continuing to collect in the sumps significantly exceeds that of the surrounding
immobilized material such that significant flow over the immobilized layers is
calculated. The advance of the spreading front involves successive cycles of .

melt flow over previously immobilized material, melt flow over bare concrete |

beyond the imobilized material, freezing at the leading of edge of the spreading )
melt, and continued melt flow over the newly imobilized material at the leading |

'

edge. In this manner, melt first reaches and contacts the containment shell at
110 seconds. By 160 seconds, material is calculated to have spread over 73
square meters of the drywell. A plan view showing the extent of melt spreading
at this time is presented in figure 7. This turns out to be the maximum extent
of material spreading that is calculated by MELTSPREAD-1. The spreading melt is
calculated to nave undergone a significant reduction in temperature by the time
that it- reaches the containment shell. This is illustrated by figure 8 that
shows I.he time dependent temperatur a of melt (that has not been imobilized or
frozen) and the collapsed depths of melt as well as immobilized material in the
node immediately adjacent to the shell impingement point. The melt that first
reaches the shell at 110 seconds is rapidly frozen contributing an imobilized

,

layer about-lJ centimeters in depth atop the underlying concrete. However, melt
ly overflows the immobilized layer increasing the total collapsed material-

3

: ' gh to 12 centimeters at 210 seconds shortly after the cowletion of the
initial rapid release phase. The oxide phase of this melt is subsequently frozen"

and immobilization takes place at about 205 seconds. The temperature of the melt
adjacent to the containment shell is initially jest slightly greater than the-

oxide solidus temperature. However, the temperature rises to a value 155 degrees
Kelvin above the solidus at d3 seconds. The temperature boundary condition for
convective heat transfer from the melt to the crust formed on the containment ,

shell is taken equal to .he temperature of the slurry initially contacting the '

270

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



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

shell. The calculated containment shell inner surface temperature at various
elevnions above the original concrete floor substrate is shown in figure 9 for
the first 1000 seconds. The shell inner surface temperature at heights of 3.2
to 4.6 centimeters above the concrete is calculated to attain a local maximum of
1420 degrees Kelvin at 280 seconds. This is well below the assumed carbon steel
melting temperature of 1811 degrees Kelvin. After the oxide melt adjacent to the
sheli freezes, the temperature is calculated to continue to rise to 1490 degrees
Kelvin at about 950 seconds due to thermal conductim effects.

Following the completion _of the initial rapid rtlease phase at 189 seconds,
the melt release rate falls dramatically from 560 to 7 Kilograms per second and
the upper surface attains a more or less uniform elevation in the drywell regir",
outside of the sumps. In this region, the continuing hea; losses result i . melt
immobilization such that the oxide material outside tne sumps undergoes f reezing.
Helt located in the outer part of the sump rtigion is also calculated to
immobilize. However, the central node of the samps into which the melt draining
from the reactor vessel is added remains abovt the solidus throughout the
calculation. Thus, the MCCI in this region is calculated to continue with the
melt in a bulk slurry state. The gradual release and collection of melt at
Kilograms per second is accompanied by a much reduced spreading potential. The
melt spreads only a short distance before being immobilized and frozen due to
heat loss effects. In the calculation, the immobilization of melt atop
previously immobilized material gives rise to a growing wall W frozen material
retaining melt in the central part of the sunp. HELTSPREAD-1 calculates that
this damlike wall of frozen material and the MCCI pool upper surface continue to
grow until reaching the 0.7 meter water depth. The resulting local absence of
heat losses to water results in an increase in the penetration of melt that flows
down the central will otter surface and over previously immobilized material in
the pedestal. By 9000 seconds when the melt release from the vessel permanently
ceases, melt released during the long-term phase is calculated to penetrate as
far as part of the way through the pedestal doorway. _ However, this prediction
is not completely realistic because a retaining wall of immobilized material is
not likely to remain stable. In particular, MELTMEAD 1 calculates that the
material in the inner part of the wall layer taickness undergoes remelting. At
8000 seconds, a maximum temperature of 3530 degrees Kelvin is calculated inside
the wall retaining the central MCCI zone. This reflects the inability of the
heat transfer mechanisms to o move the energy generated by decay heating inside
the thick layer. The problem here is that once melt is immobilized, the
immobilization criteria currently programmed into MELTSPREAD-1 dt not permit
material comprising the immobilized layer to commence flowing again until the
temperature of the uppermost substrate heat transfer node rises above the
relevant soliacs. Thus, while nodes belcw the uppermost one have remelted, the
material remains immobilized. In reality, the physical phenomena associated with
internal remelting of a previously frozen layer are currently uncertain. If the
immobilind material contains sufficient porosity, then the meit formed might be
continucMy and immediately released te spread at a gradual rate consistent with
decay heating-induced melting. On the other hand, a central cavity of
superheated melt might form that is released suddenly. This situation would be
analogous to the formatioa and release of an in-core molten pool surrounded by
thick crustr that has been postulated for the Three Mile Island Unit 2 accMen
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SCENARIO 11 REFERENCE CASE

Case 2 is the reference case for Scenario 11 that involves melt release at
on!y 19 Kilograms per second in the initial phase and 11 Kilograms per second in
the long-term phase. The initial release in Scenario 11 involves a mainly
metallic zirconium-stainless steel mixture with a low proportion of oxides
followed by the release of mostly uranium and zirconium oxides in the long-term
phase. Only a very small mass of melt is released and immediately frozen atop
the sump cover plates before localized jet impingement-induced meltthrough of the
sump covers is calculated at 11 seconds. The initial release stage thus
effectively involves melt collection inside the sump region until it hcomes
filled at 1080 seconds. Gas release from the sump concrete substrate and
sparging of the melt pool in the sumps causes the melt upper surface to
temporarily rise to a greater height than the surrounding pedestal floor. Part
of this melt spreads to about halfway between the pedestal doorway and the
containment shell (Figure 10) and freezes. However, the depth of this frozen
layer does not exceed a maximum of 1.1 cer. Mer calculated at the leading edge.
The continued collection of melt insick thc mps causes the pool upper :urface
to permanently rise above the sorroun iu .oor. However, at the low release
rate. the melt overflowing % .;mp bounoacy is immobilized due to heat transfer
to water and the substrate atter traveling only a short distance inside the
pedestal. This gives rise to the formation of a retaining wall of largely frozen
metal above the outer pcrtion of the sump region and the surrounding pedestal
floor. This wall serves to contain an increasint level of melt inside the
central portion of the sumps. Thus, the behavior here is analogous to that
predicted during the long-term release phase of Scenario 1 in that the formation
cf a moundlike accumulation beneath the reactor pressure vessel consisting of an
annular wall and molten central cylinder is calculated. The height of the mainly
metallic mound rises to essentially the 0.7 meter water depth before further melt
radial penetration beyond the pedestal commencer by 6000 seconds. Temperatures
inside the immobilized retaining wall are calculated to locally rise above the
solidus temperature of the metal phase. However, the temperatures do not exceed
the metal liquidu! and, in fact; remain closer to the solidus. For example at
12000 seconds, a peak temperature of 1700 degrees Kelvin is calculated relative
to the solidus and liquidus temperatures of 1610 and 1810 degrees Kelvin,
respectively. This is a very different situation than in Scenario I where
temperatures hundreds of degrees above the material liquidus were calculated.
The principal difference here is the lower decay heat source of the mainly
metallic mixture initially released in Scenario 11 relative to t% predominantly
oxidic composition that is released throughout Scenario I. Aftu the retaining

,

wall height reaches the water depth, melt continues to colWt in the central '

HCCI pool region, overflow the surrounding wall of immobili metal, and flow

down the wall outer surface to spread inside the pedestal. oy 10000 seconds,
melt is calculated to have spread through the doorway. When +he initial release
phase taat involves mostly metallic melt ends at 12000 seconds, material has
spread roughly halfway between the pedestal doorway and the containment shell. )

Since the superheat of the released melt remains constant in time, the
temperature of the released mainly oxidic melt in the long-term release phase is
much higher than the mainly metallic nelt in the initial phase. The height of
the MCCI pool continues to rise as the retaining wall continues to grow by the
freezing of oxide atop the previously immobilized metal. The oxide melt spreads
over the frozen metal and eventually reaches the containment shell at 15400
seconds. This results in the presence of an immobilized layer adjacent to the

m
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shell having a depth of 2 centimeters (Figure 11). The resulting shell thermal
transient is characterized by a peak shell temperatu' e of about 900 degrees
Kelvin (Figure 12). Although the released melt is mainly oxidic, the higher melt
temperature results in melting of the underlying immobilized metal substrate over
which the melt spreads. Entrainment and intermixing of the melted metal with the
oxide produces a metal-oxide mixture in which the metal becomes the dominant
phase. Thus, the material that contacts the shell is actually a predominantly
metallic mixture having a temperature between the metal phase liquidus and
solidus temperatures. The mixture in this regime is a slurry consisting of
frozen oxide, frozen metal, and liquid metal. The metal-oxide slurry spreads
over previously immobilized material in the drywell resulting in formation of a
thick immobilized layer 30 to 40 centimeters thick that extends to beyond the
containment shell by 22000 seconds. The maximum spreading extent is attained at

.

21000 seconds and corresponds to the same spreading extent calculated for the
-

Scenario I reference case. Over a 1000 second interval, the material depth
adjaunt to the shell rises from to 36 centimeters. The shell thermal
transients associated with the repeaed contacts with the spreading melt and

_

subsequently immobilized material are characterized by a peak shell temcerature
of 1230 degrees Kelvin at 21100 seconds.

,

Melt release from the reactor vessel ceases at 25000 seconds. The
temperatures within the frozen layer inside the drywell annulus generally lie
below the metal phase solidus. Thus, the layer next to the containment shell
represents a stable configuration in which the internal heat generation is
removed by upward heat transfer to overlying water and downward heat transfer
into th' concrete substrate. In contrast, MELTSPREAP-1 also calculates the
growth of a 1.7 meter high, mainly oxidic retaining wall inside the pedestal near
the termination of melt release. Temperatures as high as 3100 degrees Kelvin are
calculated inside this wall. As discussed for Scenario I, this type of
configuration in which highly superheated molten material is indefinitely treated
as immobilized is not realistic.

t

SENSITIVITY ANALYSES .

In order to reveal the extent of sensitivities to parameter var,ations,
several figures of merit have been employed to compare the various cases. The
most important ones are the maximum floor area covered by the spreading melt
(i.e., the " spreading area"), the maximum depth of material adjacent to the
containment shell, the maximum temperature of material next to the shell, and the
maximum shell temperature rise attained. These figures of merit for all of the
cases are included in Tables 5 and 6 that summarize the major results for
Scenarios I and II, respectively. For reference, key floor areas inside the
Peach Bottom 2 and 3 containments are presented in Table 12.
The sensitivity of the maximum spreading area for the Scenario I variations is
also shown in Figure 133. Here the percent change in the spreading area relative
to the reference case (Casa 1) is plotted versus the extent by which each
particular condition or modeling as sumpt %n is varied with respect to the
pessible range of the parameter. Specifically, the extent of variation is
defined as

,,
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A positive extent of variation generally corresponds to an increase in a variable
(e.g., an increase in the molten superheat of the released melt). A negative
extent of. variation generally represents a decrease (e.g., a decrease in the
melt-to-substrate heat transfer coefficient). The objective of a plot such as
Figure 16a is to attempt to campare sensitivities on an approximately equal
footing with- regard to the maximum extent over which a particular variation
represents a realistic uncertainty or conservatism.

The only cese found to significantly reduce the calculated spreading area
for Scenario I is the assumption of an immobilization criterion based upon a
maximum slurry solid volume fraction of 0.6. For the reference melt composition
of Scenario I, freezing of the oxide phase nominally immobilizes the melt at a
solid wlume fraction of approximately 0.8. This reduction in spreading area is
highly significant as it totally precludes melt from reaching the containment
shell. Increases in the melt spreading area are most sensitive to the

-

assumptions of a more metallic melt composition representative of the inclusion
of above-core stainless steel- and lower retention in the sump volume. The
inclusion of above-core steel results in the melt metal phase volume fraction
exceeding that of the oxide phase. Thus, melt immobilization requires the
freezing of the metallic phase in addition to the oxide enhancing the spreading
penetration. Elimination of retention in the sump volume effectively increases
the melt mass / volume spreading on the floor thereby increasing the area covered
before the additional spreading melt immobilizes.i

Figure 13b shows the maximum depth of material (spreading plus immobilized)
calculated immediately adjacent to the shell. A greater peak depth does not, in
general, correlate with a lesser spreading extent. This is a consequence of the
transient nature of the spreading processes. Figure 13c shows the changes in the

| maximum temperature of melt adjacent to the containment shell. Plotted here is
the change in the temperature difference between the peak melt temperature and
the oxide phase solidus temperature. The maximum melt temperature next to the

- shell is most sensitive to lower sump retention and lower downward heat transfer.

!
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Figure 13d shows the sensitivities of the maximum containment shell inner
surface temperature for Scenario I. Specifically, the percent change in the
shell temperature rise above the initial temperature is plotted. Three
variations are calculated to result in shell meltthrough: zeru sump retention,
lower downward heat transfer, and a lower spreading angle representative of a
tunneling flow between the doorway and shell. The assumption of a stable crust
formation freezing mode results in a shell inner surface temperature above the
carDon steel melting temperature. However, only surface melting is calculated;
melting does not extend into the shell thickness. As discussed earlier,
eliminating retention in the sump effectively increases the mass of spreading
material and eliminates intermixing with the melt pool in the sump giving rise
to greater melt depths and melt temperatures next to the shell. Decreasing the
downward melt-to-concrete heat losses also raises the temperature of melt
arriving at the shell, decreases the erosion of the sump and drywell floors,
reduces melt retention in the enlarged sump cavity, and decreases enhancement of
the melt viscosit.' due to entrainment of eroded concrete slag. Decreasing the
spreading angle increases the spreading layer depth and velocity between the
doorway and shell that has the not effect of increasing both the depth and
temperature next to the shell. The assumption of stable crust formation results
in the calculation of a greater melt temperature arriving at the shell due to
lower heat losses in the presence of a crust as well as lower viscosities due to
reduced concrete slag entrainment. In general, the calculation of shell melting
correlates with significant increase in the melt temperature next to the shell.
Significantly, the shell temperature is calculated not to rise above melting for
the case of a dry containment.

Figure 14 show the sensitivities determined for Scenario II. The maximum
melt spreading area is most ser.sitive to the immobilization criterion; for this
variation meit never reaches the shell. Significant reductions in the maximum
spreading area are also obtained for the assumption of zero decay heat, lower
melt superheat, lower sump retention, rapid chemical reactions, lower upward heat
transfer, and lower downward heat transfer. The calculation of a smaller extent
of spreading when the heat losses are decreased at first seems counter-intuitive.
Decreasing the heat losses increased the maximum spreading area for Scenario I.
However, Scenario II involves the spreading of mainly oxidic melt over
immobilized metallic material. Decreasing the downward heat losses reduces the
remelting of underlying metal thereby decreasing the extent of intermixing of
entrained metal into the melt. This results in a greater solid oxide volume

~

fraction in the spreading melt tending to decrease the penetration. Shorter
penetrations in turn enhance the formation of thicker layers of immobilized
material. It is observed that tae cases for which the smallest extent of
spreading is calculated are also those resulting in the largest material depth
immediately adjacent to the containment shell. In none of the cases is the shell
temperature predicted to exceed the carbon steel melting threshold.

Finally, Figure 15 shows the sensitivities for Scenario I for all of the
cases that include the effects of melt-structure and melt-water interactions
during relocation from the vessel to the pedestal floor. These cases are more
realistic than those discussed previously because the previous calculations
largely ignored the realistic interaction effects. The four variations
encompassed in Figures 15 are those that previously resulted in the calculation
of shell inner surface temperatures that exceed the shell steel melting
temperature. It is observed that tW below-vessel interactions (principally melt
breakup and quenching while falling through the w"er layer) have a mitigative i
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effect on the calculation of shell melting for two out of the four variations.
This reflects the partially solidified slurry composition and lower temperature
of the arriving melt.

CONCLUS10hs

The following major conclusions are drawn from the results of the
MELTSPREAD-1 analyses:

i) HELTSPREAD-1 confirms the calculation of shell survival in a wet
containment- for the nost probable release conditions from NUREG/CR-5423. The
containment shell temperature is calculated to remain below the carbon steel
meltirg temperature of- 1810 degrees Kelvin. In particular, peak shell
temperatures of 1490 and 1230 degrees Kelvin are obtained for Scenarios I and II,
respectively, at a shell location directly facing the doorway. Despite the many
differences in melt release conditions and spreading behavior, similar maximum
extents of spreading (i.e., maximum spreading areas) are calculated for the two
scenarios. The drywell floor area is not ccmpletely covered by the spread melt;
less than half of the drywell annulus is covered.

ii) According to MELTSPREAD-1, a dry containment may not be threatened by melt |

spreading. For the most probable release conditions f rom NUREG/CR-5423, peak '

shell temperatures cf 1570 and 1650 degrees Kelvin are t alculated for Scenarios,

I and II, respect vely. The difference from NUREG/CR-54 23 reflects the effects
of heat losses and the reduction in temperature- undergone by the melt as it
spreads to the containment shell in the MELTSPREAD-1 calculations. These effects
were conservatively neglected in NUREG/CR-5423. However, it should be cautioned
that the sensitivities to parameter variations in a dry containment have not been
examined as they have for a wet containment.

iii) There exist parameter ranges within which shell failure may be calculated
in a wet containment. Shell inner surface temperatures that exceed the melting
temperature are calculated only- for Scer.ario I and for those four variations

-

relative to the ref erence case that involve the assumptions of no retention in
the pedestal sumps, a downward convective heat transfer coefficient reduced by
50 percent, tunneling flow between the pedestal doorway and shell instead uf

: spreading, and a stable crust freezing mode as opposed to bulk slurry freezing.
Ic the latter case, only transient melting at tht shell inner surface is!

calculated; melting does not extend into the shell thickness.

j iv) The inclusion in the analysis of the realistic effect of below-vessel melt-
structure and melt-water interactions conservatively neglected in NUREG/CR-5423,

| can reduce the set of parameter ranges for which shell failure is calculated.
| In particular, shell inner surface temperatures exceeding the melting temperature

are. calculated for the ' assumptions of minimali retention in the sumps and a-
L reduced downward heat transfer coefficient. The principal effect is the breakup
l' and quenching of released melt- in a deep layer of- subcooled wat '. This

transforms the released melt into a slurry with a reduced temperam.re. The
below-vessel interactions were found not to significantly influence the maximum
spreading extent,

y) The maximum extent of spreading and the containment shell temperature are
more sensitive to parameter variations in the melt spreading phenomena than to
melt release conditions. Within the range of uncertainty in the melt

n6
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immobilization criterion, the spreading melt is calculated not to even reach the
shell. In particular, the assumption of melt immobilization at a slurry solid
volume fraction of 0.6 results in a maximum spreading area of 35 square meters
in both Scenarios I and 11 relative to a value of 39 square meters corresponding
to shell contact and a spreading area of 73 square meters in the reference case
calculations.
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Table 1. HELT RELEASE CONDITIONS OBTAINED FROM NUREG/CR-5423

Scenario 1 Scenario 11

Initial Long Term Initial Long-Term
Release Relsase Release Release

Mass Released, Kg 106000 63800 224000 123000
~

3Volume Released, m 12.5 7.5 30 15

Melt Release Rate, Kg/s 70-560 7 18.7 7

Melt Composition, wtk

Zr 18 18 24 2

45 9Fe ----- -----

10 0 |Cr ----- -----

5 0Ni ----- -----

Zr0 11 11 6 24
2

00 71 71 10 65
2

Initial Superheat of Released fielt, K 37 37 87 87 !

3Density, Kg/m 8500 8500 7480 8210
_

Table 2. HELTSPREAD 1 REFERENCE CASE CALCULATIONS

Case Scenario Cavity R ecu rks Basts
No. Conditton

! I Wet Includes meltthrough into sunp region NUPFG/CR 5423

2 !! Wet Includes weltthrough tato sump region MtRE6/CR-5423

3 I Orj I nc lude* wltthrough tato.surp region N!RtG/CR-5423

4 II Dry includes seltthrough into s.rp reglen NtREG/CR-5423

, 5 i Wet includes meltthrough into surnp region, retention in below-vessel Analysis of below-
structure, and melt onenching while falling through water vessel interactionsi

!

6 !! Wet includes meltthrough into sur9 region, retention in below-vessel Analysts of below-
Stfucture. And Welt ouenching whlle f alling through water vettel interactions

!

i

!

l

|
|

I
'
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Table 3. MELT 5PREAD 1 SENSITIVITY STUDY FOR SCENARIO I; VARA 110NS ARE PERf0PMD RELAllVE TO CASE I

Case to. Vertation Possible Range Basis
of Variable or
istreme ta tue

7 lacrease initial superheat frtei 37 to 250 K 250 K PAAP calculation

O Increase initial release rate f re 5f,0 to !!!0 *g/s 1820 sg/s MaAP calculat toa

9 becrease outdited Zr percentage frm 31 to 34 31 MAAP calculation

IC Change eelt empes tt ton f rcs.18 et I f r - 11 et 1 fr02 11 et 1002 to 22 et 1 MAAP calculat toa

le - 17 et i f e - I wt 1 f r02 + to et 1002
11 Change weit cremosttion to 19 wt I tr - 44 et 315 21 et 1 Zr02 - 16 et 1002 Arti:t M 3 calculation insluding

release of above-core statniese
steet

12 Change concrete cce90sition fra Itetone crsmon sand to silicess Siliceous pelationship between gas release
and concrete type

13 Decrease spreadtag angle betwee* doorway and shell f rm 90 to O degrees 0 degrees Speculat ion about "Tunreling"

14 Decrease temperature boundary condit tor f or melt-to-shell beat transfer fre L lou tdus to Freeting range
the Itquitfus to the soittbs so lidus

15 Deeresse tervibilitation solid ~olce f raction f rm 1.0 to 0,6 0,5 to 1.0 Data on flow of bicacy metallic
alloys and part tele itquid
statures

,

16 Chang 6 malt f reeting anxie f rcue built f reetleg to crust f reerleg Crust freetlog f alsting data on *reetlog of
f l e tne welt s

IF Ignore duer best 0 tower tmund on internal neeting

18 Hold decay heat crmstant at initial value rather then use a variable decay best latt tal value Init ial va lue provides en uprer
bound on internal Asting

19 Reise entent of cep etter of chemical react tons fra vertatile to 100 percent 100 percent Upper bound on cm9 stion1

to tower entent of rw% t ton of chemical reactions frun warteble to rero 0 tower knund on crimletion

21 Ignore impingewent conte Lutton to molt to-shell heat tiansfer Ignore lower bound on legingerewt
contribution

72 kultiply best transfer coef ficient for upward molt to-wat*r beat transfer by a 0.4 to 1.0 f atimate of ef fette of crusting
f actor of 0.5 at usiner surf ace

a

73 Nltiply heat transfer coef f tetent for downward molt to-substrate neat transfer 0.5 to L.0 Estimate of concrue slag effect.
try a f actor of 0.5

24 linore mettthrough into samps lower bound M en retention

38 D-crease spreading angle between doorway earl anell f em 90 to O degrees; O negrees Speculat ion about " Tunneling";
tre lude retent ton in t>elow vesse s structure and melt quenening while f alling Analyses of below vessel
through water interactions

39 Change f, a made from bu k f rees tng to crust freeting; Crust f rees tag tutsting data on f reeting of
lac 1#Je te ut ta below-vessel structure and seit quenching eMile f alling flowing welts;

.
through wa Analyses of below-vessel

| Interact tons

40 Nit tply beat transfer coef ficient f or downward melt to substrate best transfer 0,5 to 1.0 [ stimate of concrete slag
by a factor of 0.5; inciwte retention In below vessel structure and melt effects;

quenching while f alliag through water Analyses o' belew-ves Al
interacttons

4L Ignore melf th*ough into sumps; laclude retention in below vessel structure and lower bound on sep retentton;
melt quenching =%tle f alling through wtter Analyses of below-vessel

interacttons

2 7 ')
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Table 4 HELTSPREAD-1 SENSITIVITY STUDY FOR SCENARIO 11; VARIATIONS ARE PERFORMED RELATIVE TO CASE 1

_

Case Vartstl06 Possibli Range tests
No. of Vertable or

(streme Valve

75 Deeresse initial esperheat f rom 85 te 5 K 0K Gak Atoge autet calculation

76 f ncrease release rate fun 18.7 to 85 Kg!s 65 tg/s loca l man im'a f rm MAtG/CR-54?3
?? Chenge melt compos tt ton to 17 et 1 Zr - 54 et 1 Fe - 12 et 1 Cr - 6 et APillt %d 3 calculation predicting

X kl - 4 vt 1 Zr02 - 7 et 1 UO2 addition of 94000 Kg of above-core
stainless stes)

28 Change concrete composttton f rom timestone-cors::a sand to stitceous Siliceous llelationship between gas release
and concrete type

29 Decrease spreading saole between doorney and shell from 90 to O degrees 0 aegrees Specalatton about " Tunneling"

30 Decrease tewerature boundary condition for selt-to shell tant t ansf er Ltquidus to Freezing range
f rte the liquidus to the solidus solidus

31 Decrease tarinbillestion solid volse fraction f rem 1.0 to 0.6 0.5 to 1.0 Data on flow of binary metallic
alloys and part tele 11 auld
statures

32 Ignore meltthrough into s e s lower tooad or sump retention

33 Ignore Jecey heat 0 Lower bound on tat sraa l hea t Ing

34 Aatse entent of completion of chemical resettons fran wartable to 100 100 percent typer bound on ceripletion
reecent

35 Ignore imptagement contribut ton to telt-to shell fwat transfer Ignore lower bound on tmpingwent ef fects
contributton

36 Multiply beat transfer coef fletent for upward melt-to-water heat 0.4 to 1.0 Estimate of ef fects of crusttrg at
transfer ey a f actor of 0.5 ueper surface

31 Multiply the beat transfer coef fIctent for downward molt-to-substrate 0. 5 t o 1. 0 Estimate of concrete slag effects
beat transfer by a factor of 0.5

;
I

|

|
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Table 5. RESULTS OF NCLTSPREAD 1 CALCULATIONS FOR SCENARIO I

Case Va* tat te* hs. Itse of fles 4s tatse fise of Nas; Eas. 4Y ftas of ka s . flee of 5 % 11
40. Sp read- Ma s. es it ha t eria l 4s taae melt ta let tve sa a . 5%I1 Ns . 4 16

kg Spread- First Septli 4tertal f ang . to Sgtf. he lt inner SN11 through
ary, a r.e

w Cetecte e,acent oeoth u; ace t du . to Surf.ce laner tredi-
e e, 5% ii, to ej. cent is a w;4e. .t to., Surf ace ca t ed

e e 3%)), to 5 % 11, to K 1 mp . , (fise of
ca 5%I1 K lhe ll, e #e lt -

a e t hrough,
a)

'
I Referewe Case 73 150 110 12 til 2125 155 193 1499 950 to

3 Ory conta osarnt 106 1 50 26 s les . the Iss 123 1567 223 to

5 Jac1vh below-Vessel 73 190 50 11 234 2315 145 192 1323 1150 #o
Int eract 1ons ^

7 Higher 54er%st 73 150 91 13 208 2330 160 180 1864 950 #3

8 Hig%e Release Rate 95 100 <t* 15 17 95 2319 144 102 1390 1300 to
150

9 Hig%r m tallic 95 170 109 12 268 2310 143 193 1467 923 noe

ilrtools Content

10 m re 4tallts 64 150 < t * 104 13 19e 2294 124 190 1487 281 Mo
Capos It ton 200

+N '!! laclode Above Core !!7 160 62 3 (88 1786 204 197 1650 222 h
Steel

12 Stitceous Concrete 95 150 *te 110 10 218 2366 198 164 1287 265 to
20G

13 lower Spreading 95 200 104 15 251 2'.55 165 193 2197 205 Yes
Ang le (352)

14 Lower 5 bell Crust 73 !$0 110 12 220 2325 155 193 1493 I!0 to
Freer tog f ervera ure

15 Lower Insgoe lligat tan 35("I - - - - - - - ~ -- ~~- * . - ---- -~ --- - ~ - to
Solid f ract ton -

-s-

16 1 Crust Danicated 84 150 * t e 118 11 234 2385 195 195 1999 241 4 tdi
I f reet ing 200

17 2ero Decay Nat 13 150 ste 112 12 231 2320 150 194 1400 900 no
200

18 Constant Decay Heat 64 150 *Le lit 12 283 2 3.18 168 196 1523 900 to
200

19 fe,ter Chemical 84 150 st< 110 11 17' 2324 1 54 200 1455 750 to
React ions 200

20 S icc a Chee tca l 13 150 < t < 112 12 220 2314 144 186 1450 10J9 no
teact tons 200

il Louvr 5%11 73 150 112 12 220 2314 144 186 !!td 1046 No
11plagewent Heat

g
f ransf er

22 tower Utmard Heat 95 100 <t* 102 10 200 2343 173 135 1547 29 No
fransfer 150

'
23 Lower comward host 34 100 <t * 21 8.7 244 2435 265 185 2333 194 Yes

Tra4sfer 150 (340)

24 Lower Se atent ion 117 100 16 10 91 2569 399 91 2404 105 Yesn
,

I?28)

38 Lower Spreadtng 84 150 <te 47 !$ 125 2345 175 194 1479 1831 to
Aagle witn Pelow- 200 .

Vessel Interact lens

39 Crutt Ocretn4ted 73 193 50 12 264 2317 147 133 1311 1298 na
Freer teg with Selow-
Vesse l inte*s:t tone

40 tower Ocewa-d Hest 106 190 143 3.3 149 2424 254 144 ??28 19e to ld'

Treenfor with Selew-
isssal leteract tons

41 lower See #etention 50 100 = t * 50 38 SC4 2180 110 75 1510 200 Yes
eIth to tow-Ves se i 1$0
lat erac t lens

_

a) Owide ease solfat nominally corskfered.
bl m tti p%se soltas;a

c) Nelt c4Icelated oct to reach conta Wnt s%11
d) only s%It in*r surf ace e ce<. witug twee-stare; switi~g Jces not esteM into shell totcams.

4
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Table 6. RESULTS OF MELTSPREAD-1 CALCULA110NS FOR SCENARIO 11

Case t a r t at ion %. !1me of t ime mas te line of ma r . Nu at ilme of %. f tme of She ll
40. Spread- Ma s . We lt 4terial N a tsue %lt Relative 4n. She ll ka a Me lt -

tag Spread- F lest Depth 4ternal T ag . to I me lt lane r She ll through
dus, gAry, ing Cont act e Adjaceat Depth Adjacent f emi . Surf ace laaer P red t-

m Ares. Shell. to Adjacent to K Adjacset f ere. . Su f ace catedr

e o $ne ll, to SN il, to K f ew . . (11== of
ce $5e ll, K 5%11. e e me lt -

e through,
s)

_. o

i Refereace Case ?) 21000 15400 34 21300 1770 160 209 ?0 1212 21100 to

4 0*y forta lamrat 106 8000 6510 16 175$0 1681 , 29 7%0 1%4 7750 to

5 Inc lurte Below-%essel 84 345J 3400 le 18600 1676 C 16600 1092 3400 ho
late act 'oas

75 t.a er Super %s t 50 7410 2400 76 21630 167) 53 2400 1794 20500 to
,

76 mg%r Release Rate 62 7000 1710 43 ?410 16 % % 1210 1607 2B40 No

27 laciude Above4ere 82 19500 1 % 00 42 19800 1672 62 19500 1473 19800 ho
Steel

?R Silicews Coaccete 50 17000 16 Do 73 17400 1E25 15 !?)00 16?B 25000 to

79 tower $penOng ang le 62 20000 1%400 50 27400 1998 98 19500 1435 20?00 ha

30 tower shell Crust 71 19000 15400 30 19000 1616 76 18800 llt' 16800 ho
Freer tan f emeeratce

#31 lower lerubiltastion 35 24300 ----- - - - - - - - - - - ---- ~~- ----- ---- --- ho
tolid Fractica

3? tower $ n Reteatloa 50 12000 9630 71 13?00 1640 10 17000 1019 11000 to

13 2e*o Ceca y heat 11 16000 15300 1 15800 18'O O 1900 1004 15P00 4o

34 Fastee Chemica l 50 18000 15400 25 210C0 1632 22 IP60c 1062 19500 ho
o e.v t ions

35 tower $N11 50 16000 15410 12 49100 1632 22 19100 1070 19100 no
lepingeNet * eat
tr.,s e.v

38 lower 1: Sward Meat 50 14000 13300 50 20500 1643 38 25000 1068 25000 Ro
Transfe-

31 Lower Downwo-d Meet $0 17000 15400 70 19100 1663 59 18600 4400 25000 Ro
Yeansfee i

1
1

a) m tal phase solidus untaally constdeced.e

b) melt calculated not to reach contatveat shall.

{
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ABSTRALT

Programs of experiments and related analysis are underway at Argonne National Laboratory investigat-
ing the interaction of molten core =eterial with concrete and its coolability. The major objectives
are: 1) obtain data on fission prs . .c t release during MCCI; and 2) investigate the conditions for
successful cooling and stabilization of core melt attacking the concrete basemat.

The fission product release tests have been completed, and data analysis is in progress. The experi-
ments will be analyzed by several groups to validate the various MCCI codes, e.g. , CORCON and VANESA,
WECHSL and MAAP-DECOKP.

A scoping melt attack and coolability experiment (MACE) involving the addition of water atop an on-
going MCCI has been performed. A facility to conduct larger scale tests is currently baing construct-
ed, and two additional tests are planned to be completed before the end of CY91.

This paper will describe the progress. of the MCCI and the MACE testing programs in the ACE project.
~

1.- INTRODUCTION ment, if the corium concrete interaction con-
tinues for a long time (tens of hours) and acet

!ae evaluations of the risks of U.S. nu. removal and pressure reduction measures (e.g.,
clear power plants have focused attention on through venting) fail, containment integrity and

1 in basemat penetration are of concern. Fissionpostulated beyond design basis accidents
which core melting occurs and fission products products will be released if and when the con-
are relecaed. In certain prescribed scenarios, tainment fails; although in this case, the re-
the molten cor reterials (corium) are calcu* lease is much less than that in the case of
lated to flow into the laver head region of a early containment failure, because of the deple-
BVR or a PVR pressure vessel (as occurred at tion of aerosol source with time. Besemat pene-
TMI-2), and thereafter, at some point in time. tration is also of serious concern, al though
cause failure of the vessel lower head. The the environmental e f fects are ve ry much site -
accumulated cotium is thec discharged into the op.cirte,

: BWR pedestal region or the PWR containment
cavity (which did not occur at TMI-2), and th* The gases produced during tF7 molten cor-
ex-vessel phase of the accident begins, ium concrete interaction (MCCI) sparge through

the molten corium, undergoing chemical reactions
The interaction of corium with the con' and carrying volatile fission pre. duct compounds

crete basemat results in the release of substan- and other materials to the containment atmos-
tial quantities of combustible (H ; CO) , i.o n "2 phere. The metals Zr, Cr, Ni. fe react with
condensible gases which pressurize the contain- the gases exothermically to release substantial
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amounts of energy which supplements the decay materials and gas injection. There is a dearth
heat generation in the melt. The vaporized ma. of modols describing melt coolability due to lack
terials after emerging from the coriua melt will of data and understanding, and presently there
form an aerosol source as they condense in the is a considerable divergence of opinion on the
containment atmosphere, feasibility of quenching a lar58 d**P molten

corium pool.

The magnitude, content, and physical chem-
ical character of the MCCI fission product aero. III. ACE PROJECT
sol sources are extremely important in estima,
ring the source term and the riska from the LRR The advanced containment experiments (ACE)
postulated accidents. The magnitude of the re- Project is a cooperative research project funded
leases of refractory fissian products e.g., La, by the countries and organizations shown in Table
Ba, Sr, Ce, which may occur during MCCI, have 1 and managed by Electric Power Research Insti-
been an issue. There have been substantial dif. tute (EPRI). The project consists of four phases;
forences in the predicted releases of these ma. phase A, already completed, obtained data on the
terials obtained from the various severe accident decontamination of aerosol sources that may be
codes e.g., MAAP,2 MELLOR,3 CORCON,* snd VANESA.5 found in the containment after a severe accident

using prototypic filter designs; phase B about to
A very important related issue is that of he completed, obtained data on the iodine trans-

celt coolability and termination of the ex-vessel porc and partitioning in the containment during
progression of the accident. Clearly, if the prolonge,d residence; phases C end D described
wit can be cooled and a heat trancport cycle further in this paper, have obtained or will ob-

established, .a long tens safe stable state uay tain data respectively on the fission product
be achieved and contairwent integrity assi red. release during MCCI and the coolability and
Virtually all IMRs have the ability to and water quenchability with water of a melt interacting
to reactor containment, although in some in. with concrete,

stances such capability may be of ad-hoc nature.
SECY 88 147,8 which requires the implementation Table 1. Status of ACE Participation
of a Severe Accident Management Program, recog-
nizes the beneficial effects of water addition
to cool *.he molten corium pool. The advanced Organization

LWR program also has prescribed long term melt 1. VTT: Finland
coolability and stabilization as a utility re-
quirement for both the AP600 (Westin6 ouse) and 2. PSI. Switzerlandh
the SBVR (General Electric) designa.

3. ENEA, Italy

11. PREVIOUS WORK 4 CEA, France
CEA, + JRC ISFRA

Extensive research has been conducted to
understand, model, and predict the dynamics of $. KEMA. The Netherlands
the attack of molten corium on concrete. This 6. AEA, United Kingdom
research consists of experiments performed at
various scales with simulant and real materials 7 oH, canada
and the development of state of the art codes

| e .g. , CORCON,* ''' WECHSL,' and DECOMP-MAAP.2
-

8. GRs.* FRC
! The major MCCI test series performed so far i.e. , 9. UNESA.* Spain
i BETA , " SURC , u HS , u and TURCD investigated the

| thermal hydraulic aspects of the MCCI 1.e., the 10. Kurchatov, USSR
'

concrete spatial eblation rates and the gas and
the aerosol generation rates. Except for one 11. ABB-ATOM. SKI. Sweden
recent SURC test, these testa did not measure the

12. JAERI . Japan
release of the refractory fission products during
the MCCI 13. AEC, Republic of China

The melt coolability experimentation has 14- VELKI. Itungary

not been as extensive as that for the MCCI. San- ' "** *die National laboratory performed the FRAC" and
the SVISSM tests, which employed, respectively 16. Tractobel. Belgium
hot steel balls and steel melt interacting with
concrete and cooled by water from above. In 17 U.S. EPRI DOE

NRC Wthese small scale experiments a crust developed
which inhibited the transfer of heat from the

| celt to water, and long term melt coolability *I'ad organization,

was not achieved. In addition to these experi-'

+Special dissemination rights proposed.
ments , Greene , te Theof anous , u and Kazimi? have
conducted coolability experiments using simulant

|

|
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The experimental programs conducted in the one-dimensional; predominant heat transfer pro.
ACE Project have been of relatively large scale cesses f rom the, internally heated core melt ma.
In order to obtain data which could be applied terial are vertically upward and downward,
directly for prototypic accident evaluations.
This is particularly true for phases A, 8 and C. The facility for conducting the ACE MCCI/
For instance in phase C, about 300 Kg of prototy. fission product release tests includes a confine.
plc corium material containing representative in. ment cell, test apparatus, power supply, gas /
active refractory fission product compounds is aerosol diagnostics system, water cooling system,
heated to melt temp 4,tures of 2500 K and react- ventilation / exhaust system and data acquisition
ed eith concrete. ..,this way, the appropriate system. We test apparatus, shown in Figure 1,
thermal and chemical environment is achieved in consists of water cooled copper panels which
a relatively large interaction zone so that the form the four walls enclosing the concrete base.
aerocol release data obtained can be applied to mat and the corium. Tun 6ston rod electrodes
the prototypic accident situations. Similar form two inner walls of the apparatus and are
care is being exercised to limit the effect of connected near the top of the corium volume by
sealing distortions in the conduct of the melt tungsten wire colla for starting a test. An
attack and coolability experiments (MACE). Insulated and water cooled plenum and lid fit

on top of the test apparatus. The lid contains
IV. ACE PHASE C: MCCI PROGRAM ports for gas sampling and for video recording

the melt surface.
The phase C of the ACE Program addressing

fission product release occurring during a molten

core concrete interaction (MCCI) is bein6 conduct- W1,MA
ed at Argonne National Laboratory. A series of 1

'~"integral-type accident simulations is being per-
formed to investigate the thermal-hydraulic and

~

chemical processes of MCC!s and to expand the _ _ m .y,

data base on release of low volatility refractory fj
material . fission products for further development / C e ,*r

h ~,and validation of MCC1/ fission product release w- ,.

codes. . The objectives of the ACE MCCI/ fission 'g [_ -""
product release research are to: '

~

a

h'7
- Nh'/N,,,

-

?#M""
1. measure the releases of Inw-volatility fis- ~'N I

sion product species during the MCCI stage o ! o
of a postulated severe LWR accident. ~~g }

'

_
""~ *"

.

a .n .: -
mm. q ' 7

m
2. measure the physical and chemical character 3 r _mm% ' ***'of the aerosols generated from the MCCI, 72;f? "t

-

r

-

x t

M a
3. measure the thermal hydraulic aspects of | [ MMN[_-

. m
*"

the interaction, including concrete abla-

]11:sjg 4 ,"y.O
r

tion rate, "
. , .g g

<-_3 ,mm

4. analyze the A s obtained in the tests to . -

enable comparisons with code predictions, p! Wr

and !.
|! I!'!

S. support code comparison activities among I/ ' 7 /'-

W F, ~ACE consortium members.
.u $%eum

Real reactor materials are utilized in the
ACE MCCI tests to investigate early aggressive Figure 1. ACE MCCI Test Apparatus.
Interaction and longar term erosion of reactor
basenst concrete by core malt material. Both The gas / aerosol diagnostics system was de-
the core melt material, termed "corium", and the signed to accommodate sampling equipment recom-
concrete basemat in these tests are contained mended by an international group of aerosol ex-
within a water cooled test apparatus. Direct perts. The system, shown in Figure 2, trans-
electric heating is used to initiate core melt ports, dilutes, samples, and filters the off
and maintain internal heat generation during the gas / aerosol stream drawn from the test apparatus.
sustained interaction of tM melt with the base- Argon gas delivered to the primary diluter in the
mat. Unsintered or sintereu, but unmelted, cor- aerosol system main line above the test apparatus

ium adj acent to the water cooled walls of the dilutes the aerosol concentration ani cools the
test apparatus serves as en insulating envelope hot gas from the MCCI. A helium atm sphere is
to contain the melt within the apparatus. In- maintained within the enclosure surrounding the

teraction of the corium with the basemat is test apparatus. The helium flow rate to the en-
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Figure 2. ACE MCC1 Cas/ Aerosol Diagnostics System,

closure exceeds the predicted peak off gas pro- neath the concrete basemat and from the analysis
duction rate. Most of the helium is drawn into of gas sanples collected beneath the basemat,
the aerosol system until off gassing begins. The composition of the aerosol released is de-

Off gas produced during melt interaction with the termined by analysis of multiple samples of ma-
basemat displaces part of the helium drawn into- terial collected on filters, impactors and cy-

the aerosol system. *he displaced helium is clones, and deposits from the aerosol system
vented from the enclosure, piping.

The aerosol concentration variation with Eight tests in the ACE MCCI test matrix are
time is deternbed with a light extinction system listad in Table 2. Each test was performed with
and from a series of ten cyclones followed by 300 Kg of corium and a 200 Kg concrete basemat

tfilters which sequentially sample the aerosol having a surface area of 2500 ca . The corium
contains 130 . Zr0 , stainless steel oxides orthroughout a test. The cyclones and filters are 2 2

also used to characterize the ratio of large to zirconium and stainless steel, plus nonradioac-
small particles as well as variation in composi- tive fission product simulants (Ba0, 1.4 0 , Sro,23
tion with time. A series of ten impactors pro- Ce0 , etc.) and control rod material. Appropri-2

vides the particle size distribution of tte re- ate ratios of fuel to structural materials are
spirable fraction. The change in gas composition used for pressurized ard boiling water reactor
with time is obtained from an on line mass spec- cores. The initial degree of in-vetsel oxidattor
trometer. Gas and water migration downward of the zirconium is one of the test parameters.

through the concrete during the test are deter- Absorber material is silver plus indium for P''Rs,

mined by a hygrometer sampling gas drawn from be- boron carbide for B''Rs. Fission product simu.
1

|

|
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Multi lP e samples of aerosol and solidifiedTable 2. ACE MCCI/ Fission Product Release Tests
Test conditions melt are collected for chemical analysis after

each test. From the aerosol samples, overall |
c.c s . c..t i s .m 5 4.i.nio.4 tr .,..i rs. coa. c.... . aerosol composition is determined. Total release

. o.t u. t ro. a m....t : ug r,c,. ,.p, c,g, m fraction of each element and release fraction as
o.im. tro. ..riy .m....t alat a.: c.c. s to, a function of time are calculated. Aerosol sam-.

. n.e.t.. rr on try. v., cr. s t . ne.e..t .u., pies are also characterized by electron microscope
'

a.o. sio c.o,. examination. The United Kingdom, a consortium. rt..t ,r ci. , t.,on

member, is performing depth profiling and other
analyses of individual aerosol particles to deter-

$*.* Iy"* E E*r5 Et .'t7. oiYOn*\ C *| mine aerosol formation mechanisms and chemical.

me uo, speciation,
u vs m us too

Results of the ACE MCCI tests indicate thatu s no m ,,

the aerosol is composed primarily of concrete de-u vs no m y
composition products. The 4erosol released varies" ' "' I " " '' " in concentration, composition and form dependingu $ n* m d 8C on the type of concrete being ablated and theo us no a M 8.c metal fraction in the melt. Aerosol concentra-u vs no m m m as a tions in the off gas have varied by two orders

u vt na* m 70 as. a of magnitude, Measured releases of the low vol-
atility fission product elements, such as Ba, Ce,s c.: m . .. i. t yp. :

La, and Sr, have been consistently lower than
f .~ .N.*h*".$.7,''
vt - n .:.n.m . .n.M.ne*".[c. p*tra.e

'"*"6*' those predicted by VANESA 1.01.5 Because the fia-
sion product releases thus far have been low, thee r

m i.a 4 p. , .... .i t . rt., rr i . co n i f .. t 4i s.. c. r.,r. . original test matrix has been reduced by deleting
..at t.os.e e.r ..r s. ...ae r.o us.r.e uaa Test L3.

lants are included in the corium at concentra. ACE consortium members are developing new
tions higher than found in reactor plants to in- codes ,' modifying VANESA, and applying other
prove detectibility in the aerosol. Metal in chemical equilibrium codes such as SO14ASMIXHH
ths corium is located in concrete / metal inserts to fission product release from MCCIs. Results
directly above the basemat to preclude early of calculations with new and existing codes are
oxidation. Tests are being performed using four being compared with experimental results. Blind
types of concrete: limestone / common sand, lime- posttest code calculation comparisons with experi-
stons/ limestone, siliceous, and serpentina /or- mental releases 3re underway for two experiments
dinary structural concrete, Aggregate, sand, to evaluate the adas. Analysts from eight coun-
concrete mix dasigns, and reinforcing rod de- tries are participating in these calculations,
tails for siliceous and serpentine / ordinary
structural concrete were provided by consortium Blind post-test comparisons are also being
memb'sts Germany and the USSR, respectively, done with thermal hydraulic codes. Comparisons
Othsr concretes are based on US reactor con- of the thermal hydraulic results of these experi-
struction mixtures. Two-hour decay heat levels ments with existing thermal hydraulic codes such
era used to achieve target melt temperatures of as CORCON mod 2, CORCON as modified at the Univer-

about 2500 K. A reduction tu decay heat level sity of Wisconsin,' and WECHSL,8 a Gernan code,
af ter metal oxidation is complete is included indicate that further code developments may be
in the test matrix to addres- the longer ters needed,

stages of MCCI.
V. ACE PHASE D: MACE PROGRAM

The melt appears to be thoroughly mixed by
gas sparging in the ACE MCCI tests. No crust de- Phase D of the ACE program is being carried
velopment has been observed on the melt surface; out at Argonne National Laboratory to investigate
a thin film has been seen to develop, then dis- the quenching of a corium pool interacting with a
eppear, in a periodic manner. Foaming of the concrete basemat when water is flooded atop the
melt has been encountered. Upward off gas trans- MCCI rone. This program addresses a key accident
port is less than the gas and water content of management question which relates to the efficacy
the various concrete teste$. A substantial frac. et water addition to terminate corium attack on
tion of the gas and water migrate downward into the basemat and stabilize the accident situation,

and through the basemat. assuming the existence of a water reflux cycle.
The Melt Attack and Coolability Experiment (MACE)
program will investigate whether melt quench canOver 200 channels of data are logged at a

five second frequency during a test. Thernal- be achieved under MCCI conditions and wherh r
hydraulic results, such as ablation rate, melt there are practical limits to achieving quench,
tarporature, off gas composition, and superficial such as the depth of the corium pool. The results
gas velocity as a function of time are processed are thereby also important in the safety approach
from the recorded te.,e data, for future containment designs.
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The key importance of the Phase C data lies scale was small compared to the 50 ca lateral
in characterizing the aerosol releases and their expanse of the melt layer. N materials, ten-
fission product content. Emphasis of Phase D, on parature, arxi melt layer depth of 15 cm (col-
the other hand, is to examine the thermal hydrau- lapsed pool height) used in those tes;s are re-
lic processes of melt water interaction which presentative of real reactor conditions, Mxe-
ultimately determine whether sufficient energy over it was observed that crusting of the top of
is extracted from the melt so that the concrete the pool was not a significant factor. When
attack is stooped and whether a permanently cool- observed at all, the crust was thin, cracked
able debris configuration is formed. To put the (floating), and of only temporary duration be-
MACE program into perspective, it is the melt fore disappearing into the bulk of the agitated
quench (solidification) stage of the process that melt, as alluded to in the previous section.
is being investigated. The tests will terminate However, this crusting behavior may be dif ferent
when, and if, quench is achieved such that the when water is added which may introduce a scale
solidified debris can be characterized afterward effect, certain models of the mode of quenching
from the standpoint of coolability. As is the are based on formation and growth of a corium
case for water attenuation of aerosol releases, crust at the melt water interface as heat is
there is a large international database that al- extracted from the top of the melt layer via the
ready exists relating to the coolsbility of overlying water. If this crust becomes suffi-

solidified debris. What is needed from the MACE ciently strong over the lateral expanse c' the
program is a determination of the proceases that test section, it may become physically stable and, ,

lead, or fail to lead, to transformation of the owing to heat conduction limitation, may precl'tde
corium melt undergoing intensive interaction complete pool quench. This is deemed unlikely in i

with basemat concrete into a layer of solidified the reactor case owing to the very large expanse
debris together with characterization of that of reactor cavity or pedestal re6 ons. EFR1 is1

debris, sponsoring a companion program at the University
of Wisconsin Madison which aims to address crust

The ACE Consortium approved the Stage 1 strength and / elated ale dependency. Alterna-

test astrix shown in Table 3 for the current tively, if melt - is found to be dominated
series of tests. This matrix contains a small by melt / crust in u ing with water such that
scale scoping test MO (-100 Kg corium melt) and heat extraction occurs via a bulk cooling mode

two large scale tests (-400 Kg corium melt) . for this gas sparging-driven system, then the
When concluded, the results of these three tests *rocess becomes scale independent and there
will be analyzed and a determination will be hould be no need for tests larger than the

cade whether additional tests are warrantsd current 50 x 50 cm (400 Kg) size.

(Stage Il experimentation) and what should be
the scale of additional tests. The MACE facil- The small scale scoping test MO was perfor-
ity is being constructed to accommodate even med in August 1989. The objectives of this early
larger scale tests of -1000 Kg cortum welt if test were;

deemed necessary.
I

l

Table 3. MACE Stage 1 Test Matrix

Test Concrete Cortua Melt Sise Water Pressure Farameter
No. Type Composition Depth (ca) Addition (bar) Investigated

(ca)

MO *L/S Oxid h + 30% Ze 15 30 x 30 Immediately after MCCI 1 Scoping Test
(Completed 8/89)

M1 L/- Oxidte-+ 30% Zr 25 50 x 50 Immediately after MCCI 1 Scaling

M2 Siliceous oxidic + 30s Zr 25 50 x 50 tamediately after MCCI 1 Different
concrete j

*L/S - Limestone / common sand

1) <tetermine the viability of the ACE
An important aspect of the MACE program Phase C DEH experiment approach for |

development has been attention to scale effects. the MACE experiments, and
Scale was not a significant issue for the MCCI
tests of Phase C inasmuch as the thermal, physt. 2) obtain early information about the

cal, and chemical processes contributing to the melt water interaction process to
aerosol formation and its fission product content aid in planning the future, larger
are nf a local nature, driven by concrete decom. scale tests and to guide early
position effects whose characteristic length modelir.g approache s .
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The ovarall experiment apparatus used for M0 is To initiate the experiment the corium pow-

illustrated in Fig. 3. The corium internal heat ders were melted at an internal heat generation
g:neration is provided by direct electric heating of 1.4 kw/Kg UOz, about three times the nominal

-(DEH) using the same approach as described for decay heat level at two hours into an accident
Pha:e C experiments. However, for the coolabil- for a PVR. When concrete oblation reached 1.2
ity testing, the apparatus was provided with a em into the basemat according to the centerline
water delivery / makeup system and a large and a TC, it was visually observed that the top of the
small steam quench tank as well as an off-gas melt layer was molten without crust in the cen.
mes=urement and cleanup line. The test cection tral zone. (However, a bridge of sintered crust

le a thick walled heat capacity design rather material remained along the electrode walls,
then cooled wall design required for Phase C. anchored to the electrode tops, and covering
For MO, the sidewalls as well as basemat wre roughly half the melt surface.) The gas spar.
limestone common sand concrete. The inittu ging su urficial velocity is estimated to have
corium mass was 109 Kg consisting of 67% U0 , been 3.5 cm/see based on the concrete ablation2

13% Zro C4 Zr plus concrete decomposition rate. Water flow was initiated via two vierss

products. The test section was vented at the along the tops of the two walls adjacent to the
top by a 15 ce diameter duct which carried steam electrode walls. The water temperature was 22'C,

end the gaseous products of concrete decompost- and the addition rate was 10 J/s up to a water

tion first to a small quench tank, sized for pool depth of nominally 50 cm. Makeup flow was
high resolution measurement of modest heat designed to maintain the 50 cm pool depth,
transport rate, and secondly to a large quench
tank to extract any residual heat particularly The video shc,wed that at the onset of in-

in the event of very large heat transport rates, jection the water was extraordinarily agitated
The vertical height of the test section was and boiled up from steam formation as the pool
1.5 m above the top of the 30 ce call basemat, attempted to form, albeit the high water subcool.
This height permitted large level swell of both ing. Test data depicting energy extraction from
ths melt pool ..o overlying water without sig- the melt is shown in Fig. 4. This data has been
nificant carryover of liquid Any offgas not corrected for transient cooling of structural

condensed or dissolved in overlying we%r was members by the injected water. The initial vig-
ducted through a flovmeter, filter, and entered orous quench stage extracted -44 M energy from
ths containment cell ventilation system consis- the melt pool during the first three minutes of
ting of HEPA filters and building stack. In- interaction; the heat flux related to the test

2
strumentation featured a video recording system section cross section was 3.5 MV/m . Assuming

viewing down atop one quarter of the melt sur- the melt pool was at liquidus temperature at the
face as well as flowmeter and thermocouple start of quench (due to an anomaly, the melt pool
systems to diagnose quench rate and system TC's did not record melt temperature until several
cooldown upon water addition, energy balance, minutes later) and using a nominal heat of fusion
concrete ablation, and melt zone temperature of 0.3 M/Kg for the corium, the quench during the
(high temperature thermocouples used in Phase C). first three minutes was capable of extracting the

heat of solidification from the entire melt mass
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Figure 3. Experiment Apparatus for MACE Scoping Test (MO).
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" * vant hole t.nd flow across ths debris surface un.g.. a ,

I | , .. C til the source was exhausted, h is may be evi-|
I |

| |
' , * * * ' ' ' dence of a melt boilup or fossing process within|rso

l I the cavity volume which transported melt directly~ -

i

I I
|

in contact with the underside of the crust.-

,,,

3
I No evidence of this postulated boilup or, , , , , , , ,g ,I. {* foaming was found when the test section was later I

visually examined and dissected, he pretast andw
*

- -..,*.~...,.~,.......,g,,, posttest configurations are illustrated in Fig.
5. The upper debris region .nsisted of a parti-

=,-...u.' cle bed of 3 to 4 cm depth. .he particles were, , .

generally well formed spheres loosely sintered. |

, , .

together presumably formed as a result of disper. )'. j,, g, ; , sion and quench in the overlying water followed I" *
h, min by settling into a bed. The characteristic par- |

ticle size was -0.8 cm dia. The total mass of i*

Figure 4 Upward Heat Extraction from Corium Po01- resting atop a dense crust layer whose thickness
ran&ed free 2-to 5 ca. This crust was anchored
to the tops of the tungsten electrodes, perhaps

even accounting for continued internal heat an outgrowth of the original partial crust ob-
generation. -This would have rendered the cor- served in the video at that elevation prior to
ium mass completely solidified from a uniform water injection. An additional 12.5 Kg debri6
bulk cooling viewpoint, albeit still at very was present in the crust. Hence about one quar.
high toeperature. Alternatively, the measured ter of the original corium mass was contained
energy extraction could have completely quenched in the crust and debris layers by the end o' the
(to water T.a) about 30% of the melt mass based test. The remaining melt was collapsed and so.

- on AE -1.3 M /Kg, leaving unaffected the remain- lidified in a 12 cm layer at the bottom of the
ing 704. Neither of these extreme cases depicts crucible. The cavity measured about 15 ca in
reality,,but it is apparent that the energy ex- height,
traction during the initial-interaction resulted
in a significant cooling transient which would
at.least have,resulted in slurry formation. The Figure 5. Cross-Sectional Illustration of the
heat extraction during the next five minutes be- Te n Section as Viewed From the West
came very small. It is likely that a surface Betore and After the Experiment.

crust formed atop the melt layer.during this per-
iod. Subsequentlytherewasaprolongedperiod | MA TEST SECTCN E;UE TEST {of heat extraction at -0.6 HV/m . This period
was periodically punctuated by pressure driven ,- |,, , , ,

dispersal of melt through a volcanic-like fault
4 b **

d-- 1

*in the crust. These eruptions caused periodic -

,3,

jumps in the heat extraction of as such as 22 M -" .- , . ;, ,
as the ejected melt was quenched in the overlying

$, .r. .)
*

~ .c. - |C+ =u.
T~5~

*1 .A 5 M
-

"" '#' *

. f -,,,r n

The test was. eventually ended by shutting [q [,'.',','h ' " " '
s

- off_the power at -80 minutes after initial water .I
* " ' " " "*** **.rw

.

injection, a a time when all the available cool- *[] * * ' D " " " *''

ing water inventory had been boiled off, Basemat t;n c ;2 [ ,"erosinn proceeded steadily during the course of L_ , , ,

the test at -1.3 mm/ min; ablation upth was about
12 cm at termination. The melt temperature was | W3 7E37 SEN N
~1600 K at that time. After surface dryout, prior

*] *6'*
to shutdown, the video revealed a clear picture of '4

4 g
the debris surface which consisted of quenched .,, ) *p |pe a===

particles. During this period a final eruption ," f e - - as=
.

'

event -occurred in the field of view. This event . mu, , , _ ,

-@.was clearly visible owing to the absence of over- c. ,c. <=
, , .

'
~ lying water. Helt droplets were dispersed upward ,p* *==a'

,, ,

through a volcanic like vent in the surface. The , f'M|@ 'p = - = = *
-

. , _

Qgdroplets were ejected presumably by blowdown of ,. . *=
,,

. gaseous concrete decomposition products accumula- .# ? * . r, N======.

ted in the volume between the remaining basemat T 'c5 ci;;:i T
w **"and the crust, Following gas blowdown, additional 1 .A

melt was observed to benignly pour forth from the ,_

293
t-

.- , . . . ., - _ ,e.~ , ..:.-.. __ , , , . ,



- _ -____

The MACE acoping test successfully demon. REFERENCES

etrated that the ACE /DDI method of qu$st. steady
internal heat generation is a viable approach for 1. B . R . S DICAL and J . J . CAR EY , ' De g r a de d
conducting the MACE test series. However, it is Core Accidents . An Overview,' Proc. Int.

not clear that the results obtained in the scop. Mtg. Light Water Reactor Severe Accident
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THE INTEORAL EFFECTS TEST (IET-1)
IN THE SURTSEY TEST FACILITY

Michael D. Allen
'

Richard O. Griffith
Hartin H. Pilch
Robert T. Nichole

Sandia National Labcratories
Albuquerque, NM

ABSTRACT

The first experimer.t of the Integral Effectu Test (IET-1) series
was conducted to investigate the effects of high pressure melt
ejection (HPME) on direct containment heating (DCH). A 1:10 linear
scale model of the Zion reactor pressure vessel (RPV), cavity,
instrument tunnel, and subcompartment structures were constructed
in the Surtsey Test Facility at Sandia National Laboratories
(SNL). The RPV was modelled with a melt generator that consisted
of a steel pressure barrier, a cast Hgo crucible, and a thin steel

,

inner liner. The melt generator / crucible had a semi-hemispharical
bottom head containing a graphite limitor plate with a 3.5 cm exit
hole to simulate the ablated hole in the RPV bottom head that
would be formed by tube ejection in a severe nuclear power plant
(NPP) accident. The reactor cavity model contained 3.48 kg of
water with a depth of 0.9 cm that corresponded to condensate
-levels-in the Zion plant. A steam driven iron
oxide / aluminum / chromium thermite was used to simulate HPME.

A relatively small steam explosion occurred in the-cavity during
IET-1. Steam _blowthrough entrained debris _into the Surtsey vessel
resulting in a peak pressure increase in Surtsey of 98 kPa. The
Surtsey vessel had been previously inerted with N . The total2
debris mass ejected into the Surtsey vessel was 43 kg. The
hydrogen concentration was 3.1 mol.% in the vessel at equilibrium.

-The; concentration measured inside the subcompartment structures
.immediately following HPHE transient was 20.7 .nol.% H '2

INTRODUCTION

LThe Surtsey Test Facility at SNL is used to perform scaled experimente that
' simulate a high-pressure melt ejection (HPME) accident in a NPP. These

experiments are designed to investigate the phenomena associ3ted with direct
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containment heating (DCH). H i., h- t empe r a t u r e , chemically reactive melt is
ejected by high-pressare steem into a 1:10 linear scale model of a reactor
cavity. Debris is ent rained by the steam blowdown and ejected into the
Surtgey vessel, where the effect of subcompartment structures, water in the
cavity, and hydrogen generation can bo studied. l

IET-1 was the first in a series of experiments using a small scale model of
the Lion Nuclear Generating Station. The purpose of this test and the Argonne
National Laboratory S"M cos.7acpart test was to investigate possible scale j

distortions in DCH pMnomcha between NPP scale and experiment scale. The )
IET-1 test at SNL was conducted at 1:10 linear scale, whereas ANL counterpart
tests will be performed at 1:40 scale. Results of these experiments will
allow assessment of scaling methodologies proposed by the SASM-TPG and by SNL.

EXPERIMENT DESCRIPTION

A composite view of the Surtsey vessel, the HPME delivery system, and the'

subcompartment structures used in the IET-1 experiment is shown in Figure 1.
An exploded vlew of the subcompartment structures is also shown in this
figure. In IET-1, 1:10 linear scale models of the Zion reactor pressure
vessel (RPV), cavity, instrument tunnel, and subcompartment st ructures were
constructed.
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A melt generator that consisted of a steel pressure barrier, a cast Hgo
crucible, and a thin steel inner liner (Figure 2) modelled the HPV. The melt Ii

generator / crucible had a semi-hemispherical bottom head containing a graphite
limitor plate with a 3.5 cm exit hole to simulate the ablated hole in the RPV
bottom head that would be formed by tube ejection in a NPP severe accident. I

l

~
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- - -

|
Thermite
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. , y$. , *

.- Dress Plug

| . Graphite Umrtor Plate
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' h
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M |
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L _q . * 2 , . .* .o* .,

. , . '. .. .....
' * .' *

|
,

A_ b
,

|m?,T . .o . ,O M

|

Figure 2. Helt generator and HgO crucible used in the IET-1 ewperiment.

The cavity used in the IET-1 teel was a 1810 linear scale model of thw Zion
reactor cavity that was designed to withstand internal pressure. of 1000 poi
with a safety factor of 4 (Figure 3). The inclined portion of tt.o instrument
tunnel entered the bottom head of Surtsey at a 26* angle from vertical, ab it
does.in Zion. A false concrete floor was constructed in the Surtsey vessel.
In the AHL facility the inclined portien of the instrument tunnel was 2.7
times the correct scaled length of the Zion instrument tunnel exit because of
limited clearance between the melt generator an test vessel.

The subcompartment structures included 1:10 linear scale models of the crane
wall, four steam generators, four reactor coolant pumps (RCP), the seal table
opening, the seal table room, the biological shield wall, the refueling canal,
the radial beamn and the gratings at the RCP deck, and the operating dock
(Figure 4). Figure 5 chows an isometric view of the subecmpartment etructures
in Surtsey with a 90' scetion cut out. The freeboard volume inside the

3subcompartment structures was 4.65 m , and the freeboard volume in the Surtsey
upper dome was 85.15 m for a total freeboard volume of 89.8 m33 in the surtsey

veneel (Table 1). The steam generators, reactcc coolant pumps, and gratingn
were made of steel and the other structures were constructed of reinforced
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cuncret.e. All of the attuctures were painted with an epoxy peint similar to Jthe paint used in actual HPPs.

'

@_ .]foff pw.PT .-

u ;

Dp %9 w - -@
M JdYj @-

d h > Ag~~
.

LE GE ND

N --p , so - --
/ ) ' 1 Zwcaay

~ < / *'' [& . 2 Cor.ta nm rd basewn! -- -

he
e

/ '
3 C:ana Wa's

M @/ A4' s-
\ ,

L. ,4 w_a w E,a>

'.# e,t.ealTwe R.my'7- 6 Operam Dea
7. Eterr ^ nera'or[- 8 D ce , e SNed WWI

,/ 9 R&e : a Ca a!-

\ /
\ (W /

'

\/[\

Figure " Subcompartment structures inside the Surtooy voseol.
.

The steam accumulator tank wan pressurized to = 6.4 MPa with cuperheated oteam.
After the pressurization sequence, the iron oxide / aluminum / chromium thermito
mixture was ignited remotely with a braided wire fuso placed on top of the
compacted thermite. After the reaction was initiated, the heat generated by
the thermite reaction caused the pronoure in the crucible to rise. This
pressure increaso verified that the thermite reaction had start.ed, and
signaled the operator to open tho valve separating the steem accumu4ator tank
and the molten thermite in the melt generator. This brought superheated steam
into contact with the molton thermite. Upon contacting and failing a fusible
brass plug at the bottom of the crucible, the molten thermite in the crucible
was expe;.ed by high pressure steam into the cavity.

toro time for ilPME was set by the data acquiuition system an the time at which
the melt failed the brans plug and entered the cavity. This event was
signaled by a photodiode located at the melt plug exit. When the hot melt
burst through the brass plug, the intense light emitted from the molt caused
the photodiode to emit a signal that wao used to mark the initiation of che
llPME.
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Initial Condicions

'

The IET-1 test was conducted with the following initial conditions: (1) the

-| melt simulant was 43 kg of iron oxide / aluminum / chromium powder; (2) the
driving gas we.s = 440 moler of superheated steam ( = 600 K) at an absolute j
pressure of 7.1 MPal (3) the initial absolute pressure in the Surtsey vesseli '

was = 0.2 MPa of relatively pure nitrogen (>99.96 e 01.4 N ); (4) the cavity was2

a 1:10 linear scale model of the Zion reactor cavity; and (5) the cavity
contained 3.48 kg of water that was 0.9 cm deop. The initial conditions of the

'

IET-1 experiment are listed in Table 1.
i
'

Measurements and Instrumentat!on

The most significant variables measured in th9 Integral Effects Tests (IET)
ares (1) the increase in pressure in the Surtsey vessel, (?) the number of ,

moles of hydrogen generated by the reaction of metallic debris with eteam |
driving gas and water in the cavity, (3) the debrio temperature as it struck

,

the concrete structure, (4' the debris interaction times, (5) the debris
particle size, (6) the mass of debris recovered from the surtsey vessel, and
(7) the cavity pressure. The instrumentation and techniques used to make

these measurements are described in the Lections below.
--

,

IET.I

Thermite compnition ag)
iron oxide 29.260
c hnimium 4 650
aluminum L22Q+

Total mass (ig) 43.000

Final hole diameter (cm) 3.5 ,

Dnving pressure at plug failort (MPa) 7.1

Moles of steam driving gas (moles) 440

Cavity water (kg) 3 48
(0.9 cm deep)

,

|

! |nital absolute pressure in Surtsey (MPa) 0 20
|

| Initial Eas composition N 99.96

in Surtsey (mol.%) (, 0 03

F vcboard volume innde.

subcompartment structures 4.65 m'

Freeboard volume in Surtsey
upper dome . 85 15_ m'.

Total freebasid volume
818 m'inside Surtsey

_

Table 1. Ir.itial conditions for the IET-1 experiment.
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Pressure Measurements

Six pressure transducers, two each at levele 1, 3, and 5 (Figure 1), were used |
to measure the pressure in the Surtsey vessel in the IET-1 experiment. These ;I

transducer' 57re mounted in tapped holes in instrument penetration porte in
,

'

the sides ot the surtsey veseel and had their sensing ends protected with
steel turnings. Pressure trar.,ducers were also used to measure the gas
pressure in the accumulator tank, in the crucible above the thermite, in the i
scaled reactor cavity, in the subcompartment structures, and in the seal table |
room. Tt.ese devices were metal-diaphragm, ctrain gauge-type pressure
transducers (Model 141-1, Precise Sensor, Inc., Monrovia, CA). The two
pressure transducers used to measure pressure in the cavity were embedded in

j the concrete walls of the round section of the cavity under the melt
generator, and were piezoelectric-type gauges with a range of 0-6.9 MPa. Data

i from the pelzoelectric pressure transducers were recorded with an FM recorder.

The data acquisition system recorded data from the pressure transducers at a
rate of 1400 data poj9ts per second from the time of thermite ignition to
about 60 seconds following the HPHE transient.

Temperature Measurements

Following the HPME transient, the gas temperatures in the Surtsey vessel were
measured with five aspiratad thermocouple assemblies. An aspirated

; thermocouplo assembly consisted of three bare, type-K thermocouples mounted in
an anodized aluminum tube. One of each of these assemblies was inJtalled

,

throagh instrumentation ports at lovels 1, 3, and 5 (Figure 1). To sample gan +

from inside the subcompartment structures, a thermocouple assembly was also
installed through the refueling canal wall just above the radial concrete beam
on the same side as the instrument tunnel exit. Another thermocouple assembly,

was installed through the crane wall into the seal table room. Each tube was
opened with a scienold-operated valve that was actuated remotely by a signal
from the photodiode under the melt plug immediately after the HMPE transient.

The twnperature of the driving gan in the steam accumulator tank was measured.

using two type-K thermocoupler that extended through the accumulator shell and '

were secured in place using prassure-tight fittingc. Measurements from these
thermocouples were important because the measured temperature and pressure in
the accumulator tank were used to calculate the number of moles of steam
drivir.g ges.

.

A thin-foil graphiie calorimeter was embedded in the crane wall directly in
the flight path of the debris to measure the debris contact temperature as it,

impacted the structure. Two other thin-foil graphite calorimeters were
embedded in the containment basement floor between the chute exit and the
biological shield wall. Each graphite calorimeter conoisted of a 1-mm thick
graphite disk with a diameter _of-25.4 mm. Each graphite disk had a type-S
thermocouple attached to the backside oi~ the disk and was set in a ceramic
holder that was embedded in the concrete structure.,

.
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Data pointo from the thermccouples were recorded by the data acquisition
system at a rate of 10 per second prior to thermite ignition. Just prior to

thermite ignition, the data acquisition system was switched to the fast data
acquisition mode in which data points were recorded at a rate of 1400 per
second.

Das composition

3Ten pre-evacuated 500-cm gas grab sample bottles were used to collect samples
from the vessel at the following locations: a background sample at 3evel 4
just prior to ignition of the thermite; three gas grab sample bottles located
at levels 2, 4, and 6 were opened remotely for 10 seconds at 2 minuten after
the HPME; three gas grab sample bottles at levels 2, 4, and 6 were opened
manually for 10 se:onds at = 30 minutes af ter the HPME; and three gas grab
sample bottles that had their inlet inside the subcompartment structures were ,

opened 2 e after the HPHE and remained open for 5 s. In addition, two gas ]
grab samples were taken from the cavity following the HPME by opening bottles
attached to the cavity; one was opened as the HPME was initiated and remained
open for 2 s, and the other was opened at 0.5 e following the HPME and
remained open for 2 s. The gas samples were analyzed using gas mass
spectroscopy _by Battelle Pacific Northwest Laboratories in Richland, WA.

Postlest Debris Recovery

The total mass dispersed into the Surtsey vessel and the msso in specific
locatic ne <? a determined by a very care *ul posttest debris recovery
procedure. The following measurements were mades (1) mass of the molten
debris in the cavity and inclined portion of the instrument tunnel; (2) mass
on the horizontal surfaces outside the subcompartment structures; (3) mass on
the vertical curf aces outside the subcompartment structures; (4) mass
recovered from the floor inside the structures; (5) mass recovered from the
horizontal surf aces other than the floor inside the s';ructures; (6) mass
recovered from the vertical nurfaces inside the structures; (7) mass recovered

from the doorways inside thu structures; (8) mass recovered from the seal
table room; (9) mass recovered from the rooms adjacent to the seal table room;
and (10) .nass recovered from the melt generator / crucible.

Debris Yelocity

Dreakwires were placed across the opening from the containment basement to the
seal table room. When t.he debris f ront severed the breakwire, a timing signal

was recorded by the data acquisition system. The breakwire was intended to
, give timing information on entry of debris into the seal table room.

< In the IET-1 expuriment, the Surtsey was purged with nitrogen in order to
perform the tests in an atmosphoto that was almost oxygen free (i.e., = 0.03
mol.% O ). This virtually eliminated metal / oxygen reactions in tne Surtsey2

atmosphere and preserved hydrogen produced by steam / metal reactions en that
hydrogen production could be accurate 13 measured.
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slowdown History,

Figure 6 shows the blowdown history of the IET-1 expericient. In the,

3experiment, the accumulator tank (volume = 0.29 m ) was pressurized with
superheated steam to = 6. 4 MPa . The free volume in the crucible and in the
-10-cm diameter pipe above the crucible was purged with nitrogen. After the
thermite was ignited, the valve separating thJ accumulator and the molten
thermite was opened, and the crucible free volume pressurized because of the
heat from the reaction. Figure 6 indicates that steam was in contact with the
molten thermite for = 4. 5 e prior to the HPME. The horizontal line across
Figure 6 shows that the steam driving gas pressure at the initiation of the
HPHE was 7.1 HPa.

The steam pressure i t. the accumulator was 6.4 HPa before the valve between the
accumulator and the melt generator was opened, the steam temperature was 598

3K, and the total steam volume in the accumulator was 0.29 m . These data were i

used to determine the number of moles of steam driving gas using the specific
volume of steam from etandard thermodynamic tables. The number of moles of
steam driving gaa .n the IET-1 test was 440.

Figure 6 shows the steam blowdown from the accumulator in the IET-1
,

experiment. The steam blowdown was complete in = 4 seconds. In previous tests
with a final hole diameter of 3.5 cm (i.e., WC-1, LFP-18, LFP-2A, and LFP-8A),
the steam blowdown lasted = 3 seconde ( Allen et al. 1991a; Allen et al. 1991b).

Pressure Measurements

Pressure transducers were used to measure the presaure increase in the Surtsey
vessel, in the cavity, in the seal table room, and in the subcompartment
structures because of the HPME transient. The following sections describe the
results of the pressure measurements.

- Surtsey Vessel Pressure

Figure 7 shows the absolute pressure measured at level 3 in the Surtsey vessel
versus experiment time. This figure has a horizontal dotted line across the
graph to show the inita-41 pressure in Surtsey prior to the HPME transient.
The initial sboolute pressure was = 0.2 XPa as listed in the table et initial

conditions (Table 1). This figure also has a horizontal detted line across
_ the graph at the peak pressure caused by the HPME. The pressures measured at

levels 1, 3, and 5 with other pressure transducers in the Surtsey vessel
,

because of the HPME transient were virtually identical. The pressure increase
in the IET-1 experiment was 0.098 MPa.

.

Cavity Pressure

Figure 8 shows the cavity pressure and vessel pressure versus experiment time
for the IET-1 experiment. This figure shows a relativoly see11 peak just
after the HPME began. This peak was because of gas expansion caused by hot
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thermite entering the cavity. The second peak, which occurred at = 0.06 e and
had a magnitude of = 1,4 HPa , was a relatively small stear explosion. The third
broad peak, which occurred between O.4 and 0.8 s, waw due to thermite
entrainment from the cavity. At 0.4 e steam blowthrough occurred and debris
was accelerated out of the cavity by ' as high-velocity steam, which resultcd
in a higher pressure in the cavity than in the Surtsey vessel. In previous
Surtsey experiments with a 3.5 cm exit hole and a dry cavity (LFP-1A, LFP-2A,
LFP-8A, ard WC-1) (Allen et al. 1991b], the debris entrainment interval was on
the otJer of I s. Differ.nces in the debris ejection observed in IET-1 and
earlier durtsey tests are probably due to the new melt generator / crucible
desigt. used in IET-1.

Figuro 9 is a plot of the cavity pressure measured with three t_uneducers for
'an experinant time of 0 to 0.2 s. These transducers were installed in the

; cavity to measure the pressure due to possible steam explosions. There was a
small steam explesica in the cavity at 0.06 m with a magnitude on the order of'

1.4 .MPa. It' is hypothesized that these sensors recorded a single steam
explosion. The staall steam explosion observed in IET-1 was similar to the
steam explosions observed in the WC-2 experiment. There is some indication
fromTthe graphite calorimeter dats that the steam explosion ejected some
debris into the subcompartment structures before steam blowthrough entrained
debris from the floor of the cavity.

Pressurn Measured Inalde the Seal Table Room

Figure 10 shows the pressure mea d in the seal table room and the pressure.

od against experiment time. Clearly, themeasured in the Surtsey vesnel p- 4

pressure measured in the seal table room follows the pressure measured in the
cavity (Figure 8). There is a small pressure peak that corresponds to hot
thermite entering the cavity. Then there is a large, sharp peak that is
probably the result of the steam explosion in the cavity. There j; 410o a

broad pressure peak between 0.5 and 0.8 e that corresponds to the debris
ejection from the cavity.

These same data are plocted for an experiment time of 0 to 0.2 e in Figure 11.
The steam explosion registers o- the pressure transducers in the seal table
room and in the surtsey vessel. The pressure differential across the seal
table room walls caused some damage to the seal table room. The seal table
room was separated fron the crane wall on one side and also had a large crack
in the inner wall. In addition, the concrete plug in the seal table room-

ceiling was violently ejected into the upper dome of Surtsey. '

Pressure Measured Inside the Subcompartment Structures

figure 12 shows the pressure mensured inside the subcompartment structures and
the pressure measured in the surtsey vessel for an experiment time of 0 to 1

,

s. The steam explosion that occurred at = 0.06 e apparently caused a shock
wave in the subcompartment structure. The preosure measured inside the
subcompartment structures follows the pressure measured in Surtsey after about

' O.1 s. Theto is no differential pressure between the structures and Surtsey
because of the debris ejection that occurr?d between 0.4 and 0.8 s. Thus

.

'
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there was no differential pressure across the walls of the structures except
from the steam explosion. All of the pressure transducers showed an
oscillatory behavior after the steam explosien that damped out after
approximately 2 r. The shock wave from the steam explosion may have caused
the Sartsey vessel to resonate.

Das Temperature Measurements

Figure 13 shows the gas temperatures at the Surteey vessel walla measured with
.: levels 1, 3, and 5 (Figure 1). The gasaspirated thermocouples

temperatures measured at levels 1 and 3 in the Surtsey vessel were
substantially higher than the temperatures measured at leve' 5. In IET-1, the

highest gas temperature was measured at level 3, and the second highest was
measured at level 1. The gas tenperature was higher et level 3 than at level
1 because there was a direct path for debris ejacted from the seal table room
to flow past level 3. Level 1 was below 'he operating deck and thus there was
no direct path for debris to flow past the aspirated thermocouple at that
level. The gas temperature at level 5, which is relatively high in the

vessel, was barely above the ambient temperatute. This is ar. indication thst
not much debris was ejected into the upper dome of the vessel.

Ficure 14 shows the gas temperature in IET-1 measured inside the
subcompartment structures with an aspirated thermocouple. The gas temperature

reached a peak of = 11RO K at an experiment time of 0.9 s. The aspirated

thermocouples in the seal table room were destroyed by direct contset with
molten debris. Pigures IE and 16 show the measured temperatures in the
triangular vent spaces above the 1A and 1D RCPn plotted against time. If a

person stands in the center of the structures and looks toward the instrument
tunnel exit, then the l' RCP vent space is on the left-hand side. The 1D RCP

vent space is diagonally across the operating dock from the 1A vent space.
Figure 15 shows the temperatute in the 1A vent space plotted against
experiment time. The peak temperature was 430 K at =le. Figure 16 shows

'ha+ the temperature in the ID vent space reached a peak of 340 K at = 17 s .

's Temperature Measurementsi '

re 17 shows the debris contact temperatures for IET-1 at the surface of
.i e concrete structure measured with three thin-foil graphite calorimeters
one embedded in the crane wall just under the seal table room directly in the
path of the debris, and two in the containment basement floor between the exit
to the instrument tunnel and the biotogical shield wall. Figure 17 shows that

the calorimeter in the crane wall was quickly destroyed by the debris plume.
The calorimeter embedded in the containment basement floor near the instrument
tunnel exit reached a peak temperature of 600 K in =8s, and the calorimeter
embedded in the containment basement floor near the biological shield wall
reached a temperature of 1225 K at = 16 s .

Gas Composition Measurements

Ten gas grab samples were taken from the Surtsey vessel. The hydrogen
concentrations toasured in these gas grab samples are listed in Table 2. A
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background sample bottle located at level 4 of the vessel was opened for 10 s
prior to ignition. The msasurnd background oxygen concentration was 0.03
mol.%. The results of all camples taken from the vessel outside the
subcompartment structures at times greater than 2 minutes after the HPME
transient are in excellent agreement. At equilibrium the hydrogen 3

'
'

concentration was at 3.108 mol.4 1 0.029. The gas composition results

__

locatk>n Start Time wrt Ilydrogra Concentratkin
llPME * Duratkin (mot.4r)

Background 00s 11 < 0 013

-+10s 0 0.032

l

Cavity 0.0 s - 2 s 36.5

Cavity 0.5 s - 2 s 13.0 |

Inside 2s45s 20.5

Structures 2 s -+ 5 s 20 8
2 s -+ 5 s 20.9

Level 2 2 mtn -+ 10 s 3 07
Level 2 30 min - 10 s 3.10

Level 4 2 min * 10 s 3.09

Level 4 30 min ~ 10 s 3.13

Level 6 2 min 4 10 s 3.11

Level 6 30 min -* 10 s 3 15

Mean' 3.108

Standard 0.029
Deviation'

' Mcan and standard deviations were computed for all of the
samples taken outside the subcompartment structures in the {
Surtsey vesici aller the HPME. j

Table 2. Hydrogen concentratione measurect in the IET-1 experiment.

indicate that two minutes after the HPME transient the hydrogen concentration
was uniform everywhere in the vessel.

Three gas greb samplee were taken fron inside the oubcompartment structures.
These bottles were opened at 2 o after the initiation of the HPME and were
closed 5 e later. These three samples were in excellent agreement, averaging
2 0. 7 mo l . % 11 . This indicates that there were high H2 concentrations inside2

the subcompartment struct. 's_soon after the HPME.'

Two gas grab camples were taken from the cavity in the TET-1 experiment. Thee

results of these samples indicate that there are high hydrogen concentrations
,

in the cavity during the HPME transient ( 36. 5 and 13.0 mol . % H ) .2

I
;
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Debrie Recovery Summary

Debris in the Surtsey vessel was recovered from four basic locations: (1) from i
I inside the subcompartnent structures, 42) from the Surtsey vessel outside the

structures, (3) from the cavity and instrument tunnel chute, and (4) from the
crucible. Table 3 gives the debris recovery summary of the IET-1 experiment.
The total molten mass available for hspersal into the vessel is usually about
20% greater than the initial iron oxide / aluminum / chromium thermite charge due

3

to the molting of the inner wall of the crucible, vaporization of the fusible-

brass p!ug, ablation of concre a in the cavity, and oxidation of metallic
debris (Allen et al. 1991a). . .arle 3 indicates that = 866 of the molten debris |
in the cavity was dispersed ints the vessel in IET-1.

.s
i

'
Mass (ig)

Initial thernite charge 43.000
|

- Debris inside structures 38 030
'

Debris outside structures 4 9tt0
'

Total dcbrin recovered from Surtney 43.010

Total debris recovered from cavity and chute 7 000
Total debnn recovered from crucible 4 540
t otal mass recovered' 54 610

i The molten mais available for dispersalinto the vesselis
usually about 20% greater than the initial iron
oxide / aluminum /chrumium thermite cha.ge due to melting
of the inner wall of the crucible, vaporintion of the fusible
brass plug, ablation of concrete in the cavity, and oxidation I

of metallie debris by steam. ]

Table 3. Debris recovery summary for the IET-1 experinent.

The debris plume apparently impacted the crane wall and the concrete ceiling
near t.e seal table. Some of the debris was deflected to the containment
ba se.nent floor, and some of the debris entered the seal table room. Of the

38.03 kg recovered from within the subcompartment structures, 9.775 kg was in
the seal table room. The concrete plug in the ceiling of the saal table room
(i.e., in the operating floor) had been violently ejected and had impacted a
tank in the_ upper dome of the Surtsey vessel. A video taken from a port in
the upper head of the Surtsey vessel shows that debris was ejected through the
opening in the ceiling of the seal table room into the upper dome of
Surtsey.In addition, some debris was ejected through the three doorways in the
crane wall, around the steam generators, and through the triangular vent
spaces above tl- reactor coolant pumps.

-

Debris Velocity

breakwires installed accoes the opening in the floor of the seat table room
were intended to measure the time that the leading edge of the debris plume

,

I

1
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entered the seal table room. The breakwires were severed at 0.06 s, possibly

by the shock wave from the steam explosion. It appears to be difficult to
measure debris velocities in experiments with short flight paths and water in
the cavity.

Energy Balance

The scaling analysis code developed by M. Pilch, QUICK-DCH, used a single-cell

i equilibrium model to perform an energy balance on the IET-1 experiment. Based
on the actual IET-1 initial conditions, QUICK-DCH indicated that the blowdown

,

added 6.44 HJ to the surtsey vessei, steam / metal reactions could contribute as
much as 34.2 MJ, and that debris / gas heat transfer could contribute as much as
94.9 HJ. Ignoring the presence of water in the cavity, QUICK-DCH predicted
that the total possible amount of energy that could be added to the surtsey
vessel due to the HPME could be as much as 135.5 MJ. Based on this energy

input, the single-cell equilibrium model in QUICK-DCH predicted a peak ;

pressure increase in the surtsey vessel of 0.443 MPa. The experimentally

measured peak pressure increase in the vessel was 0.098 MPa. There results
indicate that the total thermal ef ficiency of DCH in the IET-1 experiment was
approximately 22%.

The presence of water in the cavity daring the IET-1 experiment provided a
potential heat sink in the system,-since some portion of the thermal and :

chemical energy in the debris would be used to vaporize the water. In the l

WC-2 experiment [ Allen et al. 1991b), the experimental results indicated that
less than 15% of the water initially present in thu cavity was vaporized,
despite the fact that the thermite in that experiment contained approximately
5 times the amount of energy necessary to vaporize all of the water that was ,

present. The result suggested that water was ineffective as a heat sink.
Furthermore,.the HIPS tests with water in the cavity suggest that the bulk of
the water was ejected as a slug prior to debris dispersal [Tarbell et al.

|1991), and that the water did not exhibit the same degree of fragmentation as
t'.e debris as a result of gas blowdown. In the IET-1 experiment, the thermite

ontained approximately 17 times the amount of energy necessary to vaporize
all of the water that was present in the cavity. However, the actual amount

of water that was vaporized cannot be determined without repeating the IET-1
experiment without water in the cavity.

COMPARISON TO PRETEST PREDICTIONS

Pretest predictions were performed with CONTAIN 1.12, the NRC's, bist-estimate
vomputer code for the integrated analysis of light water reactoc (LWR) severe i

accident containment phenomena (Williams 1991). For the best-estimate model, |

the steam supply system, cavity, subcompartment regions, and upper regions
were subdivided into 14 CONTAIN cells. The cell locations may be described as

i

| follows:
|

Cell la steam eccumulator
cell 23 melt generator

i

i
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Cell 3: horizontal body cf the cavity
I Cell 4: chute connecting cavity body to Surtney vessel

Cell 5: basement, vicinity of chute exit
cell 6: basement, clockwiso from chuto exit

cell 7: basement, counterclockwico from chuto exit
call 8: lower level, behind crane wall
Cell 9: basemont, portiono further from chute exit
cell 10: seal table room
Cell 11: pump deck level, near side
cell 12: pump dock level, far aide
cell 13: upper region of Surteoy, near oide
Call 14: upper region of surtsey, far side

A more detailed description of the cell locations in the CONTAIN model of
IET-1 can be found in the letter report to the NRC describing the pretent

calculations [ Williams 1991). The initial conditione annumed for the CONTAIN
IET-1 annlysie are listed in Table 4.

A number of critical acoumptions and approximations wece made in developing
the CONTAIN model of the IET-1 experiment. One important approximation le in
the area of debris chemistry. CONTAIN 1.12 includes models for the reaction
of iron and tirconium with both steam and oxygen. However, chromium and

aluminum ehemistry are not currently modeled. As a result, the effects of
aluminum and chromium in the melt were simulated using the zirconium chemistry
model in CCNTAIN. A calculated amount of zirconium, 7.626 kg, was selected to
replace the aluminum and chromium present in the thermite. This mass of
zirconium had the same potential for hydrogen generation as the
chromium-aluminum mixture that was actually present in the melt. To account
for the fact that the groso oxothermic energy releare from this mass of
circonium was far greater than the exothermic energy release from the aluminum
and chromium that was actually preoent, the enthalpy of the ZrO2 reaction
product in the code wan artificially enhanced by 2.1860 MJ/kg. The details of
this procedure and a more completo justification are provided in tho ;ET-1
protest lotter report.

In the CONTAIN model, the molton debris was introduced into the cavity cell as
a time-dependent debrie source term. The total amount of debris injected into
the cavity was assumed to be the entire debria inventory of the melt
generator. However, the timing o' the debris injection was based on a GASBLOW2
calculation for the conditions of the ICT-1 experiment. The time dependence
of the debris source from the CASBLoW2 calculation was simply normalized to
produce the desired total amount of debria ejection. Because CONTAIN does not
currently have the capability to model fuel-coolant intoractions, the water
present on the cavity floor was introduced into the cavity over the first 0.2
seconde of the debris entrainment process as steam with the enthalpy of liquid
water. Based on the WC-2 experiment, only 15% of the initial water inventory
in the cavity was introduced into the cavity in this way. It was apuumed that
the remaining water did not effectively participate in the vaporization
process.
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CONTAIN 1.12 has a number of models available for simulating the trappinq
process, with the most mechanistic being the time-of-flight /Kutateladze I

(TOF/KU) model. The TOF/KU model determines the time-of-flight for the debris
to impact with the first structure in a cell, and then uses a Kutateladze
criteria to determine if the debris remains trapped on the surface or rebounds

,

Melt rencrator (m)
Final hole diarreter 0.035

'
Lower head radius 0.2

Melt composition (kg) I

Al 0, 16.056
2

Cr 4.648
At 0.596 |

Fe 21.699 |

TOTAL 43 000

Melt temperature (K) 2500

' Steam dnving gas
Temperature (K) 550

Pressure (M Pa) 6,2

Accumulator volume (m') 0.29
Melt generator volume (m') 0 45

Vessel atmosphere

Pressure (M Pa) 0.20

Temrerature (K) 300
Composition (mol.%):

N 99.95;.

O 0.052

| Water in cavity (kg) 34

Table 4. Initial conditions for the CONTAIN IET-1 analysts,

from it. If the debris does not' adhere on the first impact, a time-of-flight
; is calculated for the debris to impact with a second structure in the cell.

If the debris fails to adhere on this impact, it is allowed to fall to the
floor of the cell through a gravitational fall time (GFT) model. The TOF/KU
model was used in the ar;*'reis of the IET-1 experiment. A more detailed
discussion of its application is presented in the pretest letter report.

A number of CONTAIN runs were made in the pretest IET-1 analysis effort. A
detailed discussion of these calculations is presented in the IET-1 letter
report. In the base case CONTAIN run, the debris particle size was assumed to.
-be 0.82 mm. The predicted pe " pressure increase in the Surtsey vessel was
0.0704 MPa, and the predicted steam-to-hydrogen conversion efficiency was
30.1%. In the IET-1 experiment, the measured peak pressure increase was 0.098
MP=, and the measured steam to hydrogen conversion efficiency was 51%.
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Table 5 summarizes the results of the IET-1 test.

In the IET-1 experiment, iron oxide / aluminum / chromium thermite was used as a<

corium melt simulant. Forty-three kg of molten thermite was ejected by
slightly superheated steam at 7.1 MPa through the hole in the graphite limitor
plate. Steam blowthrough entrained the molten debri.e ' ito the Surtsey vessel,
which had been pre-inerted with nitrogen ( = 0.03 mol. 3) to 0.20 MPa.2

In the IET-1 experirnent, the cavity initially contained 3.48 kg of water, |
'

which corresponds to condensate levels in the Zion p' ant. There was a small
steam explosion ( = 1.4 HPa) shortly after the beginning of the HPHE. This
steam explosion apparently ejected a slug of hot water (and possibly some

,

debris) from the cavity into the subcompartment structures. The video shows !

violent ejection of debris from the subcompartment structures, probably i

through the hole in the ceiling of the seal table room; some of this debris4

impacted the upper dome of Surtsey. The peak pressure increese measured in
the surtsey vessel was 0.098 MPa. Analyses of the gas grab samples indic(ted
that 223 moles of lig were produced by the HPME and that there were high
hydrogen concentrations in the cavity and in the subcompartment structures
early in the transient. t

:

Il:T.I

Driving pressure at plug failure (MPa) 7.1

Time from ignition to llPME (s) 7.3

Time etcam was in contact with thennite 4=5

prior te llPME (s)

Moles of II,0 driving gas (moles) 440

Cavity water (moles) 193

Moles of II, produced (moles) 223

.1P due to the llPME (MPa) 0,098

Table 5. Summtry of the results of the IET-1 experiment,

t
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IODINE CIIEhtlCAL IORhtS IN LWR SEVERE ACCIDEN'IS'

E. C. Beahm, C. F. Weber, T. S. Kress, and O. W. Parker
Chemical Technology Division

Oak Ridge National Laboratory
Post Office Box 2008

iOak Ridge, Tennessee 37831 6221

ABSTRACT

Calculated data trom seven severe accident sequences in light. water reactor plants
were used to assess the chemical forms of iodine in containment. In most of the

'

calculations for the seven sequences, iodine entering containment from the reactor
coolant system was almost entirely in the form of Csl with very small contributions of

-I or 111. The largest fraction of iodine in forms other than Cs! was a total of 3.2%
as I plus 111. - Within_the containment, the Csl will dersit onto walls and other
surfaces, as_well as in _ water pools, largely in ihe form of iodide (P). The radiation =

induced conversion of P in water pools into 1 is strongly dependent on pil in2

systems where the pII was controlled above 7, little additional elemental iodine would
be produced in the containment atmosphere. When the pil falls below 7, it may be
assumed that it is not being controlled, and large fractions of iodine as 1 within the27

~

containment atmosphere may be produced.

1. INTRODUCTION

This study attempts to re-examine the chemical form of iodine in containment, focusing on
two major effects: the form entering from the reactor coolant system (RCS) and actions that may
produce volatilization within the containment. The results are based on quantitative (calculated)
results of seven severe accident sequences for light-water reactor (LWR) nuclear power plants, which
are listed in Table 1. These sequences represent a wide range of conditions that are significant risks;
each sequence was evaluated by the Source Term Ccde Package (STCP) and documented in previous
U.S. Nuclear Regulatory Commission (NRC) reports.t.2 Note that this analysis does not address the
ultimate disposition of various species, only the likelihood of their formation or presence in the gas
phase. Thus, the effects of deposition or various engineered safety features are not considered.

5The primary motivation of this study is to re-evaluate the basis for Regulatory Guides 1.3 and
1 A' which state that:

1. 50% of the maximum iodine inventory of the reactor core is released to the primary reactor
containment; 25% is available for leakage; and

*Research sponsored by the Office of Nuclear Regulatory Research, U.S. Nuclear Regulatory
Commission, under Interagency Agreement DOE 18848058-4B with the U.S. Department of Energy
under contract DE AC05-840R21400 with htartin h1arietta Energy Systems, Inc.

m. .,-neo - 1

C r c ac1 No DF
AC06 840R21400 AccorcarW t'. US

, % ~'"l.i.T,*~ 1 ,.~~".* '.
. o, - .
Akaft OlPuert 90 (kp to. $m U S Carwerw.ierit
gaslK.et *
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Table 1. LWR accident secuences evaluated

~

l

Plant Reactor type Acciderit Accident typ Documentation * i

Grand Gulf BWR - Mark III TC IIigh pressure B' 'I-21N, Vol III

(ATWS)
TOUV Low pre ,ere BMI-21N VolIII
(No makeup water)b

x

Peach Bottom BWR - Mark I TC2 Ifigh pressure NUREG424. Vol I
|

(ATWS)
AE Low pressure BMI-21N, Vol H

(LG^A. no ECCS)

Smtgah PWR -ice condenser TBA low pressure NUREG424, Vol II

Sor.y PWR -large containment TMLB' High pressure BMI-2I04, Vol V

(Station blackout)
AB 1xw pressure BMI-2104 Vol V
(LOCA, no ECCS)
(Station blackout)

*See refs. I and 2 for complete reference description.

|



; 2. of this 25% available for leakage,919 i,in the form of elemental iodine,59 is in the form of
particulate iodine, and 4% is in the form of organic iodi<'e.

hidine issumed to enter containment in the forms and amour.ts stated above with neither physical.

', w cL mical changes occurring in containment. llowever, present knowledge may not support this
hetion of iodine forms and the static state throughout the duration of an accident.

d
It is anticipated that a more realistic reoresentation of the chemical speciation of fission

product iodine would likely result in a large proportion of particulate iodine (Csl), with smaller
u.u . * of gaseous iodine (111 or 1). In addition a continuous resolatilization of moleculrr iodine., '

} ccur within containment and would include some small complemen af organic iodine.t

; 2. CIIEM; CAL FORMS Or IODINE ENTliRING CONTAINMENT
p FROM TIIE REACIOR COOI ANT SYSTEM
g
' '

ae chemical forms of iodine in the RCS are closely tied to the chemical forms of cesi
"ed by the following wactions:

,

Csl + H O - CsOH + Hi and2 (i) ,,

B

Cs + H O - CsOH + 1 + 1 H, . (2)
<

2
2

*

Esuation (1) :s the reverse of an acid-base reaction and, Bus, is unlikely to proceed unless one or 9

both products are removed. Reactions of Csoll with oti._ materials in the PCS w1 tend to lower
the partial pressure of G,OH. Such reactions win shift the equilibr;um to the right and enhance :he

; formation of HI. , ,pc .J arcs in excess of 1800 K and at low hydrogen pressures, atomic iodine [is the 0 red proch m e . reaction between C 1 and H 0, as shown in Eq. (2). Thus, in general,2

todint Amical forma other than Csl are favored < hen steam pressures are much greater than cesium j
nydronde pressures.

2.1 DATA MANIPULATION N4D CALCUIATIONAL TECIINIQUES

In order to evaluate the chembtry in the RCS, it is necessary to specify the thermodynamic
condition.. under which reactions would occur and a mean te of the time span over which such
conditions hold. Required quantities are temperature, pressure,"olume, and moiar inventories of
constituent species H , H 0, I, and Cs within each control volume. This evaluation has been2 2

undertaken for each of the a cident sequences in Table 1 using data from the STCP calculations)2
See reti 5 for a complete description of the data manipulations and calcu' aonal procedures.-

Another necessary quantity is the mean residence time (s) for flow tFrough a control solume.
Figure I shon thn. quantity c>r ach of the two control volumes above core in the Surry TMLB'r

sequence. / mean r6ience ilme t.reater than I s is usually suf5cient to attain equilibrium for
regions u"b sufnciently high temperature. In Fig.1, this condition holds for both volumes,
at:Sugh control volume 1 e.pproaches this limit briefly at about 30 min.
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Fig.1. Mean residence time in volumes atxwe core for Surry TMLB'. ;

Fission products released from the core will undergo changes in temperature and
concentiation as they pass through regions d ,he RCS. A chemical kinetic model used 20 reactions

'

to determine the control volume where an u;uilibrium of the iodine, cesium, hydrogen, and steam
species becomes " frozen." This means that the temperatures and concentrations of species ,i
subsequent control volumes are not sufficient to reach an equilibrium in the mean residencc time
available. Separate equihbrium calculations were run, using the FACT system,' to obtain the final
distribution of iodine species.

- 22 OVERALL RESULTS OF CALCULATIONS

In six of seven calculations, the iodine was almost entirely in the form of Csi; the contribution
of I or HI was less then 0.1% of the overall percentage of iodine. These calculations considered only
reactions invoMng cesium, iodine, hydrogen, and water. They covered a wide range of temperatures,
hydrogen concentrations, steam concentrations, and fission product :ancentrations. Reactions with
other RCS materials were not included in these ca'nlations, but thei. effects were investigated with
scoping or bounding calculations as described in Sects. 2.3 and 2.4.

During the 1.cond half of the Surry AB sequence,.there is a perio( during which
temperatures in the core region are in excess of 2000 K, and subsequent volumes of the upper grid

328 i
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plates and guide tubes are at temperatures of anly 500 K. Because of this, equilibrium compositions
in the core region would be ' frozen"in by the rapid decrease in temperature. For this sequeng; the
overall iodine distribution was 2.8% a I and 0.4% as HI, with the remainder as Csl Thus, a iotal
of 3.2% as I plus H! was the largest fraction of iodine in a form other than Cr' " this study.

2.3 REACDON OF Csoll WITi| SURFACES

Of the possible reactions of CsOli in the RCS, the reaction with structural surfaces is the
most amenable to evaluation. Johnson et al.' have studied the deposition of CsOH on oxidized
staHess steel surfaces. 'They used the following simple expression to relate the thermodpamic
activity of CsOH to the surface concentration:

/ 1
4

a = 0.5 exp' 98.5
3'84 x 10

(x - 0.28) ', < 0.28, (3)
T.r ,

2where a and x are the surface activity (atm) and concentration (mg/cm ), respectively. The reaction
of interest with stainless steel may be written as

CsOH (surface) * CsOH (gas) . (4)

6Thermochemical data obtained from the FACT system give the respective equilibrium constants for
the reactions in Eqs. (1) and (4) as

' 4'P .on P - 1.407 1.626 x 10c m-

A,i = = exp
P ,o P T (5),

n a , ,

i

= exp 1.189 x 10
1.500 x 10 l4

C' " 1
, 900 s T s 1263 .K, =

a T (g>
,

Calculations using Eqs. (3), Q, and (6), together with mass balances on cesium and iodine, indicate
-that the amount of HI formed due to the CsOH surface reaction is less than 0.6% for each of the
accident sequences studied. This is because ?c on must be very small if the ratio Pm/Pca is large
enough to be significant. However, if Pc.on is very small, then so is x: hence, very little surface
reaction could occur.

2.4 OTHER REACTIONS OF CsOH

L Other reactions of CsOH may also remove it from the vapor phase, bu' there is generar.) a
-lack of information on the amounts and locations of other reactar.ts. Seve.al cesium borates may
iorm in the reaction of Csoll with boric acid or boton oxide, which are intraduced into the RCS as

-coolant additives. For example, the formation of cesium metaborate (CsB0 ) may occur by the i2

following reaction-
|

I

I

'

|

|

1
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|

CsOli 4 HBO - CsB02+HO. (7)2 2

If sufficient metaboric acid (11B0 ) were available,it could result in a lowering of the vapor pressure2

of CsOll.
l

Two simulated core-melt tests were run by the present authors to assess boric acid volatility
Iand the potential for vapor interactions with Cal. Two different sized simulant fuel bundles were

used-nominally 1 and 10 kg. The smaller,1 kg, fuel simulant bundle consisted of 12 rirconium tubes
(.10.16-cm long) with 0.247.kg end caps,0.093-kg stainless steel grids,0.0185.kg Inconel grids, and
0.585-kg UO pellets. There were no added Cs or I species in the small bundle test. The test was2

performed by inductive!y heating the fuel bundo: while injecting feed water containing 2000-ppm
boric acid into the bottom of the bundle. In this test, it was found (see Table 2) that during the
lower temperature heating steps up to 1600*C, -10% of the boron transported through the bundle.

and was captured downstream as baron oxide. As the temperature was increased to partial melting
of the bundle, the collected B 0 decreased. This decrease was attributed to increased reactivity of2 3
the boron oxide with the hot fuel and clad oxides.

;

Table 2. Simulated core melt tests conducted in the ORNL l-kg facility.
Borie acid addition to water injected below the bundle

Baron collected as B 0'
2 3

licating step Total baron present* Filter WASil
|

(g) (%) (%)

A (1600 C) 0.034 10.37 0.0

, , (l800* C) 0168 5.5 0.68
i

C (2400*C) 0.142 0.024 0.009

*As boric acid in water used for steam generation.

The composition of tLe 10-kg fuel bundle is shown in Table 3. Note that in this test, Csl was
added to 12 of the 60 sh ent fuel rods in a limited region near the bundle centerline. Excess
cesium was not added.

The 10-kg test was conducted at a bundle centerline temperature limit of 1600 C which was
reached in -30 min and maintained for an additional 30 min. During this time,365 mL of boric acid
solution containing 3.83 g of H BO was added to the steam generator porous media below the fuel3 3

| bundle. Hydrogen release measured 326 L, which would be equivalent to 72% conversion of the
water and -30% reaction of the Zircaloy in the bundle.

Analytical results from X-ray diffraction showed that white solids observed plated out on the
quartz chimney were nearly pure Csl with no detectable B 0. Chemical analysis of the washings2 3

|
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Table 3. Composition of 10-kg fuel bundle

item Weight *
(g)

60" - Zircaloy tubes 2181.0
120 - Zircaloy end caps 503.6
3 - Stainless steel grids 342.0

1 - Inconel grid 112.0
4 - Stainless steel supports and screws 58.5

2 - Stainless steel lifts and screws 9.0

UO pellets (N.W.) 7464.02

(E.W.) 6739.9

UO powder (N.W.) 1201.92

(E.W.) 1059.5

SrCO 3.003

BaCO 4.053

La20 2.283

Eu20 0.213

Sm10 1.123

CcO 4 872

Mo 4.70
,

Te 0.82

Ru 5.16

CsI* 0.85

'N.W. = net weight; E.W. = uranium ele.nent weight.
Twelve of these tubes cach had three horizontal slits 0.010-in. wide x l-in, long,120* apart

'in their midsection.
'Csl mixed with 300-g UO , rare carths, and metal powders was aJded to the ' in. section2

,

of the 12 tubes.

, _ from the system indicated that nearly half of the Csl had vaporized and that no toron containiiig
materials were present. His comp ete failure to find any B 0, downstreaai of the bundle was -l

2

somewhat unexpected since the 1-kg test had resulted in some penetration of boron oxide. It is likely
,

- that the extra length of the 10-kg system prevented penetration by the reaction of B 0 with ZrO -2 3 2

A sample analysis of a white oxide (a thin ring of mixed ZrO and B 0 ) in a very highly refractory2 2 3
solid solution on the oxidized clad surface was estimated to account for about one-third of the total4

- boron added. The remainder of the baron oxide appeared to be associated with the porous ZrO 2

4
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steam generav base at the bottom of the bundle. A test scrubber that had been operami
continuously on a diverted part of the hydrogen / steam flow showed no evidence of volatiic (non-
particulate) iodine.

Similar results were subsequently obtained in a test with silver vaporized in a 10-kg bundle
containing Ag-In-Cd alloy control rod simulants. In this later case, cadmium vapor was observed
downstream, but the silver did not penetrate out of the bundle--presumedly because of interactions
with Zircaloy.

Based on these results, it is highly likely that boric acid covaporized from residual water below
the core in severe accidents will be tied up by the Zircaloy in the lower regiona of the core and not
be available airborne to affect the chemical form of the released iodine.

2.5 REVAPORIZATION OF Csl AS A SOURCE OF 111 ,

I

There has been speculation ' hat the fission product acrosols, Cs1 and CsOll, deposited onto
the RCS surfaces under high pressure accident sequence conditions could revaporize due to heatup
from their radioactive decay and from the system thermal hydraulics to become re-released into
containment. Most analyses of this have considered the re-released material to remain as Csl and
have focused only on the extent and timing of the revaporization. If, however, the CaOli portion
of the deposited material were not available for revaporization and the revaporized Csl "saw' only

! steam, the question then becomes, what portion of the Csl that is revaporized gets converted to ill
by the reaction in Eq. (1). To a' tempt to bound this, the Ot.k Rid;;c study made-the following
assumptions:

1. The temperature of revaporization was 1000 K (the general temperature at which equilibrium
is frozen). The Csl vapor pressure was held constant according to the blue predicted from the i

FACT system equation
I

4M 021 x 10
Pu = exp 1307 l0~

T (8)

2. The steam pressure varied in time the same as in the seven accident sequences (this was an
arbitrary choice and is not intended to imply that revaporization is continuous throughout an
accident sequence rather than being later la time).

3. No 6011 was I resent [except that made via the reaction in Eq. (1)).

No 11 was present.4. 2

The integration was carried out over each sequence until an amount of Csl had been
revaporized that was equivalent to the total amount of iodine released in the sequence (i.e., all of
the iodine was equivalently on the surface at the start of a sequence at a kration where the
temperature was 1000 KL
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The result of this calculation v as that the largest conversion of Csl to Ill in any of the
sequences was 3.8E This indicates that revaporization is not likely to produce signi6 cant amounts
of volatile forms of iodine under these conditions. Ilowever, an equivalent calculation should be
mao.: for possible sequences that may have air ingress at times simultaneous with revaporir tion.

2.6 SUMMARY OF IODINE CllEMICAL FORMS IN TIIE RCS

hxline entering containment from the RCS should be predominantly in the form of Csi. The
examination of Cs.I.H 0.H interactions for even accident sequences gave a maximum of 3.2%2 2

' iodine as I plus 111, with the remainder as Csi. There are some uncertainties in the reactions of
CsOli with oxides and in the revaporization of Csl that produce uncertainties to the extent in which
iodine may exist in a form other than Csl. Cesium needs to be removed from reactions involving
iodine if very much iodine is to be in a form other th 1 Csi.

Ilased on this analysis, the chemical forms ofiodine ew ring containment from the RCS may
reasonably be described as a maximum of 5% as elemental iodine and III, with not less than 1% as
either elemental iodine or III. The remaining 295% would be Csl.

3. PROCESSES TIIAT ALTER TIIE CIIEMICAL FORMS OF
IODINE IN CONTAINMENT

3.1 RADIOLW

In the presence of radiation, the equilibrium formation of 1 from I is strongly dependent2

on pli and less dependent on temperature and concentration. Ignoring the last two effects, this
dependence can be written s.;

[I12F(pH) - equilibrium fraction = ,

[I l + II'l (9)
2

where [x| is concentration of 1 or l' (g-atom /L). Data from Lin,' as :;hown in Fig. 2, illustrate this2

effect for several initial concentrations and pil values using solutions that were at ambient
temperature and had been irradiated f_r 1 h at 4.5 Mrad /h. The final pH values were not indicated
but probably decreased slightly because no mention is made of buffering in the experiment. He
values of pli >6 may not be quantitatively useful since the very small conversion fractions are
probably incorrect due to measurement error. 's seen in Fig. 2, F is near 0 for pH >7 and near 1
for pil <2 but experiences a drastic change in the range 3 < pil < 4. This can be effectively
modeled by the functional form

F = [1 + e' PH+pd. (10)j

that was fit to Lin's data using nonlinear least squares, yielding a = 1.72, p = -6.08.

If the pli is maintained suf6ciently high through buffering or addition of sufficient basic
material, very little conversion will occur. In this case, most iodine remains dissolved as I . A
quantitative treatment is more difficult. Lin's data generally indicate less than 1% conversion at
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Fig. 2. Radiolytic conversion of 1 to 1 [ data from C. C. Lin, J. Inorg. Nucl. Chem, 42,11012

(1980)].

pH = 7. This value declines as the total iodine concentration decreases. ORNL data indicate that
for a dose rate of 0.35 Mrad /h and an iodine concentration of 10" mol/L, conversion was 0.003%
after 4 h of irradiation and 0.03% after 24 h. The last value,0.03%, has been used in the present
work.

If the pH !cvel is not deliberately controlled,it may decrease sufGeiently to allove considerable
conversion of I to 1. The primary mechanism is radiolytic generation of nitric acid. !f the pH is2

neutral initially, then this effect soon dominates, resulting in

(UI
91'] = 10' g(HNO ) V N, ,3

t

where

[H+] = concentration of H+ (mol/L),
g(HNO ) = rate of HNO production due to irradiation (molecules /100 eV),3 3

E, = total energy deposition due to fission product decay (MeV),u
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V = volume of water (L), andt

N,- = 6.022 x 10" (molecules /mol).

ORNL measurements of pli change and nitrate ion ftrmation at 30*C gave: <

g(HNO) = 0.007 molecules /100 eV (12)

This relationship is based on radiation absorption by the aqueous phase. The actual mechanism for
the formation of nitric acid 's not known. It may occur in the aqueous phase, in the ga:. phase, or
at the gas-surface interface.

The energy deposition over a time, dt, is

E , = 8,, a t = A t { m d , (13)3 j j

where
time (h),-At =

total energy deposition rate (McV/h),E =g,

m,~' of nuclide groupj in pool (g), andm- =j
= er y deposition rate per unit mass of nucliJe groupj (McV/s g).g

A grouping of fissicu. products and actinides compatible with that used in STCP accident studies was
selected and is shown in Table 4. The specific energy deposition rate y for each group was
determined from a detailed analysis of Browns Ferry [a large boiling water reactor (BWR) with
Mark I containment] acciden' sequences using the ORIGEN2 code.'*" These group energy
deposition rates for the Browns Ferry BWR are assumed applicable to all plants and sequences
considered in the present study.

The group masses (m) are obtained by multiplying the total core inventory (m ) by thej j

estimated fractional release into containment:

- m,=f,5,. (gay

Total core inventories for the plants are those identified in previous reports.i.2 Various estimates oi
- the fractional releasesfj can be obtained from a study by Nourbakhsh.*

Finally, di in Eq. (13_)is the time needed to reach the approximate steady state. In genera'., the
first phase of an accident can be considered to reach steady state in 10 to 15 h; the latter is the
time value used for at in this work. Combining Fqs. (10) through (13), the fractional conversion
takes the form

'' *1
r y' 5 0.7d

~I'

8
. a

1 + e [W] b 8 1 + 5.55 x 10" (15)F= -
.

E ,,&r

'H. P. Nourbakhsh, presentation to NRC staff, October 4,1990.

,

~

1
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Table 4. Nuclide groupings and group-specific energy deposition rates

Group Energy deposition rate,
index, Characteristic d, x 10 'S
j element included nuclides (McV/s g)

.

1 I I, Br 111.2

2 Cs Cs, Rb 1.006

3 Te Te, Se 3.497

4 Sr Sr 7.879

5 Ba Ba 2.348

6 Ru Ru, Tc, Rh, Mo 1.706

7 Ce Cc,Pu,Np 0.407

8 La La, Am, Cm, Y, Pr, Nd, Pm, Sm, 6.523
Eu, Zr,' Nb

9 Xe Xe,Kr 0.721

' Includes only fissica products.

Thus, when pH is not controlled, fractional conersion is directly dependent en the liquid volume
(V ) in which radiolysis occurs; the energy deposMon Eq, which itself depends on the amounts oft

radioactive species in water; and the time (At) allowed for radiolysis process.:s to reach steady-state
conditions.

3.2 GAS-LIQUTO PARTITIONING

The equilibrium distribution of a single volatile specie such as 1 is represented by the2

partition coefficient:

p , U N bbeq2

g,(g)] (16)
'

This quantity is inversely related to the llenry's Law constant K (i.e., P = 1/K) and should not be
confused with the overall iodine partition coefficients often used in reactor safety studies. In this
study artition coefficients for 1 were calculated from the equation.2

logio P = 6.29-0.0149 T . (17)

This relationship gives the experimental value reported by Eguchi et al. 2 and by Sanemasa e' al.')
ct 298 K. Extrapolation of the experinnental results of thet.2 it,vestigators to 373 Kyielded a partition
coefficient of 3. Furrer et al." reported a calculated partition coefficient at 373 K of 9. Some of the
data used in his calcu'ation were based on estimated parameters. Equation (17) gives a partition
coefficient of 5.3 s W K, a reasonable average of these values.

i
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Even though it may take considerable time to approach such equilibration in a large system
such as a reactor containment. Eq. (16) can still be used to estimate 1 volatility. In fact, instant ;2

equilibration is a conservative assu.nption since considerable holdup could be expected in real life
situations.

3.3 GAS-PIIASE REACTIONS: IG 4ATION OF ORGANIC IODIDES

The process of converting I, into organic iodides (chie0y CII 1) is still not fully understood.3

Postma and Zavodoski" reviewed production rates from about 70 containment tests and determined
that the asymptotic steady-state conversion to Cil 1 was3

% 1 cor <erted = 0.19 Cd26 (33)2 ,

where C, = initial 1 concentration (mg/m'). In a more recent review, Beahm et al." described the7

steady-state organic iodide concentration (mg iodine /m') using the form

C' = 0.0189 C" (19)

in place of Eq. (18). This equation was based on containment experiments pc formed with irradiated
fuel rather than aimulated materials, resulting in a percent conversion somewhat greater than that
obtained from simulant materials (cf Fig. 4, ref.17). By converting units to g-atom /L, Eq. (19) cen
be rewritten as

,

[CH I] = p [I ]"2 , (20)3 2

where p = 0.0189 (106 MW)'*", MW being the molecular weight of I. For MW = 130, then
_ p = 6.55 x 10", which indi;ates that generally less than 1?c of gaseous iodine will be organic.

3.4 OVERALL BEIIAVIOR 1

As described in the presious sections, the distribution of species throughout the gas and liquid
phases can be estimated from models for three basic processes: radiolytic conversion of I' to I:, in
water, evaporation of1 and gas-phase formation of prganic iodides. Defining the desired quantities3
as concentration variables (g atom /L),

C = [I (aq)], C ' II (f}}- C - I I (84)}> C = [CH 1(g)] , (21)3 2 2 2 3 4 3

*

Eqs. (16), (9), and (20) can be rewritten as

C, = PC * C*
^

C, and C, = p C" - (22a,b,c)
2 3 1 2F

In addition, the total iodine inventory Nr (g. atom) is equal to the initial I~ cntering the containment,
and remains constant throughout the distribution process:

E

-|
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Nr " V (C, + C) + V, (C2+C). (22d)I

Dese four equations, (22a) through (22d), can be sol.ed in a straightforward manner ta obtain the
four unknown concentrations in Eq. (21).

Because organic iodide is such a small part of the total, it is helpful to examine the
distribution behavior without considering organic iodide. By ignoring Eq. (22c), it is possible to
comi/nc and rearrange Eqs. (22a), (22b), and (22d) to get

YPAN '
2 tI**

y yy (23)'

T r s

where N = V,C = g-atom of I,in gas. Equation (23)is a convenient expression of the fraction of2 2

iodine that is volatilized. (Consideration of organic iodide will increase this fraction very slightly.)
For the case of uncontrolled pil, substitution of Eq. (15) into Eq. (23) yields

-t

N VP Y' \ * '''(

- ,.g. I + 5.55 x 10" . (24)2 t '

N V E*nr r

I'quations (23) and (24) are in particularly convenient form to quickly estimate iodine volatility,

3.5 CALCULATIONAL RESULTS AND DISCUSSION

The analysis described in this section has been applied to each of the seven accident
seqt.cnces mentioned in Table 1. The gas volumes used for BWRs include all primary containment
space, although it may sometimes be appropriate to use only wetwell airspace, depending on sequence
considerations. -The various data and the quantities calculated from them are described foi cach
accident segoence in ref.5.

Tne conversion data of Lir? were taken at a dose rate of 4.5 Mrad /h-in the range of PWR
rates The data taken at ORNL are generally in the range of BWR dose rates (i.e., 0.35 to
0.6 Mrad /h). Both sets of data indicate that convers - 's dominated by pH effects. In this study,
two scenarios were evaluated: (1) control of pH aoove 7 and (2) uncontrolled pH with resulting'

drops below 7 due to nitric acid fonnation. For this calculation, it was not necessary to specify the
niaterial that was used to control the pH at 7 or above.

If the p}l is controlled so tnat it stap above 7, the system of equations (22) is solved to yield
the species d3tributions in Tabic 5. These results indicate a small production of volatiies for PWRs
but virtually none for BWRs. Such results are strongly dependent on the aqueous wnversion fraction
of F = 3 x 10~4, vehich represents a best estimate of the maximum from ORNL data. Thus, if pH
is maintained at 7 or above, only a small additional amount of 1 is expected in the gas phase of PWR2

i sVStems..
.

J

{-
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Table 5. Distribution of iodine species for pil controlled above 7

Fraction of total iodine (%)*

Plant Accider'. 1 (g) 1(I.) I-(L) Cil1(g)
2 2 3

Grand Gulf TCy 0.05 0.03 99.92 0.001

TOUVy 0.01 0.03 99.% 0.0003

Peach Bottom AEy 0.002 0.03 99.97 0.(X)01

TC2y 0.002 0.03 9).95 0.0(X)4

Sequoyah TBA 0.21 0 03 99.97 0.004
_

Surry TM I.B'y 1.9 0.03 98.0 0.03

ABy Of)3 97.5 0.03. . ,

' Assuming an equil;bration time of t_t = 15 h.

If the pil falls below 7, a system for cont.alling pil is not being used and the decreased pil
resul s in a larger friction of aqueous l' being converted to 1. Evaporation of this volatile speciest 2

to maintain equilibrium partitioning will result in greater atmospheric 1. This, in turn, yields higher2

o ganic kxlide con:entrations. Resu;ts for this case are shown in Table 6 for the equilinrium specie.,
distributions. As expected, the levels of airborne volatiles are much higher than in the controlled
case, indicating almost complete conversion for PWRs.

.

Table 6. Distribution of iodine species for uncontrolled pil

Fraction of total iodine (9)'

Plant Accident 1 (g) 1(L) l'(L) CilsI(g)
_

2 2

Grand Gulf TCy 24.1 13.9 61.8 0.20
TOUVy 6.0 16.6 77.7 0.05

Peach Bottom AEy 1.6 20.5 77.9 0.01

TC2y 10.1 I6.7 73.2 0.06

Sequoyah TBA 67.3 9.6 22.6 0.40

St ' y TMLB' t 97.2 1.5 0.7 0.60
ABy 97.7 1.2 0.6 0.60

' Assuming an equilibration time of at = 15 h.
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The gaseou- 1 fraction is considerably higher in PWRs than in BWRs because the large water2

volumes in the latter tx)th lower the dose rate and retain greater quantities of dissolved 1. This last2

effect also depends on the gas volume and the ratio of gas to liquid volumes. It is ironic that the
relatively small gas space in the Peach Bottom reactor (generally a safety liability) permits noticeably
less . . sporation than other reactors, resul!!ng in the lowest gaseous 1 fractions.2

se other principal effect is due to temperature-the 1 partition coefficient changes markedly2

over the range of temperatures used. This effect of temperature is most noticeable in the BWR
sequences where different sequences at the same plant show large differences in the airborne 12

fraction. Thus, an increase in con'.ainment temperature (at the gas. liquid interface) from 60 to
115*C produces nearly an order at magnitude increase in the airborne fraction.

The organic iodide is present in PWRs at atx3ut 0.5% of core inventory. In BWRs, this
concentration is closer to 0.1%. The 1 generated by the radiolytic conversion of l~ dominates the2

amount released as I from the RCS. Further, based on the equilibrium assumption, the presence2

of si me 1 already airborne will result in less evaporation of 12 formed radialytically. Hence, for the2

case on ? controlled pH, the cumulative total is well represented by the equilibrium amount formed
within centOment.

4. TECIINICAL FINDINGS

This study assumed that iodine forms in containment can be delimited by an examination of
the seven severe accident sequences in LWR plants, along with an evaluation of associated processes.

'

The associated processes include the deposition of CsOH on RCS surfaces and the efLcts of
: radiolysis. The inue is the chemical fonn of iodine that may be produced in tb CS and in

containment-not tce ultimate disposition of the various chemical forms. For example likely that |
'

much of the gaseous I; in containment wou'd be removed by engineered safety features or would |
d; posit on painted or metal surfaces. '

|
4.1 ASSESSMENT OF IODINE CHEMICAL FORMS IN Tile RCS |

|
1

( The maximum iodine as I plus HI calculated fc the seven severe accident sequences is 3.2%. j
Iodine in all forms other than I, HI, and Csl is estimated to be less than 1%. Althot.gh this analysis ,

only cmsidered seven sequences at four plants, it is reasonable to consider that a maximum of 5%
of the iofne would be present as elemeatal iodine and HI foi all accident sequences. A minimuin
value would not be expected to be less than 1%. The remaining 95% of the iodine would be as CsI.

-The gaseous forms ofiodine eat entered containment from the RC' vere given in terms of
both elemental iodine and HI, which are related by the reaction

I
i + - U.2 - HL (25)

2

Lower temperatures and highe; hydrogen pressures tend to favor HI over I, with the opposite
conditions favoring I over HI.

1

\-
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b

The major uncertainty is the extent to which " soli will react with oxide materials and reduce
: . its vapor pressure. If the reaction of CsOH is to have a major impact on the iodine chemical forms,

most of it (certainly more than 90%) must be fixed at a very low vapor pressure.

4.2 ASSESSMENT _OF JODINE CllEMICAL FORMS IN CONTAINMENT

I'he production of I in containment will be directly re!ated to the pH levels of the water2

pools. Failure to control the pH at or above 7 could result in a dramatic increase in atmospheric 1 3
Osentially all of the 1 muld become gaseous in the PWRs without pH control. For BWRs, as much2

as 25% of the core inventory could become gaseous. However, maintaining the pil above 7 results
in negligible volatil!r.ation.
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CALCULATION OF FUEL PIN FAILURE TIMING ,

UNDER LOCA CONDITION 5'

K. R. Jones, N. L. Wade, L. J. Siefken, M. Straka, K. R. Katsma

ABSTRACT

The objective of this research was to develop and demonstrate a
methodology for calculation of the time interval between receipt of
the coatainment isolation signals and the first fuel pin failure for

loss-of-coolant accident s (LOCAs). Demonstration calcu.ations were
' performed for a Babcock and Wilcox (Bak; Jesign (0conee)~ and a
Westinghouse (W) 4-loop design (Seabrook). Sensitivity studies were
per'ormed to assess the impacts of fuel pin burnup, axial peaking
factor, break size, emergency core cooling system (ECCS) availability,
and main coolant pump trip on these times. The analysis was performed
using a four-code approach, comprised of FRAPCON-2, SCDAP/RELAP5/M003,
TRAC-Pfl/ MODI, and FRAP-T6. In addition to the calculation of timing
results, this analysis provided a comparison of the capabilities of
SCDAP/RELAP5/M003 with TRAC-Pfl/ MODI for large-break LOCA analysis.
This paper discusses the methodology employed and the code development
efforts required to implement the methodology.

The shortest time intervals calculated between initiation of
containment isolation and fuel pin failure were 11.4 s and 19.1 s for
the B&W and W plants, respectively. The FRAP-T6 fuel pin failure
times calculated using thermal-h>draulic data generated by
SCDAP/RELAP5/M003 were more conservative (earlier) than those
calculated using data generated by TRAC-PF1/ MODI,

1. INTRODUCTION

A licensing basis for nuclcar reactors has been the loss-of-coolant accident
(LOCA), with an assumed instantaneous release of fission products from the fuel
into the containment. Cartain equipment performance requirements, such as rapid
closure of containment- isolatipn valves, have been required to facilitate
compliance with 10 CFR Part 100 regarding offsite radiological consequences.
These fast closure times have placed a burden on valve design and maintenance.

The objective- of this re::carch was to develop a viable methodology for
<

a.' Work supported by the U.S. Nuclear Regulatory Commission, Office of
Nuclear Regulatory Research, under DOE Contract No. DE-AC07-76ID01570.
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I

calculation of the timing of the earliest fuel pin cladding failure, relative to
the containment isolation signal, for LOCAs. The calculation was expected to |
show that certain isolation valves do not have to be closed as rapidly as now :

required, thus permitting more realistic licensing requirements. |

In order to meet thi,s objective, a calculational methodology was developed3employing the FRAPCON-2 , SCDAP/RELAP5/ MOD 3 , and F RAP-T6' comptder codes.
Demonstration calculations were performed, applying this methodology to two plant i

!designs, a Babcock and Wilcox (B&W) design analyzed using an Oconee plant model
and a Westinghouse (W) 4-loop design analyzed using a Seabrook plant model. u

ISensitivity studies were cerformed involving varied break sizes, fuel pin
burnups, and axial peaking factors. |

!

These calculations represent the first application of SC0AP/RELAP5/M003 and
were performed using a preliminary version of the code, prior to completion of
the code assessment efforts. In grder to evaluate the adequacy of |
SC0AP/RELAP5/ MOD 3, a single TRAC-PFl/ MODI calculation was performed, duplicating '

the worst-case SCDAP/RELAP5/ MOD 3 calculation for the Seabrook a, alysis. This |

calculation consisted of a complete, double-ended, offset-shear break of a cold
'

leg, without pumped emergency core cooling systems (ECCS) and assuming that the!

main coolant pumps continued operating. j

This paper summarizes the methodology developed for these calculations and
the results obtained from two demonstration calculations. i

2. METHODOLOGY

A four-code approach, utilizina rRAPCON-2, SCDAP/RELAP5/M003, TRAC-PFl/MODl,
and FRAP-T6, was adopted for the am 's :i s . This approach provided a defensible
calculational methodology for performing the analyses, incorporating a fully
assessed calculational path, using FRAPCON-2, TRAC-PFl/MODl, and FRAP-T6, and a
parallel path, util; zing FRAPCON-2, SC0AP/RELAP5/M003, and FRAP-T6.

2The FRAPCON-2 code was developed to calculate the steady-state response of
.

light water reactor (LWR) fuel rods during long-term burnup. It calculates thea

temperature, pressure, deformation, and failure histories of a fuel rod as
functions of time-dependent fuel rod power and coolant boundary conditions.

The FRAP-T6' code was developed to predict the performance of LWR fuel rods
during operational transients and hypothetical accidents, it obtains initial
fuel rod conditions by reading a file created by the FRAPCON-2 code and
calculates all of the phenomena that influence the transient performance of fuel
rods, with particular emphasis on tercerature and deformation of the cladding.

.

normal burnups;g-2 and FRA -T6 have been thoroughly assessed over a range of
Both FRAPC

however, they have not been assessed for- analysis of high-
-burnup fuel (>35 GWd/MTil). Results obtained for exposures above 35 GWd/MTU are
in general agreement with expected trends. In addition, it is not anticipated

i

~
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that high-burnup fuel ~ pins (>35 GWd/MTU) would be operating at power levels that
would cause them to fail earlier than lower-burnup pins.

3
: The SCDAP/RELAP5/M003 code was developed for best-estimate transient

- simulation o' LWR coolant systems under severe accident conditions, as well as
large- and small-break LOCAs. It is currently under development, and a
preliminary version (cycle 76) was used for the analyses.

5The TRAC-PFl/ MODI code was developed for transient simulation of LWR
coulant systems during large-break LOCAs. Version 14.3USQ.LG was used for this
analysis. This version was frozen in 1987 - by the U.S. Nuclear Regulatory
Commission for,Uuse in the code scaling, applicability, and uncertainty evaluation-

(CSAU) study. A broad assessment effort has been completed, which has
demonstrated that the code is capable of addressing the entire large-break LOCA
scenario (blowdown, refill, and reflood). Appendix III of the CSAU report"
provides an extensive list of assessment reports applicable to this code.

SCDAP/RELAP5/ MOD 3 wa:: chosen as the primary thermal-hydraulic code for the
analysis, since it provides a considerable cost savings over TRAC-PFl/ MODI for-

calculation of system thermal-hydraulic response under LOCA conditions.
SCDAP/RELAP5/M003 is a relatively fast-running code that can execute from a
workstation platform, as opposed to TRAC-PFl/ MODI, which requires a mainframe
pla t form. A wide range' of sensitivity _ cases were analyzed using
SCDAP/RELAP5/M003 to assess tha impact of-break size, ECCS availability, and main.

coolant pump trip on the fuel failure timing. Howevei, due to the lack of code
assessment . for . SCDAP/RELAP5/M003, a supplemental TRAC-PFl/ MODI calculation,
dupiicating the case resulting in the shortest time to~ pin failure, was run to
provide an evaluation of its accuracy.

-The calculational methodology using SCDAP/PELAPS/ MOD 3 is illustrated in
Figure 1, In these. calculations, FRAPCON-2 was used to calculate the
burnup-dependent fuel pin initial conditions for FRAP-T6; FRAP-T6 was used to
calculate the initial steady-state fuel pi_n conditions for SCDAP/RELAP5/M003;
SCDAP/RELAP5/M003 was run to obtain the system thermal-hydraulic bound ry
conditions, consisting of the fuei pin power distribution and thermodynati-
conditiuns of the coolant channel; and FRAP-T6 was used to calculate the'

-transient fuel pin behavior.
,

The supplemental calculation utilizes . a similar methodology with the
exception that SCDAP/RELAP5/M003 is replaced by TRAC-PFl/ MODI, as illustrated in
Figure 2. Initialization of burnup-dependent variables for the TRAC-PFl/ MOD 1
fuel components is not necessary, since the code does not have a fuel performance
model. -However, a comparison of initial stored energy calculated by TRACa
PFI/ MODI to that calculated by FRAP-T6 indicated reasonable agresent.

A significant software development = effort was conducted to implement the
chosen methodology. - This effort included conversion of the FRAPCON-2 and FRAP-T6'

codes to- portable FORTRAN _77 :to allow execution on - a 32-bit-based UNIX
workstation, and the creation of interface codes to link the thermal-hydraulics
codes - to FRAP-T6. In addition, advanced graphics capabilities were adde' to the
FRAP;T6 code. These canabilities include interfacing to the Nuclear Flant

345

-,, , .- - - -



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

FRAPCON-2
Calculates burnup-dependent
fuel pin initial conditions

h
Initial values of

released fission gas inventory
retained fission gas inventory
permanent cladding strains
cladding oxide thickness
amount of open fuel porosity

T

T T

SCDAP/RELAPS FRAr-T6
Calculates primary systein thernal- Steady-state case run to
hydraulic response, including provide initial steady-

primary system pressures, tem- state conditions for SCDAP
paratures, void distributions components
break flow
core thermal-hydraulics
contailm.ent ! solation signal Initial gap conductance
timings' Initial gap gas pressure
fuel pin ballooning and rupture Radial temperature prof:le

1

h
Time-dependent tables of

bulk thermal-hydraulic conditirns in
core nodes and core inlet and outlet
volumes.
Coolant mass flux in core nodes.
Fuel pin power distribution.

V
t

FRAP-T6-
Calculates transient

| fuel performance

1 1

| Fuel pin failure timing
|-

Figure 1. Flow chart of methodology using SCDAP/RELAP5/M003 thermal-hydraulic
data.
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FRAPCON-2 TRAC-Pf1/ MODI
Calculates burnup-deper. dent Calculate's primary system thermal-
fuel pir initial conditions hydraulic response, including

, primar) systen pressures, tem-
'

V peratures, void distributions
Initial values of break flow

released fission gas . inventory core thermal-hydraulics
retained fission gas inventory containment isolation signal
permanent cladding strains timings
- ladding oxide thicknessc
amount of open fuel porosity

V V
Time-dependent tables of

bulk thermal-hydraulic conditions in
core nodes and core inlet and outlet
volumes.
Coolant mass f ?ux in core nodes.

V
i

|

FRAP-T6
Calculates trarrient4

fuel performance

1

Fuel pin failure timing

Figure 2. Flow chart of methodology using TRAC-PFl/ MODI thermal-hydrauli.
data.

Analyzer (NPA)" and the GRAFITI graphics packages. The NPr. software -is ani2

advanced interactive graphics package that provides an animated display of the
fuel rod behavior during program execution. The GRAFITI package provides a
presentational graphics capability.

3. MODEL DEVELOPMENT

The calculations were performed assuming an equilibriu',n core operating at<

102% cc- thermal power. Similar core nodalization was used -for the
SC0AP/RELnP5/M003 and TRAC-Pfl/ MODI models, with the exception that the core

'

bypass was lumped into the outer core region in the TRAC-FFI/ MODI model. Ihis
nodalization consisted of a datailed three-channel core model with nine ' axial
nodas, simus ating hot channel, central, and outer regions of the core. The hot
channel included ' four fuel assemblies. The total power generated in the hot

,
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channel was assumed to be governed by the technical specification enthalpy rist
hot channel factor.

The Seabrook SCDAP/RELAP5/M003 model used for this analysis was adapted f rom
a RELAP5/M002 deck created for station blackout transient analysis of the
Seabrook nuclear power plant." The Oconee SCDAP/RELAPS/M'"U model was derived
from a RELAP5/ MOD 2 model created for evaluation of operational safety at B&W ,

plants." Several modifications were required to produce the models needed for
this analysis. These included the addition of a detailed 3-channel, 9-axial-node
core model, describing the hat channel and the central and outer core region;
point kinetics modeling; SCDAP modeling; a simplified containment model; and a
detailed downcomer model.

A simplified containment model, consisting of a single RElnP5 volume with
heat conductors representing steel and concrete sur faces, provided a f airly rough
estimate of containment response. A more detailed treatment of containment
response would require the use of a containment analysis code, for Seabrook,

results indicate that the containment isolation signal from the pressurizer low
pressure trip trails the signal received from high containment pressure by only
about 3 s. Due to the approximate nature of the containment pressure
calculation, the pressurizer low pressure trip time was used to determine the
containment isolation signal time. For Oconee large-break cases, the containment
isolation signal from the reactor coolant system (RCS) low pressure trip trails
the signal received from high containment pressure by only about 0.02 to 0.28 s;'

the RCS low pressure trip time was used to determine the containment isolation
signal time. For the small-break cases, the high containment pressure trip
trails the low RCS pressure trip by about 5 s; the high containment pressure trip
was used to determine the time of containment isolation.

The Seabrook TRAC-Pfl/ MODI model used for this analysis was derived from a
TRAC-Pfl/M001 model utilized for the CSAV study." The modifications for this
analysis included renodalization of the core region from five to nine axial
nodes, describing the hot channel and the central and outer core region, removal
of pumped ECCS, modification of the core power distribution, and replacement of

.

containment pressure and decay beat boundary conditions. Boundary conditions fp
containment pressure and total core power history were obtained from the
corresponding SC0AP/RELAPS/M003 calculation.

The FRAPCON-2, FRAP-T6, and SCDAP fuel pin models were developed,

specifically for this-analysis. A single fuel pin design was modeled for each
plant type analyzed. These fuel designs included the Mk-B9/10 design for the
Oconee analysis and the H 17x17 standard fuel design for the Seabrook analysis.
Reactor-specific fuel data were obtained either from the fuel vendor or-the
appropriate Final Safety Analysis Report." # The basic design parameters for
each fuel type are summarized in Table 1.

The results generated by this analysis are dependent on the specific fuel
design parameters, such as initial helium fill inv(ntory, fuel pellet dimensions,

!

|

|
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fable 1. Sm.:ary of fuel design characteristics factors, tep to and including the heat flu :;; channel facter. A fundamental
assu ptien governing this methoblogy is tt at the bot channel thermal-hydr aulir
unditions generated by SCCAP/MLAP5/M333 00 not vary sigm ficantly for changesChar.cteristic

r.1W MA E0/}0 F 17 d7 stand ed in het pin axial power profile. In each case, the total fuel pin power.--

Pin lattice - integrated over the length of the pin, i s governed by the enthalpy rise hat
17,37 channel f actor and is therefore independent of the amial peaking f actor applied.fuel pint per asse.rbly

fuel pellet 00 (in-) N
0.370 0.3225 for each small-break $ CAP /REL AP5/M003 calculatten, a preliminars mtrix ofCladdin; 10 (in.)

- 0.373 f our FRAP-16 cases was execut ed. These cases corresponc to the hie . burrupCladfing 00 (tn )
- 0.3 74 and peak ing f actor for each reactor. Shce ro fuel pin failure w observedPlenwn lergth (hn )

inittal fuel stack h u . E3M 6.479 prior to 393 s fc: Occnee and 600 s for Sabrook (at whic5 time code tailure was
W .0 enMeM m M/WMW, e amM WW e e m

f uel enrichment (wt u) 3' 3.1
TRAP-16 is a best-estimate code; however, a set of evaluation endels,-

including the WSEG-0630" ballooning model, are available as options. that can
be used to perform calculattens of fuel rod behavi,gr that can satisfy restcladding dimensions d I

to vary with toth fue P" d' * times can be expected criteria specified in 10 CfD, P;,rt 50, Appendis K.* The ? valuation models
esign and reactor desi9n. include the creas of mec.hanit.al deformation and rtstve, tFereal-h,draulic

boundary conditions, initial conditions, and raaterial properties of fuel and i
cladding. The 16-case FRAP-T6 matria was repeated for the worst <ase break size

4. SENSITIVITY STUDIES (100% DBA) using th evaluation model options.
- *be 16-case FRAP T6 matrix for the

ri m W was m W M d -Using SCDAP/REL AP5/M003, sensitivity studies were performed for each rearter worst ase r s ze for the Seabrc ra

type to identify the break size resulting in the shortest time to pin failu e. hyaraulic boundary coadition data provided by IRACMI/M00 -
Ite large-break spectruqi analyzed consisted of double en ko, of f set. shear breaks
of a cold leg, with break sizes correspending to 10% %A, 7% and 509. of the
f ull design basis analysis (DBA) cold leg break area (20M, of the cold leg cross- 5. RESULTS
sectional area).
steady-state calculation with a percentage of the flewFor these cases. the bren modeling censisted of restarting a

area from eac. 'ide of accid leg junction redirected into the containment volume. The jcnct wn conten1 The resultr of the tirahg analysis of PW fuel pin f ailure r s a ired
flag for an abrupt area thange was turned on for each break junction. The treak below. Sections 5.1 and 5.2 at scribe the accident scenarios c
model for the vin.-diameter, small-break !OCA consisted of a tr:p valve located feel pin f atiure results obtai ed from f sP-I6 using i erra
between the cold leg and the tentaiment at the same location used fer the large- conditim calculated t>y SCC"/m AP5/MGD3 and 10 M WE ''* 'break case.

s$t ithout any pwmed ECCS atollable. The 5.1 REsutTs GENERf3fD USING SCDAP/PELAF5/MSD3*s ularge eak e g nt n fai e e also mn .

with pumped fCCS availaole, tu determine the impact of LG5 on sin failuretimin9
The accumuIators were assumed tc be awailable for all ca w s. The thcrmal-bydraulic results calculated by SCDAP/MLAT5/M003 for the worst-

The b case 1.0CA for Oconee are illustrated in figure 3. Core thermal pcwer drops of f
$ t incorporate a concurrent loss of offsite power. rapilly in response to core voidirg, f alltng pressurizer pressure lags the dropAs a resu t he a M c Ne operatien in system pressure, due to chr. king in the surge lire. Starting at about 33 s.

throughout the transient. 5ensitivity cases were run using the worst-case break collapsed reactor t ater. |evel begins a gradual recovery as flow from the
e mine he impact of tripping the accumulators begins to reach the core. The containment isolation trip setrointsRCS pumps at time zero*

_ were exceed-d at 0.6 and 3. 7 s for Oconee and Seabrook, respectively. an
fo h adytional 2-s delay to account for instrument response times was assumed for

' t thermal-hydraulic cor.dit'ons generated ! each plant for calculating the containment isolation times.Dy SCDAP/ AP5 1003 a s r cs o
f ailere times for a range of fuel pin peak burnupsfp p_T6 cases were run to determine fuel Din|

and axial pwer gea m g The hot channel theriral-hyuraulic conditions generated by each
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Figure 3. Plots of tiie transient results generated by SCDAP/RELAP5/M003 for a
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SC0AP/RELAP5/M003 Variables:

0-rktpow Total core thermal power (W)
0-rkfipow Total core fission power (W)
0-rkgapow- Total core decay heat (W)
4010-cntrlvar Hot channel collapsed reactor water level (m)

,

4040-cntrivar Core-average collapsed reactor water level (m)
550010000-p Reactor-upper head pressure (Pa)
615010000-p Pressurizer dome pressure (Pa)
2-pgas Internal pin pressure for 5 GWD/MTV pin (Pa)
3-pgas Internal pin pressure for 55 GWD/MTU pin (Pa)
14nn01-cadct High-burnup fuel pin cladding temperature for

node nn ( K)
nn03-hoop High-burnup fuel pin cladding hoop strain (dimensionless)
4100-cntrlvar Total break flow (kg/s)
702000000-mflowj Total accumulator flow (kg/s)

:

Figure 3. (continued)
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SCDAP/RELAP5/M003 run were used to provide boundary conditions for FRAP-T6, which
calculated fuel pin failure times for a matrix of fuel pin exposures and peaking
factors. The fuel pin failure times calculated by FRAP-T6 for the worst-case
LOCA are summarized in Tables 2 and 3 for Oconee and Seabrook, respecovely. In
cases where no fuel pin failure was predicted, the values given in the tablos
correspond to the transient time at the end of the calculation, prefixed by a
" greater than" symbol (>). The failure nodes are indicated by the numbers in
parentheses; nodes are numbered from 1 at the bottom of the core to 9 at the top.

.

Table 2. FRAP-T6-calculated hot fuel pin failure time (s) and locations as
a function of burnup and peaking f actor (pf) for a complete, double-
ended, offset-shear LOCA for Oconee.

_

__ B_u r_nug/gf 5 GWd/MTV 20 GWd/MTV 35 GWd/MTU 55 GWd/MTU
_

2.63 22.7 (5) 20.3 (4) 18.0 (4) 13.0 (4)
2.4 > 60.0 25.3 (4) 19.7 (4) 14.1 (4)
2.2 > 60.0 34.8 (4) 23.9 (4) 16.4 (4)
2.0 > 60.0 >60.0 33.8 (4) 22.5 (4) 3

-

Table 3. FRAP-T6-calculated hot fuel pin failure time (s) and locations as
a function of burnup and peaking factor (pf) for a complete, double-
ended, offset-shear LOCA for Seabrook.

Burnug/_p f 5 GWd/MTV 20 GWd/MTU 35 GWd/MTU 50 GWd/MTU

2.32 29.1 (5) 29.7 (5) 27.7 (5) 24.8 (4) :_

2.2 34.4 (5) 36.7 (5) 35.8 (5) 32.5 (4) __
2.0 44.5 (4) 48.4 (4) 43.6 (4) 43.6 (4)
1.8 > 60.0 > 60.0 > 60.0 > 60.0

__
__

,

The transient fuel pin performance results calculated by FRAP-T6 are shown
in Figures 4 and 5 for Otonee and Seabrook, iespectively. Initially, the fuel
pin internal pressures drop gradually as the fuel pin plenum temperatures drop
and ballooning of the cladding occuts. A sudden drop in fuel pin internal pin
pressure to the system pressure is observed when the fuel pin failure criterion
(failure probability > 0.5) is reached.

The fuel cladding surface temperatures rise rapidly during the first few
seconds, as the fuel rod surface heat flux is reduced due to core voiding. Fuel
cladding temperatures pea ( at about 1100 K, t' en decline over the next few

353
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Figure 4. FRAP-T6 transient fuel performance results for an Oconee hot channel'

hot pin, peaking factor 2.63, 55 GWd/MTU burnup, using SCDAP/RELAP5/M003 thermal- i
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hydraulic boundary condition data.
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Figure 5. .FRAP-T6 transient fuel performance results for a Seabrook hot channel
hot pin, peaking factor 2.32, 50 GWd/MTV burnup, using SCDAP/RELAP5/M003 thermal-
hydraulic boundary condition data.
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seconds as the fuel gives up its stored energy and fuel pellet temperatures drop
due to the reduced power generation. Eventually, the reduced heat transfer at .I
the cladding surface produces a steady rise in cladding and fuel pellet |
temperatures. This temperature rise continues until water from the accumulators
(and the pumped-ECCS, if available) makes its way into the core region.

The zircaloy cladding undergoes a phase change starting at about 1050-1090
K and ending at about 1250 K. As a result of this phase change, the material
properties of the cladding change rapidly over this temperature range, in each
case, pin failures were calculated to occur during this phase transition prior
to reaching a temprature of 1250 K.

The fuel centerline temperatures calculated by SCDAP/RELAP5/ MOD 3 for both
the- Oconee and Seabrook models are in fairly close agreement with those-

calculated by the best-estimate models of FRAP-T6. The Seabrook results also
indicate good agreemert between SCDAP/RELAP5/M003 and FRAP-T6 cladding surface
temperatures; however, for Oconee, SCDAP/RELAP5/ MOD 3 tends to overpredict
cladding surface temperatures in comparison to those calculated by FRAP TC. These
differences are attributed to the different hoat transfer correlations used in
the two codes.

L

The fuel - pin failure times calculated by SCDAP/RELAP5/M003 do not, in
general, correlate well with those calculated by FRAP-T6. Except for the Oconee
100% DBA LOCA cases, the fuel pin failure times calculated by SCDAP/RELAP5/M003
tend to be longer than those calculated b., FRAP-T6. This discrepancy increases

.significantly as the break size is reduced. A fairly good agreement is obtained2-
' - between the two codes for the 100% DBA Oconee cases, both with and without pumped

ECCS. .However, fuel pin failure times calculated by SCDAP/RELAP5/M003 are about
-half. of those calculated by FRAP-T6 for the two 100% DBA Oconee cases run with
. main' coolant pump trip.

The observed deviations between FRAP-T6 and SCDAP fuel pin failure times can
'

be traced, at least in part, to the difference in the cladding strains calculated
,

by the two codes, in SCDAP, a step change in cladding strain was encountered at
each axial node of the low-exposure fuel pins at around 10 s ior each large-break
LOCA case for both the Oconee and Seabrook fuel pins. This step change in
cladding strain was also calculated for the Seabrook high-exposure fuel pin. The
cladding deformation model does not appear to be properly taking strain rate
effects- into: account. The step change in cladding ' strain produces a step
decrease in internal fuel pin pressure. As illestrated by the plots of internal
pin pressure calculated by SCDAP/RELAP5/M003 (see Figure 3), the step decrease
in pressure early in the transient results in a delayed time to feel pin rupture.
SCDAP/RELAP5/M003 overpredicts the axial extent of cladding def armation, which
results in an underprediction of internal pin pressures and an ove rprediction of
the' time to fuel pin failure.

The minimum time to fuel pin failure for Oconee, calculated with the FRAP-T6
best-estimate models, is 13.0 s - for the 100% DBA case without RCS pump trip.
This time was not affected by availability of pumped ECCS. The minimum time to
fuel-pin failure calculated by FRAP-T6 for Seabrook is 24.6 s for the 100% DBA
case without ECCS available. Overall, the results generated by FRAP-T6 are

>
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l

consistent with expected trends. Pin failure times shortened as peaking factors, I

burnups, and break areas were increased.

The earliest' pin failure times calculated for Oconee are significantly
shorter than those calculated for Seabrook. The shortcr failure times can be
directly attributed to the higher linear heat generation rate and the larger fuel
pin diameter in_ Oconee, which results in higher initial stored energy. In. '

addition, the failure -times calculated- for Oconee are stronger functions of
burnup than those reported for Seabrook. The pin failure times calculated for
Seabrook are only weak functions of burnup, with only about 5 s separating the
pin failure times over the range of burnups.

Several parameters affecting fuel pin failure times vary as a function of
exposure, including cladding creep, fuel and cladding material properties,
internal gas pressure, and gap -conductance. The fuel pin failure times
calculated _ for Seabrook generally increase between 5 and 20 GWd/MTV and then
decrease to the shortest pin failure time at 50 GWd/MTV. The increase in fuel
pin failure time between 5 and 20 GWd/MTU can be attributed to the decrease in
stored energy over this period, resulting from cladding creep and increased gap

L conductance. After 20 GWd/MTV, the fuel pin internal pressure becomes the
I dominant factor affecting the fuel failure timing.

! The stored energy calculated for Oconee does not vary with exposure to the
; same extent as observed in the Seabrook anaiysis. Fuel pin failure times for

| Oconee are dominated primarily by the internal pin pressure, resulting in a
stronger dependence on exposure.'

As anticipated, no fuel pin failures are predicted fer the small-break cases
during the first 60 s of the calculation. The small-break cases without pumped
ECCS was subsequently extended to 393.0 s (at which time code failure occurred)
for Oconee and to 1800.0 s for Seabrook, with no fuel failures predicted by

either SCDAP/RELAP5/M003 or FRAP-T6.

3.2 SUPPLEMENTAL TRAC-PF1/ MOD 1 CALCULATION

._ Figure 6 compares the transient results generated by SCDAP/RELAP5/M003 and )

_ TRAC-Pfl/ MODI. The plots illustrate a good comparison of break flow and
resulting system depressurization. The-TRAC-PFl/MODl calculation reaches the 1ow
pressurizer pressure setpoint at 3.84 s, only 0.11 s later than indicated by the

- SCDAP/RELAP5/M003 cal cul a tion.* The accumulator, intact hot leg, and cold _ leg
flows also compare well .

|

| The largest deviation between results occurs after the ccumulators empty
and dis:harge nitrogen into the system. In the SCDAP/RELAP5/M003 calculation,

1

b. An-additional delay of 2.0 s to account for instrument response
is assumed for the analysis.
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Figure 6. Plots of the transient results generated by SCDAP/RELAP5/M003 and
TRAC-PFl/MODl.

ass

_ - - _ - _ . _ _ _ - _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ - _ _ - - ___ _ _
. . .

.



. .

SEABROCK 100". DBA, TRAC- 1T1 VS RELAPyMODit EEAFROOK 100". DM. TRAC- Pr. V3 l&l.AM MOD 3
d tot 1 intact hot leg flow % total mtact loop coid leg flaw
r 'S8 p - . . . . _ - _ - "I b I S

" " ~ ~ ~ ' ~ ' ' ~ ~ ' ' ~ ' ~ ~-

g w rmmccorns.ci ic- 4 aw-
tan p !$ o g r;rs_;N_Wi EO ;I O sa c *!*

_ < 3 g 5
1 '#j 4 ; J 2 53

ic e i e 10 o e 1 F-
to 3 ; L \ h

- s o .5 t e, ,

w.d,( .f,| 9 ' \ !;Qto. ;i

g ; ;

!t 3.L ? b\'t ,. . i im

| 3ea
. ,o a m i, g.

. , s .u. .-- 4 a r es
,,

'
| > ' , C- ,

a s 4e' so r . i ;.,
-

,

i
,

l : ;

s( ( & & # w vA m*" M
'

; . 4 .,,
,

_ _ . _ _ _ _

3%3CC ; D '' 3 - 13 0 | ,. ~:L =4 L H e
,. _'

| .
Is C._C t % !; F ",

---- aso - --- Czi 1 r 1ri L.--~--.------
00 to o 2c 0 n0 40 c ML 50 0 08 10 0 2a 3 DC 41 ' *s #>0

Time Pec) Time (m )

m

SEAHROCK 100". DIM. TR AC-PF1 VS RELAPktt033 SE ABROOK 100'; DBA TH AT -Pn P HL1 AP5- MOD 3
s oid Inu ' cn:

b1 dow nt omer,t,- . ..-, t3
hot charme; core fWe

mo, . - _ , _ . _ . ;e, , m . .,
!ra r; ..,;d #y[g$ p --c tsseioopo m n .v q mo

9ei i[ I,h3
no c H >---e urtr w rerwaanci j g | i. -c---- 1 c.: 3 3 ,, ag . 4

'

'!--i

7 ; g 3 |

- y
'

ti- ,i m e- -.egi t c e

me p j 1, c in m m o g;'< ._,
,

i s--, auwa- mia c, ,

c';
! 1 ese T3 08 : i 4-;g g3; L 1

! li!!! i ; 4}ie : + 1 e

j o o Y k p_<.- _M% k.h,.

j / | t 4oc ,, </ 3- o a i

_esa c j |[
.

"" J "
-ic5 0 g4 , s r

i ce r - ) ea
ks ( ! j

, ,

-soo n [ 1

-

i

i - o9- s 2c o ;,

.00 0 0 3 ha- &- - - -- I kl*- Ad- e - 0 er

no lo s no 30 o oc sa c eu o on to o ea eu oo ,e oc
Tune (ye e ime aed

EEABROOK 100". DBA. TRAC-PF1 V3 RELAP4 MOD 3 SEABROOK 100*; DHA. T ? AC - PM / RF 1 AP5 'M'JD3 -

il downcomer void fractions "a tune step v?e (
39..~e.,m-%.+--,----~~~m -.-.-.m $0 710 vm-, . ;++r- . . ,v-.-y --. + + + y 1 e 7

|b .f b-C 186020000 -v mdg I ! I h
196030MO-votog f k 1,

L' &M

}
1 40166040000 -voidg |08 - 4-4 18 40

! +--* 186050000 ro.dg l i

h , f I k ! * -- , # ALPHA 09908;3 g i ki {
O CSb f

'

[[ d 39 h L 39 k ' 30

I ! / .1 f !:i % (* ^!'
T! tr 3: ,.!! 4 - <>

e 94 * O 4o -

j .

4 ! j!
+

T 04 r- ,.
h

'
3 >~ l 7

e! !5 5
~

;d u h gk!|
y.

!2 | 4 .

3. 'h 4

!!| . ;

02 f |
. I

-

f f h 5! ! .

', | i '

v. _. s em; p

i
t

') O2 10 F- f. .1b- | -p- '4 iS
i

i
f

| )
'

| . - , T. ): ? ?00@00.f !1
o c n-*G - I8 -- oa oa'------------ - --' S3'

00 t0 0 20 0 30 0 4'10 '10 0 40 0 49 19 9 pd 116 49 J u ei c

Time bec) Time *seo

Figure 6. (continued)

359



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

- Vari able Description

SCDAP/RELAPS/ MOD 3 Variables:

0-rktpow- Total core thermal power (W) ,

0-rkfipow Total core fission power (W) |
0-rkgapow- Total core decay heat (W) ;

400-cntrivar- Hot channel collapsed reactor water level (m) a

403-cntrivar Core-average collapsed reactor water level (m) |

128010000-p Reactor upper head pressure (Pa) |
620010000-p Pressurizer dome pressure (Pa) !

410-cntrivar : Total break flow (kg/s)
704010000-mflowj Accumulator flow for- the broken loop (kg/s) 'j

Total accuniulator flow for the intact loop-(kg/s})
'

702010000-mflowj l

Accumulator liquid volume for the intact loop (m '702-acvlig'
200010000-mflowj Total hot leg flow for the intact loop (kg/s) |
253010000-mflowj Total cold leg flow for the intact loop (kg/s) i
155010000-mflowj Hot channel flows at the_ core midplane (kg/s) l

'

1060n0000-voidg Broken loop downcomer void fraction for node n at the core
midplane elevation

1860n0000-voidg- Intact loop-downcomer void fraction for node n at the core
midplane elevation

'0-dt Time step size (s)

TRAC-PFl/MODIVariables:

RPOWER0990001 Total core thermal power (W)
CORELEVEL . Core-average _ collapsed reactor water level (m)
PUP 0990001 Reactor upper head pressure (Pa)
P078001 Pressurizer dome pressure (Pa)
MFLOWTOTBRK Total break flow (kg/s)

-

;MFLOWO440002 - Accumulator flow for the broken loop (kg/s)

Total accumulator flow -for the intact loop (kg/sj)MFLOWTOTINTAC.
Accumulator _ liquid volume for the intact loop (mACQLIQTOTINT

MFLOWINTHLEG Total hot leg flow for the intact loop (kg/s)
MFLOWINTCLEG . Total cold leg flow for. the _ intact loop (kg/s)
MFLOWTOT990801 Hot channel . flows at the core midplane (kg/s)
ALPHA 0990814 Broken loop downtomer void fraction for node n at the core

midplane elevation
ALPHA 0990813 Intact loop downtomer void fraction for node n at the core

' midplane elevation
DELT0000001 Time step size (s)

Figure 6. (continued)
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the accumulators were isolated as they a; proached an orpty condition, in order
to prevent code f ailure. In the TRAC -Pf i /MJ01 calculation, bewever, as the

accumulators empty, nitrogen gas is discharged into the cold leo and vessel.
This surge of nonconcensible gas pressurizes the upper dov.ncowr[ resultina in
a surge of fluid into the core region. A surge can be seen as the broken loop
accumulator empties at approxirnately 35 s an i again as the intact a<cumulators
empty at about 40 s. This surge of fluid is c learly seen m th< Lot channel nu m
flow at the (nidcore level. The downcc"r said f raction plots indicate snilar
responses for voiding of the downcomer adjacent to the int act loops; hov.ever, the
TRAC-Pfl/ MODI calculation indicates e quicker and rare prolonged voiding of tb
downcomer quadrant adjacent to the broken cold leg.

The FRAP-16 fuel pin failure tim s ynerated us mg I P AC - Pi l/ PNI are
summarized in Table 4. The axial node in which failur. occurred is aisen i
parentheses. The corresponJing transient fuel perfor w ci rm ul t s calculat11 ts r
FRAP-T6 for a fuel pin operating with a pw 'r r, aking f ac t m of ' '? and a "eak,

burnup of 50 GWD/M1U are shown in Fiaur" 7

Table 4. Fuel pin failure tims (s) calculated to I P AP -16 .,ing

thermal-hydraulic conditions generatei * IRAf-LF1 C 1
-. .-.- ,. = = = g = -==

1}1Burnup/pf 5 GWd/MIU ! 20 G W MTU 35 GWi/MlU 50 GWd/MIU ;.
1 E

| ,

i

2.32 ! > 60.0 41.4 (5) j__ 41.3 (6.)_ __34 3 (6) i
t _ _7_. m.

{ Pi

2.2 i > 60,3 60 _.0 41.4 (5J___4 41.2 (6.) L
4 _3

,

-

2.0 I > 60.0 > t0.0 ! > 60.0 ! > 60.0
,

y 4 . _ _ _ . - + - . . - - - -

0 1.8 | > S0.0 > 60.0 > 60.0 > 60.0
-- . .

Cladding surf ace temperatures calculated by f RAP-!6 us ing IRAC - PFl/"001 dat a
are lower than those calculated using SPAP/RF!. APSff'^:03 dat a. A shewn in i tgun
7, this deviation becomes even r: ore appan ni after about 40 s, due to the
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Figure 7. FRAP-T6 transient fuel performance results for the Seabrook hot-
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nitrogen-induced flow surge that results in a quenching of the cladding for the
TRAC-PFl/ MODI calculation. In the TRAC-Pfl/ MODI case, pin f ailure occurs during
the initial coolant surge, prior to reaching the phase transition temperature
range. Based on this single 1RAC-PFl/M001 calculation, the methodology using
SCDAP/RELAP5/ MOD 3 to provide thermal-hydraulic boundary conditions for FRAP-16
appears to produce conservative results (earlier fuel pin failure).

6. CONCLUSIONS

The earliest fuci pin f ailure times calculated for a complete, double-ended.
offset-shear break of a cold leg, without pumped ECCS and assuming the main
coolant pumps continued operating, are 13.0 s for Oconee using SCDAP/RELAP5/M003;
24.8 s for Seabrook using SCDAP/RELAP5/ MOD 3; and 34.9 s for Seabrook using TRAC- -

Pfl/MODl. The corresponding containment isolation signal times are 0.6, 3.73,
and 3.84 s, respectively. A 2.0-s delay was astumed for instrument response.
These values are summarized in Table 5, along with the minimum interval
calculated between initiation of containment isolation and failure of the first
fuel pin.

Table 5. Timing summary for worst-case LOCA runs using highest burnup and
peaking factor results.

Thermai-hydraulic Cont-inment Earliest pin Interval
Plant model isolation (s) failure (s) (s)

Oconee SCDAP/RELAP5/M003 2.6 13.0 11.4
Seabrook SCDAP/RELAPS/ MOD 3 5.7 24.8 19.1
Seabrook TRAC-Pfl/ MODI 5.8 34.9 29.1

-

-

These values were obtained for fuel pins with the maximum discharge burnup,
operating at the technical specification limits. This represents a conservative
result, since fuel pins with such a high exposure would not be operating at such
conditions. The fuel pin failure time can increase significantly for both lower
burnup and lower peaking factor. An improved best-estimate approach would
require .nSiled fuel-cycle-specific information on the core power and exposure
distributions.

7. REFERENCES

1. Code of federal Regulations, 10CFR Part 100, "Peactor Site Ca teria,"
January 1, 1991.

2. G. A. Berna et al., FRAPCOH-2: A Co:"puter Code for the Calculation of

363

__________- ____________ - ____- _____ - ________ - _ _ - __- _ _ _ _ - _- _ _ _ ___ _ ____
__

_ _



Steady State Thermal-Mechanical Behavior of Oxide Fuel Rods, NUREG/CR-1845,
January 1981.

3. C. M. Allison et al . (Eds.), SCDAP/RELAP5/M003 Code Manual, NUREG/CR-5273,
EGG-2555 (Draft), Revision 1, Volumes 1-111, June 1990.

4. L. J. Siefken et al., FRAP-16: A Computer Code for the Transient Analysis 1

of Oxide fuel Rods, NUREG/CR-2148, May 1981.

5. TRAC-PF1/MODl: An Advanced Best Estimate Computer Program for Pressurized
Water Reactor Thermal-Hydraulic Analysis. NUREG/CR-3858, April 1987.

6. G. A. Berna, D. D. Lanning, and W. N. Rausch, FRAPCON-2 Development al
Assessment, PNL-3849, NUREG/CR-1949, June 1981.

7. E. T. Laats, R. Chambers, and N. L. Hampton, Independent Assessment of the
Steady State Fuel Rod Analysis Code FRAPCON-2, EGG-CAAP-5335, January 1981.

1

8. L. J. Siefken, Developmental Assesscent of FRAP-16, EGG-CDAP-5439, May
1981.

9. R. Chambers et al., Independent Assessment of the Transient Fuel Rod
Analysis Code FRAP-76, EGG-CAAD-5532, January 1981.

10. Technical Program Group, Quartifying Reactor Safety Margins: Application
of Code Scaling, Applicability, and Uncertainty Evaluation Methodology to
a large-Break, Loss-of-Coolant Accident, EGG-2552, NUREG/CR-5249, December
1989,

11. D. M. Snider, K. L. Wagner, and W. Grush, Nuclear Plant Analyzer (NPA)
Reference Manual Mod-1, EGG-EAST 3096, April 1990.

12. J. E. Streit et al., GRAFITI User Manual EGG-CATT-9604, March 1991. (

13. P. D. Bayless and R. Chambers, Analysis of A Station Blackout Iransient at
the Seabrook Nuclear Power Plant, [6G-HTP-6700, September 1984.

14. P. D. Wheatley et al . , Evaluation of Operat ional Safe ty at Babcock and
Wilcox Plants; Volume 2 - Thermal-Hydraulic Results, NUREG/CR-4966,
November 1987.

15. Duke Power Co., Final Safety Analysis Report, Oconee Nuclear Station Units
1, 2, and 3, March 18, 1972.

16. Updated Final Safety Analysis Report, Seabrook Stztion, May 26, 1989.

17. D. A. Powers and R. O. Meyer, Cladding Swelling and Rupture Models for LOCA
Analysis, NUREG-0630, April 1980.

18. Code of Federal Regulations,10CFR Part 50, Appendix K, "ECCS Evaluation
Models," January 1, 1991.

364

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



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

i

NOTICE

-This report was prepared as an account of work sponsored by an agency of the
United States Goverr. ment. Neither the United States Government nor any agency>

thereof, or any of their employees, makes any warranty, expressed or implied, or
assumes any legal liability or responsibility for any third party's use, or the ,

results of such use, of any information, apparatus, product or process disclosed '

in this report, or represents that its use by such third party would not infringe
privately owned rights. The views expressed in this report are not necessarily
those of the U.S. ?fuclear Regulatory Commission. ,
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ABSTRACT
-

The ability of plant personnel to successfully manage severe
accidents strongly depends on the availability of timely and
accurate plant status information. The United States Nuclear
Regulatory Commission (USNRC) recognizes the importance of
reliable plant information by making instrumentation one of the
five elements of its accident management framework. This paper
describes the results of research sponsored by the NRC to evaluate
the availability of plant instrumentation during a range of
possible severe accidents at a PWR with a large dry containment.

The approach used to perform the instrument availability
evaluation is based on the methodology developed during a previous
NRC program which resulted in the publication of NUREG/CR-5513'".
NUREG/CR-5513 discusses the instruments needed by plant personnel
involved in accident management to determine the status of the
pl ant . The availability of these instruments during a severe

_

accident initiated by a small break LOCA was evaluated in
NUREG/CR-5513.

This paper expands on the results presented in NUREG/CR-5513 by
evaluating instrument availability based on the environmental
conditions possible for a range of possible severe accidents that
could occur at a pressurized water reactor (PWR) with a large dry
containment. The expanded evaluation is presented in NUREG/CR-
5691z) These results indicate that instrument; tion in somet

.

plant locations will not be available during certain phases of
severe accidents.

a. Work supported by the division of Systems Research, Office of Nuclear
Reactor Research, U.S. Nuclear Regulatory Commission, Washington, D.C. 205555,
under DOE Contract No. DE-AC07-7610001570
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INTRODUCTION

The capability currently exists to manage a broad range of accidents at
nuclear power plants-in the United States. Consequently, severe accidents at
nuclear power plants will occur orly if there are multiple failures of safety
related equipment, serious humt, errors, or some combination of these two
conditions. To manage this cov~ a severe accident behavior, plant personnel
must successfully diagnose the occurrence of an accident, determine the extent i

'of challenge 'to plant safety, monitor the performance of automatic systems,
select strategies to prevent or mitigate the safety challenge, implement the,

strategies, and monitor their effectivent.ss. One of the areas affecting the '

capability of personnel to effectively carry out these actions is the
availability of timely and accurate plant status information. Plant
instruments are relied upon to supply the information.

Safety-related instrumentation installed in a nuclear _ power r' nt is primarily
designed and qualified for preventing and mitigating accident. . hat have a
severity less than or equal to the severity of a design-basis accident. The
ability of the instrumentation to supply the information needed for severe
accident management has not been comprehensively investigated for conditions
typical of.a broad range of severe accidents.

In this paper,_ severe accident conditions that influence instrument
availability and performance are identified and the availability of _ plant
instrumentation for a wide range of severe accidents is assessed for a
pressurized water reactor (PWR) with a large dry containment.

APPROACH

The following approach was used to evaluate instrument availability for
various severe accident conditions. This approach is summarized in the

1following steps-
1

1. Identify severe accidents that influence risk for a PWR with a large,
dry containment j

2. Define expected thermal hydraulic, radiation and humidity conditions j,

affecting instrumentation by location 1.

i

L 3. Define envelopes that bound the range of parameters that impact
instrument performance

4. Assess instrument availability based on location and conditions

Step 1: Identify Severe Accident Sequences

The probabilistic risk assessment results presented in NUREG-ll50* for the-

Surry and Zion pressurized water reactors were used to identify the types of
severe accident _ sequences having the potential to influence risk described in
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Step 1 of the above approach. These results are from the most recent
evaluation of all credible typus of accidents that will dominate core damage
frequency and risk to the public. Although the results are specific to the
two plants, the sequence categories identified are sufficiently broad to apply
to most PWRs.

The following five plant damage states from NUREG-ll50 used in this assessment
are:

1. Station blackout (S80)

2. Large- and small-break loss-of-coolant accidents (LOCAs)
~

3. Anticipated transients without scram (ATWS)

4. All other transients except SB0 and ATWS

5. Interfacing system LOCA (ISLOCA) steam generator tube rupture.

Each plant damage state is determined from the following seven plant damage
state indicators: (1) status of the reactor coulant system at the onset of
core damage, (2) status of the emergency core cooling system, (3) status of
the containment heat removal capability, (4) status of the ac power, (5)
refueling water storage tank injection capability, (6) steam generator heat
removal capability, and (7) status of the reactor coolant pump (RCP) seal
cooling. The NUREG-ll50 analysis includes the full range of potential
accident sequences, as represented by these plant damage states for a PWR with
a large dry containment design.

Several accident progression bins are presented in NUREG-ll50 to cover the
range of outcomes for each plant damage state, included in the accident -

progression bins is consideration of important events during a severe
accident. These include core meltdown and lower head failure and the potential
for hydrogen burns and direct containment heating. The accident progression
bins from NUREG-ll50 used in this assessment are:

o Vessel breach with an alpha mode failure and early containment
failure

o Vessel breach at a pressure >200 psia with early containment
failure

o Vessel breach at a pressure <200 psia with early containment
failure

o Vessel breach with late containment failure

o Bypass
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o Vessel breach with no containment failure

-o- No vessel breach.

An alpha mode failure results from a steam explosion. Early containment
failure refers to containment failure at or before vessel breach (lower head
failure).

Step 2: Define Expected Conditions

To accomplish Step 2, the conditions within the reactor coolant system and
containment were defined based on a review of severe accident analyses
available for PWR plants. From this review, the only analyses available that
provide information on the thermal hydraulic conditions both in the reactor
coolantsystemandcontg'inmentforarangeofimportantPWRaccident_ sequences
are found in BMI-21043' and NUREG/CR-4624"JI for the Surry and Zion plants.
The Surry plant is a We:tinghouse-designed, three-loop PWR in a subatmospheric
containment building. The Zion plant is a Westinghouse-designed, four-loop PWR
in a large dry containment building. The BMI-2104 and NUREG/CR-4624 analyses
are also used because most of the important events expected during a severe
accident, from core melt through lower head failure and beyond, are found in
these reports, including possible containment failure modes. These analyses

.

provide a baseline for gaining insight into challenges to instrument
availability.

The accident sequence results from BMI-2104 and NUREG/CR-4624 are assigned to
the NUREG-ll50 plant damage states and accident progression bins as shown in
Table 1. This assignment was made on the basis of the accident initiator, the-

RCS pressure at vessel failure, and the timing and mode of containment
failure, in genertl, the accident initiator was used in the assignment ,f
plant damage states, and the containment failure mode was used for-assignment
to accident progression-bins. This categorization was performed to verify
that the accident sequence results presented in BMI-2104 and NUREG/CR-4624
cover the range of accidents expectra f or the plant damage states and accident
progression bins presented in NUREG-1150. It is judged that the range of
conditions expected for any' plant aamage state and accident progression bin

. combination are generally reflected in the BMI 2104 and NUREG/CR-4624
' analyses. Appendix B to NUREG/CR-5691 gives detailed information on this

process.

It is recognized that hot leg natural circulation is not considered in
BMI-2104 and NUREG/CR-4624, which'can impact the performance of instruments in

;
' the reactor coolant system. Hot leg natural circulation will redistribute

energy in the reactor coolant system and can result in th3 prediction of
higher temperatures-in reactor coolant system components outside the reactor
vessel. Instruments that could be affected by higher temperatures'would be
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Table 1
| Assignment of the BMI-2104 and NUREG/CR-4624 Results to the
'

NUREG-IISO Plant Damage States / Accident Progression Bins

Accident Plant Damage. State
Progression Station _ ATW5 Transients LOCA- Dypass

Bin Blackout

V8, alpha
-

|- - -

Early CF
i

VB > 200 psi TMLB' 4- - TMLB'-6 S20-y --

Early CF (Surry) (Surry) (Surry) :

IMtu-DCH :

'(Zion) ;

I
VB < 200 psi - - - - - ;

Early CF |

|
5

VB, BMT TML8'-c - - AB-e -

-Late CL (Surry) S2D-c
(Surry)

- - - - VBypass

VB, No CF TMLB' S2D

(Zion) (Zion)
i

!
No V8 |

|

__

vessel breach-V8 --

containment failureCF =

basemat meltthrough |BMT -

CL -- containment leak !
I

a. No analysis was tvund in dMI-2104 or NUkEG/CR-4624_that corresponds to
this' plant damage state / accident progression bin,

|

|
|

f
!

|
:
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J

located in the upper plenum, hot and cold legs, and the pressurizer.
Estimates of conditions in the upper plenum, hot leg, and pressurizer were
made using the results presented in NUREG/CR-52148 8' . Maximum hot leg

,

temperatures of 1700 F (1200 K) are possible in the case of
reactor coolant system depressurization by the operator when steam generator
dryout occurs. The effect of natural circulation is factored into the
instrument availability analysis.

,

The effect of radiation conditions was considered by comparing the integrated.

i dose resulting from various radionuclide release scenarios based on release
data presented in NUREG-0737 and radionuclide distribution data from BMI-2104.
The data in NUREG-0737 assumes release of 100 percent of the noble gas, 50
percent of the halogen and 1 percent of the particulate (solid) radionuclides
from the fuel for LOCA events that depressurize the reactor coolant system.
This release is assumed to be to either the reactor coolant system or-
containment, depending on the limiting instrument location. The BMI-2104
report presents estimates of the releases of the fission products and other
aerosols from the fuel during core melt and core concrete interaction. The

3

magnitude of the iodine and particulate releases is the principal difference |
between the BMI-2104 and NUREG-0737 data.

|

Step 3: Define Envelopes

To account for changing conditions during the progression of the accident, the
accident sequences were divided into five phases based on the timing of key

'

events and the phenomena occurring in the reactor coolant system and the
containment. These phases are described below:

o Phase 1. This phase begins with initiation of the sequence, including
the blowdown /boilof f of water inventory in the reactor coolant system,
and ends at the time of initial uncovery of tie reactor core. Operator j
guidance for Phase 1 is included in the existing plant Emergency i

'

L Operating Procedures.
'

i
'

o Phase 2. Core uncovery begins. Fuel heatup results from the iack of
adequate cooling. This phase ends when fuel melting begins,

o Phase 3. Fuel melting occurs, including fuel and cladding relocation
and the formatio of debris beds. The phase ends with relocation of ~a
significant amount of core material to the reactor vessel lower plenum,
Hydrogen may burn during this phase, depending on the accident sequence

o Phase 4. fiolten core debris accumulates in the lower head of the
reactor vessel. The phase ends with failure of-the lower head, Hydrogen
may burn during this phase, depending on the accident sequence.

o Phase 5. The core debris directly interacts with the containment after ,

lower-head failure. During this phase, containment f ailure could occur |
because of overpressure, hydrogen burns, or basemat mcitthrough i

|resulting from core-concrete interaction. Containment failure resulting

,
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from direct containment heating is also possible, depending on the
reactor coolant system pressure when lower head f ailure occurred.-

Plots of temperature and. pressure typical of conditions at the approximate
location of the plant instrumentation were developed to assess the magnitude
and times of harsh conditions during the accidents analyzed in BMI-2104 ar.
NUREG/CR-4624. The maximum value of key thermal hydraulic parameters reached
during each of the accident phases and the timing of each accident phase to
help in accounting for event timing was tabulated from these plots. The
tabulaticn of the key thermal hydraulic parameters is presented in Table 2 and
the event timing tabulation is presented in Table 3.

Comparison of the thermal hydraulic data for the various sequences show that
there is a high degree of similarity particularly in the temperatu e
predictions among the Surry and Zion accident sequences from the perspective
of instrument availability. Similarity in the thermal hydraulic results

,

simplifies assessment of instrument availability.

The principal reason for the similarity in the thermal hydraulic results is
that certain severe accidents phenomena and certain plant engineering design
features govern the temperature and pressure reached during a severe accident
for a wide range of sequences. Severe accident phenomena important to i a
availability of instruments located in the reactor coolant system nr

i containment include the core melting temperature, the timing and magniturk of
hydrogen burns, the impact of natural circulation in the reactor coolant
system, and the impact of direct containment heating for sequences where lower

- head failure occurs near the normal operating pressure of the reactor coolant
system. Engineering design features can affect the maximum pressure and
temperature possible in the reactor coolant system and containment which is
important to instrument availability. The setpoints for the PORV and reactor
coolant system safety relief valves, and the containment r ilare pressurea

would be included. It is these severe accident phenomena and key engineering
design features as opposed to any particular accident sequence that determines
if the performance of a particular instrument will degrade due to pressure and
temperature conditions for a PWR with a large dry containment.

-Step 4: Assess Instrument Availability

Instrument availability is e/aluated based on: the physical location; tne
range; and the qualification ranges for temperature, pressure, humidity, and
radiation levels. The instrument evaluations presented are based on the

Station"g Guide 1.97 * review for the Calvert Cliffs Nuclear PowerRegulator
This information provided the measurement ranges and the-.

qualification level of each instrument required for DBA events. Based on this
information, the instrument qua~lification temperature and pressure conditions '

used were as - follows:
E
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Taote 2 (continued)
' Maxican V lue of Key ParWters

During Each Phase for Ali Accident Sequences

Parameter Phase 1 Phase 2 Phese 3 Phase 4 Phase 5

Initiation To Uncovery to Meltdom to Core Sitsp to Long Term Phase

Core Uncovery Start of Melt Core Sitsp Head Faf(ure

Auxiliary Nildigv: (V Seo ence)

Pre *sure (psia) 16 (S-V Seq) 16 (S-V Seg) 15 is-v seq) 15 (S-v Seq) N/A

Tesywcature (psis) 215 (S-v Seg) 215 (S-v Seg) 428 (S-V Saq) 739 (S-v Seq) N/A

The plant and accident sequences for each parameter is given in parenthesis.Notet

u
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Tabte 3
Time Range of Key Esents for

BMI-2104 and WUREG/CR-4624 Accident Seque' ices
! (Minutes)

Accident Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Containment
Sequence Initiation to Core Uncovery to Core Meltdown Core sttr,p to Long Tere Phase Falture Time :-

Core Uncovery Start of Meltdown to Core Slupp Lower Pead Failure,

Surry sequences

S20-7 0.0 - 91.5 91.5 - 134.0 136.0 - 146.6 146.6 - 163.6 163.6 - 1114.6 163.7
(91.5) (43.1)' (12.6) (17.0) ;

S2D-( 0.0 - 91.5 91.5 - 134.6' 134.6 - 147.3 147.3 - 227.5 227.5 - 2210.4 - !

(91.5) (43.1) (12.7) .(60.2) (
TMLB'-4 0.0 - 95.5 95.5 - 118.3 118.3 - 146.3 146.3 - 152.8 152.6 - 1073.4 152.9

(95.5) (22.8) (28.0) (6.5) t
,

TMLB'-( 0.0 - 95.5 95.5 - 113.3 118.3 - 146.3 146.3 - 157.3 157.3 - 1100.0 TM.2
(95.5) (22.8) (28.0) (11.0) '

2

, ' !
TMLB*-1 0.0 - 97.2 97.2 - 118.5 118.5 .143.5 143.5 - 155.3 155.3 - 1402.2 48L.7

(97.2) (21.3) (25.0)- (11.8) ;u '

w
v 0.0 - 20.6 20.6 - 39.7 39.7 - 56.6 56.6 - 149.9 149.9 - 750.2 -*

(20.6)' (19.1) (16.9) (93.3)

i AB-r 0.0 - 9.4 9.4 - 24.8 24.8 - 42.1 42.1 - 110.1 110.1 - 1639.6 1450.6 (
i (9.4) (15.4) (17.31 (f2.0) I

Zion sequences ,

S20 0.0 - 112.5 112.5 - 150.6 150.6 - 1 0 .8 163.8 - 187.7 187.7 - 788.2
(112.5) (38.1) (13.2) (23.9) =

TMLB' O.0 - 109.8 109.8 - 130.5 130.5 - s58.5 158.5 - 169.5 169.5 - 1001.8 -
'

(109.8) (20.7) (28.0) (11.0) j
I

TMLU-DCH 0.0 - 124.6 124.6 - 148.4 148.4 - 178.2 178.2 - 189.6 189 A - 861.0 189.6
{

(124.6) (23.8) (29.8) (11.4),
!i

6

Notes: (

hurt >er in parentheses is the elapsed time for ea;h phase.
For Phase 5, the value of the opper limit of the range is the accident time at which the MARCH case was termirated.

o,

o

i
,
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Instrumentation within the reactor (colant system

i o Maximum temperature - 2300*f
o Maximum pressure = 2500 psia

Instruments within the containment building

o Maximum temperature - 300 F
o Maximum pressure - 60 psia.

8
Typical instrument dose qualification limits are on the order of 10 rads. _

Typical instrument systems consist of transducers, cabling, electronics, and
other components. For instruments located in the reactor coolant system, the
evaluation focused on the sensors because of the harsh temperature conditions
sensors could be exposed to during a severe accident. For instruments located
in the containment, the cabling, splices, and other components of the
instrument systems in addition to the sensors were considered.

The assessment of instrument performance based on temperature and pressure
conditions assumes degraded instrument performance if the pressure and
temperature environments exceed instrumentation qualification limits or if the
system is operated outside of its range. Degraded instrument performance
means that instrument system output may be unreliable, that is, the magnitude
or trend (or both) of the parameter being monitored by the instrument is in
error. This degraded performance may cause the operator to take inappropriate
action resulting from the errors in instrument output. The oefinition of
degraded instrument performance includes the cessibility of instrument
failure. An instrument is considered to be available if its performance has m

not degraded. -

It is recognized that the assumption of degraded instrument performance may be
conservative, particularly if the environmental conditions exceed the
qualification conditions only by small amounts or for short periods of time.
However, basic instrument capabilities are not well known when qualification
conditions are exceeded. An assessment of the relationship between the
instrument uncertainties and the timing and degree to which the qualification
conditions are exceeded would require a detailed study of basic instrument '

capabilities and failure modes.

INSTRUMENT AVAll_A.BILITY EVALVATION AND RESULTS

Results from the evaluatior: of instrument availability for a pressurized water
reactor with a large dry containment can be summarized as follows:

m
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o All plant instruments will be available during Phase 1 of all accident
sequences (prior to fuel damage).

o Instruments located in the reactor pressure vessel will experience
temperature conditions beyond their qualification temperatures when the
fuel is approaching the melt temperature (Phase 2) or as the fuel is
molting (Phase 3). Exposure to these temperatures will degrade
instrument performance and limit the availability of these instruments
Or further use in accident management.

o Instruments located outside the reactor vessel but within the reactor
coolant system may experience temperature conditions beyond the
qualification temperature, as a result of natural circulation during
fuel hettup (Phase 2) or fuel melting (Phase 3). Even if the
qualification limit is not exceeded, some of the instruments that
monitor temperature may be exposed to temperature conditions above their
measurement range. Exposure to these temperature conditions will degrade
instrument performance and limit the availability of these instruments
for further use in accident management.

o Instruments located in containment will be exposed to high temperatures
in the event of multiple hydrogen burns or direct containment heating.
Hydrogen burns will occur during or after fuel heatup (Phase C Direct
containment heating might occur following the f ailure of the reactor
vessel lower head (during Phase 5). Exposure to these temperature
conditions may degrade instrument performance and limit the availability
of these instruments for accident management.

o for an accident sequence involving an interfacing system LOCA,
instrument f ailure near the break location is possible, resulting from
high temperature conditions. Because the instrumentation in the
auxiliary building is generally not qualified for high temperature
conditions, degraded instrument performance is possible following the
initiation of core heatup (during Phase 2). Access to sampling and
analysis equipment located in the auxiliary building away from the break
location may not be possible, as a result of high radiation fields that
may begin as early as when the cladding ruptures (during Phase 2).

o Degradeo instrument performance for instruments located in the turbine
building is possible during an accident initiated by a steam generator
tube rupture, particularly instruments used to monitor radioactivity
levels in the secondary side coolant, because of radiation levels beyond
the range of the instrument.

Radiation exposure may impact instrument availability in the longer term.
8Ins.ruments located in containment away from localized sources could reach 10

rads after about 30 days. Instruments near localized sources sucn as the hot
8leg could reach 10 rads after abcut I day.
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Because of differences in the electrical power source configuration at
different plants, it is not possible to generally evaluate instrument'

availability for a station blackout. Note that many plants prnvide battery
backup for all Regulatory Guide 1.97, Category 1 instrumentation, though this
is not specifically called for in the document. If batsery backup is
available, then most of the information required to monitor the status of the
reactor coolant system and containment will be available until temperature
conditions challenge instrument availability. Systems used to obtain and
monitor samples of reactor coolant, containment atmosphere, and containment
sump or cavity water may not be available in the event of a station blackout.
As a result, information needs requiring sampling information may not be met.

Note that operators may ';ot recognize that instrument performance has
degraded. One possibility is that an instrument reading appears to be normal

_

or the trends may be plausible when, in actuality, the plant conditions and
trends are different. As a result, operators are misled about plant
conditions and pursue inappropriate operation strategies. A more detailed
evaluation of the expected accuracy and reliability of the instruments is
recommended for conditions where the qualification 'imits are exceeded. Also
needed are ways that erroneous instrument readinc be recognized by
operators. Such evaluation should consider the t instrument system,
including the transdecer, cabling, electronics, ant .ner instrument system
components. In particular, instrument performance during hydrogen burns or
direct containment heating should be evaluated. " is possible that some
components of the instrument systems are sufficie . y protected to withstand
the temt. rature pulse expected during these events, but that other components
may fail. Cabling is expected to be particularly vulnerable to the
high-temperature conditions that develop during multiple hydrogen burns.

ACCIDENT MANAGFutNT INFORMATION ASSESSMER
_

An accident management information assessment based on the instrument
availability evaluation is presented in NUREG/CR 5691. Important findings
from this review for accidents where core cooling is reestablished and for
bypass sequences are presented below,

Accidents Where Core Cooling Is Reestablished

Cae possible outcome of the accident pr.gression for any of the NUREG-ll50
plant damage states is that core cooling will be reestablished before core
meltdown progresses to a non-coolable state. Once core cooling is
reestablished, the ability to monitor the core and reactor coolant system heat
removal would enhance the ability of plant personnel to safely recover the
plant in a timely manner. If performance of instruments such as the core exit
thermocouples, hot leg resistance temperature devices (RTD), reactor vessel
level monitoring system (RVLMS) and subcooling monitor has degraded, the
reactor coolant temperature or reactor vessel level cannot be reliably
determined and the core heat removal safety functions would be dif ficult to
monitor.
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If core cooling is. reestablished before core melt begins (Phase 3), then all
instruments should be available, if core melt begins, the performance of the
core exit thermocouples~and the RVLMS is expected to degrade due to high
temperatures near the core region.

Temperature in the hot leg may be above the range of the respective RID's
before core cooling is established. This upper limit is generally about
700 F. When core cooling is reestablished, cooling in the hot leg will bring
the temperature back into the range of the hot leg RTD. Degraded performance
of the hot leg RTD's means that the reliability of their temperature readings
would be uncertain at this point. In a core cooling recovery situation,
unreliable readings from the hot leg RTD's will increase the difficulty of
determining whether adequate core or reactor system heat removal is occurring.

Effect of Bypass (ISLOCA) Sequences

The ability to meet information needs which require sampling and analysis of
reactor coolant, containment sump water, containment atmosphere, and other
process fluids may be impeded during an accident initiated by an ISLOCA or a
steam generator tube rupture. During any accident, s:mpling and analysis of-
process fluids is needed to aid in determining the-extent of fuel damage,
radionuclide inventory in the containment atmosphere, and other parameters
related to accident management. This need is illustrated by reviewing the
information needs in Appendix A of NUREG/CR-5513 for various safety functions

_

and noting that monitoring safety functions involving reactor vessel and
containment integrity and fission product release mitigation requires sampling
and analysis of reactor coolant and the containment atmosphere,

in many plants, the equipment used for sampling and analysis of process fluids
is located in the auxi'. lary building. In the event of an accident initiated
by an interfacing LOCA resuiting in core damage, the radionuclide release to
the auxiliary building will produce high radiation fields and high airborne
radionuclide concentrations. The ability to continue activitie; that requires
auxiliary building access depends upon location of th2 needed instruments and
equipment relative.to the break, building arrangement, and HVAC system
operation, it is likely that the ability to obtain and analyze reactor
coolant and containment atmosphere samples will be impeded in the event of an-
ISLOCA for the plant.

In addition to possibly restricting sampling and analysis activities, the
-ability to obtain readings from instruments that would be used during an
ISLOCA may be restricted since some instruments have their readout panels
located in the auxiliary building. At Calvert Cliffs for example, the
instrument panel for the primary coolant and sump dissolved hydrogen monitcr
is located in the auxiliary building.

330 ;
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MANAGING WATER ADDITION 10 A DEGPADED CORE'
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ABSTRACT

in this paper we present information that can be used in severe
accident management by providing an improved understanding of
the effects of water addition to a degraded core. This
improved understanding is developed using a diagram showing a -

sequence of core damage states. Whenever possible, a
temperature and a time after accident initiation are estimated
for each damage state in the sequence diagram. This diagram
can be used to anticipate the evolution of events during an
accident. Possible respor.cas of plant instruments are
described to identify these damage states and the effects of
water addition. The rate and amount of water addition needed
(a) to remove energy from the core, (b) to stabilize the core
or (c) to not adversely affect the damage progression, are
estimated. Analysis of the capability to remove energy from
large cohesive and partic" late debris beds i.dicates that these
beds may not be stabilized in the core region and they may
partially relocate to the lower plenum of the reactor vessel.

1. INTRODUCTION

Preventing severe accidents or mitigating their consequences ' ires
implementation of strategies to add water to cool the core. However, under
certain degraded core conditions, adding water may lead to enhanced -

hydrogen production, changes in core geometry that complicate recovery,
pressurization of the system resulting from steam generation, steam
explosion, or recriticality of the reactor core if unborated water is used.
Therefore, plans for managing water addition to a degraded core must ensure
that undesirable effects of water addition are understood so that: (1)
these effects can be minimized and an accident can be terminated at the
earliest possible stage, and (2) plant personnel can be better prepared to
deal with plant responses that appear contrary to desired outcomes when
water is added during a core degradation transient. The approach presented
here provides information to enhance this understanding.

* Work supported by the U.S. Nuclear Regulatory Commission, Of fice of
Nuclear Regulatory Research under DOE Contract No. DE-AC07-761001570.
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2. APPROACH

The approach used here to gain an improved understanding of the effects of
water addition to a degraded core revolves around a sequence of core damage
states. Simplified descriptions and results of rough estimates of
parameters associated with degraded cores are used to illustrate the steps
of the approach. These steps are summarized below,

First, a diagram showing a sequence of core damage states is develeped for
severe accidents. Core states in the sequence where the core would have
distinct responses to water addition include: (1) pre-damage heatup of the
core, (2) fuel rod ballooning and bursting, (3) rapid oxidation of
zircaloy, (4) debris bed formation, and (5) core relocation to the lower
plenum. Temperatures and times of occurrence are estimated for the events
in the sequence.

Second, evaluations are performed to characterize the responses of plant
instruments to degraded core conditinns and to adding water to a degraded
core. Innovat!ve uses of instruments to diagnose core conditions are also
explored. In tais paper, discussion of instrument responses will be
limited to instruments available in pressurized water reactors

Third, bounding estimates for energy removal from degraded cores by water
addition are given. These estimates yield the minimum rate and amount of
water addition to a degraded core that would not adversely affect
subsequent evolution.of an accident. In addition, the minimum rate and
amount of water to successfully remove energy fr:m or stabilize the core
are also given. These rates and amounts of water addition are compared
with plant capabilities.

,

Fourth, critical heat removal boundaries are determined for espected
geometries cf core degradation. The geometries include those of cohesive
as well as particulate debris beds. These boundaries indicate that for
certain bed parameters, adding water to-the core cannot prevent their
heatup and, consequently, relocation of molten core materials to the lower
plenum of the vessel should be expected,

3. SEQUENCE OF CORE DAMAGE STATESj

Although the details of core damage progression depend on plant design and
specific accident scenarios,-severe fuel camage experiments and the TMI-2
accident (1,2] show that unmitigated core damage follows a sequence of
broadly defined, distinct core damage states.

Figure 1.shows a conceptual diagram of the s.quence of core damage states.

for a small-break loss-of-coolant accides 't9CA). The damage sequence-;

|- starts with core uncovery and ends with re . s+1on of molten core materials'

to the lower plenum of the reactor vessel ..e stages of core damage
progression corresponds to a temperature scale from approximately 600 K

|
:

-

1

l
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(coolant saturation temperature) to over 3100 K (melting point of VO
The approximate times associated with the damage states in the 1H1-2,).
accident and potential effects of water addition at each stage of core
damage progression are also shown in the sequence diagram.

Pre-Damaae Staae

in a small break LOCA with no emergency core coolant injection, core
uncovery generally begins approximatsly an hour after the initiation of the
break. If the reactor coolant pumps are not running, the upper part of the
core will be exposed to a steam environment and heatup of the core will
begin. However, if the coolant pumps are running, the core will be cooled
by a two phase mixture of steam and water, and heatup of the fuel rods will
be delayed until almost all of the water in the two phase mixture is
vaporized. The TMI 2 accident showed that operation of reactor coolant
pumps may be sustained for up to_approximately two hours to deliver a two-
phase mixture that can prevent core heatup.

Balloonina and Burstina

in the absence of a two phase mixture going through the core or of water
,

addition to the core to compensate water boiloff, the fuel rods in a steam '

environment will heatup at a rate between 0.3 K/s and 1 K/s (3] In less
than half an hour, the peak core temperature would reach 1100 K. At this
temperature, the zircaloy cladding of the fuci rods may balloon and burst.
This is the first stage of core damage.

Cladding ballooning may block a substantial portien of the flow area of the
core and restrict the flow of coolant. However, complete blockage of the i

core is unlikely because not all fuel rods balloon at the same axial |location. In this case, sufficient water addition can cool the core and
,

stop core damage progression.

Eggid 0xidation- |

The next stage of core damage, beginning at approxiniately 1500 K, 'is the
rapid oxidation of the zircaloy by steam. In the oxidation process
hydrogen is produced and a large amount of heat is released. Above 1500 K,
the power frora oxidation exceeds that from decay heat (4,5) unless the
oxidation rate is liraited by the supply of either zircaloy or steam.

,

|

| If water is added to the core during this stage, steam generation will be
j rapid because of _ the high rate of heat transfer fro;n the core materials to

the incoming water, in the upper part of the core where the oxidation ofi

tircaloy has been steam-starved before water is added, the addition of
water to the core will provide steain for additional oxidation. If the
sudden revival of--oxidation in the upper part of the core releases energy
at a rate that is higher than the rate of heat transfer _to the water,.the .

.

| temperature there will escalate. This could happen when the temperature of _|

i
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the rods is high or when the oxide layer on the surface of the cladding is
thin; both conditions contribute to high rates of oxidation.

Rapid and sufficient amounts of wates addition to the core will quench the
core and stop core damage progression. However, if the addition of water
is slow or intermittent, or if the core is not completely covered with
water, the core will heat up to the next stage of degradation.

Debris [ Led formatigf1

When the temperature in the core reaches about 1700 K, molten control -

materials [1,6] will flow to and solidify in the space between the lower '

parts of the fuel rods where the temperature is com;aratively low. Above
1700 X, the core temperature may eschlate in a few minutes to the melting
point of zircaloy (2150 K) due to increased oxidation rate. When the
oxidized cladding breaks, the molten zircaloy, along with dissolved
00, [1,7] would flow downward and freeze in the cooler, lower region of the :
core. Together with solidified control materials from earlier down-flows,
the relocated zircaloy and U0, would form the lower crust of a developing
cohesive debris bed.

,

If water is added to the core at this stage, steam and hydrogen invariably- '

will be produced. It has been estimated that, in the THI-2 accident, one-
third of the hydrogen. generation during the entire accident was produced
within a few minutes after a coolant pump delivered water to the core at
174 min into the accident, at which time the peak core temperature is
believed to have exceeded 1700 K [8]. As a result, the pressure of the
primary system will rise. Because of loss of control materials in the
upper part of the core, recriticality may also be a concern if the incoming
water contains little or no boron to absorb neutrons.

If sufficient water is added to the core, the top surface of the molten
-pool will solidify to form a crust and the fuel rod remnants above the pool
may be shattered to form a particulate bed, as happened during the lHI-2
coolant pump transient.

If a particulate bed formed in the upper part of the core is relatively
deep or composed of relatively small particles, water n.ay be prevented from
penetrating the bed. After dryout, cooling of the particulate bed by steam
inside the bed is inefficient and the particles comprising the bed will
eventually melt. Helting of the particles will add to the growth of the
cohesive debris bed.

If the cohesive bed is thin and small in radial extent, water addition may
gradually cool the bed and the progression of core damage may be
terminated. Water addition to a large-cohesive bed will generally have

-little effect upon its subsequent evolution. The interior of a large
cohesive bed will continue to heat up and melt until only a thin crust
remains. Failure of the crust, either mechanically or by meltthrough,
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would lead to the relocation of the enclosed molten core mateiials to the
lower plenum.

Relocation to the lower Plenum

in scenarios of small break LOCAs, there is generally a pool (f water in
the lower plenum of the vessel at the time of core relocation. Release of
molten core materials into water always generates large amounts of steam.
If the molten stream of core materials breaks up rapidly in water, there is ,

also a possibility of a steam explosion. During relocation, any unoxidized )
zirconium in the molten material may also be oxidized by steam, and in the
process hydrogen is produced. Recriticality also may be a concern if the
cos 1 materials are left behind in the core and the relocated material .

!

breaks up in unborated water in the lower plenum.
,

in the THI-2 accident, progression of core damage was terminated witn the
relocation of approximately 20 metric tons of core ma^erial into the lower

tplenum of the vessel. The material partially broke > to form a
particulate bed and was quenched by water in the lower plenum. If the
relocated material is much in excess of 20 metric tons, it may not be
quenched by water in the lower plenum. The unquenched, relocated core
materials may eventually cause failure of the vessel. The possible failure
modes of the vessel are not d; cussed in this paper.

4. INSTRUMENTATION SIGNATURES ASSOCIATrD WITH WATER ADDITION

The sequence of core damage states provides a framework for understanding
the evolution of core damage. However, judicious decision-making during an
accident requires exploiting to the maximum extent possible the
capabilities of existing plant instruments, possibly including innovative
applications beyond their design purposes, to diagnose core conditions that
may be evaluated relative to the damage states in the damage sequence.
Potential instrumentation signatures, methods for verifying these
signatures, and differentiation of outcomes with varying amounts of water
addition are discussed in this section.

Pre-Damaae Stage

During this stage, the reactor coolant system instruments most useful to
operators are the core water level inference system (differential pressure
sensors or heated-junction thermocouples), core exit thermocouples, het leg
resistance temperature devices (RTDs), system pressure transducers, source
range power monitors, and self powered neutrun detectors (SPNDs).

t

The water level inference system gives direct measurement of core water'

invcntory. Deviations of the source range monitor signals and the SpHD
signals from their normal decay curves may:be used to substantiate the
direct measurement. If water is-added to the core during this stage, the
cperator should see an increase in inferred water -level, and an initial

_
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drop in system pressure as vapor is condensed by the incoming cold water.
System pressure should eventually increase when vapor condensation stops
and when the water compresses the vapor volume.

If water is not added at this stage, o, is added but is not enough to
compensate for the loss through the break, the inferred water level from
the differential pressure readings and the source range monitor or Spf4D
signals would continue to decrease. If water is added to the core when the
temperature in the upper part of the core has risen sufficiently above the
saturation temperature of the water, the temperatures recorded by the core
exit thermocouples and the hot leg R10s may increase as high temperature *

steam is produced, although the measured temperatures may be somewhat lower
than the peak core temperatures due to the mixing of superheated steam and
saturated water, in addition to the core exit thermocouples and hot leg
RTDs, anomalous currents of SP! ids may indicate heatup of the core. Certain

_

types of SPliDs ara known to produce negative currents when their
temperature reaches 850 K and then revert to large positive currents at
higher temperatures. This initial increase in temperature would be
followed by a drop in temperature if the core is recovered.

Balloonina and Bursting

During the cladding ballooning and bursting stage (1100 K), water addition
will have a pronounced effect on core exit thermocouple readings. The
time dependent behavior of the interassembly temperature profile may be
used as one indicator of the amount of water reaching the core.

If water is added to the core at a rate sufficient to cool the outer parts
of the core but not the inner rtgions, or at a rate that results ir an
unfavorable flow split due to partial blockage of the core by ballooned
rods, readings of thermocouples above regions where cooling is insuf ficient
would sta; high, but radial progression in increased thermocouple readings
should reverse at some radial position.

_

If there is sufficient energy exchange between adjacent assemblies during
water addition to the core, the whole core will be cooled before the rapid
oxidation of zircaloy occurs. All core exit thermocouples should show a
pronounced drop in temperature. This temperature drop would indicate that
water is cooling the core. Coincident with the drop in temperature, the
system pressure should ircrease (from steam generation), followed by a
gradual decrease (from steam condensation) as water fills the core, lhe
SPl10s should also return to normal shutdown readings.

Rapid 0xida_ tion

After reaching this stage, because the temperatures will be outside their
operating range, the core exit thermocoup,as can no longer provide reliable
readings. Subsequent diagnosis of core damage states must rely on other
instrumentation, such as the pressure moniters and the SPliDs. However, the ,

m
,
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en up. nim ,mr ' t;w t'are exit thermocouples may give indication that
c'16e a M prearessed beyond the ballooning and bursting stage. :

4 ;th r ation that the core may have reached this stage is the |
wao M el excess radiation in the containment from fission gas released i

! de b.? ihe Jadding bursting stage. It may take five to ten minutes for
Q e released fission gas to migrate from the reactor core to the radiation,

monitors in the containment. During this time the core may have heated to |

a temperature that zircaloy can be rapidly oxidized.,

If water addition is modest, resulting in the delivery of high quality
i steam to the upper core for oxidation of initially steam-starved zircaloy

that releases energy and hydrogen, a significant, sustained pressure jump
would be observed. In general, rapid oxidation of 20% of the cladding will
release enough energy to melt the cladding and liquify a substantial amount
of fuel. If _ this happens in the upper half of the core, the total hydrogen
production would be approximately 100 kg. If the average temperature of
the-producedhydrogenisat150pK,thehydrogenwouldpressurizethen

primary system (volume at' 350 m ) by 1.8 MPa (260 psi).

If water is added at a sufficiently high rate, a pressure surge would occur
_ initially after water addition, but, because of only limited energy and
hydrogen release before quench, the pressure jump would be lower than in
the case with modest water addition and would not be as sustained.

. During this stage, control rods (PWRs) or blades (BWRs) are expected to
' fail, leading to the relocation of liquified control materials. The SPNDs

are )otentially of use in determining when control materials have slumped
to tie lower portions of the core. Abnormal readings of the SPNDs could
indicate redistribution of control materials, but analysis is needed to
distinguish between the effect of movement of control materials and that of

,

water inventory changes. Toward the end of this stage, it would be 1

advisable for the operator to withdraw the movable SPNDs (Westinghouse |

plants) from the core region to preserve their integrity so they may be |used during later stages of degradation.

D_ebris Bed Formation

If an accident has y ogressed through the stage where the peak core
temperature has exceeded 2000 K, it is likely that a debris bed would have
formed in the core from the relocation of liquified materials. This stage
may be indicated by the failure of cora exit thermocouples, which would
show sudden jumps in temperature as new junctions are formed in the core.

During this stage of core degradation, the operator may want to attempt to
map the axial location of the debris bed using the movable SPNDs if the
pressure conditions and the state of the system would allow. (If the
thimbles guiding the SPNDs are breached and their interior is exposed to
primary system pressure,-the SPNDs cannot be moved toward the core against
the system pressure. However, the SPNDs may be inserted along unbreached
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thimbles or aleng breached thimbles that are later rescaled by relocated
core materials.) As the SPNDs are inserted into the core, positions where
they encounter resistance may indicate the location of the bottom crust of
the debris bed. Once the geometry of the high resistance area has been
mapped out by the SPNDs, the SPNDs could be withdrawn from the pressure
vessel for later use as a diagnostic tool to provide information on core
relocation,

for modest water addition at this stage, superheated steam at temperatures
comparable to peak cladding temperatures would reach the uppermost regions
of the core, resulting in additional zircaloy oxidation and hydrogen
gene-ation. The pressure transducers in the primary system should transmit
a sharp rise in pressure under these circumstances. The pressure rise
would also be sustained for a relatively long period due to the
r,ancondensible nature of hydrogen.

With a high rate of water addition that allows water to reach the top of
the core without being ccTpletely vaporized, shattering of the oxidized
cladding in the upper regions of the core may cause a particulate debris
bed to form on top of an (xisting cohesive debris bed, as indeed happened
in the TMl-2 accident when a reactor coolant pump uas restarted at 174
minutes into the accident. Even if sufficient water is added to completely
cover the cohesive and particulate debris beds. there is no assurance that
the beds will not continue to heat up. Once a cohesive bed has reached a
characteristic size, the surface area to-volume ratio will not permit heat
removal at a rate sufficient to arrest continued heatup of the bed.
Similarly, a particulate 3ed consisting of sufficiently fine particles, or e

of sufficient depth, will prevent water from penetrating its interior.
Under such conditions, water addition to the core may result in deceptively
little response from the instruments.

Pelocation to the L2wgr Picne -

The relocation of core materials to the lcuer plenum may be indicated by
signals from several instruments. First, the source range monitors,
located outside of the vessel, may register a sharp increase in signal from .

neutrons leaking out of the vessel and scattered by concrete around the
vessel. Second, back-flow of steam generated by the relocated hot
materials into the cold legs may increase the temperature readings of the
cold leg RTDs. Third, system pressure may increase sharply due to rapid
steam and, possibly, hydrogen production. Fourth, ar.omalous currents may
appear from the lower levels of fixed SPNDs (95W plants) not damaged
earlier in the accident. *

For Westinghouse plants, the amount of relocated core mass may be estimated
from responses of the movable SPNDs if this system is still capable of
functioning. Assuming that thefoperator has withdrawn the SPh0s from the
reactor vessel fellowing mappirh of the cohesive debris bed, he may now be
able to move the detectors axially outside the vessel. The ability to move

al
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.

{

the detectors axially could help identify the size of the relocated mass.
If a small amount of mass has relocated, for instance, the attenuation of :

SPND signals as the detectors are moved further away from the lower head ;

should resemble the attenuation characteristics of a point source. If a ;

larae amount of mass has relocated, attenuation of signals from axial
I withdraml should resemble the characteristics of a planar source. |

i
:
'

5. ANALYSIS OF ENERGY REMOVAL FROM OLCRADED CORES BY WATER ADDITION

' Another element that is crucial to the understanding of the system response
during water addition to degraded cores is an analysis of the amount of2

water that is needed to remove energy from the core and the minimum rate of
water addition that would arrest core degradation and bring the reactor to
a safe shutdown condition. Again, the sequence of core damage states is
useful as a-guide in performing such an analysis. Instead of analyzing
specific accident scenarios, the core damage states could be used as

- reference points in determining the required amount and rate of water
addition. Results of simplified analysis are discussed in this section.
This involves consideration of energy sources, stored heat of degraded
cores as a function of damage state, and geometry of degraded cores. j

!

EnerQY Sources |

The predominant energy source in a reactor after scram is the decay of
radioactive materials. Another important energy source in the core is the
oxidatior,of zircaloy by steam when the core temperature exceeds 1500 K. j

1he energy release rate from oxidation can be considerably higher than the -i
energy release rate from decay heat, because oxidation may take place in
only few minutes and the energy release during that time interval is
approximately equivalent to the energy generated by decay heat in an hour
(at 1% full power). Fission heat from recriticality could also be an
energy source. However, it will be assumed that administrative controls
will preclude the possibility of adding unborated water to the core, so
that recriticality will not be a concern.

| In a stall-break LOCA with no emergency core coolant injection, the reactor
| core generally would not be damaged until after an hour after scram,

Without much loss in accuracy, the decay heat level during core damaget

progression could be assumed to be at 1% of full operating power [9). For
full power operations at 3000 MW the decay power is enough to vaporize
20 kg/s of water at saturation. ,,Or, in terms of decay heat removal from
the core, a 20 kg/s addition of water to the core would remove the decay
heat when the temperature of the core is still near or slightly above the
saturation temperature of the water. This is within the injection capacity
(650 gpm, or approximately 40 kg/s) of one high pressure injection (HPI)
pump, assuming that most of the injected water would go through the core.
If the-full-capacity operation of the HPl fails to.stop the core
temperature from rising, either the core has progressed beyond the pre-
damage stage,-or most of the injected water has failed to reach the core.

I
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The energy release from the oxidation of I kg of zircaloy is 6.5 MJ. At
1800 K, oxidation of 20% of the original thickne>s of the cladding starting
from an unoxidized state would take 150 s; at 2000 K, 30 s (4,5). (for 20%
oxidation of the cladding, the remaining zircalcy would have melted and
liquified substantial amounts of fuel. The parabolic oxidation rates would
no longer apply.) If the cladding in the upper half of the core is
oxidized uniformly at sech rates, the energy release rates from oxidation
are approximately 100 MW and 500 MW, respectively. At such high powers,
the minimum rates of water addition that would result in having not all the
water vaporized would be approximately 70 kg/s and 350 kg/s, respectively,
assuming that heat transfer to the water is limited to vaporizing the water
at saturation. These rates of water addition are close to, or higher than
the capacity of the high pressure injection punps (two pumps at 65') gpm
each, or a total of approximately 80 kg/s). Although these water addition
rates to remove energy from oxidation are conservative estimates (it has
been assumed that water addition will not diminish the oxida+ ion rate), it

.

may be advisable to consider starting the reactor coolant pumps to deliver
additional water to the core from the cold legs, or to depressurize the
system to allow accumulator discharge, or low pressure injection.

SlDLeiM1

The amount of stored heat depends on the core danage states. The stored
heat of a core at dif ferent stages of degradation, as characterized by a
temperature scale, is shown in Table 1. The amount of stored heat is
defined to be zero at 600 K, and the temperature in the core is assumed to
be un' Mrm. Changes in specific heats due to changes in core composition
(zirconium to zirconium dioxide) and heats of fusion are included in the
calculation of the stored heat.

Table 1. Stored helt of a degraded core ar - f unction of core temperature

Temperature (K) 600 1200 1700 2400 2800 3000 .

Stored heat (GJ) 0 24 53 99 149 161

-_-

If the core dries out at the end of the first hour af ter scram, adiabatic
heatup of the core f rom decay heat alone will drive its temperature to
approximately 2800 K at the end of the second hour. At temperatures above
1500 K, oxidation of the zircaloy cladding will also add to the stored heat
in the core. Incidentally, the amount of heat stored in a core at 2800 K
is eouivalent to the enet u release from the templete oxidation of the
zirculcy in the core.

The required rate of water addition to remove stored energy in the core
depends on the desired rate of energy removal. Assuming t W the top half
of the core is at 2800 K and the bottom half at the satura teLperature

o
i
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of the water, the stored energy in the core is approximately 75 GJ. (See
Table 1.) This amount of energy is sufficient to vaporize 50,000 kg of
water at saturation. If the stored energy is to be removed in an hnur, the
required rate of water addition to the core is, on the average,
approximately 14 kg/s, plus the 20 kg/s that is required to remove the
continuing decay heat. (It may be assumed that most of the zircaloy is
oxidized, or is alloyed with the fuel, and hence unavailable for rapid
oxidation, after the core temperature has reached 7800 K for some time.)
Of course, the actual rate of energy transfer from the core materials to
the water depends on the temperature and the geometry # the core, and any
entrainment of water droplets in the steam produced,

lhe Effect of Geometa

As discussed in Section 3, several major changes in core geometry occur
during core degradation. The core geometry first changes when the cladding
of fuel rods balloons at a temperature of approximately 1100 K. The flow
resistanc.e in the blocked r Egion of the core will be larger than that in
the unblocked region of the core. Consequently, in order to prevent the
blocked region from continual heatup, the total rate of flow of water
through the core must be above the rate that would prevent core heatup when
the rods have not ballooned. Detailed calculations are planned to
determine this required enhanced flow. The results of such calculations
may also be used as a guide in evaluating core exit thermocouple responses
as functions of their radial positions as water is added to the core during
the ballooning stage.

A second major change in core geometry is the formation of a cohesive
debris bed from the solidification of relocated materials. Because water
is prevented from penetrating a conesive bed, heat is conducted from the
interior of the debris bed to its surface if it remains solid, or is

ccnvected to its surface if its interior re-melts. lleat loss by a cohesive
debris bed occurs only on its surface. Such a mode of heat transfer
consideraSly limits the energy removal rate from the interior of the bed
even if the debris bed is immersed in water.

A third major change in core geometry is the formation of a particulate
debris bed. A particulate debris bed may form in the core from the
collapse of rod remnants in the upper part of the core, often as a result
of water addition to the core. A particulate debris bed may also form in i

'

the lower plenum of the vessel when molten material in the core drops into
a pool of water in the lower plenum. Tht coolability of a particulate
debris bcd depends on the ability of water to penetrate the bed. The heat
transfer characteristics of cohesive and particulate beds are discussed
below in further detal'.

3 re.
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6. OEBPIS BED CHARACTERISTICS

When core damage has progressed to the stage of the formation of cohesive
and particulate debris beds, because the heat transfer rate from the hot
debris to water may be quite limited, the rate of water addition to the
core may be less important than the total amount of water added to and
retained in the core. The following sections Jescribe the results of some
analy3es that define critical limits of heat removal for both cohesive and
particulate debris beds. These limits indicate that, during a severe core
damage accident, fer certain parameters of the debris beds, the interior of
the beds will continue to heat up regardless of water addition. Such
heatups may eventually lead to failure of the beds and result in the
relocation of ccre materials to the lower plenum of the vessel.

Enerav Removal frgm Co.h_qs.iy_LQebris Beds
~

Critical heat removal limits (or stability limits) for cohesive debris beds
are defined in this study by the thickness of the crusts around the beds.
It will be assumed that crusts having thicknesses less than the critical
thicknesses ara unstable and will fail open to allow the enclosed molten
materials to relocate. Steady-state conditions are assumed in the
calculations. At tha limit, the material enclosed by the crust is assumed
to be molten and to comprise 3/4 of the mass of the cohesive debris bed.
(In IMI-2, molten interier of the cohesive bed comprised of over 90% of the
mass of the bed.) If the decay heat generatrd exceeds that cor.Jucted 4

through the cru:,t, the excess heat will melt part of the crust so that the
crust util become thinner and will be assumed to fail.

The critical heat removal limits for cohesive debris beds in figure 2 are i

defined by the radii and the thermal conductivities of the debris beds.
Twolimi}curvesareshowninthefigure,onelabeledbyapowerdensityof
3.0 MW/m , which is a typical power density for a bed formed approximatelz -

two hours aftcc scram, and another labeled by a power density of 1.5 MW/m ,
which is a typical power density for a bed formed approximately 8 hours

_

after scram. These curves delineate the stability limits of cohesive beds
havingthosepowerdensitjes. for exan;ple, if a cohesive bed having a
power density of 1,5 MW/m is positioned by its radius and thermal
conductivityinthefigurptotherightofthecurvecharacterizedbythe
power density of 1.5 MW/m , it is unstable; if it is positioned to the
left, it is stable.

By probing the core with the movable SPNDs as discussed in Section 4, the
operator raay be able to estimate the size of a cohesive debris bed. The
thermal conductivity of the bed depends on the core oxidation history, but,
in general, it falls between the limits of 4 W/m-K and 8 W/m-K. If the
core is heavily oxiuized, the conductivity will be closer to the lower
limit than to the upper limit; if the core is lightly oxidized, the
situation is reversed. When a size and a thermal conductivity are assigned
to a debris bed, the position of the cohesive debris bed in the stability
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diagram is determined. By examining the position of the cohesive debris
bed in the stability diagro. in relation to the stability limit contour
characterized by its power density (related to time after scram), the
stability of the cohesive debris bed may be inferred.

Enerav Removal from Particul&_ Debris Beds

The heat removal rate from a homogeneous particulate debris bed on top of
an impermeable plate (e.g., the top crust of a cohesive debris bed) is
determined by its porosity, the size of the particles comprising the bed,
and the power density in the bed. The Lipinski model (10) is used to
calculate the dryout heat flux for aarticulate beds in one dimension along
the vertical direction. Figure 3 slows the dryout limits of particulate
debris beds characterized by porosity and particle size at a system

_

pressure of 6.9 MPa. The energy removal diagram for particulate beds is
divided into regions of dryout and regions where energy can be removed from
the interior of the debris bed by curves labeled by the dryout heat flux.

In the energy removal diagram for particulate debris beds, the dryout heat
flux associated with each contour of dryout corresponds to the potential
heat flux that can emerge from a particulate debris bed immersed in water.
The heat flux could come from several sources. One source is the heat
stored in the particles at elevated temperatures. Another source is the
decay heat being generated in the debris bed. A third source is the heat
liberated from the oxidation of zirconium in the bed when water penetrates *

the bed. During an accident, the size and characteristics of a particulate
debris bed formed in the reactor core cannot be ascertained with existing
instruments. However, if a particulate debris bed existh in the core and
the interior of the bed can be cooled, steam will be generated when the
water added to the core quenches the bed. There will also be a temporary
increase in system pressure during the early stage of water addition when
there is not yet enough water to condense the steam coming out of the
particulate debris bed. f water is prevented from entering the bed, water _

added to the core cannot quench the bed and there will not be much of an
increase in pressure because there will be little steam production.

7. SUMMARY AND CONCLUSION

The unmitigated core damage sequence presented in this study consists of:
(1) Ballooning and rupture of fuel rod cladding, (2) rapid oxidation of
zircaloy by steam, (3) formation of debris beds in the core, and (4) the
relocation of core materials to the lower plenum of the reactor vessel.
The above sequence of core damage is essentially a temperature sequence,
ranging from ballooning of the fuel rod cladding at approximately 1100 K to
melting of the U0 fuel at 3100 K. This sequence of core damage has been3
used as a guide in discussing the effects of water addition to degraded
cores.
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At the ballooning stage, core recovery can be assured if enough water is
added, and this can be ascertained by a decrease to saturation temperature
indicated by the core exit thermoccuples.

if enough water is added to the core during the rapid oxidation stage, the.

i subsequent recovery of the core, although also almost assured, will be
accompanied by additional hydrogen production. Because temperature
measurements would have become unreliabic at this stage, confirmation of I

recovery of the core has to rely on measurements of system pre:sure and I

responses of the SPNDs . l

. 1
Movement of significant amounts of core materials first occur when control
rods, or blades, fail. Care must then be exercised that no unborated water
is added to the core after the relocation of the control materials lest a
re-criticality of the core occur.

If a cohesive debris bed is formed in the vessel from the relocation of i

core materials, complete energy removal from the interior of the bed cannot
be assured even if unlimited amounts of water is added to the vessel. lhe

.

'

energy removal from a cohesive debris bed depends on its size, the power :,

-density in the bed, and the ths. mal conductivity of the materials |
comprising the bed. During an accident, only the size the debris bed may i

be obtained by probing the core with the use of the movable SPNDs if these
instruments are still functioning; information on the other parameters will >

have to rely on estimates based on accident scenarios. If remnants of fuel
rods and unoxidized zircaloy remain above the cohesive bed, flooding the

,

core will le&d to rapid generation of steam and hydrogen, and clso collapse
of the materials to form a particulate bed.

The interpretation of the response of system pressure to water addition ,

after the formation of a cohesive debris bed could be quite *

counterintuitive. Core materials may be partitioned into a cohesive bed, a
particulate bed, and parts that are more permeable to water than the debris
beds (intact and partially damaged assemblies). The larger the cohesive l
and particulate beds, the smaller would be 'the amount of materials that are
more permeable to water. If water addition to the core produces rapid
pressure rises, it is more likely the cohesive and the particulate beds are
small and energy removal from their interiors can be accomplished. If ,

there is hardly any appreciable rise in system pressure when water is added
to the core, the debris beds are more likely to be large and energy removal4

from them will be minimal. The particulate bed may continue to heat up and
melt and the crust of the cohesive debris bed may be thinned to a po nt

.

'

that it may fail open to allow the enclosed molten materials to relocate.

Although a broad outline of core damage progression and possible
instrumentation signatures at each stage of core degradation have been :

presented:in this paper, much needs to be done to better understand the
possible system responses when water is added to degraded cores. First,

.the effects of water addition at each stage of core degradation must be

4

Y
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better quantified as functions of the amount of water added to the core
than what has been presented here. These include the temperature
distributions at the exit of the core during the rod ballooning stage, the
pressure responses during later stages, and SPND responses when core
geometry changes. Second, for various accident scenarios, the stages of
core degradation should be t. J to times after core uncovery. As mentioned
in Section 3, core damage could begin in less than an hour after core
uncovery when emergency core cooling is unavailable. Oxidation of the
zircaloy in the core can rapidly increase the core temperature to over
2000 K in a few minutes. After the rapid oxidation of zircaloy, there is a
time interval of tens of minutes to an hour when the core geometry slowly |
changes from a rod-like geometry to one of cohesive and particulate beds. |
These estimates of the time intervals need to be refined by code
calculations that include heat transfer between the core materials and the
coolant in the core. Finally, the consequences of relocation of molten
materials to the lower plenum must be considered.
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David Modeen
Nuclear Management & Resources Council

larry Walsh
New Hampshire Yankee

Richard Oehlberg
Electric Power Research Institute

SUMMARY

The purpose of this paper is to discuss the United States nuclear -

industry activities occurring under the auspices of NUHARC, to define, develop
and implement enhancements to utility accident management capabilities. This
effort consists of three major parts:

1. Development of a practical frainework for evaluation of plant specific
accident management capabilities and the subsequent implementation of
selected enhancements.

2. Development of specific technical guidance that addresses arresting core
damage assuming it occurs, either in-vessel or ex-vessel, and
maintaining containment integrity. Preventing inadequate core cooling
or minimizing the public exposure from offsite releases, while
considered to be candidate areas for accident management enhancements,
have been the subject of intense previous study and development.

3. Plant-specific implementation of accident management enhancements in
three areas: (1) personnel resources (organization, training,
communications); (2) systems and equipment (restoration and repair,
instrumentation, use of alternatives); and (3) information resources -

(procedures and guidance, technical information, process information).

The integrated evaluation and application of insights from prior
probabilistic risk assessments, plant-specific analysis, such as the
Individual Plant Examination, and other industry and government programs,
provide a means of improving a plant's integrated capability to respond to
rather unlikely, yet potentially severe, events.

.

At the same time, 1 very important question yet to be answered in the
industry activities is what constitutes an appropriate allocation of utility
resources to this effort relative to other plant priorities, and how one
judges " success" in implementation of these enhancements.

To assure a common understanding of the key terms used in this paper, a
,list of definitions is provided at the end of this paper in lable 1.

1
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INTRODUCTION AND OVERVIEW

In its Policy Statement on Severe Reactor Accidents (1), the U.S.
Nuclear Regulatory Commission (NRC) stated that " operating '.U.S.] nuclear
power plants require (s) no further regulatory action to deal with severe
accident issues unless significant new safety information arises to question |
whether there is adequate assurance of no undue risk to the public health and4

safety." The value of each licensee conducting a " limited scope, accident
safoty analysis to discover instances (i.e., outliers) of particular
vulnerability to core melt or to unusually poor containment performance, given

i care melt accidents," was also recognized.
,

In November 1988, NRC staff issued Generic Letter 8% 20. " Individual l

Plant Examination for Severe Accident Vulnerabilities - 10 CFR 6 50.54f." (2)
In that document, besides requesting each plant perform a systematic )
examination to identify any plant-specific vulnerabilities to severe I

accidents, the NRC staff stated its intent to request at a later date that j
licensees apply the insights gained from these analyses to enhance their i

existing capabilities, collectively referred to as accident management
capabilities, to prevent or mitigate severe accidents.

Consistent with the Commission finding in 1985, an important, initial
precept of the industry effort is that the existing utility organizational and
emergency planning structure is adequate AnA accident management plans, to

; varying degrees, are already integrated into daily plant operations. The
question that remains to be answered is to what extent the accident management'

capabilities may be effectively and efficiently enhanced?
,

Many of the existing capabilities for assessing and responding to
accident situations in place today are a direct result of the lessons learned
by the industry and NRC staff from the Three Mile Island accident which
occurred over twelve years ago. In th9 pursuit of excellence, and encouraged
by a high level of management commitment, emergency planning has continued to J
evolve'into e highly visible, high priority part of U.S. plant operations. J
for example, the following list of facilities, equipment or programs pertinent |c

to the execution of an emergency plan exist today:

(1) Emcrgency rasponse facilities and systems designed for the
prevention, as:,essment and mitigation of transients and accidents. i

:

(2) Sophisticated data collection systems, such as Safety Parameter |
Display Systems (SPDS), to serve as tools for plant staff
identification, assessment and mitigation of transients and |

accidents.;-

(3) Detailed, extensive Emergency Operating Procedures (E0Ps),
including. entry points based upon symptoms father than
necessitating correct event classification, have been developed
based on operating experience and the collective knowledge of U.S.

.

!
1

1
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industry groups f avolved in their composition, review and
improvement.

(4) Improveci communications technology for enhanced response of o; f- '

du'cy personnel :nd the sharing of plant and site status among
phy31 rally separated facilities.

(S) Accredited training prograes for plant operators and shift
technical advisors, that include an integrated approach toward the
E0Ps, die of the SPC3 and onergency plan implementing procedures,
and related training for emergency response persnnnel.

(6) Quality murance audit programs to asses, major elements of the ,

emergency preparedness program.

(7) Performance usessmer,t< , such as drills and exercises, to test and
improve the plant staff response cspability.

As discussed in the following sections, the U.S. nuclear industry has
undertLken the development of generic accident management guidance that, along ,

with plant-specific information, will support utility efforts to enhance tneir
accident management (AM) capabilities. Achieving NRC staff acceptance, by
reference in a generic letter, of the industry approach toward enhancement of
utility accident cana7eNnt capabilities, is expected. Periodic meetings with
NRC staff are being held to permit discussion of draft materials as they are
developed by industry and allow NRC staff to provide feedback on industry's

i products as well as their own research.

U.S. IWOUSTRY ORGANIZATIONS AND ROLES

in July 1988, NUMARC established a Severe Accident Working Group (SAWG)
to coordinate industry activities a d serve as the focal point for industry-
NRC interactions in attaining resolution and closure of the severe accident
issue. Individuals from selected utilities, as well as industry
organizations, such as the Electric Power Research Institute (EPRI), the
Institute of Nuclear Power Operations (INPO), and the four NSSS Owners Groups
and their contractors, are actively involved. NUMARC coordinates these ,

efforts with other related industry activities in order to avoid duplication
and to attain a unified industry approach.

The industry concurs with the NRC staff view that enhancements to
existing accident _ management programs to address prevention and mitigation _of
severe accidents at plants could be beneficial. Recognizing the close link
between the clearer perspective regarding severe accidents that many utilities
elll achieve through performance of an IPE and the capabilities of plant st&ff
to respond to a severe accident, the SAWG established the following objective:

Provide for sy tematic and efficient implementation of certain
insights and results from an IPE and other relevant information
regarding severe accidents for the purpose of preplanning and
enhancing a utility's capabilities during an accident to take
preventive and mitigative actions.
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In August 1989, the first product of the industry effort, the EPRI-
developed draft " Guidelines for Evaluating Accident Management Capabilities"
(now titled "A Process for Evaluating Accident Management Capabilities"), was
issued. It provides a flexible framework for assessing the overall AM program
for an individual site (3), to the NRC staff and utilities. Recognizing the
need for specific technical guidance in order to complete an evaluation
process and the economic benefits of a more coordinated effort, a second phase
to develop explicit technical accident management guidance, relying heavily
upon several EPRI projects underway, was initiated. As a result, in January
1990, the NUMARC Joint Owners Group Accident Management Advisory Comn ittee
(J0G AMAC) was established to effectively utilize the industry's knowledge and
expertise in developing generic technical AM guidance while minimizing the
financial and manpower burden on individual utilities. 1he scope of what they
m re to develop was the following:

(1) EPRI oeveloping a generic " Severe Accident Management Guidance
Technical Basis kepcrt" (SAMG TBR),

(2) Each owners group developing owners group-specific severe accident
management guidance by taking advantage of the EPRI SAMG TBR, and

(3) Individual utilities developing and implementing an appropriately
enhanced plan + specific accident management capabtlity, taking
into account the IPE results, self-evaluation results (using for
example the self assessment guidelines), and the owners group-
specific accident management guidance.

While assessing the opportunity for enhancement to existing accident
management capabilities is considered a beneficial activity, it is also one
with provisions that can easily extend beyond what is warranted. Therefore,

the J0G AMAC program not only guides development of the applicable technical
basis, but is intended to: (i) ensure continued support by the industry at
large, (ii) define a level of consistency desired by the indivihal owners
groups, and (iii) provide a level of emphasis in balance with other plant
staff priorities.

DEVELOPMENT OF GENERIC ACCIDENT MANAGEMENT GUIDANCE

To accomplish the objective of providing constructive, yet practical and
balanced recommendations for enhancing plant accident management capabilities,
issues such as level of verification and validation, operator responsibility
for AM information on requalification exams, level of detail, etc., are
addressed in order to bound the scope of the AM guidance consistent with the
intent of the Commission's Severe Accident Policy Statement. The J0G AMAC
suggested scope and minimum recommended level of implementation in the areas
encompassed by SAMG are provided in a separate paper {4). These positions
have been reviewed and accepted by the NUMARC SAWG.

The " Severe Accident Management Guidance Technical Basis Report" is
being developed for the NUMARC Joint Owners Group Accident Management Advisory
Committee. It is intended to provide an industry-wide consistent technical
basis addressing issues from the 9nset of core damage and beyond, consistent
with the current state of technical knowledge. It is to be used for

4% :
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development of owners group accident management guidance, from which
individual utilities can develop plant-specific accident management guidance.

The EPRI SAMG TBR consists of two volumes. The first contains the.

: technical basis for severe accident management guidance. The second volume
consists of appendices supplying supporting information and technical detail.
The first volume begins with an introduction, delineates three Reactor Coolant 1

Systems (RCS) and four containment conditions descriptors, These descriptors
and associated symptoms are designed to allow the plant staff to determine the
plant status relative to the evolution of a particular accident without
reference to pre-determined sequences. RCS/ containment descriptor pairs are
used to describe the tystem once a severe accident is underway. The next
section of Volume I addresses fourteen " Candidate Higa level Actions." It is
anticipated that the owners groups will use these Candidate High level Actions

,

to devise strategies for their plants. These High level Actions are generic l

operational actions which the plant staff could take (if equipment is !
availabic) under varying circumstances. The effects of these actions are !
documented under varying plant conditions described by RCS/ containment
condition pairs. Finally, special considerations are discussed, where
appropriate, for converting action (s) into strategies.

Volume !! consists of about 30 appendices. These appendices have a
consistent format documenting the purpose of the appendix, relevant analytical
information, relevant experimental information, details relevant to the
technical basis, a summary, and References. Areas covered by these appendices
include Core Integrity-(Core Overheating), Primary System Integrity,
Containment integrity, and Hitigation of Release.

The effects of uncertainties are reflected in the " effects" tables of
Volumn i for the Candidate High Level Actions and as needed in the backup
material of Volume 11. References [5] and [6] discuss some example techr.ical
considerations.

'

To assure quality and completeness of the information in a form
conducive to further development by the owners group, the work is being
thoroughly reviewed by an engineering design review group consisting of
members from academia, consulting companies, and each of the four owners
groups.. The most recent review of the main body of the report was completed
on September 5. It was subsequently provided to NRC staff for comment on
September 17, 1991.

The vendor owners groups are responsible for assessing and/or developing
owners group-specific guidance in two discrete areas:

(1) ~ Enhancement of the Pisting owners group-specific Emergency ,

- Procedure Guidelines (for BWROG and CEOG), Emergency Reference
Guidelines-(for M0G)r or Generic Emergency Operating Guidelines
(for B&WOG), up to the point of core damage, as appropriate (from
hereon referred to collectively as EPGs); and

(2) From core damage through achievement, if possible within existing
resources, of a stable condition.

'
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The first area covers the actions of plant staff up to the onset of core
damage, which are generally associated with the procedural tasks developed .

'from the EPG and identified in plant-specific E0Ps. Although there are
differences in structure and nomenclature among the owners group-specific
guidelines, the major objectives of each remain the same: control of4

reactivity and prevention of inadequate core cooling. Nonetheless, variations

do exist in vendor designs and the development process. Consequently,
although we will strive toward consistency in function, we anticipate
differences in structure and implementation. !

;Each owners group has assessed the treatment by their particular EPGs of
the accident management strategies outlined in NRC Generic Letter 88-20.
Supplement 2. " Accident Management Strategies for Consideration in the
Individual Plant Examination Process." It is expected that any further work

iwill draw heavily from IPE insights and NSSS-specific designs and analyses.
Owners groups will consider changes to the EPGs and their associated technical
basis documents as a result of issues identified through the owners group-
specific EPG Maintenance feedback programs (IPE insights) or as a result of
the assessment of interfaces between the EPGs and proposed SAMGs.

,

'

For the second area, onset of core damage and beyond development of
owners group-specific SAMG will be based principally upon the EPRI SAMG TBR
and within the guidance of the accident management administrative scope and
content positions. The understanding of severe accident phenomena relative to ,

plant damage conditions and candidate accident management actions to be ;

provided in.the EPRI SAMG TBR should allow the owners groups to develop I

specific strategies that encompass the dominant severe accident challenges for
each class of plants. Although a level of consistency among owners groups is
a likely byproduct of the industry approach to resolution of the accident j
management issue, there will be no forced consistency or uniformity, As noted
above, each owners group is embarking in the severe accident management area
with preexisting constraints, such as vendor specific E0Ps and accredited
plant staff training programs.

UTILITY IMPLEMENTATION Items for Consideration;

The culmination of the industry development effort is the efficient
,

utility integration and application of the generic industry accident
management guidance documents with plant-specific information in order to
identify and implement appropriate enhancements to existing plant

| capabilities. The objective of the U.S. industry's accident management
L guidance development effort is to provide for the efficient augmentation of
j these existing emergency preparedness entities, especially as they relate to

stabilizing and recovering the reactor plant. It is anticipated that a
utility interdisciplinary team, with representation from engineering,

- - pro!;Sbilistic safety-assessment, training, operations, a_nd emergency 71anning
entities could adequately evaluate their plant's current severe accid M
management capabilities and the need for any enhancements. j

Central to a uttiity's approach to accident management implementation is
the plant-specific assessment of the existing capabilities within the. context
of severe accident response. The draft EPRl/NUMARC "A Process for Evaluating |

Accident Managemant Capabilities," may serve as an acceptable method for
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integrating this information. lhe evaluation process assists the utility in
integrating the wide variety of resource materials, including the owners group
accident management guidance, results of NRC research projects, plant specific
information, and any other technical information that is developed in support
of this effort. This process is not unique, and we believe there are other
approaches that would lead to implementation of an appropriate severe accident
management program.

At the OECD/CSN1 Specialists Meeting on Severe Accident Management
Program Development in September 1991 Dr. Brian Sheron of the USNRC noted,
and we agree, the responsibility to respond to a savere accident challenge,
although highly unlikely, is solely that of the licensee. Actions by plant
staff will have to be taken, regardless of the status of the USNRC's severe
accident research program elements and the remaining areas of uncertainty. He -

also made several other observations very relevant to the issue of utility
implementation of specific accident management guidance. They are:

1. Accident management is not a guarantee for mitigation.

2. If a severe accident occurs, it is highly unlikely that it will
follow a well-prescribed, previously analyzed scenario. Hence, AM
programs must be robust end flexible to allow plant staff to deal
with unanalyzed or unevaluated scenarios.

3. We should not disiliusion ourselves by going beyond our current
level of technical understanding. Analysis should not focus on
highly stylized scenarios and levels of accuracy inconsistent with
existing phenomena uncertainties.

4. A major element of accident management is developing technically
sound high level actions and strategies for managing beyond design
basis accidents, and procedures and guidance for implementation.
However, one should recognize that analysis of AM strategies must -

be approached in the opposite manner from conventional accident
analysis:

- first, identify the functionally desirable action.

- Second, the range of conditions that could exist when the
functionally desirable action could be taken must be
established, and

- Lastly, consequences of the action over the range of
conditions must be evaluated.

5. While a key element is an effective method of transfer from
symptom-based E0Ps to an AM program, an equally important element
is the integration with emergency preparedness programs.

6. AM is only as effective as the ability to carry it out. Practice
drills that employ the AM program are a necessary part of success.
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in general, we agree with the perspective offered by Dr. Sheron. lhat
said, one asks how should those remarks be specifically interpreted and acted
upon? Within the context of the industry ef fort to date, the charge to each
utility is clear: (1) it is responsible for responding to any transient or
accident that challenges plant safety, including degraded core events; (2) it'

must act -in the face of uncertainties surrounding severe accident knowledge,
because the scientific community will not have all the answers in the
foreseeable future; ed, (3) it is time to take significant steps toward
implementation. With this in mind, let us assess each of Dr. Sheron's points

,

as it relates to the industry (and utility) accident management programs.
1

Regarding the first three points, one must keep in mind the genesis of
the severe accidert management concept. From the industry's perspective, the i

>

last eleven years of research and current performance of IPCs provide the
opportunity to further reduce the risks of nuclear power plant operation,
This will occur in two steps: (1) changes tc plant hardware and procedures to
either eliminate / reduce the likelihood of event initiators or provide for
their mitigation; and (2) development of guidance to address severe accident |

challenges that are currently not part of a typical licensee's emergency -|
1preparedness scope. In both instances, we are pushing the concept of defense

,

in depth beyond the traditional plant design basis. This is acceptatie, as
long as one is-vigilant that this is a mutual effort, being pursued as
diligently by the industry as it is by the NRC staff. Correspondingly, severe
accident management is not an area in need of, nor conducive to, prescriptive
regulatory criteria. Rather, flexibility and adaptability are necessary.
Incremental enhancements to the existing plant infrastructure (e.g., personnel
training, available guidance, calculational aids, minor hardware
modifications) is all that is appropriate to addrass what are admittedly
extremely iow likelihood events.

Regarding'the 4th point, we believe another way to state this is to say
Kcid ut m eAgement re.qRie L a focn Lpn su _c m . This is logical, because a |c

plant's-staff will steadfastly attempt to terminate an accident-(success), and ;

will not rest until that is achieved. The structure of the SAMG is such that
the decision to apply a strategy is for the most part independent of the need

i

for a detailed understanding cf the event. Rather, based on the RCS and
j containment descriptors, a prioritized list of actions can be considered for |

implementation. To some extent there will be uncertainty with respect to the
,

| effectiveness of those actions, especially f or a few phenomenological issues.
As much as possible, the generic EPRI guidance attempts to take an operational
view, and whcre uncertainties would not make a difference in the action

| recommended, limits the consideration of those uncertainties. One must make ,

| the distinction between wanting to understand analytically, time-step by time- |

step, a melt progression sequence versus responding to an actual severe'

accident event. The information-and level of-precision necessary to achieve
_

success noted above is all that is required. Anything-more is superfluous.
In other words, if by considering the credible range of views or uncertainties

- on a particular phenomena one would not be expected to appreciably alter the ,

decisions and actions that one should take in responding to a given set of
plant conditions, there is limited value in pursuing these differences.

Points #5 and #6 provide clear evidence as to why the industry is
approaching the elements of training and decision-making very deliberately.
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Utility resources are finite. Conducting more training in the severe accident
area places pressure on utility staffs to perform less training in other
areas. The relative worth of each training session must be carefully

.

evaluated. practicing response to extremely low likelihood events is not ;

likely to be nearly as beneficial to overall plant safety and operation as
practicing to handle the more likely plant challenges.

Decision-making relates executing the proper and unambiguous command
and control authority during an emergency. As noted in the introductory
section, emergency-3reparedness has received a great deal of scrutiny and
enhancement since tie THI-2 accident in 1979. The industry believes the
existing utility organizational and emergency planning structure is adequate
and accident management plans exist. At this time, it is ap3ropriate to ,

identify the specific aspects of severe accidents that may ciallenge effective
implementation of the emergency plan. Yet, we do not envision the severe
41ccident issue justifying change to the existing emergency preparedness
structures. We do agree with Dr. Sheron that practicing the application of
the features of a severe accident management program is necessary in order to

~ have confidence that it can be carried out in a time of crisis.
,

'

Since training and decision-making relative to severe accident
considerations and emergency preparedness can involve so many more plant '

personnel beyond the Operations Department, what is feasible and practical to
do requires careful consideration. In early 1992, we anticipate forming an ad
hoc advisory. committee to address specific aspects of each of these elements,

,

especially in light of the owners group guidance being developed. The ad hoc
advisory committee will assess what should be done in this area as it
specifically relates to the accident management issue.

SUMMARY

1he statur of onsite accident' management preparedness and the ability to
manage complex transients or potential-severe accidents is better now than at
any time in the past. Plans and resources have evolved through years of plant
and industry operating. experience, lessons learned from drills and exercises,
and advancements in technology. Established utility programs ensure such
capabilities are maintained.

Nevertheless, the U.S. nuclear industry is now on the threshold of
advancing-that state of-preparedness by systematically applying the insights

- gained from-over a decade of probabilistic safety assessment and severe
accident phenomenology studies. It should be left .to each utility to
determine what to implement from the generic accident management guidance
documents. The NUMARC effort, although intended tc provide-an cffective and
efficient accident management implementation process, does not obligate the '

LS. utilities to-any particular course of action or level of detall. Other.

approaches are available and given our level of understanding of the severe <

. accidents and the level of public safety currently provided by the existing
plants, are-beileved to be adequate.
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TABLE 1 - SEVERE ACCIDENT DEFINITIONS

Severe Accidents are those that result in catastrophic fuel rod failure, core
degradation and fission product release into the reactor vessel, containment
or the environment. .

3

Accident Manaaement refers to actions taken during the course of an event by
the plant operating and technical staff to: (1) prevent the event from
progressing to core damage; (2) terminate core damage if it begins; (3),

maintain containment integrity for as long as possible; and (4) minimize
offsite releases. Severe accident manaaement is a subset of the above, !

addressing the latter three phases.
'

.

The EPRl/NUMARC A Process fot Lyaluatina Accident Manaaement.lapabilliin
provides utilities a candidate approach for_ identifying plant-specific
enhancements to a particular plant's existing accident management
capabilities.

Utilitvi Accident Manaaement Plan outlines the actions to be pursued by the
u+ility to enhance its existing accident management capabilities and is i

comprised of:

- A schedule for the development and implementation of the AM .

'

enhancements.

A delineation of responsibilities within the utility organization-

for developing and implementing the AM enhancements.

The EPRI Severe Accident Manaagment Guidance Technisal Basis Report (SMLTR)
will be developed by EPRI to generically define the-technical bases of AM
guidance. This will serve as a consistent technical basis from which each
NSSS owners' group can develop Severe Accident Management Guidance for use by
individual utilities.

Owners group-specific Severe Accident Manaaement Guidance (SAMG) is to be
developed by each NSSS owners group to facilitate diagnosing and arriving at a
safe stable state following a severe accident including the mitigation of
possible radioactivity releases. These guidelines may be used by individual
utilities to develop plant specific Utility SAMG,

Utility Severe Accident Manaarment Guidance (USAMG) is the plant-specific
_

,
guidance developed to assist the plant operating and technical staff in
implementing strategies for the_best use of the existing plant capabilities to!

diagnose,-respond to, and recover from a severe accident.
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A STRUCTURED APPROACH TO INDIVIDUAL PLANT EVALUATION AND
ACCIDENT MANAGEMENT

-----------------------------------,------------- ...--------

G. T. Klopp Commonwealth Edison Company
----------------------------------------------------..--------

**********c**************************************************

ABSTRACT

The need for long term development of accident
management programs is acknowledged and the key
tool for that development ic identified as the
IPE Program. The Edison commitment to build an
integrated program is cited and the effect on the IPE
effort is considered. Edison's integrated program is
discussed in detail. The key benefits, realism and
long term savings, are discussed. Some of the highly
visible products such as neural network artificial
intelligence systems are cited.

*************************************************************

INTRODUCTION:

The NRC's generic letter-88-20 and its.varicus supplements
provide the industry uith clear requirements for performing
Individual 1 Plant Evaluations (IPE's) in support of severe
accident issue resolution. The IPE's are part of a well
thought out effort for achieving such resolution which
includes programs for severe accident research, containment
performance improvement assessments, consideration of
externa' events, and, ultimately, the' development of accident-
manage' ant programs. Indeed, we note that the NRC
requi: aments = for the conduct of the IPE's' have the industry
identifying those obvious accident management insights which
surface during the-performance of the IPE's. Subsequent
dispositioning of those insights is expected to take place in
the context of the IPE process rather than waiting for later
accident management program development.

That development is ongoing and involves a cooperative effort
between the NRC and the industry's Nuclear Utility Resources
Management Council (NUMARC). Much work has already been done
by NUMARC to explore the issues associated with accident
management program development. The NRC and its' contractors
have also done a great deal of very useful work in developing
the framework-for-program development.

|
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Edison,-however, noted early that their was no consensus on
the. definition of the term " accident management." Naturally,
there was no consensus on the required scope and depth of the
associated programs to be developed. Indeea, significant
disagreement existed within the overall community or all Pey
aspects of the issue.

Edison had the benefit of many years of exposure to the
severe accident question starting with the Zion Probabilistic
Safety _ Study and continuing through the course of the

_

Industry Degraded Core Program (IDCOR). This depth o'
experience-allowed Edison to take a critical look at the
issue of accident management program development. In
particular, Edison was able to evaluate the issue in the
context of its own, existing emergency measures at each
station. These ranged from the emergency operating
procedures-(E0?'s) through the-emergency plan (GSEP) itself.
At_the same time, Edison was looking at the expanded NRC
requirements for IPE's which grew dramatically from the
simple IDCOR IPE Methodology. These considerations led
Edison to conclude that a major resource ~ investment was being
mandated by the IPE and probable, future accident management
requirements. Edison had to consider means to gain the most
from the required IPE program and to gain the most efficient
use of the resources expended.

EDISON PROGRAM DEVELOPMENT HISTORY:

Edison recognized that the first, crucial step-in treating
the development of any accident management program involved
obtaining a clear definition of what the term itself meant.
- Fortunately,Lpast work with IDCOR, the experiences of key
personnel with emergency plan exercises, and overall company
philosophy led to a comprehensive definition without any need
for extensive internal discussions.- 'For Edison, accident
management is defined as: "those activities and measures
undertaken and in place to prevent an off-normal event;
prevent such an event from becoming a core damage accident
should it occur; prevent a core damage accident from
rupturing the reactor vessel if it occurs; prevent-a core
damage accident with failed reactor vessel from failing the
containment; and if containment should fail, minimize the
radioactive releases to the environment. (Figure 1) This, we
recognize, is a broad definition of accident management. The
- deliberate choice of such an approach was based on a
perceived need to insure that all aspects of the issue were
addressed with no

4
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" gaps" which might decrease the effectiveness =of our efforts.

Given the definition of accident management, the next task
was the reconciliation of the IPE mission with the task of
developing the program definition for accident management.
In this-case, Edison recognized that major building blocks
were already existent in the EOP's and the GSEP. What was
needed was an evaluation of these two program elements in the
context of the growing body of knowledge regarding severe
accident behavior; a search for " gaps" between these two; and
an incorporation of the pertinent insights from the IPE
Program. (Figure 2) Further thought yielded the conclusion
that the IPE's themselves-would provide an assessment of the
EOP's if adequate human interaction modelling were performed.

At.this same time, there developed a growing recognition of
the need-for evaluations which were based on realism to a
previously unparalleled degree. The results of the IPE and
the accident management program definition are intended to be
used: operationally. Indeed, they are projected to be used in
the most critical and least practised operational area of
all, severe accidents. Lastly, there was clear recognition
of the fact that Edison could not begin tu afford two,
largely duplicative programs requiring the resource
commitment of the IPE Program.

Edison therefore decided, early in the IPE process, to
integrate the development-of the accident management program

'

definition with the conduct of the IPF Program. In addition
to addressing the issues noted-above, this process makes
maximum use of the IPE. analyst's abilities to develop ideas
and helps insure that ideas may be captured while they are
fresh and-in a well understood context.

:The importance of this last aspect cannot be-overstressed.
The individuals working with the IPE materials on a daily-

'

basis will develop a real and intimate understanding of what
the_IPE is revealing about a given plant. .If they are
carefully charged with the task of really thinking about what
they are developing, a wide spectrum of insights and ideas
will-present themselves. These can be captured and utilized

-

for both_the development of IPE insights and for the
development of accident management insights given an
appropriately structured program. Conversely,- it will be
very difficult,to re-visit the IPE, re-interview the
analysts, and recapture these insights 6 months or a' year
after the IPE is completed. Many of the better thoughts will
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have been forgotten. In addition, unless the IPE process is-
appropriately structured, many important accident management
insights will never be developed at all since the focus of-
people's thinking will be narrow, aimed just at the desired
IPE ' product'._ In such cases, re-visiting the issue later will-

reveal even loss.

So, Edison recognized the need to integrate the two program
efforts'and the'need to structure the IPE so as to facilitate
'the development of a rich-field of insights-in both areas.-

That' decision is both profound in its implications and
challenging-in its implementation. Edison is " jumping-the
gun"!on the rest of the nuclear community in the development
of-an accident management program definition. This means
that our efforts have to be good enough and comprehensive
enough to_ encompass any of the good ideas which may surface
from the NUMARC and owners groups efforts. ' Edison plans to,
at worst, perform some simple comparisons to show the NRC
that we have covered all the key points others may bring up
in the future. Naturally, we will be following the NUMARC
work as it evolves and we will be trying to insure that our
efforts do not miss anything fundamental.

Part of the challenge stems from the current state of
development of accident management material available to the
industry in general. Much of this resembles a shotgun blast
of ideas involving-infant strategies, lists of questions for
the review of existing tools (such-as EOP's), and a veritable

.

host of definitions for accident management itself. The most
cogent,_useful material initially-available came from the NRC
and its contractors. The identification of the 5 elements of
accident management by the NRC appears ingenuously simple
(Figure 3) but, is, in reality, very profound and far

'

reaching. It permits the-examination of the accident
management issue from a number of different-angles and helps
to insure consistency _and completeness within any well
thought-out program development effort. Edison has found
that this~ identification, coupled with the_ basic definition
of accident 1 management noted earlier, provides a solid
foundation for program definition and development.

How, then, has the Edison program developed? First of all,
the process of development has, itself, evolved as time went
on and-work was accomplished. -Today, we look at the Edison
process as one which centers around detailed level 2 PRA's
for:each plant. These PRA's emphasize realism in their
depiction-of plant responses to various events. As a result,
-literally hundreds of transient analyses are run for each

,

1 -
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_ plant.using the Modular Accident Analysis Program (MAAP. In
addition, the systemic interactions between the systems
designed to protect the core, the core,-the systems designed j

~

to protect the containment and the containment are explicitly '

depicted in plant response trees (PRT's), a form of
integrated event tree. The actions of plant personnel, as
set forth in the EOP's, are explicitly modelled in these
PRT's. Naturally, we are identifying and addressing the
relevant phenomena and associated uncertainties. Where these I

uncertainties have been of particular interest to us, we have I

conducted specific experiments for-Edison plants to reduce |
the levels of uncertainty. The result is a set of solid !

IPE's for each station.

Next, we have considcred how to extract accident management
program definition from the-IPE's and other, relevant
information. (Figure 4) Edison has concluded that the way to
extract insights, be they IPE insights or accident management
insights, from;the IPE is to " pause" the IPE at key choke
points and survey the key analysts for concerns, ideas,
thoughts, etc. A structured set of survey questions has been
developed to guide this effort for each type of insight. A
process has been put in placc to collect, sort and aggregate
these insights. 1

Secondly, Edison wanted to insure that the larger picture was
not lost in the detail coming from the IPE's. Also, a means
was needed to. identify, early, those long lead time items
which might appear as a natural part of the accident
management program definition. A process was developed and
employed for a " logical-intuitive" top down look by
experienced people using the 5 elements of accident
management as a base.

Thirdly, Edison-was somewhat concerned at the thought of all
these experienced plant engineers developing all these ideas
for-use by a wide variety of other people. Some non-
engineering " sanity check" was clearly in order given the-

wide _ departure.from the norms of power plant considerations
. involved in these deliberations. Edison employed a

,

~ behavioral scientist to provide a " task analysis" of the keyI

| - emergency plan tasks related to accidentLmanagement under-
j current program plans. That same persnn also, then,
| -evaluated _the tasks to be performed under the requirements
L imposed by proposed or likely accident management plan
i adjustments resulting from the increased state.of knowledge
E -associated with IPE's and from the proposed long-lead time
j items derived from the top down_look at accident management.

V i

| 4?2
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The fundamental concerns were self consistency; adequate task
definition; adequate staffing and communication; adequate
decision making; adequate skills, knowledge and training; and

i adequate tools, both calculational and informational.
*

|

The Edison accident management program definition will stem
from the careful consideration of what we are being told bye

all three of these approaches.

FINE 8TRUCTURE OF THE DEVELOPMENT:

This section will provide some selected details on the
vehicles employed by Edison to perform the IPE's, extract IPE
insights, and to extract accident management insights from
the IPE's. It will also discuss the top down accident
management _ review and the behavioral scientist's work in a
_similar manner, j,

'
1

The Edison IPE's are, in a broad sense, classical level 2 '

PRA's. (Figure 5) The human reliability analyses are
performed using "THERP" technology. The common cause failure
-analyses are performed using "MGL" techniques with plant
specific data used wherever possible. The fault tree
techniques are not unique, support states are modelled using
a matrix approach-which feeds the basic event tree (plant
response tree) models. Plant specific data is developed
wherever possible and is employed in the initiating event
catagorization and quantification. Similarly, componentI

, reliability is developed from plant specific data wherever
! possible. In the level two area, extensive consideration is ;

given to the-various relevant phenomena and to crucial '

L uncertainties.
|

What then is different? As noted earlier, there has been
much increased emphasis on realism. The structure of the
plant response trees, for example, is-based on the extensivei

I use of two key tools. The first of these is the MAAP code
which is used to model the: realistic response of the plant to
initiating events and system failures. Secondly, the plant-
response trees are structured to take into strict account the
operator's responses to th2 various scenarios as set forth in
the EOP's. These two tools are extremely powerful in forcing-
realism into the structures. As an aside, we believe that

,

the' Edison IPE's may be the first studies to ever model, in
detail, the effect of the post-TMI, symptom based EOP's. In
addition, the MAAP code provides the IPE's with realistic
systems success criteria for use in clearly identifying the
top events in the plant response trees and, consequently, for
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identifying the top events in system fault tree development.
Both typical (number of_ pumps) values and crucial timing
issues are resolved in this way.-
This technique led,_early to a decision to confine the PRT's
to systemic-and operator action top event questions. No
phenomenological questions are included in these trees. The
overall phenomenological questions and issues are addressed
in separate discussions elsewhere in the IPE. The challenge

Ito containment posed by such phenomena and the relevant
uncertainties are covered in-these discussions. Edison has |

Iparticipated in the performance of a number _of experiments
designed to reduce our uncertainties relative to specific !

phenomena. The results of these experiments are or will be |

reported in the open literature and in our IPE submittal.

The dominant accident sequences, c- groups of sequences from U

the PRT's will be covered by explicit MAAP runs which will
address; containment failure or success, timing of_ failure,
and related radioactive releases. As may be expected, many

~

severe accidents take a great deal of time to progress
through' core melt all the way to containment failure if left
unchecked. In some cases, for PWR plants, this can run out
to 40 or 50 hours.- In an effort to obtain some common frame
of_ reference with the rest of the PRA industry, Edison has-
set aH24 hour." limit" on sequences. If core _ melt or
containment failure has not occurred in 24 hours and is not
imminent, the sequence is classified as " success with

'

accident: management" for the issue in question. This is a
realistic: appraisal of corporate mobilization effects and, at
the same time, calls attention to thoue sequences of interest
fer accident management development asLneeded.

How, then, do-we extract insights;from the IPE? Both IPE
fnsights and accident management insights are of interest and*

both derive, in part from the IPE. -Edison evolved a matrix
or-array of questions for each purpose. One array' addresses
the insights classified as IPE insights. The second covers
accident management. The distinction between the two becomes
somewhat blurred at_ times but the demarcation is less
important than the ideas generated. In each~ array, one axis-
consists of a series of natural " choke points" inLthe IPE.
These are points where a. major activity is complete, such as
the development of PRT structure or the completion of
phenomenological-discussion papers. The second axis of the
arrays' changes-with intent. The IPE array uses design and
operational issues such as EOP's or system design questions.

I The accident management array uses the 5 elements of accident
management discussed earl'ier. At each junction, specific

426
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. questions are asked!of the analysts performing the IPE. The
questions are used as thought provoking guides in both cases
as. opposed to rigid prescriptions. Examples of questions
from an area of the array and a copy of the array itself are
shown in-figures 6 through 9. As can be seen, the questions
induce consideration of IPE. output in the context of the key,
5 elements cited earlier. The analyst-is guided in evolving
insights at each key stage of the IPE.

.The renults from this process are subjected to multiple
levels of review. Initially, the= review is conducted by a
team of senior, plant and PIU4 experienced personnel who
consolidate, categorize _and screen-insights. The results of
this review are fed to a Senior Management Support Team
consisting of individuals at or near the Program Manager
level in Edison and'its consultant organizations. Lastly,
the insights, along with other study results are fed to a
team of very senior Edison managers for final consideration
and disposition. Clearly, in this latter case, the very many
minor procedural changes which have no major impact _but which
are more in the line of " clean up" items will not go the
final team unless requested. A copy of the data field for
collecting and assessing insights is shown in figure 10.

The results of this process will include an aggregation of
insights which are specifica1Jf and closely related to
accident management. They will include-insights addressing
strategies, suggestions on training, possible hardware
augmentation, etc., etc. All such insights will be
considered-in terms of the existing Edison accident
management framework which consists of the current plant and
emergency plan organizations and associated procedures,
guidance training,.etc. They will constitute _useful.
additions to that existing framework. In some cases, they
may actually adjust that framework by suggesting changes to
an organization, etc.

We noted earlier that Edison has used three approaches to
reviewing the issue of accident management progt.2m
development. Extracting insights from the IPE Program was
the first approach and the most significant in terms of

*

resource commitment. Edison also took a top-down look at the
issue and, in_ order to provide a human perspective, reviewed
the actual management process, as typified by an emergency
plan drill, with a behavioral scientist. These latter two
approaches each provided a unique perspective.

The top-down review started with the 5 accident management

,
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Accident Manacement Matrix Element IC: ComputationalTools

1. Do any of the identified initiating events progress in such unusual ways as
to require special calculaticnal tools to be developed to trace the course of
the event or predict outcomes for AM purposes, e.g., MAAP auxiliary
building model for "V" sequence? ,

- Accident Managemept Matrix Element ID: Organization

- 1. Are any of the initiating events so unusual as to point to possible changer
in plant or GSEP organizations or assigned responsibilities of existing
organizatien structure?-

Accident Management Matrix Element IE: Information

'L _ Do _any of the initiating events point directly to a possible' need for new
instrumentation and/or informational systems? Do any of the strategies
evolved from element I A require such new systems?

2. EVENT TREE STRUCTUllE

Accident Ma'nanement Matrix Element 2A: Stratenies

1. :Does the event tree structure suggest any AM strategies or the need for
the development of any such strategies?

i

2. - Are there plant or utility resources not currently credited in the event tree"

structure- which might ameliorate or terminate specific sequences or-

groups of sequences in the event tree?

3. Are there actions currently being projected as being taken which worsen
or cause a sequence or group of sequences as represented in the event tree?

4. Are there actions which should or should not be taken which would ensure
or prevent, respectively, the future use of resources and/or equipment
needed to cope _ with the accident? -

5. . Are there actions not currently projected to be taken which might
terminate or ameliorate a sequence or group of sequences as represented
in the event tree?

|

6. Are there actions for which existing plant procedures might be clarified or'

enhanced to pruvide a greater level of assurance of success - for
L implemer .ation?

FIGURE 7
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Accident Mananenient Matrix Element 21f: Training
,

1. If the element 2A questions led to strategies, which positions should be
afforded what type oflevel of training in the strategies in;

Normal plant staff?c *
* GSEP staff?

~

2. If the element 2D questions led to new orgamzatunal slots, what type and
. level of training should be afforded to those new slots?

3. If the level 2C and 2E questions led to new computational tools or
information systemw who should receive what type and level of training in
these areas in:

Normal plant staff'*

* GSEP stafr?

Accident Management Matrix Element 2C: Computational Tools

1. Do any of the sequences evolved in the event tree structure require new
computational . tools for full and realistic event representation to AM
personnel? 11 so, identify them.

2. Do any of the suggested AM stra egies for specific sequences or groups of
sequences require-new computational tools for full and realistic event
representation to AM personnel? If so, identify them.

3. T tes the use of resources or the implementation of actions not currently in
the event tree structure require new compm <tional tools for use by AM
personnelin controlling an accident? If so, identify them.

Accident Management Matrix Element 2D: Ornanization

-1. Does the event tree structure or an'y AM strategies evolved therefrom
point to a-need for any changes in the GSEP organization or assigned
responsibilities within the existing organization structure? If so,ident.fy.
them.

~Accident Management Matrix Element 2E: Information

1. Does the event tree structure or any of the sequences derived therefrom
-point to a need for new instrumentation and/or informational systems or
point to new uses for existing systems? If so, identify them.

FIGURE 8
t
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2. Do any of the strategies evolved from element 2A point to a need for new
informational systems or point to new uses for existing instrumentation
and/or informational systems? If so, identify them.

3. -Do any of the computational systems evolved from element 2C point to a
need for new informational systems? If so, identify them.

3. FA ULT TitEE STitUCTUllE & QUANTIFICATION

. Acident Management Matrix Element 3A: Strategies

1. Does the structure of_the system fault tree or the quantification of the
faud tree suggest AM strategies or the need for the development of such'

- strategies? If so, identify them.

2. Are there plant or company resources available to prevent system failure
or restore an unavailable or failed system which are not credited in the

- fault tree analysis? If so, identify them.

3. Are there plant specific failure data which are u; .- aal enough to impact.

the development of AM strategies? If so, identify them.

4. Are there plant-specific maintenance data ; duration of maintenance, etc.)
which are unusual enough to impact the development of AM strategies? If

i so, identify them,

5. Are there plant-specific human failure rate data which are unusuali

enough to impact the developinent of AM strategies? If so, identify them.

6. 'Are there actions for which existing plant procedures might be clarified or
enhanced to - provide a -greater level of astarance of successful
implementation? If so, identify them.

&cident Management Matrix Element 3B: Training

1. If_ the element 3A questions led to strategies, what training sho ild be
afforded to what level, to which positions in:

Normal plant sta fR+

+ - GSEP stafG

2. If the element 3D questions led to the identification of new organizational
slots, what training should be afforded to personnel identified for those
slots?

|

FIGURE 9
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TIIROTTLE RCFC SERVICE WATER FLOWS LOG No. 7.1 - 218 / AM
.. __ .

ANALYST:
.._ - - . =.= _. - - - . - - _ _.. .- . , - -- _- . _ _ __

AN ALYST: Lutz . SOURCE: Ctmt Spray Eval.
SYST/ COMP /FUNCT: aC. 'W ,E_ P/AOP: NoneO

ACC. PII ASE;, After Core Damage liX, PECTEL' RESULT: Acckknt Mitigation

OBSERVATION:
Following core danage, significant quantities of hydmgen may exist in the cociainment. Utmier these coMitions, one of de

accidern managemetz strategies is .o maintain the cottainment in a steam inserted state (e.g , maintain cmtaintnett pressure ata

15 to 25 pig). Wi:h the present Zion Service Water alignment to the RCFCs, this would require starting aM stopping RCFC
units on a contmual basis (e.g., "oo" for 15 minutes; "ou" for 30 rnitutes; "oo for 15 nunutes; etc.). Ilowever, startmg of |
moto.s is a dominut failure mode for motor drnen equipment. A modtficadon to the RCFCs to pemst thrutling of the SW

Oow would be advar.'.agem for long term impkmentation of this accident management acuvity. Each RCFC presently has
two SW vanes: one txtor oparated isolatin valve aM one manual valve. Consiktstion siniki be given to modifying one of
the valvea a the SW line to erb RCFC to pennit tiuouling of the SW Dow.

EEOUENCE / CONDITIONS:
" Dss insight is applicabb to all core damage sequerres. |

INSIGIIT / STR ATEGY:
An AM straegy to duettle the SW Qow to each RCFC unit, should be considered to aid in the impimentation of the acciderd
management strategy to maintam the cotmainment in a steam iwned stare. Analyses would hkely be required to establish the

& ree of throttling requued to maintain an inerted cortainmeta condition. The AM strategy shouki specify how the !,3

i se,ergency response staff can detemine the margm to an de.iwrted state during an event (e.g. contatnment pressure and I
il

Jtemperature iMications). -

CONSTRAINTS:
This recommendation requires no change to the Zico EOPs, AOPs, licensing documents or FS AR analyses,

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

TIGER TEAM: |
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elements and evaluated Edison's_ current framework against ;

each element in an-anticipatory manner. In other words,
experienced people with severe accident backgrounds were
asked to provide their estimates of where the existing
framework was strong and where it might be strengthened in
terms of each of the five elements. _This process was
intended to aid in flagging long lead time development items
and in insuring that an overview of the entire process was
available to all participants as the TPE's natured. It also '

provided a check _on the degree to which IPE insights covered
the entire accident management spectrum. The nature of the
top down review is exemplified in figuren 11 and 12 which
show part-of the structure of-that. process.

The Lahavioral sciences review,_the last of the three
approaches taken, was aimed at insuring that human
engineering principles were not being ignored in either the
current accident management framework or in the development
of an augmented structure. In this review, behavioral
scientists and sr.aior Edison personncl reviewed the existing
framework to identify those positions in ..ie existing

,

organization which are key to effective' management of the
'

accident and to making-recovery decisions. Other tasks such
as public information centrol, regulatory liaison, and
environs monitoring, important as they are, were not central
to this evaluation. Edison arranged for video taping or
emergency plan exercises and furnished these tapes to the
behavioral scientist after that person had become
sufficiently familiar with the key personnel positions and
their functions during an accident. The tapes were reviewed ;

by the behavioral scientist in order to perform a task
analysis for the key positions. Focus was initially
maintained on the current framework and adequacy of
organization, training, strategies, tools, and information
was assessed for each position given the current-framework.
Then, the top down look and IPE preliminary insights were
reviewed to make some judgements about the nature of future
tasking for those same-key positions. Key in this was
gaining an' appreciation of the volume of new, severe accident
information flowing from the IPE process. Given that row
understanding, revised tasking was proposed and agreed on for
evaluation purposes. The task analysis was then repeated to
ascertain the impact of the new material on the existing

,

framework from a human cngineering standpoint.

CONCLUSIONS:

The results of.all of this effort-will be presented to
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Edison's senior management for their review and consideration
and for the formulation of those decisions which will set the
new accident management framework in place in the near
future. Edison believes that this structured process,
involving IPE output, top down evaluations and behavioral
sciences review will lead to a well developed accident
management program which takes full advantage of new
information and which is fully responsive to industry and NRC
needs. We also believe that the results of this approach are
likely to constitute the most significant risk reductions
possible under joint NRC/ industry program to close severe
accident issues.

i

L
|
|

l

l
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BEVERE ACCIDENT MANAGEMENT-STRATEGIES
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University of California
Los Angeles, CA 90024-1597

ABSTRACT

Accident management can be defined as the innovative
use of existing and or alternative resources, systems and
actions to prevent or mitigate a severe accident. A
significant number of probabilistic safety assessments
(PSA) have been completed which yield the principal plant
vulnerabilities in terms of initiators and accident
sequences. For each strategy there may be several options
available to the operator and each involves
phenomenological and operational considerations regarding
uncertainty. The objective of this paper is to develop a
framework for assessing severe accident management
strategies given the key uncertainties. Based on Decision
Trees and. Influence Diagrams, the framework is applied to
-too cose studies: Cavity flooding in a PWR to prevent
vessel-penetration or failure, and drywell flooding in a
BWR to prevent or delay vessel and/or containment
failure.

1. INTRODUCTION

Severe accident management can.be defined as the innovative
use of existing and or alternative resources,-systems and actions.
-to prevent or mitigate a-core melt accident. Together with risk
-management (changes in plant operation and/or addition- of
equipment)- and- emergency. planning (off-site actions), : severe-
-accident management provides an-extension of the defense-in-depth-
safety philosophy for_ core melt accidents.

A significant number of probabilistic safety assessments (PSA)
have been completed. which yield the principal plant
vulnerabilities. These. vulnerabilities can be categorized as, a)
dominant--sequences - with respect to core melt . frequency, b)
dominant sequences with respect to various risk measures, c)
dominant threats which challenge safety functions, and d) dominant
threats with respect to failure of safety systems

437
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Severe accident management strategies can be generically
classified as:

* the use of alternative resources (i.e., air, water,
power),

* - the use of alternative equipment (i.e., pumps,
generators), and

* the use of alternative actions (i.e., manual
depressurization,. manual injection).

For each sequence / threat and each combination of strategy
there may be several. options available to the operator. Each

. strategy / option _ involves phenomenological and operational
consideiationn regarding uncertainty. These considerations include
uncertainty in key phenomena, uncertainty-in operator behavior,
uncertainty in system availability and behavior, and uncertainty in
available information (i.e., instrumentation).

In order to better scope the uncertainty associated with these
strategies, two workshops were held at UCLA, one each on PWRs and
BWRs. As a result of these two workshops, a number of key
uncertainties were delineated, and several new accident management
strategies-were developed. The proceedings of these workshops were

,

summarized in two white papers (1,2).

The objective'of this paper is to present a methodology for
assessing severe accident management strategies given the key
uncertainties delineated at the workshops. Based on Decision Trees
and Influence Diagrams, the methodology is applied to two case
studies:

Cavity flooding in a PWR to prevent vessel penetration or*

vessel failure,

* ' Drywell- flooding in a BWR to prevent vessel and/or
containment failure.

Key Uncertainties

~n general, the key uncertainties involve issues relat_a to
pheno.aena, operator actions, instrumentation and systems
availability. The uncertainty in phenomena occur because operator
actions change the progression of a severe accident, and introduce
new physical regimes such as temperature or pressure, and new
conditions such as the presence or absence of water.- As'a core|

melt accident progresses, the geometry change will also contribute
to uncertainty. Uncertainties in phenomena exist with respect to
the occurrence of steam explosions (both in-vessel and ex-vessel),

|' hydrogen generation and combustion, and heat transfer in these new
.

u
i
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regimes and under these new conditions).

In-addition to the traditional uncertainties in operator and
system behavior regarding severe accidents, there is additional
uncertainty in attempting to manage a severe accident. This occurs
becaune of - the uncertain nature of the phenomena mentioned
previously,. a lack of knowledge regarding _ the state of the accident
progression, and because the operators may not know whether or not
their actic m have been successful. Moreover, a lack of suf ficient
information due to damaged instrumentation may lead the operators

- -

to the wrong diagnosis and/or action. In order to include the
various uncertainties mentioned above in assessing the viability of
a potential severe accident management strategy, a fIamework has
been-developed using Decisicn Trees and Influence Diagrams. The
framework is described in the next section.

2. DEVELOPMENT OF A FRAMEWORK

Introduction

Consider a simple example in which a consumer is confronted
with the option of whether or not to purchase an extended warranty
for an electronic component. Suppose the extended warranty costs
$100; on the other-hand should f ailure occur, the cost of repair is
$500. The key uncertainty is whether or not the electronic
component will fail during it's lifetime. The decision can be
graphically structured as shown in Figure 1. Suppose further that
the consumer wishes to minimize his/b9r expected loss. The upper
branch of the Decision Tree represent the purchase of insurance
i.e., the extended warranty; the lower branch represents "self
insurance". The square is a " Decision Node", and the circle is a
" Chance Node" representing the uncertainty. If the chance of
failure is estimated -- to be 10% (0.10), then the expected losses
would be (EV = Expected Value):'

$100 (1)EV, (Loss) =-

EV (Loss) = 0.9 (- $0) + 0.1 (- $500) = - $502

If the consumer used this simple " Expected Value Rulo", he/she
would opt to self insure because EV in this case is -$50. If the
consumer were more sophisticated, he/she could use an " Expected
Utility Rule" in which a degree of risk aversion could be factored
in. An Influence Diagram for-this decision is also shown in Figure
1. In this-paper used primarily to show what influences the value
of.the decision (given by the diamond), and it can be used to help
structure the decision tree.

i
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Accident Management

The Decision Tree and Influence Diagram shown in Figure 2 are-
simple examples of how severe accident management strategy can be
represented. The upper branch, "Do Nothing", means follow the
normal emergency procedures contained in the Emergency Operating
Procedures which are incorporated in a risk assessment such as
NUREG-1150. The circle indicates a chance node with two outcomes.
In the first outcome, the accident progression is stopped, and ends
with risk R._ This risk (R,) might be zero (if there is no core

3

damage or release) or may.be economic (if there is core-damage).
In the second outcome, the normal emergency procedures fail, and
there is a risk, R such as that calculated in NUREG-1150.

2

The lower branch describes a severe accident management option
for preventing vessel failure (e.g., Flooding the Cavity). This
option can lead to success, but with risk R The risk (R ) might3beeconomicwithnoradioactivereleaseifk.he melt progression is
stopped, as above. Failure of the strategy may lead to risk R 4

which may be greater or less than R , depending upon the physical2
and operational state of the sys' am. For example, even though the
vessel fails, the presence of water might scrub fission products,
thereby reducing risk. Or it may lead to a steam explosion thereby
increasing risk. This risk, % represents an adverse effect.

The expected value EV for the two options, as depicted in
Figure 2 are:

EV (Do Nothing) =PR + (1-P )Rg 3 j 2
(2)

EV (Flooding) =PR + (1-P )R2 3 2 4

The Influence Diagram for this example is also shown in Figure
-2. In this case, the diagram is simple because the chance node
represents simple failure or success.

Evaluation criteria

| When assessing a severe -accident management strategy- five
-criteria should be considered-

i

the feasibility of the strategy,*

* the effectiveness of the strategy,
_the possibility of adverse effects,; *

' * information needs, and

j compatibility with existing procedures.*

j; For the strategy considered in the example above, the

|
|

|-

l'
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feasibility is -essentially a question whether or not the
operators will be able to fill the cavity up to the required level
in sufficient time. The effectiveness has to do with whether or
not the heat transfer is sufficient to koop the molten core in the i.

vessel, given that the water is there on time. A possible adverse
effect is a steam explosion, should the strategy be feasible but
not - ef fective, i.e., the core penetrates the vessel, and finds
wator_ in the cavity, which otherwise would not be there.
Information needs refers to instrumentation availability, and
comnatibility considers the impact on existing rules and
procedures.-

Figure 3 shows a case with adverse effects. The lower branch,
"Do Nothing" is as before, the risk associated with employment of-
standard emergency operating procedures. (The two branches have
been collapsed.) The upper branch, flood cavity, has three chance
nodes. The first _ chance node C represents the question of

3

feasibility; whether or not the operators can fill the cavity up to
the required level on tiva. The second chance node C represents
effectiveness; whether or not the water will keep the, vessel cool
enough. The third chance node C represents adverse effects;3
whether or not there will be a steam explosion if the strategy is
not effective. Note that this last question can alst apply to the
feasibility issue as well. The branch " flooding not successful"
may also lead to the potential adverse effect (regarding a steam
explosion) if the cavity is partially filled with water.

The expected value for each case is as follows:

EV (Do Nothing) = R,,

(3)
EV (Flood Cavity) = P R + (1-P ) [ (1-P ) R +P (1-P ) R +P P P 3g 4 3 2 g 2 3 2 2 3 3

The evaluation of such a tree would proceed as follows. The
risks associated with each endpoint would be determined using PRA
methodology. This risk might be in terms of early or latent
fatalities,- population dose, conditional probability of early
containment failure, etc. The chance node probabilities would be
evaluated using both deterministic and probabilistic methods. For
example, the question of feasibility would require the use of Human,

Reliability - Analysis (HRA) and a knowledge of system behavior
(e.g., pump capacities, flow rates, etc.). The question of
effectiveness would require mechanistic calculations regarding heat
transfer, materials behavior etc. The same is true for questions
regarding adverse effects.

AnLExample

As an example of the use of Decision Trees, we cons er a
decision regarding PWR cavity flooding as a means to prevent s _ssel
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failure. The measure of. success can be a reduction-in the risk of
-

early or latent fatalities, of core-melt "vequency or of early
containment _ failure. For this simple exat, le we consider the
measure of success the potential reduction in the Conditional
Probability of Early Containment Failure, denoted P,, Furthermore
we wish to determine whether or not floooding the cav1,ty to prevent
vessel f ailure will reduce P given a potential adverse ef fect (iny,
this simple example, an ex-vessel steam explosion).

The Simplified Decision' Tree shown in Fiqure 3 can be used,
with Equation (3), to evaluate this severe accident management
strategy._Fiqure 7.3 in NUREG-1150 [3] gives c value of 0.25 for
P given a Station Blackout (SBO) sequence in Surry.y, ,

Eerly containment failure can be attributed to two phenomena:
direct containment heating. and ex-vessel steam explosions. In
Section 3 of this paper we derive the following values for the
risks (R ) and the probabilities (P,) as follows:g

R =0 If there is no vessel failure, the
3

Conditional Probability of Early
containment Failure, P = 0.y,

R =0 If the vessel fails and the melt is
2

quenched, P,, , = 0

R = 0.01 If the vessel fails and there is an ex-
3

vessel steam explosion, but no direct
containment heating, P is reduced.y,

R = 0.025 If flooding is not successful; same as "do
4

nothing".

R = 0.025 Given in NUREG-ll50; "do nothing".
S-

j P = 0.41 The probability that the option is not
3

feasible; that the arrival of water is not
i

i timely.

P = 0.098 The probability that the option is not
2

offective, given the that water is there
on time.

P3= 0.5 The probability of an adverse ef fect; i.e.
of an ex-vessel steam explosion, given
water in the cavity.

Before evaluating this strategy; we should note that if the
flooding _is not successful, there is the chance of an ex-vessel
steam explosion when the cavity is partially full. This is treated
in Section 3 along with other important phenomena.

|
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Uning Equations (3), the 1:xpected valves are as followa:

EV (Do Nothing) 0.025=

EV (Flood Cavity) 0.011a

In this example, and on an expected value basic, one would
chooac to flood the cavity, in npite of the potential for adverne
effects.

3. PWR CAVITY TLOODING

Introductiin

One of the candidate accident managennnt strategies dincunned
durlng the PWR accident raanagenent worknhop held at UCLA i1) in the
ides of flooding the reactor cavity up to the level of the vennel
lower head, with aim of cooling the vennel from the outnide and
ponnibly preventing vensel failure. This strategy could be
especially useful for station nlackout nequences, in which all
emergeticv core cooling systems (1:CCS) are unavailable. The
operators could inject an alternative cource of water, such no f ice
water, inta the reactor cavity if they are unable to inject it
directly into the vennel.

The evaluation of severe accident riska at Surry Unit 1 (3)
has shown that the short term station blackout oequence in one of
the moat 1mportant contributorn to risk. Thic sequence consisto of
the lens of cft-site power as the initiating event follo. d by
failure of the emergency dienel generators to provide br up '

pcwcr. Ir. addition, the auxiliary f eedwater system f ails t pro ^ide
energency feedwater to the nteam generators. Since the heau removal
capability of the steam generators in lont, the RCS will heat up
and prest:urize leading to coolant loan through the power ope nted
relief valves (PORVs). The lons of AC power renults in the
availab.ility of all ECCS, and if power is not recovered, continued
coolant loss will lead to core uncovery and damage.

T N Surry plant was chosen for thin evaluation becauce of the
extensive information available on severe accidents at Surry,
including the phenomena associated with their initiation and
progrecsion, and their consequent rinko. The short term ctation
blackout coquence was chosen because it in a significant
cor.tributor to risk and because many thermal-hydraulic analyces
have been perforr.ed relating to it [S,6).

Sinco all emergency core cooling nyntoms are rendered

k
.
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unavailable by the loss of AC power, and heat removal by the steam,

generators is also unavailable, the operators have no options
available to them with respect to preventing or arresting core !

damage (unless AC power is recovered). Ilowever, if they can cool '

the vessel.from the outside they may be able to accomplish the
second goal of accident management, prevention of vessel failure. ,

This strategy would also have the additional benefits (c lled
socor.dary mitigative offects) of preventing high pressure melt
ejection and associated direct containment heating because the
vessel wouldn't be breached by a penetration failure if it does
fail with water present in the cavity. Similarily, the presence of
water would possibly prevent a core-concrete interaction if the ,

vessel fails anyway. Ilowever, there may be adverse offocts ;
'

associated with the strstcgy. One concern is that should the
strategy be successful in keeping the molten core inside the
vessel, continued exposure of the steam generator tubes to hot
gases circ ;ating from the molten pool could result in their
failure, if the hot leg surge line does not fail first. .tnother
concern is that should the vesse1L fail with the cavity full of
water,_ an_ ex-vessel steam explosion could result in early
containment failure.

In annessing this strategy the potential benefits must be
measured against the potential- for adverse effects, in an
integrated fashion. The feasibilty of this strategy, which is
concerned with whether or not the operators will be abic to fill
the cavity up to the required level in time using the proposed
equipment, must also be considered. These considerations involve
determining what information would be needed by the operators to
diagnose the situation and implement the strategy on time. The
instruments that would supply this information have to be
identified and their performance under the accident conditions must
be assessed. The sequence of operator actions necessary to
successfully implement the strategy must be identified in order to
formulate a suitable human rc.iability model to evaluate the
likelihood of success. Also, ti.1 reliability of the systems ani4

- equipment involved must be evalusted.

The Decision Tree

Figure 4 contains a simplified Decision Tree for this case. The
first chance node on the left represents success / failure of cavity

'

flooding, i.e. feasibility. This node represents the question of
whether or not the reactor cavity is flooded up to the level of the
vessel lower head,-given-that-the operators were instructed to do
so. The probability that-this strategy is successfully implemented
is composed of two parts: the probability that the operators
successfully initiate-the strategy in time and the probability that

444*

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



. . . ~ _ . . . _ _ . . _ . _ _ _ _ _ _ _ . _ _ _ _ _ . _ _ _ _ _ _ _ - _ _ _ _ _ _ . _

,

the fire pump system functiona correctly.

11 aced on the facts that the ut., tion would be blacked out and
the instrumentation used to detect core uncovery would be
available, the failure of the plant operators to corr ectly initiato
the strategy would be governed by two uncertain variables: the
critical time, T,, which is the time available for the operators to
diagnoso the situation and decide to initiate the stratgey, and the
action time, T w is the timer required for the operators to
initiate floodin,g. hich

'

The auxiliary operators outside the control room
,

are assumed to be available to operate the fire pump system.;

Flooding the reactor cavity might involve the following steps:
(1) The control room operatorn detect core uncovery and

,

'

dispatch an auxiliary oporator to the emergency fire
pumps.

(2) The auxiliary operator goes to the emergency fire
,

pumps.
(3) The auxiliary operator starts the fire pumps.

The major uncertainty is associated with the critical time.
The critical time, T = T, , - T,, , is the time from core uncovery to
core slump. The timo,to core slump is used because a filu boiling
situation will exist and the heat transfer will not be sufficient
to cool the vessel enough to prevent melting and failuro if the
water reac..as tho vessel lower head after a significant amount of
debris has relocated thoro (7]. Ilocause the phenomena associated
with molt progression and relocation are very complicated, the timo
-to core slump is highly uncertain. Table i shows estimates of T,,
obtained by three different computer simulations (8).

Another relevant paramotor is the time required to fill the
r? actor cavity up to the required level, T,. This parameter is

'
>. . iown (9] e.nd is a function of the Surry reactor cavity volume
(92,452 gal) and the fire pump capacity (2000 gpm) (10), and is
calculated to be .6.2 min..

The human error probability (IIEP), in the probability that T,
+ T, exceeds T,,, i.e.,

T,,) = P ( T, > T,, T, ) = P ( T, > T, )IIEP = p ( T, + T, >

to

[1 - F ,(t))fu(t)dt, (4)=
3

o

where
_ _ _ _ _

probability density function (pdf) of thefg(t) =

critical timo, and
cumulative distribution function (cdf) of theF ,(t) ,

3
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time required to initiate the
strategy.

Since the distributions in Equation (4) are not available, the
probability that the operators successfully initiate the strategy
on time can be obtained from the "lluman Error llandbook" (11) using
the times shown in Table 1. Since natural circulation in the
reactor coolant system was not _ considered in the MARCil calculation
in Table 1, the time calculated by SCDAP/RELAP is used for this
study. Based on this time, a value of 0.62 for the success

i probability was obtained. The value of 0.95 is assumed for the ,

availability of the fire system. Therefore, the probability that
there is water in the cavity up to the level of the vessel lower
head before the core slumps, P(WC), is the product of successful
operator act3 W', (1-liEP) , and the availability of the fire system.
Hence the su h .* probability is 0.59.

The next chance node represents vosnel breach, with and
without successful cavity filling. Without success, the accident
progression is the same as NUREG-1150. With water in the cavity,
(the success path) , the chance node represents of f ectiveness. Based
on the calculations of Park and Dhir (7), it is assessed at 0.9.

_

The two adverse effects, late steam generator tube rupture and an
ex-vessel steam explosion are as indicated in Figure 4.

Results;

Figure 4 shows the risk associated with each branch of the
Decision Tree in terms of Early and Latent Fatalities conditional
on sequence frequency. Table 2 shows the ef fect of flooding on five
risk measures. Flooding the cavity reduces the conditional
probabilities of early and late c'ntainment failura by 53% and 95%
respectively. The conditional probability of steam generator tube
reputure increases however by 35%. There is however, a not decrease
in early and late fatalities of 41% and 5% respectively.

l

.

4. DWR DRYWELL FLOODING
l
|

| Introduction

One of the candidate accident management _ strategies for BWRs
is flooding the drywell up to the level of the vessel lower head.
The strategy to be assessed is whether to flood the containment in
a long-term station blackout sequence-or do--nothing diffcrent than
is analyzed in NUREG-1150 (3). Primary containment flooding is
already included in the BWR Owners' Group Emergency procedure

Guidelines (12), but the concept is intended for LOCA situations

-44h
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where the water within the drywell could enter the reactor vessel
through the break. For severe accident sequences not involving a
LOCA, flooding of the primary containment and the presence of water
surrounding the reactor vessel might provide sufficient cooling of
the bottom head to maintain the core and structural debris within
the vessel (13). Futhermore, given the proposalp (14) for
preventing failure of t.h e Mark i drywell chell by flooding the
drywell floor with water, primary containment flooding is a'

strategy worthy of consideration. Existing studies (15) indicate
that a long ':ime is required to raise the wmter level within the
wetwell and drywell to surround the reactor vessel lower head, if
existing systems are used. The long term station balckout sequence
is chosen to examine the drywell flooding strategy because it is a
dominant accident sequence and it has a relatively long time to
core slump.

There are two concerns related to the feasibility of the
strategy. The first concern is drywell venting in order to assure
effective flooding. If the d ywell is not vented during the *

flooding operation, the resulting high back-pressure would decrease
the rate of=1ow pressure injection from a system such as the fire
pumps. The small drywell and wetwell volumes will result in

pressures that may fail the drywell if there is insufficient
venting. In Mark I containment, the wetwell volume would not
completely fill becausu of a trapped airspace in the top of ti.e
torus above the wetwell-to-drywell vacuum breaker. The volume taken
up by the trapped air is significant in reducing the total free
volume that must be filled when these valveu can still be opened
with a handwhool or wrench on the stub protruding at the top of the
motor operator. With a loss of instrument air, all air-operated
valves fail closed. Backup air bottles are installed to facilitate
opening air-operated valves locally. Due to drywell water elevation
considerations, the 13-in lines to the SGTS might be oper.ed inctead
of the 6-in ILRT line.

NUREG 1150 analysis assigned a probability of successful .

wetwell venting for SBo sequences as 0.1 because opening the
venting system valves needs AC power and is difficult to do in-the
harsh environment in the reactor building (i.e., radiation from
fission products). Reference (17) gives a fault tree for
containment venting. Four f ailure mechanisms were considered: local
equipment failure, operator fails to vent, failure of instrument !

air system to provide pressure, and loss of power to vent valves. ]
In case of loss of all AC power, local and manual venting is
necessary. In this case, only two factors are important for
calculating venting failure probability, i.e., local equipment
-failure and operator fails to vent. Local equipment failure
probability is 1. 0 x- 10'' (1/ demand) [17), and operator f ails to vent
probability is 0.5. Using the above the containment venting,

failure probability is 0.50. ,
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: It is evident that operator error probability dominates the
venting failure probability. As discussed previously, the operator
error probability (0.5) as given in (17) is too-large for the case
of drywell flooding. The operator has at least 2 hours to perform
venting, if the operator starts to prepare venting right af ter loss
of all AC power. With AC power available, defeating the interlock
is unnecessary, but the operator has to find the vent path and
open the valvo locally. In this case, 1 hour is a conservativer

upper bound and the time available is much larger than the time
needed. There is still human error when the time availabic is
greater than the critical time of about 80 minutes (non-response
probability). The simulator exercises provide non-response
probabilities that are moderately high; in particular, it has been
indicated that they are larger than 2 x 10 2 In this analysis
operator failure probability is chosen as 2 x 104, the containment
venting failure probability is then 0.02.

The Decision Tree

|
'

Figures 5 and 6 are reduced decision trees for the BWR Drywell
Flooding Strategy. The first node represents whether or not the
operators are successful at venting. Drywell venting at peach
Bottom uses the following paths for the drywell (17):

1) 2-in pipe from the drywell to the Standby Gas
Treatment System (SGTS),

2) 6-in Integrated Leak Rate Tout (ILRT) pipe from
drywell,

3) 18-in drywell vent via-ductwork to the SGTS,
4) 18-in drywell supply path, and
5) two 3-in drywell sump drain pipes.

In accident conditions, the 2-in lines will not be sufficient
to prevent containment pressure from increasing so the 6-in ILRT
line er other lines must be used. Also, if core damage has not
occurred and the 6-in line is used, steam will be released directly
to the. environment and no adverse environments will be created in
the reactor building. To open the 6-in ILRT path, a flange must be
removed from'the line. Also, two motor-operated valves and two air-
operated valves must-be open locally. With a loss of power, motor-
operated valves fail in an "as is" position.

The second node represents the filling of the drywell upto the
lower head. The probability of water presence up to the bottom head
of _ the vessel before _ core slumping is dependent upon whether or not
the drywell can be vented, and the capacity of the fire pumps. This
analysis assumes that the injectian system is a diesel driven fire
pump that is already aligned and fitted to the containtent spray
system. This also assumes that water has to reach the lower head

,
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|

before relocation of core debris begins (core slump), i e., 737
minutes after loss of AC power. The fire water system at peach
Bottom consists of two 2,500 gpm capacity, vertical turbine pumps
(one electric-motor-driven and the other diesel-engine-driven).

3It is estimated that 208,000 ft (1,550,000 gals.) of water
would have to be added to containment so that the water within the
drywell can reach a lev?l (about 35 ft above the drywell floor)
sufficient to cover the reactor vessel bottom head. If only the
fire pump le used, the timing for achieving this level is 620 min.
The latest time that an cperator could start flooding using the
fire pump is 117 min (1.95 hr.) after loss of off-site power, if
water has to curround the lower vessel before core slump. At this
time the DC has not been depleted and lipCI/RCIC is still available.
The operator would then be reluctant to start flooding. The only _

possible sit uation in which fire pump flooding is likely to be
employed is that it is hopeless to recover off-site power in lo
hours (e.g. large power grid damage due to severe weather) and it
is also hopeless to run the on-site diesel generators within 10
hours (e.g. due to unrecoverable severe damage) . For this analysis,
we determined that the probability of successtul flooding is 0.93.

The vessel botton head tailure mechanism (node) is dependent
upon f actors such as temperature and composition of the corium, and
the timing of its release from the degraded core region. Por
example, a sudden release of hot molten corium directly into the
plug area such as a guide tube or a contrcl rod drive mechanism
tube will most likely result in a penetration f ailure. On the other
hand, if low-temperature (i.e. containing metallic constituents)
corium is gradually released into the lower plenum, a slow heatup
of the entire vessel lower heat can be anticipated, eventually
leading to its gross failure, for this analysis, it was determined
that tne probability of no vessel failure is 0.8. _

_

Results

Tables 3 and 4 summarize the results of this analysis.
Flooding introduces tuo new, failure nodes, early containment
failure at low vessel pressure and isolation failure (intentional
venting).

The drywell flooding strategy seems to be beneficial for
saving the reactor vessel and t he containment f or both liner molt-
through and late overpressurization f ailure. llowever, this strucegy
has an adverse effect on early containment failure due to steam
explosions. Also, it has an adverse of fect on isolation containment
failure due to drywell venting.

.w
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The most dominant containment f ailuro mechanism (except liner
melt-through at high reactor pressure), given vessel breach, is
isolation failure in the flooded case. More importantly, the i

' contribution due to liner melt-through could be reduced by half for '

the flooded caso compared to the case of no flooding. The reduction l
in probability of late overpressurization containment failure is I
due to the drywell vent, which results in isolation failure before '

late containment failure. While flooding is expected to increase
the possibility of an ex-vessel steam explosion, early containment |
failure due to an ex-vessel steam explosion or HPME is not a |
significant contributor compared to liner molt-through. Whether or
not to flood, does not change the conditional probability of
containment failure, given vessel failure. HowcVer, the most
important result is that the rick reduction comes from the change

,

of source terms. Drywell flooding can reduce liner molt-through i

which has a greater source term than that of the drywell vent.

To evaluate the strategy with respect to beneficial and
adverse effects, both early and late fatalities should be ,

calculated. Table 4 shows the results obtaines. From the table, it
appears that containment flooding la benericial, resulting in a
risk reduction of 75.4% in early fatalities and 7 5. 0 %, in late
fatalities per long-term station blackout accident.

5. CONCLUSIONS AND RECOMENDATIONS
,

i

Some potential accident management strategies are inherently
complex, involving both benefits and adverse aspects and subject to
large uncertainties. Influence Diagrams represent a valuable toole

. . for examining and illuminating the various interrelationships among'
the many factors involved. Decision Treen, equivalent to the
Influence Diagram, both represent a second way of illustrating '

complex relationships and provide an automated tool for solving for
the various outcomes of the potential strategy.

The use of. Influence Diagrams / Decision Trees has a second '

valuable benefit. It requires a systematic examination of the
various potential factors which could affact the outcomo of a
particular strategy. As a result of this requirement, a more i

complete examination and evaluation of candidate accident
management strategies my result, and f actors sometimes overlooked,
such as spurious - infr rmation and errors of commission, may bee

" identified and factored into the assessment.

In this study, Influence Diagrams and Decision Trees have been
used to examine two severe accident management strategies, PWR
cavity flooding to prevent vessel f aildre, and BWR drywell flooding
to prevent vessel failure and/or containment failure. A
commercially available computer code called SUPERTREE was used to,

t

*$
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,

quantify the Decicion Tree, and a mothod for direct quantification
of the Influence Diagrams was developed in this study. Data and
models relied heavily on NUREG-1150 and on independent analyses by ;

UCLA.
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Table 1
. h accident prcqress timing (min) for the Surry 'IY'.1' ,

i scqacnce detemined trf three ctdes t

!

, '
h' ARCH SCDAP/RELAPS MELPROG

,

,

: Core Uncovery 97 129 117

Core Slumping 143 > 180 248
.

Veuel Breach 155 > 180 265
:

Time Inten al
betw een core 46 > 50 1.10uncovery and
core slumping

,

Table 2
Pesults of Lose case calculation

Flood No flood aR Q

ECF 2.3 E 3 ECF 4.9 E 3 2 6 E-3 53

LCF 7.2 E 2 LCF 1.6 E 1 1.se t-1 95
'

SGTR 2.8 E 2 SGTR 1.8 E 2 3, cs1 2 35
EF 6 4 E-3 EF 1.1 E.2 4.5E-3
LF SA E+1 LF 5.7 E+ 1 3.0E+0 s

_

|

ECF = Conditional ProLability of rarly contaimmt railure
IIT = Conditional Probability of late Contairmnt railure

- SCIR = Conditlor.a1 Probability of Steam Ccncrator Tulo Rarture
Er = Luly Fatalitics
II = late Fatalities

,

4$9
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Tf'e 3. Coritimul proinbilities of ecntai1 rent failure alven venrel breadt

Flood No FloodDescription _
___

_

Early Containment failure
at high vessel pressure 2.46x101 5.95x10 4

_ _ _ . .

Early Containment failure
at low vessel pressure 1.85x10 2 0.0

Liner Meltthrough at high
vessel pressure 3.81 x10 1 7.34 x 10-1

Liner Meltthough at low
vessel pressure 2.05x10 2 3.50x10-2
1 solation Failure 3.17x 10 1 0.0
Late Dverpressurization
Containment Failure 1.56x 10-2 2.30x 10 1

Total 1.00 1.00

Table 4. Dgxettd Conscquence Mrmures
'

for ficval ard no ficcri cases

I Decision Expected Early Fatalities Expected Late Fatalines

Flood 1.396x10 3 2.574 x102

No Flood 5.675x10-3 1.030x103

/
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ASSESSMENT OF TWO BWR ACCIDENT MANAGEMENT STRATEGIES * i

S. A. Hodge, M. Petek

Oak Ridge National laboratory
Oak Ricge, Tennessee 37831

ABSTRACT

Candidate mitigative strategies for management of in vessel events during the late phase
(after core degradation has occurred) of postulated BWR severe accidents were
considered at Oak Ridge National Laboratory (ORNL) hring 1990. The identification-
of new strategics was subject to the constraint that they shou d, to the maximum extent '

possible, make use of the existing equipment and water resources of the BWR facilities ,

and not require major equipment modifications or additions. As a result of this effort,
two of these candidate strategies were recommended for additional assessment. The
first is a strategy for containment flooding to maintain the core and structural debris ,

within the reactor vessel in the event that vessel injection cannot be restored to terminate
~

a severe accident sequence. The second strategy pertains to the opposite case, for
which vessel injection would be restored after control blade melting had begun; its
purpose is to provide an injection source of borated water at the concentration necessary
to preclude criticality upon recovering : daninged BWR core.

Assessments of these two strategies have been performed during 1991 under the
auspices of the Dcnited Assessment of BWR In-Vessel Stra.egles Program. This paper
provides a discussion of the motivation for and purpose of these strategier emd the
potential for their success.

I, INTRODUCTION

Boiling Water Reactors (BWRs) have unique features that would cause their behavior under
severe accident conditions to differ significantly from that expected for the pressurized water
reactor designi 5. Consequently, it has been necessary to analyze BWR accident sequencesf

6separately, and the NRC has sponsored programs at ORNL for this purpose since 1980 . The
objective of these BWR severe accident programs has been to perfonn analyses of a spectrum of
accident sequences beyond the design basis for typical specific U.S. BWR reactor designs. The
accident sequences selected for analysis have been in general those identified as dominant in
leading to core melt for BWRs by the methods of probabilistic risk assessment (PRA) as carried
out by other programs. The specific plants modeled and the accident sequences considered were -
selected by the process of nom.ination by the ORNL program manager and approval by the NRC

'

technical monitors.

'The submdted manuscript has been authored by
a contractor of the U $ Government under
contract No. DC ACOS 840R21400. Accordingly.
the u $. Government retains a t'onenclualve.
royakyepe license to pubhsh or reproduce the
pubbshed form of this contribution, or ellow
others to do so, for O S. Govemmerd purpcsos '

461

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



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

1

The detailed analyses of the dominant severe accident sequences identined by PRA have tv:en
perfonned in recognition that PRA, by the basic nature of its requirements to consider every
possible accident sequence, cannot enter into matters of detail. The purpose of the detailed
analyses has been either to confinn the adequacy of or to challenge the simplifying assumptions
necessarily applied to each accident sequence in the PRA and to provide a realistic ,poraisal of the
sequence of events and the aftennath. Further preventive measures that might be taken to dscrease
the probability of each severe accident sequence studied and accident management procedures that
might be implemented to reduce the consequences have been addressed. Feedback of the results of
the detailed analyses h; 3 always been provided to the other facilities perfonning the PRA; most

7 at Sandia Nationalrecently, this has involved close cooperation with the NUREG-1150 effort
laboratories (SNL).

With the comprehensive information provided by NUREG-1150 concerning the relative
probabilities of BWR severe accident sequences and with the knowledge and experience gained
from the series of detailed accident analysesL22, the next logical step was to consider the facets of
BWR severe accident management in a structured process, with the goal of identifying potential
new strategies and enhancements. This was accomplished by means of an assessment of the
current status of accident management procedures with respect to effective mitigation of the
dominant DWR severe accident sequences. The accident sequences considered were Station
Blackout and Anticipated Transient Without Scram (ATWS), which have been consistently
identified by PRA to be the predominant contributors to the overall calculated core damage
frequency for BWR internally-initiated accidents. There are two primary categories of Station
Blackout, each leading m severe core damage if unmitigated, but at widely separated times. l'or
the short-term case, reactor vesselinjection capability is lost at the inception of the accident and
core damage begins during the second hour after scram. For the long tenu case, vessel injection is
lost only after battery failure and core damage occur morr than ten hours after scram. For ATWS
as in Station Blackout, core damage would occur as a result of loss of vessel injection capability;
this, however,is not expected to occur unless the ATWS involves reactor vessel isolation (closure
of the main steam isolation valves (MSIVs)] and is compounded by failure of the plant boron
injection system (or systems). 'lhe timing of core damage for an ATWS accident sequence that
progressed this far would be detennined by the effectiveness of the delaying actions taken by the
plant operators.

1

The BWR Owners' Group Emergency Procedure Guidelines (EPGs)23 were examined from
the standpoint of their application to Station Blackout and ATWS. 'lhis was done for two reasons.
The first objective was to determine the extent to which the E10s currently implement the intent of
the BWR accident management strategies that have been suggested in the report 24 As3cssment of
Candidate Accident Management Strategics (NUREG/CR-5474), published in March 1990. The
second objective was to detennine the extent to which the current operator actions specified by the
EPGs would be effective in unmitigated severe accident situations. It was found that many of the
recommended strategies are included in the current version (Revision 4) of the EPGs and that with
one exception, the remaining involve plant-specific considerations to the extent that they may be
more appropriate for inclusion within local plant emergency pmeedures than within the generic
symptom onented EPGs. The exception is a strategy for injection of boron following core damage
and contml blade relocation, w hich clearly would be appropriate for the EPGs.

With respect to the second objective, the EPGs do not include guidelines for the late phase in-
vessel events that would occur only after the onset of significant core damage. Instead, the
guidance tenninates with the specification of alternate methods for injecting water into the reactor
vessel. The conclusions of this examination of the EPGs are documented in Reference 25; the

c, n 2
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primary conclusions an that more can be done to provide guidance for late phase operator actions
and that the greatest potential for improvement of the existing ilWR emergency procedure
strategies lies in the area of severe accident management, both for detennining the extent of
ongoing damage to the in vessel structures and for attempting to tenninate the accident.

11ased upon the results of these analyses, a second in vessel severe accident management
study 6 was undertaken to propose new strategies for mitigation of the late phase events and to
3rovide a discussion of the motivation for these strategies and a general description of the methods
ay which they might be canied out. Four candidate late accident mitigation strategies were
proposed. These are:

1. Kervit &tagter VesstLLNplosudred. Reactor vessel depressurization is imponant
should an accident sequence progress to the point of vessel bottom head penetration failure because
it would preclude direct containment heating (DCil) and reduce the ini'ial threat to containment
integrity. This candidate strategy woukt provide an alternate means of reactor vessel venting
should the safety / relief valves (SRVs) become inoperable because of loss of cu vol air or DC
power. PRAs based upon the existing ilWR facilities consistently include accident sequences
mvolving loss of DC power and control air among the dominant sequences leading a core melt for
llWRs.

2. Restore injerdta.iDACentrelkdManntI. Late accident mitigation implies actions to
be taken after core melting, which requires at least partial uncovering of the enre, which occurs
because of loss of rcactor vessel injection capability, llWRs have so many electric motor-driven
injection systems that loss of injection capability implies loss of electrical power. (This is why
Station illackout is consistently identified by PRAs to be the dominant core melt arecersor for
IlWRs.) If electric power were restored while core damage is in progress, then t ie automatic
injection by the low-pressure, high-capacity pumping systems could be more than two hundred
times greater than that necessary to remove the decay heat. This strategy would provide for
controlled restoration ofinjection and would be particularly imponant if the control blades had
aclted und relocated from the core.

3. InicrLiletonif Centrol liladtRatnarcJhtQccynsd. This strategy would arovide
that the water used to fill the reactor vessel after vessel injection capability was restore ( would
contain a concentration of the boron-10 isotope suf6cient to preclude criticality, even if none of:he
control bhide neutron poison remained in the core region. This candidate strategy is closely related
to Item 2, above.

4 ContainmenLileeding to Mainlai1LCeir_andjitrutturaLDshrisladengl. This
candidate strategy was proposed as a means to maintain the core residue within the reactor vessel in
the event that vessel injection cannot be restored as necessary to tenninate the severe accident
sequence. Containment fkaling to above the level of the core is cunently incorporated within the
!!PGs as an alternative method of providing a water source to the vessel in the event of design-
basis LOCA (the water would flow into the vessel from the drywell through the break). Ilere it is
recognized that containment flooding might also be effective in preventing the release of molten
materials from the reactor vessel for the risk-dominant non LOCA accident sequences such as
Station Illackout.

Finally, these four candidate strategies were evaluated for the purpose of selecting those that
require and have sufGcient potential tojustify detailed quantitative assessment.27
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The candidate strategy to keep the reactor vessel depressurized was not recommended for
funher assessment treause it is believed far more pract cal to improve the reliability of the controli

air and DC power supplies for the SRVs than to invent alternative methods for venting the reactor
vessel under seveie accident conditions. Nevenheless, consideration of the reliability of control air
and DC power should be an imponant pan of the individual plant examination (IPE) processW9
since loss of these systems is inherent in the risk-dominant sequences leading to core melt
consistently identined for BWRs by the PRA pnxess.

The candidate strategy for containment Gooding was recommended for further assessment.
'lhis pmposed strategy has the potential of serving not only as a first line defense in preventing the
release of core and structural debris from the reactor vessel, but also as a second hne defense in
preventing failure of the Mark I drywell shell if debris release from the reactor vessel did occur.
All current considerations of the Mark I shell melt-through issue are based upon an assumption that
the depth of water over the drywell Geor would be limited to about 0.6 m (2 feet), the height at
which overCow to the pressure suppression pool would occur. Ilowever, drywell flooding to
surround the lower portion of the reactor vessel with water would provide more than 9 m (30 ft) of
water over the floor. 'Ihis wonld preclude direct shell failure considerations and, therefore, has the
potential to be an excell..nt lat mitigation rtrategy.

The candidate strategies for restoration of injection in a controlled manner and injection of
baron if control blade damage has occurred were recommended to be combined into a single
strategy for " Controlled Injection of Boron for Renctor Vessel Refill." This would provide for the
addition of boron together with the injected now being used to recover the core, in suf0cient
quantity to preclude criticality as the water level rises within the reactor vessel. A recent
assessment by Pacific Northwest Laboratories 30 (PNL) indicates that criticality is probable should
the BWR reactor vessel be renooded after debris bed relocation has cecurred, but suggests that the
direct consequer,ces might be controlled. On the other hand, criticality after core degradation and a
shifting of the nature of the accident sequence is clearly undesirable,

it is the purpose of this paper to disem the resuhs of the detailed analyses of the two
candidate strategies recommended for funher assessment. The stratepy for containment flooding is
discussed in Section 2, while the strategy for controlled boron injection during vessel refill is
described in Section 3.

I

2. DRYWELL FLOODING AS A LATE ACCIDENT MITIGATION
STRATEGY

As described in the Introduction, candidate mitigative strategies for management of
in-vessel events nuring the late phase (after core depradation has occurred) of postulated BWR
:evere accidenn iT heen widered at Oak Ridge National Laboratory (ORNL). This ,

idenJ0 cation v 6 alegies was subject to the constraint that they should, to the maximum |
'

extent ponSt - : of the existing equipment and water resources of the BWR facilities and
nent modifications or additions. One of the recommendations develepednot require roa> .n

by this Program u Octailed Assessment of BWR In Vessel Strategies calls 4r additional
assessment of a strategy for containment flooding to maintain the core and structural debris within
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the reactor vesselin the unlikely event that vesselinjection could not be testored as necessary to
tenninate a severe accident sequence.

Geometric effects of reactor vessel size dictate that the ef fetliveness of extern:d cooling of
the vessel bottom head as a means to remove decay heat from an internal debris pool w ould be least
for the largest vessels. Considerine also that the motivation for maintaining any (ore and structural
debris within the reactor vessel greatest for the Mark I drywells, the primary focus of this
assessment was upon the largest IlWR Mark I containment facdities such as Peach llottom or
Ihowns Ferry.

The immediate goal of the considered strategy for containment rhwling wouhl be to
surround the lower portion of the reactor vessel with water, thereby protecting both the instnnnent
guide tube penetration assemblies and the vessel bottom head itself from failure by
overtemperature. The threat would be provided by the increasing temperature of the lower plenum
debris bed after dryout. First, molten hquids fonning within the bed would relocate dow nward -

into the instrument guide tubes challenging their continued integrity. Subsequently, heating of the
vessel bottom head by conduction from the debris wouhi threaten global fadure of the wall by
creep rupture.

Nevertheless, it seems beyond question that all portions of the reactor vessel pressure
boundary (including the instrument guide tubes) that are contacted by water on their outer surfaces
would survive any challenge imposed by a lower plenum debris bed cu its reheated liquids. There
is a problem, however,in that most of the upper portion of the reactor vessel couhl not be covered
by wate. and, more significant in le short term, much of the outer surf, ce of the vessel bottom
head would be dry as well.

That the upper portion of the reactor vessel could not be coscred is due to the location
within the containment of the drywell vents. Since low-pressure pumping systems would be used
for flooding, the drywell would have to be vented during filling and the water level could not rise
above the elevation of the vents, at about two thirds vessel height. That much of the outer surface
of the reactor vessel bottom head would be dre is due to the gas pocket that would be trapped
within the vessel support skirt during the process of raising the water level within the drywell.
Figure 1 indicates the approximate size of this pas pocket for the llrowns Ferry teactor vessel, -

with the assumption that gas leakage through the manhole access cover does not occur.
~

The results of this assessment demonstrate that the esistence of a trapped gas pocket
beneath the vessel skirt attachment would ultimately prove fatal to the integrity of the bouom head
wall. Nevertheless, the most important attribute of drywell flooding, that of preventing early
failure of the instrument guide tube penetration assemblies, would be realized. These results are
among those listed in Table I where it is shown (first entry) that in the absence of water,
penetration assembly failures would be expected at about 250 minutes after scram. If penetration
failures did not occur, then creep rupture of the bottom head would be expected efter 10 hours if
the bottom head is dry and after 13 hours if the drywell is fhnled. llowever, since penetration
failures are expected to occur in the absence of water, the important contribution of drywell
Gooding is to shift the expected failure mode from penetration failures (Table 1 first entry) to
bottom head creep rupture (Table 1 third entry),

u
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Table 1. Estimated failure times for the reactor sessel bottom head
pressure boundary for l'ench llottom/llrowns l'erry

short term station blackout

Drywell 1 ailure Time :o I ailure
l h xled Mechanism Minutes linurs

No Penetration Assemblies 250 4.2

No llottom Ilead Creep Rupture 600 - 640 10.0- 10.7

Yes llottom lie;ul Creep Rupture 780 - 840 13.0 - 14.0
--

The effectiveness of drywell flooding could be improved if the reactor vessel support skirt
were vented in order to reduce the trapped gas volume and i:icrease the fraction of bottom head
surface area contacted by water. Panial venting could le achieved by loosening the cover on the
suppon skirt manhole access. This would increase the covered portion of the bottom head from
55% to 73% of the total outer surface area, which delays the predicted time of bottom head cre *p
rupture by about one hour. (The reduced pas pocket for this case is illustrated in 1;ipure 2.) Tne
predicted failure times for the basic case without skirt venting and for the case of pamal venting at
the manhole access are indicated in the first two entries of Table 2.

Table 2. Effect of skirt venting upon time to failure of the bottom
head pressure boundary for l'each llottom/ilrowns I?crry

short terni 'ation blackout with drywell flooding

Skin I ailure ' lime to 1;ailure
Vented Mechanism Minutes llours

-

Na llottom Ilead Creep Rupture 780 - 840 13.0 - 14.0

Partial Bottom llead Creep Rupture S40 - 900 14.0 -- 15 0

Complete Melting of Up;rr Vessel Wall >l200 >20.0

Complete venting of the reactor vessel support skirt would provide 100% water coverage
of the vesse! bottom head but would require speciai ir.casures such as the drilling of small holes at
the upper end of the skirt,just Irlow the attachment weld. This is not considered to be a practical
suggestion for the esisting 13WR facili:ics, but complete venting might be attainable for the
adsanced BWR designs. As indicated by the last entry in Table 2,100% water coverage of the
vessel bottom head would conven the failure mechanism from bottom head creep rupture to
melting of the epper vessel wall and would delay the predicted time of failure to more than 20
hours after scram.

%7
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in sununary, all portions of the reactor vessel wall that are covered by water would be
adequately protected against failure by melting or creep rupture. For the cases with no venting or
partial venting of the support skin, the creep rupture failure is predicted to occur in the lution of
the vessel wall adjacent to the trapped gas pocket beneath the skirt. Partial ventmg would reduce
the site of the gas pocket and delay the predicted time of failure, but the failure mechanism would
still be creep rupture beneath the skin attachment weld. With complete venting, however, there
would be no gas pocket and this failure mechanism would be eliminated.

What cannot be elimin:ted, however,is the radiative heat transfer upward within the reactor
vessel from the surface of the lower ph num debris bed. Atout one-half to two thirds of al! energy
release within the bed would be radiated upward after bottom head dryout. Initially, the primary
heat sink for this radiation would be the w,,ter trapped in the downcomer region between the core
shroud and the vessel wall above Qc debris bed. It is the heating of this water that creates the only
steam source within the reactor vessel after lower plenum dryout,

_

After the water in the downcomer region became exhausted, the upward radiative heat
transfer from the debris s..rface would serve to increase the temperature of the upper reactor vessel
intemal structures. For calculations with the existence of a gas pocket beneath the skirt, bottom
head creep rupture is predicted to occur while the temperature of these internal stainless steel heat
sinks remains below the melting point. If bottom head creep rupture did not occur, however, the
debris would remain within the vessel, the upward radiation wouki continue, and the upper intenul
st uctures would melt.

The mass of the llWR internal structures (core shroud, steam separators, dryers) is large.
Melting of these stainless steel structures under the impetus of the upward debris pool radiation
(more than 14 hours after scram) would occur over a long period of time. Nesertheless, decay
heating of the debris pool and the associated upward radiation would be relentless and, after
exhaustion of the stainless steel, the only remaining internal heat sink alove the pool surface would
be the carbon stect of the upper vessel wall. All ponions of the wall cooled by water on their outer
surfaces would remain intact, but those upper portions of the vessel exposed to th well^

atnesphere would ultimately reach failure temperatures,

it should be obvious from this discussion of the effect of water upon cooling of the vessel
wall that it would be desirnble to have a drywell fhioding strategy that would completely submerge ,

the reector vessel. This could not be achieved in existing facilities because of the limitation that the
height of water within the drywell cannot exceed the elevation of the drywell ventr Future
designs, however, might provide for complete coverage of the reactor vessel as a severe accident
mitigation technique.

Tabla 3 provides a summary of the calculated failure times and release mechanisms for all
of the cases consiocred in this study. These include the cases previously discussed in connection
with Tables 1 and 2, plus one additional case (third entry) in which it is assumed that reactor
vessel pressuir control is lost at the time cf drywell flooding, because of the submergence of the
safety / relief valves. [The location of these valves (SRVs) within the 11rowns Ferry drywell is
shown in Figures 3 and 4.] The increased wall tensile stress associated with this case would
cause the wall creep mpture to occur at a lower temperature, advancing the time of failure by about
two hours over the depressurized case (compare the third and founh entries in Table 3).

m
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Table 3. Effect of drywell flooding upon time of debris release from the
reactor vessel for the short-term station blackout accident sequence

based upon Peach llottom/Hrowns Ferry

Drywell SGrt | Reactor Vessel Release Time to Failure
'

Flooded Vented Depressurized Mechanism Minutes llours

No - Yes Penetration 250 4.2
Failures

No - Yes Bottom liead 600-- 640 10.0 - 10.7
,

Creep Rupture

Yes No No Bottom llead 660 - 700 11.0 - 11.7
Creep Rupture

Yes No Yes Bottom IIcad 780 - 840 13.0 - 14.0
Creep Rupture

Yes Panial Yes Bottom Ilead 840 - 900 14.0 - 15.0
Creep Rupture

Melting of
Yes Complete Yes Upper Vessel >l200 > 20.0

Wall
,

The most important disadvant 9 of a drywell flooding strategy for existing plants is the
requirement for venting to the external atmosphere while the coatainn=nt is tring filled by the low-
pressure pumping systems and during the e 'r '"ent steaming from the water surrounding the
reactor vessel bottom head. Because of tv F : mentation of the drywell flooding strategy
would initiate a noble gas release to the sura . .ng : mosphere as well as a limited escape of
fission product particu?ates. All particulate mstter released from the reactor vessel prior to failure
of the vessel wall would enter the pressure suppression poel via the safety / relief valve T-quenchers
and would be scrubbed by passage through the water in both the wetwell and drywell. Therefore,
the concentration of particulates in the drywell atmosphere and any release through the drywell
vents would remain small as long as the reactor vessel wall remained intact.

Creep rupture of the vessel bottom head beneath the support skirt attachment would release
debris into the water-filled pedestal region to fall downward onto the drywell floor. Since
containment flooding would provide a water depth of more than 9 rn (30 f0 over the drywell
floor, the particulate matter released from tae debris mass should ac adequately scrubled provided,

a1
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of course, that violent steam explosions do not c ;' ar Furthennore, the large volume of water in
the drywc!! would protect the drywell shell from failure in Mark I containment facilities.

The advantages and disadvantages of a drywell flooding strategy for existing BWR
facilities are summarized in Table 4. The listed advantages involve significant contributions to
accident mitigation, which have previously been discussed. The listed disadvantages, however,
are also important and will be discussed in the following paragraphs,

i Table 4. Advantages and disadvantages of a drywell flooding strategy for
severe accident mitigation in existing IlWR facilities

Advantages 1. Prevent failure of the bottom head penetrations and
vessel drain

2. Increased scrubbing of fission product particulate matter

3. Delay creep rupture of the reactor veseel bottom head

4, Prevent failure of the Mark I drywell shell when core
debris does leave the vessel

Disadvamages 1. Requires availability of power source and pump capable
of filling the drywell to the level of the vessel bottom
head within 150 minutes under station blackout
conditions.

2 Requires that the drywellim vented.

. . . - _ . _

i

First, implementation of the proposed strategy would require equipment modifications and
additions, Although there may be plant-specific exceptions, containment flooding with the existing
pumping systems would require too much time; furthennore, the existing systems would not be
available for the dominant station blackout accident sequences. What is needed is a reliable ability
to sufficiently flood the drywell within a short period of time, since it wouid be unrealistic to4

expect that emergency procedures would call for cor.tainment flooding (and the associated
undesirable effects upon installed drywell equipment) until after core degradation had begun, if the
water did not reach the vessel bottom head until after lower plenum debris ted dryout and the initial

- heating of the vessel wall,it would be too late to prevent penetration assembly failures.

The second disadvantage, that the dryo :11 vents would have to be opened to permit
flooding of the containment,is particularly undesuable since it would insolve early release of the
fission product noble gases, beginning soon after the onset of core degradation. After the water
had contacted the vessel bottom head, a continuous steam generation would begin within the .
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drywell that would be released to the outside atmosphere by means of the open vents. This would
tend to sweep any particulate matter from the drywell atmosphere through the vents. The amount
of particulate matter reacWg the drywell atmosphere would, however, be limited by water
scrubbing as long as the reacter vessel wall remained intact above the water level in the drywell
His is expected to be the case for the existing BWR facilities where the ultimate failure of the wali
would occur by creep rupture beneath the skirt attachment weld.

It is interesting, however, to briefly consider the potential benefits of appi; cation of a
drywell flooding strategy to future DWR facilities, where the disadvantages listed in Table 4 might
be avoided by appropriate plant design. Much less water would be required since the reactor
vessel would be located in a cavity instead of suspended high above a flat drywell Door. Provision
could be made for complete venting of the reactor vessel support skirt so that all of the bottom head
would be in contact with water. This would preclude creep rupture of the vessel bottom head, -

shifting the potential failure mode to melting of the upper vessel wall, above the water level in the
drywell.

For the existing BWR facilities, failure of the upper reactor vessel wall would provide a
direct path from the upper surface of the debris pool to the open drywell vents without the benent
of water scrubbing. This corresponds to the last entry in Table 3, which is based upon complete
venting of the vessel support skirt (not considered practical for the existing facilitics). For future
plant designs, the potential for a direct release pathway could be avoided in two ways. First,
complete vessel submergence would preclude failure cf the upper vessel wall. Second, the

- requirement for containment venting could be eliminated by provision cf an adequate water source -
within the containment and provision for condensation of the generated steam. Both of these
approaches are within the scope of design features currently under consideration for the advanced
passive design.

This study of the effectiveness of drywell Gooding is currently documented by letter report
(ORN1/NRC/LTR-91/9), llowever,it is anticipated that these results will be incorporated into a

- NUREG/CR report during 1992,

3. POISONING TIIE INJECTION SOURCE

De second recommendation dewioped as a result of the consideration of candidate mitigative
strategies for in-vessel events during the late phase (after core degradation has occurred) of
postulated BWR severe accidents addresses tie: prevention of undesired criticality,

if significant control blade melting and relocation were to occur during a period of temporary
- core uncovering, then criticality would follow restoration of reactor vessel injection capability if the
core were rapidly recovered with tinnorated water using the high capacity low pressure injection
systems, if the relatively slow Standby Liquid Control System (SLCS) were simultaneously
initiated to inject sodium pentaborate solution, then the core would remain critical until sufficient
boron for shutdown reached the core regionJ It would be preferable,if control blade melting and,

relocation has occurred, to inject only a boron solution provided that this can be done at a rate
sufficient to provide core cooling and terminate core damage.

An

. , _
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The specific goal of the proposed strategy is to provide for the addition of the boron-10
isotope together with the injected flow being used to recover the core, in sufficient quantity to
preclude criticality as the water level rises within the reactor vessel. It is expected that this could be
accomplished using only existing plant equipment. One way to do this would be to mix the toron
directly with the water in the condensate storage tank and then take suction on the condensate
storage tank with the low-pressure system pump to be t: sed for vessel injection it is, however,
not a simple matter to invoke this strategy and preplanning and training would be required.

With respect to the rationale for incorporation of this strategy, a recent Pacific Northwest
30 establishes that criticality upon reflooding with unborated water isLaboratory (PNL) report

likely for either standing fuel rods or for a debris bed subsequently formed in the core region. It is'

not uareasonable that this prediction alone should provide sufficient motivation for incorporation of
a boration strategy since there is a strong potential for operator surprise and confusion should, for
example, a station blackout recident sequence be converted into an ATWS-type sequence upon
restoration of reactor vessel injection ecpability. Ilowever, the PNL repost makes the concit sion
that

- it appears that a super prompt-critical excursion (in which -some fuel"

vaporization, dispersal of mohen fuel debris, rapid molten fuel-coolant interaction,
and the production of a large pressure pulse capable of directly failing the vessel
and/or containment occurs) is not credible under conditions of renooding a hot, ,

degraded core; even under conditions of maximum renood rate. Doppler feedback,
in itself, appears to be adequate to limit the energetics of reflood recriticality to a
level below which the vessel would be threatened by a pressure pulse, it is more
likely that the reactor would either achieve a quasi-steady power level or enter an
oscillatory mode in which water periodically enters and is expelled from the core
debris. In either case, the average power level achieved is detennined by the
balance between reactivity added and the feedback mechanisms. Criticality in
debris beds will probably produce power levels no larger than 10 to 20 percent of
normal power. At these leveis, the coolant makeup systems could provide adequate .

coolant to remove the heat generated within the debris bed."

Thus, one might conclude that the criticality attendant to reflooding could be controlled in the
same manner as an ATWS, that it could be tenainated by normal means [use of the SLCS], and
that no dedicated strategy for preventing the criticality is required.

Nevertheless, criticality produced by reflooding after core damage has characteristics very
different from those associated with ATWS, including not being addressed by current procedures,
the probable lack of nuclear instrumentation, and the factor of operator surprise. The configuration
of the critical m mses in tha core region might be standing fuel rods alone, a combination of
standing fuel rods (outer core) and debris beds-(central core), or a core-wide debris bed.
Consultation with Dr. Jose March-Leuba of OR.NL, who has recently perfonned a series of BWR
stability calculations 31, reveals that there is a potential for much more serious consequences of
criticality by rapid reflooding than those indicated by thc PNL report, While he does not
recommend any further attempts at this time to calculate a power-vs-time profile for reflooding
without control blades (the state of the art would not pennit a definitive result), he does believe that
the current state of knowledge, based upon available infonnation from previous calculations,
st ;. ports a conclusion that preventative measures are desirable.

:
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The PNL report provides the estimate that a boron 10 concentration of between 700 and
.1000 ppm would be required within the reactor vessel to preclude criticality once control blade
melting had occurred. The next Section describes the concentration achievable with the SLCS.

3.1 INJECTION WITil THE STANDBY LIQUID CONTROL SYSTEM

The normal means of adding boron to the reactor vessel is by dedicated injection by the
Standby Liquid Control System (SLCS). While this system is designed to inject sufficient
neutron-absorbing sodium pentaborate solution into the reactor vessel to shut down the reactor
from full power (ind: pendent of any control rod motion) and to maintain the reactor suberitical
during cooldown to ambient conditions, the SLCS is not intended to provide a backup for the rapid
shutdown normally achieved by ssram.

As indicated in Figure 5, the basic system comprises a heated storage tank, two 100%
capacity positive displacement pumps, and, as the only barrier to injection to the reactor vessel,
two explosive squib valves. In most of the current BWR facilities, the sodium pentaborate
solution enters the reactor vessel via a single vertical sparger located at one side of the lower
plenum just below the core plate as indichted in Figures 6 and 7. An effort ta improve the mixing
and diffusion of the injected solution (which has a specific gravity of about 1.3) throughout the
core region has lead some BWR facilities to provide a third positive displacement pump and to
cause the injected solution to enter the reae.or vessel via the core spray line and sparger.

For the purpose of reducing the time required for reactor shutdown for the ATWS accident
sequence, the NRC has recently required that the SLCS injection be at a rate equivalent to 86 gpm
of 13-weight percent sodium pentaborate solution, the boron being in its natural state with 19.8
atom percent of the boron-10 isotope.* This requirement is established by the '.*ATWS rule,"
which states,in part:

"Each boiling water reactor must have a standby liquid control system (SLCS)
with a minimum flow capacity and boron content equivalent in control capacity to
86 gallons per minute of 13-weight percent sodium pentaborate solution."32

Since the original SLCS standard design provided for single-pump operation at a rate of
- 43 gpm, the ATWS rule permits the requirement for the increased equivalent control capacity a be
satisfied by simultaneous operation of both of the installed pumps, by increasing the concentration
of sodium pentaborate solution, or by enriching the boron within the sodium pentaborate solution
in the isotope boron-10. Different BWR facilities have taken different approaches.

The sodium pentaborate solution is normally prepared by dissolving stoichiometric quantities
of borax and boric acid within hot demineralized water according to the reaction **

Na2 407 * 10H O + 611 B0 -4 Na:B oO i6 * 10H O + 9H 0.B 2 3 3 i 2 2

As an illustrative example based upon a representative volume of the standby liquid control
solution tank, 4076 lbs of borax and 3963 lbs of boric acid crystals dissolved within

* It is the 3B" isotope that has the targe absorption cross section (3840 barns). The reaction is
B" + # -+ 3Li'+2He'.3

** As written, the reaction shows equivalent sodium pentaborate as a product.
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4608 gallons of water will produce an aqueous solution containing 6305 lbs of sodium i

pentaborate. This is 13.6% sodium pentaborate by weight The tank contains 1155 lbs of boron.

and, assuming that the boron is in its natural state (not enriched), 228.5 lbs of the boron-10
isotope. ;

1

Continuing the example, the SLC tank contains 46,360 lbs of solution so the concentration
of natural boron within the tank would be 24,900 ppm. Since the mass of water within the reactor ,

vessel (at normal water level and operating temperature) is 628,300 lbs," the concentration of |
natural boron within the reactor vessel after the contents of the SLC tank had been added would be l
approximately 1840 ppm (the concentration of the boron-10 isotope would be about 360 ppm). '

,

After the reactor had been brought subcritical, the next steps toward complete shutdown
would involve cooldown and vessel filling. The reactor vessel water mars with nonnal water level
at 70*F would be 850,000 lbs so that water addition during cooldown would reduce the
concentration of natural boron to 1360 ppm. Finally, with the vessel completely filled after
cooldown, the water mass would be 1,400,000 lbs and the natural baron concentration would be
825 ppm, With the boron in its natural state, the concentration of the boron-10 isotope would be
163 ppm, which is sufficient to maintain the core shutdown in the cold, xenon free condition.

Thus, the basic operational concept of the SLCS for NTWS control is that the very high
concentration of boron in the relatively small SLC tank is diluted to the desired value when pumped
into the much larger reactor vessel and mixed with the vessel water inventory.

Where BWR facilities have chosen to enrich the sodium pentaborate solution in the baron-10
isotope rather than to increase the pumping rate,it is the boric acid constituent that is enriched,
typically to 92 atom percent. . This approach maintains the SLCS redundancy of having two
pumps capable of independent operation,

- Under severe accident conditions, injection of neutron poison may be requiicd for a situation
'

very different than that normally associated with ATWS. If significant control blade melting and
relocation from the core region were to occur during a period of temporary core uncovering, then
criticality should be expected if reactor vessel injection capability is restered and the core is then;

covered with cold unborated water.30 This situation is most likely to occur with restoration of
electrical power after a period of station blackout, if the SLCS were used to inject the sodium

,

pentaborate solution at a relatively slow rate while the core was rapidly covered using the high.
| capacity low-pressure injection systems, then criticality would occur and the core would remain
1 crmcal until sufficient boron for shutdown reached the core region.
:
'

It would be preferable,if control blade melting and relocation has occurred, to reflood the
vessel from an injection source such as the condensate storage tank containing a premixed solution
of neutron poison so that there would be no threat of criticality as the core was recovered. Tuis
must be achievable, however, at a rate sufficient to provide immediate core cooling and, thereby,
terminate core damage. The major diagnostic concern with respect to this strategy is that the

- operators would have no direct means of knowing whether or not significant control blade melting
and relocation had occurred. Therefore, either the injection source would have to be poisoned after
any non-trivial period of core uncovering or reliance would have to be made on precalculated
values of time to control blade melting for the various accident situations.

" Water mass for a 251. inch ID BWR 3/4 textor vessel, including the recirculation kops at the hot rated
condition.
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.

3.2 AN ALTERNATIVE h1ETilOD OF FORh11NG THE POISON SOURCE

On-two counts, operation of the SLCS would not prevent criticality upon vessel reflood
following a period of temporary core unco,ering with control blade melting. First, the injection of
poison by this system would be too slow. Second, the amount of poison injected would be
insufficient. Based upon the recent PNL analysis,30 a concentration of 700-1000 ppm of the
boron-10 isotope would be required to ensurc that enticality would not occur as the damaged core
was covered. A: discussed m Section 3.1, the concentration provided by operation of the SLCS
is less than 200 ppm.

In addition, formation of sodium pentaborate by the nonnal method of separately adding
borat and boric acid crystals would not be feasible at low temperatures and without mechanical
mixing. Information concerning an alternative boron form was obtained by contacting the U.S.
Borax Company at hiontvale, NJ. The Company produces a disodium octaborate tetrahydrate

BsOn 4H O) in readily soluble powder form, under the tradename Polybor. Boron(Na2 2

constitutes 20.97% of the total weight of Polybor, as opposed to 18.32% of the weight of sodium
pentaborate. Using Polybor, the total amount of material needed to fonn a given concentration of

- natural boron is significantly (about one-third) less than for borax and boric acid. For example,
preparation of , concentration of 24,900 ppm within 4,608 gallons of water (as in the example of-

Section 3.1, ;old require the addition of 8,039 lbs of borax and boric acid, but only 5,171 lbs
of Polybor. hiuch of the difference lies in the excess water added with the borax
(Na2B407 + 101120).

The chief industrial use of Polybor is for fire retarda"t treatment of lumber by heavy spray
application or by immersion of decorative and other cellulosic materials. It readily dissolves in
water, forming supersaturated solutions. The following Table, supplied by the U.S. Borax
Company, indicates its superior solubility (under equilibrium conditions) in water.

Table 5. Solubility of Polybor in water and corresponding
concentrations of 110 compared with Horax2 3

at the same temperature

% Concentration of B2 30
Temperature weight % in saturated solutions of:

K T Polybor Polybor Borax

273 32 2.4 1.6 0.73

283 50 4.5 3.0 - -1.13

293 68 9.5 6.3 1.72

303 86 21.9 14.5 2.63

313 104 27.8 18.4 4.10

323 122 32.0 21.2 6.54

333 140 35.0 23.2 11.07

348 167 39.3 26.0 14.67

367 201 45.3 30.0 21.00
,
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|

Polybor dissolves even in cool water to give supersaturated solutions of considerably higher |
'

concentration than indicated in Table 5. Simple table-top experiments at Oak Ridge have
demonstrated that Polybor dissolves much more readily in water than does the normally used
mixture of borax and boric acid crystals. (There is no need for two separate powders to interact in
the case of Polybor.) This is of interest because the accident management strategy under
consideration must be capable of use under station blackmt conditions, when the water in the
condensate storage tank may have cooled significantly et the time the borated solution was to be
prepared and mechanical mixing of the tank contents would not be available.

!

3.3 PREPARING TIIE INJECTION SOURCE

The condensate storage tank is an imponant source of waiv to the reactor vessel injection
systems. As indicated in Figure 8 (based upon the Browns Fe r arrangement),it is the normal
suction source for the steam turbine-driven high pressure coch nt i)njection (HPCI) and reactor core
isolation cooling (RCIC) systems and the alternate source for tne electne motor-driven residual heat
removal (RHR) and core spray (CS) pumps. Other BWR facilities also have at least one motor-
driven reactor vesselinjection system capable of taking suction upon the coadensate storage tank
(CST). At least one BWR facility currently has in place a procedure for adding borax and boric
acid crystals directly to the (partially drained) CST, for use as backup to the SLCS if needed in the
event of ATWS.33

As discussed previously, a much higher concentration of bomn would be required for the
prevention of criticality for the case of a degraded core than would be required for the control of
ATWS. The requirement stated in Reference 30 is for a concentration of 700-1000 ppm of the
boron-10 isotope, which is 4 to 6 times greater than the reactor vessel concentration (163 ppm)
obtained by operation of the SLCS,

During normal reactor operation, the CST pmvides makeup flow to the m in condenser
hotwells via an intemal tank standpipe, as indicated on Figure 9. Any practical strategy for direct
poisoning of the CST must provide for partial draining of this tank, particularly if boron-10

i concentrations greater than 700 ppm are to be achieveel. The CST could be gravity-drained
! through the standpipe under station blackout conditions. The residual water volume would be

plant-specific, but a representative value for a 1060 MWe BWR-4 facility such as Browns Feny is
'

135,000 gal-(511 m3).

- Even with partial CST draining, however, the amour.t of powder required to obtain a
boron-10 concentration of 1000 ppm is large Assuming the use of Polybor to take advantage of
its greater solubility,27,775 lbs (12,600 kg) would have to be t.dded to the partially drained tank.
[If borax / boric acid were used, the requirement would be 41,00()lbs (18,600 kg).] Clearly, this
is too much to be manhandled [50-lb (23-kg) bags) to the top of the tank and poured in. The

-practical way to poison the CST would be to prepare a slurry of extremely high concentration in a
smaller tank at ground leveh then to pump the contents of this small tank into the upper opening of
the CST. (As indicated in Table 5, extremely high concentrations can be achieved with Polybor.)
To avoid any requirement for procurement of additional plant equipment, a fire engine with its
portable suction tank might be employed to perform the pumping function.
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4. SUMMARY

A recently completed Oak Ridge effort proposes two management strategies for mitigation of
the events that might occur in-vessel after the onset of significant core damage in a BWR severe-
accident. While the probability of such an accident is extremely low, there may be effective yet
inexpensive mitigation measures that could be implemented employing the existing plant equipment
and requiring only additions to the plant emergency procedures. In this spirit, accident
management strategies have been proposed for use of a borated solution for reactor vessel refill
should control blade damage occur during a period of temporary core dryout and for containment
flooding to maintain the core debris within the reactor vessel if the injection systems cannot be
restored.

The proposed severe accident management strategy for poisoning of the water used for vessel
reflood should injection systems be restored after control blade damage has occurred has great
promise for practical implementation it could be accomplished using only the existing plant
equipment but employing a different chemical fomi for the boron poison. Available information
concerning the poison concentration required indicates that much more boron would have to be
injected than is available in the Standby Liquid Control Systent Funhermore, the dominant BWR
severe accident sequence is Station Blackout and without means for mechanical stirring or heating
of the injection source, the question of being able to form the poisoned solution under accident
conditions becomes of supreme importance. IIence the need for the alternate chemical fornt

On the other hand, the proposed strategy for drywell flooding to cool the reactor vessel
bottom head and prevent the core and structure debris from escaping to the drywell holds less
promise. Although drywell flooding would preclude bottom head penetration failures and thereby
greatly delay the release of debris, the bottom head would eventually fail by creep rupture. This is
a consequence of not being able to completely surround the bottom head with water because of the
gas pocket that would be trapped beneath the vessel support skirt. Since the drywell vents would
have to remain open during and after the floodir.g process, the ultimate failure of the vessel wall
would open a direct pathway for escape of fission products to the atmosphere. This strategy does,

| however, have potential for future plant designs for which gas release pathways might be pmvided

| for the vessel skin and passive methods might be employed to completely submerge the reactor
j vessel under severe accident conditions without the need for containment venting.
|

|
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