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ABSTRACT

This paper identifles the various phenomena which
govern the course of large and small break LOCAs
in LWRs, and affect the key parameters such as
Peak Clad Temperature (PCT) and timing of the end
of blowdown, beginning of reflood, PCT, and com~
plete quench. A review of the best-estimate
models and correlations for these phenomena in the
current literature has been presented. Finally, a
set of models have been recommended which may be
incorporated in a present best-estimate code such
as TRAC or RELAP5 in order to develop a realistic
ECCS evaluation wnethodology for future LWRs and
have also been compared with the requirements of
current ECCS evaluation methodology as outlined in
Appendix K of 10CFR50.

INTRODUCTION

Emergency core cooling system (ECCS) provides the
wmeans for nuclear power plants to mitigate the
consequences of loss of coolant accidents (LOCAs}.
Currently, ctwo very different approaches are used
to evaluate the performance of ECCSs during design
base LOCA. 1In one approach, a set ol guidelines
established by the U.S. Nuclear Regulatory Commis-
sion (USNRC) (stated in Appendix K of 10CFR50) are
followed. These guidelines are based on the un—
derstanding in the early seventies of fuel be-
havior and two-phase thermal hydraulics. These
guidelines have built-in conservatiswms such as,
high decay power, subtraction of the injected
coolant during the blowdown phase from the primary
system inventory, pernitting the return to nu~
cleate boiling only in the reflood phase, ete.
This approach 1is used for licensing purposes.
Various recent studies have rhown that this ap—
proach is very conservative and many of these
guidelines are not physically vealistic.

The second approach is based on the latest under—
standing of fuel behavior and two-phase thermal
hydraulics. It 1is in the form of best estimate
codes such as, TRAC-PF1/MOD1, TRAC-BD1/MODI,
RELAP5/M0D2 and RETRAN-03. These codes provide
realistic simulation of plant conditions during
the transient. A realistic ECCS methodology iuw
pacts the overall design of a nuclear plant in
terms of capital cost, operating cost and plant
complexity. Using a realistic ECCS methodology
can potentlally save $50~100 million per future
LWR plant. This methodology can also be used by
existing plant owners to galn significant
operational flexibllity.

Work performed under the auspices of the

U.S. Nuclear Regulatory Commission.

This paper describes the various phenomena which ~
govern the course of LOCAs. A review is presented
of the current best~estimate models and
correlations in the NRC funded codes
(TRAC-PF1/MOD1 (1), TRAC-BD1/0D1 (2), COBRA/TRAC
(3} and RELAP5/MOD2 (4)). Finally, a set of
models 1is recommended which can be incorporated in
a4 best—estimate code to create a realistic ECCS
evaluation methodology. .

PHENOMENA GOVERNING LARGE BREAK LOCA

Large Break LOCA in PWRs

Various simulations of large break LOCA in Pres-
surized Water Reactors (PWRs}, both through exper—
iments in scaled facilities such as LOFT (Loss of
Fluid Test) and Semiscale and through code calcu~
lations, have shown that this 1is a continuous
transient consiscing of three distinct phases.
These are: (a) blowdown,: (b) refill, and (c) re-
flood. Each of these periods is governed by dif-
ferent dominant phenonena. The key parameters
which characterize these stages of accidents are
the timing of the end of blowdown, the beginning
of reflood and quench, and the timing and the mag-
nitude of the peaks during clad tewperature his-
tory in the blowdown and reflood.

Blowdown Phase

It i1s assumed that the accident is initiated by a
double-ended guillotine (200X area) pipe break in
the cold leg of a PWR at full power condition.
Initially, the break flow rate is large due to
subcooled water in the system. The break flow
rate even exceeds the flow in the intact cold legs
leading to flow reversal at the core inlet. This
leads to flow satagnation and critical heat flux
(CHF) conditions inside the core. The clad heats
up as the clad-to-fluid heat transfer decreases.
However, this situation lasts for only 2 to 3 sec~
onds as the system pregsure decreases to satura-
tion pressure and the break flow decreases. The
intact cold leg flow now exceeds the break flow
rate and the core inlet flow is restored, which
may result in partial or core-wide quenching. Thia
sequence of events causes the first peak in the
clad temperature higtory. The core inlet flow os-
cillations due tc two-phase loop conditions lead
to the second heat-up of the clad. This time a
quench may occur due to the flow reversal at the
core outlet. The system pressure continues to
decrease, and when it reaches the set points for
various components of the ECCS, injectfion of cold
water into the primary system begins. This may
cause significant oscillations due to steam con-
densation on cold water. However, there is no ast
gain in the vessel inventory for some period as
wost of the injected liquid 1is bypassed through
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the break due to reverse steam flow in the core.
The blowdown phase ends when the system pressure
is close to the containment pressure and the break
flow 1is negligible.

The important parameters of this part of the tran-
sient are the heights of the two peaks in the clad
temperature history and their timings.These para-
meters depend upon the initial stored energy in
the fuel, fuel and clad thermal properties, fuel-
to-clad gap size and conductance, the heat trans-
fer coefficient between the clad and the fluid,
core power, and radial and axial peaking factors
which depend on the life of the fuel in the fuel
cycle. Other phenomena which indirectly influence
the system response are the break flow rate, sin—
gle~ and two-phase pump performance, and the in-
terfacial heat, mass and momentum transfer. The
flooding or CCFL (countercurrent flow limitation)
phenomenon 1is also important as it controls the
ECC bypass and water penetration into the reactor
vessel downcomer.

In a recent study (5) performed at Brookhaven
National Laboratory (BNL) using TRAC-PD2/MOD1, it
was concluded that the peak clad temperature in
the blowdown phase was not very sensitive to the
break flow rate but it was significantly influ~
enced by the initial fuel condition and power dis-
tribution in the core. This confirmed the conclu-
sion of a previous study [6] conducted using the
RELAP4/MOD6 code.

Refill Phase

The Refill phase begins when there is very little
loss of fluid through the break or there is a net
downward flow of water in the downcomer. 1In this
period of the accident, which generally lasts for
approximately 20 seconds (5), the ECC water starts
to reach the lower plenum and there is usuvally a
counter-current Elow in the downcomer. The steam
upflow in the downcomer is relatively small due to
lower reactor power and high steam condensation in
the downcomer. This facilitates the downward flow
of the injected liquid in the dosmcomer. The re-
£111 stage ends when the lower plenum is rcason-
ably full with water (e.g., liquid volume fraction
exceeding 0,95, Rohatgi (5)). The clad continues
to heat up during this period, although at a lower
rate because the power generated in the core is
decaying. The energy added by metal-water reac~
tion and pump power is relatively insignificant
during this peried. However, the metal water
reaction is important in current ECCS evaluation
methodology. The important phenomena in this
stage of accident are the steam condensation in
the cold legs and downcomer, the downcomer wall
heat transfer to the fluid, the interfacial momen—
tum transfer or slip, the entralnment and counter—
current flow limitation (CCFL) or flooding. This
is the most difficult part of the accident to cal-
culate, not only due to involved multi-dimensional
thermal-hydraulic phenomena, but also due to the
geometry of the downcomer aanulus, multiple cold
and hot leg connections, etc. No study has been
performed, to our knowledge, to rank these aspects
in terms of their impact on the duration of re-
fill and the peak clad temperature in the reflood
phase.

Reflood Phase

The reflood phase is the last phase of the acci-
dent in which final core-wide quench 1is achieved.
The liquid rises into the core region from the
lower plenum, and the region below the quench
front enters into the nucleate boiling regiwe.
This results in rapid cooldown of the core and a
large axial temperature gradient in the clad
across the gquench front. The core region above
the quench front will still be either in the in-
verted annular flow regime (for high floodiang
rate) or the dispersed droplet regime (for low
flooding rate).These regimes have poor heat trans—
fer characteristics, but may contribute to some
clad cooldown ahead of the quench front. The peak
clad temperature in this phase generally occurs in
the middle section of the core where axial power
peaking 1is normally expected. In the best-esti-
mate calculations performed so far, the clad temr
perature in the blowdown phase has been calculated
to be higher than the clad temperature in the re-
flood phase (5). The void fraction and tempera—
ture distribution were quite asymmetric. A multi-
dimensional analysis, is preferable to account for
the interaction of core power distribution with
appropriate fluid conditions.

The phenomena which govern the reflood phase of
the traansient are the condensation in cold legs,
heat rtransfer regimes in the core sp=zcially the
minimum stable film boiling temperature, the
flooding rate at the core inlet, the entrainment,
the transition between the inverted annular regime
and the dispersed droplet regime, and finally the
axial conduction in the clad. There has been no
study, to our knowledge, to rank these parameters
in terms of their influence on the peak clad tem
perature aand quench time.

In PWR plants equipped with upper head injection
(UHI), the initial quenching occurs due to flow
from the upper head to the top of the core through
the guide tubes. However, this additional coolant
vaporlzes and maintains higher pressure in the
core region, and thus prevents the liquid from en-
tering the core and delays the start of reflood.
However, as the clad is generally cooler due to
early quenching, the reflooding occurs rapidly. A
study by Guidotti and Thurgood (7) has shown the
various events and phenomena which can be expected
during a large break LOCA for PWRs with UHI. The
iaportant phenomena for large break LQCA in PWRs
with and without UHL are quite similar.

Large Break LOCA in BWRs

A LBLOCA transient in a Boiling Water Reactor
(BWR) can also be partitioned into three stages:
(1) blowdown and window period, (2) lower plenum
flashing and (3) refill/reflood.The following
description of these events 1s supported by the
observations in the TLTA (two loop test apparatus)
(8) and SSTF (steam sector test facility) (9) test
facilities, and the TRAC-BDl BWR/6 LBLOCA calcula-
tion (10).

Blowdown/Window Period

Initially the reactor (a BWR/6) 1is assumed to be
in steady-state operation with the water level in



the upper downconmer and separator regions. A dou-
ble-ended break 1s postulated to occur in one of
the recirculation loops at the pump suction., The
reactor system starts losing coolant through the
break.Subsequently there is flow reversal in the
broken loop jet pumps. The feedwater and recircu~
lation pumps are also tripped. The water level in
the downcomer drops and flow through the jet pumps
begins to decrease. This leads to reduction in
the flow at the core entrance, and possible dryout
in the core channels. However, there will also be
reduction in core power due to additional wvolds
which will reduce the clad heat-up rate. Initial-
ly, the systr . pressure decreases slowly as the
volumetric loss through the break is small. This
lasts until the downcomer water level uncovers
both the jet pump and the recirculation line suc-
tions. This can be considered as the end of the
blowdown phase. The next phase is characterized
by a rapid decrease in the system pressure due to
the large volumetric flow through the break.

The lower plenum pressure approaches the satura-
tion pressure, and the core inlet flow rate is
still swmall. This time period in the accident se-
quence is called the "Window" period. It lasts
only 2-3 seconds. :

The important phenomena in this first phase of
the accident are the break flow rate, »mp coast—
down, fuel stored energy, fuel properties, initial
core power, and the wall heat transfer.

Lower Plenum Flashing Perilod

As the lower plenum pressure decreases below the
saturation pressure, the liquid in the lower ple—
num flashes. This results in a rapid expansion of
the lower plenum fluid, and a two-phase mixture is
pushed into the jet pumps, core channels and also
to the bypass region through the guide tubes.
This increases the flow at the core inlet and pro—
bably causes some early rewet.

As the system continues to lose mass through the
break, the water levels in the core channel and
bypass region also decrease. However, when the
wmass loss from the lower plenum exceeds the mass
gained from the core channel and bypass region,
the gide entry orifices (SEOs) are uncovered. The
water level in the lower plenum is still above the
jet pump discharge so that the steam has a low re-
sistance path through the core channels instead of
through the jet pump. This results in 3 large
steam flow and subsequent -CCFL at SEDs. Further-
more, there will also be CCFL at the upper tie
plate due to steam flow from the lower plenum and
additional steam generation in the core channel.
Therefore, only small amounts of 1iquid will be
flowing down to the lower plenum and guide tubes.
During this stage of the accident, the HPCS will
start injecting ECC water into the upper plenum.
As the system pressure drops below -250 psi, the
LPCS will also start injection. These events mark
the end of the lower plenum flashing period.

The important phenomena during the lower plenum
flashing period are the lower plenum flashing
rate, core inlet flow rate, core heat transfer in-
cluding quenching, level tracking in the lower and
upper plena, and CCFL at the upper tie plate and
SEOs.

Refill/Reflood Phase

This phase can be assumed to begin when the system
pressure is around 150 psia. At this time all the
ECCS should be operational and delivering cold
water into the upper plenum, which might have been
almost empty as the upper plenum water had drained
into the bypass and some of the core channels.
These highly subcooled safety injection fluids mix
with the existing steam or two-phase mixture re-
sulting in steam condensation and further decrease
in the system pressure. The two-phase mixture
generated in the upper plenum flows down to the
bypass reglon without any restriction. A CCFL
condition has never been observed between the up~
per plenum and the bypass region in any multi-
channel test facility such as SSTF. The LPCI also
contributes subcooled liquid to the bypass region
inventory which not only condenses vapor but also
agsists in cooling the channels. The bypass re~
glon quickly fills up, and continues to inject 1li-
quid into the core channels through the 1leakage
paths. Some of the core channels may also receive
some liquid from the upper plenum in spite of CCFL
at the upper tie plate, while some liquid may
drain into the lower plenum even though a CCFL
condition exists at the SEDs.

The upper plenum also accumulates some high den—
sity two~phase mixture, after the bypass is filled
up. This upper plenum inventory has a significant
influence on the transient. As the water level
increases, it covers the sparger, and creates two
conditions. First, the condensation decreases.
Second, subcooled -liquid accumulates at the peri-
phery which cools -the two-phase mixture near the
upper tile plate and causes a breakdown of CCFL
through the peripheral channels.The liquid begins
to flow down in these channels to the lower ple-
num. This causes the upper plenum water level to
recede below the sparger, and the spray again
mixes with the bulk vapor in the upper plenum and
causes higher condensation. The temperatuyre dis-
tribution is more uniform and the core-wide CCFL
conditions are again restored. As the water level
increases and covers the sparger, the cycle re-
peats itself.

During this period of the accident, strong multi-
dimensional effects along with parallel channel
effects have been observed. Initially, when the
upper plenum has low water level, all channels are
in a counter~current flow regime.They are receiv=
ing 1liquid from the bypass region through the
leakage path and from the upper plenum with CCFL
at the upper tie plate. All the channels are sub-
Jected to the same pressure drop. However, this
situation does not last, as there is a breakdown
of CCFL in the peripheral channels due to the
changing upper plenum conditions resulting in a
dowvnward co-current flow. The other effect is on
the high power (or central) channels, which are
generating more vapor than the average channel
which contrcls the pressure drop. Both of these
types of channels are receiving liquid from the
bypass region and the upper plenum, and are fill-
ing up. However, the central channels require a
higher elevation of the mixture level to maintain
the same core pressure drop.They fill up quickly
and are no longer able to maintain the same pres—
sure drop resulting in a transitioa to high woid,
co~current upward flow regime. Thegse variations



in fluid conditions in different channels are
called parallel channel affect and detalls are
given elsewhere [11]. The peak clad temperature
occurs in this phase of the transient and clads
are eventually quenched between 130 and 150 sec-
onds when all channels are filled up with high
density mixture.

The important phenomena in this phase are the CCFL
at upper tie plate (UTP) and side entry orifices’
(SEQ), parallel channel effects, vapor generationm,
multi-dimensional effects in the upper plenum and
bypass reglon, and the wall heat transfer includ-
ing quenching.

There has been no detailed and systematic stu&y,
to our knowledge, to rank the various phenumena in
terms of their influence on the peak clad tempera-—:
ture during a BWR LBLOCA. A limited sensitivity
study has been performed at INEL (10] for a BWR/6
LBLOCA using the TRAC-BDl code.

LBLOCA with Additional Failure

The current ECCS methodology for licensing re-
quires successful cooling despite some additional
equipment fallure and under conservative require-
ments. These include a lower containment pres—
sure, avallability of only one train of ECCS,
lower initial inventory of accumulators and loss
of power to the reactor coolant pumps (PWR) and
recirculation pump (BWR). These additfonal re-
quirements adversely affect the amount of ECC
water delivered into the reactor system. Conse-
quently, they affect the timings of refill, re-
flood, quenching, and peak clad temperature in the
reflood phase, Since these considerations delay
the quenching and reduce the ECC liquid, the clad
temperatures are generally higher. Thus, other
phenomena such as metal water reaction and clad
deformation may become important. The possible
flow blockage due to clad ballooning must be
accounted for in the licensing calculation. The
new ECCS evaluation methodology should account for
these additional phenomena which were not impor—
tant in the best-estimate or optimistic sequence
of events assuming no equipment failure.

REALISTIC MODELS AND CORRELATIONS FOR LARGE BREAKe
LOCA

Simulation of a large break LOCA requires model-~
ing of at least the important phenomena described
in the previous section. There are many best—es~
timate models and correlations available for these
phenomena in the present literature, particularly
in the thermal-hydraulics area. Some of these
wmodels are already incorporated in the NRC best~
estimate codes, such as TRAC-PD2, TRAC-PF1/MODI,
TRAC/BDL, TRAC~BD1/MOD1, COBRA/TRAC, and RELAP35/
MOD2., A comparison of pertinent models used in
the TRAC-BD1/MOD1, TRAC~PF1/MOD1, COBRA/TRAC, and
RELAPS/MOD2 codes is presented in (11).

Based on a review of the present literature (in~
cluding the advanced cndes), it 1s now possible to
outline realistic models for most of the phenomena
important during a large break LOCA, In some
cases, several models should be assessed before
the final selection is made.

Initcial Fuel Stored Energy

The initial stored energy in the fuel rods depends
upon the temperature distribution and thermal con—
ductivity of fuel and gap. The gap conductance de~
pends upon the fuel-to—-clad gap. Analysis of var-
ious cycles of fuel life should be undertaken to
establish realistic stored energy, using codes
such as FRAPCON,.

Gap Conductance

The initial stored energy and subsequent tempera—
ture distribution in the fuel rod during the tran-
sient depends upon the fuel-to—clad gap width and
the corresponding gap conductance. The codes
should have a dynamic gap conductance model, which
takes into accounc the deformation of the fuel and
clad due to thermal expansion and also due to the
difference between gap pressure and fluid pressure
outside the clad. Among the current advanced
codes ,TRAC-PF1/MOD1, COBRA/TRAC and RELAP5/MOD2
account for some or all of these effects.

Peaking Factor

Axjal and radial peaking factors are very impor-
tant as they describe the power density distribu-
tion in the core and also define the hot spots,
where the peak clad temperature is likely to oc—
cur. These peaking factors depend upon the time
of life of the core and should be established by
some auxiliary calculation with codes like NODE-
P2, PDQ, SIMULATE, etc.

Decay Heat

Decay heat from fission products influences the
peak clad temperature for both PWR and BWR large
break LOCA. The recommendation for decay heat is
to use the ANS Standard 5.1 of 1979, along with
the actual fuel history which will provide the
correct steady state distribution of fission pro-
ducts. The advanced codes such as TRAC-PF1/MID},
TRAC-BD1/MOD1 and RELAP5/MOD2 have an option to
compute the decay heat from neutronic calcula-
tions,

Metal-Water Reaction

The metal-water reaction becomes signifizant when
the clad temperature exceeds 1600°F and it gene-
rates more energy in addition to the decay power.
The recommended model for this reaction is Cath-
cart-Pawel (12}, This model is more realistic
than the Baker-Just equation used in the current
ECCS evaluation methodology. It should be noted
that the PCT sensitivity to the model for metal-
water rteactlon increases at higher temperatures
and it has been shown recently (13) that replace-
ment of the Baker-Just model with the Cathcart-
Pawel model (while keeping everything else fixed
in a licensing calculation), results in a drop in
BCT of 63°F. This reduction will be less at lower
temperatures. There 1is another model available
(14) which is based on internal heating data and
should be considered.

Flow Regime Maps

In two-phase flow wodeling, some idea about the
distribution of each phase and the shape of the



interface are needed to compute the interfacial
heat, mass and momentum transfers. Some of this
information 1is obtained from flow regime maps.
The type of regimes and their boundaries are func-
tions of the geometry and orientation of channel,
vold fraction, and either the mass flux or super—
Ficial phasic velocities. Among various flow re—
gime descriptions available in the literature, the
description used in the RELAP5/MOD2 code 1s the
simplest; yet it accounts for channel orientation,
viz, horizontal or vertical, pre~-CHF or post—CHF
fluid conditions, and well mixed region such as
pump discharge.However, there is still a question
about the applicability of these flow regimes in
the heated rod bundle region. COBRA/TRAC, on the
other hand, uses special flow regime maps for the
heated bundle region which can be used as a guide
for other codes. At lower mass fluxes, stratified
flow may occur in the horizontal pipes of a PWR
system and 1is modeled by the Taitel and Dukler
(15) correlation in TRAC-PF1/MOD1 and RELAP5/MOD2
codes. There is no need to include such models in
the BWR LOCA codes.

Liquid Entrainment

Ir. some situations such as high vapor velocity or-
high void fraction, the flow regime changes from
bubbly or bubbly~slug to annular-mist flow.
Modeling of this regime requires estimating the
distribution of 1liquid in the film and droplet
forms. The recommendation here is to use the mod-
ified Ishii entraicment model as suggested by
Popov, et al (16). The COBRA/TRAC code has very
detailed entrainment and de-entrainment wmodels,
and thus merits consideration in the new realistic
ECCS methodology-.

Interfacial Momentum Transfer

TRAC and RELAPS codes have detailed fléw regime
dependent wmodels for the interfacial momentum
transfer, and may be considered as state-of-the~
art at this time. However, the TRAC-PF1/MOD1 code
lacks the virtual mass effect except in the choked
flow model. For annular flow, the recommendation
is to use the Bharathan-Wallis correlation (17)
for the counter-current flows and the Wallis cor—
relation (18) for co-current flows. This is .im
portant as 1t controls the refill and reflood
rates during a LBLOCA. Another approach (19) in
which the vapor drift velocity can be calculated
as a continuous function of void fraction and
superficial liquid velocity is also available. The
interfacial shear required in the two-fluid formu-
lation can then be obtained from this drifr velo-

city.

Interfacial Mass and Energy Transfer

The peak clad temperature depends upon the heat
transfer coefficients which are functions of the
vapor fraction, vapor and 1liquid temperatures,
flow rates, and the heat transfer regime. All

these parameters depend upon the interfaclal heat, °

nass and momentum transfer. The effect of noncon—
densables 1is also important as it tends to impede
the condensation rate. All advanced codes, name—
ly TRAC, COBRA/TRAC and RELAP5/M0OD2, have detailed
models for vapor generation which attempt to ac—
count for flow regimes and interfaclal area and
shapes. A thorough review of these models {is

needed. A limited assessment of the TRAC-BD2 code
{20) shows room for significant improvement in
this area. In a recent survey (21) of existing
correlations and data in direct contact condensa—
tion, it was concluded that there is a lack of
data in the area of high pressure and also at high
liquid subcooling.

Critical Flow

There are two approaches to the computation of
critical flow: (a) using rigorous formulation such
as the method of characteristics, and (b) using
critical flow correlations such as those developed
by Moody (22) or Henry-Fauske (23). The first ap~
proach 1s very time consuming from the computa-
tional viewpoint, and most of the codes are,
therefore, using the second approach. The criti-
cal flow model also depends upon the location and
size of the break and the fluid conditions up-
stream of the break. For subcooled liquid, it is
recommended to apply Jones' correlation (24) of
flashing delay for computing the choke plane pres—
sure and the Bernoulll equation up to choke plane
for calculating the flow rate.The use of the homo—
geneous equilibrium (HEM) model 1s recommended for
two-phase conditions.

Flooding or CCFL

This phenomenon controls the amount of 1liquid
which can flow down for a specified vapor upflow
rate and it is very sensitive to interfacial mo-
mentum transfer. Therefore, either interfacial
momentum transfer for each geometry, where flood-
ing 1s expected, has to be accurately modeled, or
empirical flooding curves for each geometry have
to be used. Flooding curves or correlations due
to Wallis or Kutateladze are ‘available for that
purpose. Only TRAC-BD1/MODl has incorporated the
flooding or CCFL correlations for the upper core
support plate and the side entry orifices (SEOs).
Use of flooding correlations can be avoided only
if accurate models for interfacial shear and en-
trainment can be developed.

Level Tracking

In BWRs, it is important to calculate the loca-
tion of downcomer water level since it controls
the initlation of the safety injection system. A
level tracking model is, therefore, essential for
the BWR LOCA codes. TRAC-BD1/MODl has a model for
this purpose; however, it has not yet been exten-
sively assessed.

Parallel Channel Effects

It has been observed in multi-channel test facili~
ties such as SSTF that different core channels be-
have differently during the refill/reflood phase
of a BWR LOCA, The flow configuration in these
channels varies from co-current or counter-current
two-phase flow to single phase flow. These varia~
tions in channel flows are caused by the multi-di-
mensional fluid conditions in the upper plenum due
to the sparger location and the variation in the
power levels in these channels. A code with a
one-dimensional model for the VESSEL component
cannot model these effects. However, this impact
of the phenomenon on PCT has not yet been estab~
lished. TRAC-BD1/MODl has a capability to model



the vessel with elther one- or three-dimensional :
formulations, and can be used to assess the sensi- .
tivity of important LOCA parameters to these ef-

fects.
Wall Friction

There are many correlations avallable in the 1li-
terature for calculating the momentum transfer
between the wall and a two-phase mixture, How—
ever, based on our experience, the HIFS correla-
tion (25) is the most accurate. Columbia Univer—
sity (26) has also developed a correlation, which
has a wide data base covering possible BWR and PWR
conditions. These correlations were, however, de-
veloped for round tubes while the flow regimes and
pressure drops in the rod bundle will be differ—
ent. In the absence of any corre'ation based on
tod bundle data, the HTFS and Columbia University
correlations with appropriate hydraulic diameter
are recommended.

Additional Friction Losses

Besides the friction loss at the wetted surfaces,
there are additional losses at area changes, bends
and grids, etc. These losses should be provided
for as additional loss coefficients in a code.
Some codes such as TRAC-PF1/MOD] and COBRA/TRAC
have built—-in area change models along with the
option for user supplied additional friction.
However, TRAC~-BD1/MOD1 requires user supplied ad-
ditional losses at all locatlons.

Wall Heat Transfer

Single-~Phase Liquid

" The Rohsenow-Choi correlation (27) is recommended

for Re € 2000 (laminar flow).

The Dittus—-Boelter correlation with correction
for rod bundle due to Weisman (28) 1is recommended
for Re » 2000 (turbulent flow).

Nucleate Boiling

The Chen correlation (29) 1s recommended up to
the CHF or DNB (departure from nucleate boiling)
point, An alternative could be that used in the
EPRI void model (30).

Post—~CHF Heat Transfer Package

There are two best-estimate packages, one by
Groeneveld and Rousseau (31) and the other by
Hsu and Young (32). Both packages consist of
a CHF correlation, a correlation for minimum
stable film boiling temperature, and the heat
transfer correlations for transition boiling,
film boiling and superheated steam. Because of
space limitation., a discussion of these packages
is not possible here, but it can be found in (llj}.

In addition to these packages, there are other
critical heat flux models recommended by various
organizations, e.g., University of Waterloo (33),
Westinghouse (34), Columbia University (35), and
Argonne National Laboratory (36).

Columbia University (35) reviewed a wider range
of data and developed thelr own CHF correlation

(EPRI~1) which can also be used as an option in a
LOCA code.Leusng (35), on the other hand, suggested
the modified Zuber correlation for the low mass
flux (< 100 kg/m®s), and CISE (37) and Biasi cor—
relations (38) for high mass flux (> 200 kg/m’s).
These correlations have been used in the COBRA/
TRAC code, and are avallable as options in the
TRAC-BD1/MOD1 code.

Pump Model

The pump performance under two phase conditions
expected durlng LOCA, affects che core inlet flow
and PCT. In the case of a small break LOCA, the
vapor concentration is smaller and the pump iIn-
fluence will be:- ever more significant.Currently
all the advanced codes have the same pump model
based on Semiscale two—phase homologous curves and
degradation function. These models have not yet
been verified with different scale pumps. There
are other models available through EPRI programs
(39 =41) which should be considered.

CONSIDERATIONS FOR SMALL BREAK LOCA

The previous two sections have emphasized the phe~
nomena and best~estimate models for large break
LOCA in both PWRs and BWRs. However, an ECCS must
also meet the challenge of a small break LOCA. 1In
this section, we will discuss the differences (if
any) between the large and small break LOCA
(SBLOCA) 1in both PWRs and BWRs, and examine if
any special models are required to predict the
reactor behavior during a SBLOCA.

SBLOCA in a PWR -

The transient scenario during a small break LOCA
in a PWR 1is quite different from that during a
large break LOCA as described in the section on
"Large Break LUCA in PWRs". First, the mass dis-
charge rate during a SBLOCA is, of course, much
lower than that during a LBLOCA. This results in
a slower depressurization of the primary system
and a longer, less violent transient. However,
the break flow rate model is just as important in
SBLOCA as it is in LBLOCA. Moreover, the break
flow model should take into account the location
and orientation of the break, i.e., at the bottom,
top or side of a pipe [42].

Second, the scenario 1s significantly affected by
the assurmption regarding the reactor coolant pump
(RCP) operation. If the pumps are assumed to be
runaning, the pump performance for two—phase opera-
tion becomes very important. On the other hand,
if the pumps are tripped, either manually or be-
cause of loss of A.C. power, the primary system
settles In a natural circulation mode resulting in
phase separation in the pressurizer, reactor ves—
sel and reactor pipings. Thus, accurate models
are needed to predict stratification in horizoantal
pipes and two-phase mixture levels in the pressur—
izer, upper head, upper plenum and core. This is
an additional requirement 1f a large break LOCA
code has to be modified for application to SBLOCA.

Third, the stcam generator heat transfer 1is more
important during a SBLOCA than in a LBLOCA since
the energy loss through the break is significantly
less in the former case. Thus, the primary heat



loss through the steam generator becomes a signi-
ficant part in the overall balance between the
energy input and output of the primary system.

On the other hand, the ECC bypass stage of the
LBLOCA does not occur during a PWR SBLOCA. This
1s a considerable modellng relief for a SBLOCA
code. However, the wall heat transfer package as
described 1in the "Wall Heat Transfer" section
should hold good for both large and small break

LOCAs.

In summary, a code developed for best-estimate
analysis of LBLOCA in a PWR can also be used for a
SBLOCA analysis 1if the following modeling addi-
tions are made:

1. Expand the break flow model to include
the effect of break location and orien—

tation.

2, Stratified flow model in horizontal hot
and cold legs.

3. Phase separation or two-phase mixture
level calculation in the vertical com—
ponents, i.e., pressurizer, core, etc.

4, Single and two-phase natural circulation
including reflux mode in the hot leg.

5. Accurate two-phase pump model.

6. Accurate heat transfer models in steam
generator. This includes condensation
in the primary side and two—phase mix-
ture level in the secondary side.

Alternatively, a specialized fast running code for
SBLOCA can also be developed.

SBLOCA in a BWR

Unlike in PWRs, there 1s no significant differ—
ence between the transient scenarios during a
large and a small break LOCA in a BWR. This is
because of the actuation of the automatic depres-—
gurization system (ADS) during a SBLOCA. This
system essentially transforms a SBLOCA into a
LBLOCA. Thus, a best—estimate code suitable for
analyzing a BWR LBLOCA should also be adequate for
analysis of a BWR SBLOCA.

RECOMMENDATIONS FOR REALISTIC ECCS EVALUATION

The parameters which characterize a large or
small break LOCA in an LWR are the fuel cladding
temperature peaks and their tiaings in the blow-
down and reflood phases, and the timing of the
quench of hot spots. Prediction of these parame-
ters is affected by many thermal-hydraulic and
fuel behavior models as discussed. For a realis-
tic ECCS evaluation methodology, these models must
be physically reasonable and have a broad data
base. One approach of developing a new ECCS eval-
uation procedure would be to examine the present
best-estimate LOCA codes, select the best avail-
able code, and improve the code by incorporating
more accurate and physically realistic models.

There are three NRC-sponsored codes, namely, TRAC-
PF1/MOD1, RELAP5/MOD2 and COBRA/TRAC that should

be considered for the PWR LOCA analysis. based on
the overall technical capabilities and user con-
venience, we recommend that the latest version of
TRAC-PWR, 1i.e., TRAC-PF1/MODl, and RELAP5/MOD2 be
considered fur the firal selection as the base
code for developing the new ECCS evaluation mech-

odology for PWRs.

TRAC-PF1/MODL is an fmprova<d version of the large
break LOCA code, TRAC-PD2, and is applicable tn
both large and small break LOCA analyses for PWRs.
The VESSEL module of TRAC-PF1/MODL has the option
of using either the three-dimensional or the one—
dimensional thermal-hydraulic formulation for
modeling the reactor vessel. Both formulations
are based on a two-fluid model. The loop compo~
nents, 1l.e., the components outside the reactor
vessel, also employ the one-dimensional two-fluid
model. For the one-dimensional formulation, a
two-step numerics has been used to reduce the comr
puter running time. Finally, the previous ver—
sions of TRAC-PF1/MOD1, i.e., TRAC-PFl and TRAC-
PD2, have been assessed at several organizations
including Brookhaven National Laboratory (BNL)
with test data pertinent to both large and small
break LOCAs in PWRs, and reasonable agreement be-
tween the code predictions and the test data has
been found in most cases.

RELAP5/MOD2 on the other hand, is more flexible
and user oriented code than TRAC. It also uses a

one~dimensional two~fluid formulation. The con- -
stitutive packages are quite comparable in TRAC-
PF1/MOD1 and RELAPS/MODZ. However, RELAPS5/MOD2
lacks a multi-dimensional capability for wmodeling
the vessel and has a very limited history of

- asgsessment. Therefore, if multi-dimensional ef-

fects can be accounted for by correlations with a
wide data base, and 1f the code is extensively as—
sessed, then RELAP5/MOD2 will be a serious conten—
der for realistic LOCA analysis. Tt has an added
advantage that it could be used for both PWR and
BWR applications.

For BWR LOCA analysis, the selection should be
made between the TRAC-BDI/MOD1 and RELAPS/MOD2
codes. TRAC-BDl is essentially the BWR version of
TRAC-PFl. Thus, the thermal-hydraulics in the
reactor vessel 1s calculated using a three-dimen-—
sional, two-flulid model. As discussed in "Large
Break LOCA in BWRs"”, multi-dimensional phenowmena,
particularly in the upper plenum, play a major
role during the BWR LOCA. Besides, the RELAPS
developument efforts during the past few years had
concentrated mostly on PWRs. Therefore, based on
overall technical merits, we recommend that TRAC~
BD1/MOD1 be selected as the base code for develop-
ing the new ECC3 evaluation methodology for BWRs.
However, 1f RELAP5/MOD2 or a similar code {is
chosen for PWR 1.0CA analysis, it might be advanta-
geous to modify or improve the sawe code for the
BWR LOCA analysis as well.

Table 1 shows a comparison among the current ECCS,
TRAC-PF1/MOD1, TRAC-BD1/MODI, and the BNL-suggest=
ed models for LOCA analysis based on the current
literature survey. The BNL-suggested wmodels may
be Incorporated either in the TRAC-PF1/MODL, TRAC-
BD1/MOD1I or RELAP5/MOD2 code and the results
should be compared with a broad range of experi~
mental data pertinent to the LOCA. It should be



kept in mind that these models are usually based
on gseparate-effects tests, which may be liwited by
scale and fluid conditions such as pressure, tem~
perature, etc., and should be assessed with inte—~
gral and larger scale tests. The effort should,
of course, be concentrated on the phenomena which
have maximum impact on the peak clad temperature
(PCT). The relative importance of these models,on
the hasis of their effect on PCT in the blowdown
phase of a PWR LBLOCA, were established in a pre-
vious study (6) using RELAP4/MOD6. The core
power, gap conductance, peaking factor, etc. were
in the top seven positions, while surprisingly,
critical or break flow models were ranked tenth.
Similar conclusions were algo reached in the re~
cent BNL study using the TRAC-PD2/MOD1 code (5).

Besidas the thermal-hydraulic models, there are
also uncertainties regarding the initial condi-
tions such as core power, peaking factor and fuel
and clad properties for both PWR and BWR LOCA
analyses. It 1s recommended that realistic values
be used for these parameters. Some of these para~
meters do depend uponr the time of life of fuel in
the fuel cycle.

Other conservatisms are in the transient sgcenario
specified in the current ECCS evaluation wmethod.
These are: single failure in ECC gsystem which may
result in loss of one of the two trains for ECC,
and reactor coolant pump trip. For PWR LBLOCA,
these gscenarios shift the PCT from the blowdown to
the reflood phase, and now the Ilmportant para—
meters are the decay power, flooding in downcomer,
wondensation, metal-water reaction, etc.

Finally, the current ECCS methodology does not
specify any constraints' for vapor generation or
condensation model. .However, nonequilibrium phase
change is an accepted ijmportant phenomenon during
the transient, and it will affect the break flow
rate, the heat transfer regimes in the core, ECC
bypass in a PWR downcomer, BWR upper plenum mix-
ing, etc. The vapor generation wmodels in the
TRAC-PF1/MODl,  TRAC-BDI/MODI and RELAP5/MOD2
codes are acceptable in most cases, but direct
contact condensation models are still not estab-
lished with the same degree of confidence.
Moreover, there is still a need for ranking the
various phenomena and models which are relevant
during various stages of LOCA when additional
failures are postulated.
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TABLE 1 = COMPARISON AMONG THE CURRENT ECCS EVALUATION MODELS, TRAC-PF1/MOO! MODELS,
TRAC-8D1/MOD1 MODELS, AND BNL SUGGESTIONS FOR DEYELQPING
A NEW REALISTIC ECCS METHODOLOGY FOR PWRS.

MODEL _NO. . CURRENT ECCS EVALUATION MODELS

A. Source ot Heat Curlng LOCA

Ce

A4 Fission product decay heat wiil
be 1,2 times J971 ANS

] Meta|-water roaction, 6aker-just
(64), Reaction not (imited by
stezn and also appilcable to inner
side ot clad,

Swelling and Rupture of the Clsdding

Amount of fue! swellling dues to
Increase in gap pressure,

Blowdown Phenomena

Ctb Breakx flow rate based on Moody
model; Cp=0.6 = 1.0

TRAC-PF1/MOD!_MODELS TRAC-BD1/MOD]_ MODELS
L2
Code allows decay power Code ailows decay power
as ‘nput, : as nput,
Cathcart {43) Cathcart (43)

The code accounts for clad The code does not account

datormation due to temper- for clad daformation, fuel swell due to gap
sture but not due to gop prassure and clad
pressure, temperature simiiar to
FRAP, GAPCON or
COBRA/TRAC,
Mode! close to HEM for two Model based on RELAPS Nonequ bl 1brium mode! for
phase flow and tor for two phase conditions subcooled biowdonw,HEM
subcooled liquid, the and modifled Burneli (44) for saturated blowdown,
choked veloclity is tor subooled choking. (See Section 3,10)

obtalined from the
Bernoul #1 equation with
choked plane pressurs from
Jones (24) with HEM
critical velocity as fower
1imit,

ion for the Minimum
AIChE Symposium

BNL-SUGGESTED MODELS

Decay power based on
ANS1=ANS/1979 Standard
srd with actual oper-
ating history

Cathcart-Pawel (13) or
Ocken (15},

Code should account for



MODEL NO.

Cic

s

Che

CURRENT ECCS EVALUATION MODELS

TRAC-PF1/MODt MODELS

Subtract the total amount of
11quld Injected during the by~
pass period from the }lquld
laventory of ths vessel,

Frictional pressure drop will be
based on experimentally ver!fled
two-phase mujtipller,

Critlcal heat flux modeis, Ones
based on stesdy state data are
permittad for LOCA translents.

Critical heat flux models (11)
from steady state data perm!tted
but not restricted to: W3, BAw-2,
Hanch-Levy, Macheth, Barnett,
Hughes. -

Critfcal heat fux modeis (11}
trom translent data are accepta—
bie but not restricted to
S11fer-Hench,

No rewetting or return to nu-
clsata bolling permitted In blow
down phase,

Post-CHF heat transter., Any
mode) which 1s supported with
data,

Some ofh' the correlations which
are acceptabie are: Groensveid
correlation for f1im bolifing
away from low pressure singular-
1ty. Oougati-Rohsenow f1im
boiilng correlctlon,

Westinghouse correlation for
transition batting (11},
Hchonough, MI11ch and King
correlation for transition
bol)ing,

The code Is hased on
phencmenologlical madel of
Intertaclal mass and mo-
mentum transter, Entrain-
ment modei Is based on
Kataoka and Ishll correja-
tlon (45) Intertaclal
shear In annular flow -
Wallls correlation (8},

Homaganeous and annular
flow muitip)lers, Each of
them have difterent single
phasa correlatlon,

Blasl correlaticn (28),

Same 8s CA

Same a3 C4

Cods will] compute heat
transfer rate as psrmitted
by flutd and rod surface

Liquid HTC based on
Bromiay (52}, radlatlon

TRAC=BD1/MOD1 MODELS BNL-SUGGESTED MODELS

Code should properly cal=

culate ECC bypass durlag
blowdown phase. The models can
be developed on the baxls of
Crears, BCL, tests for ECC by
pass. In the Interim, sither the
intertaclal shear should be
Increased or smpirica) tlooding
curves be Imposed on the
dowicomer fiow as done In
TRAC~BD!/MOD1 at core support
piate and slde entry orlflce.

Hancox and Nicol] (46) two HTFS {25) or Baroczy or
phase multipller with single Columble Unlversity
phase frictton tactor from (26) correlation,
Ptann (47).correlation,

Btas! critica) quallty or The followlng correlations
GE/CISE crittcal quallty are suggested

correlatlon for G > 200 (1) Bowring WSC~2 (48)
kg/m®s and mod1tled Zuber (2) Columbla EPRI-T (35)
for low tlows, (3} Groeneveld (49}

(4)s For PWR, 8las! [38] high
flow. Modlfled Zuber {50)
Jow tiows (PWR)
b For BWR, CISE-GE (51} high
fiows, Modifled Zuber
(50} low flows,

Same as CA Same 83 CA

Same as C4 Sams as C4

Code wl!)) compute heat Rewet or resturn to nucleate
transfer rate as parmitted bollting should depend upon

by fiuld and rod condl- flulo and clad conditlions,

Bromley (52} for }lquld phase Chen (55} for vapor phase,

and Forslund-R tor
dispersed droplets,
vapor HTC tn t1im bolling,

Transitlon boliing, total
heat transfer 1s obtalned
from quadratlic Interpala-
tlon batween CHF and cor-
relatlion at minimum stable
f11m bolling polnt, The
vapor heat transfer [s the
same as In C5b and ilquld
difference of mixture or
tota} and vapor phase,

and maxtimum of Dougall- - Tlen's moded tor radlatton
h (54), Jeminar fiow heat transter to droplets,

and natural clrcutatton Forsiund-Rohsenow for

correfation (53}, contact droplet heat trans-

fer. Or, Bersason (56)
with modification tor sub-
cooled Jiquld,

-

VYapor HTS as max of Tong & Young (57} for

Douga!1-Rohsenow (54) and 11quld phase and Dougall

netural convectlion, Llquld Rohsenow (54) for vapor

HTC as comblnatlon of Bromley or vapor droplet with

and quadratic Interpalation thermal nonequ!ilbrium

between CHF and Tgpn polnts. wmodel. For low flow (mass
tiux <580 kg/ m“s)} Hsu
correlation (32) may be
used, Or, llnear Interpo-
1atlon between CHF and MSFB
on fog-log graph.



CURRENT ECCS EVALUATION MODELS

JRAC-PF1/MODY_MODELS

The transitlion tolilng correla-
tlcn shal) not be used during
blowdown 1§ the temperature dlf~
ferance between the clad and the
tiuld excesds 300°F,

No return to translitlon boliing
during bltowdown,sven 1f tempera~
ture dltfersnce betwaen clad and
tluld 1s tess than ZOOF.

Purp modellng based on reallistic
data, Furthermore, whaen
saturatlon condltions are detected
at the BWR pump suctton, the pump
heat Is assumed t0 be proportional
1o tniet qualtty, golng to zero
tfor 1% nua)lty, so long as core
flow stops bstore pump suctlon
quallty reaches 1%,

D. Post-Blowdown Phenomana

D4

o6b

béc

No steam flow In unbroken loops
durtag refl)) and refiood phase,
when accumulator tiow In cold
leg.

Retll] and reficod heat transfer
for PHR.

For retlood rate of 1 Inch/sec or
more, the heat franster rate is
besed on appllcable experimental
data lncluding FLECHT data,

Convectlve heat transter costtl-
clent for BWR rods under spray
cooling wiii be based on appro-
prlate expsrimental data,

Convectlve heat fransfer coeffl-
clent of zero be appiled betwsen
the time perlod of lowsr plenum
flashing and core spray reachlng
rated tlow, .

H.T. coetficlents during perlod
between core spray snd retiocoding
wil} be 3.0, 3.5, 1.5 and 1.5
Btu/hr t1“F tor rods In outer
corner, cuter row, next to outer
row snd Interlor,

Atter refiooding fluld reaches
the required level, a H.T, coatf=
tictent of 25 Btu/hr +1°F wit)
be appiled to all rods,

Transitlon botling regime
1s assumed whenever a<0.96
20d Tciad <Tugpge The
minimum stable £llm boll-
Ing temperature s cbtaln-
ed from homogeansous nu~
cleation correlatlon by
Henry (58),

Transitlon bolilng 1s ai-
{fowed whenever fluld and
clad conditlons permit,

Code has optlon of speci=
tytng single and two-phase
homojogous curves ajong

with degradation functlon
through the Tnput or using
tullt-1n Semliscale curves.

Computed on the basls of
phencmenaloglcal modals,

Cxde does not have any
spaclal corrsjations and
the calculatlon !s basasd
oh mechanistlc model,
accounting for flner
nodal Izatlons around the
quench front and axfaj
conduction In the rods,

TRAC-B01/MOD] MODELS

Transition bolling regime

wil} be used It the tiulc and

surface conditlions meet
the criterion Toyag<Tmine

Transitlon bolling Is
allowed whenever tiuld eng
clac conditions permit,

Code has option of
speclfylng single ang
two-phase homologous curves
along with degradatlon
tunction through the tnput
or usfng bulit=tn Semiscaije
curves,

Th1s code has multl-dimen-
sTonal/mult1-channe] models
for the core. The heat
transter cosfficlents at
various Jocatlons at the
rod surface and channet box
surface wll} be determined
on the basls of tluld
conditlons and surface
temparature,

BNL-SUGGESTED MODELS

Tuspg €an be obtalned

¢rom homogensous nuclsation
correlation by Henry(58).
Qther models such as (56)
should aiso be consldered,

Transition bolllng Is allowed
whenevar fiuld and clad
conditlons permlt, Model
should use rea)lstlc homalo-
yous curvas and degradatlon
functfon obtalned for actus!
pump or properly scaled pump.

Computed on the basls of
reallstic mode)s.

No distinctlon needed for 1
tnch/sec of refjcod rate.
A machanistic model along
with axta} conductlon would
be sutticlent,

Correlatlions based on TLTA or
ones In TRAC-BD1/MOD! can be
used after sufflclent
veritlication,



BNL-SUGGESTED MODELS

MODEL NO. CURRENT ECCS EVALUATION MODELS TRAC~PF1/M001_MODELS TRAC-BO1/MOD1_MODELS

o7 Requlremants for channel box are Same as for D6
simffar to rods as described In
D&,

D7a Same as D6a

D7b HuT. costflclent of § Btu/hr +12F
Instead of glven In D6D,

D1c Wettlng of the channel box shall

be assumed to occcur 60 seconds af.
f{er the time determined using the
correlation based on Ysmanouchl
analysls,

glcal bas!s,

Note:

Severa) correjations have besn suggested for the same phenomsna !'n Secttons C4 and C5,
studles and code assessment ars needed to select the best model,

Wettling of channei box 1s
predicted on phenomenclo-

Sensitivity

Correlations based on TLTA or
ones In TRAC-BD1/MO01 can be
used IF verifled,

wWetting of channe} box should
bs based on phanomenologlcal
basls.



