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ABSTRACT

The effects of reactor coolant system natural circulation on the response of the
Sur . nuclear power plant during a station blackout transient were investigated. A
TMLB' sequence (loss of all ac power, immediate loss of auxiliary feedwater) was
simulated from transient initiation until after fuel rod relocation had begun. Integral
analyses of the system thermal-hydraulics and the core damage behavior were per-
formed using the SCDAP/RELAPS computer code and several different models of
the plant. Three icoping calculations were performed in which th= complexity of the
plant model was progressively increased to de‘ermine the overali ~“ects of in-vessel
and hot leg na*aral circulation flows on the plant response. The natural circulation
flows extended the transient, slowing the core heatup and delryine core damage by
transferring energy from the core to structures in the upper plenum and coolant loops.
Increased temperatures in the ex-core structures indicated that they may fail, however.
Nine sensitivity calculations were then performed 1o investigate the effects of model-
ing uncertainties on the multidimensionai natural circulation flows and the system
respouse. Creep rupture failure of the pressurizer surge line v 2s predicted to occur in
eight of the calculations, with the hot leg failing in the ninth. The failure time was
fairly 1- sensitive to the parameters varied. The failures occurred near the time that
fuel rou relocation began, well before failure of the reactor vessel would be expected.
A calculation was also performed in which creep rupture failure of the surge line was
modeled. The subsequent blowdown led to rapid accumulator injection and quench-
ing of the entire core.
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EXECUTIVE SUMMARY

An increased awareness of severe accidents has
been reflected in the U.S. Nuclear Regulatory
Commission's research after the accident at Three
Mile Island. A parallel experimental and analytical
effort formed the basis of understanding of severe
accidents. This research effort culminated in
NUREG-0956, the “Reassessment of the Technical
Bases for Estimating Source Terms,” which
described the current «*~*= »" knowledge in the
severe accident g-=a . aified eight major
areas of uncertain!/™. 1. uraft “Reactor Risk Ref-
erence Document,” NUREG-1150, used the source
term methodology in NUREG-0956 tc provide 4
basis for new estim~tes of reacior risk.

Natural circulation in the reactor coolant system
was one of the major severe ac :ident uncertainties
identified in NUREG-0956. Three types of natural
circulation that may occur during a high pressure
bo:loff transient in a pressurized water reactor were
investigated for the Nuclear Regulatory Commis-
sion: in-vessel, hot leg countercurrent flow, and
flow through the coolant loops. The objective of
the analyses was to investigate the effects of various
types of natural circuiation on the transient, severe
accident response of the plant. Sensitivity studies
were also performed to investigate the effects of
multidimensional natural circulation modeling
uncertainties on the plant transient response. Of
particular interest were changes in the events that
occur, in event timing, and in the extent of core
damage. A transient was also analyzed in which the
surge line failure and subsequent blowdown of the
reactor coolant system were modeled.

In meeting the objective of the analyses, insight
into the phenomena controlling the plant response
and the natural circulation flows have been devel-
oped. The importance of mechanistic integral anal-
yses of severe accidents has been demonstrated.
The results of the analyses have also helped to iden-
tify particular areas of research that could provide
a better understanding of the natural circulation
flows and their effects on the plant response.

The transien selected for the analyses was the
TMLB' sequence in the Surry nuclear power plant.
The TMLB' sequence involves the loss of all ac
power and auxiliary feedwater, and was selected
because all three types of natural circulation may
occur during the transient. Surry is a three-loop
Westinghouse pressurized water reactor with U
tube steam generators. It has a rated core thermal
power of 2441 MW. Surry was selected because it is

one of the reference piants used in source term and
risk analyses.

The analyses were performed using the SCDAP/
RELAPS computer code. This code performs inte-
gral calculations of the system thermal-hydraulics
and the core behavior. The model for the hot leg
countercurrent flow was developed using work per-
formed at Argonne National Laboratory with the
COMMIX computer code.

In-vessel natural circulation occurs between the
uncovered part of the core and the upper plenum.
Vapor rises from the center of the core to the upper
plenum, where it is cooled by the internal structures
before returning to the core through the peripheral
fuel assemblies. Hot leg countercurrent flow trans-
fers energy to the hot leg piping and steam genera-
tors, Hot vapor flows from the reactor vessel to the
steain generators along the top of the hot leg, while
an opposing flow of cooler vapor proceeds from
the steam generators to the reactor vesse! along the
bottom of the hot leg. Loop nitural circulation
involves superheated vapor flowing through the
coolant loops, and it only occurs if the loop seals
are cleared of liquid. This did not occur in any of
these calculations for the Surry plant.

The major influence of these flows is to transfer
energy from the core to other structures in the reac-
tor coolant system, thereby reducing the heatup
rate of the core. Besides extending the transient, a
slower core heatup may alter the amount of c¢lad-
ding that is oxidized while still in fuel rod geometry,
thereby changing the composition of the molten
core. The energy removed from the core will heat
other structures in the reactor coolant system.
Higher temperatures will tend to reduce fission
product retention, and sufficiently high tempera-
tures may result in failure of the pressure boundary
prior o breach of the reactor vessel by the molten
core. Should this failure occur in the steam genera-
tor tubes, containment bypass through the steam
lines may occur. If the failure occurs early enough,
the system may depressurize sufficiently to avoid
direct containment heating when the core debris is
ejected following vessel failure,

The natural circulation flows did not change the
core damage progression, only the times that
various stages of damage occurred up to fuel rod
relocation. Fuel rod relocation began at about 161
min with no multidimensional natural circulation
flows modeled. In-vessel natural circulation
delayed this event by ¥ min. The modeling of both



in-ve.sel and hot leg natural circulation resulted in
a further delay of 11 min. This difference in timing
was not as significant as the difference in ex-vessel
structure temperatures.

With no natu I circulation flows modeled, the
vapor leaving the reactor vessel was near the satura-
tion temperature throughout the transient. With in-
vessel circulation modeled, the vapor leaving tne
vessel was superheated. As a result, the hot leg and
sui ge line piping heated up, so much so that creep
rupture failure of at least the surge line pipe would
be expected before the vessel i. breached by the
molten core. Such a failure would alter the course
of the transient, compared to the calculation with-
out in-vessel natural circulation. The extent of the
change depends on the size of the failure and the
resultant depressurization. With hot leg counter-
current flow also modeied, the steam generator
tubes also heated up, but they were several hundred
degrees below the surge line temperature. There-
fore, steam generator tube rupture and the associ-
ated containiaent ¢ pass would not be expected to
occur during the transient.

Ballooning occurred in the scoping calculations
with in-vessel natural circulation, resulting in a
flow area reduction of 20-60% in the inner part of
the core. Although some flow was diverted around
the ballooned region, the recirculating flow
between the core and the upper plenum was main-
tained. Ballooning of the cladding affected the
amount of fuel dissolved by molten Zircaloy. Oxi-
dation of the inner cladding surface in the bal-
looned regions prevented the molten Zircaloy from
coming into contact with the fuel pellets, prevent-
ing fuel dissolution in those regions.

The TMLB’ transient was also analyzed as part
of the draft Reactor Risk Reference Document
(NUREG-1150) effort. A significant difference in
timing of events exists between that analysis and
the scoping analyses performed here, In the draft
NUREG-1150 calculation, vessel failure was pre-
dicted to occur 155 min into the transient. In the
SCDAP/RELAPS scoping calculation with no nat-
ural circulation, fuel rod relocation did not begin
until 161 min, and vessel failure would not occur
until some time well after 200 min. Even larger
delays occurred when the in-vessel and hot leg natu-
ral circulation flows were modeled. Fuei rod reloca-
tion did not begin until 248 min in the
best-estimate sensitivity calculation. More signifi-
cantly, the likelihood of ex-vessel structural failure
was illustrated in the calculations with multidimen-
sional natural circulation, but was not explicitly
considered in the draft NUREG-1150 analyses.
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These differences in timing and events demonstrate
the importance of mechanistic modeling of severe
accidents.

Sensitivity calculations were performed to inves-
tigate four areas of modeling uncertainty: axial
power profile, steam generator inlet plenum mix-
ing, heat loss from the piping, and radic' flow
resistance in the upper plenum and core. In all of
these calculations, both in-vessel and hot leg natu-
ra; circulation were modeled.

A base case was first performed that differed from
the scoping calculations primarily in that a lower decay
power was used. Creep rupture failure of the surge line
was predicted to occur at about 246 min after the
beginning of the transient, shortly before the onset of
fuel rod relocation, and about S0 min later than in the
comparable scoping calculation. Changing the axial
power profile from a rolatively flat to a chopped cosine
shape had very little effect on the transient, with surge
line failure occurring about | min earlier thas in the
base case.

Reducing the amount of flow that mixed in the
steam generator inlet plena increased the hot leg
flow and the heat transfer to the coolant loops. A
25% flow increase delayed the surge line failure by
about 9 min. A bounding calculation that maxi-
mized the hot leg flow was also performed, in
which there was no mixing in the steam generators.
This led to a more uniform heatup of all the loop
structures, and failure of the hot leg occurred
nearly 45 min later than the surge line failure in the
base case.

Heat loss through the hot leg and surge line pipes
was modeled with radiative and/or convective heat
transfer coefficients, While the heat loss increased
the temperature difference across the pipes, the
surge line was still predicted to fail. Delays in the
failure of 6 to 13 min compared to the base case
were realized.

Changing the radial Mow resistances in the core and
upper plenum had little effect on the predicted surge
line failure. Decreasing the resistances in either location
led to failures less than 2 min earlier than in the base
case. Increasing the resistances in both locations
resulted in surge iine failure about 12 min sooner than
in the base case. The faster heatup of the core in this
last case was the result of ballooning in the core. The
ballooning occurred when the cladding temperature
was about 1400 K, and the resultant surface area
increase and double-sided cladding oxidation acceler-
ated the core heatup.

The magnitude of the hot leg Mow was sensitive
only to the amount of mixing in the steam
generator inlet plena and the hot leg inlet vapor



temperature. Changes in the reactor vesse! upper
plenum flow affected the hot leg only in that they
altered the hot leg inlet vapor temperature. Con-
versely, the upper plenum flow was affected by the
hot leg flow. The flow recirculating within the
upper plenum increased as the loop heat transfer
increased, because cooler vapor was being returned
to the plenum. This higher density fluid increased
the buoyant driving force, and hence the flow,

A 0.15-m diameter hole in the pressurizer surge
line was modeled at the time of the surge line failure
in the final calculation. The system pressure rapidly
decreased, allowing the accumulators to inject lig-
uid into the reactor coolant system. This water
entered the reactor vessel, where it quenched the
entire core before any fuel rod relocation occurred.

Fragmentation of the fuel rods was predicted,
although debris formation was not permitted in the
calculation, At the end of the calculation, the sys-
iem pressure was below 1.0 MPa, the accumulators
were empty, and the two-phase liquid level in the
core was decreasing, although the core structures
were still at the saturation temperature.

Further work is recommended in the natural cir-
culation area. The size of the reactor coolant sys-
tem failure needs to be determined, as does the
ensuing system behavior until the time of reactor
vessel failure. The effects of the natural circulation
flows on the fission product transport and reten-
tion need to be quantified. Interactions between the
natural circulation flows and noncondensible gases
should be investigated further.
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ANALYSES OF NATURAL CIRCULATION
DURING A SURRY STATION BLACKOUT
USING SCDAP/RELAPS

1. INTRODUCTION

An increased awareness of severe accidents was
reflected in the U.S. Nuclear Regulatory Commis-
sion’s rescarch after the accident at Three Mile
Island. A parallel experimental and analytical
effort formed the basis of understanding of severe
accidents. This research effort culminated in the
“Reassessment of the Technical Bases for E<timat-
ing Source Terms," NUREG-09%6,! which
described the current state of knowledge in the
severe accident area and identified eight major
areas of uncertainty. The draft “Reactor Risk Ref-
erence Document,” NUREG-I 150,2 used the
source term methodology in NUREG-0956 to pro-
vide a basis for new estimates of reactor risk.

Natural circulation in the reactor coolant system,
one of the areas of major uncertainty identified in
NUREG-09%6, was discussed in the asscciated
uncertainty papersS. However, phenomenological
analyses in support of draft NUREG-1150 did not
account ior the natural circulation flows. Analyses
have been performed for the U.S. Nuclear Regula-
tory Commission to mechanistically investigate the
effects of various types of natural circulation on the
transient, severe accident response of the Surry
nuclear power plant. Of particular interest were
changes in the events that occur, in event timings,
and in the extent of core damage. Sensitivity stud-
ies have also been performed to investigate areas of
major uncertainty in the modeling of multidimen-
sional natural circulation flows, Blowdown of the
plant following a postulated surge line failure has
also been simulated.

The transient used to investigate the natural circula-
tion flows was the TMLB' sequence, which is a loss of
both onsite and offsite ac power, *aith early (immedi-
ate) failure of the steam-driven auxiliary feedwater
pump. A high-pressure botloff ensues. This transient
was selected because it presents the potential for natu-
ral creulation flow in cwveral regions of the reactor
coolant system (RCS). [t is also a useful transient in
that it has heen analyzed by modeling different plants
with various computer codes.

The Surry nuclear power plant was used in these
analyses. Surry is a Westinghouse-designed pres-

surized water reactor with three coolant loops and a
rated core thermal power of 2441 MW. Surry is one
of the reference plaats used in source term and risk
analyses. Therefore, calculations of the TMLB’
sequence are available in which other computer
codes and modeling assumptions were used. Com-
paring the results of those calcu'ations with the cur-
rent analyses may provide insight into how the
codes and models used affect the calculated plant
behavior,

The SCDAP/RELAPS computer coded was
used to perform the calculations of the plant
response. This code provides best-estimate integral
calculations of the system thermal-hydraulic and
core damage response. Therefore, effects of the
various natural circulation flows on the core dam-
age progression could be explicitly determined.

There are three natural circulation flows in the
RCS that are of interest in severe accidents, They
are in-vessel circulation, hot leg countercurrent
flow, and flow through the coolant loops. Figure |
illustrates these natural circulation flows. In-vessel
natural circulation is characterized by a hot plume
of vapor rising from the center of the core into the
upper plenum. Heat is transferred to the upper
plenum structures, thereby conling the vapor. The
flow turns radially outward in the upper plenum,
then returns to the core through the lower powered,
and hence cooler, peripheral fuel assemblies, The
flow continues downward into the core, slowly
turning toward the center, where it again rises to the
upper plenum. Hot leg natural circulation is char-
acterized by single-phase, countercurrent flow in
the hot leg between the upper plenum and U-tube
steam generators. Hut vapor flows out the top of
the hot leg to the stea™ generator inlet plenum,
Some of the flow mixes wi b the fluid in the inlet
plenum, while some continues i~ the steam gen-
erator tubes. The hot vapor cools as it Tows to the
outlet plenum through about 15% of the steam
generator tubes. ¥ The cooler vapor returns through
the tubes to the inlet plenum. Again, some of this
flow mixes in the inlet plenum, and some continues
directly into the bottom of the hot leg. The cooler
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vapor then returis to the reactor vessel along the
bottom of the hot leg. Superheated vapor flow
through the coolant loops will occur only if the
loop seals aie cieared of liquid. If this flow occurs,
the in-vessel and hot leg natural < reulation flows
will no longer exist, because the loop flow rate is
high enough to preclude then..

The most impertant effect of the natural circulation
flows is to transfer energy from the core to other parts
of the RCS. This energy transfer reduces the heatup
rate of the core, and delays the various stages of core
damage. The heatup of the other structures will also
because higher structure temperatures will provide an
impetus for driving the fission products further a'ong
the flow path. Higher temperatures in the ex-vessel
structures also present the possibility of failure of the
RCS before failure of the reactor vessel lower head.
The possibility of such a failure is very important in the
considerauon of direct containment heating, because a
large enough failure may allow the RCS to depressurize
sufficiently by (he time the vessel fails 10 preclude early
containment failure by direct containment heating.
Failure of the s sam generator tubes may also provide a
path for containment bypass, in that fission products
could be transported through the rupiured steam gen-
erator tubes into the secondary side of the steam gener-
ators and from there, through the relief valves to the
atmosphere.

A scoping st :dy of the effects of the natural ¢ir-
culation flows was performed by systematically
increasing the complexity of the Surry plant model,
First, the transient was calculated using a once-
through model of the reactor vessel. Second, the
core and upper plenum model were changed to

allow in-vessel natural circulation. Finally, the hot
leg model was changed to allow hot leg countercur-
rent flow. By comparing the results of each calcula-
tion with those of the previous one, the changes
effected by each natural circulation flow could be
determined. The coolant loops were modeled so
that loop natural circulation could occur if the loop
seals cleared of liquid in any of the calculations.
However, the loop seals did not clear in any of the
calculations.

A series of sensitivity studies was then performed
to investigate the effects of major phenomenologi-
¢al and modeling uncertainties on the RCS behav-
ior until the time of RCS pressure boundary failure.
Of particular interest were changes in the timing or
locaticn of the RCS failure. Parameters that were
varied in the calculations included the axial power
pi~file, the amount of mixing in the steam genera-
tor inlet plena, radial flow resistances in the core
and upper plenum, and heat joss through the hot
ieg and pressurizer suige line piping. Finally, the
failure of the surge line and the ensuing blowdown
were analyzed.

Chapter 2 discusses the three natural circulation
flows in geater detail. The results of the scoping and
sensitivity analyses are presented in Chapters 3 and 4,
respectively, followed by conclusions drawn from the
analyses in Chapter § and references in Chapter 6.
Appendix A briefly describes the Surry plant and the
SCDAP/RELAPS models of the plant. Appendix B
provides a description of the SCDAP/RELAPS com-
puter code. Appendix C contains a paper addressing
the applicability of the crossflow junction model in
RELAPS to the flow situations that might be encoun-
tered during a severe accident.



2. NATURAL CIRCULATION FLOWS

2.1 In-Vessel Natural Circulation




will heat the piping. If the pipe temperatures are
high enough, creep rupture failure of these pipes
may become a concern. Failure of the RCS piping
before vessel failure could allow the system to
depressurize, initiating accumulator injec'ion. If
the depressurization continues far and fast enough,
the RCS pressure a1 the time of vessel failure may be
low enough to preclude direct containment
heating.

2.2 Hot Leg Countercurrent Flow

Single-phase countercurrent flow in the hot leg is
the least well characterized of the three natural cir-
culation flows being investigated. A general discus-
sion of the basic considerations of the flow is
presented below.

Superheated vapor enters the top of the hot leg,
displacing saturated vapor, which then flows back
to the reactor vessel along the bottom of the hot
leg. When the hotter vapor enters the steam genera-
tor inlet plenum, it will rise toward the steam gener-
ator tubes. Vapor enters some of the tubes,
displacing the cooler steam that was in the tubes.
The displaced vapor enters the outlet plenum, then
reenters other steam generator tubes, forcing vapor
into the inlet plenum. A density gradient is thus
established between tubes. This density gradient
then pulls more hot vapor into the tubes, displacing
cooler steam. The process continues until a steady
flow is established, with hot vapor flowing from the
inlet plenum to the outlet plenum through some of
the steam generator tubes, and cooler vapor return-
ing to tae inlet plenum through the remaining
tubes.

Now conrider the flow streams shown in
Figure 2. The hot () and cold (T ) fluid tempera-
tures at three locatiors will be examined: the hot leg
nozzle (1), the stezn generator end of the hot leg
(2), and the inlet to the steam generator tubes (3).
At each of the locations, hotter fluid is flowing
from the reactor vessel toward the steam generator
outlet plenum, and cooler fluid is flowing toward
the reactor vessel.

The hot vapor entering the hot leg from the reac-
tor vessel flows toward the steam generator along
the top of the pipe, As it flows, heat is transferred
1o both the hot leg piping and the returning cooler
Muid stream. This heat transfer occurs in both the
Westinghouse natural circulation e:petimmtss and
calculations performed with the COMMIX com-
puter code in which no hot leg structures were mod-
eled.® There may also be some mass transfer

between the two fluid streams. The result is that
T, , > T, ;. Asthe flow enters the steam generator
inlet plenum, some of it mixes with the fluid in the
plenum and with the cold flow exiting from some of
the steam generator tubes. The mixing reduces the
temperature of the steam entering the steam gener-
ator tubes, and T, , < T, ,. Heat is transferred to
the tubes as the steam flows through the steam gen-
erators. When the flow returns to the inlet plenum,
some of it mixes with the hot leg flow. This mixing
raises the temperature of the steam returning
through the hot leg, sothat T_, > T_,. Asthe flow
proceeds along the bottom of the hut leg to th~
reactor vessel, heat is being transferred from the
hotter fluid above to this cooler steam, and from
this cooler steam to the hot leg pipe. Whether tnese
energy transfers result in a net heating or cooling of
the return flow has »~t been quantified, but the
vapor temperature will probably not change signifi-
cantly along the bottom of the hot leg. Also unac-
counted for in this discussion is the effect of
circumferential heat transfer in the hot leg piping,
in which heat would be conducted from the hot
upper part of the hot leg to the cool lower part.

Assuming a steady flow, the total energy transfer
in the coolant loop is tiie product of the hot leg
mass flow rate, the average heat capacity of the
flowing vapor, and the temperature difference
between the opposing flows at the hot leg nozzle.
Analyses associated with the Westinghouse experi-
ments showed that the hot leg mass flow rate is a
function of geometric parameters, the fluid den-
sity, and the square root of the temperature differ-
ence (T, \-T_ ). Thus, the heat transferred by the
hot leg natwial circulation flow depends on the tem-
perature difference at the nozzle, and any interac-
tions that tend to increase the cooler vapor
temperature will reduce the flow rate and the heat
transfer. Both the mixing in the steam generator
inlet plenum and heat transfer from the hott:r
vapor above act to increase the temperature of the
returning vapor.

Similarly, the heat transfer in thas steam generator
wubes is the product of the mass flow rate through
the tubes, the average vapor heat capacity, and the
temperature difference (T, T ). Heat transfer in
the tubes will be affected by interactions that alter
either of these temperatures. Again, the mixing mn
the inlet plenum tends to reduce T, |, thereby limit-
ing the heat transfer in the steam generators.

Now consider the case in which there is no mix-
ing in the steam generator inlet plenum, The hot
vapor temperatures ia the hot leg will change little;
@ lower temperature in the cooler vapor will
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increase the amount of heat transferred between
the opposing flow streams slightly. However,
T4 = T, The higher temperature fluid entering
the steam generator tubes will result in increased
heat transfer 1o the tubes. The absence of mixing
also means that T _, = T_,, so that the flow
returning through the hot leg is colder. Since the
flow is driven by the temperature difference
between the hot and cold fluid streams in the hot
leg, the mass flow will increase. The higher mass
flow rate will increase the heat transfer in the loop,
slowing the core heatup. Higher temperatures in
the steam generator tubes will also change the rela-
tive energy deposition between the hot leg and the
tubes, with more energy being transferred to the
tubes,

Mixing in the steam generator plenura is a con-
trolling parameter for the hot leg natural circula-
tion flow, It limits the mass Mlow in the hot leg by
increasing the temverature (and lowering the den-
sity) of the vapor returning from the steam genera-
tor along the bottom of the hot lg. It limits the
heat transfer in the steam generator by reducing *he
temperature of the hot vapor entering the tubes.
While accurate modeling of the mixing is impor-
tant in providing a realistic simulation of the hoi leg
flow behavior, it is also clear that neglecting the
mixing in the steam generator inlet plenum in the
analyses will yield steam generator tube tempera-
tures and hot leg mass flow vates that are higher
thar would be expected in an actual transient.

The primary structural consideration associated
with the hot leg countercurrent flow is the integrity
of the steam geneiator tubes. Steam generator
tubes are very thin compared to the loop or surge
line piping, and therefore, are quickly heated if
exposed to high temperature vapor. Should the
tubes 1ail, a direct path outside of coiainment
(through the steam line relief « alves) becomes avail-
able to any fission product® carried in the coolant.

Fission product behavior may also be affected by
the Mow to the steam generators, An extremely
large surface area 1s available on the steam genera-
tor tubes for deposition of fission products, If the
tubes remain cool, deposited species may remain
there and not be released to the containment. If the
tubes continue to heat up so that revolatilization
occurs, the flow may simply carry the resuspended
fission produc.s to cooler parts of the tubes, where
they would again be deposited. The mixing in the
steam generator inlet plenum may also play a part
in the fission product behavior. If gaseous fission
products are carried with the hot vapor along the
top of the pipe, the sudden cooling associated with

interaction with the cooler fluid in the inlet plenum
may result in the condensation of the vapors, either
on existing aerosols or as newly generated aerosols.
In liquid form, these fission products would be
deposited more quickly, and probably in the inlet
plenum rather than in the tubes. The countercur-
rent flow in the hot leg itself may also affect the
fission product transport. If gravitational settling is
an important mechanism for fission product depo-
sition in the hot leg, fission products falling from
the flow heading toward the steam generators
would enter the return vapor stream, where they
would be carried back toward the reactor vessel
rather than away from it. This phenomenon is
beyond the capability of < rrent analytical meth-
ods, since the flow in the hot legs is considered to be
one-dimensional. However, the magnitude of the
effect should be calculable since the amount of
deposition that is cansed by gravitational settling
should b known frora the fission product trans-
port calculation,

2.3 Loop Flow

Should the loop seals clear of liquid during the
transient, loop natural circulation would be rees-
tablished. In contrast to the natural circulation that
occurs following the initial reactor coolant pump
coastdown, the fluid flowing through the coolant
loops would be superheated vapor. Loop natural
circulation flow is a buoyancy-driven one-
dimensional flow with heat addition in the core and
heat rejection primarily in the steam generators.
However, in this situation, heat would be transfer-
red to the piping throughout the coolant loops.
Because of the resulting large vapor density differ-
ences and the height of the steam generators, this
flow is generally large enough that it disrupts any
multidimensional natural circulation flows that
might exist.

The high flow rate and large amount of metal
structures available as h_at sinks result in a much
slower core heatup, The “‘ower heatup rate could
result in complete oxidation of the cladding before
any of the Zircaloy melts. Fuel rod relocation
would be delayed for several hours, Failure of the
piping anywhere in the RCS is possible, although
the steam generator tubes wouid be particularly
susceptible because they are much thinner than the
hot or cold legs, Heating of all the piping will also
tend to reduce the extent of fission product reten-
tion in the RCS.



3. SCOPING ANA'YSES

Several scoping calculations were performed as
the first part of the natural circulation analyses,
While these were best-estimate simulations of the
plant response, they are referred to as scoping cal-
culations because the overall system effects of the
in-vessel and hot leg natural circulation flows were
being investigated, and to distinguish them from
the sensitivity analyses presented in the next chap-
ter. The analysis began with a single-channel, once-
through mode! of the core and upper plenum. This
model provided a basis for determining the effects
of the natural circulation flows. Next, the core and
upper plenum model was changed to investigate the
effects of in-vessel natural circulation on the tran-
sient response of the plant. For the hot leg counter-
current flow analysis, a model was prepared which
allowed both in-vessel and hot leg natural circula-
tion flows. Thus, (he approach was to use increas-
ingly detailed models of the Surry plant to
determine the incremental effects of the various
natural circulation flows, In each case, the pump
suction loop seal piping was modeled, so that clear-
ing of the loop senls could occur. All three of ihe
coolant loops were modeled separately, with one
containing the pressurizer. Anpendix A provides
information on the various models used.

The sections below describe results of the scop-
ing analyses. The single-channel analysis (no multi-
dimensional natural circulation) will be described
flist, (ollowed by the in-vessel, in-vessel and hot
leg, and loop natural circulation flow analyses.
This latter section briefly discusses the results from
a prior analysis of the Bellefonte nuclear power
plant, since the loop seals did not clear in any of the
Surry calculations, Finally, the results of these
Surry analyses are compared to one another and to
the Surry analyses used in draft WUREG-11%0, in
order to provide insight into the impact of the natu-
ral circulation flows on the transient behavior,

3.1 Once Through Model

A once % gh model of the core and upypor
plenum * & 4 in scoping Case | to provide a
basis for evaluating the effects of the various natu-
ral circulation flows on the plant transient
response. This has been the traditional modeling
approach (or analyzing plant behavior, and was
used in the source term analyses presented in draft
NUREG-i 150

The sequence of events for the transient is con-
tained in Table 1. After the transient was initiated,
decay heat was removed from the core to the steam
generators by a natural circulation flow through the
loops. When sufficient water had been boiled in the
secondary side of the steam generators so that the
remaining liquid was unable to remove the decay
heat, the RCS began to heat up and pressurize. The
pressurizer PCRVs relieved the pressure by cycling
between their open and close setpoints of 16.2 and
15.7 MPa, respectively. When the saturation tem-
perature was reached at 101 min, boiling began in
the core. As the boiling continued, the liquid inven-
tory in the RCS decreased until the core began to
uncover and heat up at 130 min. With no source of
water, the heatup continued unmitigated until fuel
red relocation began at about 161 min, The calcu-
latior: was terminated at 200 min.

Frgure 3 presents the RCS pressure during the
transient. The pressure decreased from the steady
state value shortly after the transient began, as the
steam generators were able to remove more energy
from the reactor coolant than was being added in
the core. After the reactor coolant pumps coasted
down, natural circulation through the coolant
loops transferred the decay heat from the core to
the steam generators, and the RCS pressure
remained relatively constant. The small oscillations
in the pressure between 3 and 72 min reflected the
cycling of the relief valves on the secondary side of
the steam generator. As the steam generator pres-
sure decreased, so did the saturation temperature,
increasing the heat transfer from the primary sys-
tem and consequently lowering the RCS pressure.
After the steam generators dried out, the pressure
increased until the PORVs opened. The pressure
then cycled between the opening and closing set-
points of the PORVs for the remainder of the tran-
sient. For these analyses, it was assumed that the
PORVs could cycle throughout the transient with-
out failing.

The collapsed liquid level in the pressurizer is
shown in Figure 4. The level decreased as the tran-
wient began bucause heat removal in the steam gen-
erators cooled the RCS liquid, causing it to
contract, thereby reducing the level. When the RCS
began to heat o5 the steam generators dried out, the
level increased  The level continued (o increase until
all of the steam in the pressurizer had been relieved
through the PORVs, at about %0 min. The pressur-
izer remained liquid-full until after boiling began in



Table 1. Sequence of events for scoping Case 1

Time

Event _{min)
Transient initiation 0
PORY cycling begins 71.8
Steam generators dry 75.4.77.2
Hot legs reach saturation 100.6
Loop natural circulation flow ends 109.7
Core heatup begins 129.6
Cladding oxidation begins 1441
Control roa relocation begins 187.2
Accelerated oxidation begins 157.9
Fuel rod relocation begins 160.5
Calculation ends 200.0
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Figure 3. Pressurizer pressure for scoping Case 1.
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Figure 4. Pressurizer collapsed liquid level for *crping Case 1,

the core. Steam then entered the pressurizer, rees-
tablishing the liquid level. The level decreased
through the rest of the transient, but some liquid
remained in the pressurizer as the core damage
oceurred.

Figure § shows fuel rod cladding surface tempera-
tures at four of the ten axial nodes, inciuding the top
and bottom nodes, from 127 to 200 min. The top of
the core began to heat up shortly before 130 min, and a
top-down dryout of the core followed. The tempera-
tures increased more rapidly as the cladding began 1o
oxidize, and continued to increase until the tempera-
ture reached 2500 K. When tnat temperature was
attained, the oxide shell on the cladding was assumed
10 rupture, initiating the relocation of molten material
that had been contained within the cladding. This
material flowed down the outside of the fuel rods until
it froze at lower elevations. It should be noted that
when fuel rod relocation begn in the top part of the
core at about 161 min, the bottom part of the core
contained enough water so that the cladding was still at
the saturation temperature  All of the material froze in
the two axial nodes in the middle of the core, forming a
cohesive debris at about 162 min. The cohesive debris
caused the flow area 10 be reduced to less than 1% of
the original axial Mlow area, nearly slopping steam flow
through the core. Steam that was being generated in the

lu

lower plenum by heat transfer from relocared molten
control rod material then flowed through the core
bypass rather than through the core. The cladding tem-
peratures in the top half of the core dropped to nearly
1000 K after relocation began for several reasons.
Cladding oxidation stopped at elevations from which
material relocated because all of the unoxidized Zirca-
loy flowed to lower elevations, Besides the lack of heat
generation from oxidation, heat was being convected
to the core baf"¢ plates and core bypass region. Also,
because of the flow blockage, little superheated steam
was rising from “he lower part of the core to heat the
cladding in the upper part. Temperatures in the bottom
of the core continued to increase because oxidation was
still taking place. At about 192 min, the upper part of
the core began to heat up again, the result of higher
temperatures in the core bypass region, which reduced
the heat transfer from the upper part of the core so that
the decay heat was not being removed. The changes in
the transient behavior associated with the cohesive
debris formation demonstrate the limitations of analy-
ses that model the core as a single channel, had more
than one channel been modeled, Jow could have pro-
ceeded through the core around a cohesive debnis in
one region of the core,

The cohesive debris was composed of Zircaloy
and dissolved fuel from upper parts of the core,
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Figure 8. Fuel rod cladding surface temperatures at 0.18, 1.28, 2.01, and 3.47 1 above the core bottom

for scoping Case 1.

and contained 27.9% of the zirconium and 2.5% of
the fuel initially in the core. At the end of the calcu-
lation, 90% of the control rods had relocated, as
had 35.7% of the cladding and 7.2% of the fuel.

The total hydrogen generation rate in the core
during the transient is shown in Figure 6. The rate
of hydrogen production steadily increcsed as more
of the cladding was being oxidized. After fuel rod
relocation began, the cohesive debris formation
and associated low core flow reduced the cladding
oxidation. The incicased generation rates at about
177 and 186 min reflected higher steam flows
entering the ¢ we, which were caused by relocated
core material b viling water in the lower plenum. At
the time of fuel rod relocation, about 97 kg of
hydrogen had been produced, corresponding to
oxidation of about 14% of the Zircaloy in the core.
The hydrogen gencrated after relocation began
would probably be greater than that calculated by
SCDAP/RELAPS because the code does not cal-
culate the oxidation of material while it is relocat-
ing. There was sufficient steam in the core to allow
onidation throughout the transient. The maximum
Lydrogen mole fraction in the vapor of 0.94
occurred in the top of the core just before cladding
relocation began,

Fission product release to the coolant began
when the cladding oxide shell was breached at
about 161 min At the end of the calculation, more
than 15% of the xenon and krypton, 13% of the
cesium, 1% of the iodine, and 17% of the tellu-
rium that was originally in the fuel had been
released.

The mass flow rate through the core bypass is
presented in Figure 7. As the core uncovered, the
density difference between the MNuid in the core and
that in the bypass caused a natural convecticn flow
to be established. Steam flowed up through the core
to the upper plenum, and a small amount of steam
returned to the lower plenum through the core
bypass. This flow pattern was maintained until the
cohesive debris was formed in the core. After that,
flow through the bypass v.as from the lower plenum
to the upper plenum. Increases in flow occurred
when molten material from the control rods and
fuel rods relocated to the lower plenum. This mate-
rial boiled some of the liquid remaining in the lower
plenum, and (he resulting steam flowed through tite
bypass to the upper plenum and hot leg.

Figure 8 presents the collapsed liquid level 11 the
eactor vessel, which decreased throughout the
transient. The level decrease slowsd as less water
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Figure 8. Reactor vessel collapsed liquid level for scoping Case 1.

remained in the core, nearly stopping after the core
dried out. The increwental level decreases after
167 min occurred when molten material dropped
from the core to the lower plenum, causing some of
the remaining water to boil. At the end of the calcu-
lation, the lower plenum was completely filled with
steam, and both the two-phase and the collapsed
liquid levels were in the lower head.

The temperature of the hottest structure in the
upper plenum is shown in Figure 9. This stainless
steel structure is located just above the core. The
temperature steadily increased until the fuel rod
relocation began. The temperacure then decreased
from its maximum value of about 1200 K because
virtually no vapor was flowing through the core.
Cooler vapor flowed to the upper plenum through
the core bypass, reducing the upper plenum struc-
ture temperature. The cooling continued until near
the end of the calculation, when the vape. flowing
through the bypass was hot enough to again cause
the structure to heai up. The other structures in the
upper plenum remained at or near the saturation
temperature throughout the transient.

Figure 10 shows the highes. structure-average
temperatures of the piping in the pressurizer loop
hot leg, surge Line, and steam geverator tubes. The
temperaturzs of all three structures remained near

the saturation temperature throughout the core
heatup. None of these structures would be expected
to fail before the bottom head of the vessel is
breached. These results are typical of calculations
that ne, 'ect natural circulation flows,

3.2 In-Vessel Circulation

In-vessel natural circulation is simulated with
SCDAP/RELAPS by modeling parallel low chan-
nels in the core and upper plenum, connected radi-
ally by crossflow junctions. The crossflow
junctions neglect certain momentum fux terms in
the momentum equations. Neglect of these terms
has been shown to have a second-order effect on
calculated results for applications such as natural
circulation. A discussion of these terms is incl . 1ed
in Appendix C. Three parallel channels were ussd
to model the chre and upper plenum. In the follow-
. discussions, the center core channel refers to a
grouping of 2% fuel assemblies in the center of the
core, the outer core channel refers to the 36 fuel
asser="lies on the core periphery, the middle chan-
nel refers to the 96 fuel assembiies located between
the center and outer channels, and the inner chan-
nels refers (o the center and middle cnannels
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together. More detail on the modeling of the chan-
nels is presented in Appendix A.

The scoping Case 2 calculation was initiated at
about 127 min, shortly befote the core began to
uncover. The initial conditions for the calculation
were taken from the Case 1 calculation at 127 min.
The sequence of events, presented in Table 2, was
nearly the same with in-vessel natural circulation
modeled as without, but the damage progressed at
a slower rate. The core heated up at a slower rate
because energy was being transferred by the natural
convection flow from the core to the structures in
the upper plenum. Higher vapor temperatures in
the upper plenum also led to heating of the hot leg
and surge line piping in the pressurizer loop.

Figure 11 show. the flow velocity vectors in the
core and upper plenum at about 167 min, shortly
before fuel rod relocation began. There Lre four cir-
culuting flows. There i5 a flow from the center of
the core rising into the upper plenum, where it
turns tor «d the outer part of the plenum before
descendl. ; back into the core through the periph-
eral fuel assemblies. A second flow exists in the
upper plenum, with vapor recirculating from the
periphery of the plenura toward the center, above
the top of the core. This flow is not obvious in the
figure because the large radial flow areas in the
upper plenum result in very low radial velrcities. A
small amount of vapor flows across the top of the
core from the middle to the outer channel because
the fuel assembly upper end boxes present a iwrge
axial flow resisiance at the core exit. The foarth
flow recirculates vapor from the upper plenuin 1o
the lower plenum through the core bypass region. A
maximum velocity of about 1.2 m/s occurs in the
upper plenum. Although the velocities are nearly
equal, the recirculating mass is higher in the upper
plenum than in the core because of the larger flow
area. About | S kg/s is leaving the top of the core in
the center and middle channels, and about 10 kg/'s
is returning to the coce through the outer channel.
The flow through the Bypass is just over 2 kg's.
The flow recirculating in the upper plenum is over
32 kg/¢, approximately three times greater than the
flow recircv'ating between the core and upper
plenum.

Fuel rod cladding surface temperatures from
four elevations in the center (high power) channel
are presented in Figure 12. Similar trends to those
of scoping Case | are present. A top-down dryout
of the core led to a heatup of the entire core. The
core was completely uncovered by about 157 min.
The temperatures increased at a rate of about
0.6 K/s until the temperature reached 1850 K. At
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that temperature, & change in the calculated oxida-
tion kinetics resulted in a much more rapid rate of
cladding oxidation and a more rapid heatup. The
temperature then increased quickly to 2500 K, and
relocation of molten cladding began at about
167 min at the top of the core. When the molten
Zircaloy relocated, no unoxidized material was left
in the upper part of the bur.le. With no additional
heat being generated from the oxidation reaction,
the cladding temperatures decreased, eventually
increasing again when the vapor flowing past was
too hot 1o remove the decay heat. The cladding
temperatures at the top of the core in all three chan-
nels are shown in Figure 13. The rates at which the
three regions of the core heated up reflected the
radial power distribution. The temperature increase
from 1850 to 2500 K was slower in the outer chan-
nel than in the two inner channels because the oxide
shell was thicker. This was the result of the slow
heatup, which allowed oxidation to oceur for about
17 min longer in the outer channel before the oxi-
dation kinetics changed. The center channel was
the first to relocate at approximately 167 min, fol-
lowed by the middle channel at 171 min and the
outer channel at about 173 min. The relocation in
the middle and outer channels ¢ curred at lower
elevations than those shown in Figure 13, Reloca-
tion at the toy of the core in these channels did not
occur because the cladding was completely oxi-
dized before the temperature reached 2500 K. The
decrease in temnerature at the bottom of the core at
183 min (seen in Fipare 12) was caused by reloca-
tion of molten material to the lower plenum. Lig-
uid was boiled by the relocated material, and the
resulting steam f'ow cooled the lower part of the
core.

The effects of the in-vessel natural circulation
flow on the temperature distribution are evident in
Figure 14, which presents the cladding surface tem-
peratures in the outer (low power) channel at the
same elevations as presented in Figure 12 for the
center channe!l. Unlike the two inner channels, in
which the temperature increxsed with increasing
elevation in the core, the outer channel temperature
increased from both the bottom and top of the core
toward the middle. The flow returning to the core
from the upper plenum was heated as it flowed
down, ans! the flow entering from the bottom of the
core was heated as it flowed up, resulting in a maxi-
mum cladding temperature just ebove the middle
of the core. The cladding at this elevation relocated
at 173 min, shortly after the cla4ding at the top of
the middle channel relocated. This was the only ele-
vation at which cladding relocation occurred in the



Table 2. Sequence o events for scoping Case 2

Transient initiation
Calculation begins

Core heatup hegins

Cladding oxidation begins
Control rod relocation begins
Fuel rod cladding balloons
Fuel rod claddiag fails
Acceleratea oxidation begins
Fuel rod relocation begins
Calculation ends

Time
. Amin)

0
126.7
129.8
146.3
166.2
166.7-170.0 +
167.0,170.0 +
167.2
167.3
200.0

16
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Figure 14. Outer channel fuel rod cladding surface temperatures at 0,18, 1.28, 2.01, and 3.47 m above the

bottom of the core for scopine Case 2.

outer channel; the cladding at the other elevations
was completely oxidized before the temperature
reached 2500 K. This was the result of the lower
power in the outer channel, which led to a slower
heatup with more time to oxidize the cladding.
Some ballooning of the fuel rod cladding was
predicted to occur. The fuel rods in the center chan-
nel ballooned and ruptured at about 167 min. The
balloon extended over the upper 70% of the fuel
rod length, and caused a flow area reduction of
about 15%. The ballooning occurred with the clad-
g temperature varying fiom 1475 10 1775 K over
the length of the affected cladding. The cladding
rupture occurred at a temperature of 1481 K. The
rupture occurred at this lower temperature because
the higher temperature regions of the cladding had
been oxidized more. (The cladding at the top of the
core had more than twice as much oxide as that in
the middle of the core, where the rupture
occurred.) Although it was at a higher temperature,
the more heavily oxidized cladding was stronger
and did not rupture. Similar behavior was observed
in the middle chanael, in which the fuel rod clad-
ding ballooned and ruptured shortly after 170 min.
Again, the balloon eatended over the upper 70% of
the cladding, with a flow area reduction of about

20", However, in this case, the ballooned cladding
temperature ranged between 1560 and 1800 K, and
the rupture occurred at a temperature of 1864 K.
Ballooning did not occur in the outer channel
because the fuel rods were at a lower average tem-
perature than those in the inner channels, resulting
in a lower gap pressure. No changes in the flow
patterns were observed as a result of the ballooning
because of the relatively small flow blockages.

It is questionable whether cladding ballooning
would occur at these elevated temperatures because
of interactions between the Zircaloy cladding and
the Inconel grid spacers. Zirconium forms eutectics
with both iron and nickel that, depending on the
composition, neh at various temperatures well
below 180G K.7 Experiments at KfK have shown
pinhole cladding failures at grid spacers, mnﬂy
by the time the temperature reaches 1500 K 8.9 1f a
eutectic is formed, a hole in the cladding may
result, allowing the gap and coolant pressures to
equalize. With no pressure difference across the
cladding, ballooning would not occur. Formation
of a cladding/grid spacer eutectic would also be
influer.ced by other factors, such as the heatup rate
and the thickness of the oxide shell on the cladding.
Time is required for the eutectic composition to



form and fail the cladding. The presence of an
oxide shell inhibits the chemical interdiffusion
required to forin the eutectic composition.

Over 400 kg of hydrogen was gene "ated over the
course of the transient, corresponding to oxidation
of §7% of the Zircaloy in the core. The maximum
hydrogen mole fraction in the core was about 0.80,
s0 that the oxidation reaction was never steam-
starved. The top 60 % of the fuel rod cladding in the
outer channel was completely oxidized at the end of
the calculation. Zircaloy had melted and relocated
frors nodes 4-10 in the center channel and from
nodes 4-8 in the middle channel, but only from the
sixth axial node in the outer channel. However, fuel
liquefaction occurred only in the outer channel,
where the cladding did not balloon. Since the clad-
ding did not balloon, the molten Zircaloy on the
inside of the cladding was able to make contact
with and dissolve some of the fuel pellets. This mix-
ture (52% zirconium, 48% uranium dioxide by
mass) then flowed down the fuel rod when the zir-
conium dioxide shell on the cladding breached. In
the inner channels, molten Zircaloy only existed in
regions where the cladding had ballooned. The fail-
ure of tue cladding after ballooning introduced
steam to the gap, allowing the Zircaloy on the
inside surface of the cladding to oxidize. In the cal-
culation, this inner oxide layer prevented dissolu-
tion of the uranium dioxide by the molien Zircalov.

The highest piping temperatures in the pressur-
izer loop hot leg, surge line, and steam generator
tubes are shown in Figure 15, The temperatures in
the other loops were lower than those in the pres-
surizer loop because the cycling PORVs drew flow
from the reactor vessel to the pressurizer. Based oa
creep ruptire considerations, which indicate that
structural failure becomes a concern at tempera-
tures above about 1000 K, !0 both the hot leg noz-
zle and the surge line piping would be candidates
for failure. This failure would probably occur
before the reactor vesse! bottom head fails, amnl
would not be predicted by once-through calcula-
tions However, the steam generator tubes were still
near the saturation temperature, so that failure of
the tubes would not be expected.

Figure 16 shows the collapsed liquid level in the
pressurizer, which illustrates that the hquid did not
drain quickly into the hot leg. When the PORVs
were open, the vapor velocity through the surge line
was high enough to prevent the liquid in the pres-
surizer from draining into the surge line. The hot
flu.. also heated the piping. When the PORVs were
closed, liquid did begin to drain into the surge line.
Heat transfer from the hot surge line piping boiled

=

some of the liquid and cooled the pipe. The liquid
did not reach the hot leg before the PORV+ opened
again, drawing the liquid back into the p.essurizer.
The liquid was slowly boiled from the pressurizer as
the PORVs cycled and as it interacted with the hot
vapor entering through the surge line. All of the
liquid was gone at about 198 min.

During the time that liquid remained in the pres-
surizer, it may have helped to scrub fission products
from the effluent entering the containment through
the PORVs. However, few fission products were
released during this part of the transient. The
release of fission products began when the cladding
first ruptured, at about 167 min in the center chan-
nel. At the end of the calculation, less than 4% of
the xenon and krypton, 3% of the cesium and
iodine, and $% of the tellurium that was originally
in the core had been released from the fuel rods (o
the coolant.

3.3 Hot Leg Countercurrent Flow

A scoping calculation was performed in which
hot leg countercurrent flow was modeled (Case 3).
The results of COMMIX analyses!! were used 1o
guide the modeling of the flow. How this was done
is discussed in Appendix A.

As in the Case 2 calculation, conditions gleaned
from Case 1 at 127 min were used as initial condi-
tions. The transient calculation began at 127 min
as the core began to uncover, and continued until
180 min, shortly after fuel rod relocation had
begun. The pressure during this part of the tran-
sient was controlled by the pressurizer PORVs,
cycling between 15.7 and 16.2 MPa. The core
began to heat up at 130 min, and was completely
uncovered by 157 min.

Figure 17 presents the mass flow rate in the top
of the hot leg in one of the non-pressurizer loops. A
fairly steady natural circulation flow was estab-
lished by about 133 min, and the magnitude
decreased slowly as the transient progressed. The
flow through the hot leg was interripted by the
opening of the PORVs. When the PORVs opened,
vapor was drawn toward the pressurizer surge line
from throughout the RCS. This temporarily
reduced the flow proceeding from the reactor vessel
toward the steam generators, and increased the
flow from the steam generators to the vessel in the
loops without the pressurizer. In the pressurizer
loop, the flow was drawn toward the surge line
from both the reacter vessel and the steam genera-
tor. The flow through the steam generators was also
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Figure 17. Mass flow rate in the top of a non-pressurizer loop hot leg for scoping Case 3.

affected by the PORV opening, although there was
always some flow proceeding from the inlet plenum
to the outlet plenum. When the PORVs closed, the
natural circulation flows in the hot leg and steam
generator tubes were quickly reestablished.

Figure 18 shows the fuel rod cladding surface
temperatures at four of the ten axial nodes in the
center channel. The temperatures steadily increasea
from saturation to about 1500 K, when the heatup
rate increased as the rate of ciadding oxidation
increased. When the temperature reached 1850 K,
the oxidation kinetics changed, and the tempera-
ture increased rapidly 1o 2500 K. At that point, the
cladding oxide shell was assumed to be breached,
allowing molten unoxidized Zircaloy to flow from
inside the cladding down the ou'side of the fuel
rods; no fuel liquefaction occurred because the
cladding had ballooned. The ballooning and rup-
ture allowed the inside surface of the cladding to
develop an oxide shell, which prevented molten
Zircaloy from coming into contact with and dis-
solving the fuel With no further material to oxi-
dize, the heat generation at these elevations
decreased, as did the temperature. Relocation
began at 178 min in the center channel; no reloca-
tion had occurred in the other channels by the end
of the calculation. Figure 19 presents cladding tem-

peratures from the highest temperature regions of
cach of the three core channels. The temperature
differences reflected power differences between the
three core regions. The maximum temperature in
the outer channe!l was near the center of the core
because of the in-vessel natural circulation flow.
The vapor was heated by fuel rods as it Nowed
down the outer core channel.

Oxidatiun of the Zircaloy cladding began at
148 min. The oxidation rate gradually increased as
the temperature increased. When cladding reloca-
tion began, nearly 34 kg of hydrogen had been gen-
erated. At the end of the calculation, 52 kg had
been produced. The onidation reaction was at no
time steam-starved.

During the first part of the heatup, the cladding
was collapsed onto the fuel pellets. However, the
continued heatup of the fuel rods allowed the gap
pressure (0 increase above the coolant pressure, a1 4
the cladd'ng ballooned and ruptured. Ballooning
began in the center channel at about 176 min. The
balloon extended over the top 70% of the fuel rod
length, and caused a flow area reduction of about
60%. The temperature of the cladding in the
affected region ranged from 1230 to 1510 K. The
cladding ruptured about | min after the ballooning
occurred, at a temperature of 1567 K. No changes
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Figure 18. Center channel fuel rod cladding surface temperatures at 0.18, 1.28, 2.01, and 3.47 m above
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in the flow patterns in the core were caused by the
ballooning, but some of the vapor flowing through
the center channel was diverted around the bal-
looned region.

The cladding rupture also initiated the release of
fission products from the fuel rods to the coolant.
Because the calculation ended shortly after fuel rod
relocation began in the center channel, most of the
core was at lower temperatures. The low tempera-
tures resulted in the release of less than 0.3% of the
noble gases, cesium, iodine, and tellurium by the
end of the calculation.

Approximately 21% of the energy that was
removed from the core during the heatup was
deposited in the coolant loops along the path of the
hot leg natural circulation flow. Of this, 18% was
retained in the hot leg piping, 6% was deposited in
the steam generator plena, 19% was transferred to
the steam generator tube sheets, and 24% was
stored in the steam generator tubes. The remaining
31% was transferred through the steam generator
tubes to the steam and structures on the secondary
side of the steam generators. The pressurizer surge
line absorbed 1% of the heat removed from the
Core,

The effect of this energy transfer on the structure
temperatures in the loop is seen in Figure 20, which
presents the highest hot leg, surge line, and steam
generator tube volume-average temperatures in the
pressurizes loop. The hot leg temperature
decreased from the reactor vessel to the steam gen-
erator. The steam generator tube temperature also
steadily decreased from the inlet plenum to the out-
let plenum along the hot flow tubes, and then from
the outlet plenum to the inlet plenum along the cold
flow tubes. The surge line temperature increased
more rapidly when the PC RV, were open because
there was more flow, and hence more heat transfer,
through the surge line. The oscillations in the steam
generator tube temperature were caused by the
PORV cycling. When the PORV was open, the flow
through the steam generator end of the hot leg
reversed. With no source of hotter vapor, the vapor
in the steam generator inlet plenum cooled because
heat was transferred to the structures in the plenum
and because cooler vapor was entering the p.enum
from the tubes. Thus, the vapor entering the hot
flow tubes was cooler, asd the tube temperature
decreased. As in scoping Case 2, the average
temperature of the surge line was higher than that
of the other structures in the loop, and was high
enough at the end of the calculation that creep rup-
ture failure of the surge line could occur before
reactor vessel faillure. The presence of the hot leg
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flow carried hot vapor to the steam generator
tubes, causing them to heat up as well. However,
the temperature of the tubes was still low enough
that they would not be expected to fail. The largest
temperature difference between the inside and out-
side surfaces of the pipe at 180 min was 97 K in the
hot leg, 25 K in the surge line, and 0.2 K in the
steam generator tubes.

3.4 Loop Flow

Natural circulation flow through the coolant
loops was not calculated in the Surry analyses.
However, previous analyses of severe accidents in
the Bellefonte plant!2 showed that natural circula-
tion through the loops reduced the heatup rate of
the core by an order of magnitude, to about
0.06 K/s, because all of the piping in the RCS was
available as a heat sink. The pipe temperatures
lagged behind the maximum fuel rod cladding tem-
perature by about 100 K. Such high temperatures in
the loop structures would cause the RCS pressure
boundary to fail long before the fue! rods began to
relocate, probably in the steam generator tubes
since they are the thinnest structures. Although
Bellefonte is a Babcock and Wilcox plant with
once-through steam generators, similar results
v.ould be expected in a U-tube steam generator
plant, such as Surry, should the loop seals clear of
liquid.

3.5 Result Comparisons

Results of the Surry natural circulation calcula-
tions presented in the previous sections will be com-
pared with one another. This will provide an
indication of the effects and importance of model-
ing the various natural convection flows that may
exist during a severe accident. The results of these
analyses will then be compared with the Surry sta-
tion blackout analyses performed fo: draft
NUREG-1150. This comparison will provide some
insight into differences in the timing and extent of
core damage that result frcm the models used to
analyze the plant behavior.

3851 Effects of Natural Circulation Flows. The
inclusion of the various natural circulation flows
into the model used to calculate the TMLB' tran-
sient did not affect the events that occurred up to
the ecarly purt of core relocation. Rather, these
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Figure 20. Volume-average tempe. atures of the hottest part of the hot leg pipe, surge line, and steam
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flows served to extend the transient by removing
energy from the core and transferring it to other
parts of the reactor coolant system. The ultimate
effect of these flows on the plant behavior cannot
be completely wvaluated until the transient proceeds
to failure of the reactor vessel bottom head. At that
time, differences in RCS pressure, melt composi-
tion, and fission product distribution will affect the
containment response and ultimately the source
term resulting from the transient,

The most significant effect of the natural circula-
tion M2ws was ine heating of ex-vessel structures,
which was not seen in the once-through calcula-
tion. The heating was sufficient so that failure of
the RCS boundary would occur before the vessel is
breached, probably ir the surge line. Such a failure
may allcw the RCS 1o depressurize before the vessel
fails, perhaps sufficiently to significantly change
the containment load at the time of melt ejection.
The higher piping temperatures will also affect the
fission product behavior in the RCS.

Table 3 lists the sequence of major events for the
three scoping calculations. Since the addition of
natural circulation flows extended the core heatup,
a comparison of the three analyses at a specific
time is not very meaningful, However, it is mean-
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ingful to examine the state of the plant at the time a
specific event occurs. The latest common event in
the three analyses was the beginning of fuel rod
relocation.

Table 4 presents several major parameters that
describe the state of the Surry plant at the time fuel
rod relocation began in the three scoping calcula-
tions. Fuel rod relocation began in the scoping cal-
culations when the cladding in one of the ten axial
nodes reached a temperature of 2500 K.

Although they had been exposed to superheated
vapor for a longer time, the hot leg and surge line
temperatures were only slightly higher when fuel
rod relocation began in the hot leg natural circula-
tion case than with only in-ve “el circulation mod-
eled. Although more energy was transferred out of
the core, the participation of both the steam gener-
ators and ali three coolant loops (rather than just
the pressurizer loop) as heat sinks resulted in a
more even distribution of the energy throughout
the RCS.

The temperature difference between the center
and middle channels caused by the different aver-
age power was accentuated by the natural convec-
tion flows. The cooling provided by the coolant
loops in Case 3 reduced the temperatures of both



Table 3. mdmmumm

Event

Transient initiation
Caiculation begins

PORY cycling begins

Steam generators dry

Hot legs reach saturation
Loop natural circulation tlow ends
Core heatup begins

Cladding oxidation begins
Control rod relocation begins
Fuel rod cladding balloons
Fuel rod cladding fails
Accelerated oxidation begins
Fuel rod relocation begins
Calculation ends

Time
(min)
Case | —Cased Case 3
0 0 0
0 126.7 126.7
718 - -
75.4-77.2 - -
100.6 - -
109.7 — —
129.6 129.8 129.6
144.] 146.3 148.0
157.2 166.2 178.2
- 186.7-170.0 + 176.4
- 167.0,170.0 + 177.3
1579 167.2 178.0
1605 167.3 178.3
200.0 200.0 180.0




Table 4. Conditions when fuel rod relocation began in the three scoping calculations

Parameter

Time (min)

Hydrogen generaied (kg)

Maximum middle channel fuel
cladding temperature (K)

Maximum upper plenum structure
temperature (K)

Hot leg nozzle temperature (K)
Maximum surge line temperature (K)

Maximum steam generator tube
temperature (K)

Reactor vesscl liquid level (m)
Pressurizer liquid level (m)

Core outlet flow (kg/s)

Core return flow (kg/'s)

Upper plenum recirculating flow (kg/s)

Case | Case 2 Case 3
160.5 167.3 178.3
96.9 472 317
- 1747 1546
1100 1748 1143
633 789 829
637 L 1001
624 629 ikl
1.26 299 2.11
40 .07 1.99
1.2 10 "
- & X
- LU 49

the core and upper plenum structures compared to
Case 2. When fuel rod relocation began in the cen-
ter channel, the maximum cladding temperature in
the middle channe!l was 1747 K in Case 2, and
1546 K in Case 3, Similarly, the hottest upper
plenum structure was 100 K cooler with the hot leg
countercurrent flow considered. The lower clad-
ding temperatures also resulted in less hydrogen
having been generated when relocation began.

The amount of hydrogen generaled when fuel
rod relocation began was about 97 kg in Case |1,
47 kgin Case 2, and 3 kg in Case 3. This compar-
ison must be viewed with the understanding that
different amounts of material are ai high tempera-
ture when relocation begins. In Case |, the once-
through calculation, all of the fuel rods in the core
are affected. In the other two cases, fuel rod reloca-
tion begins in the 25 fuel assemblies in the center
core channel, with an accordingly smaller amount
of material being relocated, and most o1 the core
still undergning oxidation.

The core damage was affected by the behavior of
the fuel rod cladding. In Case 1, no ballooning
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occurred, and the molten Zircaloy was able to dis-
solve some of the fuel pellets. Ballooning did not
occur because the axial average temperature of the
fuel rods was low enough that the gap pressure
never exceeded the coolant pressure (the bottom of
the core was still submerged in liquid when the top
of the core was relocating). With in-vessel natural
circulation modeled (Cases 2 and 3), sausage-type
ballooning occurred in the higher powered regions
of the core. With an oxide shell on the inner surface
of the cladding, no contact was made between the
fuel pellets and the moiten Zircaloy in the cladding.
Thus, no dissolution of the fuel occurred and only
Zircaloy relocated in the inner core channels,
Reactor vessel collapsed liquid levels from the
three cases are presented in Figure 21. The liquid
level decreased more rapidly with in-vessel natural
culated to the lower parts of the core and lower
plenum, accelerating the boiling of the liquid that
was there. The liquid level in the once-through cal-
culation eventually decreased to the level of the
other two calculations as molten core material
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Figure 21. Reactor vessel collapsed liquid level for the three SCOpIng cases.

relocated to the lower plenum, where it boiled the
remaining liguid,

The pressurizer collapsed liquid level from the
three calculations is shown in Figure 22. More lig-
uid was retained in the pressurizer in Case |
because the vapor flowing out the surge line was
near the saturation temperature throughout the
transient. In contrast, the amount of liquid
decreased more rapidly with the natural circulation
flows modeled because superheated vapor was
flowing into the pressurizer, where it could transfer
heat 1o the remaining liquid. Also, the heating of
the surge line pipe by the superheated vapor
allowed it to transfer heat to the liquid that drained
from the pressurizer when the PORVs were closed,
again increasing the amount of liquid that was
boiled.

382 Comparisons with Draft NUREG:
1180.  Surry was one of the reference plant’, inves-
tigated in the “Reactor Risk Reference
Document,” NUREG-1150 (Draft). Natural circu-
lation in the RCS was not explicitly considered in
the thermal-hydraulic analyses performed for
NUREG-1150. Therefore, it is of interest to exam-
ine differences in event uming and core damage
caused by the natural circulation flows.

Table § presents the sequence of events for the
draft NUREG-1150 analysis (obtained from Refer-
ence 13), the three scoping calculations presented
earlier, and a MELPROG calculation. ' " e table
shows that the transient was extended both by the
1nclusion of the natural circulation ows and by the
more detailed modeling provided by the SCDAP/
RELAPS and MELPROG codes. Scoping Case |
was similar to the MARCH calculation used in
draft NUREG-11%0 in the hydraulic treatment of
the core. Yet the SCDAP/RELAPS calculation
reached the temperature at which fuel rod reloca-
tion began over $ mir. after the bottom head failed
in the MARCH calculation. While part of this dif-
ference can be attributed to a difference in decay
power, which led to an earlier steam generator
dryout, some is also attributable to the manner in
which the codes treat the system behavior The
SCDAP/RELAPS and MELPROG event timings
were similar.

This lengthening of the transient could lead to
very different conditions at the time of vessel fail-
ure. By heating the pipes in the coolant loops, fail-
ure of the RCS is likely to occur before the core
melts through the reactor vessel. The resulting
depressurization may be sufficient to reduce the
impact of direct containment heating on the
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Table 5. Sequence of events for the Surry TMLB' transient from

__Evem

Steam generators

dry
Core heatup began

Fuel rod relocation
began?

Core uumpod"
Bottom head failed

Draft
NUREG-1150

69.0

N2

1185

141.5

155.3

%0 200
Time (min)
five different calculations
T'me
I RN aTa T R Jihe . SN
_____SCDAP/RELAPS MELPROG
Once- Hot Leg and NUREG CR
Through In-Vessel  In-Vessel A7
”.2 7.2 7.2 69 4
129.6 1298 129.6 178
160.% 1673 1783 169.7
> 2000 > 200 .0 > 180.0 2480
»200.0 > 200 08 > 180,08 268 8

s Fuel rod relocation coresponded 10 (he fuel rod meling temperature of 2550 K i the draft NUREG- 1130 calculation (o the
adding oxsde shell breach temperature of 2500 K in the SCDAP RELAPS caloulations, and 10 2200 K in the MELPROG

valoulal on

b Core shumping occurred when the bottom node 10 & region relocated of when the debria crust fanled

¢ Failure outsade the vessel 1s hikely 10 occut before the bottom head \ailure

29



containment response. The longer time before ves-
sel failure may also allow more oxidation of the
material in the reactor vessel. Additional oxidation
in the vessel could affect the containment behavior
through the core/concrete interaction. If less unox-
id.zed material is involved in the interaction, less
hydrogen may be generated in containment after
vessel failure and fewer fission products may be
released.

Another difference in the calculations is the
amount of hydrogen produced. At the time of fuel
rod relocation, the MARCH calculation predicted
that $% of the cladding would have been oxidized.
When fuel rod relocation began in the center chan-
nel in the SCDAP/RELAPS calculations, 14% of
the cladding was oxidized in the once-through case,
7% was oxidized with 'n-vessel natural circulation
modeled, and $% was oxidized with both hot leg
and in-vessel natural circalation modeled.

3.6 Uncertainties and Limitations

This section describes some of the uncertainties
associated with the analyses presented in previous
sections, and soune of the limitations of the models
and codes used in the analyses. Areas for future
analysis are also discussed. Some of the uncertain-
ties are addressed by the sensitivity studies
described in the next chapter.

Because the flow in the coolant 1o~ ps is modeled
in a one-dimensional manner, the countercurrent
hot leg Mlow is not strictly mechanistically treated.
This introduces an uncertainty into the results,
because the model was developed o reflect the
behavior during a similar transient calculated by
the COMMIX computer code. Differences in the
flows and heat transfer rates predicted by the two
codes dictate that the results will not be identical;
one can only match the results of the COMMIX
calvulations as best as possible. The resulting
heatup is believed to be close to that which would
actually occur, but the distribution of the energy in
the coolant loops may be somewhat different. The
results under these conditions are also dependent
on the applicability of the modeling used 1o simu-
late low pressure, low temperature experiment data
to the high pressure, high temperature conditions
of the transient being investigated 1 he sensitivity
analyses investigate effects of hot leg flow rates on
the plant transient response.

With the hot leg flows physically separated in the
maodel, the piping temperature difference between
the top and bottom halves is too large. Circumfer-
ential conduction would transfer heat from the top

ollhﬂnhthm.hmmtm-

umdzmwmmmmofmm.
thcupaﬂouh.mmdwlmhm-
ature, thus reducing the temperature difference
between the hot and cold flow streams and reduc-
mmwwmmnnm.mm-
ture variation around the pipe may also introduce
stresses in the pipe that would accelerate its failure.
m»,mmmammmm
Mudummnbrwbmmhutum
occur between the flows, such as heat and mass
transfer.

The pipe temperatures are also affected by the
boundary conditions imposed on the outer surfacs
In these calculations, the surfaces exposed to the
containment atmosphere were assumed (o be adia-
batic. In reality, there would be some heat loss
through the pipes to the containment atmosphere.
Thebmlouvou!d‘acmuumupcmm-
ture'mcnuedmthﬂuumionmmw
break down, allowing a higher heat transfer rate,
and because the temperature difference between the
piuwfmudthem&imhhmiu.
W‘Nlethcmmumoﬂkmnﬁumdmm
would be lower than those calculated, it is expected
that the relative temperatures would remain the
same. That is, the surge line would be hotter than
the hot leg, which would be hotter than the steam
generator tubes. The lower pipe temperatures
would also allow more heat to be removed in the
coolant loops by the hot leg countercurrent flow,
almunhoti-cwvmoumo!cmdmm
mmnb«.mubuhontuboihﬂnumn
umsmsammmm.

The amount of hydrogen generated is also an
area of uncertainty. The SCDAP /RELAPS code
m-«mmmuormtmu
relocating. Nor does the code calculate the oxida-
tion of structures outside the core, such as the steel
structures in the upper plenum that are certainly
hot enough to oxidize in the presence of steam .

The ballooning that occurred in Case 2 may not
occur in the plant because of interactions between
the Zircaloy cladding and the Inconel grid spacers.
These materials form eutectics such that the clad-
ding may be breached at temperatures below



1500 K. Since the ballo ming in the calculation did
not occur until some of the cladding had reached
nearly 1800 K, it is likely that the cladding would
have breached be‘ore then. That would allow the
coolant and gap pressures to equalize, and thereby
preclude ballooning. This may also be true for
Case 3, in which the cladding temperatures were
abeve 1500 K when failure occurred.

Another area of the code in which improved
modeling is needed is in the cladding breach model.
Currently, the user inputs a temperature a1 which
the zirconium aioxide shell on the cladding
breaches, initiating the flow of molten material
from inside the fue' rod. A more realistic model
would account for failure of the oxide shell by dis-
solution of the oxide hase by the molten Zircaloy
on the inside of the claading. This would allow a
more accurate prediction of the timing and phy«ical
content of the relocation.

The formarion of a cohesive debris in the once-
through calculation had a significant impact on the
transient progression. With very little steam tow-
ing through the core, the heatup of the top of the
core stopped, and oxidation throughout the core
nearly ceascd. Flow through the core bypass cooled
the upper par: of the core. While a cohesive debris
thai hlocked the entire core would not be expected
in an actual transient, it does demonstrate the
drawbacks of using a single channel to model the
entire core.

The transport of fission products was not
included in these analyses. Consequently, the heat-
ing of the structures in the RCS by deposited fission
products was not accounted for. However, the
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amount of fission products released during the cal-
culations was generally small enough that there
would be little effect on the structure temperatures.,
The physical separation of the opposing flows in
the hot legs may affect the fission product trans-
port. If a significant portion of the deposition in
the hot leg is the result of gravitational settling,
then the fission products would drop into the flow
stream returning toward the reactor vessel, where
they may be retained on the cooler piping in contact
with the couvler flow stream.

The “bottom line" of the natural circulation
analyses is how these flows affect the condition of
the core and RCS at the time of reactor vessel lower
head failure. To that end, the location, size, and
timing of any RCS failure before the vessel failure
needs 10 be determined. The surge line or hot leg
appears 10 be the liv .y location, but the actual time
at which failure - ccurs and the size of the hole are
still unknown. The size is important in that a large
enough break may permanently disrupt the natural
circulation flows. The size of the failure may also
be dynamic, in that continued heating of other
parts of the RCS may result in additional failures or
the hot vapor flowing through the original failure
location may ablate the pipe and increase the size of
the hole. By diverting flow from other ;s of the
RCS, those locations may cool, increasing the
retention of fission products. Finally, the depres-
surization resulting from the failure needs to be cal-
culated to determine the pressure of the RCS when
the vessel fails, in order to determine the impor-
tance of direct containment heating on the contain-
ment response.



4. SENSITIVITY ANALYSES

4.1 Base Case




Table 6. Matrix of sensitivity calc dations




Table 7. Sequence of events up to core heatup for the sensitivity and scoping calculations

Time
(min) -
Event Seusitivity Scoping
Transient initiation 0 0
PORY cycling begins 2.9 7.8
Steam generators dry #5490 %472
Hot legs reach saturation 1209 100.6
Loop natural circulation flow ends 1299 1097
Core heatup begins 159 8 1296
Table 8. Sequence of events for the base case
Time
Event (min)
Calculation begins 160.0
Center channel oxidation begins 185.3
Middle channel oxidation begins 186.1
Two-phase liquid level below core 190.2
Outer channel oxidation begins 1926
Center channel fuel rod cladding fails 234
Pressurizer empties of liquid 240
Middle channel fuel rod cladding fails 283
Outer channel fuel rod cladding fails 2411
Pressurizer surge line fails 2463
Center channel fuel rod relocation begins 248.0
Middie channel fuel rod relocation begins 88
Outer channel fuel rod relocation begins -

Calculation ends 2%0.0
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cladding temperature increased rapidly. The short
[smperature excursions just prior (o this time
reflected the calculated behavior of the control rod
guide tubes. The later temperature excursions
showed the behavior of individual nodes in the
core. The temperature increased as the cladding
rapidly oxidized. The temperature then decreased
when the cladding in a node was completely oxi-
dized, because the decay heat alone was unable 1o
sustain the higher temperature.

Fuel rod cladding surface temperatures from the
top node in each of the three core channels are pre-
sented in Figure 25, The center and middle channel
temperatures were very close together throughout
the transient. The outer channel temperature was
lower because it had a lower power and because
steam reentering the outer channel from the upper
plenum helped 10 cool the fuel rods. However, after
accelerated oxidation began in the inner two chan-
nels, the hot vapar from the upper plenum helped
10 accelerate the temperature increase in the outer
channel. That is why there was a rapid heatup in the
outer channel prior to the change in oxidation
kinetics, heginning at a temperature of about
1500 K. The heatup rate increased further as the
temperature increased and accelerated oxidation
occurred

Figure 26 shows the center channel fuel rod clad-
ding surface temperatures at several elevations.
Changes in the core inlet conditions generally had a
greater impact on the lower half of the fuel rod. As
discussed previously, the core bypass cleared of lig-
uid at about 187 min, and the increased flow into
the cc re cooled the cladding in the lower part of the
core while slowing the heatup rate in the top part.
An increase in the center channel inlet Nlow shortly
after 200 min resulted in more cooling of the bot
tom part of the core. At about 218 min, the down-
comer hquid level dropped below the core barrel,
allowing cooler vapor to flow into the core, again
cooling the lower regions of the core. With the core
barrel cleared, a flow path was established from the
upper head to the downcomer into the core. Relo-
cation of control rod absorber material to the lower
plenum began at about 240 min. This material
botled hquid in the lower plenum, which resulted in
some cooling in the lower elevations of the core.
After the accelerated oxidation, the temperature of
the cladding in the top node peaked and then
decreased . The decrease occurred because the clad-
ding was completely oxidized, so that the only heat
generation in that node was the decay heat in the
fuel. Without the exothermic Zircaloy onidation
reaction, there was not enough heat being gener-

ated 1o keep the temperature near the melting point
of zirconium dioxide (2973 K) or uranium dioxide
(3013 K).

Because the calculation was terminated shortly
after temperutures exceeded 2000 K, the core damage
was primarily in the form of Zircaloy oxidation, with
some material relocation. Figure 27 shows the total
hydrogen generation rate during the transient, The
oxidation increased steadily until pars of the clad-
ding became completely oxidized and the rate
decreased. At its peak, the energy released by the oxi-
dation reaction was about 6 times the decay power. At
the end of the calculation (250 min), 222 kg of hydro-
gen had been generated, corresponding to oxidation
of about 12% of the Zircaloy in the core. Material
relocation was essentially confined to the control
rods, as onl> about 0.03 kg of fuel melted in the core
and there was no relocation of Zircaloy from the fuel
rods. The upper 60% of the control rods in the center
and middle channels relocated, with all of the Zirca-
loy and stainless steel and 25% of the relocated Ag-
InCd control material refreezing in the core. The
remaining 75% of the relocated absorber dropped
into the lower plenum. In the outer channel, the top
$0%, of the control rods relocated, with Y0% of the
relocated absorber being the only material 10 drop
below the core. The calculation was terminated before
the outer channel fuel rod temperatures were high
enough to initiate relocation. Fission product release
during the transient v is also relatively minor, with
4% of the noble gases, % of the cesium and tellu-
rium, and 2% of the iodine originally in the core
being released by the end of the calculation.

Figure 28 shows the flow entering the upper
plenum from each of the three core channels and
from the core bypass, and the upper plenum recir-
culating flow. The recirculating flow moves down
the outer channel of the upper plenum and turns
inward just above the core exit rather than entering
the care. The flow in the upper plenum was about
four times greater than the flow returning to the
core through most of the transient. 1 he increase in
the flow from the upper plenum to the core bypass
at about 187 min occurred when the hiquid level
cleared the core bypass, allowing vapor 1o flow
freely from the upper plenum 1o the lower plenum .
A slight decrease in the flow reentering the outer
channel from the upper plenum can also be
observed at that time. The relation between the
upper plenum recirculating flow and the upper
plenum vapor temperature just above the center
core channel is shown in Figure 29. The flow
decreased with increasing temperature because the
density difference driving the flow was decreasing.
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Upper plenum siruc.ure temperatures in cach
channel just above the core vutlet are shown in Fig-
ure 30 The center channel temperature was highest
because it was above the hottest part of the core,
The outer channel temperature was he lowest
because the vapor i that channel had been cooled
us it Mlowed down, the upper plenum outer channel
temnperalures increased with increasing elevation.
The middle channel temperature was he ween the
center and outer channel temperatures, and might
have been closer to the center channel structure
temperature except thai the recirculating flow
within the upper plenum caused cooler vapor from
the outer channel to mix with that above the middie
channel, cooling the structures there. The hottest
structures within the upper tlenum were the control
rod housings These very thin structures had a tem-
peratvr, of 180 K at the end of the caloulation.
This temperature is Righ enough 1o mel these stain-
less steel housings, e ahough that hehavior was not
modeled Other volume-average structure tempera:
tures of note at the ond of the calcuiation were &
maximum: of 1196 K for the core barrel, 1477 K for
the core daffle plutes, and 733 K for the upper
head. which wa the highest reactor vessel wall tem-
perature The local temperature in the region of the

N

reactor vessel head bolts was 621 K at the end of the
calculation. The high structure temperatures in the
upper plenum and saftle plates indicate that more
hydrogen would have b :n producyd had the oxida-
tion of these steel structuies been accounted for in
the calculation.. There may also have been melting
and relocation of some of these structures

Figure 31 presents v, *raction of the core heat
that had been removed by the Coue... « ¢ny lime,
The integral core beat removal remained near 7%
for most of the calculation. Of the energy removed
from the core at the time of the surge line failure
(246.% mun), 9.0% had been transferred to struc-
tures in each of the non-pressurizer loops and
11.8% 10 Loop € structures. The hot leg piping in
all three loops had absorbed 4 8% of the energy
removed from the core, (he surge line piping 0.8%,
and the steam generat'v tubes und tube sheets
23.0%  Soiae of the energy transferred 1o the steam
RENCTAlOn tuhes was in turn transferred to the steam
€ the secondary side of the steam generators, so
that the net encrg) storage in these structures was
less than 23.1%,

More energy was depositad in the pressurizer
loop (Loop C) than in the other loops because the
PORVs drew flow into that loop when they were
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open. The increased flow in the hot leg, combined
with the decreased flow into the other two hot legs,
resulted 1 about - % more energy being absorbed
by the structures in Loop C than in Loop Aot B A
result of this difference is illustrated in Figure 12,
which presents the volume-average temperatures of
the three hot legs near the reactor vessel. The
Loop A and B bt leg temperatures are identical,
and slightly “uoler than the Loop C hot leg. Similar
temperature differences were observed in the rest of
the hot legs and .n the steam generators.

Figure 3} shows the hughest temperatures in the
Loop C hot leg, surge ling, and steam generator tubes,
Also included in the figure are the corresponding struc-
ture temperatures on the battom of the hot leg and
surge ine  All of the structures began 1o heat up above
the saturation temperature immediately. The surge line
heated up the fastest because it had nearly the same
apor temperatures as the hot leg, but it is only one-
third as thick. The steam generator tubes are the thin-
nest structures, but they had the coolest vapor (of the
structures shown) Also, the steam generator tubes are
somewhat protectad by the tube sheet, which har a
large thermal capacity and helps 10 cool the vapor
before it encounters tie tubes, Creep ruptu, * of the
surge line was prodic od 1o ocour at 2463 min, at a
temperature of 1219 K. At that time, the hot leg was
neas 1000 K, and th : steam generator tubes were near
80 K. The surge Ui we temperature was affocted most
by the cycling of thh PORVs. When the PORV: were
open, hot vapor was drawn from the reactor vessel 1o
the pressurier, hea.ng the surge linz. When the
POKYs were closed, very little flow passed through the
surge line Until the pressunazer emptiod at 224 8 rain,
bigud drmiming into the surge ine when the FORVy
were closed cooked the pipe After the preasuriier emys
were closed By contrast, the hot leg temperature dd
not follow the PORY cycling The greater thickness,
ard hence longer time constant, of the hot leg piping,
* ether with the fact that there was dbways flow from
v reactor vessel into the hot ley, resulted in & steady
b dup of the hot leg Several short dacreases in the
upper hot leg temperature betwoen 170 and 200 mun
were the result of hiquisd drasiung from the pressunizer
the srusted bowd cooled the pipe The large tempera:
ture differenues between the top and bottom halves of
the surge line (up 10 450 K) and hot leg (up 10 2% K)
would induce cucumferential stresses i the pipes.
There would also he conduction heat transfer from the
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top of the pape to the bottom. However, this cannot be
modeled with tiie one-dini  sional heat structures in

lished toward the reacior vessel, and the temperature
decreased. The open PORVs caused slight decreases in
the temperature in Loop A because the flow rate
through the bottom of the hot leg Increased, resulting
n higher heat transfer rates to the piping and corre-
spondingly lower fluid temperatures. The hot leg bot-
tom temperatures di' diverge shightly as the transient
poogressed This was the result of higher pipe tempera-
tures in Loop C, which were developed during the
PORY cycles when hot vapor from the upper plenum
was drawn into Loop C.

The mass flow into the top of two of the hot legs
is prasented in Figure 38 The Mow rate increased as
the transient began, reaching a maximum at about
170 min Displacement of the saturated vapor in
tLe loops and heat traasfer 1o the structures com-
biny 110 keep the return Mow at the saturation tem-

even though the temperature difference was
increasing. When the PORVs were closed, the Nlow
in Loop C was higher than that in Loop A The
Loop B fNow was the same as that in Loop A.
About $% less of the hot leg flow mixed in Loop C
than in Loops A and B. This resulted in a highes
flow rate in Loop U, as will be discussed in the
steam generator inlet plenum mixing sensitivity se-
tion. When the PORVs were open, the flow in the
pressurizer loop increased because flow was bein
drawn 1o the surge line, while the Loop A flow
decreased for the same reason. When the PORVy
closed, the two flows guickly returned to their
qumu‘ values. Unlike the Mia'houc

v l' l“

aperiments” and COMMIX calculations
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Figure 32 Volume average temperatures of the three hot leg pipes near the reactor vesel for sensitivity

Case 1.
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flow in the non-pressurizer loop did not reverse
completely when the PORVs weie open; a small
positive flow toward the steam generator persisted.
While this behavior does not reproduce the desired
behavior, it was also present in the calculations that
were performed to test the hot leg countercurrent
flow nodalization. Hence the mixing in the steam
generator inlet plenum was adjusted to provide the
correct total heat transfer with this flow preseni.
The flow into the Loop A hot leg is correlated with
the vapor temperature in the upper plenum at the
hot leg nozzle in Figure 36. The lower flow values
at each temperature, which occurred less frequently
than the higher flows, reflect times when the
PORVs were open,

The flow through the steam generator tubes was
about 70% ‘arger than the flow in the hot legs in
Loops A and B, and about 120% higher in Loop C.
About 88% of the hot vapor flow in the hot leg mixed
in the steam generator inlet plenum, with the other
12% proceeding directly into ihe sream generator tubes
in Loops A and B; about 84% of the hot leg flow
mixed in Loop C. The same fraction of the flow
returning from the cold flow steam generator tubes
mixed in the inlet plenum, with the rest proceeding
directly into the bottom of the hot leg. In the
Westinghouse natt~ | circulation experiments, it was
estimated that abo. 30% of the hot leg flow partici-
pated in the inlet pianam miv..g.

Figure 37 show. the pressurizer liquid volume.
The liquid volume decreased when the PORVs were
open for two reasons. First, the pressure was
decreasing, causing some of the liquid to flash to
steam. Second, the vapor entering from the surge
line was superheated, and transferred heat to the
liquid, causing it to boil. Virtually no liquid was
entrained with the flow through the PORVs. The
amount of liquid in the pressurizer increased
slightly when the PORVs were closed, because the
increasing pressure resulted in the condensation of
some of the steam, which compensated for the loss
of a small amount of liquid that drained back
through the surge line to the hot leg. A brief calcu-
lation was also performed in which the Wallis
flooding correlation! ¥ wa. applied at the junction
between the surge line and the pressurizer. Over the
40 min that the calculation covered, there was little
change in the pressurizer liguid volume.

4.2 Axial Power Profile
Sensitivity

The effect of a different axial power profile was

investigated with sensitivity Case 2. In this calcula-
tion, a chopped cosine axial power profile with a
peak-to-average power ratio of 1,200 was :sed in all
three core channels. In the base cass (Case 1), a
flatter profile with a peak-10-average power ratio of
1.155 was used. All other parameters were the same
as in the base case.

Table 9 presents the sequence of events for the
base case and the axial power profile sensitivity
case. There was very little difference between the
two calculations. The onset of various stages of
core damage occurred slightly sarlier in Case 2, as
did the surge line failure. However, a difference in
failure time of just over 1 min for a nearly 250 min
transient is insignificant.

Figure 38 shows peak cladding temperatures
from Cases | and 2. As with most comparisons
beiween the two cases, there was little difference in
the temperatures. The temperature ‘n Case 2
increased slightly faster. The short increases before
the temperature reaciied 1850 K were again the
result of oxidatien excursions in the control rod
guide tubes.

There were small differences in the flows in the
reactor vessel between Cases 2 and 1. In Case 1,
the return flow from the upper plenum to the outer
core channel was slightly higher than in Case 2.
The flow also penetrated further down the outer
channel in the base case. Both of these changes in
flow resulted from the faster heatup of the uown-
ward flow in Case 2. This downward flow was
heated faster because of the steeper power gradient,
which transferred more energy to the fluid in the
top half of the cc.e, reducing the density gradient
between the outer and inner channels. Similar
decreases in the outer channel flow and flow pene-
tration were observed in the base case when the
cladding in the top part of the outer channel began
to oxidize heavily. This oxidation had the effect of
changing the avial power profile to be more like
that of Case 2.

The energy removal from the core and redistribu-
tion throughout the system were nearly identical in
the two cases, The hot leg mass flow rate at a given
hot leg inlet temperature was identical to the base
case. Figure 19 presents the highest hot leg, surge
line, and steam generator tube temperatures from
the pressurizer loop, as well as the surge line tem-
perature from the base case. The temperatures
increased throughout the transient, with the surge
line faiiing at 245.0 min at a temperature of
1238 K. There was little difference in the surge line
temperature until close to th time of failure, when
the vapor temperatures leavit , the core were higher
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Table 9. Sequence of events for the base case and axial power profile sensitivity
calculations

Time
(min)
Event _Casel _Case2

Fuel rod cladding oxidation begins

Center channel 185.3 185.3

Middle channel 186.1 185.7

Outer channel 192.6 191.7
Liguid level drops below core 190.2 190.2
Pressurizer empties of liquid 2248 224 .8
Fuel rod cladding fails

Center channel 223.4 222.0

Middle channel 225.3 223.5

Quter channel 2413 2393
Fuel rod relocation begins

Center channel 248.0 245.2

Middle channel 248.8 246.2

Outer channel - -
RS pressure bounaary fails 246.3 245.0
RCS failure location Surge line Surge line
Calculation terminated 250.0 248.2
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in Case .' than in Case | because of the higher clad-
ding ‘*meratures.

Some uf the plant conditions shortly befor. the
surge line failure for Cases 1 and 2 are contained in
Table 10. As in the sequence of events, there was
very little difference between the two calculations at
about 242 min. The peak cladding temperatures in
each channel were slightly higher in Case 2, as was
the hydrogen generation. The higher middle chan-
nel cladding temperatures in Case 2 resulted in
more control rod relocation than in Case 1 at that
time. The fission product release was slightly
higher in Case 1 because the fuel rod temperatures
in the bottom half of the core were higher in Case 1
than in Case 2.

Changing the axial power profile had little effect
on the plant transient response. A slight decrease in
the outer channel core flow resulted in slightly
higher cladding temperatures, which led to surge
line failure 1.3 min earlier than in the base case.
The hot leg flow characteristics and energy removal
were nearly identical to the base case.

4.3 Inlet Plenum Mixing
Sensitivity

The natural circulation flow in the hot leg and
steam generators is the most uncertain of the flows
modeled because of the method used to develop the
model. A model for full scale commercial plant
severe accident conditions was developed from
computer code calculations and low pressure, low
temperature experiments in a scaled facility using a
steam simulant, Accordingly, the hot leg model was
changed significantly in these sensitivity
calculations,

As discussed in Chapter 2, the amount of mixing
in the steam generator inlet plenum determines the
density difference between the opposing hot leg
flows, and hence the hot leg flow rate. The amount
of energy deposited in the loops is therefore directly
influenced by the inlet plenum mixing. Two calcu-
lations were performed with decreased mixing, and
hence higher hot leg flows. In sensitivity Case 3,
the mixing was decreased arbitrarily, In sensitivity
Case 4, there was no mixing at all. Case 4 provided
an upper bound for the steam generator tube tem-
peratures and for the heat transfer to the loops with
hot leg countercurrent flow because the steam gen-
erator tubes were exposed to vapor at the same tem-
perature as that entering the steam generators from
the hot leg. In the limiting case of complete mixing
in the inlet plenum, there would be no flow in the

steam generator tubes, and therefure, no heatup of
the tubes, The hot leg countercurrent flow would be
driven only by heat transfer to the hot leg piping
itself, and the behavior would be similar to that
with no hot leg natural circulation modeled.

4.3.1 Reduced Inlet Plenum Mixing. As in the
base case, the calculation with reduced inlet
plenum mixing proceeded until shortly after the
RCS pressure boundary failed. Table 11 presents
the sequence of events for the base case (Case 1)
and the two inlet plenum mixing sensitivity cases.
By increasing the flow in the coolant loops, the
transient was extended. Ballooning in the center
and middle core channels, which resulted from the
slower heatup, wa, the major difference between
this and the pase case.

With reduced mixing in the steam generator inlet
plena, the hot leg flow rates increased. Figure 40
shows the flow entering the top of the Loop A hot
leg from the reactor vessel for Cases | and 3. The
trends in the flows were the same, bui the magni-
tudes were higher in Case 3. The hot leg flow as a
function of inlet temperature is shown in Figure 41
for Case 3. Compared tu the base case, the flow at
any given temperature was avout 25% higher. With
cooler vapor returning to the upper plenum, the
recirculating flow in the upper plenum was also
higher than in the base case, by about 10%.

The higher loop flow rates also changed the
energy distribution compared to the base case.
First, more energy was removed from the core as
the hot leg flow increased. Figure 42 shows the
fraction of the core heat removed during Cases |
and 3. Second, mor: of the energy removed from
the core was transferred to the loops in general, and
the steam generator tubes in particular. Near the
time of the RCS failure in the base case, heat trans-
fer to the hot legs accounted for 4.8% of the energy
removed from the core, and heat transfer to the
steam generator tubes and tube sheets accounted
for 23.1% of the energy re:noved from the core.
These values were 3.6% for the hot legs and 30.1%
for the tubes and tube sheets in Case 3 near the
time of the RCS failure.

The effect of the higher energy deposition on the
loop structure temperatures is shown in Figures 43
and 44, Figure 41 presents the hot leg temperatures
nearest the reactor vessel for each of the three
loops. The Loop C hot leg temperature was slightly
higher than that of the other two loops because of
the PORY cycling, which periodicallv drew more
flow into that hot leg. The temperatures increased
steadily until shortly after accelerated oxidation



Table 10. Conditions near the time of the surge line failure for the base c1se and axial

power profile sensitivity calculations
Value
Parameter Case | Case 2

Time (min) 241.7 241.7
Center channel peak clad temperature (K) 1752 1815
Middle channel peak clad temperature (K) 1714 1756
Outer channei peak clad temperature (K) 1513 1543
Maximum upper plenum structure temp. (K) 1355 1381
Maximum hot leg temperature (K) 973 985
Maximum steam generator tube temp. (K) 783 791
Maximum surge line temperature (K) 1164 1191
Core outlet flow (kg/s) 12.9 12.2
Core return flow (kg/s) 8.6 8.9
Upper plenum recirculating flow (kg/s) 35.7 36.8
Reactor vessel collapsed liquid level (m) 1.48 1.43
Core heat removal (%)3 76.1 76.2
Core energy remo-ed and deposited in:@

Loop A structures (%) 89 89

Loop B structures (%) 8.9 8.9

Loop C structures (%) 11.6 11.6

Hot leg piping (%) 4.6 4.7

Steam generator tubes, tube sheets (%) 22.8 22.8

Surge line piping (%) 0.8 0.9
Center channel oxidation (%) 14 15
Middle channel oxidation (%) 12 14
Outer channel oxidation (%) 7 X
Hydrogen generated (kg) 80 89
Fuel relocation (%) 0.0 0.0
Fuel rod cladding relocation (%) 0.0 0.0
Controi rod relocation (%) 3 45
Xenon/krypton release (%) 0.8 0.7
Cesium release (%) 0.5 0.4
lodine relense (%) 0.0 0.0
Tellurium release (") 1.1 1.0
Surge line failure time (min) 246.3 245.0

a. Integral quantities viom the start of the calculation
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Table 11. Sequence of events for the base case and steam generator inlet plenum mixing

sensitivity calculations
Time
(min)
. Event _Casel _Casel Case 4

Fuel rod cladding oxidation begins

Center channel 185.3 187.8 193.5

Middle channel 186.1 188.3 194.7

Outer channel 192.6 197.4 206.4
Liquid level drops below core 190.2 191.3 191.1
Pressurizer empties of liquid 2248 231.6 224.0
Fuel rod cladding balloons

Center channel - 2333+ 250.0 +

Middle channel - 2333+ -

Outer channel — — —
Fuel rod cladding fails

Center channe! 22314 242.3 252.2

Middle channel 22583 2442 257.3

Outer channel 2413 255.3 268.3
Fuel rod relocation begins

Center channel 248.0 - -

Middle channel 2488 —_— 275.3

Outer channel — 254.3 279.8
RCS pressure boundary fails 246.3 254.8 290.5
RCS failure location Surge line Surge line Hot leg
Calculation terminated 250.0 266.7 300.0
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Figure 42. Fraction of the core heat removed by the coolant for sensitivity Cases 3 and 1.
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Figure 43. Volume-average hot leg pipe temperatures near the reactor vessel for sensitivity Case 3.
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Figure 44, Highest volume-average pipe temperatures in the Loop C hot leg, surge line, and steam

generator tubes for sensitivity Case 3.

began in the core, at about 250 min. The enhanced
oxidation in the core increased the vapor tempera-
ture in the upper plenum and the heatup rate of the
hot leg piping. There was little difference in the
steam generator tube temperatures between the
loops in Case 3. The highest volume-average tem-
peratures in the hot leg, surge line, and steam gen-
erator tubes for Case 3 are presented in Figure 44.
As with the hot leg, the surge li;*e temperature
increased much more rapidly after the core heatup
accelerated. Creep rupture failure of the surge line
was calculated to occur at 254.8 min, at a tempera-
ture of 1256 K.

Figure 45 shows the fuel rod cladding surface
temperatures from the top node in each of the three
core channels for Case 3. The delay in the onset of
accelerated oxidation between the center and mid-
dle channel temperatures increased compared to
the base case. This was because cooler vapor was
being returned from the upper plenum to the core,
where it provided cooler vapor first to the outer
channel, then to the middle channel as it flowed
inward. The heatup rate increased in the center and
middle channels at about 240 min because the clad-
ding ballooned. When the ballooned cladding rup-
tured, the inner surface of the cladding began to

$3

oxidize. The increased oxidation accelerated the
heatup. The outer channel heatup rate did not
increase until a few minutes later, when accelerated
cxidation began in the center channel. The acceler-
ated oxidation led to higher vapor temperatures in
the upper plenum. This vapor then entered the
outer channel, causing the cladding heatup rate to
increase. However, the faster inner channel heatup
associated with ballooning was not reflected in the
outer channel, indicating that the additional oxida-
tion energy was retained in the cladding rather than
transferred to the coolant,

Peak cladding temperatures from Cases | and 3
are shown in Figure 46. The curves exhibited the
same behavior, but with the time extended. The
higher hot leg flow rates led to increased heat
remo 4 in the loops, which in turn led to increased
heat removai from the core and a slower heatup.
The slower core heatup allowed the cladding to bal-
loon in both the center and middle channels at
about 240 min. The ballooning in both channels
extended over the top 60% of the cladding and
reduced the axial flow area by just over 60%.

The ballooning caused an overall decrease in the
core flows in Case 3. Figure 47 shows the mass
flow rat: entering the upper plenum from each of
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Figure 47. Mass flow rates exiting the three core channels and the core bypass for sensitivity Case 3.

the core channels and the core bypass. When bal-
looning occurred at about 240 min, the flows leav-
ing the center and middle channels and entering the
outer channel decreased. The flow penetration in
the outer channel was also reduced, although the
basic flow pattern in the core was maintained, The
flow pattern did change briefly at about 250 min.
When the cladding in the middle channel began to
oxidize rapidly, causing a rapid heatup in that chan-
nel, the flow reversed in the center channel. Flow
was drawn toward the middle channel from both
the center and outer channels until the oxidation
rate decreased when most of the cladding had been
oxidized competely.

Temperatures of the upper plenum structures
just above each of the core channels in Case 3 are
presented in Figure 48, The temperatures increased
steadily throughout the transient, with the heatup
rate increasing at about 246 min as accelerated oxi-
dation began in the core. By the end of the calcula-
tion, the structures above the center and middle
channels were hot enough that they could begin to
melt. The highest temperatures of other internal
structures at the end of the calculations were
1734 K for the control rod guide housings, 1670 K
for the core baffle plates, and 1315 K for the core
barrel, The upper head had the highest reactor ves-

Lh)

sel temperature, 752 K, while the temperature in
the region of the head bolts was 630 K.

The slower heatups led to more extensive oxida-
tion of the cladding at the time of the RCS pressure
boundary failure, In Case 3, 382 kg of hydr gen
had been generated shortly after the surge line fail-
ure, compared to 109 kg at the time of surge line
failure in the base case. Figure 49 shows the heat
generated by the oxidation reaction together with
the decay power. The peak oxidation power was
about 7 times greater than the decay power.

The core damage was also affected by the bal-
looning. With the cladding ballooned, oxidation
oceurred on both the inner and outer cladding sur-
faces. By the time the temperature reached levels at
which relocation might occur, the cladding was
completely oxidized, so that no relocation of fuel
rods occurred in the ballooned components. Relo-
cation did occur in the control rods and the unbal-
looned fuel rods. In Case 3, 31% of the Zircaloy in
the outer channel fuel rods had melted and relo-
cated by the end of the calculation. The molten
Zircaloy dissolved 1.0% of the fuel in that channel,
allowing it to relocate with the Zircaloy to lower
portions of the fuel rods; none of the fuel rod mate-
rial dropped into the lower plenum. The top 60%
of the control rods in each of the channels
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relocated, with 75% of the relocated absorber
material and none of the stainless steel and Zircaloy
flowing into the lower plenum.

The longer transient also resulted in higher fis-
sion product releases than the base case. In Case 3,
6.1% of the xenon and krypton, 4.7% of the
cesium, 2.0% of the iodine, and 6.6% of the tellu-
rium in the fuel rods at the beginning of the tran-
sient was released by the time the surge line failed.

Table 12 presents the plant conditions for
Cases 1, 3, and 4 near the time of the RCS failures.
In general, the longer the transient lasted, the more
severe the damage was at the time of the RCS fail-
ure. The integral core heat removal for Case 3 is
somewhat misleading, in that Figure 42 shows that
the fraction increased to a value above that of
Case | after 260 min.

4.3.2 No Inlet Plenum Mixing. For Case 4, the
flow from the top of the hot legs proceeded directly
into tF= steam generator tubes, and the flow return-
ing from the tubes went directly into the lower part
of the hot legs. No interactions b.cween the flows
occurred in the steam gene ator inlet plena.
Table 11 presents the sequzace of events for this
transient. Two major differences between this and
the base case resulted from the slower heatup. Bal-
looning occurred in the center core channel and the
RCS failure location was the pressurizer loop hot
leg.

With no mixing in the steam generator inlet
plenum, the hot leg flow rate increased more than
in Case 3. Figure S0 shows the flow entering the
top of the Loop A hot leg from the reactor vessel
for Cases | and 4. The trend of the fMow was the
same in both cases, with higher flow rates in
Case 4. The hot leg flow as a function of inlet tem-
perature is shown in Figure $1. Compared to the
base case, the flow at any given temperature was
$0-60% higher in Case 4. Cooler vapor returning
to the upper plenum increased the density gradient,
so the recirculating flow in the upper plenum was
also 10-20% higher in Case 4 than in the base case.

Asin Case 3, more energy was removed from the
core and deposited in the loops as a result of the hot
leg Now increase. Figure $2 shows the fraction of
the core heat removed during Cases | and 4. Near
the time of the RCS failure, heat transfer to the hot
legs accounted for 3.9% of the energy removed
from the core, and heat transfer to the steam gener-
ator tubes and tube sheets accounted for 37.0% of

57

the energy removed from the core, compared to val-
ues of 4.8% and 23.1%, respectively, in the base
case.

The effect of the higher energy deposition on the
loop structure temperatures is shown in Figures 53
through $5. Figure 53 presents the hot leg tempera-
tures nearest the reactor vessel for each of the three
loops. As in previous cases, the Loop C hot leg
temperature was slightly higher than that of the
other two loops because of the PORYV cycling. The
temperatures increased steadily until shortly after
accelerated oxidation began in the core, at about
256 min in the center channel and at about 275 min
in the middle channel. The enhanced oxidation in
the core increased the vapor temperature in the
upper plenum and the heatup rate of the hot leg
piping. Figure 54 shows the highest steam genera-
tor tube temperatures in each of the loops. The
pressurizer loop temperature was higher than the
other loops, again because of the effect of the
PORYV c¢ycling. The highest volume-average tem-
peratures in the hot leg, surge line, and steam gen-
erator tubes for Case 4 are presented in Figure 55,
The steam generator tubes were the hottest struc-
ture until 250 min because they were the thinnest
structure and there was a :maller difference
between the hot leg and ,team generator tube vapor
temperatures than in the other calculations. The
hot leg near the reactor vessel was the hottest struc-
ture after 250 min. Its high temperature led to creep
rupture failure at 290.% min, at a temperature of
1231 K. The hot legs in the other two loops failed at
291.9 min, and the surge line at 296.9 min. None
of the steam generator tubes had failed by the end
of the calculation. The surge line temperature was
strongly affected by the PORYV cycling. When the
valves were open, the surge line temperature
increased rapidly. When the valves were closed, the
temperature slowly decreased. The calculated surge
line temperature was probably too low. The tem-
perature remained near saturation until the pressus-
izer was nearly empty of liquid. Liquid draining
from the pressurizer kept the upper part of the
surge line cool, while the lower part heated up. In
reality, this behavior should be roversed, with the
liquid draining through the lower half of the surge
line. The effect of the change may be that the surge
line would fail before the hot legs, given the more
rapid temperature increase of the surge line once it
did begin to heat up.



Tahle 12. Conditions near the time of the reactor coolant system failure for the base case

and steam generator inlet plenum mixing sensitivity caiculations

Paramy ...
AN

Time (min)

Center channel peak clad tenperature (K)
Middle channel peak clad temperature (K)
Outer channel peak clad temperature (K)
Maximum upper plenum structure temp. (K)
Maximum hot leg temperature (K)

Maximum steam generator tube temp. (K)
Maximum surge line temperature (K)
Core outlet flow (kg/s)

Core return flow (kg/s)

Upper plenum recirculating flow (kg/s)
Reactor vesse! collapsed liquid level (m)

Core heat removal (%)3
Core energy removed and deposited in:@

Loop A structures (%)

Loop B structures (%)

Loop C structures (%)

Hot leg piping (%)

Steam generator tubes, tube sheets (%)
Surge line piping ()

Center channel oxidation (%)
Middle channel oxidation (%)
Outer channel oxidation (%)
Hydrogen generated (kg)

Fuel relocation (%)

Fuel rod cladding relocation (%)

Control rod relocation (%)
Xenon/krypton release (%)

Cesium relegse (%)

lodine release (")

Tellurium release (%)

Reactor coolant system failure time (min)

& Integral quantities from the start of the calculation

. Value
Case | Case 3 Case 4
246.3 255.3 285.8
2066 2763 2562
1926 2601 2600
1618 3017 2633
1430 1488 1718
1012 1012 1175
805 905 1110
1219 1262 1176
11.5 5.2 6.2
9.0 2.6 3.5
37.1 36.5 2.2
1.38 1.04 0.75
75.4 74.1 79.4
9.0 11.6 13.8
9.0 11.6 13.8
11.8 12.8 16.4
4.8 16 19
23.1 30.1 37.0
0.8 0.7 0.5
20 6! 63
17 62 63
10 28 62
109 182 440
0.0 0.3 0.0
0.0 4. 0.0
1 60 70
1.0 6.1 19.4
0.6 4.7 149
0.0 10 12.4
1.3 6.6 133
24613 254.8 290.5
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Figure 62. Fraction of the core heat removed by the coolant for sensitivity Cases 4 and 1.
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Figure 83. Volume-average hot leg pipe temperatures near the reactor vessel for sensitivity Case 4.
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Figure 54. Highest volume-average steam generator tube temperatures in the three coolant loops for
sensitivity Case 4.
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Figure 56 shows the fuel rod cladding surface
temperatures from the top node in each of the three
core channels. The difference between the center
and middle channel temperatures increased even
more than in Case 3 because the heat transfer in the
loops had increased more. The center channel
heatup rate increased at about 250 min, when the
cladding ballooned and ruptured. Oxidation of the
inner cladding surface again caused the faster
heatup.

Peak cladding temperatures from Cases | and 4
are shown in Figure 57. The curves exhibited the
same behavior, but with the time extended in
Case 4. The higher heat removal in the loops led to
increased heat removal from the core and a slower
heatup. The slower core heatup allowed the clad-
ding to balloon in the center channel in Case 4,
reducing the axial flow area by 62% over the upper
60% of the fuel rod at about 250 min.

The effects of the ballooning on the core flows
were more localized in Case 4 than in Case 3. Mass
flow rates entering the upper plenum from the three
core channels and the core bypass are presented in
Figure 58. The center channel core exit flow
decreased when the ballooning occurred at about
250 min. Flow was diverted around the blocked
region, increasing the middle channel flow, The
flow into the outer channel, as well as the distance
it penetrated down the channel, were essentially
unchanged.

Figure $9 presents the core exit upper plenum
structure temperatures for Case 4. Shortly after
250 min, rapid heatup of the center core channel
caused a more rapid heatup of the upper plenum
structures. The heatup rate slowed as much of the
cladding in the center channel had been oxidized,
then increased again at about 268 min when the
rapid heatup of the middle core channel began. The
temperatures were high enough at the end of the
calculation that significant oxidation and melting
of the stainless steel structures in the upper plenum
might occur. At the end of the calculation, the
highest temperatures in other structures in the reac-
tor vessel were 1507 K for the core barrel, 1840 K
for the control rod guide housings, 832 K for the
reactor vessel at the nozzle elevation, and 654 K for
the head bolt region, The top 60% of the core baf-
fle was above 1760 K, so that these plates would be
expected to melt,

The slower heatup led 10 more extensive oxida-
tion of the cladding at the time of the RCS pressure
boundary failure. In Case 4, 440 kg of hydrogen
had been generated before the hot leg failure, com-
pared to 382 kg near the time of surge line failure in
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Case 3 and 109 kg in Case 1. Figure 60 shows the
heat generated by the oxidation reaction from
Case 4 together with the decay power. The peak
oxidation power was about eight times greater than
the decay power,

The core damage was again affected by the bal-
looning, in that double-sided oxi‘ation of the clad-
ding led to no relocation of fuel rods in the center
channel. The slow heatup also allowed the cladding
in the other channels to oxidize completely before
Zircaloy relocation could occur. Relocation did
occur in the control rods and the unballooned fuel
rods. In Case 4, 0.3 kg of fuel melted and relocated
in the middle and outer channels. The upper 70%
of the control rods in each of the channels relo-
cated, with none of the structural material and
79% of the absorber relocating to the lower
plenum.

More fissica products were released than in the
base case because of the longer heatup and time at
high temperature prior to the RCS pressure bound-
ary failure. In Case 4, 19% of the noble gases, 15%
of the cesium, 12% of the iodine. and 13% of the
tellurium had been released before the hot leg
failed.

Table 12 presents the plant conditions for
Cases 1, 3, and 4 near the time of the RCS failures.
In general, the dam age was at the time of the RCS
failure was more severe .n Case 4 because the tran-
sient Jasted longer and was at higher temperatures
for a longer period of time than the other two cases.
The loop heat structure temperatures in Case 4
showed that the temperatures were relatively close
together throughout the loops.

4.3.3 Suminary. Decreasing the amount of mix-
ing in the steam generator inlet plena resulted in
slower core heatups and more energy deposition in
the loop structures. Despite the increased energy
deposition in the loops, . e steam generator tubes
were not predicted to fail {a either sensitivity calcu-
lation. The surge line failed 8.5 min later than in
the base case with a 25% increase in the hot leg
countercurrent flow (Case 2). With a S0% increase
in the hot leg flow (Case 4), the RCS failure loca-
tion was the hot leg, 44.2 min later than the failure
in the base case. The slower heatup also resulted in
ballooning of the fuel rod cladding. Extensive
sausage-type ballooning in both Cases 3 and 4
resulted in flow redistributions, but not in a change
of the basic Nlow pattern in the core. Temperatures
in the core and upper plenum were high enough
that melting of some interna. structures could
occur near the time the RCS piping fails.
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4.4 Piping Heat Loss Sensitivity

How the insulation on the plant will perforn: under
severe accident conditions i3 not well known. Two sen-
sitivity calculations were performed to investigate the
effects of heat loss from the hot leg and surge line
piping. The first applied a convective heat transfer
coefficient to the outer surface of the pipes. The sec-
ond applied convective and radiative heat transfer
coefficients to the outer surface of the pipe.

441 Convective Boundary Condition. For
Case §, a constant ¢convective heat transfer coeffi-
cient of 28.4 W/m*K was applied to the outside
surface of the hot leg and surge line piping. Thisisa
high heat transfer coefficient for natural convec-
tion vapor flow,'® and, since it is applied directly
to the pipe outer wall, no credit is taken for any
insulation. The heat sink (containment) tempera-
ture was assumed to be a constant 311 K.

The sequence of events for the base case and
both heat loss sensitivity cases are contained in
Table 13, Convective heat loss tarough the piping
in Case $ delayed the onset of various stages of core
damage, but only by 1-2 min. The surge line failure
was delaved by 6.6 min. The larger difference in the
surge line failure time occurred because the effects
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of the heat loss were localized in the piping. The
overall energy removal from the core wrs nearly the
same as in the base case, as illustrated in Figure 61,
which shows the integral energy removal from the
core for Cases Sand 1. Heat transfer to the coolant
loops was slightly higher than in the base case.
Heat loss from the piping kept the hot legs and
surge line cooler than in the base case.

Figure 62 shows the fraction of the energy
removed from the core that was lost through the
piping to the containment. The fraction remained
fairly constant near 0.04 through most of the tran-
sient, indicating that 4% of the energy was being
lost at any point in time as well, Since _bout 75§% of
the core power was being removed by the coolant,
about 3% of the core power (roughly 0.65 MW)
was being transferred through the uninsulated
pipes. The decrease in the fraction near the end of
the calculation occurred when the core was heating
up rapidly, with more of the energy removed from
the core being stored in structures within the reuc-
tor vessel. This was a temporary redistribution of
the energy, in that the heat loss would be expected
to return to about 4% if the calculation were
continued.

The fraction of the energy removed from the core
that was deposited in the steam generator tubes and



Table 13. Sequence of events for the base case and piping heat loss sensitivity

calculations
Time
(min)
Event _Casel _Cases _Case6

Fuel rod cladding oxidation begins

Center channel 185.3 185.5 185.7

Middle channel 186.1 186.0 186.0

Outer channel 192.6 193.1 193.7
Liquid level drops below core 190.2 192.2 1.4
Pressurizer empties of liquid 24 8 2258 225.0
Fuel rod cladding fails

Center channel 2234 224.1 227.5

Middle channel 225.3 226.2 228.9

Outer channel 2413 241 .8 243.0
Fuel rod relocation begins

Center channel 248.0 2498 251.8

Middle channel 2488 250.7 252.%

Outer channel - 253.2 255.0
RCS pressure boundery fails 2461 2529 259.2
RCS failure location Surge line Surge line Surge line
Calculation ternyinated 250.0 262.9 266.7
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Figure 81. Fraction of the core heat removed by the coolant for sensitivity Cases S and 1.
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Figure 82. Fraction of the heat removed from the core that was lost through the piping to the containment
for sensitivity Case §.
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tube sheets is presented in Figure 63 for Cases §
and 1. Slightly les, energy was 1eposited in Case §
because slightly cooler vapor was entering the
steam generators. There was more heat transfer
from the vapor to the hot leg in Case $ because of
the heat loss to the containment.

The volume-average temperati res of the hottest
parts of the hot leg, steam generator tubes, and
surge line are presented in Figure 64, As in previous
cases, th. pressurizer loop structure temperatures
were slightly higher than simiiar structures in the
other two loops. The kot leg and surge line temper-
aturas were lower than in the base case because of
the heat loss through those pipes, while the steam
gencrator tubes were also cooler than in the base
case because of the heat loss through the hot leg
piping, which reduced the temperature of the vapot
entering the steam generator tubes. The surge line
was the hottest structure throughout the transient
and the steam generator tubes the coldest for most
of the time. The temperatures increased at a faster
rate at about 249 min, after the rapid heatup in the
core began. Failure of the surge line occurred at
252.9 min, at a temperature of 1256 K. The heat
loss through the piping increased the temperature
difference across the hot legs from 97 K in the base
case to 191 K, and across the surge line from 8 to
45 K near the time of the surge line failure.

Figure 65 plots the hot leg inlet vapor flow
against the iniet vapor temperature, The flow at
any given temperature was the same as that in the
base case (Figure 36). This means that heat loss
through the hot leg piping was compensated for by
less heat transter in the steam generators.

Peak cladding temperatures from Cases $ and |
are presented in Figure 66. A slight delay in the
onset of the rapid heatup near a wmperature of
1850 K wus the only real difference between the two
calculations. The delay resulted from the slightly
higher energy removal in the loops in Case §. Other
temperatures throughout the reactor vesse! were
also very similar in these two cases, as were the
fMlows,

The conditions of the plant near the time of
surge line failure are presented in Table 14 for
Cases |, &, and 6. The differences between Case §
and Case | were the result of the later time in
Case §, wirich allowed the core 1o heat up further,
oxidize more, and release more fission products.

4.4.2 Convective and Radiative Boundary Con-
dition. In addition to the convective boundary
condition appited in Case §, a radiative heat trans-
fer coefficient was also modeled on the outer pipe

wall in Case 6. The pipe was assumed to be a dif-
fuse gray emitter, and the containment was
assumed to be a black body absorber at a constant
temperature of 311 K. The emissivity varied lin-
early from 0.24 1o 0.3] as the pipe outer surface
temperature increased from 480 1o 1310 K.17 The
resulting radiation heat transfer coefficient was
about 20% of the convection heat transfer coeffi-
cient at a wall surface temperature of 600 K, and
about 130% at 1150 K.

The sequence of svents for Case 6 is presented in
Table 13. The effects of the additional heat loss
became more evidenit as the transient progressed
and the piping temperatures increased. Fuel rod
relocation was delayed by nearly 4 min, and the
surge line failure was delayed nearly 13 min, com-
pared to the base caszs.

The heat loss through the piping represented
about §% of the energy removed from the core, or
about 3.8% of the core heat generaticn. However,
as in Case £, this heat loss from the piping did not
atfect the hot leg flow rate. Figure 67 shows the hot
leg inlet flow as a function of the inlet vapor tem-
perature. The flows at any temperature were the
same as those in Case 3 and the base case. The
additional heat loss in the hot leg did lead to a fur-
ther reduction in the heat transfer in the steam gen-
erators, and hence in the steam generator tube
temperatures.

As in Case §, the effects of the heat loss were
primarily noticeable in the loop piping tempera-
tures. Figure 68 shows the highest hot leg, steam
generator tube, and surge line temperatures in the
pressurizer loop. The temperatures in the other two
loops were lower than those shown in the figure.
Again, the locp structure heatup rates increased
shortly after the core heatup rate iicreased at about
250 min. The surge line failed at 259.2 min, when
its temperature was 1250 K. The heat loss through
the pipes increased the temperature difference
between the inner and outer walls. Near the time of
the surge line failuve, the hot leg temperature differ-
ence had increased from 97 K in the base case to
254 K in Case 6, and the surge line temperat ure dif-
ference had increased from 8 to 125 K,

Figure 69 shows the peak cladding temperatures
from Case 6 and the base case. The heat loss
through the pipes increased the heat removal in the
loops, resulting in about a 4 min delay in the onset
of the rapid core heatup. i.ike the cladding temper-
ature, structure temperatures throughout the
reactor vessel were very ¢lo:e to the values in the
base case.
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Figure 3. Fraction of the heat removed from the core that was transferred to the steam generator tubes
and tube sheets for sensitivity Cases S and 1.
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Table 14. Conditions near the time of the surge line failure for the base case and piping
calculations

heat loss sensitivity

Parameter

Time (min)

Center channel peak clad temperature (K)
Middle channel peak clad temperature (K)
Outer channel peak clad temperature (K)
Maximum upper plenum structure temp. (K)
Maximum hat leg temperature (K)

Maximum steam generator tube temp. (K)
Maxinwum surge line temperature (K)
Core outlet flow (kg/s)

Core return flow (vg/s)

Upper plenum recirculating *'»w -

Roactor vessel collapsed liqaid i

Core heat removal [%)3
Core energy removed and deposited in:@

Loop A structures (%)

Loop B structures (%)

Loop C structures (%)

Hot leg piping (%)

Steam generator tubes, tube sheets (%)
Surge line piping (%)

Core energy removed through piping (%e)®
Center channel oxidation (%)

Middle channel oxidation (%)

QOuter channel oxidation (%)

Hydrogen generated (kg)

Fuel relocation (%,)

Fuel rod cladding relocation (%)
Control rod relocation (%)
Xenon/krypton release (%)
Cesium release (%)

lodine release (%)

Tellurium release (%)

Surge line failure time (min)

a Integral Quaniities from the sart of the calculation

- Value
Case | Case § Case 6
246.3 250.0 2583
2066 257 2809
1926 2300 2783
1618 1679 3120
1430 1500 1767
1012 943 1014
805 816 848
1219 1128 1202
1.5 94 6.9
9.0 8.0 52
7.1 36.4 303
1.38 1.33 1.1
5.4 74.6 3
9.0 L 8.1
9.0 8.3 8.1
1.8 1.1 10.7
48 313 12
231 2.8 21.8
0% 0.7 0.6
-_ 40 4.7
20 30 5
17 23 s
10 1 $4
109 152 384
0.0 0.0 0.1
0.0 0.0 0.0
n S0 60
1.0 1.6 188
06 1.0 14.8
0.0 0.3 12.8
1.3 19 128
2463 829 259.2

n
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Figure 87. Hot leg flow as a function of hot leg inlet vapor temperature for sensitivity Case 6.
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4.5 Crossflow Resistance
Sensitivity




451 Decreased Uppei Plenum Crossflow
Resistance. The Case 7 crossflow loss coeffi-
cients in the upper plenum were a factor of 10 lower
than the bas» case model values. The upper plenum
recirculating low for Cases 7 and | are shown in
Figure 70. The decreased crussflow resistance in
Case 7 resuited in a higher recirculating flow in the
uppt plenum than in the base case. Figure 71
shows the upper plenum recirculating flow as a
function of the vapor temperature at tae outlet of
the center core channel. The flow at any given tem-
perature was 30-40% higher than in the base case.

The increased fMow in the upper plenum changed
the energy distribution in the upper plenum
slightly, increasing the temperatures of the vapor
and structures in the outer channel. The higher
vapor temperatures resulted in slightly less flow
returning to the core, which in turn caused the core
10 heat up slightly faster. Figure 72 shows the vapor
temperature in the upper plenum just above the
outer core channel for Cases 7 and 1. Slightly
higher temperatures were also present in the struc-
tures above the outer core channel and in the core
barrel temperatures in the upper plenum.

Figure 73 shows the peak cladding temperatures
from Cases 7 and |. The temperatures began to
deviate after 215 min, the result of the lower return
flow from ihe upper plenum. The more rapid
heatup of the core associated with the change in the
Zircaloy oxidation kinetics began at about
240 min

The amount of core energy removed by the cool-
ant is shown in Figure 74 for Cases 7 and 1. The
energy removal was nearly identical in both cases
until late in the calculations, when the difference in
the timing of the rapid core heatup was reflected in
in earbier drop in the removal fraction in Case 7.

Figure 75 presents the flow entering the top of
the Loop A het leg for Cases ™ and 1. The Now
rates when the PORVs vere closed were nerly
identical, as was the flow at any given temperature.

The temperatures of some of the loop structures
are shown in Figure 76. The temperature differ-
ences between the loops were small, with the pres-
surizer loop temperatures being higher. The
temperature increase during the transient was
steady, with the surge line heatup accelerating when
the pressurizer emptied of liquid at about 228 min
(because hiquid was no longer draining through the
surge line. helping to cool 1), and both the surge
line and hot leg heatup rates increasing when the
core heatup accelerated at about 240 min (because
hotter vapor was leaving the reactor vessel). Creep
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rupture of the surge line occurred at 244.9 min, ata
temperature of 1258 K.

Tabie 1€ presents the sequence of events for this
cas:, as well as for the other crossflow resistance
sensitivity cases and the base case. The damage
progression was slightly accelerated compared to
the base case, with fuel rod relocation
3.3 min earlier and the surge line failing 1.4 min
earlier.

Table 16 lists some of the plant conditions near
the time of the surge line failure for the base case
and the crossflow resistance sensitivity cases. In
comparing Cases 7 and 1, it is seen that the tem-
peratures in Case 7 were higher throughout the sys-
tem, because of the earlier rapid core heatup. The
core damage was slightly more extensive for the
same reason. The energy removal in the loops was
nearly identical in the two cases, indicating that the
hot leg Now was unaffected by the changes in the
upper plenum model, as would be expected.

452 Decreased Core Crossfiow Resistance. [n
sensitivity Case 8, the crossflow loss coefficients
beseceen the ‘bree core channels were decreased by a
facioc v, /U _aaking it easier for flow to move radi-
ally between the channels.

The sequence of events for Case 8 is presented in
Table 15, The core heatup and the onset of various
damage stages occurred slightly earlier than in the
base case. An increased recirculating flow within
the core was responsible for the faster core heatup.
At the top of the core, the upper end boxes present
a reasonably large axial Mow resistance that tends
to drive the flow radially. In the base case, the
radial (crossflow) resistances were also large, so
that the radial flow component between the upper-
most core nodes was small. With the decreased
crossflow resistance, this flow increased, providing
more vapor from the top of the middle channel to
the top of the outer channel. This vapor then mixed
with the vapor entering the core from the upper
plenum, increasing its temperature. The increased
vapor temperature, and hence lower vapor densiiy,
in the outer chaunel resulted in a lower buoyant
driving head, reducing both the recirculating flow
between the core and upper plenum, and the dis-
tance the outer channel flow was able to penetrate
down the core. With less flow, less cooling of the
core occurred, and the core heated up faster,

The increased outer channel temperature is illus-
trated in Figure 77, which presents the fuel rod
cladding surface temperatures at the top of the core
for each of the three core channels. The tempera-
tures were closer together than in the base case
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channel for sensitivity Cases 7 and 1.
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Figure 78, Highest volume-average pipe temperatures in the Loop C hot leg, surge line, and steam
generator tubes for sensitivity Case 7.
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Table 15. Sequence of events for the base case and crossflow resistance sensitivity

calculations
Event Case | Case 7 Case 8 _Case9

Fuel rod cladding oxidation beings

Center channel 185.3 184 8 185.0 i85.6

Middle channe! 186.1 185.3 185.3 186.9

Outer channel 192.6 191.5 191.5 1943
Liquid level drops below core 190.2 189.¢ 189.4 192.2
Pressurizer empties of liquid 248 2247 226.0 224.8
Fuel rod cladding balloons

Center channel — —- — 216.7 +

Middle channel - - - 27

Outer channel — — - -
Fuel rod cladding fails

Center channel 2314 2209 213 2237

Middle channel 228.3 2229 229 226 8

Outer channel 2413 237.5+ 236.3 236.4
Fuel rod relocation begins

Center channel 248.0 2447 2438 236.5

Middle channel 248 8 2483 2440 233.2

Outer channel — 2478 246.0 2422
RCS pressure boundary fails 2463 2449 2446 2339
RCS failure location Surge line Surge line Surge line Surge line
Calculation terminated 250.0 250.0 250.0 2463




able 16. Conditions near the time of the surge line failure for the base case and
calculations

crossflow resistance sensitivity
Value

Parameter Case | Case 7 Case 8 Case 9
Time (min) 2417 2417 2417 2333
Center channel peak clad temperature (K) 1782 1935 2088 1698
Middle channel peak clad temperature (K) 1714 1807 1972 2398
Outer channel peak clad temperature (K) 1513 1579 1636 1400
Maximum upper plenum structure temperature (K) 1385 1383 1396 1339
Maximum hot leg temperature (K) 973 982 980 949
Maximum steam generator tube temperature (K) 783 793 794 778
Maximum surge line temperature (K) 1164 1179 1150 1245
Core outlet Mow (kg/'s) 12.9 11.8 10.8 12.1
Core return flow (kg/s) 8.6 8.7 8.0 5.7
Upper plenum recirculating flow (kg/s) 5.7 $0.7 9.2 168
Reactor vessel collapsed liquid level (m) 1.48 1.43 1.40 1.81
Core heat removal (%%)? 76.1 75.4 4.4 72.6
Core energy removed and deposited in: @

Loop A structures (%) 89 89 88 8.6

Loop B structures (%) 8.9 89 LR 8.6

Loop C structures (%) 11.6 11.6 1.5 11.0

Hot leg piping (%) 46 4.7 4.7 45

Steam generator tubes, 2.8 2.7 2.6 219

tube sheets (%)

Surge line piping (%) 08 08 0.8 1.0
Center channel oxidation (%) 14 17 19 11
Middle channel oxidation (%) 12 15 16 1]
Outer channel oxidation (%) 7 w 10 4
Hydrogen generated (kg) 80 96 108 150
Fuel relocation (%e) 0.0 0.0 0.0 058
Fuel rod cladding relocation (%) 0.0 0.0 0.0 2
Control rod relocation (%) 3 7 38 1
Nenon/ krypton release (%) 08 09 09 1.8
Cesium release (%) 0.5 0 0.5 }.3
lodine release (%) 0.0 0.0 0.0 0.6
Tellurium release (%) 1.1 1.2 1.3 2.1
Surge line failure time (min) 2463 2449 2446 2339

8 lategral Quantites froum the Man of the caloulation
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Figure 77. Fuel rod cladding surface temperatures at the top of the three core channels for sensitivity

Case 8§,

(Figure 25), particularly in ‘he center and middle
channels, which were nearly identical,

Peak cladding temperatures from Cases 8 and |
are presented in Figure 78. The temperatures began
to deviate at about 217 min, with the higher tem-
peratures in Case 8 leading to the rapid core heatup

about 4 min sooner than in the base case.
The & recirculation within the core coup-

led with the decreased flow between the core and
upper plenum combined to reduce the amount of
energy removed from the core. Figure 79 shows the
fraction of the core energy removed by the coolant
during the transient for Cases 8 and 1. As did the
temperatures, the energy removal began to deviate at
about 217 min. The lower heat removal in Case 8 led
to the faster core heatup. The faster core heatup led
1o a faster heatup of structures in the upper plenum
and the coolant loops.

Figure 80 shows the upper plenum metal temper-
atures at the outlet of the center and outer core
channels for Cases § and 1. The temperatures in
Case 8 were lower until about 216 min because
mors energy was being retained in the core rather
than transferred to the upper plenum. The Case 8
temperatures were higher later in the transient
because the rapid core heatup provided hotter
vapor to the upper plenum earlier than in the base

case. Other structures in the reactor vessel exhibited
similar behavior compared to the base case.

Flows leaving the top of the core and core bypass
are shown in Figure 81, together with the flow leav-
ing the outer channel in the base case. The flow
behavior was the same as in the base case, but the
magnitudes of the Nows were lower, similar to what
is shown for the outer channel. The upper plenum
recirculating flow was the same as in the base case
at any given center core channel outlet temperature.
However, as discussed carlier, the initial upper
plenum heatup was slower than in the base case, 0
the flow was lower.

Volume-average metal temperatures in the pres-
surizer loop hot leg, surge line, and steam genera-
tor tubes are shown in Figure 82. As in the other
calculations, the non-pressurizer loop structure
temperatures were lower than those in the pressur-
izer loop. The surge line heatup rate increased at
about 226 min, when the pressurizer dried out,
because liquid draining from the pressurizer was no
longer available to help cool the pipe. The hot leg
and surge line heatup rates both increased when the
core heatup rate increased at about 235 min. Creep
rupture of the surge line occurred at 244.6 min,
when its temperature was 1252 K.
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plenum for sensitivity Case 8
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generator tubes for sensitivity Case 8.

Table 16 lists some of the conditions in the RCS
near the time of the surge line failure. The reactor
vessel temperatures were higher in Case 8 than in
the base case because the rapid core heatup had
already begun. The loop structure temperatures
were only slightly higher, or in the case of the surge
line lower, than those in the base case, indicating
that the temperature increase in the reactor vessel
had not yet propagated fully into the loops. The
lower surge line temperature may also indicate that
the PORVs had not cycled since the core heatup
rate increased, since PORV cycling is needed to
draw hotter vapor into the surge line. The heat
transfer to the loops was nearly the same as in the
base case. The higher hydrogen generation and fis-
sion product release in Case 8 resulted from the
higher core temperatures.

453 Increased Core and Upper Plenum
Crossflow Resistance. The crossflow loss coef-
ficients in both the core and the upper plenum in
Case 9 were increased by a factor of 10 over the
values used in the base case. This change tended 0
make the flow more one-dimensional in the axial
direction.

The sequence of events for Case 9 is contained in
Table 15. Several important differences from the
base case are indicated. Ballooning occurred in
both the center and middle core channels. Core
relocation began sooner, and started in the middle
channel, not in the center channel as had all the
other sensitivity calculations. Finally, the surge line
failure occurred more than 12 min earlier than in
the base case.

The core flow pattern was affected by the bal-
looning in the center and middle channels. Prior to
the ballooning, the flow through the core was from
the inlet to the outlet in the center and middle chan
nels, and from the outlet to the inlet in the outer
channel. When a localized balloon formed after
217 min in the fifth node of the center channel,
reducing the flow area by $7% the flow pattern
changed. Flow in the center channel below the bal-
loon was auwnward to the lower plenum, while
vapor flowed upward from the lower plenum into
the middle and outer channels. The flows in the
upper part of the core were as before, with the outer
channel downflow penetrating to the third node
from the bottom of the core. A sausage-type bal
loon occurred in the middle channel at about
227 min, resulting in a 60% flow aea reduction




from nodes 4 through 8. The return flow in the
outer channel penetrated as far as before, but the
flow magnitude was reduced. The outer channel
flow penetrated only to the seventh node from the
bottom after the rapid heatup of the middle chan-
nel began. That rapid heatup also caused the center
channel flow to reverse, Mlowing from the upper
plenum into the core for a few minutes.

Mass flow rates leaving the three core channels
and the core bypass, and recirculating within the
upper plenum are shown in Figure 81, The center
channel outlet flow is seen to reverse during the
rapid heatup of the middle channel around
233 min. The axial flows generally exhibited simi-
lar behavior 1o the other sensitivity calculations,
but with higher magnitudes. The upper plenum
recirculating flow, however, was much lower than in
any of the other calculations. Figure £4 shows the
upper plenum recirculating flow as a function of
the vapor temperature above the center core chan-
nel. The flow at any given temperature was nearly
60%, jower than in the base case.

The flow in the outer channel was heated as it
Nowed downward. Because of the increased radial
flow resistance, which reduced the amount of flow
turning in to the middle channel, the temperatures
in the lower part of the core increased with increas-
ing radius; that is, the outer channel had the highest
temperatures  and the center channel the lowest,
Figure 83 illustrates this by showing the fuel rod
cladding surface temperatures from node 1 in each
of the core channels. The temperature distribution
was such that the lower part of the core was hotter
than in the base case, while the upper part was
cooler. The effect of the increased crossfow resist-
ance was (o make the temperatures more un' ‘orm
axially.

Fud! cladding surface temperatures at several dif-
ferent elevations in the middle core channel are
shown in Figure 86, The temperatures in the top
half of the channel were close together throughout
the tansient. When the core bypass dned out at
about 185 min, the core inlet flow increased, cool-
ing the fuel rods near the bottom of the core. The
entire core then heated up until ballooning
occurred in the center channel at about 217 min.
The change in the flow pattern in the bottom part
of the core resulted in cooler vapor enteting the
middle channel from the lower prenum, with no
recirculation of hotter vapor from the o er chan-
nel; the result was a slowly decreasing temperature
in the bottom two nodes of the middie ¢ e,
with a slower increase in nodes 3 and 4. W aen bal-

looning occurred in the middle channel, the
increased surface area coupled with the oxidation
of the cladding inner surface caused an increase in
the oxidation rate in the ballooned region,
accelerating the heatup in nodes 4 through 8 so
that they were hotter than the top two nodes. The
temperatures in the upper two nodes soon fol-
lowed, as the temperature of the vapor available to
cool the fuel rods increased. The heatup rate
increased further when the temperature reached
1850 K and the oxidation kinetics changed. At
about 232 min, the liguid lavel in the downcomer
dropped below the core barrel, allowing cooler
vapor from the downcomer to enter the lower
plenum and core. This cooler vapor caused a short
decrease in the temperatures in the bottom half of
the channel, but did not affect the temperatures of
the top four nodes because those elevations were
above 1850 K and oxidizing rapidly.

The peak cladding temperature in the core dur-
ing the transient is shown in Figure 87, together
with the temperature from the base case. The more
uniform axial temperatures in Case 9 resulted in a
lower peak cladding temperaiure than in the base
case until ballooning occurred in the middle chan-
nel. After that time, the Case 9 temperature
increased much more rapidly.

Figure 88 presents the fuel rod cladding surface
temperatures at the top of the core for the three core
channels. As in the other sensitivity calculations,
the center channel was the hottest for the first part
of the transient. However, the middle channel bal-
looning and associated heatup allowed the middle
channel temperature to exceed that of the center
channel, leading to fuel rod relocation 3 min earlier
than in 1" 2 center channel. The outer channe! tem-
perature was lower than in the base case because
there was less mixing in the upper plenum, Cool
flow returning from the bottom of the hot legs to
the upoer plenum was not mixed with much hotter
vapor, so that the vapor entering the outer channel
was cooler than in the base case. The lower temper-
ature caused the outer channel relocation to be
delayed, compared to the inner channel relocation
and the other crossflov sensitivity calculations.

The total core hydrogen generation rate is shown
in Figure 89. When ballooning occurred in the
viddie nannel at about 227 min, a step increase to
Tmore ramy’ y increasing hydrogen generation rate
occurred. Toe rate then increased aid decreased as
M ent regior of the ~ore went through acceler-
e ladding wadation at teriperatures above
S Ay d
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The structure temperatures throughout the upper
plenum were higher in Case 9 than in the base case,
with the exception of the outer channel just above
the core outlet. The higher core exit flows seen in
Figure 83 transferred more of the core energy to the
upper plenum early in the transient. Lower temper-
atures were seen in the fluid volume into which the
cooler hot leg flow returns. With a lower recirculat-
ing flow in the upper plenum, there was not as
much mixing with higher temperature vapor in this
volume, keeping the structure temperature cooler.
Figure 90 shows the upper plenum structure tem-
peratures just above each of the three core
channels.

Collapsed liquid levels in the reactor vessel for
Cases 9 and | are shown ia Figure 91, The level in
Case 9 decreased more slowly after the core dried
out because of the lower temperature above the
outer core channel. The fluid in this volume also
flowed down the core bypass o the lower plenum,
where it transferred heat 1o the liquid. The heat
transfer 10 the hiquid caused it 1o boil, reducing the
reactor vessel liguid level. Since the flow entering
the top of the core bypass was cooler than that in
the base case. the flow exiting the bottom was also
cooler. Less energy was transferred to the liguid
because of the smaller temperature difference

between the vapor and the liquid. When the rapid
core heatup occurred at about 230 min, hotter
vapor flowed through the core bypass, and the level
approached that of the base case.

Vapor temperatures at the top and bottom of the
hot leg for two of the coolant loops are shown in
Figure 92 The rapid heatup in the core led to about
& 400 K temperature increase over 2 min in the top
of the hot legs. The vapor temperatures in the pres-
surizer loop were slightly higher afier the rapid
increase, because the PORV cycling had increased
the heat transfer to the hot leg piping, and not as
much heat could be transferred from the vapor to
the piping. The cooler (hot leg bottom) vapor tem-
peratures were the same in the two loops through
most of the transient except when the PORVs were
open. When they were open, hotter vapor was
drawn from the reactor vessel 10 the surge line
through the bottom of the pipe. The temperatures
also diverged briefly during the rapid heatup in the
top of the pipe. The PORVs cycled often during
this period, so that the hotter vapor in the piping
did not have time to completely clear the loops
between cycles, and the pressurizer loop tempera-
ture was higher. The temperatures were closer
together afier the cycling frequency decreased
again
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Figure 82. Hot leg nozzle hot and cold vapor temperatures in Loops A and C for sensitivity Case 9.

Figure 93 shows the pressurizer loop hot leg,
surge line, and steam generator tube maximum
temperatures, as well as the surge line temperature
from Case 1. The surge line heated up faster in
Case 9than v the base case, as did the hot ieg. The
temperature increase associated with the rapid core
hoatup was more pronounced in Case 9 because the
middle core channel heated up first rather than the
center core channel The middle core channel repre-
sents 96 fuel assembiins while the center channel
represents 25, Since the 1 uddle channe) was heating
up in Case 9, there wa . a larger amount of hot
vapor entering the uppe. plenum, which resulted in
higher average vapor temperatures in the upper
plenum and hot legs  The surge line failed at a tem-
perature of 1252 K at 2319 min. The heatup of the
surge line occurred rapidly because the PORVy
cycled five times in 2.5 min during the time of the
rapid core heatup, drawing hot vapor into the rtla-
tively thin surge line often.

Figure 94 shows the fraction of the heat remuved
from the core that was transferred to the steam gen-
erator tubes and tube sheets in Cases 9 and 1. The
higher upper plenum temperatures in Case 9 at the
hot leg inlet led to increased flow in the hot legs and
more en gy transfer 1o the stear geuerators. The
decrease in Case 9 near the ».d of the calculation
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was caused by the rapid core heatup, which heated
the structures closest to the core first. The calcula-
tion was terminated before that energy could be
redistributed to the loops, and one would expect
the ratio to increase had the calculation continued
further.

Conditions of the RCS near the time of the surge
line failure are presented in Table 16 The tempera-
tures in the system were generally lower than in the
base case, except for the middle channel cladding
and surge line. The more extensive total oxidation
and fission product release were primarily caused
by the heatup of the middle channel occurring
before that of the center channel, since the middle
channel represents nearly 4 times as many fuel
assemblies as does the center channel. The lower
energy deposition in the loops is misleading, in that
a rapid core heatup was occurring at 2333 min,
and the energy removed from the core had not yet
been redistributed to the loop structures. Similarly,
the core heat removal fraction is probably a bit low,
The higher reactor vessel hiquid level 1s the only
other major difference between Case 9 and the
other calculations,

Reviewing the figures, it can be seen that the core
and surge line heatups in Cases 9 and | were Quite
similar before the fuel rod cladding ballooned. The
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ballooning then changed the flow and heatup,
accelerating the core damage and surge line failure.
Had ballooning not occurred, the difference in tim-
ing of the surge line failure would probably have
been much less than 12.4 min.

454 Summary. Decreasing the crossflow resist-
ances in either the core or the upper plenum led to
surge line failure less than 2 min earlier than in the
Fase case. Increasing the resistances in both loca-
tions resulted in lower crossflows, which reduced
the mixing in both the core and upper plenum. The
more one-dimensional flow led to ballooning in the
center and middle core channels, which accelerated
the core heatup. Surge line failure occurred
12.4 min earlier than in the base case.

With a reduced crossflow resistance, the upper
plenum recirculating flow increased by more than
30% The increased mixing resulted in higher tem-
peratures above the outer core channel, which
reduced the flow returning to the core. This led to
slightly higher core temperatures and earlier core
damage.

With reduced crossflow resistances in the core,
more flow recirculated within the core, turning
radially outward at the top of the core because of
the relatively large axial flow resistance at the upper
end boxes. This flow heated the vapor at the top of
the outer channel, reduced its density, and thus,
reduced the buoyant driving force. The higher
outer channel temperatures and reduced core flow
rates accelerated the core heatup and the onset of
core damage, but only by a few minutes,

Increased crossflow resistances in both the core
and upper plenum led to a more one-dimensional
flow A more uniform axial temperature distribu-
tion in the core resulted, as did a higher core flow
rate. The higher flow rate removed more of the core
energy early in the transient, and allowed the fuel
rod cladding to balloon in both the center and mud-
dle channels. The localized balloon in the center
channe! altered the flow pattern in the bottom of
the core, changing the axial temperature distribu-
ton The sausage-type balloon in the middle chan-
nel caused an increased heatup rate by increasing
the cladding surface area, and allowing oxidation
of the inner surface, both of which increased the
Zircaloy oxicdation rate. A rapid heatup of the core
ensued, followed closely by a rapid heating of the
surge line 1o failure The rapid core heatup started
when the cladding temperature was around 1400 K,
well below the tempe— ¢ at which the Zircaloy
oxidation kinetics ¢aange (1830 K). Without
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ballooning, the surge line failure time probably
would have been much closer to the base case than
it was,

The changes in the reactor vessel modeling did
not alter the hot leg countercurrent Now character-
istics. The hot leg Now rate was alfected by the
changes in the upper plenum only in that the hot leg
inlet temperature was changed; the flow at any
given inlet temperature did not change from the
base case.

4.6 Surge Line Failure Calculation

A final analysis was performed in which failure
of the surge line was modeled. The base case calcu-
lation was changed at 246.3 min to include a
0.15m diameter break in the side of the surge line
near the hot leg. The calculation was then contin-
ued 1o examine the effects of the blowdown on the
system behavior. Since the transient up to the time
of surge line failure is the base case, which has
already been presented, the discussion that follows
will concrntrate on the behavior during the blow-
down. Similarly, the time scale on most of the fig-
ures will focus on the later part of the transient.

The sequence of events for the transient is pre-
sented in Table 17. After the surge line failed, the
RCS pressure decreased rapidly, initiating accumu-
later liquid injection. The accumulator water,
together with water from the loop seals, entered the
reactor vessel and core, eventually quencaing the
entire core. The pressure continued to decrease,
and the accumulators emptied completely At the
end of the calculation, the two-phase liquid level in
the reactor vessel was just above the top of the core,
indicating that core uncovering and heatup were
about to begin again.

The pressurizer prescure after 245 min is shown
in Figure 95. The pressure cvcled between the
PORY opening and closing setpoints of 16.2 and
15.7 MPa, respectively, until the surge line failed.
A rapid pressure decrease ensued, with the pressure
decreasing from 16.2 1o 1.7 MPain 1.28 min. This
rapid depressurization caused the loc ) seals o
clear of liquid, with the water flowing to the reactor
vessel. The pressure then increased as water from
the accumulators and loop seals boiled in the core.
A pressure decrease allowed more water 1o be
injected from the accumulators, resulting in more
boiling and another pressure increase. Subsequent
accumulator injection cycles caused only slight
pressure increases, with the pressure slowly
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Table 17. Sequence of events for the surge line failure calculation

Time

Event (min)

Calculation begins 160.0
Center channel oxidation begins 185.4
Middle channel oxicatic n begins 186.1
Two-phase liquid level below core 190.2
Outer channel oxidation begins 1926
Center channel fuei rod cladding fails 234
Pressurizer empties of liquid 248
Middle channel fuel rod cladding fails 2253
Outer channel fuel rod cladding fails M1
Pressurizer surge line fails 2463
Accumulator injection begins M2
Core quench begin« W74
Core quench complete 2503
Accumulators empty of hiquid 2588

Calculation ends o667
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Figure 98. Pressurizer pressure for the surge line failure calculation.

decreasing until the end of the calculation. At that
time, the pressurizer pressure was 0.91 MPa.

Figure 96 presents the hquid volume in une of
the three accumulators, which was nearly identical
1o that of the other two. Each accumulator con-
tained 29.4 m’ of 322 K water at the beginning of
the transient, Accumulator injection began at
2472 min, and the accumulators were dry by
245 8 min. The injection occurred in five stages.
Liquid Now from the accumulators was interrupted
four times by repressurization of the RCS. This is
shown by the rapid level decreases, followed by per-
lods where the level was not chi nging. The final
injection stage was a slow injection as the RCS
pressure gradually decreased.

The peak cladding temperature is shown in
Figure 97. The temperature had reached about
2100 K when the surge line failed  Depressurization
of the RCS allowed some of the hiquid remaining in
the lower head 10 flash to steam, and increased
steam flow through the core cooled the core struc-
tures. When the accumulator and loop seal water
reached the core, a more rapid cooldown began,
followed by a quench of the core. The entire core
wus 8t the saturation temperature at the end of the

Figure 98, which presents the fuel rod cladding
surface temperatures at several elevations in the
center channel, better ("lustrates the cooling of the
core. Temperatures over the entire length of the fuel
rod decreased as soon as the surge line failed at
246 .1 min. The cooldown then slowed, and the top
of the core began 1o heat up again. The tempera-
tures decreased again at 2474 min, when water
from the accumulators began encering the bottom
of the core. The bottem core node yusnched
(reached the saturation temperature) at 247.6 min.
At 250.3 min, the top of the ¢ore was also
quenched Quenching of the oxidized, embrittled
cladding was piedicted to shatter it, initiating for-
mation of a debris bed within the core. However, a
rod-like geometry was assumed for the remainder
of the calculation.

The center core channel collapsed liquid level is
presented in Figure 99 The level increased rapidly
when the accumulators injected. The brief
decreases in level occurred when the RCS pressure
was temporarily above the accumulator pressure,
so that no liquid was being added to the system.
The collapsed level nearly reached the top of the
core before decreasing at the >nd of the transient.
The *wo-phase level at the end of the calculation
was in the top core node.
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Figure 100 shows the reactor vessel collapsed lig-
uid level during the transient. A sharp drop in the
level occurred when the surge line failed, as some of
the water that remained .1 the vessel lower head
flashed as the RCS depressurized Water fiom the
loop seals and accumulators then pai.ially refilled
the vessel. As in the core, the level decreased briefly
when the accumulators were not injecting, ard con-
tinuously after they emptied.

Upper plenum structure temperatures in the
three volumes above the center core channel are
shown in Figure 101 The temperatures were close
together through the heatup and initial stage of the
blowdown However, the reactor vessel liquid level
increased sufficiently so that the structures in the
uppet plenum just above the core quer.ched, while
those higher . the plenum did not. Another fea-
ture of interest is that the struc.ure at the core outlet
was cooler than the stru. ¢ in the next higher vol-
ume, even though the vapor temperature was
higher. The acceleration of the flow in the upper
plenum yielded a higher flow velocity in the second
volume and hence, a higher heat transfer coeffi-
cient, leading to the higher structure temperature.

Figure 102 presents the void fraction at the bot-
tom of the Loop A loop seal. The pipe was full of
water (hroughout the transient until the surge line
failed. The rapid depressurization of thr RCS
causad all of the loop seals to (lear. The water from
Loops A and B flowed into the reactor vessel. Flow
from Loop C entered both the reactor vessel and
the steam gonerator tubes; the latter occurred
because flow was drawn toward the surge line.
There was about 12.7 m' of liquid in the loop seals
when the surge line failed, not enough to refill the
vessel fram its level at that time to tne bottom of the
core, By 252 min, when the pressuve had stabilized,
water from the accumulators refilled the loop
seals

The hottest steam yenerator tube temperatures
from each loop are shown in Figure 103, The tem-
peratures 0 each decreased when the surge line
failed end the loops seals cleared is steam flowed
toward the surge line on the Loop C hot leg. Some
Liquid entered the Loop C sieam generator because
of its proximity to the break, resulting in 8 more
rapid cooling of the tubes, although they did not
reach the saturation temperature. The temperatures
began 1o increas again when the loop seals refilled
witih hquid. preventing flow from entering the
steam generators from the cold legs. The tempa.a-
tures a1 the eud of the transient were slowly decreas-
ing (Loops A and B) or increasing (Loop C),
depending on whether the superheated steam on

the secondary side of the steam generators was
cooler or hotter than the RCS vapor temperature.

The hot leg pipe temperatures near the reactor
vessel are presented in Figure 104. When the surge
line failed, the temperature in Loop C increased
because hot vapor was being drawn from th reac-
tor vessel toward the surge line, and the increased
velocity increased the heat transfer rate. In the
other (wo loops, the temperature decreased because
the flow reversed in the top of the hot legs, and
cooler vapor was drawn from the steam generators
towar ! the reactor ves ¢l The increased Mow, o -
bined with lower vapor temperatures emanating
from the vesel as the core cooled and quenched,
then led to a more rapid cooling of the Loop C hot
leg. Cooling of all the piping, together with the
RCS depressurization, indicates that creep rupty re
failure of another RCS structure subsequent to the
surge line failure is unhikely for this failure size.

Figure 108 presents the mass flow through the
break in the surge line. The Now rate decr.ased as
the pressure dropped, then increased as the RCS
repressurized. The flow rate then generally fol-
lowed th system pressure behavior, although there
were increases in the flow caused by local increases
in vapor density as cooler vapor entered the surge
line.
In the base case, fuel rod relocation did not begin
until after the surge line was predicted o fail.
Because tie cooling and quench of the core began
as s00n as the surge line failed, there was no fuel
rod relocation in the blowdown cal.ulation. The
calculated core damage was hmited to oxidation of
the cladding, which resulted in the gene siion of
114 kg of hydrogen, and to relocation of 27% of
the control rods in the core from the cenier and
middle chennels. The code predicied that the
quench of the ¢ore would result in the fragmenta-
tion of the fuel rods and the formation of a debris
bed at about 248 min, but a rod-like geometry was
assumed to be mamtained until the end of the
calculation.

4.7 Summary of Sensitivity and
Surge Line Faiiure Analyses

This section provides an overview of the results
of the vanous sensitivity calculetions and the surge
line falure caiculation General patterns of behay-
or are yescribed, and the results of different analy-
ses are compared to better understand how the
natural ~weulation flow. affect the plant severe
accident response.
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The hot leg flow was affected or.iy by the inlet
vapor temperature and the steam generator inlet
plenum mixing. With decreased inlet plenum mix-
ing, the flow increased, increasing the heat transfer
in the loops and moving more of the energy to the
steam generator tubes. In all of the sensitivity cal-
culations except Cases 3and 4, the hot leg flow asa
function of temperature did not change, Any
changes in the upper plenum conditions affected
the hot leg flow only by altering the hot leg inlet
vapor temperature.

Heat loss through the not leg pipe also affected
only the loop energy distribution, and not the hot
leg flow. The heat loss through the pipe reduced the
temperature of the vapor entering the steam genera-
tors. With lower temperatures, the steam genera-
tors removed less energy, and the tube temperatures
were reduced.

The upper plenum flow was affected by the local
modeling and by the hot leg behavior. Increasing
the upper plenum crossilow resistance reduced the
flow recirculating within the upper plenum, while
decreasing the resistance increased the flow,
Increasing the heat transfer in the coolant loops
also increased the upper plenum Liow by returning
cooler vapor from the hot legs to the upper plenum,
with the same hot leg inlet temperature. The cooler
vapor had a higher density, increasing the buoyunt
driving force in the upper plenum and conse-
quently the flow,

With a simple model in SCDAP/RELAPS simu-
lating the effects of cladding/grid spacer material
interactions, ballooning did not occur as frequently
as in past calculations. In most of the sensitivity
calculations, the fuel rod cladding failed when the
calculated temperature reached 1470 K, a value
input to simulate the effects of eutectic formation
between the Zircaloy and iron or nicke!, rather than
failing because of excessive strain following bal-
looning. By contrast, ballooning occurred in both
of the scoping calculations in which in-vess2l natu-
ral circulation was modeled

The ballooning that did occur affected the core
damage more than it affected the core flows and
early heatup behavior. Only in Case 9 did the bal-
looning have a significant effect on the core flow
pattern and heatup rate, causing the flow in the
vottom of the center channel to reverse while
changing the temperature distribution in the core.
Ballooning of the middle channel led to increased
oxidation of the ballooned cladding, and the mid-
dle channel heated up faster than (he center chan-
nel. In the other cases in which ballooning
occurred, the flow magnitude changed while the

overall flow pattern did not. There was some reduc-
tion in the flow penetration in the outer channel,
but the recirculating flow between the core and
upper plenum was maintained in all the calcula-
tions. Double-sided oxidation of the ballooned
cladding accelerated the heatup and allowed the
cladding to be completely oxidized at relatively low
temperatures. With no unoxidized Zircaloy, disso-
lution of the fuel by molten cladding could not
occur, and fuel liquefaction and relocation could
only occur when the temperatures reached the melt-
ing point of uranium dioxide. This reduced the
amount of fuel relocation that occurred by the time
of the RCS pressure boundary failure.

The pressure boundary failure in all the cases
occurred very close to the time that fuel rod reloca-
tion began. The largest differences in the timing of
these two events were 7.4 min in Case 6 and
15.2 min in Case 4; the initial fuel rod relocation
and surge line failure occurred within 3.1 min of
each other ir all the other calculations. The signifi-
cance of that is its relatior te the timing of the reac-
tor vessel lower head melt-through. The results of a
MELPROG calculation presented in Table § in the
scoping analyses chapter showed that the melt-
through occurred nearly 100 min after the initial
fuel rod relocation. While relocation occurred at
lower temperatures than in the SCDAP/RELAPS
calculations, the core damage occurred at a higher
decay power, so that the delay indicated by the
MELPROG calculation is probably not too long.
Since the RCS failure occurred no nore than
15.2 min later than the initial fuel rod relocation in
the sensitivity calculations, it should occur at least
an hour be:ore the vessel failure. This allows a long
time for the RCS to depressurize.

With a 0.15-m diameter failure, this would be
more than enough time to depressurize the RCS to
nearly the containment pressure. in the surge line
failure calculation, the pressure decreased from
16.2 to less than 1.0 MPa within 16 min.

Liquid remained in the loop seals for all of the
sensitivity calculations, s~ "« ects of loop natu-
ral circulation flow on the s..ucture temperatures
were not calculated. However, sensitivity Case «, in
which there was no mixing in the steam generator
inlet plena, gave an indication of what those effects
would be. With no mixing, the flow traveled from
the reactor vessel, through the top of the hot leg
and the hot flow steam generator tubes to the outlet
plenum, where the flow turned back into the cold
flow steam generator tubes, proceeding to the reac-
tur vessel through the bottom of the hot leg. With
loop natural circulation flow, the Now in all of the



tubes would be from the inlet plenum to the outlet
plenum. The flow rate would also be much higher
than in the sensitivity calculation because the eleva-
tion over which the density difference was driving
the flow would be much larger (from the top of the
steam generators to the bottom of the core, rather
than half the height of the hot leg). Even with the
lower flow, the steam generator tube temperatures
were very close to the hot leg and surge line piping
temperatures. The higher flow rate in loop natural
circulation would probably increase the tube tem-
peratures even further, so that they may fail before
the other RCS structures,

The RCS failure time and location were fairly
insensitive to the parameters varied in the sensitiv-
ity calcrlations. The surge line was predicted to fail
in all of the calculations except Case 4, where the
1ot leg failed shortly before the surge line, How-
evor, even in that case, the calculated surge line
behavior may have resulted in lower surge line tem-
peratures than one might expect. Failure of the
surge line occurred within 13 min of the base case
time of 246.3 min in all of the cases, again with the
excoption of Case 4, where the hot leg failed
44.2 min later. It must be remembered that Case 4
was a pounding calculation that maximized the hot
leg vountercurrent flow, so a longer delay was
expected.,

The largest effect on the failure time was the
decay power. Although it was not specifically part
of the sensitivity calculations, the main difference
between scoping Case 3 and sensitivity Case | was
a decrease in the decay power. The result was that
surge line failure occurred about S0 min later in the
sensitivity calculation than in the scoping
calculation,

4.8 Uncertainties and Limitations

This section identifies some of the uncertainties
in the plant modeling and calculations. Also
addressed are some of the limitations of the analy-
es. Some of these uncertainties were 'he subject of
the sensitivity calculations.

Uncertainties exist in the decay power during the
transient. The difference between the scoping and
sensitivity calculations showed the importance of
the power in determining the timing of the RCS
failure.

The hot leg countercurrent flow rate is very
uncertain, but was addressed in sensitivity Cases 3
and 4. The uncertainty stems from the way the
mussel was developed. Scaled experinients at low
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pressure and temperature were modeled with
COMMIX, which was then used to calculate a tran-
stent in a full-scale plant. The SCDAP/RELAPS
model was adjusted to provide the same heat trans-
fer for the large plant calculation, then was applied
to the Surry station blackout transient. The analy-
ses that have been performed have bounded the
flow rate, in that “ase 4 provided an upper flow
limit and that the lower flow limit is no countercur-
rem flow, which was addressed in scoping Case 2.

The behavior of the liquid in the loop seals is also
uncertain. Although the loop seals did not clear in
any of these calculations, the effect on the transient
would be significant if they did clear. Other stud-
ies!® have indicated that the loop seal clearing is a
random progcess, so its potential should be consid-
ered when analyzing the plant response.

Effects of insulation degradation on the piping
temperatures were examined in sensitivity Cases $
and 6. Heat loss from the piping, which is an
uncertainty in the plant modeling, was shown to
de'ay the surge line failure by 6-13 min.

The size of the RCS failure is not known. The
rate and extent 0. the depressurization depend on
the failure size. A large enough failiire, such as that
in the blowdown calculation, may lead to core
quenching and low reactor vessel pressures at the
time the core melts through the lower head. Smaller
failures may iead to different core damage sce-
rarios, with slow intermittent injection of accumu-
lator liquid that cools only part of the core while
the rest continues to heat up.

How much flow blockage actually occurs during
ballooning is another area of uncertainty. With all
of the fuel rods in a region of the core behaving
identically, blockages caused by localized bailoon-
ing may be too high. In the plant, while all of the
fuel rods in a region may indeed balloon, the block-
age would probably not be coplanar, as is the case
with a code calculation

The transient timing could be greatly affected by
changes in the initial conditions. A lower steam
generator liquid 'evel would accelerate the time of
steam generator dryout, leading to an earlier core
heatup. With the core heating up earlier in the tran-
sient, the decay power would be higher, causing a
faster core heatup and possibly changing the nature
of the core damage (less oxidation and more reloca-
e, for example). A lower initial reactor power
would reduce the fission product decay heat,
lengthening the transient. A lower burnup would
reduce the actinide decay power, which would
affect the core damage portion of the transient
more than the initial heatup because the actinide



power is a larger fraction of the total power later in
the transient.

Failure of components other than those that
define the accident sequence were not considered.
For example, the loss of cooling water to the reactor
coolant pumps may lead to failure of the shaft
seals, initiating a small break loss of coolant acci-
dent, or there may be insufficient battery power or
air pressure to keep the relief valves operating
throughout the transient.

The model of the Surry plant included only the
major components. Small pipes and instrument
penetrations of the system were not modeled, so
that their behavior was not calculated. Features
such as these on the hot leg may be subject to condi-
tions such that they vould fail before the surge
line.

Oxidziion and melting of structures outside of
the core were not considered. The temperatures in
the upper plenum were high enough during many
of the calculations that the stainless steel would oxi-

dize, adding to th2 amount ,f hydrogen g nerated.
Melting tempera’ures wer also attained in some
cases, but the relocation o' those structures was not
calculated. Core debris fc ‘mation caused by frag-
menting fuel rods also wa . not accounted for. The
core quench in the suw.g line failure calculation
caused the embrittled fu | rods to shatter, but an
intact geometry was mai' tained for the duration of
the calculation. Chan’ «ng this model would not
affect the surge line f Jure, since it occurred earlier,
but it would affec’ (he subsequent reheating of the
b 0,

The calculations were not continued to vessel
failure. Accordingly, while the pressure at that time
can be estimated, it has not yet been determined, so
that the extent of any direct containment heating is
unknown. In particular, the effect on the pressure
of molten core relocation into a water pool in the
lower head is unknown, as are the effects of smaller
creep rupture failures with different accumulator
injection rates.



1. CONCLUSIONS AND RECOMMENDATIONS

A comprehensive analy..s o1 e response of the
Surry plant to a station blackout transient has been
performed. The analysis has provided insight into
the phenomena that control the plant response and
natural circulation flows, and to the level of detail
needed to model the plant. Conclusions drawn
from the natural circulation analyses performed for
the Surry plant are presented below. Based on the
resalts of the analyse’,, recommendations are also
made for further investigation to help resolve the
phenomenological uncertainties reiated to RCS
natural circulation during severe accidents.

1. The modeling of each additional na.ural
circulation flow slowed the core heatu),
extending the transient,

The in-vessel and hot leg natural circula-
tion flows slowed the core heatup by trans-
ferring energy from the core to the upper
plenum and coolant loops, respectively.
The slower heatup allows more time to
recover systems to mitigate core damage.
Fuel rod relocation ! :gan at about
161 min in the once-through calculation,
7 min later with in-vessel circulation mod-
cled, and 18 min later with both in-vessel
and hot leg natural circulation modeled.

2. The decay power had the greatest effect on
the event timings.

The predominant difference between scop-
ing Case 3 and sensitivity Case | was
about a 9% decrease in decay power. This
delayed steam generator dryout by 10 min,
core heatup by 30 min, and RCS failure by
about S0 min. By comparison, the longest
delay of the RCS failure in the sensitivity
calculations was avout 45 min for the
bounding analysis in which no stram gen-
erator inlet plenum mixing 0ccur reu,

2. Natural circulation flows resuited in high
ex-vessel structure temperatures.

Maodeling of the multidimensional flows in
the vessel and hot leg resulted in hot vapor
flowing through the upper plenum and hot
leg. The temperatures of the upper plenum,
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hot leg, steam generator, and surge line struc-
tures were high enough that oxidation, melt-
ing, or creep rupture failure may occur. With
no natural circulation flows modeled, the ex-
vessel structures remained at or near the satu-
ration temperature. The hot leg
countercurrent flow transferred about 30% of
the energy removed from the core to the cool-
ant loops.

Hot leg countercurrent flow led to the likely

creep rupture failure of the pressurizer surge
line about 4 hr into the transient,

Creep rupture failure of the surge line was
predicted in all of the sensitivity calcula-
tions within 13 min of the base case time
of 246 min, except when there was no mix-
ing in the steam generator inlet plena
(Case 4). In that calculation, the lot legs
failed at about 290 min, shortly before the
surge line, although the calculated surge
line temperature may have been too low,
Twe important points should be remem-
bered 1n regard to this conclusion. Should
the loop seals clear, taere will be no hot leg
countercurrent flow, and the steam gener-
ator tubes may fail first. Second, no pene-
trations of the hot lags were modeled
besides the surge line (iastrument taps,
small pipes, etc.).

Steam generator tube failure will probably
not occur.

The temperature of the steam generator
tubes remained near the saturation tem-
perature without hot leg natural circula-
tion modeled. With the hot leg flow, the
tube temperatures were generally several
hundred X lower than the surge line tem-
perature. In the limiting hot leg Now case
of no inlet plenum mixing, the tube tem-
peratures were close to the hot leg and
surge line temperatures, yet those strug-
tures failed by the end of the calculations,
while the tubes did not. Should the loop
seals clear of liquid, the tubes may be
heated fast enough to fail first. Without
failure of the tubes, containment bypass



through the secondary system relief valves
would not occur.

The RCS will have time to depressurize
before the reactor vessel melt-through.

In seven of the nine sensitivity calcula-
tions, the RCS failure occurred within
3.1 min of the onset of fuel rod relocation;
relocation began 7.4 and 15.2 min before
the RCS failure in the other two. Since the
MELPROG calculation showed that vessel
melt-through occurred nearly 100 min
after fuel rod relocation began, the RCS
failure should occur at least 85-100 min
before the core leaves the reactor vessel,

The RCS depressurization may quench the
core.

With a 0.15-m diameter surge line failure,
the rapid injection of accumulator water
quenched the entire core. Smaller failures
may result in slow accumulator injections
that may quench only part. or none, of the
core. The quench may also result in debris
bed formation as the oxidized cladding
fragments,

The hot leg countercurrent flow was deter-
mined by the inlet vapor temper=ture and
the steam generator inlet Lwenum mixing.

The hot leg Mow as a function of the inlet
vapor temperature only changed when the
amount of mixing in the inlet plenum
c¢hanged. Changes in the upper plenum
behavior affected the hot leg flow only in
that they altered the hot leg inlet vapor
temperature. Heat loss from the piping did
not affect the hot leg flow rate because
cooler vapor then entered the steam gener-
ator tubes, reducing the heat transfer in the
steam generators commensurately.

The upper plenum ow was affected by the
hot leg behavior,

As expected, changing the upper pienum
crossflow resistances changed the flow cir-
culating in the upper plenum. The hot leg
flow also affected the upper plenum flow
by changing the temperature of the vapor
returning from the steam generators. As
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the loop heat transfer increased, for the
same hot leg inlet temperature, cooler
vapor was returned to the upper plenim,
increasing the buoyant driving force and
the recirculating flow in the plenum.

Fuel rod cladding ballooning generally
had little ef{>ct on the core flows.

The ballooning that occurred in most cases
changed the core flow rates without chang-
ing the flow pattern. However, in sensitiv-
ity Case 9, ballooning changed the flow
pattern and heatup rate by accelerating the
oxidation of the ballooned cladding in the
middle channel,

Ballooning did affect the core damage.

Cladding that ballooned and failed oxi-
dized on both the inner and outer surfaces,
so that the cladding was completely oxi-
dized by the time Zircaloy would begin to
melt. With no molten Zircaloy, fuel disso-
lution and relocation at femperatures
below the fuel melting point couid not
occur. Oxidation of the cladding inner sur-
face increased the hydrogen generation
rate and a¢ ererated the core heatup.

Increasing the hot leg flow extended the
time to RCS failure.

A 25% increase 1 the hot leg flow (sensi-
tivity Case 3) delayed the surge line failure
by 3.5 min compared to the base case.
With a bounding 50-60% flow ingcrease,
the RCS failure occurred in the pressurizer
loop hot leg 44.2 min later than the surge
line failure in the base case.

Heat loss from the hot leg and surge line
piping did not significant)y alter the
transient.

With a convective b undary condition on
the pipe outer v «l (Case £), heat loss to
vite co valk_gent accounted for 4% of the
heat removed from the core, delaying the
surge line failure by 6.6 min compared to
the base case. Adding a radiative heat
transfer coefficient as well (Case 6)
increased the heat loss by 2% and delayed



14.

18.

16,

17.

the surge line failure an additional
6.3 min.

Changing the crossflow resistances had a
small effect on the transient,

Reducing the upper plenum (Case 7) or
core (Case B) crossflow loss coefficients by
a factor of 10 resulted in surge line failure
less than 2 min earlier than in the base
case. Increasing the loss coefficients in
both locations by a factor of 10 (Case 9)
had a similarly small effect on the temper-
atures until ballooning occurred, acceler-
ating the heatup and leading to surge line
failure 12.4 min earlier than the base
case.

Changing the axial power profile had little
effect on the transient.

In the base casc, a bottom-peaked, rela-
wvely flat axial power profile was used. In
sensitivity Case 2, a center-peaked
chopped cosine profile was used, resulting
in slightly different core flows that acceler-
ated the surge line failure by 1.3 min.

The slow draining of liquid from the pres-
surizer will have little effect on the fission
product behavior.

If fission products must pass through the
liquid in the pressurizer before entering the
containment through the PORV discharge
piping, many of them may be scrubbed by
the liquid so that few are released to the
containment. Although liquid remains in
(he pressurizer for a long time, the scrub-
bing benefits will be minimal because of
the small release (less than 3%) of fission
products before all of the liquid is boiled.

Mechanistic analyses are needed to accu-
rately describe the planmt severe accident
response.

A comparison of the one-through calcu-
lation (scoping Casc | with the draft
NUREG-1150 results  nich should have
similar detail in the » .re modeling, showed
that vessel failur .ccurred in the drafl
NUREG-1150 ataiy.s before fuel rod
relocation began ir the SCDAP REIAPS
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analysis. Addition of the natural circula-
tion flows enlarged the difference in tim-
ing, and added the structural failure
concerns that were not addressed in the
draft NUREG-1150 calculations. These
differences demonstrate the importance of
perferming deterministic analyses of
severe accidents.

Detailed calculations of the effects of the
natural circulation flows should be per-
formed to the time of vessel failure,

The effects of the natural circulation flows
and slower heatup on the core debris for-
mation and compos‘tion need to be inves-
tigated. The composition of the melt will
affect the core/concrete interaction in con-
tainment, and subsequently the contain-
ment loading, fission product behavior,
and ultimately the source term for the
accident.

The RCS failure size should be deter-
mined, and the resultant depressur ization
calculated.

The relation between natural circulation
and direct containment heating dictates
that the transient be cor.. nued until vessel
failure to determine the RCS pressure thai
will drive the melt ejection. A 0.15-m
diameter surge line break caused the RCS
to depressurize fast enovugh to quench the
entire core before f « relocation could
begin, indicating 1! 4t the vessel melt-
throug!: would probably occur at low pres-
sure, reducing the impact of direct
containment heating. A larger failure size
would affect the plant similarly, while the
effecis of a smaller break need to be
determined.

The effects of natural circulation flows on
fission product transport and deposition
should be investigated.

With the natural circulation flows provid-
ing a path for moving released fission
products through most of the RCS, sigr ify

cant retention of fissicn products may
occur. Fission products deposited on the
pipes may also heat the structures, leading
to their reevolution or to stru ural failure.



T'he disposition of these deposited fission
products after the vessel fails, or after an
ex-vessel failure, needs to be determined
since it will directly affect the fission prod
uct inventory in the containment, and thus

the source term

Experiment data from more prototypic
onditions would aid in the modeling of
the hot leg countercurrent flow

I'he experiments that have been performed
to date have been at relatively low pres

sures and temperatures with cooling water

provided in the steam generator secondary

Computer simulations of these experi

ments have been used to build models for
ull-scale plant applications at high pres
sure and high temperature. Data ai higher

temperat sres, in which heat transfer to the
hot leg p1, :ng may be significant, and with
no ¢ool water flow in the steam genera

very useful in evaluating the
y

) f urrent modeling

The computer codes being used to model
the natural circulation flows can only sepa
rate and concentrate noncondensibles by
condensing the steam. Additional ‘nvesti
gation would be useful in dete...ining
whether significant separation of the
steam and noncondensibles may occur in
these low velocity flows, and whether any
such separation would affect the flows or

the heat transfer

The fuel rod model in SCDAP/RELAPS
should be modified to account for clad
ding interactions with the grid spacers

In the scoping calculations, bailooning
was being calculated under conditions in
which failure of the cladding may have
already occurred. In the sensitivity calcu
lations, cladding/grid spacer interactions
were simulated by IMposing a temperature
failure criterion on the cladding ir

tion to the strain failure

ated with ballooning

before ballooning

vity calculations
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Figure A-1. Nodalization of the pressurizer coolant loep for the Surry SCDAP/RELAPS calculations.
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control material is Ag-In-Cd. The fuel rods were
assumes to be prepressurized to 2.4 MPa. The
same axial power profile was used in each of the
core channels. The scoping calculations and sensi-
tivity Case 2 used an axisymmetric chopped cosine
axial power profile with a peak-to-average power
ratio of 1.200 located in nodes S a~d 6. The rest of
the calculation” used a flatter axial power profile
having a peak-to-average power ratio of 1.15¢
located in node 3. The core was assumed to be at
the end of an equilibrium cycle, which corre-
sponded to an average burnup of
21,000 MWd/t.A! Both radial and axial conduc-
tion were accounted for in the cladding heat trans-
fer calculations. A control system was used to
approximate the behavior of molten material that
relocated below the core. A heat structure was
located in the lower plenum that received the energy
of the relocated material, The structure then dissi-
pated this energy, allowing water in the lower
plenum to be boiled.

In order to simulate the hot leg countercurrent
flow, several modeling changes were made.
Figure A-6 shows the nodalization of one loop for
the hot leg countercurrent flow calculations. All
three loops were modeled this way, except that the
surg: line was connected only to Loop C. The hot
leg was divided into top and bottom halves. The
return flow from the bottom half of the hot leg
entered the reactor vessel at the top of the volume
below the hot leg nozzle connection. This approxi-
mated the elevation difference between the top and
bottom helves of the hot leg, so that the driving
head for the natural circulation flow should be
close to that of the actual situation, It also pre-
vented the hot and cold steam flows from mixing
immediately in the upper plenum. The steam gener-
ator inlet plenum was divided into three volumes. A
mixing volume in the middle connected to the flows
entering and leaving both the hot leg and the steam
generator tubes. The volumes on either side of the
mixing volume passed the hot and cold vapor that
did not mix with the other fuid in the inlet plenum
between the hot leg and steam generator tubes. The
amount of flow entering and leaving the mixing
volume was adjusted by changing the loss coeffi-
cients and flow areas. Guidance in adjusting the
fMows was obtained from calculations of a similar
transient performed at Argonne National [.abora-
tory using the three-dimensional COMMIX com-
puter code. A3 The unmined Muid Now areas were
reduced to $% of the flow area leaving the hot leg
and steam generator tubes, Large loss coefficients
were added to the junctions in the hot legs and

A9

steam generator plena to provide the desired
amount of heat transfer to the steam generator
tubes and hot leg piping for a given hot leg inlet
temperature, based on the COMMIX calculation.
Two sets of tubes connected the inlet and outlet
plena. The hot flow 1ubes represented 35% of the
flow and heat transfcr area; the cold return flow
tubes represented 65% of the total flow and heat
transfer area. This division of the steam generator
tubes was based on results of the Westinghouse nat-
ural circulation experiments. A4 The reactor cool-
ant pump suction piping was still connected to the
steam generator outlet plenum, so that clearing of
the liquid from the loop seals could occu: if appro-
priate conditions existed. Since the pressurizer
surge line connected to the side of the hot leg, the
horizontal portion of the surge line (the two vol-
umes at the hot leg end) was also split into top and
bottom halves, connected to the top and bottom
halves of the hot leg, respectively, in the sensitivit -
calculations. For the scoping calculations, the pres

surizer surge line was not split, Because of diffict I-
ties with reverse flow through the pressurizer lo »p
(encountered during testing of the model), a va ve
was inserted at the connection of the bottom of t e
hot leg to the reactor vesse! for the scoping calcula-
tions. This valve was closec when the PORVs were
open, prevent'ng vapor in the vessel from entering
the bottom of the hot leg until the PORVs closed.
This valve was nut needed with the split surge line
model. Creep damage calculations were performed
for each hot leg near the reactor vessel, for the hot-
test part of the steam generator tubes in each loop,
and for the hot leg end of the surge line,

This hot leg model evolved from low pressure,
low temperature experiments performed by
Westinghouse using SF, as the working Nuid A-4
These experiments were then simulated using the
COMMIX computer code. COMMIX was then
used to simulate a high pressure, high temperature
transient in a commercial plant. The plant model
included the core, upper plenum, hot jegs, steam
generators, surge line, and PORV. Pipes and steam
generator tubes were modeled with adiabatic outer
boundary conditions. The transient was a 2000 s
heatup from saturated vapor conditions through-
out the model. This transient was then calculated
using SCDAP/RELAPS The mixing volume,
junction areas in the inlet plena, and loss coeffi-
cients were adjusted to reproduce the COMMIX-
calculated integral heat transfer in the loops as a
function of the hot leg inlet vapor temperature, The
model developed, which did not have a split surge
line, was within 7% of the COMMIX valucs. The
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hot leg flow rates were lower than those calculated
by COMMIX, but that was not a large concern
because the heat transfer to the loops was the most
important parameter, and the one that was being
matched. The flow characteristics were also some-
what different than in the COMMIX calculation
and the Westinghouse experiments, in that the
flows in the tops of the non-pressurizer loop hot
legs did not reverse when the PORVs were open,
although their magnitudes were reduced. This hot
leg model was ther used for the scoping calcula-
tions, and the split surge line was added fcr the
sensitivity calculations.,

For the calculation in which inlet plenum mixing
was not considered, the mixing volume was
removed. The two through-flow volumes were
increased in size, so that each modeled one-half of
the inlet plenum. The steam generator tubes were
not changed from the model discussed above.

Full power steady state calculations were per-
formed for both the scoping and sensitivity analy-
ses, since different versions of the code were used.
Results of the steady state calculations are pre-
sented in Table A-1, together with the desired val-
ues for several key parameters. There was good
agreement between the calculated and desired
steady state conditions,

Table A-2 presents the initial inventory of five
significant fission product elements for the various
calculations, It can be seen that there is a signifi-
cant divterence in mitial inventory for four of the
eletments for the sensitivity analyses, for which cal-
culations were performed using both SCDAP/
RELAPS and ORIGEN2AS, with the ORIGEN2
values bring 8-40% jower. SCDAP/RELAPS uses
PARAGRASSAO (o calculate e fission product
initial inventory and subsequent reiease. The values
calculated by ORIGENZ are believed to be more
accurate because of the maie extensive physics and
cross section data used, an | because PARAGRASS
was primarily developed for trace-irradiated fuel
rather than the high-burnup fuel associated with
the end of an equilibrium fuel ¢ycle. ORIGEN2
calculations were not petformed for the scoping
studies,

The power used in SCDAP/RELAPS is divided
into three components: prompt (fission) power, fis-
sion product decay power, and actinide decay
power. Different decay power values were used in
the scoping and sensitivity calculations.

For the scoping caleulations, the decay heat was
calculated internally by the code. This calculation
uses the ANS §. 1A 7 gandard and assumes only
one fissile isotope (U*). A core-average burnup

Al

for the end of an equilibrium cycle
(21000 MWdJ/MT) was assumed. To achieve this
burnup, the fuel assemblies in each channel were
assumed to have been in that region of the core dur-
ing a 22.5 month period of {ull power reactor oper-
ation. The prompt power was assumed to decrease
linearly from full power to zero in the first 2 s,
Table A-3 lists the decay power for these
calculations.

For the sensitivity calculations, ORIGEN2 cal-
culations were performed to generate input power
ables for SCDAP/RELAPS. It was assumed that
fuel is loaded such that fresh fuel is added to the
core periphery, from where it moves radially inward
on subsequent refuclings until it is even.ually
removed from the center of the core. It was
assumed that 52 assemblies were added at the
begir~ing of the current cycle, 52 assemblies were
in their second cycle, and $3 assemblies were in
their third and final cycle. Accordingly, the center
channel contained 25 assemblies with three cycle
burnup, the middle channel contained 28 assem-
blies with three-cycle burnup, 52 assemblies with
two-cycle burnup, and 16 assemblies with one-
¢ycle burnup, and the outer channel contained
16 assemblies with one-cycle burnup. ORIGEN2
calculations were performed to determine the fis-
sion product and actinide decay after the reactor
scram. Calculations were performed for the irradi-
ation of assemblies in each of the three core chan-
nels. The last irradiation cycle was assumed to be at
the relative radial power described earlier (see Fig-
ure A-4). The two- au! three-cycle burnup assem-
blies were assumed to have been irradiated at
average core power prior to the current cycle. The
resulting fission product decay power values were
multiplied by a factor ¢ account for neutron
absorption by the fission products [G(t) in ANS
S.1), which had a very small effect on the power
unt,' after 10000 5. The prompt power decay was
de-cioped from a RELAPS kinetics calculation. it
was assumed that the prompt power began to decay
when the control rods started to enter the core, at
0.7 s after the loss of power. The decay of the fis-
sion products and actinides was assumed to begin
at 1.0 s after the start of the transient. Table A4
hists the decay power input for the sensitivity
calculations,

Table A-S provides some details on the sizes of
the various models used and the computer time
needad to perform the natural circulation calcula-
tions. The scoping calculations were performed on
a CRAY-1S computer, while the sensitivity calcula-
tions were performed on a CRAY X-MP/ 24



Table A-1. Comparison of computed and desired steady state parameters

Parameter Scoping Study Sensitivity Study
Core thermal power, MW 2442 2443
Pressurizer pressure, MPa 15.§ 15.3
Pressurizer liquid level, m 6.035 6.62
Hot leg temperature, K £92.0 591.7
Cold leg temperature, K 557.3 557.0
Coolant flow per loop, kg/s 4230 4230
Steam generator pressure, MPa 5.49 5.7
Steam generator liquid mass, 44000 44000
kg (each)
Steam generator feedwater 44319 444 6

flow, kg/s

Table A-Z. Initial inventory for five fission product elements

Fission Product Mass

kg)
Scoping Calculations i -
Element One-channel T'hree-channel SCDAP/RELAPS
Xenon 2574 253.9 258.3
Krypton 2899 2916 2 10
Cesium 186, | 187.2 1 16,7
lodine 10.39 10,45 10,42

Tellurium 2191 24.08 2198

Desired
2441
18.5
6.62
591.9
$57.0
4230
5.41

4418

_ Sensitivity Calculations

ORIGEN2
238.4
17.44
124.5
10.79

2112



Table A-3 Decay power for the scoping calculations

Center Channel Middle Channel
(MW) _(MW) i
Time Fission Fission
(s) Prompt Product Actinide Prompt Product Actinide

0.0 4198 31.00 1.465 1446 8 106.8 5.050
20 0.0 27.03 1.465 0.0 93.12 5.045
10.0 0.0 21.9% 1.461 0.0 75.43 5.035
100.0 0.0 14,18 1.428 0.0 48.86 4919
1000.0 0.0 8.574 1.163 0.0 29.53 4.007
$000.0 0.0 5.238 0.747 0.0 18.04 2.574
7600.0 0.0 4.572 0.693 0.0 15.74 2.389
8000.0 0.0 4.496 0.689 0.0 15.48 2.34
8500.0 0.0 4.408 0.684 0.0 15.18 2,359
9000.0 0.0 4.328 0.681 0.0 14.90 2.46
9500.0 0.0 4.252 0.678 0.0 14.64 2.335§
10000.0 0.0 4,182 0.675 0.0 14.40 2.328
10500.0 0.0 4,338 0.672 6.0 14,95 2.317
11000.0 0.0 4275 0.670 0.0 14.73 2.310
11500.0 0.0 4216 0.668 0.0 14.53 2.303
12000.0 00 4.160 0.667 0.0 14.34 2.297
12500.0 0.6 4.109 0.665 0.0 14.16 2.292
13000.0 0.0 4.060 0.664 0.0 13,99 2.287
14000.0 0.0 3.968 0.661 0.0 13.68 2.2M
20000.0 0.0 3.5%9 0.647 0.0 12.26 2.229

Ald



Table A-3. (continued)

Outer Channel Single Channel
(MW) (MW)
Time Fission Fission
-0 Prompt Product Actinide Prompt Product Actinide
0.0 3927 8.9 1.371 2267.8 166.4 7.866
20 0.0 25.26 1.370 0.0 145.0 7.862
10.0 0.0 20.44 1.367 0.0 117.5 7.845
100.0 0.0 13.25 1.336 0.0 76.12 7.666
1000.0 0.0 8.008 1.088 0.0 46.00 6.244
$000.0 0.0 4.887 0.699 0.0 28.09 4.010
7600.0 0.0 4.264 0.648 0.0 24.51 32
3000.0 0.0 4193 0.644 0.0 4.11 3.699
8500.0 0.0 4110 0.640 0.0 21.63 1.674
9000.0 0.0 4.034 0.637 0.0 23.20 1654
9500.0 0.0 1,963 0.634 0.0 22.80 3en?
10000.0 0.0 3.898 0.631 0.0 2.4 3.623
10500.0 0.0 4.087 0.629 0.0 2129 1.610
11000.0 0.0 3.998 0.627 0.0 22.78 3.598
11500.0 0.0 31943 0.625% 0.0 22.63 3.589
12000.0 0.0 3892 0.624 0.0 234 3.579
12500.0 00 1844 0.622 0.0 22.08 3.570
13000.0 0.0 3.79 0.621 0.0 21.79 1.563
14000.0 0.0 LR b C.618 0.0 21.30 3548
20000.0 0.0 3129 0.608 0.0 19.1) 142

Ald



Table A-4. Decay powar for the sensitivity calculations

Center Channel Middle Channel
(MW) (MW)
Time Fission Fission

s Prompt Product Actinide Prompt Product Actinide

0.0 4275 25.85 1.412 1472.8 90.13 4.324

0.7 4278 25.85 1.412 1472.8 90.13 4.324

1.0 K28 25.85 1.412 1318.7 90.13 4.324

1.5 1241 24.68 1.412 1117.2 85.96 43

20 276.3 2292 1.412 951.9 83.28 43

10 61.29 22.86 1.411 2111 79.48 4.321

6.0 8887 21.0 1.410 30.62 7318 4318

1.0 5.5%0 19.36 1.409 19.12 67.33 431

16.0 4118 18.30 1.407 14.18 “3.64 4.308

210 1.291 17,92 1,408 N 609 4302

1.0 2307 16.41 1.402 7.948 §7.08 429

1.0 1.299 14.98 1498 4.476 52.11 4.269

101.0 0.397 13.06 1.378 1.368 45.48 4.216

201.0 0.068 11.29 1.348 0.234 19.12 4118

501.0 0.001 9.325 1.28% 0.00% 32.46 1818

1001.0 0.0 7918 1.132 0.0 2758 1,458

2501.0 0.0 £.030 0.900 0.0 21.m2 2.741

5001 .0 0.0 4.748 0.744 0.0 16.58 2.26)

10001.0 0.0 1,760 0.678 0.0 12.99 2,092

20001 0 0.0 1218 0.646 0.0 1.1 1.968
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Table A4. (continued)

11.0
16.0
21.0
1.0
51.0
101.0
201.6
$01.0
1001.0
2501.0
$001 .0
10201.0
20001.0

Outer Channel
(MW)
Fission

Prompt Product Actinide
399.1 25.24 1013
399.1 25.24 1.013
3574 28.24 1.013
302.8 24.03 1.013
258.0 23.26 1.014
$7.22 22.20 1.013
§.297 20.37 1.012
$182 187! 1.011
3842 17.67 1.009
1072 16.91 1.008
2,154 15.83 1.00%
1.213 14.45 1.000
0.371 12.61 0.988
0.063 10.91 0.964
0.001 9.000 0.898
0.0 7.654 0.807
0.0 $.839 0.617
0.0 4.58) 0.523
0.0 3.567 0.474
0.0 Yo7 0.4%54

A-16



Table A-5. Computer calculation statistics

_ Caleutation

Scoping

Anal;ses

Case
Case

Case

Sensitivity

I
2
3

Analyses

Case
Case
Case
Case
Case
Case
Case
Case

Case

|

- e e

Surge line

failure

Muth s
W'-:\!‘ </
Ao rons

168/177
1987235
240/289

247/297
4729
/9
2447285
148/297
248297
47/297
4729
W12

479

Nu.nber of
RELAPS Heat
Structures/
Mesh Points

195/909
211/958
25971201

26271210
262/ 1210
262/1210
259/1192
26271210
6271210
262/1210
262/1210
262/1210

262/1210

AT

Number of
SCDAP

Componeats

© © © ©w v ¢ $ v w

Transient  CPU

Time Time
(s) (s)
12000 7269
4400 11676
3200 SO0
§400 7152
$289 7094
6400 10010
8400 13387
6174 8998
6400 9527
sS4 7290
S400 7884
5176 7802
6400 19540
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APPENDIX B
COMPUTER CODE DESCRIPTION

The computer code used in the transient analyses
was SCDAP/RELAPS. 31 A brief general descrip-
tion of the code, together with information on the
specific versions used, is presented below.

The SCDAP/RELAPS computer code is a light
water reactor (LWR) system transient analysis code
that is currently being developed. It can be used for
simulation of a wide variety of system transients of
interest in LWk safety but is designed especially to
calculate the behavior of *he reactor coolant system
during severe accidents. The core, primary system,
secondary system, feedwater train, and system con-
trols can be simulated. The code models have been
designed to permit simulation of postulated acci-
dents ranging from small break loss of coolant acci-
dents 1o severe accidents. Transient conditions can
be modeled up to the poim of vessel failure,

SCDAP/RELAPS was produced by incorporat-
ing models from the SCDAPB-2 and TRAP.
MELTB-34 codes into the RELAPS/MOD2B-S
code. The SCDAP components model the struc-
tures in the reactor core. The TRAP-MELT models
were used as a basis for the fission product trans-
port and deposition modess. RELAPS models the
fMuid behavior throughout the system, as well as the
thermal behavior of structures outside the core.
The feedbacks between the various parts of the
code were developed to provide an integral analysis
capability. For example, the changes in coolant
flow area associated with fuel cladding ballooning
or relocation are taken into consideration in the
hydrodynamics.

SCDAP/RELAPS uses a one-dimensional, two
fluid, nonequilibrium, six equation hydrodynanic
model with a simplified capability to treat multidi-
mensional flows. This model provides continuity,
momentum, and energy equations for both the lig-
uid and the vapor phases within a control velume,
The energy equation contains source terms which
couple the hydrodynamic model to the heat strug-
ture conduction model by a convective heat transfer
formulation. The code contains special process
models for critical flow, abrupt arca changes,
branching, crossflow junctions, pumps, accumula-
tors, valves, core neutronics, and control systems.
A flooding model can also be applied at vertical
junctions. Appendix C contains more information
on the crossflow junction, which is used to treat
multidimensional flow .

B-3

SCDAP components simulate core disruption by
modeling heatup, geometry changes, and mater.al
relocation. Detailed modeling of cylindrical and
slab heat structure geometries is allowed. Thus,
fuel rods, control rods and blades, instrument
tubes, and flow shrouds can be represented. All
structures of the same type, geometry, and power in
a coolant channel are grouped together and one se:
of inpui parameters is used for each of these group-
ings or components. Code input identifies the
number of rods or tubes in each component and
their relative positions for the purpose of radiation
heat transfer calculations. Models in SCDAP cal-
culate fuel and cladding temperatures, Zircaloy and
stainless steel oxidation, hydrogen generation,
ladding ballooning and rupture, fuel and cladding
dquefaction, flow and freezing of the liquefied
materials, and release of fission products,
Fragmentation of fuel rods during reflood is calcu-
lated. Oxidation of the inside surface of the fuel
‘od ¢ladding is calculated for ballooned and rup-
tured cladding.

The fission product behavior includes aerosol
agglomeration, aerosol deposi.on, evaporation
and condensatio i, and chemisorption of vapors by
stainless steel. - sion products are assumed to be
released equally over the entire leng'h of the fuel
rods. The released fission products enter the cool-
ant as aerosols, being put into the smallest size bin
and allowed to agglomerate or evaporate as condi-
tion: Aictace. The number of aerosol size bins used,
as well as the fission product species tracked, is
selected by the user. The chemical form of the fis-
sion products is fixea. All of the iodine is assumed
to be in the form of Csl, with the remaining cesium
being transported as CsOH. Fission products do
not interact with the surfaces of SCOAP compo-
nents (fuel rods, control rods, control blades, and
shrouds).

The versions of the code used for the scoping
calculations were SCDAP/RELAPS/ MODO
Cycles 48 and $1, with updates. The updates
included error corrections that have been added to
subsequent versions of the code, using steam prop-
erties in a control volume when the noncondensible
quality was less than 0.001, and a generalized creep
rupture model for RELAPS heat structures. The
sensitivity calculations used an undated version of
SCDAP 'RELAPS 'MODI Cycle §. Updates to the
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code included several error corrections, and a
change in the cladding failure subroutine that
caused the cladding 1o fail when its temperature
exceeded 1470 K, if it had not already failed follow-
ing ballooning. This change simulated the interac-
tion between the Zircaloy cladding and the Inconel
grid spacers, which would be expected to form
mmmcﬁ«un the tume this temperature
was attained B-6.7

The core damage part of the SCDAP/RELAPS
code does not consider the metallurgical interac-
tion of Zircaloy cladding and grid spacers. As men-
tioned above, a simple model of the effect of such
interactions on the intact fuel rod cladding was
used in *he sensitivity calculations. Interactions
between molten material and the. Muid below the
core were not explicitly modeled in these versions of
the code, although enough information was availa-
ble to use a control system to dissipate the ...ergy in
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the molten material. Models of the debris forma-
tion and behavior in the reactor vessel lower head
have been developed and incorporated in more
recent versions of SCDAP/RELAPS. The oxida-
tion of control rod stainless st*el occurs only if the
surrounding Zircaloy guide tube is compleiely oxi-
dized. The control material in the control rods is
assumed to be Ag-In-Cd. Breaching of the oxidized
fuel rod cladding by the molten material within the
fuel rod is controlled by the user. In the scoping
studies, the oxide shell failure depended only on
temperature; a temperature of 2500 K was selected.
In the sens. vity calculations, the breach was
dependent on both temperature and oxide layer
thickness. The cladding would breach when the
temperature reached 2500 K only if the cladding
were less than 60% oxidized The code does not
allow oxidation of materia’  caloy) while it is
relocating.
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APPENDIX C

USE OF RELAPS THERMAL-HYDRAULIC MODELS
IN THE SEVERE CORE DAMAGE ACCIDENT ANALYSIS PACKAGE®

A Position Paper

V. H. Ransom
J.C. Lin
C. M. Allison
P. E. MacDonald

Introduction and Summary

The mission of the Scme Core Damage Analysis
Package (SCDAP)C ! is 1o predict, in best-estimate
fashion, the consequences of a severe accident in a
light water reactor up to the point of accident ter-
mination or major core relocation. The accumula-
tion within and the release from the primary
coolant system of hydrogen and radiologically sig-
nificant fission products along with the overall
geometry and coolability of the damaged core must
be described. The thermal-hydraulic behavior
within the reactor vessel and the entire primary sys-
tem will both influence and be influenced by the
core damage progression and the fission product
release. For example, natural circulation within the
primary system may lead to early structural failures
in either or both the vessel and primary system,
changes in core heating rates, and changes in fis-
sion product retention during certain risk domi-
nant transients. Natural circulation flows can move
significant thermal energy from the core to peripi-
eral structures, and the evaporation, condensation
and re-evaporation of the volatile fission products
can also relocate a significant fraction of the decay
heat source. In addition, the runaway oxidation
and core heatup is influenced by the steam supply
«hich is, in tun, influenced by core geometry
changes. Therefore, a best estimate calculation of
core damage progression, fission product transport
and coolant flow patterns can only be achieved

2. This posttion paper was wrtlen i 1984, before the SCDAP
and RELAPS codes were inlegrated  Although some of the dis
cussion i that regard s dated, 1t is reproduced here because the
discussion of the crossilow junctions and viscous Mlow effects 1»
still apphcabie

C-3

when the couplings and interactions betwoen these
processes are modeled simultaneously.
Considerable thought and plarning has been
addressed to the issue of which Jumdw
model should be incorporated into SCDAP. The
TRAC-PWRC2, TRAC-BWRC 3, and RELAPSCH
Mmmmmmuhdm

rated flow region results from laminar/ turbulent
boundary layer separstion that accomaanies an
adverse pressure gradient in the mean flow. The



modeling of such viscous/turbulent effecis requires a
boundary layer model for the flow at the wall coupled
with a turbulence model for the mean flow. None of
the LWR codes have such models. Only the
COBRAC” code contains a viscous mean flow model,
but even this model is a ssumple isotropic eddy viscosity
maodel that is limited to mean Now shear, specifically,
shear effects near a boundary cannot be modeled and
thus flow separation reattachment cannot be mod-
cled. TRAC and RELAPS do not have viscous’
turbulent saear models and separated flow regions
with recirculation cannot be calculated, let alone accu-
rately modeled. However, we believe that the uncer.
tainty resulting from neglect of these effects is smiall in
comparison to the uncertainties associated with model-
ing mechanical behavior of severely damaged fuel

Recirculating flows that result from body forces,
such as gravity, play an important role in the severe
accident process and must be modeled. These
effects can be modeled by all the system codes and
do not require viscosity turbulence models. The
TRAC vessel component uses a full three-
dimensional nonviscous flow model, COBRA con-
tains user-specified options either/or a
three-dimensional viscous flow model or a nonvis-
cous crossfllow model for parallel channel flow,
and RELAPS uses a simplified multi-region
crossflow model in which some of the momentum
flux cross-product terms are neglected. All buoy-
ancy and wall shear forces are included in RELAPS
for both the axial as well as crossflow models.
Thus, RELAPS can predict recirculation resulting
from natural convection.

The redistribution of flow in a damaged core
resulting from local flow blockage can also have a
significant effect on the coolability of the core and
the circulation within the primary coolant system.
This effect can also be accurately modeled without
consideration of bulk viscous/turbulent shear
models and #ll the system codes have this capabil-
ity. The flow redistribution is dominated by aniso-
tropic wall shear effects (that result from the
embedded matrix of ael rods) and the change in
flow resistance due to local blockage. These effects
are modeled in all the codes by empirical Darcy
type friction factors.

The status of two-phase system modeling in rela-
tion to the phenomena of importance 1o severe 1.0
dent modeling is discussed in greater detail in the
following section of this paper. In particular, the
RELAPS severe accident core-wide fluid modeling
capabilities are discussed.

SCDAP is a significant step forward in the mech-
anistic modeling of the fuel and coolant behavior
during severe accidents. However, uncertainties still
exist in the modeling of processes such as clad
metal-water reaction, fuel liquefaction and
fragmentation, and core material relocation. The
spatial variation of these processes is modelled in
SCDAP by dividing the core into regions or nodes.
The numbers of nodes which can be used is mostly
a matter of computer economics in terms of core
storage and execution time. The modeling work at
the Idaho National Engineering Laboratory
(INEL) on SCDAP and at Sandia National Labo-
ratory on TRAC/MIMAS indicates that nodes
smaller than about 30 cm characteristic dimensions
are impractical. This node size is about the same as
nodalizations which are used for core thermal-
hydraulic modeling (even for accidents not involy-
ing fuel damage) and consistent with the length
scale of two-phase mixtures.

Viscous/turbulent flow effects can be modeled
by either a microscopic approach using nodes
smaller than the smallest turbulent eddies of inter-
est or by a bulk shear model in which the details of
the flow near a boundary are approximated by a
boundary layer model to provide boundary condi-
tions. Only bulk viscous. turbulent effects could be
modeled using a node size of 30 cm or larger in a
reactor core and thus special boundary layer
models would be required in order to model the
details of Mlov separation and reattachment with
formation of recirculation regions. However, the
anisotropic effects of the fuel geometry could not
be modeled by a bulk shear model and must be
approximated by an empirical Darcy law formula-
tion anyway. The primary reason for this is that the
length scale of the viscous/turbulent effects is less
than the pore size (i.e., approximately 1 ¢m or
smaller) and cannot be represented mechanistically
at the characteristic length of most numerical
models (1.e., greater than 30 -m).

The primary motivations for core-wide and sys-
tem thermal-hydraulic models for use in severe
accident simulation are to properly represent the
availability of coolant to the core, L transport of
energy from the core to other parts of the system,
and the transport of fission products throughout
the primary system and into the containment. The
inclusion of fluid viscous turbulent shear models
would mainly affect the conlant velocity field



downstream of sbrupt changes in flow area or
direction where flow separaticn and formation of
regions with recirculation would exist.

However, the heat transfer correlations for natural
convection steam cooling or boiling (the convective
cooling mechanisms of most importance in a damaged
core) are not strong functions of the fluid velocity and
thus accurate descriptions of such flow regions are not
necessary. The transpont of energy and entrained fis-
sion products throughout the system by the bulk flow
also is not significantly influenced by viscous’
turbulent shear effects. In summary, a detailed
viscosity /turbulence model is not feasible with present
mathematical modeling and computational technol-
ogy and is not required for best estimate modeling of
the severe accident progression,

Thermal-Hydraulic Models for
Severe Accidents

Best estimate models of the severe accident prog-
ess require that the macroscopic thermal and mass
transport processes throughout the entire nuclear
steam supply system be included. The rate at which
energy is transported away from the core to other
components significantly affects the course and
severity of core damage and associated fission
product release. Thus it is clear that a system
thermal-hydraulic modeling capability is required
for coupling with the SCDAP code. Additional
thermal-hydraulic requirements include the ability
10 model the fluid processes in the core and vessel
such as flow redistribution resulting from local
blockage and natural circulation within the core
and plenum regions. Both of these effects are sig-
nificant mechanisms for core cooling and fission
product transport within the vessel and must, there-
fore, be included in the thermal-hydraulic model.

The candidate codes that have been considered for
integration with SCDAP o provide the system and
PWR, TRAC BWR, COBRA TRAC, and RELAPS.
The TRAC and COBRA/TRAC codes include three-
fimensional vessel thermal-hydraulic models, while
RELAPS uses a muli-region crossfiow model w0
approximate multilimensional effects. The RELAPS
aporoach is the simplest and results in a highly versatile
“ast running code. The COBRA TRAC model
includes a viscous turbulent Now maodel for the mean
flow shear effects. However, the model is based on an
sotropic eddy viscosity formulation that is inappro-
priate for flow with embedded structures such as the
vessel core and upper plenum. Thus none of the availa-
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ble codes can model viscousturbulent flow effects in a
reactor core nor Iy it necessary that such effects be
included.

The RELAPS multi-region model is a simplified
formulation obtained by deleting the cross-product
momentum flux terms from the axial momenturn
equation and by deletion of all momentum flux
terms from the crossflow momentum equation.
The validity of this approach for moderate or low
flow velocities can be verified by an order of magni-
tude analysis using the equivalent two-fluid Navier-
Stokes equations. The vector formulation for the
ensemble and time mn;d momentum eguations
has been derived by Ishii, “lndlpprflufol-
lows in nonconservative form for the k*

~ v
q(avk/m *‘(;g;k 'VJ‘Q « - FP
- - "~

RV o (rg = NV - W Iy ()
The terms of the equation can be interpreted as fol-
lows: the time rate of change of momentum, force
gradient due 10 momentum convection, force gra-
dient due to pressure, gravitational force gradient,
and viscous ‘turbulent force gradient. Equation (1)
in nondimensional formC -9 becomes,

. .
(1/Ng) (BVy/81) + (Vy - ¥9) Vy .
= (I'Ngy) T*P* + (Ax/\%u
. . . .
+ (INRe) T2 (= o V'V
.
= (A Vo) Vil 2)
where
Ngi = (1Y L), Strouhal  imber
NRy = @V Pgy), Ruark number
NRe = (LoVoe ), Reynolds number.
The viscous stress tensor ry is assumed to have the
same dependence on parameters of the flow as the
viscous stress tensor of a Newtonian fluid.
In the low flow limit the momentum flux terms
of Equation (2) are small in comparison to the

other terms because the coefficients 1/Ng;, I'NRy.
I'NRe, and the coefficients of g and I'y, all become
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Figure C-1. REILAPS multi-region core model with blockage, velocity vectors at volume centers.



Wall
v, v, av, v,2Vs 1 ge O
Node .l b 2 e Form Loss £
1 0.0 1.098 12 27,61 14.48 9.81
2 0.0 0.004 1.08 9.82 1.04 9.81
3 0.0 2498 117 -10.38 1.74 9.81
4 0.0 2290 479 -32.28 17.68 981
s 0.0 0.004 0.00 -8 0.01 9.81
& Neglecied terms in RELAPS formulation
Table C-2. Radial momentum equation components
Wail
v, v, 2V, v, 2V 1 F "f‘“f"“
Node o o : o1 Form Lows ..
6 0.0 0.118 0.06 1.6 7.61 0.00
? 0.0 0.688 1,788 -18.63 18.6 0.00
8 0.0 0.12¢ 0.024 8.0 8.0 0.00
K 0.0 0858 1784 29.62 29.62 0.00
10 0.0 0.008 0.08% 0.14 0.4 0.00

& Neglecied terms in RELAPS formulation
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(c) flow direction for compressible flow in a base region, My = 2.24, Re = 300, 7y
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viscous flow over a backstep, from page 337 of Reference (

Figure C4. Calculated
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The effects of reactor coolant system natural circulation on the response of the
Surry nuclear power plant during a station blackout transient were investigated. A
TMLEB' sequence (loss of all ac power, immediate loss of auxiliary feedwater) was
simulated from transient initiation until after fuel rod relocation had begun. Integral
analyses of the system (hermal-hydraulics and the core damage behavior were per-
formed using the SCOAP/RELAPS computer code and several different models of
the plant. Three scoping calculations were performed in which the complexity of the
plant model was progressively increased to determine the overall effects of in-vessel
and hot leg natural circulation Nows on the plant response. The natural circulation
flows extended (he transient, slowing the core heatup and delaying core damage by
transferring energy from the core to structures in the upper plenum and coolant loops.
Increased temperatures in the ex-core structures indicated that they may fail, however.
Nine sensitivity calculations were then performed o investigate the effects of model-
ing uncertainties on the multidimensional natural circulation flows and the system
response. Creep rupture failure of the pressurizer surge line was predicted 1o occur in
eight of the calculations, with the hot leg failing in the ninth. The failure time was
fairly insensitive 10 the parameters varied. The failures occurred near the tume that
fuel rod relocation began, well before failure of the reactor vessel would be expected.
A calculation was also performed in which creep rupture failure of the surge line was
modeled The subsequer! blowdown led to rapid accumulator injection and quench-
ing of the entire core.
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