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ABSTRACT

This paper identifies 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 nay be
Incorporated in a present best-estimate code such
as TRAC or RELAP5 in order to develop a realistic
ECCS evaluation methodology 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
means for nuclear power plants to mitigate the
consequences of loss of coolant accidents (LOCAs).
Currently, two very different approaches are used
to evaluate the performance of ECCSs during design
base LOCA. In one approach, a set oZ 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 conservatisms such as,
high decay power, subtraction of the Injected
coolant during the blowdown phase from the primary
system inventory, permitting the return to nu-
cleate boiling only in the reflood phase, etc.
This approach is used for licensing purposes.
Various recent studies have shown that this ap-
proach la very conservative and many of these
guidelines are not physically realistic.

The second approach is based on the latest under-
standing of fuel behavior and two-phase thermal
hydraulics. It is in the form of best estimate
codes such as, TRAC-PF1/M0D1, TRAC-BDl/MODl,
RELAP5/M0D2 and RETRAN-03. These codes provide
realistic simulation of plant conditions during
Che transient. A realistic ECCS methodology im-
pacts the overall design of a nuclear plant in
terms of capital cost, operating cost and plant
complexity. Using a realistic ECCS methodology
can potentially save $50-100 million per future
LHR plant. This methodology can also be used by
existing plant owners to gain significant
operational flexibility.
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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-BDl/tlODl (2), COBRA/TRAC
(3) and RELAP5/MOD2 (4)). Finally, a set of
models is recommended which can be Incorporated in
a 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 Hater 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 Is a continuous
transient consisting of three distinct phases.
These are: (a) blowdown,1 (b) refill, and (c) re-
flood. Each of these periods is governed by dif-
ferent dominant phenomena. 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 temperature his-
tory in the blowdown and reflood.

Blowdown Phase

It is assumed that the accident is Initiated by »
double-ended guillotine (2001 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 stagnation 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 pressure decreases to satura- I
tion pressure and the break flow decreases. The
intact cold leg flow noj exceeds the break flow
rate and the core inlet flow is restored, which
may result in partial or core-wide quenching. This
sequence of events causes the first peak in the
clad temperature history. The core inlet flow os-
cillations due to 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, injection 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 net
gain in the vessel Inventory for some period as
most of the injected liquid Is bypassed through
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Che 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 Is 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 is 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/KOD6 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. In this
period of the accident, which generally lasts for
approximately 20 seconds (S), the ECC water starts
to reach the lower plenum and there is usually a
counter-current flow 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 downcomer. The re-
fill stage ends when the lower plenum is reason-
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 period. 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 interfaclal momen-
tum transfer or slip, the entrainment 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 multl-dlmensional
thermal-hydraulic phenomena, but also due to the
geometry of the downcomer annulus, 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 is achieved.
The liquid rises into the core region from the
lower plenum, and the region below the quench
front enters into the nucleate boiling regime.
This results In rapid cooldown of the core and a
large axial temperature gradient in the clad
across the quench front. The core region above
the quench front will still be either in the in-
verted annular flow regime (for high flooding
rate) or the dispersed droplet regime (for low
flooding rate).These regimes have poor heat trans-
fer characteristics, but nay 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 is normally expected. In the best-esti-
mate calculations performed so far, the clad tem-
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 transient are the condensation in cold legs,
heat transfer regimes in the core spscially 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 and 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
vaporizes 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
important phenomena for large break LOCA in PWRs
with and without UHI 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) reflll/reflood.The following
description of these events is supported by the
observations In the TLTA (two loop test apparatus)
(8) and SSTF (steam sector test facility) (9) test
facilities, and the TRAC-BD1 BUR/6 LBLOCA calcula-
tion (10).

Blowdown/Window Period

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



the upper downconer and separator regions. A dou-
ble-ended break is 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 voids
which will reduce the clad heat-up rate. Initial-
ly, the sysf 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
Che large volumetric flow through the break.

The lower plenum pressure approaches the satura-
tion pressure, and the core inlet flow rate is
still small. 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, T>--mp coast-
down, fuel stored energy, fuel properties, initial
core power, and the wall heat transfer.

Lower Plenum Flashing Period

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
mass loss from the lower plenum exceeds the mass
gained from the core channel and bypass region,
the side 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 puap. This results in a large
steam flow and subsequent -CCFL at SEOs. 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 liquid 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 psl, 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 region 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
assists in cooling the channels. The bypass re-
gion quickly fills up, and continues to inject li-
quid Into the core channels through the leakage
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 SEOs.

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 tie 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 temperature 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 liquid 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 s
downward co-current flow. The other effect Is on
the high power (or central) channels, which are
generating more vapor than the average channel
which controls 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 transition Co high void,
co-current upward flow regime. These variations



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

The important phenomena In this phase are the CCFL
at upper tte plate (UTP) and side entry orifices'
(SEO), parallel channel effects, vapor generation,
multi-dimensional effects in the upper plenum and
bypass region, and the wall heat transfer includ-
ing quenching.

There has been no detailed and systematic study,
to our knowledge, to rank the various phenomena 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 failure and under conservative require-
ments. These include a lower containment pres-
sure, availability of only one train of ECCS,
lower Initial inventory of accumulators and loss
of power to the reactor coolant pumps (FUR) and
recirculation pump (BWR). These additional 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 BREAK«
LOCA

Simulation or 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
models are already incorporated in the NRC best-
estimate codes, such as TRAC-PD2, TRAC-PF1/M0D1,
TRAC/BD1, TRAC-BD1/M0D1, COBRA/TRAC, and RELAP5/
M0D2. A comparison of pertinent models used in
the TRAC-BDl/MODl, TRAC-PF1/MOD1, COBRA/TRAC, and
RELAP5/M0D2 codes is presented in (11).

Based on a review of the present literature (in-
cluding the advanced codes), it is 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.

Initial Fuel Stored Energy

The initial stared 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 account 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/MODI, COBRA/TRAC and RELAP5/M0D2
account for some or all of these effects.

Peaking Factor

Axial 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 ?WR and BUR 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/MOD1,
TRAC-BDl/MODl and RELAP5/MOD2 have an option to
compute the decay heat from neutronic calcula-
tions.

Metal-Water Reaction

The aetal-water reaction becomes significant 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 aodel for metal-
water reaction 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
PCT of 63*F. This reduction will be less at lower
temperatures. There is another model available
(14) which is based on internal heating data and
should be considered.

Flow Regime Map3

In two-phase flow modeling, 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 is obtained from flow regime maps.
The type of regimes and their boundaries are func-
tions of the geometry and orientation of channel,
void 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 is 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 Is 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

IF. 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 liquid in the film and droplet
forms. The recommendation here Is to use the mod-
ified Ishii entrainment model as suggested by
Popov, et al (16). The COBRA/TRAC code has very
detailed entrainment and de-entrainment models,
and thus merits consideration in the new realistic
ECCS methodology.

Interfacial Momentum Transfer

TRAC and RELAP5 codes have detailed flow regime
dependent models for the interfacial monentum
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 it 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 drift 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 liquid temperatures,
flow races, and the heat transfer regime. All
these parameters depend upon the interfacial heat, '
mass and momentum transfer. The effect of noncon-
densables is also Important as it tends to impede
the condensation rate. All advanced codes, name-
ly TRAC, COBRA/TRAC and RELAP5/M0D2, have detailed
models for vapor generation which attempt to ac-
count for flow regimes and interfacial 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 is 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 Bernoulli equation up to choke plane
for calculating the flow rate.The use of the homo-
geneous equilibrium (HEM) model is i'ecomroended for
two-phase conditions.

Flooding or CCFL

This phenomenon controls the amount of liquid
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 is 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/M0D1 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 initiation of the safety injection system. A
level tracking roodel is, therefore, essential for
the BWR LOCA codes. TRAC-BDl/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-BDl/MODl has a capability to model



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

Hall Friction

There are aany correlations available In the li-
terature for calculating the momentum transfer
between the wall and a two-phase mixture. How-
ever, based on our experience, the HTFS 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 FWR
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 correlation based on
rod 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/MOD1 and COBSA/TRAC
have built-in area change models along with the
option for user supplied additional friction.
However, TRAC-BD1/M0D1 requires user supplied ad-
ditional losses at all locations.

Wall Heat Transfer

Single-Phase Liquid

The Rohsenow-Choi correlation (27) Is recommended
for Re £ 2000 (laminar flow).

The Dlttus-Boelter correlation with correction
for rod bundle due to Weisman (28) is recommended
for Re > 2000 (turbulent flow).

Nucleate Boiling

The Chen correlation (29) Is 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 (11).

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 their own CHF correlation

(EPRI-1) which can also be used as an option in a
LOCA code.Leung (36), on the other hand, suggested
the modified Zuber correlation for the low mass
flux « 100 kg/m2s), and CISE (37) and Biasl cor-
relations (38) for high mass flux (> 200 kg/m2s).
These correlations have been used in the COBRA/
TRAC code, and are available as options in the
TRAC-BDI/M0D1 code.

Pump Model

The pump performance under two phase conditions
expected during LOCA, affects the core inlet flow
and PCT. In the case of a small break LOCA, the
vapor concentration is smaller and the pump in-
fluence will be even 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. In
this section, we will discuss the differences (if
any) between the large and small break LOCA
(SBLOCA) in both PHRs and BURs, 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 is quite different from that during a
large break LOCA as described in the section on
"Large Break LOCA in PWRs". First, the mass dis-
charge rate during a SBLQCA is, of course, ouch
lower than that during a LBLOCA. This results in
a slower depressurlzation 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 [421.

Second, the scenario is significantly affected by
the assumption regarding the reactor coolant pump
(RCP) operation. If the pumps are assumed to be
running, the pump performance for two-phase opera-
tion becomes very important. On Che 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 horizontal
pipes and two-phase mixture levels in the pressur-
izer, upper head, upper plenum and core. This is
an additional requirement If a large break LOCA
code has to be modified for application to SBLOCA.

Third, the steam generator heat transfer is 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 Che 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
is a considerable modeling relief for a SBLOCA
code. However, the wall heat transfer package as
described in 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 PUR can also be used for a
SBLOCA analysis if 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 BUR

Unlike in PWRs, there is 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-
surization 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 BUR SBLOCA.

RECOMMENDATIONS FOR REALISTIC ECCS EVALUATION

The parameters which characterize a large or
small break LOCA in an LUR are the fuel cladding
temperature peaks and their ti lings 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 SRC-sponsored codes, namely, TRAC-
PF1/MOD1, RELAP5/MOU2 and COBRA/TRAC that should

be considered for the PUR LOCA analysis, based on
the overall technical capabilities and user con-
venience, we recommend that the latest version of
TRAC-PWR, i.e., TRAC-PF1/MOD1, and RELAP5/H0D2 be
considered fur the fir.al selection as the base
code for developing the new ECCS evaluation meth-
odology for PURs.

TRAG-PF1/M0D1 Is an Improved version of the large
break LOCA code, TRAC-PD2, and Is applicable fn
both large and small break LOCA analyses for PURs.
The VESSEL module of TRAC-PF1/MOD1 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, i.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 com-
puter running time. Finally, the previous ver-
sions of TRAC-PF1/M0D1, i.e., TRAC-PF1 and TSAC-
PD2, have been assessed at several organizations
including Brookhaven National Laboratory (BNL)
with test data pertinent to both large and small
break LOCAs in PURs, and reasonable agreement be-
tween the code predictions and the test data has
been found in most cases.

RELAPS/M0D2 on the other hand, is more flexible
and user oriented code than TRAC. It also uses a

one-dlmenslonal two-fluid formulation. The con-
stitutive packages are quite comparable in TRAC-
PF1/MOD1 and RELAP5/MOD2. However, RELAP5/MOD2
lacks a multi-dimensional capability for modeling
the vessel and has a very limited history of

- assessment. Therefore, if raulti-dimensional ef-
fects can be accounted for by correlations with a
wide data base, and if the code is extensively as-
sessed, then RELAP5/MOD2 will be a serious conten-
der for realistic LOCA analysis. It has an added
advantage that it could be used for both FUR and
BUR applications.

For BUR LOCA analysis, the selection should be
made between the TRAC-BD1/MOD1 and RELAP5/MOD2
codes. TRAC-BD1 Is essentially the BUR version of
TRAC-PF1. Thus, the thermal-hydraulics in the
reactor vessel is calculated using a three-dimen-
sional, two-fluid model. As discussed in "Large
Break LOCA in BWRs", multi-dimensional phenomena,
particularly in the upper plenum, play a major
role during the BUR LOCA. Besides, the REC.AP5
development efforts during the past few years had
concentrated mostly on PURs. Therefore, based on
overall technical merits, we recommend th« TRAC-
BD1/M0D1 be selected as the base code for develop-
ing the new ECCS evaluation methodology for BWRs.
However, If RELAP5/MOD2 or a similar code is
chosen for PUR 1.0CA analysis, It might be advanta-
geous to modify or Improve the same code for the
BWR LOCA analysis as well.

Table 1 shows a comparison among the current ECCS,
TRAC-PF1/M0D1, TRAC-BD1/MOD1, and the BNL-suggest-
ed models for LOCA analysis based on the current
literature survey. The BNL-suggested models may
be incorporated either In the TRAC-PF1/MOD1, TRAC-
BD1/M0D1 or RELAP5/M0D2 code and the results
should be compared with a broad range of experi-
mental data pertinent to the LOCA. It should be
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kept: In mind that these models are usually based
on separate-effects tests, which may be limited 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 basis of their effect on PCT in the blowdown
phase of a PUR 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 also reached in the re-
cent BNL study using the TRAC-PD2/M0D1 code (5).

Besides 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 BUR LOCA
analyses. It is recommended that realistic values
be used for these parameters. Some of these para-
meters do depend upon the time of life of fuel in
the fuel cycle.

Other conservatisms are in the transient scenario
specified in the current ECCS evaluation method.
These are: single failure in ECC system which may
result in loss of one of the two trains for ECC,
and reactor coolant pump trip. For PWR LBLOCA,
these scenarios shift the PCT from the blowdown to
the reflood phase, and now the important para-
meters are the decay power, flooding in downcomer,
condensation, 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 important 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 models in the
TRAC-PF1/M0DI, TRAC-BD1/M0D1 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-PFI/WOt MODELS,
TRAC-BDI/MOD1 MODELS, AND BNL SUGGESTIONS FOR DEVELOPING

A NEW REALISTIC ECCS METHODOLOGY FOR PURS.

MODEL NO. . CURRENT ECCS EVALUATION MODELS

A. Source of Heat Curing LOCA

A4 Fission product decay heat w i l l
be 1.2 t imes 1971 ANS

TRAC-PFI/MODI MODELS

Code al IOMS decay power
as Input .

A5 Metal -water rooct lon . Baker-Just Cathcart (43)
( 6 4 1 . Reaction not l imited by
steam and a lso appl icable t o Inner
s ide ot c l a d .

TOAC-BDI/MOD! MODELS

Code allows decay power
as tnput .

Cathcart (43)

BNL-SUGGESTEO MODELS

Decay power based on
ANS1-ANS/I979 Standard
ar.d with actual oper-
ating history

Cathcart-Pawel 113) or
Ocken (13) .

B. Swelling and Rupture of the Cladding

Amount of fue? swel) Ing due to
Increase tn gap pressure.

The code accounts for clad
deformation due to temper-
ature but not due to gap
pressure.

The code does not account
for clad deformation.

Code should account for
fuel swell due to gap
pressure and clad
temperature similar to
FRAP, GAPCON or
COBRA/TRAC.

C. Slowdown Phenomena

Clb Break flow rate based on Moody
model; CD=0.6 - 1.0

Model close to HEM for two
phase flow and tor
subcooled l iquid, the
choked velocity Is
obtained from the
Bernoulli equation with
choked plane pressure from
Jones (24) with HEM
cri t ica l velocity as lower
l imi t .

Model based on RELAP5
for two phase conditions
and modtfled BurnelI (44)
for subooled choking.

Nonequlllbrtum model for
subcooled blowdonw.HEM
for saturated blowdown.
(See Section 3.10)



MODEL NO.

CIc

C2

C4

CURRENT ECC5 EVALUATION MODELS

Subtract the tota l amount of

l iqu id Injected during the by-

pass period from the I(quid

Inventory of the vassal .

Fr le t tonal pressure drop w i l l be

based on experimentally ver i f ied

two-phase mul t ip l i e r .

C r i t i c a l heat flux models. Ones

based on steady state data are

permitted for LOCA transients.

TRAC-PF1/MQQI MODELS

The code Is based on

phencnenologlcal model of

Infrtacla) mass and mo-

mentum t ransfer . Entraln-

nwnt modal fs based on

Kataoka and [shit correla-

t ion (45) Inter facia l

shear In annu)ar flow -

Wall Is correlation ( 8 ) ,

Homogeneous and annular

flow mul t ip l ie rs . Each of

them have d i f fe rent single

phase correlat ion*

Blast correlation ( 2 8 ) .

C r i t i c a l heat flux models (11) Same as C*

from steady state data permitted

but not restr le tad t o : W3, B&W-2,

Hench-Levy, Macbeth, Barnett,

Hughes.

C r i t i c a l heat f lux models (11) Same AS C4

from transient data are accepta-

ble but not restr icted to

SI I fer-Hench.

No rewettlng or return t o nu- Code w i l l compute heat

c leate boi l ing permitted In blow- transfer ra te as permitted
down phase. by f lu id and rod surface

Post-CHF heat t ransfer . Any

model which Is supported with

data .

Some of th* correlations which

are acceptable are: Groeneveld

corre lat ion for f i lm boiling

away from low pressure singular-

i t y , Dougall-Rohsenow f i lm

boiling correction.

Westlnghouse correlation for
transition bolting ( I f ) ,
McDonough, Mllich and King
correlation tor transition
boiling.

Liquid HTC based on
Bromley (52), radiation
and Forslund-Rohsenow for
dispersed droplets.
Vapor HTC In ftlm boiling.

Transition boiling, total
heat transfer Is obtained
from quadratic Interpola-
tion between CHF and cor-
relation et minimum stable
film boiling point. The
vapor heat transfer Is the
same as In C5b and liquid
difference of mixture or
total and vapor phase.

TRAC-BD1/M00I MODELS BHL-SUGGESTED MODELS

Code should properly ca l -

culate ECC bypass during

biowdown phase. Tha models can

be developed on the basis of

Creare, BCL, tests for ECC by

pass. In the Interim, ei ther the

tnterfecla) shear should be

Increased or empirical flooding

curves be Imposed on the

dowficomar flow as dona In

TRAOBD1/M0DI a t core support ,

plate and slda entry o r i f i c e .

Hancox and Nlcoll (46) two HTFS (25) or Baroczy or

phase mul t ip l ier with single Columbia university

phase f r i c t i o n factor from (26) corre la t ion ,

Ptann (47]. .correlation.

Blast c r i t i c a l quality or The following correlations

GE/CISE c r i t i c a l qua l i ty

correlation tor G > 200

kg/m2s and modified Zuber

for low flows*

arm suggested

(1) Bo-ring WSC-2 (48)
(2) Columbia EPRl-1 (35)
(3) Groeneveld (49)
(4)_o For PWR, atasl [381 high

flow. Modified Zuber (50)
low flows (PWR)

£For BWR, CISE-GE (51) hlgl1

flows. Modified Zuber
(50) low flows.

Same as CA

Code will compute heat
transfer rate as permitted
by fluid and rod condJ-

Rewet or return to nucleate
boiling should depend upon
fluid end clad conditions.

Bromley (52) for liquid phase Chen (55) for vapor phase.
and maximum of Dougall-
liohsanow (54), laminar How
and natural circulation
correlation (53),

Tlen's modal for radiation
heat transfer to droplets.
Forsiund-Rohsenow tor
contact droplet htat trans-
fer. Or, Berenson (56)
with modification for sub-
cooled liquid.

Vapor HT5 as max of Tbng t Young (57) for
Dougall-Rohsenow (54) and liquid phase end Dougall
natural convection. Liquid Rohsenow (54) for vapor
HTC as combination of Bromley or vapor droplet with
and quadratic Interpolation thermal nonequt Mbrlum
between CHF and Tm[n points. model. For low flow (mass

flux <680 kg/ *2s) Hsu
correlation (32) »*y be
used. Or, linear Interpo-
lation between CHF end HSFB
on log-log graph.
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C5b The t rans i t ion boil ing cor re I * -
t tcn shal l not be used during
blowdown I t the temperature d i f -
ference between the clad and the
f l u i d exceeds 300"F.

No return t o t rans i t ion boil ing
during btowdown,even I t tempera-
ture di f ference between clad and
f l u i d Is less than *00F.

C6 Pump modeling based on r e a l i s t i c
dnta . Furthermore, when
saturat ion conditions are detected
a t the BWR pump suet ton, the pump
heat Is assumed to be proportional
t o I n l e t qual i ty , going to zero
for 1} Quality, so long as core
flow stops before pump suction
qual i ty reaches IX,

D. Post-Blowdown Phenomena

D4 No steam flow In unbroken loops
during r e f i l l and reflood phase,
when accumulator flow In cold
leg,

05 Refi l l and reflood heat transfer
for PWR.

For reflood rate of 1 Inch/sec cr
more, the heat transfer rate Is
based on applicable experimental
data Including FLECHT data.

Transition boiling regime
Is assumed whenever a<0o96
and T c l a d <THSFB. The
minimum stable film boll-
Ing temperature Is obtain-
ed from homogeneous nu-
cleatlon correlation by
Henry (581.

Transition boiilng Is a l -
lowed whenever fluid and
clad conditions permit*

Code has option of speci-
fying single and two-phase
homologous curves along
with degradation function
through the Input or using
built- in Semi scale curves.

Computed on the basis of
phencmenologtcal models.

Code doas not have any
special correlations and
tttm calculation Is based
Oh mechanistic model,
accounting for finer
nodalIzations around the
quench front and axial
conduction In the rods.

Transition boiling regime TfiSFB c a n °* obtained
wilt be used If the fluid and from homogeneous nucleatlon
surface conditions ir.eet correlation by Henry(58).
the criterion Tclad<1"mln» Other models such as (56)

should also be considered.

Transition bolting Is
allowed whenever fluid and
clad conditions permit.

Code has option of
specifying single and
two-phase homologous curves
along with degradation
function through the Input
or using built-in Sent t scale
curves.

Transition boiling Is allowed
whenever fluid and clad
conditions permit, Model
should use realistic homolo-
gous curves and degradation
function obtained for actual
pump or properly scaled pump*

Computed on the basis of
realistic models.

No distinction needed tor 1
Inch/sec of reflood rate.
A mechanistic model along
with axial conduction would
be sufficient.

06 Convectlve tiaat transfer coeffi-
cient for BWR rods under spray
cooling wil l be based on appro-
priate experimental data.

06a Convectlve heat transfer coeffi-
cient of zero be applied between
the time period of lower plenum
flashing and core spray reaching
rated flow.

06b H.T. coefficients during period
between core spray and retioodlng
will be 3.0, 3.5, 1.5 and 1.5
Btu/hr f-r^F for rods In outer
corner, outer row, next to outer
row and Interior.

06c After reHcoding fluid reaches
the required level, a H.T. coef-
ficient of 25 Btu/hr t1?F wilt
be applied to all rods.

This code has multi-dlmen-
slonal/mutti-channe] models
for the core. The heat
transfer coefficients at
various locations at the
rod surface and channel bos
surface will be determined
on the basis of fluid
conditions and surface
temperature.

Correlations based on TLTA or
ones In TRAC-BDI/M0D1 can be
used after sufficient
verification.
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D7 Requirements for channel box are
s f n H a r t o rods as described In
06.

D7a San* as D6a

D7b H.T. coeff ic ient of 5 rttu/hr f ^ F
Instead of given In 06b*

D7c Netting of the channel box shall
be assmiMKl t o occur 60 seconds af"
1**r th« t tm* d«t«rmtn«(f using tfia
corre lat ion based on Yamanouch!
analys is .

MQQEtS TRAOeoi/MQDI MODELS

Sww as for D6

Watttng of channel box I s
predicted OA ph«nom«no)o-
gica) basis*

BNL-SUGGE5TED HQQELS

Correlat ions based on TITA or
ones In TRAC-B01/M001 can be
used ( f v e r i f i e d .

Wetting of channel box should
be based on phenomenologlcal
basis .

Note: Several co r re la t ions have been suggested for the same phenomena In Sections C4 and C5* Sens i t iv i ty
studies and cade assessment arm needed t o solect the best model*


