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ABSTRACT

The 2D/3D Program studied multidimensional thermal-hydraulics in a PWR core and
primary system during the end-of-blowdown and post-blowdown phases of a large-
break LOCA (LBLOCA), and during selected small-break LOCA (SBLOCA) transients.
The program included tests at the Cylindrical Core Test Facility (CCTF), the Slab Core
Test Facility (SCTF), and the Upper Plenum Test Facility (UPTF), and computer
analyses using TRAC. Tests at CCTF investigated core thermal-hydraulics; and overall
system behavior while tests at SCTF concentrated on multidimensional core thermal-
hydraulics. The UPTF tests investigated two-phase flow behavior in the downcomer,
upper plenum, tie plate region, and primary loops. TRAC analyses evaluated thermal-
hydraulic behavior throughout the primary system in tests as well as in PWRs. This
report summarizes the test and analysis results in each of the main areas where
improved information was obtained in the 2D/3D Program. The discussion is
organized in terms of the reactor safety issues investigated.
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EXECUTIVE SUMMARY

Thermal-hydraulic behavior in a PWR during a loss-of-coolant accident (LOCA) has
been investigated for over 20 years. The 2D/3D Program was a combined
experimental and analytical research program on PWR end-of-blowdowa and post-
blowdown phenomena conducted by the countries of Germany, Japan, and the United
States. The program utilized a "contributory" approach in which ezch country
contributed significant effort to the program and all three countries shared the research
results. Germany constructed and operated the Upper Plenum Test Facility (UPTF),
and Japan constructed and operated the Cyilindrical Core Test Facility (CCTF) and the
Slab Core Test Facility (SCTF). The US contribution consisted of provision of
advanced instrumentation to each of the three test facilities, and assessment of the
Transient Reactor Analysis Code (TRAC). Evaluations of the test results were carried
out in all three countries. The total cost of the program was approximately
$500,000,000 (US).

The objective of the 2D/3D Program was to study the multidimensional thermal-
hydraulic behavior in a heated core and throughout the primary system during the
end-of-blowdown, refill and reflood phases of a large-break LOCA (LBI_.OCA), and
selected small-break LOCA (SBLOCA) transients. Tests at CCTF investigated core
thermal-hydraulics and overall system behavior while tests at SCTF concentrated on
multidimensional core thermal-hydraulics. The UPTF tests investigated two-phase flow
behavior in the downcomer, upper plenum, tie plate region, and loops of the primary
system. TRAC analyses evaluated thermal-hydraulic behavior throughout the primary
system in the tests as well as in PWRs. The tests and analyses covered the following
emergency core cooling systems (ECCS): cold leg injection, combined injection,
upper plenum injection, and downcomer injection (with and without vent valves).

The experimental and analytical results of the 2D/3D Program resolved nine reactor
safety issues which were addressed in the program.

- ECC Delivery to Lower Plenum during Depressurization. Delivery of EECC injected
in the cold legs and downcomer initiates during blowdown and is multidimensional.
Specifically ECC injected in the loops or nozzle adjacent to the broken cold leg is
almost completely bypassed, while ECC injected away from the break mostly
penetrates to the lower plenum. For each ECCS considered, the lcwer plenum
is filled to the bottom of the core barrel prior to the completion of deprassurization.
This result means that a potential core heatup of 100 K during refill is eliminated.

XiX



Entrainment in Downcomer during Refiood. With cold leg ECC injection or
downcomer ECC injection with vent valves, the downcomer water level during late
reflood is reduced up to 1 m below the cold leg elevation by the combination of
wall boiling and water entrainment in the downcomer steam fiow. The increase
in the reflood peak clad temperature (PCT) due to the reduction in downcomer
driving head is estimated to be 15 K.

Steam/ECC Interactions in Loops. With cold leg or hot leg ECC injection,
stratified flow always occurs when the condensation potential of the ECC is less

than the steam flow. Plug flow occurs only when the condensation potential of the
ECC exceeds the steam fiow. Regardless of flow regime, a substantial amount

. of steam is condensed in the loops, and almost all ECC is delivered to the reactor

vessel.

Effect of Accumulator Nitrogen. The discharge of nitrogen from accumuiators
connected to the cold legs or downcomer causes a sudden high flow of nitrogen
into the primary system which pressurizes the top of the downcomer causing a
surge of water into the core. Although core heat transfer was not covered in the
2D/3D tests, TRAC analyses predict the hottest parts of the core are quenched
by the surge in core water level.

Thermal Mixing of ECC and Primary Coolant. For ECC injection into the cold legs
while the loops are stagnated, ECC entering the downcomer is significantly
warmed by mixing in the cold leg and the resultant plume of cooler water in the
downcomer decays quickly. These results suggest that ECC injection into water-
filled cold legs does not cause severe local changes in fiuid temperature at the
vessel wall which could lead to pressurized thermal shock.

Core Thermal-hydraulic Behavior. Core cooling is adequate for the ECCS types
investigated. Behavior in the core during reflood is influenced by two-phase and
multidimensional flow phenomena.

- In the bottom flooding case, water is quickly carried to the upper regions
of the core with the steam flow. This two-phase flow establishes good core
cooling above the quench front. Also, the lateral water distribution is nearly
uniform due to efficient lateral redistribution.



- With top injection (i.e., hot leg or upper plenum injection), water flows down
through the core in local regions while a two-phase steam/water mixture
flows up to the upper plenum in the remainder of the core. Core cooling
is enhanced in the water downflow regions relative to the two-phase upflow
(i.e., bottom flooding) region. Note that, since water downflow to the core
initiates during end-of-blowdown/refill, core cooling in the downflow regions
actually initiates prior to reflood.

- Water Delivery and Distribution in the Upper Plenum. For hot leg or upper plenum
injection, downflow of ECC from the upper plenum to the core occurs in local
regions below the injection locations, and is not limited by countercurrent flow at
the tie plate. Also, most of the steam upflow from the core is condensed in the
upper plenum or hot legs, and returned to the core with the water downflow.

- Water Carryover and Steam Binding with Cold Leg Injection. With cold leg ECC
injection, water carryover to the steam generator tube regions is delayed about 20
to 30 seconds by de-entrainment and accumulation in the upper plenum, hot legs,
and steam generator inlet plena. It is estimated that de-entrainment upstream of
the tube regions reduces the reflood PCT by about 180 K relative to the situation
where no de-entrainment occurs.

- Hot Leg Countercurrent Flow. Uninhibited water runback in the hot legs is
expected for reflux-condenser conditions of an SBLOCA.

Tests and analyses from the 2D/3D Program have allowed a relatively complete
understanding of ECCS performance during the end-of-blowdown, refill, and reflood
phases of an LBLOCA to be developed. The adequacy of existing systemis has been
confirmed, and the margin associated with traditional, conservative evaluation
approaches has been quantified.






DEDICATION/FOREWORD

In the mid-seventies experiments and analytical evaluations revealed that
multidimensional thermal-hydraulic phenomena could have significant impact on loss-
of-coolant accident (LOCA) transients in PWRs. But even the largest test facilities in
operation at that time (e.g., LOFT, LOBI, or PKL) were scaled down geometrically by
two or three orders of magnitude. Therefore these facilities could not resolve the
issues associated with multidimensional effects on emergency core cooling.

In addition, safety evaluations in the framework of licensing procedures for nuclear
power plants employed conservative assumptions and calculational models to
envelope the key parameters of principal safety significance. But in the laie seventies
the need for best-estimate evaluation of core damage to be expected during a LOCA
was recognized. Such analyses were needed for risk assessment studies.

To meet these needs, comprehensive thermal-hydraulic investigations in a single, full-
scale test facility were evaluated, but this approach was found to be too exjpensive and
technically impractical. In searching for more practical solutions, the authors and other
scientists engaged in reactor safety research in Germany, Japan and the US,
developed a vision to resolve this problem by combining and adjusting the reactor
safety research programs conducted in the three respective countries. They proposed
to couple the Japanese 1/20-scale heated core experimental programs: CCTF and
SCTF, with the German full-scale Upper Plenum Test Facility. The Japanese heated-
core facilities would concentrate on one-dimensional and two-dimensional 2ffects while
the UPTF would test full-scale multidimensional effects using a core simulator. Each
of the facilities would be outfitted with advanced instrumentation for eva uating local
two-phase flow phenomena. The connecting link would be the multidimensional
computer code TRAC. Both TRAC and the instrumentation were to be developed and
supplied by the US. The authors proposed this approach to government
representatives who were responsible for reactor safety research in their respective
countries. The governments eventually approved the proposed approich and the
trilateral 2D/3D Program was brought to reality.

The 2D/3D Program lasted about 15 years and cost approximately $500 million (US)
in total. It is the largest research program ever conducted in the field of reactor safety.
Today, the excellent results justify the time and funds expended upon this
extraordinary program. All major questions which arose concerning the influence
multidimensional thermal-hydraulic effects may have on emergency core cooling
processes during design basis accidents have been answered. The technical results
and the experience gained by the 2D/3D Program enable us today to closie the issues
about design basis accidents and concentrate in the future on issues arising from
beyond design basis events and accident management. Work on these issues will
further improve the safety of nuclear energy production.

F. Mayinger L. S. Tong . . M. Nozawa

xxiii






ACKNOWLEDGEMENTS

This report summarizes the efforts of countless engineers, scientists, technicians, and
support personnel in each of the three participating countries. The Projsct Leaders
would like to thank each of these individuals for their contribution to the overall
success of the 2D/3D Program.

"Reactor Safety Issues Resolved by the 2D/3D Program" was prepared jointly by
personnel from the three participating countries. Specific people who have contributed
in the preparation and review of this report are summarized below by or3janization.

GRS Siemens TUM __JAERI
R. Zipper P. Weiss F. Mayinger Y. Murao
K. Liesch F. Depisch T. Iguchi
B. Riegel R. Emmerling H. Akimoto
l. Vojtek J. Liebert T. Iwamura
T. Okubo
A. Ohnuki
Y. Abe
USNRC INEL LANL ___MPR
G. Rhee S. Naff D. Siebe P. Damerell
L. Shotkin J. Simons
K. Cardany
E. Claude
A. Russell
M. Smith
F.. Volimer
K. Wolfe

The editors would like to thank Ms. C. M. Christakos of MPR for her assistance in
preparing this report.






Section 1

INTRODUCTION

1.1 BACKGROUND

Historical Perspective

The thermal-hydraulic response of a PWR primary coolant system to a Lossi-of-Coolant
Accident (LOCA) and the performance of the Emergency Core Cooling System
(ECCS) have been areas of research interest for two decades. The primery objective
of LOCA/ECCS research has been to improve the understanding and modeling of the
phenomena so that safety margins can be better quantified and more realistic
evaluation approaches can be utilized. Initially, the focus of the research was the
depressurization (blowdown) transient. Later the focus shifted to inclucle the post-

blowdown phases (refill and reflood).

The 2D/3D Program was the major program on PWR end-of-blowdown and post-
blowdown phenomena for the countries of Germany, Japan, and the Urited States.
The formal program name is "The International Program on the Thermal-Hydraulic
Behavior of ECC during the Refill and Reflood Phases of a LOCA in a PWR". The
common name became "2D/3D Program" because refill/reflood pheriomena are
strongly influenced by multidimensional (2D and 3D) effects.

Participants in 2D/3D Program

The participants in the 2D/3D Program were the governments of the Federal Republic
of Germany (FRG), Japan, and the United States of America (US) as represented by

the following agencies:
- The Federal Ministry for Research and Technology (BMFT) in FRG.
- The Japan Atomic Energy Research Institute (JAERI) in Japan.

» The US Nuclear Regulatory Commission (USNRC) in the US.
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The 2D/3D Program used a "contributory" approach. Each of the three participants
contributed significant effort to the program and all three countries shared the research
results. There was no exchange of funds between the participants. This approach
fostered technical cooperation among the three countries.

Scope of 2D/3D _Program

In general terms, the scope of the 2D/3D Program was PWR LOCA post-blowdown
phenomena. Sections 1.2 and 1.3 present a more detailed discussion of the specific
objectives and approach of the program. The major facilities in the 2D/3D Program
constituted some of the largest and most sophisticated thermal-hydraulic facilities ever
employed. This is reflected in the combined financial commitment of the three
participants which exceeded the equivalent of US $500,000,000.

Purpose and Scope of this Report

This report presents a summary of the 2D/3D Program in terms of the reactor safety
issues investigated. The major issues are discussed individually and the findings,
conclusions, and resolutions based on all of the relevant tests and analyses are
presented. This report is a companion to another report entitied “2D/3D Program
Work Summary Report," which summarizes the principal test and analysis results of
the program in terms of the contributing efforts of the participants.

Availability of Results from 2D/3D Program

Numerous reports document the detailed results from the 2D/3D Program; many are
cited in this report. Most of these reports have a restricted availability per the
2D/3D Program International Agreement. The detailed reports have been made
available to users in the three host countries for the purposes of improving reactor
safety. . - :

1.2 OBJECTIVES of 2D/3D PROGRAM

As previously discussed, the overall objective of the 2D/3D Program was to study the
post-blowdown phases of a PWR LOCA, and to provide improved experimental data
and analysis tools for this transient. The detailed objectives of the 2D/3D Program are
summarized below. :

1. Study the effectiveness of ECC systems (including cold leg injection, combined
injection, upper plenum injection, and downcomer injection) during the end-of-
blowdown and refill phases of a large, cold leg break LOCA by evaluating:



Penetration of ECC to the lower plenum during high flows that exist at end-
of-blowdown.

Condensation of steam by ECC.
Liquid storage in cold legs, downcomer, upper plenum, and hot legs.

The liquid flow pattern through the core (for hot leg and upper plenum
injection) and resultant core cooling.

2. Study the effectiveness of several types of ECC systems during the reilood phase
of a large break LOCA by evaluating:

Entrainment, storage, and transport of liquid water in the upper core, upper
plenum, hot legs, and steam generators.

Vaporization of entrained water in steam generators.
Steam condensation by ECC near injection points.

Steam/ECC interaction and flow patterns, particularly in regions between
the ECC injectors and the core.

ECC flow rate to the core.
Convective flow patterns and heat transfer in the core.

Downcomer driving head and loop pressure drop.

3. Study selected phenomena from other transients; e.g., hot leg steam/water
countercurrent flow during a small break LOCA (SBLOCA), fluid/fluid miixing during
a pressurized thermal shock event, and high pressure ECC injection into the hot
legs during an SBLOCA in which the core uncovers.

1.3 OVERVIEW OF 2D/3D PROGRAM

The objectives of the 2D/3D Program were addressed using a combined
experimental/analytical approach. Three major facilities were designed, fabricated,
and operated within the 2D/3D Program.



- Cylindrical Core Test Facility (CCTF) in Japan
- Slab Core Test Facility (SCTF) in Japan
Upper Plenum Test Facility (UPTF) in FRG

The design of each facility involved input from all three countries. Advanced
instruments were designed and fabricated by the US for use in all three facilities.

Evaluations of the experimental data were carried out in all three countries. A major
analysis program involving the assessment and use of a best-estimate computer code
was carried out in the US. The computer code is the Transient Reactor Analysis Code

(TRAC).
1.4 ORGANIZATION OF REPORT

The main body of this report is in Sections 3 and 4. Section 3 covers PWR LOCA
behavior based on the results of the 2D/3D Program. Several types of PWR ECCS
configurations are covered individually in Section 3. Section 4 covers the reactor
safety issues individually. For each issue, the phenomena and their importance are
defined, the tests and analyses related to the issue are identified, and the conclusions
and applications to PWRs are discussed.



Section 2

SUMMARY AND SAFETY IMPLICATIONS

As discussed in Section 1, the objectives of the 2D/3D Program were to study
thermal-hydraulic phenomena occurring during the end-of-blowdown, refill, and reflood
phases of a large break LOCA and selected other transients. In Section 4 of this
report, the program results are discussed in the form of nine separate "issues". An
“issue" refers to a set of phenomena occurring in a specific location or region during
a specific time frame. A summary of key program results and their implications for
safety is discussed below for each of the nine issues. Within each issue, the types of
ECC injection affected by the issue are identified.

2.1 ECC DEUVVERY TO LOWER PLENUM DURING DEPRESSURIZATION

A key issue with regard to core cooling during a large, cold leg break LOCA is the
extent to which ECC can be delivered to, and accumulated in, the lower plenum during
the end-of-blowdown (ECC bypass issue). In large-scale tests in the 2D/2D Program
(UPTF), multidimensional behavior was observed in the downcomer whch strongly
affected ECC delivery. Specifically, ECC injected into the cold leg adjzcent to the
broken cold leg is almost completely bypassed during end-of-blowdown. ECC injected
to cold legs away from the broken cold leg has a greater tendency to be delivered,
and complete delivery of this water occurs prior to the completion of blowdown.

For ECC injected into the downcomer with vent valves between the upper slenum and
downcomer, the ECC delivery behavior was similar to that described above for cold
leg injection. However, this was the result of two offsetting phenomena. First,
downcomer ECC injection tended to promote bypass, apparently due to ECC being
more finely distributed in the upper region of the downcomer because of high velocity
injection jets. Separate effects tests with downcomer injection but without vent valves
confirmed strong bypass throughout end-of-blowdown, although it appears nozzle
configuration details may significantly influence the results. When the vent valves were
unlocked, significant delivery of water from the nozzle away from the break was
~observed because the flow through the vent valves changed the flow rate and flow
pattern in the downcomer. '

For combined ECC injection, ECC injected in the hot leg passes through the core to

the lower plenum. During the end-of-blowdown, lower plenum refill is initiated by hot
leg ECC. Shortly thereafter, the ECC injected to the cold legs away froin the break
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is delivered to the lower plenum, but the ECC injected to the cold leg adjacent to the
break continues to be almost completely bypassed.

For all three ECC injection modes, refill of the lower plenum up to the lower edge of
the core barrel occurred by end-of-blowdown. This result significantly shortens the
portion of the refill phase where core cooling is very low and significant core heat up
could occur. Past safety analyses usually assumed that ECC injected prior to
conclusion of blowdown is totally lost. The large-scale test results from the 2D/3D
Program have demonstrated this assumption to be conservative.

2.2 ENTRAINMENT IN DOWNCOMER DURING REFLOOD

During reflood, steam flows via the intact loops to the downcomer and out the broken
cold leg. Water entrainment from the downcomer can occur in the steam fiow out the
break. Further, steam generation on hot downcomer walls can create voiding in the
downcomer. The combination of downcomer wall boiling and entrainment can reduce
the downcomer collapsed water level which affects the driving head for core flooding.

These phenomena were observed and studied in small- and large-scale tests in the
2D/3D Program. One important observation, supported by analysis, is that for full-
height facilities where the vertical flow area in the downcomer is scaled by the scale
factor, water entrainment in the steam flow and attendant level reduction increased
with scale. This is due to increases in the steam velocity in the downcomer and at the
broken cold leg nozzle at large-scale.

For US/J PWRs cold leg injection, the downcomer behavior is affected by the
interaction of steam and ECC in the cold legs. During accumulator injection, all of the
intact loop steam flow is condensed. Consequently, there is no steam flow out the
broken cold leg and entrainment does not occur. Further, subcooled water is
delivered to the downcomer and boiling on the downcomer walls is suppressed. As
a result, the downcomer fills to the cold leg (i.e., spillover) elevation. During LPCI, the
intact loop steam flow is partially condensed and the ECC delivered to the downcomer
is essentially saturated. The uncondensed steam entrains water from the downcomer
out the break. As the saturated water gradually replaces subcooled water in the
downcomer, wall boiling begins to create voiding in the downcomer. These two
effects are calculated to reduce the downcomer level by up to 1.0 m during reflood.

For downcomer injection with vent valves, the overall behavior is similar to cold leg
injection although there are some phenomenological differences. ECC injected in the
downcomer nozzle nearest the broken cold leg was almost fully swept out the break
during LPCI, but ECC injected to the other nozzle was delivered to the downcomer
with minimal entrainment when the vent valves were open. With the vent valves closed
entrainment increased and the observed level reduction was more severe than for cold
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leg injection, although the phenomena in this case appear to be strongly related to
nozzle configuration details (e.g., elevation and azimuthal spacing relative to cold legs).

GPWRs with combined injection are not affected by downcomer entrainrnent during
reflood since most of the steam generated in the core is condensed by subcooled
ECC injected to the hot legs. Any remaining intact loop steam flow is completely
condensed by ECC injected in the cold legs, and there is no steam flow out the
broken cold leg to entrain water.

Downcomer entrainment and wall boiling lead to a downcomer level reduction during
reflood for PWRs with cold leg or downcomer injection. The assumption usually made
in past safety analyses that the downcomer is full to the spillover level is appropriate
for combined injection plants and slightly nonconservative for cold leg and downcomer
injection plants. The extent of nonconservatism is estimated to be about 15 Kin clad
temperature for typical PWR conditions.

2.3 STEAM/ECC INTERACTIONS IN LOOPS

" Interaction of steam and ECC in the loops affects ECC delivery to the reactor pressure
vessel. These phenomena were investigated by several integral and separate effects
tests in the 2D/3D Program. A variety of flow regimes were observed, depending
primarily on steam flow, ECC flow, and ECC subcooling. A key correlation parameter
proved to be the thermodynamic ratio (R,) which is the ratio of steam ccndensation
potential to steam flow. Three basic flow regimes were identified, as follows:

- stratified flow
- stable plug flow

« unstable plug flow

Regardless of scale, stratified flow was always observed for R; <1; ie, the
condensation potential of the ECC was less than the steam flow. In these cases
saturated (or nearly saturated) water flows at the bottom of the pipe while steam flows
at the top of the pipe. Note that the loop steam fiow and ECC injection are cocurrent
in the cold leg and countercurrent in the hot leg. Plug flow only occurred for R; >1;
i.e., the loop steam flow is less than that needed to heat the ECC flow to saturation
temperature. The transition from stratified to plug flow in the cold le¢is was only
slightly dependent on scale and injection configuration. Analyses indicatecl stable plug
flow was established when the momentum of the loop steam flow exceeded the
hydrostatic force at the plug end, which is dependent on pipe diameter. Otherwise
unstable plug flow occurs; i.e., plugs form and decay periodically. Plug formation can
occur rapidly and produce strong condensation events.
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For all flow regimes, a substantial amount of steam is consumed by condensation.
In general, condensation tends to be near the maximum possible amount; either the
ECC is heated to saturation or the entire steam flow is condensed. ECC delivery to
the reactor vessel fluctuates during plug flow and either fluctuates or occurs steadily
during stratified flow. Regardless of the flow regime, ECC is completely delivered to
the pressure vessel.

2.4 EFFECT OF ACCUMULATOR NITROGEN

In some PWRSs nitrogen would be discharged into the primary coolant system after the
accumulator water has been delivered. This occurs for US/J PWR designs whereas
in GPWRs the accumulators are designed not to empty completely.

When nitrogen enters the cold legs and downcomer, condensation is almost totally
suppressed and the downcomer is pressurized by the high flow of noncondensible
gas. This causes a surge of water into the core which has a beneficial effect on core
cooling. During this in-surge, the downcomer water level is decreased and ECC is
swept out the broken cold leg by nitrogen flow. The surge of water into the core
resulted in increased steam generation in the core and water carryover to the upper
plenum. Increased steam generation and the reduced downcomer water head

subsequently lead to a water out-surge to the downcomer, which removes the
beneficial core cooling effect. Hence, the effect is temporary. Tests in the 2D/3D
Program confirmed the phenomena discussed above. Due to limitations of test
facilities used in the program, quantification of the effect of accumulator nitrogen
discharge on core temperatures was not covered.

2.5 THERMAL MIXING OF ECC AND PRIMARY COOLANT

During some transients or small break LOCAs, ECC is injected at high pressure
(HPCI) into the primary system. lf subcooled ECC is injected into water-filled cold legs
while the loops are stagnated, the extent to which cold water could potentially cause
local cooldown of the primary vessel wall is an important issue (Pressurized Thermal
Shock Issue).

Prior to the 2D/3D Program, analyses and small-scale tests showed effective thermal
mixing of cold ECC and primary coolant would occur at the injection location and in
the downcomer, thus mitigating temperature reductions at the vessel wall. In UPTF
tests, mixing of subcooled ECC and primary coolant occurred at the injection location.
Thermal stratification developed in the cold leg. Cold water flowed at the bottom of
the cold leg towards the downcomer while warm water flowed at the top of the pipe
from the downcomer to the injection location where it mixed with the ECC. The
- temperature of the subcooled water stream at the bottom of the cold leg was
significantly higher than that of the ECC.
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Another mixing process occurred at the cold leg-to-downcomer junction. Due to this
additional mixing, the subcooling rapidly decayed in a plume in the clowncomer.
Overall mixing of ECC and primary coolant was found to be very effective so that cold
ECC does not appear to cause severe local changes of fluid temperature at the vessel
wall which could lead to pressurized thermal shock.

2.6 CORE THERMAL-HYDRAULIC BEHAVIOR

Core thermal-hydraulic behavior determines the fuel rod temperature history during an
LBLOCA and is sensitive to the boundary conditions at the core created by ECC
system effectiveness and overall system response. The core behavior during reflood
was studied extensively in the 2D/3D Program in tests at CCTF and SCTI- while core
behavior during end-of-blowdownwas investigated in previous tests outsidiz the 2D/3D
Program.

During end-of-blowdown, a two-phase mixture flows through the core providing core
cooling. In addition, in PWRs with combined hot and cold leg ECC injection, hot leg
injected ECC is delivered to the core in local regions below the hot legs. Portions of
the core in these downflow regions are expected to be quenched prior to the

completion of blowdown.

In the brief period after blowdown and before the lower plenum refills to the bottom
of the core, the core heats up almost adiabatically in plants with cold leg or
downcomer injection. In combined injection and upper plenum injection plants, ECC
water is delivered to the core during this period. The majority of this water flows down
through the core in areas located below the injectors, providing local core cooling.

When the water level increases to the bottom of the core, reflood begins arnd extensive
steam generation initiates. Some of the bottom flood water is entrained by steam flow,
and two-phase flow is quickly established over the entire core. This |process re-
establishes core cooling at all axial locations. The principal quench front on the rods
advances steadily up the core. In cold leg or downcomer injection systems, ECC
flows down the downcomer and enters the core from the bottom. For ECC injected
in hot legs or the upper plenum, water flows down the core in local regions and
contributes to the global core reflood process described above. In these local
regions, cooling is enhanced and the fuel rods are quenched sooner than those in the
non-downflow region. In fact, for hot leg injection, most fuel rods in the water
downflow regions are quenched prior to reflood.

2.7 WATER DELIVERY AND DISTRIBUTION IN THE UPPER PLENUM:
Some PWRs inject ECC directly to the upper plenum. Also, PWRs with combined

injection inject ECC into the hot and cold legs simultaneously. In these cases, the
ECC delivery to, and distribution in, the upper plenum create specific boundary
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conditions for core cooling. In the end-of-blowdown and refill phases, the ECC
injected into the upper plenum or hot legs is delivered to the upper plenum and flows
down through the core in local areas adjacent to the injectors. Steam condensation
by subcooled ECC supports rapid depressurization of the primary system.

During reflood, steam and entrained water are flowing from the core to the upper
plenum and toward the hot legs. Water delivery and distribution in the upper plenum
are strongly affected by interaction between steam and subcooled ECC. With upper
plenum injection, extensive condensation occurs in the upper plenum which reduces
steamn flow to the hot legs and adds to the water available for downflow to the core.
Under typical conditions, the ECC flow condenses about 70% of the steam flow.
About 90% of the available water flows to the core in a local region below the injector;
the water downflow is only slightly subcooled. With combined injection, condensation
in the hot legs near the ECC injectors creates subcooled ECC plugs which are
intermittently delivered to the upper plenum. Although extensive condensation occurs
in the upper plenum, water flows to the core in local regions with substantial
subcooling. Steam generated in the core is almost entirely consumed by
condensation in the core, upper plenum, and hot legs. Nearly all of the available water
is delivered to the core.

For both upper plenum injection and combined injection, liquid accumulation in the
upper plenum was not extensive at large-scale (UPTF). Specifically, upper plenum
liquid fractions were about 10%. This result is in contrast with small-scale tests (e.g.,
CCTF and SCTF) which showed significant upper plenum accumulation. Finally, at
large-scale the liquid distribution was observed to be two-dimensional; i.e., higher
liquid accumulation above ECC downfiow regions.

2.8 WATER CARRYOVER AND STEAM BINDING WITH COLD LEG INJECTION

During refiood, steam generated in the core fiows through the upper plenum and hot
legs toward the break. Some of the water carried by the steam flow evaporates due
to heat transfer from hot surfaces, principally the steam generator tubes. This
additional steam flow inhibits core venting and can degrade core cooling. This
phenomenon is referred to as steam binding and was investigated in several tests in
the 2D/3D Program. For cold leg or downcomer injection, CCTF and SCTF tests
showed that liquid carryover from the core started almost immediately after reflood
initiation. The extent of carryover was time-dependent and also dependent on the test
conditions, but tended to be about 10% to 40% of the core inlet fiow.

Water carried out of the core in the steam flow de-entrained mainly in the upper
plenum and steam generator inlet plena. This de-entrainment produced a delay of
about 20 to 30 seconds in the delivery of water to the tube regions of the steam
generators. At large-scale, water accumulation and (in some cases) runback in the
hot legs initiated after the delay, which reduced the amount of water carried to the
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steam generators. The increased hot leg water storage was the principal effect of
scale. The overall effect of de-entrainment is to reduce the peak clad temperature.
Specifically, it is estimated that de-entrainment upstream of the steam generator tube
regions reduces the peak clad temperature by about 180 K compared to the situation
where no de-entrainment would occur.

PWRs with upper plenum or combined ECC injection are not sensitive to steam
binding due to interaction of steam and ECC (i.e., condensation in the upper plenum
and hot legs) as discussed in Section 2.7.

2.9 HOT LEG COUNTERCURRENT FLOW

In some small break LOCA scenarios, the primary coolant inventory decreases to the
extent that heat removal is achieved by the reflux condenser mode. In this mode,
steam flows from the reactor vessel through the hot legs to the steam generators
countercurrent to condensate flowing back from the steam generators to the upper

plenum.

Countercurrent fliow in the hot leg was examined in large-scale UPTF tests.
Comparison of the UPTF results to the results of previous small-scale tests indicated
that increased scale favors water runback. Analyses showed that uninhibited water
runback is expected during reflux condenser conditions of a PWR small break LOCA
scenario.






Section 3

OVERALL SYSTEM BEHAVIOR DURING A LOCA

This section describes overall system behavior of a PWR during a LOCA based on
tests and analyses performed within the 2D/3D Program. The discussion addresses
only a large, cold leg break LOCA (LBLOCA) transient, which was the priincipal focus
of the 2D/3D Program. Detailed information on the various reactor safety issues
associated with an LBLOCA is contained'in Section 4 of this report. Section 4 also
covers certain non-LBLOCA safety issues investigated in the 2D/30) Program;
specifically, reflux condenser mode of a small-break LOCA (see Section 4.9), high
pressure injection into the hot legs during an SBLOCA in which the core uncovers
(see Sectnon 4.7.2), and pressurized thermal shock (see Section 4.5).

The experlmental and analytical programs of the 2D/3D Program provided expanded
insights into the complex two-phase thermal-hydraulic behavior of a heated core and
the primary system during the end-of-blowdown, refill, and reflood phases of a LOCA.
Tests at CCTF investigated core thermal-hydraulics and overall system behavior while
tests at SCTF concentrated on multidimensional core thermal-hydraulics. The UPTF
tests included integral tests and separate effects tests for the investigation of
multidimensional two-phase flow behavior in the downcomer, the upper plenum, the
tie plate region and the loops of the primary system. The descriptions of PWR
behavior in this section reflect the results of TRAC analyses and tests from the
2D/3D Program.

The descriptions of overall system behavior during an LBLOCA for PWRs with different
ECCS configurations are covered in separate subsections. The subszctions and
corresponding ECCS types are listed below.
. 31 Cold Leg Injection Plant
- 3.2—- Combined Injection Plant
- 3.3 Downcomer Injection Plants

- 3.3.1 US Downcomer Injection Plant .

- 3.32 FRG Downcomer Injection Plant

- 3.3.3 Japanese Downcomer Injection Plant

- 3.4 Upper Plenum Injection Plant
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‘3.1 COLD LEG INJECTION PLANT

PWRs are equipped with safety systems which inject emergency core coblant (ECC)
in the event of a LOCA. ECC systems typically consist of three types of coolant
injection systems: accumulator (ACC) injection, low pressure coolant injection (LPCI),
and high pressure coolant injection (HPCI). The ACC system provides high flow rate,
short duration injection from pressurized accumulator tanks, while the LPCI system
provides low flow rate, long duration flow. The HPCI system provides long duration,
high pressure flow at an even lower flow rate. For most PWRs in the US and Japan,
all ECC systems inject water into the primary system through nozzles in the cold legs.

During an LBLOCA, water from the pressurized accumulators is automatically injected
into the reactor vessel when the reactor pressure drops below the accuraulator tank
pressure. HPCI flow is also injected into the vessel with the accumulator flow, but the
HPCI flow is small in comparison to the accumulator flow. The accumulator tanks are
sized so that when emptied, the lower plenum is filled and core reflood has begun.
At low pressures, LPCl flow begins and continues indefinitely. HP(Cl normally
continues throughout the LPCI injection phase, but the flow rate is domiriated by the
LPCl system. Design parameters for ECC systems of PWRs with cold leg injection are
tabulated for three different PWR designs in Table 3.1-1.

Thermal-hydraulic behavior in the reactor coolant system during an LBLOCA is
described below. The discussion is divided chronologically into the following time
periods: blowdown, end-of-blowdown/refill, early reflood, accumulator nitrogen
discharge, and late reflood. The sequence of events is indicated on Figure:s 3.1-1 and
3.1-2 which show the pressure and rod temperature transients, respectively, from
TRAC calculations for US/J PWRs with cold leg injection.

Blowdown

The 2D/3D Program did not investigate system behavior during the blowdown portion
of an LBLOCA. Based on results from other reactor safety research programs, it is
known that during blowdown, most of the initial contents of the reactor coolant system
are rapidly expelled through the break. A significant fraction of the water initially
present in the reactor coolant system flashes to steam, which drives the flow out the
broken cold leg. The pressure in the primary system decreases as th¢ blowdown
progresses. After approximately 25 seconds, the reactor coolant system and
containment equalize at a pressure of about 350 kPa.

End-of-Blowdown/Refill (see Figure 3.1-3)

During the end-of-bl'owdown, the reactor coolant system is filled with steam except for
the lower plenum which still contains some water. The steam is vented to ccontainment
by either flowing around the bottom of the core barrel and up the downcomer to the
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break or through the loops to the break. The water inventory in the lower plenum
continues to decrease from entrainment by the steam flow around the core barrel and
from flashing due to decreasing system pressure. The reverse steam flow in the core
provides limited core cooling, which reduces to almost zero as the flow stops at the
end-of-blowdown.

When the system pressure has decreased below the accumulator pressure (1,400 to
4,600 kPa, depending on plant design), the accumulators automatically inject ECC into
the cold legs. Water plugs form in the cold legs, as the steam flow through the loops
is condensed by the high flow of subcooled ECC. Plug formation consumes a few
seconds of ECC delivery and thus slightly delays ECC delivery to the downcomer.
This delay is not detrimental because the system is at a pressure where significant
ECC bypass could occur if ECC reached the downcomer. The water plugs in the cold
legs oscillate, causing fluctuations in the flow of ECC into the downcomer.

In the downcomer, the two-phase (i.e., steam and entrained water) upflow initially
entrains the ECC fiow directly out the broken cold leg (i.e., ECC bypass) thereby
preventing ECC from refilling the lower plenum. However, as blowdown proceeds and
the upflow decreases, the bypass also decreases and ECC is delivered to the lower
plenum. Based on the UPTF tests, ECC delivery to the lower plenum initiates at the
loops away from the break at a pressure of about 800 kPa. Delivery from the loop
near the break initiates later in the end-of-blowdown when the steam upflow is lower.

By the completion of blowdown, the lower plenum is filled almost to the bottom of the
core barrel. Within a few seconds of the end of depressurization, the vessel fills to the
core inlet and refill is complete. Hence, refill and blowdown are overlapping rather
than consecutive. Overlapping blowdown and refill reduces the time to core reflood,
and therefore the adiabatic heat-up period, by about 10 seconds over consecutive
blowdown and refil. Reference U-455 estimates the reduction in cladding
temperatures at reflood initiation for overlapping, rather than consecutive, blowdown
and refill is 100 K (see Section 4.1.1).

Early Reflood (Accumulator Injection) (see Figure 3.1-4)

In the early portion of reflood, the downcomer water level increases rapidly due to the
high ECC flow from the accumulators. Based on CCTF and UPTF tests, the
downcomer water level stabilizes at the cold leg elevation due to water spillover out
the broken cold leg. Heat release from the vessel wall initiates as the downcomer fills.
Tests and analyses show that this heat release heats up the downcomer water
inventory but does not result in vaporization because the subcooling of the water
delivered to the vessel is sufficient to suppress boiling.

3.1-2



The increase in downcomer water level forces water into the core. Steam generation
in the core initiates first at the bottom of the core as water enters the core from the
lower plenum. However, within a few seconds, water entrained by the boiling process
is present throughout the core and core cooling is occurring at all elevations. The
entrained water is evenly distributed across the core (i.e., horizontal or rad al direction)
regardless of the initial power and temperature profiles in the core. The steam
generated in the core is vented to containment via the upper plenum and reactor
coolant loops. Some of the water in the upper region of the core is carried by the
steam flow out of the core; the average quality for the net flow at the core: exit is 40%
for this part of the transient.

Initially, the core flooding rate is high and the collapsed water level in the core
increases rapidly. When the downcomer water level reaches the cold leg elevation
and water spills out the break, the core flooding rate decreases quickly. However,
since the core steam generation is essentially the same as during early reflood, the
reduction in the core flooding rate results in lower rates of water accumulation in the
core and water carryover out of the core.

Water carried out of the core is either de-entrained in the upper plenum or carried over
with the steam to the reactor coolant loops. In the upper plenum, the water which de-
entrains either accumulates as a two-phase mixture or falls back to the core. The
water carried over to the loops de-entrains and accumulates in the stearn generator
(SG) inlet plena. Entrained water does not reach the steam generator tube regions
during the accumulator injection portion of reflood.

In the intact cold legs, the steam flow toward the downcomer is completely condensed
by the subcooled ECC. Due to the high ECC flows, the condensation results in the
maintenance of water plugs in the cold legs which oscillate upstream and downstream
from the injection nozzle location. Consequently ECC delivery to the pressure vessel
fluctuates.

Once the downcomer has filled to the cold leg elevation, flow out the brolken coid leg
is primarily single-phase water flow since the intact loop steam flow is completely
condensed and vaporization in the downcomer is suppressed.

Accumulator Nitrogen Discharge

When the water in the accumulators is depleted, the nitrogen that pressurizes the
tanks escapes through the ECC piping. The nitrogen quickly pushes ECC water from
the intact cold legs into the reactor vessel downcomer. Also, water in the top of the
downcomer and in the broken cold leg is pushed toward the break. The primary
system (particularly the region into which the nitrogen is injected) is pressurized for a
short period until the nitrogen can leave the system.
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System pressure is further increased by suppression of steam condensation. As
nitrogen mixes with and displaces steam, the rate of condensation becomes much
lower than when pure steam was in contact with the subcooled water. The
accumulation of uncondensed steam contributes to the temporary pressurization of
the downcomer and cold leg regions of the primary system.

Before the nitrogen discharge begins, the pressure above the core exceeds the
pressure in the downcomer due to the pressure drop of steam flowing from the upper
plenum around the intact loops. This pressure difference keeps the water level in the
core lower than in the downcomer. The nitrogen pressurization of the downcomer
disrupts the existing pressure distribution and forces a portion of the water in the
downcomer into the lower plenum, displacing lower plenum water into the core (see
Figure 3.1-5). TRAC analyses predict that core water inventory increases from a
volume fraction of 0% to 20% before nitrogen discharge to a maximum of 60% to 70%:
(see Section 4.4).

The lower plenum water is subcooled, in part due to the rise in pressure. As the water
surges into the core, heat is absorbed until, after a brief delay during which the water
is heated to saturation, additional steam is produced. The increased steam production
in the core increases the pressure above the core. The pressure increase, coupled
with a decreasing nitrogen discharge rate, eventually stops the rise in core water level
and then forces some of the water to flow out of the core and back into the lower
plenum (see Figure 3.1-6). TRAC analyses predict that the core water inventory
following the out flow from the core to downcomer is greater than the inventory before
nitrogen discharge (30 - 40% volume fraction versus 0 - 20% -- see Section 4.4).

As discussed in Section 4.4, the 2D/3D test data regarding the effect of nitrogen
discharge are limited. Specifically, the 2D/3D tests did not simulate the peak
magnitude and duration of the core level surge, the long-term effects of the nitrogen
discharge, or the effect of these phenomena on core cooling; however, TRAC
analyses predict that the core water level surge quenches the hottest portion of the
hottest rod.

Late Reflood (LPC) (see Figure 3.1-7)

As previously indicated, water carryover out of the core decreases prior to termination
of accumulator injection when the downcomer water level reaches the cold leg
elevation. Later in reflood, however, water carryover out of the core increases as the
quench front reaches the upper regions of the core. Reflood ends when the entire
core is quenched. The quality for the net flow out of the core is about 90% when
accumulator injection terminates but decreases to less than 45% just prior to whole
core quench. ‘
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The upper plenum and SG inlet plenum inventories, which had been increasing during
early reflood, decrease due to the reduction in water carryover from the core. The
decrease in SG inlet plenum inventory initiates accumulation in the hot le3s as some
of the water from the inlet plenum drains into the hot legs. The flow regimie in the hot
leg is stratified with the two-phase mixture from the upper plenum flowing over a layer
of water on the bottom of the hot leg.

Water carryover to the SG tubes also initiates when water carryover from the core
decreases and the SG inlet plenum inventory decreases (i.e., about 25 se:conds after
BOCREC -- see Section 4.8). Heat transfer from the hot water on the secondary side
of the SG vaporizes water entrained into tubes and superheats the steam.
Vaporization of water in the SGs contributes to steam binding and degrades core
~ cooling. Specifically, vaporization increases the volumetric flow, and therefore

pressure drop, through the reactor coolant loops. The resulting increase in upper
plenum pressure reduces the core flooding rate.

Based on UPTF test results, a significant portion of water carryover from the core de-
entrains upstream of the SG tubes, particularly in the initial portion of reflood, and
therefore does not contribute to steam binding. As discussed in Section 4.8,
Reference U-456 estimated the effect of steam binding from the predicted carryover
to the SG U-tubes assuming complete vaporization. The evaluations showed that if
all the water carried out of the core reaches the SG U-tubes, PCT increaszs by about
240K (430°F). However, due to de-entrainment upstream of the SG U-tubes, the
increase in PCT from carryover to the SG U-tubes is only about 65K (120°F).

In the intact cold legs, steam is condensed by subcooled ECC. However, due to the
lower ECC fiow, only a portion of the steam flow is condensed. The resultant flow
regime in the intact cold legs is stratified with steam flowing over the ECC flow to the
downcomer. The condensation efficiency is nearly 100%. The uncondensed steam
vents to containment via the downcomer and broken cold leg.

The steam flow around the downcomer reduces the water level in the downcomer by
" entraining water out the break. Voiding due to heat release from the walls also
reduces the collapsed water level in the downcomer. The reduction of downcomer
collapsed water level reduces the driving head for core refiood and therefore the core
flooding rate. However, as discussed in Section 4.2.1, calculations show that the
effect of the level reduction on cladding temperatures is small (about 10 - 13K--see

Reference U-455).

During the LPCI portion of reflood, a two-phase mixture of steam with entrained water
flows out the break. The pressure drop associated with this flow pressurizes the
downcomer relative to containment and increases the system pressure. Tests at
CCTF and SCTF indicate increasing system pressure improves core cooling (see

Section 4.6.1). .
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Table 3.1-1

ECC SYSTEM DESIGN PARAMETERS FOR PWRS WITH COLD LEG INJECTION

Accumulators HPCI LPCI
PWR Vendor/Class Water Volume Number Pump Flow Number Pump Flow
Quantity Pressure per of Deslgn/Maxlmum of Deslgn/Maxlmum
kPa (psla) Accumulator Pumps m°/hr (gpm) Pumps m®/hr (gpm)
m3 (it%)

Combustion Engineering/System 4 4310 53 2 185/225 2 - 955/1135
go( (625) (1860) (815)/{1130) (4200)/(5000)

Westinghouse/3400 Mwt® 4 4580 24 2 95/150 2 680/1025
(665) (850) (425)/(650) (3000)/(4500)

2 35/125
(150)/(550)
Japanese/3400 MWt®) 4 4500 27 2 NA/320 2 NA/1020
NOTES:

1. Design parameters for the Combustion Engineering System 80 PWR obtained from Reference E-511.

2. The reference reactor for a 3400 MWt class Westinghouse PWR is the reactor at Trojan Nuclear Generating Station operated by
Portland Gas and Electric; design parameters obtained from Reference E-512.

3. The reference reactors for a 3400 MWt class Japanese PWR are the reactors at Genkai Nuclear Plant Units 3 and 4; design
parameters obtained from Reference E-514. Note that the design flow rates of the HPCI and LPCI pumps are not available.
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3.2 COMBINED INJECTION PLANT

The ECC systems in four-loop German (Siemens/KWU; 1300 MWe) PWRs consist of
three types of coolant injection systems, namely: high pressure coolant injection
(HPCI), accumulator (ACC) injection, and low pressure coolant injection (LPCI). A
unique feature of the GPWR design is that each of the ECC systems injects coolant
into the primary system through nozzles in the hot legs as well as through nozzles in
the cold legs. This type of injection scheme is termed "combined injection.”

During an LBLOCA, the HPCI system is actuated at a primary system pressure of
about 11,000 kPa. When the pressure in the primary system has decreased to
2,600 kPa, the ACCs automatically start to inject ECC. When the primary system
pressure reaches about 1,100 kPa, injection by the LPCI system commences. HPCI
continues throughout the ACC and LPCI phases, but ECC flow rate is dominated by

the ACC and LPCI flows.

Overall system behavior in a combined injection PWR during an LBLOCA is described
below based on findings from 2D/3D tests and the results of a TRAC-PF1/MOD1

calculation with 5/8 injection (Reference G-661). Schematics depicling system
behavior at several times in a UPTF test are shown in Figure 3.2-1. The discussion
below s divided into the following time periods: blowdown, end-of-blowdov/n/refill, and

reflood.

Blowdown

System behavior during blowdown was not investigated within the 2D/31) Program.
This discussion is based on test results from other safety research programs, and the
results of code analyses. Overall, system behavior during blowdown is independent
of the ECCS configuration until ACC injection starts.

During blowdown, the initial contents of the primary system are expelled through the
break to containment as the system depressurizes. The net flow in the reactor vessel
is from the core to the lower plenum and up the downcomer to the broken cold leg.
The rate at which primary coolant is discharged is controlled by the criticzl flow at the
. break. For a 200% cold leg break, the pressures in the primary systam and the
containment equalize approximately 35 seconds after break initiation at a pressure of
about 400 kPa.

End-of-Blowdown/Refill (see Figure 3.2-2)

When the primary system pressure has decreased below 2,600 kPa, the ACCs
automatically start to inject ECC into the hot and cold legs. A few seconds later highly
subcooled ECC from the hot legs is delivered to the upper plenum ancl penetrates
through the tie plate to the core. Water penetration to the core occurs: only within
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defined areas (20-40% of the total core area, depending on the number of activated
hot leg ECC systems--see Figure 4.7-7) located in front of the delivering hot legs.
While a significant portion of the steam in the hot legs and the upper plenum is
condensed by ECC injected into the hot legs, UPTF tests indicate that ECC which
penetrates through the tie plate is still highly subcooled (~70 K). '

Water downfiow from the upper plenum initiates core cooling during end-of-blowdown.
SCTF tests indicate the portions of the core in the downflow regions are immediately
quenched. CCTF tests indicate that heat transfer in the remainder of the core is
slightly enhanced by the water downflow. Some of the water downflow is vaporized
and steam flows out the top and bottom of the core; however, most of the water
downflow is heated to near saturation and flows to the lower plenum. When the steam
flow around the bottom of the core barrel is high, a substantial part of the water
downflow which reaches the lower plenum is entrained out the break; the remainder
of the water downflow is accumulated in the lower plenum. As the steam flow around
the bottom of the core barrel decreases, entrainment decreases and the rate of water
accumulation to the lower plenum increases.

UPTF tests (References G-018 and G-218) and a TRAC analysis (Reference G-661)
indicate that the lower plenum inventory starts to increase about ten seconds before
the end of depressurization at a system pressure of 1,000 kPa. This level increase is
primarily due to hot leg ECC injection which penetrates through the tie plate and core
because most of the ECC injected in the cold legs is entrained out the break by the
upflow in the downcomer. However, as blowdown progresses and the upfiow
decreases, bypass also decreases and ECC penetrates down the downcomer to the
lower plenum. Based on UPTF tests, delivery of ECC injected into the cold legs
initiates at the cold legs away from the break when the system pressure decreases
below 800 kPa.

In the end-of-blowdown phase, water plugs form in the cold legs as steam is
condensed by the high flow of subcooled ECC. These plugs oscillate upstream and
downstream from the injection nozzle location resulting in fluctuations in ECC delivery
to the downcomer. In the hot legs, water plugs form and collapse periodically,
consequently, ECC delivery to the upper plenum also fluctuates.

By the completion of blowdown, the lower plenum is filled to the bottom of the core
barrel. A few seconds later, the vessel fills to the core inlet and refill is complete.
Hence, the end-of-blowdown and refill are overlapping rather than consecutive. This
reduces the time to core reflood and therefore the heat-up period of the non-downflow
regions of the core; consequently, cladding temperatures in the non-downfiow regions
at reflood initiation are lower than for consecutive end-of-blowdown and refill. ‘As
indicated in Section 4.1.3, the reduction in cladding temperatures at reflood initiation
is about 80 - 100 K. ’
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Reflood

Initially, the downcomer water level increases rapidly as ECC injected into the cold legs
is delivered to the downcomer and ECC injected into the hot legs penetrates through
the core to the lower plenum and flows into the downcomer. When the downcomer
water level reaches the cold leg elevation, water spills out the broken cold leg and the

water level stabilizes.

Core thermal-hydraulic behavior during reflood is strongly heterogeneous (see
Figure 3.2-3). Specifically, the core is separated into two regions. Within the water
downflow region, the core is mainly quenched from the top down by the water
downflow from the upper plenum. Outside the water downflow region, core cooling
initiates at the bottom of the core as water entering the core from the lower plenum
is vaporized. Water entrained by the boiling process is carried to the upper regions
of the core initiating core cooling at all elevations.

UPTF tests indicate more than 80% of the steam generated in the core is condensed
in the upper plenum and hot legs. The uncondensed steam flows through the loops.
However, since most of the steam is condensed in the upper plenum and hot legs, the
loop steam flows are minimal and the flow pressure drop is small. Consequently, the
core flooding rate is high (0.15 - 0.25 m/s per SCTF tests).

The steam flow in the intact loops is completely condensed in the cold legs and no
steam enters the downcomer; consequently, there is no reduction in downcomer water
level due to entrainment out the break.

Water plugs form in both the hot and cold legs due to condensation of steam by the
high flow of subcooled water. UPTF tests indicate the hot leg plugs are uristeady and
the cold leg plugs oscillate. In both cases, delivery to the reactor vessel fluctuates.
The fluctuating nature of ECC delivery does not adversely affect core heat transfer and

quench times.

In a TRAC calculation of an LBLOCA, the average powered rods were: quenched
90 seconds after break initiation. Whole core quench occurred within 130 seconds of

break initiation (Reference G-661).

3.2-3



‘ System pressure Start of main test phase
{ Y s 27,55

d Steam mass flow
. SN
s — c— i '
1 | i 1
ECC ' !l Ecc
ECC
\‘-/ Bypass

’ F l\: [P=350 kPa ] End of Blowdown
; 46.5s
R i K‘\

I kl; < Bottom of Core Recovery
- | 52.9¢

’ ‘ ; Lo End of Test Phase
‘1 : 76.0s

A
A= m—— | _
’ 1 i 1
l

OVERALL SYSTEM BEHAVIOR IN A COMBINED INJECTION
INTEGRAL TEST AT UPTF (TEST NO.18)

FIGURE 3.2-1
324



Steam

Generator

Generator

D —~
a\ o\
Effective Steam
Condensation
3 , C
| '
iyl per L
Hot Leg )g&
Broken N T AR Y Y (T T ey 4= 7
Loop // /s 2 ~ ¥ \s Cold Leg \ intact
' — - Break, _[— — | ¥ | SRS g o f AN | O | Loop(s)
\ X \ECcC !
Downcomer T aator
j Injection - J
Lower Plenum Inventory
Broken Loop decreases first, Transition from ECC
Steam Flow then increases bypass to delivery
- at about 800 KPa
Lower Plenum
SUMMARY OF LBLOCA BEHAVIOR IN A COMBINED INJECTION PWR
END-OF BLOWDOWN/REFILL PHASE
FIGURE 3.2-2
Steam Legend: Steam
Generator -« — — Steom Generator
——— Water
Water
v ] Two-Phase Mixture
\
Effective Steam
Condensation
Water Entrainment
Out Of Core
3 _
Upper Plen Yl Superheated
L& oy :;team o8
%en / / = — O {?otgdp(s)
|
‘ I
i
Broke
Steamnl!igevp

"SUMMARY OF LBLOCA BEHAVIOR IN A COMBINED INJECTION P\WR
' REFLOOD PHASE

FIGURE 3.2-3
3.2-5






3.3 DOWNCOMER INJECTION PLANTS
The ECCS configuration of PWRs with downcomer injection varies considerably among
the three countries participating in the 2D/3D Program; consequently, overall system
behavior during an LBLOCA is described in a separate subsection for eacti PWR. The
subsection and corresponding PWR are listed below.
- 3.3.1 US Downcomer Injection Plant

3.3.2 FRG Downcomer Injection Plant

- 3.3.3 Japanese Downcomer Injection Plant

3.3-1






3.3.1 US Downcomer Injection Plant

Babcock & Wilcox (B&W) PWRs are 2 x 4 loop designs with once-through steam
generators. It has been conservatively postulated that, during an LBLOCA in a
lowered loop B&W PWR, stable water plugs can form in the portions of the cold legs
upstream of the pumps and thereby prevent steam flow through the loops. To provide
an alternative flow path for steam to vent to containment, vent valves are installed in
the reactor vessel core barrel. There are eight vent valves located around the core
barrel approximately 1 m above the cold leg centerline (see Figure 4.1-11). ECC
systems for B&W PWRs consist of three types of coolant injection systems:
accumulator (ACC) injection, low pressure coolant injection (LPCI), and high pressure
coolant injection (HPCI). For B&W PWRs, the ACC and LPCI systems inject ECC into
the primary system through nozzles located in the downcomer and the HPCI system
injects ECC through nozzles in the cold legs.

During an LBLOCA, water from the pressurized accumulators is automatically injected
into the reactor vessel downcomer when the reactor pressure drops below the
accumulator tank pressure. HPCI flow is simultaneously injected into the cold legs,
but the HPCI flow is small compared to the accumulator flow. The accumulator tanks
are sized so that when emptied, the lower plenum is filled and core reflood has begun.
At low pressures, LPCI fiow begins and continues indefinitely. HP(CI normally
continues throughout the LPCI injection phase, but the flow rate is dominated by the
LPCI system. Design parameters for ECC systems of B&W PWRs are {abulated in

Table 3.3.1-1.

Thermal-hydraulic behavior in the reactor coolant system during an LBLOCA is
described below. The discussion is divided chronologically into the following time
periods: blowdown, end-of-blowdown/refill, early reflood, accumulator nitrogen
discharge, and late reflood.

Blowdown

The 2D/3D Program did not investigate system behavior during the blowdown portion
of an LBLOCA. Based on resuits from other reactor safety research programs, it is
known that during blowdown, most of the initial contents of the reactor coolant system
are rapidly expelled through the break. A significant fraction of the water initially
present in the reactor coolant system flashes to steam, which drives the flow out the
broken cold leg. The pressure in the primary system decreases as the blowdown
progresses.
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End-of-Blowdown/Refill (see Figure 3.3.1-1)

During the end-of-blowdown, the reactor coolant system is filled with steam except for
a small amount of water in the lower plenum. Vent valves located in the core barrel
above the cold leg centerline provide a steam path from the upper plenum directly to
the downcomer. Steam is vented to containment by flowing around the bottom of the
core barrel and up the downcomer to the break and by flowing through the vent
valves and around the downcomer to the break. The water inventory in the lower
plenum continues to decrease from entrainment by the steam flow around the core
barrel and from flashing due to decreasing system pressure. Steam flow in the core
provides limited core cooling which is eliminated as the flow stops at the end-of-
blowdown.

When the system pressure has decreased below the accumulator pressure
(4,200 kPa), the accumulators automatically inject ECC into the downcomer. There
is a small amount of HPCI injection to the cold legs, but this flow is negligible relative
to the ACC injection. In the downcomer, the steam upfiow initially entrains the injected
ECC directly out the broken cold leg (ECC bypass) thereby preventing ECC from
refilling the lower plenum. However, as blowdown proceeds and the steam flow
decreases, bypass also decreases and ECC is delivered to the lower plenum. In
UPTF tests for cold leg injection, ECC delivery to the lower plenum from the loops
away from the break begins at a pressure of about 800 kPa. As discussed in
Section 4.1.2, there were no transient fuli-scale tests which simulated B&W PWRs.
However, because the steady-state full-scale test results for downcomer injection (with
vent valves) were similar to the test results for cold leg injection, ECC delivery to the
lower plenum for downcomer injection is expected to begin at approximately the same
pressure. Thus, delivery to the lower plenum from the nozzle opposite the break
begins at approximately 800 kPa. Delivery from the nozzle adjacent to the break
begins later in the end-of-blowdown when the steam upflow is significantly reduced.

At the completion of blowdown, the lower plenum is filled almost to the bottom of the
core barrel. Within a few seconds of the end of depressurization, the vessel is filled
to the core inlet and refill is complete. Hence, refill and blowdown are overlapping
rather than consecutive. Overlapping blowdown and refill reduces the time to core
reflood, and therefore the adiabatic heat-up period. Ht was estimated in
Reference U-460 that the reduction in cladding temperature at reflood initiation for
overlapping blowdown and refill versus consecutive blowdown and refill is
approximately 100 K (see Section 4.1.2).
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Early Reflood (Accumulator Injection)

In the early portion of reflood, the downcomer water level increases rapidly due to the
high ECC flow from the accumulators. Based on CCTF test results, the downcomer
water level reaches the cold leg elevation resulting in water spillover out the broken
cold leg. Heat release from the vessel wall is initiated as the downcomer fills. Tests
and analyses show that this heat release does not cause vaporization of the
downcomer water inventory because the subcooling of the water delivered to the
vessel is sufficient to suppress boiling.

The downcomer water level increase drives water into the core. Steam gsneration in
the core begins first at the bottom of the core as water enters the core from the lower
plenum. However, within a few seconds, water entrained by the boilingi process is
distributed throughout the core and core cooling occurs at all elevations. In B&W
lowered loop plants, stable water plugs can form in the intact cold legs which prevent
steam flow through the intact loops. Thus, all of the steam generated in the core is
vented through the vent valves to the downcomer and then out the break to
containment. Some of the water in the upper core is carried by steam flow out of the

core to the vent valves.

Initially, the core flooding rate is high and the collapsed water level in the core
‘increases rapidly. When the downcomer water level reaches the cold leg elevation
and water spills out the break, the core flooding rate decreases quickly. However,
since the core steam generation is essentially the same as during early reflood, the
reduction in the core flooding rate results in lower rates of water accumulation in the
core and water carryover out of the core.

Water carried out of the core is either de-entrained in the upper plenum or carried with

the steam through the vent valves to the downcomer. Water which is de-entrained in
the upper plenum either accumulates as a two-phase mixture or falls back to the core.

Accumulator Nitrogen Discharge

When the water in the accumulators is depleted, the nitrogen that pressurizes the
accumulators escapes through the ECC piping. Water in the top of the downcomer
is pushed toward the break. The primary system (particularly the region into which
the nitrogen is injected) is pressurized for a short time until the nitrogen escapes to
containment. System pressure is further increased due to the suppression of steam
condensation by the presence of the non-condensible nitrogen. The accumulation of
uncondensed steam contributes to the temporary pressurization of the downcomer
and cold leg regions of the primary system.
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There were no full-scale nitrogen discharge tests with downcomer injection and vent
valves; however, the phenomena discussed in Section 3.1 for PWRs with cold.leg
injection are applicable to B&W PWRs. Before the nitrogen discharge begins, the
pressure above the core is higher than the pressure.in the downcomer due to the
steam flow through the vent valves. From tests without vent valves, it is known that
the nitrogen discharge tends to pressurize the downcomer relative to the upper
plenum. It is possible that the pressurization of the downcomer due to the nitrogen
discharge temporarily closes the vent valves, although data in this regard are not
available. Regardless of vent valve position, it appears that a portion of the water in
the downcomer is forced into the lower plenum, displacing lower plenum water into
the core. The magnitude of core water level increase with vent valves is not known.

Water in the lower plenum is subcooled, in part due to the rise in pressure. As the
water surges into the core, heat is absorbed until, after a brief delay during which the
water is heated to saturation, additional steam is produced. The increased steam
production in the core increases the upper plenum pressure such that the upper
plenum-to-downcomer pressure difference is re-established, and steam flow through
the vent valves resumes. When this occurs, the core level decreases.

Late Reflood (LPCI) (see Figure 3.3.1-2)

As previously indicated, water carryover out of the core decreases prior to the
termination of accumulator injection when the downcomer water level reaches the cold
leg elevations. Later in reflood, however, water carryover out of the core increases
as the quench front reaches the upper regions of the core. Reflood ends when the
entire core is quenched.

The upper plenum water inventory, which was increasing during early reflood,
decreases due to the reduction in water carryover from the core. In the downcomer,
steam is condensed by subcooled ECC; however, due to the lower ECC flow (LPCI
flow only), only a portion of the steam flow is condensed. The condensation efficiency
is nearly 100%. The uncondensed steam vents to containment via the broken cold

leg.

The steam flow around the downcomer reduces the water level in the downcomer by
entraining water out the break. In UPTF, almost all of the water injected into the ECC
nozzle adjacent to the broken cold leg was directly entrained out the break. (This
phenomenon may be strongly dependent on nozzle position relative to the break and
it is not clear that this will occur to the same extent in B&W PWRs.) Water injected
into the ECC nozzle opposite the break penetrates into the downcomer and
contributes to downcomer inventory; entrainment of this water is limited. Overall, the
downcomer water level is similar to cold leg injection. Voiding due to heat release
from the walls also reduces the downcomer water level. This reduction in downcomer
level reduces the driving head for core reflood and therefore the core flooding rate.
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However, as discussed in Section 4.2.2, calculations show that the increase in
cladding temperature due to the level reduction is small (about 13 - 18 K--see
Reference U-460).
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Table 3.3.1-1

ECC SYSTEM DESIGN PARAMETERS FOR B&W PWRS

Accumulators HPCI LPCI
PWR Vendor/Class Water
Pressure Volume Number Pump Flow Number | Pump Flow
Quantity | kPa (psia) per of m¥hr (gpm) of mYhr (gpm)
. Accumulator | Pumps Pumps
m? (9
Babcock & 2 - 4200 30 3 114 2 680
Wilcox/2600 Mwt (" (615) (1040) (500) (3000)

NOTE:

1. The reference reactor for a 2600 MWt B&W PWR is Crystal River Unit 3 operated by Florida Power Corporation; design
parameters obtained from Reference E-513.
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3.3.2 FRG Downcomer Injection Plant

The Muelheim-Kaerlich (MK) plant in the FRG, which was built by Brown Boveri
Reactor (BBR--now Asea Brown Boveri or ABB), is a 2 x 4 loop PWR similar in design
to a raised loop Babcock & Wilcox (B&W) PWR. Like B&W PWRs, the MK reactor
vessel is equipped with vent valves in the core barrel to allow steam to vent directly
from the upper plenum to the downcomer during a LOCA. The vent valves are
located approximately 1 m above the hot leg nozzles.

The configuration of ECC system of the MK PWR is shown in Figure 3.3.2-1. The
ECCS has four separate systems. Two of the systems inject ECC directly into the
downcomer and two systems inject ECC into the loops. For each loop, ECC is
injected into only one of the two cold legs. Each system consists of three types of
injection; namely, high pressure coolant injection (HPCI), accumulator (AC(C) injection,
and low pressure coolant injection (LPCI). The primary system pressure at which the
different types of injection initiate are listed below.

- HPCI 12,750 kPa
- ACC 4,200 kPa
LPCl 1,300 kPa

Overall behavior in an ABB/BBR PWR during an LBLOCA is described below based
on findings from 2D/3D tests and the results of a TRAC-PF1/MOD1 calculation for the
MK PWR (Reference G-662). The discussion below is divided into the following time
periods: blowdown, end-of-blowdown/refill, and reflood.

Blowdown

System behavior during blowdown was not investigated within the 2D/3[) Program.
This discussion is based on the results of other safety research prograrns, and the
results of code analyses.

Upon initiation of the break, the pressure in the primary system decreases rapidly as
the water inventory expands and fluid is discharged out the break. When the system
pressure reaches saturation pressure (12,500 kPa), steam is produced by flashing and
heat transfer in the core, and the rate of depressurization decreases. Steam produced
in the core vents to containment by flowing through the vent valves to the downcomer
and out the break. As the primary system inventory decreases, the lower plenum
water seal is lost. This allows some of the steam in the core to flow around the
bottom of the core barrel and up the downcomer to the break.
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End-of-Blowdown/Refill (see Figure 3.3.2-2)

During the end-of-blowdown, the primary system is filled with steam except for the
lower plenum which still contains some water. Steam in the reactor vents out the
broken cold leg by flowing through the vent valves and around the downcomer to the
break, and by flowing around the bottom of the core barrel and up the downcomer
to the break. Based on UPTF tests, the steam flow through the vent valves constitutes
30-40% of the total steam flow (see Section 4.1.2).

When the primary system pressure decreases below 4,200 kPa the ACCs
automatically start to inject ECC into the downcomer and cold legs. Steam condenses
on the high flow of highly subcooled ECC. The high condensation rate reduces the
system pressure and accelerates system depressurization. At the end of blowdown,
the primary system pressure is actually lower than containment pressure; therefore
steam flows into the primary system from containment.

The upflow in the downcomer initially entrains all the ECC flow directly out the broken
cold leg (ECC bypass); however, as blowdown proceeds and the upflow decreases,
bypass also decreases and ECC is delivered to the lower plenum. Per the UPTF
tests, ECC injected adjacent to the break is largely bypassed during blowdown.
Consequently, lower plenum refill is primarily due to delivery of ECC injected away
from the break (see Section 4.1.2).

By the completion of blowdown, the lower plenum is filled to the bottom of the core
barrel. A few seconds later, the vessel fills to the core inlet and refill is complete.
Hence, the end-of-blowdown and refill are overlapping rather than consecutive. This
reduces the time to core reflood and therefore the core heatup period. Consequently,
cladding temperatures at reflood initiation are lower than for consecutive end-of-
blowdown and refil. As indicated in Section 4.1.2, the reduction in cladding
temperatures at reflood initiation is about 100 K.

Reflood (see Figure 3.3.2-3)

ECC fiows down the downcomer to the lower plenum and into the core. Steam
generation initiates at the bottom of the core as water enters the core. Quench
propagation is therefore from the bottom up. Water entrained by the boiling process
is carried to the upper regions of the core providing core cooling above the quench
front. Overall, thermal-hydraulic behavior in the core is similar to that described in
Section 3.1 for cold leg injection PWRs. However, the core flooding rate is higher than
in cold leg injection PWRs because, as discussed below, the back pressure for venting
steam from the core is lower.
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Steam generated in the core is vented to containment via the upper plenum and either
the vent valves or reactor coolant loops. Since the flow resistance of the reactor
coolant pumps is large compared to the vent valves, most of the steam flows through
the vent valves and only a small amount flows through the loops. Due to the low flow
through the loops, the flow pressure drop for the steam venting frorn the core
(i.e., system back pressure) is lower than for cold leg injection PWRs.

In the upper plenum, some of the water carried out of the core de-entrains and either
falls back to the core or accumulates. The remainder of the water is either entrained
by the steam flow through the vent valves or carried over to the loops. However,
since the steam flow through the loops is small, carryover to the hot legs and steam
generators is low.
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3.3.3 Japanese Downcomer Injection Plant

Some Japanese PWRs with a power rating of about 500 MWe are equipped with
downcomer injection-type ECCS. These PWRs have two reactor coolant loops with
one hot leg and one cold leg per loop. Unlike the B&W and ABB/BBR PWRs with
downcomer injection, these PWRs do not have vent valves in the core barrel.

As shown in Figure 3.3.3-1, the ECCS for these two-loop PWRs consists of
accumulators, high pressure injection (HPI) pumps, and low pressure injection (LPI)
pumps. The design parameters for each part of the ECCS are listed in Tabdle 3.3.3-1.
The LPI pumps inject water directly into the downcomer. The two injection nozzles are
located on the side wall of the downcomer at about the cold leg elevation. Since each
of the two LPl pumps are connected to both injection nozzles, ECC is injected
symmetrically in both the no-LPI-pump failure case and the single-failure case. The
ratio of the effective LPI flow rate to core power is approximately 20% hicher than in
four-loop PWRs.

The ACCs and HPI pumps inject ECC through nozzles in the cold legs. Izach of the
two ACCs is connected to both cold legs. Similarly, both HPl pumps inject ECC into
both of the cold legs. The ratio of the effective ACC water volume to core power is
approximately the same as in the four-loop PWRs.

The cold leg diameter and downcomer gap for these two-loop PWRs with clowncomer
injection are comparable to those of four loop PWRs. However, since the primary
system volume is about half that of four-loop plants, the break area relative to system
volume is larger in the two-loop PWRs.

System behavior in a two-loop PWR with downcomer injection is described briefly
below. The description is divided into the following time periods: blowdown, end-of-
blowdown/refill, early reflood, accumulator nitrogen discharge, and late reflood. The
description of late reflood includes both evaluation model (EM) and best-estimate (BE)

conditions.
Blowdown

System behavior during the blowdown portion of an LBLOCA for the two-loop
downcomer injection PWR should be essentially the same as that for the four-loop
cold leg injection PWR (see Section 3.1). However, as indicated above, the break area
relative to the system volume is larger for the two-loop PWR. Consecjuently, the
primary system pressure is expected to decrease faster in the two-loop, downcomer
injection PWRs than in larger four-loop PWRs (i.e., blowdown is shorter).
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End-of-Blowdown/Refill

When the primary system pressure has decreased below the ACC pressure, the ACCs
automatically start to inject ECC into the cold legs. A water plug forms in the intact
cold leg as the steam flow through the loop is condensed by the high flow of
subcooled ECC. The water plug oscillates in the cold leg causing fluctuations in the
flow of ECC into the downcomer. Shortly after the start of ACC injection when the
primary system pressure has decreased further, the LPI system starts to inject ECC
directly into the downcomer.

Initially, the two-phase (steam with entrained water) upflow in the downcomer entrains
the ECC out the broken cold leg (i.e., ECC bypass); however, as blowdown proceeds
and the upflow decreases, the bypass also decreases and ECC is delivered to the
lower plenum. Lower plenum refill is initiated primarily by ACC injection into the intact
cold leg. Since the LPI flow rate into the downcomer is small in comparison to the
ACC injection into the intact cold leg, lower plenum refill behavior should be
comparable to that for cold leg injection PWRs (see Section 3.1).

By the completion of blowdown, the lower plenum is filled aimost to the bottom of the
core barrel. Within a few seconds of the end of depressurization, the lower plenum
water level reaches the core and refill is complete. Hence, refill and blowdown are
overlapping rather than consecutive. This limits the cladding temperatures at reflood
initiation by reducing the duration of the adiabatic heat-up period.

Early Reflood (Accumulator Injection)

In the early portion of reflood, the downcomer fills rapidly with subcooled water. The
water level in the downcomer stabilizes at the cold leg elevation as water spills out the
broken cold leg. This increase in downcomer water level forces water into the core.
Steam generation initiates at the bottom of the core as water enters the core from the
lower plenum; however, within a few seconds, water entrained by the boiling process
is present throughout the core and core cooling is occurring at all elevations.

Steam and entrained water from the core enter the upper plenum where part of the
water de-entrains and accumulates. Steam exits the upper plenum via the intact and
broken loop hot legs. The steam which flows through the intact loop is completely
condensed in the cold leg by the subcooled ECC injection.

Accumulator Nitrogen Discharge

Thermal-hydraulic behavior during ACC nitrogen discharge is expected to be the same
as that described in Section 3.1 for cold leg injection PWRs. Specifically, the flow of
nitrogen into the downcomer pressurizes the downcomer and suppresses
condensation in the intact cold leg until the nitrogen is vented out the break. The
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increase in downcomer pressure forces water from the downcomer into the core;
however, this insurge of water increases steam generation in the core which
pressurizes the upper plenum and forces water back into the downcomer.

Late Refiood (LPCI)

ECC injected into the cold leg and downcomer fiows down the downcomer to the
lower plenum and into the core. Due to the downcomer water level oscillations
described below, the core flooding rate is oscillatory. The average core flooding rate,
however, is nearly constant for the duration of the transient. Overall, thermal-hydraulic
behavior in the core is similar to that described in Section 3.1 for cold leg injection
PWRs.

Some of the water carried out of the core de-entrains and either falls back to the core
or accumulates in the upper plenum, hot legs, and steam generator inlet plena. The
remainder of the water carryover from the core is carried over to the stearh generator .
U-tubes. Heat transfer from the secondary side vaporizes entrained water in the
U-tubes; hence, flow in cold legs consists of single-phase, superheated steam.

in the intact cold leg, steam is condensed by the subcooled ECC injection; however,
due to the reduction in ECC injection into the cold leg (HPCI versus ACC and HPCI),
only a portion of the steam flow is condensed. The resultant flow regime in the intact
cold leg is stratified with steam flow over the ECC flow to the downcomer.

The steam fiow from the intact loop enters the downcomer where some cf the steam
is condensed by the ECC injection into the downcomer. Condensation is intermittent
as U-tube oscillations of the core and downcomer water levels occur. When the
downcomer water level is below the ECC injection nozzle, steam ccndensation
increases due to good steam access to the ECC injection stream and subcooled water
on top of the downcomer water column. Increased condensation raduces the
pressure in the downcomer relative to the core pressure which forces water out of the
core and into the downcomer. The increase in steam condensation alsc warms the
top portion of the downcomer water column to near saturation. As the downcomer
water level rises, steam access to the ECC injection stream is blocked by saturated
water and condensation is reduced. The reduction in condensation increases the
downcomer pressure which forces water from the downcomer back into the core and
starts the cycle again (Reference J-973). The character of this oscillation is influenced
by the vertical position of the downcomer injection nozzles slightly below the cold leg
nozzles.

Overall, condensation in the two-loop downcomer injection PWRs is low because
contact between steam and the LPCI flow is limited; consequently, ECC accumulating
in the downcomer is still subcooled. The subcooling is sufficient to suppress

downcomer voiding.
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The downcomer water level and condensation oscillations described above are
expected to occur only for the single-failure case. In the no-failure case, complete

condensation of the steam fiow from the intact cold leg into the downcomer is
expected.
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TABLE 3.3.3-1

ECC SYSTEM DESIGN PARAMETERS FOR JAPANESE PWRS WITH DOWNCOMER INJECTION

Accumulators HPCI LPCI
Water
Pressure Volume Number Pump Flow Number Pump Flow
Quantity per of of
kPa Accumglator Pumps m¥hr Pumps m3hr
m
2 5000 35.4 2 160 2 454
NOTE:

1. The reference PWRs are the reactors at Tomari Nuclear Plant Units 1 and 2; design parameters obtained from
Reference E-515.
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3.4 UPPER PLENUM INJECTION (UPI) PLANT

In some two-loop PWRs in the US and Japan, low pressure coolant injection (LPCI)
is into the upper plenum, rather than into the cold legs as in three- and four-loop
plants. Except for the LPCI injection location, the ECC system configuration and
injection sequence at these PWRs are similar to that described in Section 3.1 for cold
leg injection PWREs.

Blowdown, Refill, Early Reflood and Accumulator Nitrogen Discharge

Early in the LBLOCA transient, until the accumulator (ACC) water inventory is depleted,
system behavior in an upper plenum injection (UPl) PWR is similar to that for a cold
leg injection PWR. This is because ACC injection is into the cold legs in both types
of plants, and the ACC injection rate is much higher than the LPCI flow rate.
Accordingly, the behavior during the blowdown, end-of-blowdown/refill, and early
reflood phases is similar to that described in Section 3.1. The only significant
difference is that some upper plenum accumulation and cooling of the rods near the
top of the core occurs due to the LPCI flow into the upper plenum during refill and
early reflood. The effects of accumulator nitrogen discharge in a UPI plant are also
expected to be the same as those in a cold leg injection plant (see Section 3.1), since
the locations, timing, and relative amounts of nitrogen discharge are similar.

Late Reflood

The late refiood (LPCI) period, after depletion of accumulator inventory, is jualitatively
different in a UPI PWR. Figure 3.4-1 shows the hydraulic behavior in a UP] plant
during the late reflood period. The most notable characteristic is that ECC enters the
core from the top and the net flow rate at the bottom of the core is negalive (toward
the downcomer). A positive flow rate (flow from the downcomer to the core) is the
flooding mechanism for plants with cold leg injection. Even though flow directions are
different for the two types of injection, there is similar liquid accumulation in the core
which provides global core cooling; i.e. the net core flooding rate is similer to that for

cold leg injection.

ECC water flows from the upper plenum down to the core in a local regicn, covering
about 10% of the core. The size of the downflow region in a UPI plant is determined
by interpolating between CCTF (subscale) and UPTF (above full-scale). UPTF results
show there is a small amount of subcooling (10 - 15 K) in the downflow. The
downflow region is beneath the ECC injection nozzle and does not chang: during the
transient. CCTF results show that the initial downflow partially quenches the rods in
the downflow region so that less steam is generated in that region for the remainder
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of the transient, and, consequently, there is less resistance to water downflow. Near
the top of the core in the downflow region, core cooling is enhanced by the
downflowing water. In other core regions, an upflowing steam/water mixture provides
cooling, comparable to that in cold leg injection PWRs.

Subcooled injection water and steam generated in the core mix completely in the
upper plenum and the top of the core, leading to significant steam condensation.
Based on UPTF data with an extensive network of thermocouples, it appears most or
all of the mixing occurs in the upper plenum. As discussed above, this means that
water delivered to the core has a small amount of subcooling. The major result is that
the amount of steam which needs to be vented through the loops to containment is
decreased by condensation. For a single-failure LPCI assumption, the injected water
condenses about 40% of the steam produced in the core at the beginning of reflood,
and a higher fraction as the core heat release decays. For a no-failure LPCI
assumption, the steam flow is entirely condensed.

In the upper plenum, accumulation of water to a steady-state inventory occurs quickly;
i.e., within several seconds after start of reflood. UPTF resuits show that the water
distribution across the flow area is uniform except at the breakthrough region where
more water accumulates. The differential pressure resulting from water accumulation
is a small fraction of the total loop differential pressure.

In a UPI plant, a larger fraction of the injected water is carried over to the hot legs and
steam generators, in comparison to a cold leg injection plant. The result is that more
water is vaporized in the steam generators, contributing to the steam binding effect
which degrades core cooling. Thus, the UPI configuration has two opposing effects
on steam binding; condensation in the upper plenum (discussed above) reduces the
amount of steam flowing through the loops, while liquid carryover to the steam
generators increases the steam flow rate. CCTF results indicate the net effect is a
benefit (less resistance to steam venting) compared to a cold leg injection
configuration. In the PWR, the carryover rate is expected to be less, and the
condensation rate the same, as in CCTF (based on scaling effects as deduced from
comparison of CCTF and UPTF results) so the net effect of UPI in a PWR should be
less steam binding.
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Section 4

EVALUATION OF TESTS AND ANALYSES TO
ADDRESS KEY REACTOR SAFETY ISSUES

This section summarizes the evaluations of the experimental and analytical results of
the 2D/3D Program to address various reactor safety issues. Each issue is covered
individually in the manner shown in Figure 4-1. For each issue the phenomena and
their importance are defined, tests and analyses related to the issue are identified, and
the conclusions and applications to the PWRs are discussed. Each issue is discussed
in a separate section. For issues relevant to PWRs with different ECCS corfigurations,
the application of the test and analysis results to PWRs are covered ‘n separate
subsections by ECCS configuration. These separate subsections also include
technical findings and conclusions which are specific to a given ECCS ccnfiguration.
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4.1 ECC DELIVERY TO LOWER PLENUM DURING DEPRESSURIZATION

Definition of Issue and Description of Phenomena

in a large, cold leg break LOCA at a PWR, most of the initial contents of the reactor
coolant system are rapidly expelled through the break. A two-phase mixture of
flashing and entrained fiuid is forced up the downcomer and out the broken cold leg,
as the pressure in the primary system decreases from its initial value of 15,500 kPa
to an "equilibrium” value of 200 - 400 kPa, which represents the equilibrium pressure
between the primary system and containment. When the pressure has deacreased to
a predetermined value in the range of 1,400 - 4,600 kPa, depending on plant design,
the accumulators begin to automatically inject ECC into the reactor coolant system.
The purpose of this ECC is to rapidly refill the reactor vessel lower plenum and start
reflooding the reactor core.

When the accumulator ECC (which is highly subcooled) is first injected, the system is
still blowing down. During the end-of-blowdown (EOB), the steam/water flow path is
up the downcomer and out the broken cold leg nozzle (see Figure 4.1-1). The two-
phase upflow may entrain some or all of the ECC injected into the cold l2gs and/or
downcomer directly out the broken cold leg. This is referred to as "ECC typass". As
blowdown proceeds and the downcomer upflow decreases, the bypass also
decreases and ECC can be delivered, allowing some initial filling of the lower plenum.

in PWRs with combined injection, ECC injected into the hot legs is delivered to the
lower plenum via the upper plenum and core. When the steam flow around the
bottom of the core barrel to the downcomer is high, a substantial part of the water
downflow which reaches the lower plenum is entrained out the break. However, as
the steam flow decreases, entrainment decreases and delivery increases. The water
downflow through the core initiates core cooling during end-of-blowdown (see

Section 4.6.3).

The "refill' phase of the LOCA starts with the initiation of ECC accumulation in the
lower plenum and lasts until the reactor vessel water level reaches the bottom of the
core. During this phase, the reactor vessel average wall temperature tends to be near
its full power value of 560 K; hence, steam generation on the hot walls cain contribute
to the overall steam flow up the downcomer.

Importance of Issue to PWR LOCA

The rapid depressurization of the reactor vessel and the resulting two-phase flow in
the lower plenum and downcomer tend to prevent the accumulation of ECC in the
lower plenum. The interaction of the steam/water flow in the lower plenum and
downcomer is important since it affects how quickly the reactor vessel refills.
Specifically, for cold leg or downcomer injection, ECC delivery to the lower plenum is
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controlled by the countercurrent flow limitation in the downcomer. However, for hot
leg injection, ECC accumulation in the lower plenum is controlled by entrainment by
the steam flow around the bottom of the core barrel. Higher ECC delivery and
accumulation during the blowdown phase reduces the duration of the refill phase,
limiting the clad temperature at the beginning of refiood.

Tests and Analyses that Relate to the Issue

ECC delivery to the lower plenum during blowdown has been investigated in
numerous transient and quasi-steady tests both in the 2D/3D Program and elsewhere.
The transient tests evaluated the transient progression of phenomena under typical
PWR conditions at the EOB and the quasi-steady tests evaluated downcomer
countercurrent flow under controlled conditions. Table 4.1-1 lists only the tests
considered in this report. In the 2D/3D Program, tests were performed at UPTF and
CCTF to investigate ECC delivery at large-scale. The UPTF tests included tests with
cold leg ECC injection, downcomer ECC injection, and combined ECC injection. The
cold leg ECC injection tests consisted of Tests 4A and 5A which were transient EOB
simulations, and Tests 5B, 6, and 7 which were quasi-steady tests. The downcomer
ECC injection tests consisted of Tests 21A, 21B, and 22 which were quasi-steady
tests, and Test 24 which was a transient test. The combined injection tests included
Tests 3, 18, 19, and 28 which were transient tests. In CCTF, three cold leg injection
transient tests (C2-11, C2-14, and C2-17) and three combined injection transient tests
(C2-19, C2-20, and C2-21) simulated EOB/refill conditions.

Outside the 2D/3D Program, several small-scale tests with various geometries and
flow conditions have been performed (see Reference E-401). Table 4.1-1 lists the
facilities that are included in the scale comparisons presented in this report.

The evaluations of the UPTF cold leg injection tests and downcomer injection tests,
including comparisons to subscale tests are providedin References U-455 and U-460,
respectively. Evaluation of the UPTF combined injection tests is covered in
Reference G-411. The major results of these evaluations and comparisons are
summarized below.

Several post-test TRAC calculations of the UPTF tests have also been performed
(References U-711 and U-715). These have included TRAC-PF1/MOD1 calculations
of all UPTF Test 6 runs (Reference E-611), and TRAC-PF1/MOD2 calculations of UPTF
Test 4A; Test 5A; Test 6, Run 133; and Test 7, Runs 200 and 201, Test 21A; and
Test 22A (see Appendix B).

Summary of Key Results and Conclusions from Tests and Analyses

The following discussion focuses on the tests and analyses in which ECC was injected
into only the cold legs and is applicable to PWRs with cold leg injection, cold
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leg/downcomer injection, and combined injection. Application of these: results to
PWRs are covered in the following subsections by ECCS configuretion. The
subsections on downcomer injection (Subsection 4.1.2) and combined injection
(Subsection 4.1.3) also cover tests and analysis results specific to these ECCS
configurations.

The results of the full-scale UPTF tests have shown multidimensional phenomena in
the downcomer not previously observed in small-scale tests. The steam upflow and
the calculated ECC delivery to the lower plenum for the quasi-steady UPTF tests with
cold leg injection are plotted in Figure 4.1-2. This plot shows that delivery
characteristics are very different between the loop near the break (Loop 1) and the
loops away from the break (Loops 2 and 3). Specifically, ECC injected irito the loop
near the break was mainly bypassed while ECC injected in the loops away from the
break was delivered to the lower plenum. Contour plots of fluid temperature
measurements (i.e., subcooling) in the downcomer are consistent with these
observations (see Figure 4.1-3). Based on the delivery data in Figure 4.1-2 and fluid
temperature contour plots, Siemens identified the following flow regimes for ECC
delivery in UPTF (Reference G-907).

Complete bypass from Loop 1 with partlal delivery from Loops 2 and 3 for high
steam flows (>320 kg/s).

- Complete bypass from Loop 1 and nearly complete delivery from Loops 2 and 3
for intermediate steam flows (>100 kg/s and <320 kg/s).

- Partial delivery from Loop 1 and complete delivery from Loops 2 and 3 for low
steam flows (<100 kg/s).

Several methods have been proposed to correlate these UPTF flooding data. Each
method is discussed briefly below.

The Siemens analysis (Reference G-907), discussed above, identified three
different flow regimes for countercurrent fiow in the downcomer. These analyses
indicated that ECC delivery from Loops 2 and 3 appears to be injection limited for
steam flows up to 320 kg/s. This suggests that the UPTF data do nct reveal the
true countercurrent flow limitation at steam flows less than 320 kg/s end leads to
a representation of UPTF flooding characteristics as a three-region curve (see
Figure 4.1-2).

- The correlation proposed by H. Glaeser includes a term for the proxirnity of each
ECC injection location to the broken cold leg to account for the multidimensional
behavior observed in the tests (see References G-415 and G-915). This term is
applied to steam flow (K") for each cold leg, resulting in a lower effective,
dimensionless steam upfiow at the loops away from the break, and therefore
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higher ECC delivery from these loops. Similarly, for the cold leg near the break,
the effective steam flow is higher, and ECC is more easily bypassed. The
correlation is plotted in Figure 4.1-4.

- MPR calculated a simple best-fit correlation of the UPTF data using the j
parameter (Reference U-455). Separate correlations were done for runs with
Loop 1 injection only and runs with uniform injection to all three loops. The
resulting curves are shown on Figure 4.1-5. Since some of the data are injection-
limited, the correlation is not a CCFL correlation; however, the correlation is
considered a useful tool for the comparison and application evaluations discussed
in Reference U-455.

Although UPTF has provided the only full-scale test data on this issue, a large body
of data has been obtained from small-scale tests, particularly from the Creare and
Battelle Columbus Laboratoryfacilities (References E-417, E-001 through E-004, E-414,
and E-420). The principal effort of these small-scale tests was to evaluate the effect
of various downcomer fiooding parameters on countercurrent flow limitation (CCFL)
curves, at different facility scales. CCFL curves determined from the Battelle and
Creare facilities were presented in RIL-128 (Reference E-412).

The previous evaluation of the small-scale data from Creare and Battelle Columbus
Laboratory (Reference E-412) recommended using momentum flux scaling (i.e., using
the Kutateladze parameter or K', to scale the complete bypass point) for applying
small-scale results to full-scale. However, the full-scale UPTF data indicate that Wallis
parameter (j°) scaling may be more appropriate. The calculated steam velocity, j'g, at
a given delivery rate, j', is plotted versus the scale factor for UPTF and the five Creare
and Battelle subscale facilities on Figure 4.1-6. The two plots show the calculated
steam upflow (j 9) that would allow delivery rates (j ) of 0. 0125 (500 kg/s at full-scale)
and 0.025 (1000 kg/s at full-scale) for a given injection rate (j +inOf 0.037, or 1500 kg/s
at full-scale). The calculated j*’s for the subscale facilities were obtained using the
correlation and constants from Reference E-412; the UPTF values were calculated
using the best-fit correlation shown in Figure 4.1-5. Note that the j_ value for
500 kg/s delivery at UPTF is from the CCFL-limited portion of the data, wﬁule that for
1000 kg/s delivery may be artificially low because delivery may have been injection-
limited. As shown in the figure, the steam fiow at full-scale for the given delivery rates
|s better predicted by constant j” scaling than constant momentum flux scaling; hence,
j” scaling may be more appropriate for predlctung ECC delivery at full-scale
(Reference U-455).

UPTF Test 4A was a transient test which simulated the EOB and refill phases of a
LOCA. The pressure and lower plenum mass inventory transients for this test are
shown in Figure 4.1-7. In terms of ECC delivery and bypass, two important
characteristics of the transient were identified. First, ECC delivery behavior occurred
in two distinct phases: an initial period of very high two-phase downcomer upfiow with
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little ECC delivery and rapidly decreasing lower plenum inventory, then quickly
changing to a period of high, probably injection-limited, ECC delivery. The transition
between these periods occurred at a relatively high pressure (about 800 to 1200 kPa),
well before the end of the blowdown phase). Second, the lower plenum inventory
deficit was rapidly recovered, and by the time blowdown was complete,, the lower
plenum was filled almost to the bottom of the core barrel. The liquid level could not
be higher than the bottom of the core barrel since a flow path from the core to the
downcomer is required during blowdown.

Figure 4.1-7 also compares UPTF Test 4A with EOB/refill transients for open loop
tests at CCTF (CCTF Tests C2-14 and C2-17). The lower plenum mass is scaled up
to UPTF using the lower plenum volume scale factor. Note that although the initial
pressure for the tests is different, blowdown is completed for all tests at approximately
the same time (19 to 24 seconds). More importantly, however, the location of the
mass turnaround point (the time at minimum lower plenum inventory) relative to the
pressure transient is very different for UPTF and the CCTF tests. Specifically, this
point occurs high on the pressure transient curve in UPTF (about 800 kPa), but aimost
at the end of the transient at CCTF (about 200 to 300 kPa). This key difference was
also observed in comparisons of blocked loop tests (including UPTF Test 5A with
Creare 1/5-scale Test 9066, and CCTF Test C2-11--Reference U-455).

Although the mass turnaround point occurs earlier in UPTF, the general shape of the
inventory transient is similar for all tests: before the turnaround, mass is lost from the
lower plenum very quickly, but after, ECC delivery increases rapidly and may even be
injection limited. This indicates that the period of partial delivery of ECC rnay be very
brief (for the loops away from the break) and that large uncertainties in the flooding
curve may have little effect on the rate of water accumulation in the lower plenum
when applied to estimating the EOB/refill transient. However, predicting the detailed
time history of lower plenum refill (e.g., initiation of delivery) depends on the accuracy
of the flooding curve.

Post-test TRAC calculations of the quasi-steady UPTF tests were performed using both
MOD1 and MOD2. The MOD2 calculations predicted the multidimensional behavior
observed in the tests when adequate model noding was used. Specifically, a model
with eight azimuthal sectors, rather than four, was required to suitably predict multi-
dimensional behavior. In the MOD2 calculations, the predicted delivery was greatly
improved over MOD1 calculations. This improvement in the prediction of EECC delivery
with MOD2 is shown in Figure 4.1-8 which compares the ECC delivery rates calculated
with MOD1 and MOD2 with the UPTF test data.

Post-test TRAC-PF1/MOD2 calculations of the transient UPTF tests predicted the key
characteristics of these transients. Specifically, TRAC predicted an initial pariod of high
downcomer upflow with little ECC delivery and decreasing lower plenum inventory
which quickly changed to a period of high ECC delivery. Also, TRAC predicted that
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the lower plenum was filled by the end of depressurization, which is consistent with
the test data.
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4.1.1 Cold Leg Injection

Two important implications for US/J PWRs arise from the UPTF countercurrent flow
test results. Delivery occurs first at loops away from the break and, a shoit time later,
from the loop near the break. The transition from very low to very high ECC delivery
also occurs quickly (for the loops away from the break), and little time is spent on the
partial delivery portion of the CCFL curve. Thus it appears knowiedge of the full-scale
CCFL curve with a high degree of certainty is not a requirement for accurate, best-
estimate, EOB/refill predictions. In addition, the full-scale results appear {0 be better
predicted by j*, rather than K, scaling from small-scale results, which gives a more
favorable full-scale ECC delivery (Reference U-455).

Second, the mass turnaround point (i.e., the beginning of refill) during the EOB/refill
transient occurs well before the primary system is completely depressurized. Because
of this, UPTF test results indicate that the lower plenum was essentially refilled to the
. bottom of the core barrel by the time the primary system pressure equalized with
containment. In a PWR best-estimate calculation, allowing the lower plenum to be
refilled by the end of the blowdown phase reduces the core adiabatic heat-up time
before the beginning of the refiood phase. Assuming an overlapping blowdown and
refill reduces the time to core reflood by about 10 seconds over a consecutive
blowdown and refill. This reduces clad temperatures at the beginning of reflood by
about 100K (Reference U-455). Similar reductions in the overall peak clad temperature
would also be expected. This indicates the conservatism in the assumption that refill
is not initiated until blowdown is complete.

Several key differences, however, may have an effect on the applicability of these
UPTF results to PWRs. These differences include:

- Cold Leg Arrangement - Wider cold leg spacing than in UPTF (which has loops
spaced at 45° and 135° intervals like a Westinghouse plant) may result in different
bypass/delivery behavior from the loop near the break. With wider spacing (such
as in the reference Combustion Engineering plant with 60° x 120° spacing),
delivery from the loop near the break may be enhanced.

Thermal Shield - No thermal shield was present in the UPTF downcomer. A "pad"
type shield is estimated to reduce the downcomer flow area by about 10%,
increasing superficial velocities by a similar amount. For a cylindrical shield,
however the flow area blockage and superficial velocity increase is about 30%.
While such an increase in velocity could reduce ECC delivery, the cylindrical shield
couid also create two flow channels, separating the upward and downward flows,
and possibly improving delivery.
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- ECC Flow Rate - In the UPTF tests with ECC injection to three loops, the flow rate
was about 500 kg/s perloop. However, the typical ECC injection rate at the end
of the accumulator discharge period is about 700 kg/s per loop for 3400 MWt
class Westinghouse PWRs and about 970 kg/s per loop for Combustion
Engineering System 80 PWRs. Because more steam can be condensed at the
higher ECC flow rates, delivery would be higher, and the UPTF results are
conservative.

The conclusion is that the UPTF resuits are representative of PWR behavior, although
downcomer configuration differences (such as cylindrical thermal shield) must be
considered in applying these results (Reference U-455).

The ability of TRAC-PF1/MOD1 to predict ECC delivery to the lower plenum for cold
leg injection PWRs was evaluated as part of the USNRC’s Code Scaling, Applicability,
and Uncertainty (CSAU) study. The evaluation was based largely on the analyses of
UPTF tests. While MOD1 significantly underpredicts delivery to the lower plenum (see
Section 4.1), the CSAU study determined that the impact of the poor prediction of
delivery on the prediction of PCT was small. Specifically, it was estimated that
TRAC-PF1/MOD1 overpredicts PCT by as much as 19 K due to underpredicting ECC
delivery to the lower plenum (Reference E-611).
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41.2 Downcomer Injection

The results of the UPTF tests with downcomer injection revealed multicimensional
characteristics of ECC delivery similar to that observed in the cold leg injection tests.
The core simulator steam injection rate and calculated ECC penetration rate for the
downcomer injection tests are plotted in Figure 4.1-9. The plots show that ECC
injected through the nozzle near the break (Nozzle 1) was largely bypassec! while ECC
injected through the nozzle away from the break (Nozzle 2) penetratecl down the
downcomer. For example, in an open vent valve test with a steam flow of 100 kg/s
and an ECC injection rate of 900 kg/s, the penetration rate for injection info Nozzie 1
was near zero while the penetration rate for injection into Nozzle 2 was: 750 kg/s.
Fluid temperature contour plots also show this multidimensional behavior (see
Figure 4.1-10).

For downcomer injection with the vent valves open, the delivery rate was essentially
constant for all steam flows tested, indicating that countercurrent flow limitation (CCFL)
conditions were not reached during the tests (see Figure 4.1-8). The delivery rate for
injection to Nozzle 2 only was similar to the delivery rate for injection to becth nozzles,
again confirming that ECC injected adjacent to the break was bypassed and ECC
injected opposite the break was delivered. Highly subcooled ECC injection had little
effect on the ECC delivery rate, for two reasons: (1) the vent valves provided a
noncountercurrent flow path for steam, reducing the potential for condensation; (2)
CCFL conditions were apparently not reached, so any reduction in steam upflow had
little effect on ECC delivery. Finally, increased ECC injection velocity (due to the
installation of thermal sleeves in the downcomer injection nozzles) had no .apprecuable
effect on ECC delivery.

For downcomer injection with the vent valves locked shut, the ECC delivery rate was
substantially affected by the steam injection rate, indicating that CCFL condlitions were
reached during these tests (see Figure 4.1-9). As shown in Figure 4.1-9, ECC delivery
with closed vent valves was lower than with open vent valves. This difference in ECC
delivery is due to differences in the amount of steam upflow in the downcomer and the
steam flow pattern in the top of the downcomer. Specifically, with the vent valves
open, the steam upflow-was lower because about 1/3 of the steam injection flowed
through the vent valves. The vent valve steam fiow created a circumferential flow in
the downcomer which appeared to reduce/redirect downcomer upfiow and facilitate
ECC delivery. Finally, Figure 4.1-9 indicates that, for closed vent vaves, highly
subcooled ECC injection produced much higher delivery than saturated ECC.

Figure 4.1-9 includes the results of the UPTF downcomer countercurrerit flow tests
with cold leg injection. Comparison of the cold leg injection tests to the downcomer
injection tests indicates that ECC delivery for downcomer injection with closed vent
valves was significantly less than for cold leg injection. However, delivery for
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downcomer injection with open vent valves was comparable to cold leg injection over
the range of conditions tested.

Post-test analyses of the quasi-steady UPTF tests with downcomer injection were
performed using TRAC-PF1/MOD2. The tests analyzed included tests with closed
vent valves (Test 21A) and open vent valves (Test 22A). ECC delivery to the lower
plenum was significantly underpredicted for Test 21A (closed vent valves) and well
predicted for Test 22A (open vent valves); however, since countercurrent flow
conditions exist for only a short period of time, poor prediction of ECC downflow does
not significantly affect the overall prediction of the EOB transient (Reference U-715).

Transient behavior during end-of-blowdown (EOB)/refill was investigated in an integral
test at UPTF (Test 24). This test simulated an ABB/BBR PWR with accumulator
injection into the downcomer and cold legs. The test results indicate that the lower
plenum was filled to the bottom of the core barrel by the completion of blowdown;
i.e., blowdown and refill overlapped. This is a beneficial result with respect to core
cooling. Specifically, relative to a consecutive blowdown and refill, an overlapping
blowdown and refill reduces the core adiabatic heat-up time before reflood initiation
and therefore the cladding temperatures at reflood initiation. Comparison of the test
results with a TRAC analysis of an ABB/BBR PWR indicates that the reduction in
cladding temperatures at reflood initiation is about 100 K.

The UPTF tests did not investigate transient EOB/refill behaviorin a Babcock & Wilcox
(B&W) PWR with accumulator into only the downcomer. However, as indicated above,
downcomer injection with vent valves provided ECC delivery comparable to cold leg
injection. This suggests that transient behavior with downcomer (only) injection and
vent valves would be similar to that observed in the transient EOB/refill tests with cold
leg injection. As previously discussed, the lower plenum was filled to the bottom of
the core barrel prior to the end of depressurization in the cold leg injection tests.
Reference U-460 estimated the reduction in cladding temperature for an overlapping
EOB and refill relative to a consecutive EOB and refill to be 100 K for a B&W PWR.

Two differences between UPTF and ABB/BBR and B&W PWRs may influence the
applicability of the full-scale test resuilts (Figure 4.1-11):

+ Cold Leg Arrangement - The UPTF cold legs are spaced in a 45°x 135°
arrangement around the downcomer circumference while the ABB/BBR and B&W
cold legs are spaced in a 60° x 120° arrangement. In both configurations, the
ECC injection nozzles are located between adjacent cold legs, so one ECC nozzle
is always in close proximity to the broken cold leg; however, the nozzle is closer
in UPTF than in ABB/BBR and B&W PWRs. Delivery from the nozzle near the
break could be enhanced somewhat in PWRs relative to UPTF.
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- Vent Vaive Flow Area - While the vent valves in UPTF and ABB/BBR and B&W
PWRs are identical in size and number, the two vent valves in UPTF opposite the
ECC injection nozzles were locked shut throughout the UPTF tests. Thus, the
vent valve flow area in the UPTF tests was 6/8 or 75% of the B&W vent valve flow
area, reducing the benefit of vent valve steam flow in UPTF (relative to PWRs).
The larger flow area available in PWRs for vent valve steam flow could produce
higher ECC delivery rates than were found in the UPTF tests.

The UPTF results are considered to be representative of ABB/BBR and B&W PWR
behavior, provided that the above differences are considered in applying the results.
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4.1.3 Combined Injection

ECC delivery to the lower plenum for combined injection ECC systems was
investigated in transient tests at UPTF (see Table 4.1-1). These tests included
depressurization transients for simulation of the end-of-blowdown (EOB)/refill phase.
The UPTF tests were open loop tests; that is, steam from the test vessel was vented
to containment through the intact loops and broken loop hot leg, as well as around
the bottom of the core barrel and up the downcomer to the broken cold leg. The
results of the UPTF tests are summarized below.

After a brief delay for accumulation in the cold legs, ECC injected into the cold legs
entered the downcomer. As previously discussed, the steam upflow in the down-
comer initially entrained almost all ECC delivered to the downcomer out the broken
leg; however, as the upflow decreased, bypass decreased and cold leg ECC injection
penetrated to the lower plenum. The transition from complete bypass to partial
delivery and to essentially complete delivery was very rapid.

ECC injected in the hot legs flowed toward the upper plenum, counter to the steam
flow through the loops. The interaction of steam and ECC in the loops resulted in the
formation of water plugs and fluctuations in ECC delivery to the upper plenum (see
Section 4.3.2). In the hot legs and upper plenum, steam was condensed by the ECC
injected in the hot legs.

ECC delivered to the upper plenum flowed down through the tie plate and core to the
lower plenum. In the UPTF tests, the steam upflow through the tie plate was small
since most of the steam in the test vessel vented to containment by flowing around
the bottom of the core barrel and up the downcomer to the break; consequently,
almost all ECC delivered to the upper plenum penetrated through the tie plate to the
lower plenum. Tests at CCTF and SCTF showed that water downflow through the
core initiated core cooling in the downflow region. In SCTF tests, rods in the
downflow region were almost quenched before blowdown was complete. Analyses
and code calculations indicate that, for the GPWR case, the fuel rods in the downflow
regions are quenched prior to reflood (see Section 4.6.3).

In the UPTF tests, lower plenum refill was initiated at a system pressure of 1000 kPa
by the downflow of ECC injected in the hot legs. Shortly later, at a system pressure
of 800 kPa, ECC injected in the cold legs penetrated to the lower plenum. The lower
plenum was filled to the bottom of the core barrel prior to the end of depressurization
(i.e., the equilibration of primary system and containment pressures).

A TRAC calculation of a best-estimate LOCA transient in a GPWR indicated that the
lower plenum mass turnaround point (i.e., initiation of lower plenum refill) occurred
about 10 seconds before the end of depressurization at a system pressure of
1000 kPa. The lower plenum liquid fraction at that time was 10%. Like the UPTF
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tests, lower plenum refil was complete prior to the end of depressurization
(Reference G-661).

In conclusion, the test resuits demonstrated that hot leg ECC injection contributed
significantly to lower plenum refill during the end-of-blowdown phase of an LBLOCA.
With combined hot leg and cold leg injection, the lower plenum inventory increased
rapidly and reached the bottom of the core barrel before depressurization was
complete. Rapid filling of the lower plenum reduces the period for core heat-up
thereby limiting clad temperatures at the beginning of reflood. For a GPWR with five
of the eight injection locations active, calculations indicate that refilling the lower
plenum during the end-of-blowdown reduces the core heat-up period by about
ten seconds and the cladding temperatures at refiood initiation by 80 - 100 K relative
to the case where the lower plenum is assumed to be empty at the completion of
blowdown. Within the water downflow regions of the core, most of the fuel rods are
quenched during EOB by the flow of ECC from the upper plenum through the core
to the lower plenum.
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Table 4.1-1

SUMMARY OF TESTS RELATED TO ECC DELIVERY DURING DEPRESSURIZATION

Page 1 of 2
ECC Downcomer
Facility Injection Type of Tests Scale' References
Type OD Gap
: mm mm
(in) (in)
UPTF Cold Leg Quasl-steady; 1 4870 250 G-004, G-005, G006, G-007, G-204,
Translent (192) (9.8) G-205, G-206, G-207, G-411, U-455
Downcomer> Quasi-steady; 1 4870 250 G-021, G-022, G-024, G-221, G-222,
Translent (192) (9.8) G-224, G411, U-460
Combined Integral 1 4870 250 G-003, G-018, G-019, G028, G-203,
(192) (9.8) G-218, G-219, G-228, G-411
CCTF Cold Leg Transient 0.22 1085 61.5 J-059, J-062, J-065, J-257, J-260,
(43) (2.4) J-263
Creare Cold Leg Quasl-steady; 0.18 892 38 E-001, E417
1/5 Scale Translent (35) (1.5)
Creare Cold Leg Quasl-steady; 0.060 202 12.7, 25.4 | E-002, E-003, E-414
1/15 Scale Translent (11.5) (0.5, 1.0)
" Creare Cold Leg Quasl-steady; 0.032 152 6.4 E-002, E-003, E-414
1/30 Scale Translent (6.0) (0.25)
Battelle Columbus | Cold Leg Quasl-steady 0.13 618 31.2 E-420
2/15 Scale (24) (1.2)
Battelle Columbus | Cold Leg Quasl-steady 0.063 307 15, 25.4 E-004
1/15 Scale (12) (0.6, 1.0)




Table 4.1-1

Page 2 of 2
NOTES:

1. Scale is relative to the UPTF downcomer diameter (OD) (4870 mm or 192 in).
For comparison, the downcomer diameters for typical cold leg injection PWRs
are: 4630 mm (182 in) for a Combustion Engineering System 80 PWR; and
4390 mm (173 in) for a Westinghouse or Japanese 3400 MWt PWR. The
downcomer diameter of a 3900 MWt Siemens/KWU PWR with combined

injection is 5000mm.

2. The UPTF tests with downcomer ECC injection were performed both with the
vent valves locked closed and with the vent valves free to open.
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4.2 ENTRAINMENT IN DOWNCOMER DURING REFLOOD

Definition of Issue_and Description of Phenomena

In a cold leg break LOCA, the beginning of the "reflood" phase occurs when the
reactor vessel water level reaches the bottom of the core. This creates a seal
between the core and the downcomer, and further ECC injection tends to fill the
downcomer to near the cold leg elevation. The difference in water level between
the downcomer and the core provides the driving head for core flooding. This
driving head also creates a pressure difference from the top of the core to the top
of the downcomer which tends to cause core steam generation to flow out of the
core and through the loops to the downcomer. In combined injection PWRs,
essentially all of the steam flow is condensed by hot leg and/or cold leg ECC and
there is no steam flow into the downcomer. In cold leg injection or downcomer
injection PWRs, steam fiows to the downcomer via intact loops or vent valves.
Some of the steam is condensed by ECC injected in the cold legs or in the
downcomer. Any steam not condensed, along with steam generated in the
downcomer due to superheated walls, flows circumferentially around the
downcomer and out the broken cold leg, potentially entraining and carrying away a
portion of the ECC. These reflood phenomena are illustrated in Figure 4.2-1.

Importance of Issue to PWR LOCA Behavior

The circumferential flow of steam around the downcomer and the generation of
steam on superheated downcomer walls tend to entrain ECC in the downcomer
region. The interaction of steam flow, wall boiling, and ECC entrainment is
important since it affects 'the water level in the downcomer. Reduction of the
downcomer liquid level below the spillover level (which is at the bottom of the cold
leg nozzles) reduces the available driving head and tends to reduce the core
flooding rate. This prolongs quench times and potentially allows higher clad
temperatures in the core. :

Tests and Analyses that Relate to the Issue

The steam/water interaction and entrainment in the downcomer have been
investigated in separate effects tests at UPTF and integral tests at UPTF and CCTF.
The separate effects tests evaluated the influence of steam flow and downcomer
wall superheat on downcomer water level and entrainment, and the integral tests
provided information on the transient characteristics of these phenomena. The
tests included tests with cold leg ECC injection, downcomer ECC injection, and
combined ECC injection. Table 4.2-1 lists the tests considered in this evaluation.
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The evaluations of the UPTF cold leg injection tests and downcomer injection tests,
including comparisons to the CCTF tests, are provided in References U-455 and
U-460, respectively. Evaluation of the UPTF combined injection tests is covered in
Reference G-411. The major results of these evaluations and comparisons are
summarized below.

Post-test TRAC calculations have been performed for tests at both CCTF and
UPTF. These analyses include TRAC-PF1/MOD1 calculations of several CCTF
tests (References U-621 through U-628, and U-631) and of UPTF Test2
(Reference U-714). TRAC-PF1/MOD2 calculations have been performed for CCTF
Test C2-4 (Reference U-714), and UPTF Tests 23 and 25 (References U-715 and
U-714, respectively).

Summary of Key Results and Conclusions from Tests and Analyses

The UPTF separate effects tests were designed to create a steady-state equilibrium
among the downcomer water level, steam flow rate, ECC entrainment rate, and
vessel drainage. Steam entered the downcomer from either the intact cold legs or
the vent valves, and ECC was injected into either the cold legs or downcomer. The
vessel was simultaneously drained to simulate the loss of water inventory from the
vaporization of ECC in the core that would occur in an actual PWR. The intent was
to hold these conditions constant long enough for the downcomer water level and
entrainment rate to reach equilibrium. Similar flow conditions were created with
cold leg injection, downcomer injection with vent valves, and downcomer injection
without vent valves.

The resuits of the separate effects tests indicate that as the steam fiow increased,
liquid entrainment out the broken cold leg increased which tended to reduce the
downcomer water level. As the ECC injection rate increased, the downcomer water
level increased due to the combination of reduced steam flow from increased
condensation and the higher rate of excess ECC supply to the downcomer.
Correlations which relate the "void height" (reduction in the collapsed water level
below the cold legs) to the steam and entrainment flow rates were independently
developed by Siemens and MPR. Both correlations are based on the results of the
UPTF tests with cold leg injection. While the assumptions and approaches of the
two correlations are different, both correlations are consistent with the test data and
predict about the same level reduction for given flow conditions. Each correlation
is described below.

The Siemens correlation assumes that entrainment primarily occurs in front of
the broken cold leg nozzle because the steam flow and water level are highest
at that location. This correlation is based on fundamental hydraulic equations,
while the shear stress coefficient and constants in the correlation were
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determined from UPTF tests. The steam flow in the correlation is the total
steam flow out the break, which includes steam generation in the downcomer.
Figure 4.2-2 is a plot of the correlation with the test data. The development of
this correlation is discussed in detail in Reference G-411.

- The MPR correlation assumes entrainment can occur throughout the
downcomer due to the azimuthal steam flow, and that the level reductions due
to entrainment and steam generation are separate and additive. Wall steam
generation is taken into account by correcting the measured void height for the
voiding due to the steam generation. The void height due to wall boiling (or
bottom void height) is based on the steam generation rate corresponding to
the calculated downcomer wall heat release, and a void fraction correlation
developed by JAERI for vertical steam flow in a column of liquid. As shown in
Figure 4.2-3, the "top" void height (level reduction due to entrainment) was
plotted as a function of the ratio of the effective steam flow and the entrainment
rate. The effective steam fiow is defined as the injected steam fiow less
condensation. A detailed description of the development of this correlation is
provided in Reference U-455.

Detailed discussions of the 2D/3D Program results are provided in
Subsections 4.2.1, 4.2.2, and 4.2.3 for cold leg injection, downcomer injection, and
combined injection, respectively.
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4.21 Cold Leg Injection

The preceding discussion of test results covered UPTF Test 25 which evaluated the
effect of parametric variations in the loop steam flow and cold leg ECC injection
rates on entrainment and level reduction in the downcomer. The following
discussion covers the results of integral tests and the effect of wall boiling on the
downcomer water level reduction.

In integral tests at UPTF and CCTF, the downcomer water level (and therefore the
driving head available for core flooding) was reduced below the cold leg elevation
by ECC entrainment in the steam flow and by boiling on superheated downcomer
walls. Note that while water spillover out the break due to water level oscillations
can also contribute to the downcomer water level reduction, entrainment and wall
boiling are considered the dominant phenomena.

Figure 4.2-3, the plot of the MPR void height correlation, includes data points from
CCTF Test C2-4 and UPTF Test 2. These integral tests were counterpart tests. As
shown on Figure 4.2-3, the dimensionless steam flow and top void height were
much lower in CCTF Test C2-4 than in UPTF Test 2. This is a result of scale
effects which greatly reduced the top void height in the scaled CCTF. This
reduction was due to the relatively enlarged circumferential flow area in the
subscale facility. Figure 4.2-4 illustrates how these geometric differences affect
dimensionless velocities. It also shows that the UPTF and CCTF results bound the
behavior expected in @a PWR (i.e., | ccre < i pwr < J upte-

In the UPTF tests with wall superheat, the initial downcomer liquid inventory was
saturated water and ECC delivered to the top of the downcomer was warmed to
nearly saturation by condensation in the cold legs. Accordingly, essentially all of
the downcomer wall heat release contributed to steam generation. However, in
CCTF tests, the steam generation was temporarily suppressed because the
downcomer inventory was initially subcooled. Although it was not observed in
CCTF tests, it appears there could be situations where LPCl water is not fully
heated to saturation in the cold legs. The delivery of subcooled water to the
downcomer can suppress wall boiling and downcomer voiding.

CCTF tests also displayed a transient wall boiling effect which was not observed in
the UPTF tests, but which is likely to occur in a PWR. The top diagram of
Figure 4.2-5 shows the calculated heat release and estimated steam generation
rate for CCTF Test C2-4. With the high fiow of subcooled ECC during accumulator
injection, the initial downcomer inventory was highly subcooled (by as much as
100 K) and most of the energy initially released by the superheated walls simply
heated the downcomer inventory. Steam generation began to occur after
accumulator injection was terminated, when ECC entering the downcomer was
saturated, not subcooled. As saturated water slowly replaced the subcooled water
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at the top of the downcomer, steam generation increased to a maximum, but then
fell off as the total wall heat content and heat release rate decreased.

Also shown in Figure 4.2-5 is the collapsed downcomer water level for Test C2-4.
This figure illustrates the influence of the wall steam generation on the downcomer
level/entrainment behavior observed in most CCTF Core-ll reflood tests. As steam
generation increased in the first 150 seconds after the downcomer was filled,
voiding due to steam generation (bottom voiding) increased, corresponding to the
decrease in the collapsed water liquid level. After about 200 seconds, the steam
generation rate dropped, decreasing bottom voiding and corresponding to the
increase in the collapsed water level. Thus the variation in the downcomer water
level appears to be mostly due to bottom voiding, while the void height created by
ECC entrainment in the loop steam filow (the top void height) remains fairly
constant at a small value. '

Comparisons to the TRAC analyses showed that the TRAC-PF1/MOD2 analysis of
CCTF Test C2-4 did not show the observed level reduction transient due to
downcomer wall steam generation. Instead, the calculated downcomer level was at
the spillover elevation throughout the transient. It appears the code did not
correctly caiculate steam condensation in the cold legs which allowed saturated
water to be delivered to the downcomer in the tests. Instead, subcooled water was
delivered to the downcomer, which suppressed steam generation from wall heat

release.

The TRAC-PF1/MOD2 analysis of UPTF Test25 generally underpredicted
downcomer water level. Since it is unclear as to why TRAC underpredicted the
downcomer water level, the accuracy of the code in predicting local downcomer
phenomena could not be evaluated. Reference E-609 concluded that, since the
impact of downcomer entrainment and wall boiing on PCT is small, the
underprediction of downcomer level is not a significant contributor to .code
uncertainty.

Using the test results and evaluations described above, the best-estimate driving
head available in a Westinghouse PWR during the reflood period was calculated.
The void height contribution due to entrainment in the loop steam flow was based
on the loop steam flow rate and the core inlet mass flow rate from best-estimate
CCTF tests. The ECC entrainment rate was calculated from the ECC injection rate
and the core inlet flow rate, assuming a steady downcomer level. Using the MPR
entrainment correlation, the top void height was estimated as essentially zero to
0.25 m. The higher value (0.25 m) corresponds to the single-LPCl-pump failure
ECC flow rate of 240 kg/s, while the zero void height corresponds to the no-failure
ECC flow rate of 420 kag/s. In the no-failure case, all of the intact loop steam flow
is condensed, so there is no steam flow out the broken cold leg and no level

depression due to entrainment.
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The contribution to the total void height resulting from wall boiling was estimated
based on conduction-limited wall heat release and the fraction of that available for
steam generation. For the no-failure LPCI case, steam generation was suppressed
throughout the transient. For the single-failure case, ECC delivered to the
downcomer was assumed to be saturated as observed in CCTF, and steam
generation gradually increased as the saturated water replaced subcooled water in
the downcomer. Steam generation in the PWR (for single-failure LPCI case) would
be about five percent of the total loop steam flow.

With an effective downcomer length of 5 m, the PWR bottom void height was
calculated to range from 0.3 m initially to 0.7 m for the majority of reflood. The total
maximum estimated void height in the PWR was therefore 0.95 m. The resulting
downcomer liquid level is shown on Figure 4.2-6. Assuming the core liquid level
measured in CCTF Test C2-4 is representative of that for a PWR, the downcomer
driving head would be about 2.6 m of water. Note that since the bottom of the
cold legs are at an -elevation of 4.95 m in the Westinghouse PWR, the maximum
downcomer driving head would be about 3.5 m. Based on the calculated driving
head, it was estimated that, relative to no downcomer voiding (i.e., the full 3.5 m
driving head), the overall increase in PCT during reflood would be 13K
(Reference U-455). Thus, while assuming the downcomer remains completely filled
(to the bottom of the cold leg nozzles) is a nonconservative assumption, the overall
influence of downcomer voiding on the reflood PCT is estimated to be relatively
small.
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422 Downcomer Injection

As previously indicated the separate effects tests at UPTF were intended to
maintain constant flow conditions long enough for the downcomer water level and
entrainment rate to reach equilibrium. However, in the tests with downcomer ECC
injection, the downcomer water level did not always reach steady state in the time
allowed. This was apparently due to the fact that a large fraction (40 - 50%) of the
ECC bypassed the downcomer entirely and traveled directly out the break,
meaning less ECC was delivered to the vessel than expected. Direct bypass of
about half of the injected ECC appeared to be a result of the close proximity of one
of the ECC injection nozzles to the break at UPTF (see Figure 4.1-11).
Accordingly, this result is not necessarily directly applicable to B&W and ABB/BBR
plant configurations.

The results of the UPTF separate effects tests with downcomer injection are shown
in Figure 4.2-7, a plot of void height versus steam flow. For comparison,
Figure 4.2-7 also includes data from the cold leg injection tests. The steam and
ECC flow rates were similar for all the tests. Note that the circled data points were
the only ones which achieved equilibrium, so the other data points would be
expected to move to a lesser void height as they approached equilibrium.

As shown in Figure 4.2-7, the void height for downcomer injection without vent
valves was significantly higher than for cold leg injection. This difference was
attributed to the location of the downcomer injection nozzles above the cold legs
(where steam enters the downcomer). This configuration favored bypass
(Reference U-460).

Figure 4.2-7 also shows that the void height for downcomer injection with vent
valves was lower than for downcomer injection without vent valves because the
steam entered the downcomer via the vent valves rather than the cold legs. With
the vent valves open, steam entered the downcomer at a higher elevation which
- favored flow stratification and reduced entrainment. This reduction in entrainment
compensated for direct ECC bypass. Consequently, as shown in Figure 4.2-7, the
void height for downcomer injection with vent valves was comparable to cold leg
injection (Reference U-460).

The UPTF tests with open vent valves simulated both single-phase steam flow and
two-phase steam/water flow through the vent valves. Test results indicate that, for
the same steam flow, the void height with two-phase flow through the vent valves
was higher than with single-phase flow (see Figure 4.2-7). Apparently, entrainment
out the break increased due to the higher momentum flux in the downcomer
(Reference U-460).
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The UPTF data are plotted in Figure 4.2-8 to show the downcomer top void height
versus the ratio of the dimensionless steam flow and entrainment rates. The
amount of direct bypass was subtracted from the total break water outflow to
obtain an "entrainment' outflow comparable to that evaluated in cold leg injection
tests. Note, for the test with two-phase flow through the vent valves (i.e.,
Test 23C), jg' was calculated based on the two-phase flow and not just the steam
flow; hence the data points are shifted to the right relative to the single-phase data
points. Most of the UPTF downcomer injection data were out of the range of the
cold leg injection correlation (Reference U-455) because the high ECC bypass
caused the entrainment rates to be much lower than in the cold leg injection tests.
The downcomer injection data indicate that the downcomer water level will
approach a lower asymptote (i.e., maximum void height) with high steam flows.
This suggests that the cold leg correlation should not be extrapolated beyond the
range of cold leg data (i.e., beyond dimensionless steam flow/entrainment ratio
of 2).

Two downcomer injection tests, one with vent valves and one without vent valves,
were performed at CCTF. In the test without vent valves, the downcomer water
level periodically exceeded the cold leg elevation as the downcomer and core water
levels oscillated. These oscillations were attributed to the location of the
downcomer injection nozzles slightly below the cold leg elevation (see References
J-973 and U-414).

For comparison with the UPTF tests, data from the two CCTF tests are included on
Figure 4.2-8. The vertical bars indicate the magnitude of the significant water level
oscillations that occurred during these tests. The entrainment rates were
determined assuming direct bypass of the ECC injected in the nozzle near the
break. For the test with open vent valves, jg' was calculated based on the
estimated steam flow through the vent valves because the two-phase flow could
not be readily determined. [ jg' was calculated for the two-phase flow, the data
points would be shifted to the right. Review of Figure 4.2-8 indicates that the top
void height for the CCTF tests was small compared to that in the UPTF tests (less
than 0.75 m versus greater than 0.85 m). This is consistent with the scale effect
observed in cold leg injection tests (see Section 4.2.1). Also, due to two-phase
flow through the vent valves, the top void height was larger with vent valves than
without vent valves.

A post-test analysis of UPTF Test 23B was performed using TRAC-PF1/MOD2
(Reference U-715). The analysis results indicate that TRAC can predict downcomer
level/entrainment phenomena for downcomer injection with vent valves.
Specifically, TRAC predictions of the collapsed water level in the downcomer and
ECC entrainment out the broken cold leg were in reasonable agreement with the
test data. :
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To determine what effect entrainment and downcomer voiding may have on an
actual PWR with downcomer ECC injection, the increase in PCT for a B&W
2600 MWt plant was estimated. The assumption was made that half of the injected
ECC was bypassed (as in the UPTF tests), and the cold leg injection correlation
was used to estimate the void height due to entrainment. Use of the cold leg
correlation is reasonable since the UPTF data in Figure 4.2-7 indicate similar void
heights in the downcomer injection/vent valve and cold leg injection tests; also, the
expected PWR fiow conditions are within the range of the cold leg injection data.
The increase in PCT due to the bypass and entrainment phenomena was estimated
to be in the range of 13 - 18 K at a B&W plant, indicating that the overall influence
of downcomer voiding on reflood PCT is relatively small (Reference U-460). Note
that this estimate is based on the downcomer water level reaching steady-state
early in the reflood period. If ECC bypass occurs in the B&W plant as in the UPTF
tests, the attainment of steady-state downcomer water level could be delayed such
that an additional increase in reflood PCT could result (Reference U-460).
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4.2.3 Combined Injection

The results of combined injection integral tests at CCTF and SCTF indicate that
most of the downcomer wall heat transfer was to subcooled water which was
present in the downcomer due to high ECC injection rates. The presence .of
significant subcooling was confirmed in UPTF tests. The subcooling was sufficient
to completely suppress wall boiling; therefore no voiding due to wall heat release is
expected in combined injection PWRs.

In the UPTF tests with combined ECC injection into cold leg and hot leg, the ECC
flows were sufficiently high (about 400 kg/s per injection port) to condense all of
the loop steam flow during reflood; consequently, there was no downcomer water
level reduction due to entrainment flow out the broken cold leg.

In conclusion, downcomer level reductions due to wall boiling or entrainment are
not expected in a PWR with combined cold and hot leg ECC injection.
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Table 4.2-1

SUMMARY OF TESTS RELATED TO

DOWNCOMER ENTRAINMENT DURING REFLOOD

Facility
Type of Test and Facility References
Test Scale
Cold Leg Injection UPTF: 123 U-455, G-411
Separate Effects Tests Test 25A G-025, G-225
Test 25B G-025, G-225
Cold Leg Injection UPTF: 123 U-455, G-411
Integral Tests Test 2 G-002, G-202
CCTF-Ii: 1/21 3 U-414
Test C2-4 J-052, J-250, J-448
Downcomer Injection UPTF: 1.5%4 U-460, G-411
Separate Effects Tests Test 21D G-021, G-221
Test 23B G-023, G-223
Test 23C° G-022, G-222
Downcomer Injection CCTF-II: 1164 |U-414
Integral Tests Test C2-AA2 J-048, J-246, J-446
Test C2-10 J-058, J-256
Combined Injection UPTF: 125 G-411 .
Integral Tests Test 3 G-003, G-203
Test 18 G-018, G-218
Test 28 G-028, G-228

NOTES:

- 3900 MWt.

4.2-11

Facility scale is based on core thermal power.

Relative to a 2600 MWt Babcock & Wilcox PWR.
Relative to a 3900 MWt Siemens/KWU PWR.

The scale of UPTF is based on the thermal power of its reference PWR --

. Relative to a 3400 MWt Westinghouse or Japanese PWR.

UPTF Test 23C was actually the second portion of Test 22A.
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4.3 STEAM/ECC INTERACTIONS IN LOOPS

Definition of Issue and Description of Phenomena

During an LBLOCA, ECC is injected into the reactor coolant system to refill the lower
plenum and reflood the core. For most PWRs, the ECC is injected through nozzles
in the reactor coolant piping; i.e., cold legs and/or hot legs. The interaction of the
loop steam flow with subcooled ECC results in either a plug flow regime or a
separated flow regime depending on the steam flow rate, ECC flow rate, ECC
subcooling, and ECC injection configuration.

Plug flow regimes are characterized by the formation of a water plug which fills the
pipe cross section. In plug flow, the plug can either remain stationary or oscillate
relative to the injection nozzle location.

Separated flow is typically stratified flow. The steam and water flows can be
cocurrent (e.g., cold leg ECC injection) or countercurrent (e.g., hot leg ECC
injection).

Because the steam and ECC flow rates change with time during the course of a
LOCA, changes in flow regime also occur. In some cases an "intermediate" flow
regime can occur, in which the flow switches between plug and separated regimes,
even for relatively constant conditions; this regime is called unstable plug flow.

With cold leg injection, both the ECC and steam flows are toward the downcomer
(i.e., cocurrent). In this case, plug formation is determined by steam condensation.
Oscillatory plug flow occurs at high ECC flows due to condensation oscillations. When
the plug/steam interface is downstream of the ECC nozzle, the steam condenses on
the plug interface which is continuously supplied with subcooled ECC. This strong
condensation causes a reduction in steam pressure in the cold leg which draws the
plug upstream. When the plug/steam interface is upstream of the ECC nozzle, the
interface becomes saturated and condensation reduces significantly. Steam pressure
increases and pushes the plug downstream until the interface is exposed to the ECC
nozzle and the process repeats. As the ECC flow decreases, the magnitude of the
oscillations decreases. At low ECC flows, the plug breaks down into the cocurrent
stratified flow regime (see Figure 4.3-1).

For hot leg injection, the ECC and steam flows are countercurrent rather than
cocurrent. In this case, the steam/ECC interaction involves both condensation and
the countercurrent flow limitation (CCFL). Flow in the hot legs can be stratified flow
or plug flow. Plug formation occurs at high steam flows due to the reversal of the
ECC flow by the momentum of the steam. The plug grows toward the steam
generator (SG) as water accumulates in the hot leg. Water which reaches the SG U-
tubes is evaporated by heat transfer from the secondary side. The plug is discharged
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into the upper plenum when either the hydrostatic head of the plug, or the pressure
increase due to the evaporation in the U-tubes exceeds the loop differential pressure.

In combined injection PWRs, the phenomena described above occur simultaneously
in the hot legs and cold legs. Also, the steam/ECC interaction in the hot leg can
influence behavior in the cold leg and vice versa.

Overall, the steam/ECC interaction in the loops and the resultant flow regime affect
the steam condensation rate, the steam flow in the loops, and the rate and
temperature of ECC delivery to the reactor vessel.

Importance of Issue to PWR LOCA Behavior

The steam/ECC interaction in the loops and the resultant flow regime determine the
steam condensation rate, and the temperature and rate of ECC delivery to the reactor
vessel. Plug formation in the loops could block steam flow in the loops and thereby
impair venting of steam generated in the core. These phenomena affect the overall
system LOCA response, including core flooding rate and core cooling. The plug flow
regime can also result in large oscillations of steam flow, water delivery to the reactor
vessel, and system and loop pressures which may impact the time that reflood initiates
and may excite downcomer-core manometer oscillations during reflood.

Tests and Analyses that Relate to Issue

The steam/ECC interaction in the loops and associated flow regimes have been
investigated in several tests and analyses within the 2D/3D Program and elsewhere.
Table 4.3-1 lists the tests which are considered in this evaluation. Within the
2D/3D Program, separate effects tests at UPTF investigatedfiow regime, condensation
effects and countercurrent flow effects under controlled conditions. These tests
covered cold leg injection, hot leg injection, and combined injection. Also, integral
tests at CCTF and UPTF provided information on steam/ECC interactions during
simulated transients. Outside the 2D/3D Program, numerous separate effects tests
were performed at small-scale facilities. The small-scale tests included tests with cold
leg injection and tests with hot leg injection.

The evaluation of the UPTF separate effects with cold leg injection including
comparisons to the applicable integral tests at CCTF and UPTF, and the separate
effects tests at small-scale facilities is provided in Reference U-458. Evaluation of the
UPTF separate effects tests with hot leg injection is provided in References G-411 and
G-911. Reference G-411 also covers the evaluation of the combined injection integral
tests. The major results of these evaluations and comparisons are discussed below.
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Post-test TRAC calculations have been performed for several of the UPTF and CCTF
tests. These analyses include TRAC-PF1/MOD1 calculations of UPTF Tests 8 and 9
(References G-641 and G-642, respectively) and TRAC-PF1/MOD2 calculations of
UPTF Tests 8A, 25, 2 and 17B, and several CCTF tests (Reference U-714). In
addition, a post-test analysis of UPTF Test 26A was performed using ATHLET
(Reference G-646). ’

Summary of Key Results and Conclusions from Tests and Analyses

The test results indicate that the loop flow regime depends strongly on the
thermodynamic ratio (R,) which is the ratio of the potential condensation rate to the
steam flow. A thermodynamic ratio of one indicates that the ECC can fully condense

the steam. :

MeccColToat = Tecd

Ry -
Msmu (hspy - b9

In general, stratified flow occurred when the condensation potential of the ECC was
less than the steam flow (R; <1), and plug flow occurred when the condensation
potential of the ECC exceeded the steam flow (R; >1). Whether plug flow was stable
or unstable was determined by the momentum flux of the loop steam flow. Detailed
discussions of the results are provided in Subsections 4.3.1, 4.3.2, and 4.3.3 for cold
leg injection, hot leg injection, and combined injection, respectively.
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4.3.1 Cold Leqg Injection

The results of the UPTF separate effects tests with cold leg injection are plotted in
Figure 4.3-2. This figure indicates that plug fiow only occurred when the condensation
potential of the ECC exceeded the steam flow (i.e., thermodynamic ratio greater than
one). Atlow steam flows plug fiow was unstable because the momentum of the steam
flow was not sufficient to maintain the plug. The cyclic formation and decay of water
plugs in unstable plug flow resulted in large pressure and flow oscillations.

Figure 4.3-2 also indicates that stratified flow always occurred when the steam flow
exceeded the ECC condensation potential (i.e., a thermodynamic ratio less than one).
Stratified flow also occurred at thermodynamic ratios slightly greater than one. In
these cases, thermal stratification of the water layer in the bottom of the cold leg
limited condensation to less than its maximum value and prevented total consumption
of steam. The highest thermodynamic ratio for which stratified flow was observed was
about 1.3.

For comparison, Figure 4.3-2 includes data from UPTF integral test results covering
flow conditions from end-of-blowdown through reflood. As shown in the figure, the
integral test data were consistent with the separate effects test data.

As indicated above, for stratified flow conditions, the steam was only partially
condensed. Condensation in this case was evaluated in terms of condensation
efficiency, defined as the ratio of the measured condensation rate to the condensation
rate needed to heat the ECC to saturation. The condensation efficiency for the UPTF
separate effects tests was found to be 80-100% with saturated and slightly
superheated steam as shown by the circle data on Figure 4.3-3. UPTF integral test
results, where stratified flow conditions existed (the triangle data points in
Figure 4.3-3), were consistent with the separate effects test results.

The flow regime results from subscale tests were found to be consistent with the UPTF
results in that the transition from stratified flow to plug flow occurred at a
thermodynamic ratio somewhat greater than one. A summary of the flow regime
transition boundary vs. scale is shown in Figure 4.3-4. Scale appears to have a small
influence on flow regime, whereas the nozzle orientation appears to have a more
significant influence. The flow regime transition thermodynamic ratio tended to
decrease slightly towards 1.0 with increasing scale for tests with top ECC injection
nozzles. Resuilts for tests with side ECC injection nozzles indicate that flow regime
transition occurs at thermodynamic ratios around 1.3 instead of about 1.0 for top ECC
injection. The thermodynamic ratio for the transition to plug flow was higher for side
injection than top injection because side injection tends to result in thermal stratification
of the water layer in the cold leg which, as indicated above, limits steam condensation
and prevents plug formation. The condensation efficiencies determined from the

scaled tests were close to 100%.
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Post-test runs of the TRAC-PF1/MOD2 code (Versions 5.3 and 5.4) were used to
assess the code’s ability to predict cold leg flow phenomena for UPTF Tests 8A, 25,
2A, and 17B, and CCTF Tests C2-SH2 and C2-4 (Reference U-714). Results indicated
that the code predicts the flow regime and the transition point between plug flow and
stratified flow. For plug flow, the code predicted the frequency of the flow and
pressure oscillations but slightly underpredicted the amplitude of the oscillations.
Condensation during plug flow conditions was also underpredicted. For stratified flow
conditions, code predictions of condensation rate and the temperature of ECC
delivered to the downcomer were in good agreement with the test results.

Typically, cold leg injection PWRs use top injection for the ECC; hence, plug flow is
expected to occur when the ECC flow is high enough to cause the thermodynamic
ratio to exceed 1.0. During an LBLOCA, the high ECC fiow from accumulator injection
is sufficient to cause plug flow. Accumulator injection occurs during the end-of-
blowdown, refill, and early reflood phases of the LBLOCA. The plug does not prevent
steam flow through the cold leg as has sometimes been conservatively assumed;
instead condensation on the plug interface induces a steam flow. The late reflood
phase is characterized by lower ECC flow rates from the pumped low pressure coolant
injection system. For this phase, stratified flow is expected except for selected
combinations of conditions like low steam flow coupled with flow from both low
pressure injection pumps (i.e., no-LPCl-failure case). Condensation efficiency during
the stratified flow regime is expected to be near 100%.
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4.3.2 Hot Leq Injection

In the UPTF tests with hot leg injection, three different flow regimes were observed;
specifically, stable plug flow, unstable plug flow, and stratified flow. Each of these flow
regimes is described below.

In stable plug flow, a water plug formed adjacent to the injection nozzle. The plug
grew toward the steam generator as ECC accumulated in the hot leg. For tests
in which steam was injected in the steam generator simulator (SGS) to simulate
vaporization of the plug in the steam generator U-tubes, the plug was discharged
into the upper plenum when the combination of the increase in SGS pressure and
the hydrostatic head of the plug exceeded the momentum fiux of the steam flow.
For tests in which steam was not injected in the SGS, the plug was discharged
into the upper plenum when the hydrostatic head of the plug exceeded the
momentum flux of the steam flow into the hot leg. In both cases, ECC delivery to
the upper plenum fluctuated over time.

In unstable plug flow, water plugs alternately formed and decayed. The cyclic
formation and decay of water plugs resulted in pressure and flow oscillations, and
fluctuations in ECC delivery to the upper plenum.

In stratified flow, steam flowed toward the steam generator in the top portion of
the hot leg while ECC flowed toward the upper plenum in the bottom portion of
the hot leg. In some cases, the water layer was thermally stratified. At high steam
flows, the ECC flow was partially reversed resulting in temporary water
accumulation (or hold-up) and fiuctuations in ECC delivery. However, at low
steam flows, there was no significant hold-up and ECC delivery fluctuated only

slightly.

Regardless of whether water delivery to the upper plenum fluctuated or was nearly
steady, almost all of the ECC injected into the hot legs was delivered to the upper

plenum.

Figure 4.3-5 is a plot of the steam flow versus condensation potential of the ECC
which indicates the flow regime established under different conditions. Included in the
figure is a line which shows the condensation potential and steam flow are equal
~ (i.e., thermodynamic ratio, R, of one). Figure 4.3-5 shows that when the

condensation potential was less than the steam flow (i.e., R; <1), flow in the hot leg
was stratified to provide a vent path for the uncondensed steam fiow. -

Figure 4.3-5 shows that plug flow, either stable or unstable, occurred only when the
condensation potential of the ECC exceeded the steam fiow (i.e., R; >1). The UPTF
data also show that, for a given condensation potential, unstable plug flow occurred
at low steam flows.
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Siemens calculated the minimum steam fiow for stable plug flow assuming that the
plug does not decay when the flow force acting on the end of the plug balances or
exceeds the hydrostatic pressure on the plug end and the momentum flux of the ECC
(Reference G-411). The calculations predict that the minimum steam fiow for stable
plug flow in the hot legs is dependent on the pressure, the pipe diameter, and the
condensation potential of the ECC (Reference G-911). The results of these
calculations are compared to the UPTF data in Figure 4.3-5 and to the Creare datain
Figure 4.3-6. As shown in these figures, the calculated minimum steam flow for stable
plug flow is consistent with the data.

Post-test calculations of the UPTF tests were performed using both TRAC-PF1/MOD1

and ATHLET. The momentum interaction between the steam and ECC was well
predicted by the codes. Specifically, the code predictions of flow parameters such as
mass flow rates, liquid levels, entrainment, and countercurrent flow limitation were in
good agreement with the test data. However, the code predictions of interfacial heat
transfer were deficient (References G-641 and G-646).

Based on the full-scale UPTF tests, the following conclusions can be made regarding
LBLOCA behavior in PWRs with hot leg ECC injection.

For typical core exit steam flows (i.e., 50 kg/s to 100 kg/s) and ECC flow rates
up to 150 kg/s, the flow regime in the hot leg is stratified countercurrent flow and
ECC delivery to the upper plenum is steady. However, for ECC flow rates higher
than 150 kg/s, the flow regime is plug flow and delivery of subcooled ECC to the
upper plenum fluctuates.

- Regardless of the hot leg flow regime, almost all ECC injected into the hot legs is
delivered to the upper plenum. In the case of plug flow, a small amount of water
is evaporated if the water plug enters the SG U-tubes.
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4.3.3 Combined Injection

In the UPTF separate effects test with combined injection (Test 9), stratified flow was
observed in both the hot and cold legs for ECC injection rates less than 100 kg/s.
However, for ECC flows greater than 200 kg/s, plugs formed in both the hot leg and
cold leg. Formation of the plugs was affected by changes in the pressure of the
steam volume between the plugs (i.e., between the steam generator simulator [SGS]
and the pump simulator). Specifically, condensation on the pump simulator side of
the cold leg plug and the SGS side of the hot leg plug reduced the pressure in the
steam volume between the plugs. Consequently, the plugs grew toward each other.
When the hot leg plug entered the SGS tube region, steam was injected into the top
of the SGS to simulate vaporization of water in steam generator U-tubes. This
pressurized the steam volume between the plugs and pushed the hot leg plug to the
upper plenum and the cold leg plug to the downcomer. After the hot leg plug was
discharged into the upper plenum, another cycle of plug formation started.

A post-test analysis of UPTF Test 9 was performed using TRAC-PF1/MOD1 to assess
the code’s ability to predict flow phenomena in the intact loops (Reference G-632).
The results of the analysis are summarized briefly below.

Overall, the TRAC predictions were in good agreement with the test. Specifically,
plug movement was dependent on the pressure history in the steam volume
between the hot leg plug and the cold leg plug, and delivery of ECC to the upper
plenum was intermittent.

TRAC correctly calculated the cold leg liquid temperatures on both sides of the
ECC injection nozzle. This indicates that heat transfer from the vapor to the
subcooled liquid by direct contact condensation is adequately modeled in the
code.

- TRAC correctly calculated the formation of a plug in the hot leg between the
injection pipe (Hutze) and the SGS. While the calculated temperature in the water
plug behind the injection nozzle was too low, the calculated temperature of the
ECC stream between the injection nozzle and upper plenum was too high.

For ECC injection rates typical of combined injection PWRs (i.e., >200 kg/s per
injection nozzle), the following conclusions can be made.

The flow regime in both the hot and cold legs is plug flow and delivery to the
reactor vessel (upper plenum and downcomer) fluctuates.
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- Essentially all ECC injected into the intact loops is delivered to the reactor vessel.

- The steam flow in the intact loops is completely condensed in the loops.
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Table 4.3-1

SUMMARY OF TESTS RELATED TO STEAM/ECC INTERACTION IN THE LOOPS

Page 1 of 2
Facility
Type of Test Facility Scale’ References
Cold Leg Injection | UPTF: 1 U-458, G-411
Separate Effects Test 8 (G-008, G-208
Tests Test 25 G-025, G-225
Cold Leg Injection | UPTF: 1 U-458, G-411
Integral Tests Test 2 G-002, G-202
Test 4 G-004, G-204
Test 17 G-017, G-217
CCTF-II: 1/5 U-414
Test C2-2 J-046, J-244
Test C2-4 J-052, J-250
Test C2-12 J-060, J-258
Test C2-14 J-062, J-260
Cold Leg Westinghouse 1/14 E-435
Hydraulic .
Resistance Tests Westinghouse 1/3 E-435
Combustion 1/5 E-431
Engineering
Combustion 1/3 E-432
Engineering
Cold Leg Flow Creare 1/20 E-433
Regime Tests Tokyo Institute of 1/25 E-911
Technology J-936
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Table 4.3-1

SUMMARY OF TESTS RELATED TO STEAM/ECC INTERACTION IN THE LOOPS

Page 2 of 2
Facility
Type of Test Facility Sca_le1 References
Hot Leg Injection | UPTF: 1 G-411, G-911
Separate Effects Test 8 G-008, G-208
Tests Test 26 G-026, G-226
Hot Leg Flow Creare 1/5 E-434
Regime Tests Creare 1/10 E-434
Combined UPTF: 1 G-411
Injection Separate Test 9 G-009, G-209
Effects Tests
Combined UPTF: 1 G-411
Injection Integral Test 3 G-003, G-203
Tests Test 14 G-014, G-214
Test 18 G-018, G-218
Test 19 G-019, G-219
CCTF-lI: 1/5 '
Test C2-19 J-067, J-454, J-
Test C2-20 455
Test-C2-21 J-068, J-456
J-069, J-456
NOTE:
1. The facility scale is based on the loop diameter and is relative to a typical

PWR.
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4.4 EFFECT OF ACCUMULATOR NITROGEN DISCHARGE

Definition of Issue and Description of Phenomena

In some PWRs, depending on accumulator design, the discharge of nitrogen from
ECC accumulator tanks into the primary system occurs shortly after the start of the
refood phase of the LOCA transient. When the water in the accumulator tank
attached to the cold leg of each coolant loop is depleted, the nitrogen that pressurizes
the tanks escapes through the ECC piping (see Figure 4.4-1). The nitrogen flows at
a much higher volumetric rate than the preceding water because the pressure losses
in the piping are less for the lower density gas. The effects of the nitrogen flow
transient have been discussed previously in Reference U-911, a summary of TRAC
analyses of the phenomenon.

The nitrogen quickly pushes ECC water from the intact cold legs into the reactor
vessel downcomer. Also, water in the top of the downcomer and in the broken cold
leg is pushed toward the break. The primary system (particularly the region into which
the nitrogen is injected) is pressurized for a short period until the nitrogen can leave

the system.

System pressure is further increased by suppression of steam condensation. As
nitrogen mixes with or displaces steam, the rate of condensation becomes much lower
than when pure steam was in contact with the subcooled water (see Figure 4.4-1).
The accumulation of uncondensed steam contributes to the temporary pressurization
of the downcomer and cold leg regions of the primary system.

Note that just before the nitrogen discharge begins, the pressure above the core
exceeds the pressure in the downcomer due to the pressure drop of steam fiowing
from the upper plenum around the intact loops. The pressure difference keeps the
water level in the core lower than in the downcomer (see Figure 4.4-2). The nitrogen
pressurization of the downcomer disrupts the existing pressure distribution and forces
a portion of the water in the downcomer into the lower plenum, displacing lower
plenum water into the core (see Figure 4.4-3). The lower plenum water is subcooled,
in part due to the rise in pressure. As the water surges into the core, heat is
absorbed until, after a brief delay during which the water is heated to saturation,

additional steam is produced.

The increased steam production in the core increases the pressure above the core.
The pressure increase, coupled with a decreasing nitrogen discharge rate, eventually
stops the rise in core water (see Figure 4.4-4) and then forces some of the water to
flow out of the core and back into the lower plenum (see Figure 4.4-5). More water
may remain in the core than was present before the nitrogen-induced surge.
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Importance of Issue to PWR LOCA Phenomena

Proper understanding and characterization of the nitrogen discharge transient is
important because the reflood turnaround in clad temperatures can be significantly
affected. Specifically, the volume and duration of the water surge into the core may
be sufficient to quench some portions of the core and to temporarily arrest the
temperature rise in other portions. The ensuing reflood would begin with lower clad
temperatures.

The goals of the 2D/3D tests and analyses discussed in this section were to confirm
the occurrence of, and quantify the magnitude and duration of, the following
phenomena:

- The dilution or displacement of steam in the downcomer and cold leg regions by
nitrogen,

- The rapid increase in core water inventory,

- The subsequent drop in core water inventory, and

- The quench or cooling of the fuel rods and the reduction in clad temperatures.
Note that the issue of the effect of accumulator nitrogen discharge is not applicable
to GPWRs with combined injection because the accumulators are designed not to

empty completely during an LBLOCA.

Tests and Analyses that Relate to the Issue

Tests and analyses related to accumulator nitrogen discharge, which are evaluated in
this report, are listed in Table 4.4.-1. Within the 2D/3D Program, one CCTF test
(Test C1-15) and one UPTF test (Test 27A) simulated the nitrogen discharge. Outside
the 2D/3D Program, a nitrogen discharge test was conducted at Achilles. Three
TRAC PWR calculations included accumulator nitrogen discharge as part of the
LBLOCA transient. The results of the 2D/3D tests and TRAC PWR analyses are
summarized in Tables 4.4-2 and 4.4-3, respectively.

CCTF Test C1-15 apparently was not successful in simulating the nitrogen discharge.
In the test, ECC water was injected into the intact cold legs from a single accumulator
tank pressurized by nitrogen. The water inventory and valve timing for the tank
allowed the nitrogen to flow out of the tank for 10 seconds after the water was
depleted. However, test measurements indicate that most or all of the nitrogen
apparently was expended in clearing out the lengthy ECC piping between the tank and
the loop nozzles. Water was still passing through the cold leg injection nozzles until
just before the accumulator tank outlet valve was closed. Observed effects on the
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downcomer and core water levels were minimal, and no nitrogen was detected by
calculations of the steam partial pressure in the cold legs and reactor vessel.
Accordingly, the test did not yield detailed insight into effects of the nitrogen discharge
in the primary system.

UPTF Test 27 Phase A was successful in injecting nitrogen into the primary system
and induced measurable effects, but the duration of the nitrogen discharge was much
shorter than planned. Due to facility limitations, the test injected nitrogen directly into
the upper downcomer rather than through each cold leg ECC nozzle. Downcomer
injection was judgedto have an equivalent effect on core and downcomer water levels.
Unfortunately, less than one second after the nitrogen discharge initiated, automatic
shutdown of the test occurred due to an excessive indicated water level rise of over
four meters in the core region. In all, about 11 m® (40% of the downcomer volume)
of nitrogen was injected before the test ended.

The three TRAC PWR analyses modelled core cooling following a large-break LOCA
in four-loop reactor plants. The analyses are summarized in References U-724, U-726,
and U-727. As shown in Table 4.4-3, the assumptions in one analysis varied slightly
from assumptions in the others, but the results were very similar. In addition to the
PWR analyses, a post-test TRAC analysis of UPTF Test 27A, which simulated nitrogen
discharge, was performed.

The reviews of the results of the TRAC evaluation and the analyses of the CCTF and
UPTF tests are detailed in Reference U-459. The Achilles test is discussed in

Reference E-031.

Summary of Key Results and Conclusions from Tests and Analyses

The results of the evaluation of UPTF Test 27A are summarized in Table 4.4-2.
Evaluation of the UPTF test results revealed that the large indicated core water level
increase and downcomer water level decrease were not representative of true level
changes. The fluid in each region was displaced so rapidly that inertial and flow
velocity pressure gradients in the fluid distorted level indications that were based on
differential pressure. The pressure gradients and corrected water levels were
calculated using a simplified hydraulic model of the regions (Reference U-459). The
corrected core and downcomer water levels during the transient are plotted in Figure
4.4-6. The beginning of nitrogen injection and the end of the test are indicated in the
figure. In the short time that the test ran during the nitrogen injection, the corrected
core level rose by about 1.5 meters from 20% of the core height to 60% of the core
height. The test was terminated before the peak level occurred. The UPTF test did
not simulate the peak magnitude and duration of the core level surge, the long-term
effects of the nitrogen, or the effect of the level surge on core cooling.

Evaluation of UPTF Test 27A also showed that steam in the downcomer and cold legs
was significantly diluted by nitrogen. The composition of the steam/nitrogen mixture
in the downcomer and one intact cold leg is plotted in Figure 4.4-7. Pressure and
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temperature measurements at three locations around the top of the downcomer and
in a cold leg between the ECC injection nozzle and the pump simulator were used to
determine the local partial pressures of steam and nitrogen and the relative
composition of the mixture. Figure 4.4-7 shows the mass fraction of steam in the
downcomer was reduced to less than 10% within 0.3 seconds. The steam in the cold
leg was diluted to a similar concentration a short time later. (Note, the delay between
the downcomer and cold legs is not anticipated to occur in actual PWRs where the
nitrogen discharges into the cold legs.) Dilution of the steam with nitrogen suppresses
steam condensation in the cold legs and downcomer which contributes to
pressurization of the downcomer; however, the effect of this dilution on the rate of
steam condensation was not measured in the UPTF test.

In the Achilles test, the surge of water into the core enhanced core cooling and
temporarily increased steam generation. Also, water carryover to the upper plenum
increased, resulting in a decrease in the core/downcomer inventory. The surge of
water back into the downcomer from the core resulted in manometer oscillations and
water spillover out the broken cold leg, which further decreased the downcomer/core
inventory. Core cooling was degraded for about 50 seconds until the inventory
decrease was recovered by accumulation of ECC (Reference E-031).

The results of the TRAC PWR analyses are summarized in Table 4.4-3. The water
inventory in the core just prior to the nitrogen discharge was low--the volume fraction
of only 0% to 20%. During the nitrogen release, the core water inventory peaked at
a volume fraction of 60% to 70%. All three analyses predicted that the surge would
quench the hottest portion of the hottest rod, with a sustained turnaround in the
cladding temperatures. Within 10-15 seconds of the initial nitrogen surge, the rising
pressure above the core drove water from the core back into the downcomer. The
minimum core inventory after nitrogen discharge was 30% to 40% (which is greater
than the inventory before nitrogen discharge).

In addition to the PWR analyses, with nitrogen discharge, a post-test TRAC analysis
of UPTF Test 27A was performed. As shown in Figure 4.4-8, TRAC predicted the
pressure trends in the upper plenum and downcomer during nitrogen discharge.
However, because TRAC overpredicted the rate of condensation in the downcomer,
the calculated downcomer pressure did not exceed the upper plenum pressure;
consequently, TRAC underpredicted the core level surge.

In summary, the UPTF test confirmed some phenomena related to accumulator
nitrogen discharge which were predicted in TRAC PWR analyses; namely, the
pressurization of the downcomer, the dilution of steam in the downcomer and cold
legs, and the surge in the core water level. While the UPTF test did not simulate the
effects of nitrogen discharge on core cooling, TRAC PWR analyses suggest that
accumulator nitrogen discharge and the resulting surge in the core water level are
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beneficial to core cooling. Specifically, TRAC predicts that the hottest portion of the
hottest rod is quenched by the level surge.
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Table 4.4-1

SUMMARY OF TESTS AND ANALYSES ADDRESSING

THE EFFECT OF NITROGEN DISCHARGED FROM ECC ACCUMULATORS

Type of Test or
Analysis Facility References
End-of Blowdown, UPTF Test 27A U-459
Refill & Reflood G-027
Test G-227
G-411
Refill & Reflood CCTF Test C1-15 U-459
Test J-020
J-218
J-407
Reflood Test Achilles E-031
TRAC-PF1/MOD2 - U-716
Post-test Analysis
of UPTF Test 27A
TRAC-PF1/MOD1 -— U-724
PWR Analyses
- U-726
- U-727
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Table 4.4-2

SUMMARY OF RESULTS FROM 2D/3D_TESTS THAT INVESTIGATED THE EFFECT OF

THE DISCHARGE OF NITROGEN FROM ECC ACCUMULATORS

Facility Test Scale Conditions Limitations Results
CCTF C1-15 | Core: Refill & reflood N, depleted in Minimal effect on
1/21.0 injection piping system--see
Downcomer: | - Subcooled ECC into before reaching limitations
1/17.0 cold legs cold legs
N, into cold legs
UPTF 27 Core: End-of-blowdown, Test terminated Core water inventory
Phase A 1.05 refill & reflood <1 sec after start increased from ~20%
Downcomer: : of N, before N,to ~60% at
1.08 Subcooled ECC into X end of test
cold legs Core, downcomer
levels corrected Steam in downcomer
N, into downcomer for flow and diluted to mass
inertial effects fraction of less than
10% after 0.3 sec.
NOTE:
1. Scale based on ratio of facility flow area (core or downcomer) to flow area in 3400 MWt Westinghouse or

Japanese plant.
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Table 4.4-3

SUMMARY OF RESULTS FROM TRAC PWR ANALYSES THAT INVESTIGATED THE EFFECT OF

THE DISCHARGE OF NITROGEN FROM ECC ACCUMULATORS

Core Water Inventory (Liquid Volume Fraction)

Year Performed By Model Just Before N, | Peak During N, Minimum After N,
_ (Duration)
1986
LANL W 4-Loop, ~20% ~60% ~35%
(Ref. U-724) 1 Intact Loop (~10 sec)
Accumulator Inoperable
1987 LANL Generic US/J 4-Loop, 0% ~70% ~35%
(Ref. U-726) All Accumulators (~15 sec) -
Operable
1987 INEL Generic US/J 4-Loop, 0% ~70% ~35%
(Ref. U-727) All Accumulators (~10 sec)

Operable
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4.5 THERMAL MIXING OF ECC AND PRIMARY COOLANT

Definition of Issue and Description of Phenomena

Thermal mixing of ECC and primary coolant refers to the mixing phenomena which
occur in the cold legs and downcomer of a PWR as a result of high pressure coolant
injection (HPCI) into the cold legs at a time when the reactor coolant system is at an
elevated temperature. This mixing relates to the overall reactor safety issue of
pressurized thermal shock (PTS). In PTS, the concern is that simultaneous
occurrence of the following conditions could result in brittle crack growth in the vessel
wall and possibly even vessel failure.

High pressure
Sudden, localiied reduction of reactor vessel wall temperature

- Reduced reactor vessel metal ductility due to prolonged irradiation
Existing flaw in weld metal of reactor vessel

Hypothesized scenarios by which these conditions could occur simultaneously include
inadvertent HPCI actuation and an SBLOCA with HPCI. For these scenarios the key
concern is how the ECC mixes with the primary coolant. If mixing is good, a slow and
drawn-out cooldown occurs, which provides sufficient time to prevent the development
of significant temperature gradients in the vessel wall. However, if mixing is poor, the
ECC can "stream" through the cold leg and into the downcomer (see Figure 4.5-1).
This stream of ECC could possibly cool local regions of the vessel wall, leading to wall
temperature gradients and to a localized reduction of wall temperature.

Importance of Issue

Typically, if there is flow through the cold legs, either forced flow (i.e., reactor coolant
pumps running) or natural circulation, good mixing is obtained in the cold legs.
Hence, thermal mixing is of interest only in SBLOCA's where the flow in one or all cold
legs has stagnated. Thermal mixing in the cold legs and downcomer determines the
temperature transient to which the vessel wall is subjected.

Tests and Analyses that Relate to Issue

Within the 2D/3D Program, one test related to thermal mixing in the cold leg and
downcomer was performed at UPTF (Test No. 1). Test No. 1 consisted of five
separate test phases. In each phase, the primary system was initially filled with hot
water and cold ECC was injected into a single cold leg; the cold leg with ECC injection
was blocked at the pump simulator. Since there was no heating during the test, each
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phase was a gradual cooldown of the entire system. Due to facility design limitations,
the initial primary system temperature was significantly lower than the primary system
temperature in a PWR during a PTS-related transient.

Pre-test evaluation of the side-mounted ECC injection pipe in UPTF and GPWRs
showed that mixing was poor and not typical of US/J PWRs which inject ECC into the
top of the cold leg. To simulate mixing phenomena more typical of US/J PWRs, a
modified ECC injection nozzle was used in UPTF. The design of the modified nozzle
was developed by the USNRC (Reference U-913).

Outside the 2D/3D Program, numerous subscale tests investigated mixing in the cold
leg and downcomer. These tests were used to characterize the mixing phenomena
and develop computer codes (e.g., REMIX and NEWMIX). The results of these tests
are not discussed in detail in this report. Evaluation of the UPTF and subscale tests,
and comparison to REMIX and NEWMIX predictions are documented in
Reference U-457. The data and quick-look reports for the UPTF test are provided in
References G-001 and G-201, respectively. References E-441 and E-921 through
E-926 discuss the results of some of the subscale tests as well as comparisons to
code predictions.

Summary of Key Results and Conclusions from Tests and Analyses

The flow regime associated with mixing in the cold leg and downcomer were
characterized based on the subscale tests. The phenomena are shown in
Figure 4.5-1. The following description is taken from Reference U-457.

"...A 'cold stream’ originates with the HPI plume at the point of injection, continues
toward both ends of the cold leg, and decays away as the resulting plumes fall
into the downcomer and pump/loop-seal regions. A ’hot stream’ flows counter
to this 'cold stream’ as indicated, supplying the flow necessary for mixing
(entrainment) at each location. This mixing is most intensive in certain locations
identified as mixing regions (MRs). MR1 indicates the mixing associated with the
highly buoyant, nearly axisymmetric HPI plume. MR3 and MR5 are regions where
mixing occurs because of the transitions (jumps) from horizontal layers into falling
plumes. MR4 is the region of final decay of the downcomer (planar) plume. The
cold streams have special significance since they induce a global recirculating flow
pattern with flow rates significantly higher than the net flow through-put (Qp)...."

The UPTF test results were consistent with the subscale results described above.
Figure 4.5-2 shows the fiuid and wall temperatures measured in the cold leg for two
phases of Test 1. These measurements show that flow in the cold leg was thermally
stratified between the injection nozzle and the downcomer. Specifically, a cold stream
flowed along the bottom of the cold leg from the injection nozzle to the downcomer
and a hot stream flowed along the top of the cold leg countercurrent to the cold
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stream. The cooldown of fluid in the cold leg between the injection nozzle and the
pump simulator followed a "well mixed" transient; i.e., the vertical fluid temperature
distribution was relatively uniform.

Figure 4.5-2 also shows the temperature difference between the hot and cold streams
increased with increasing ECC injection. Due to mixing in the cold leg, the cold
stream entering the downcomer was significantly warmer than the ECC injection for

all ECC flows tested.

The cold stream from the cold leg penetrated down the downcomer as a plume.
Temperature measurements in the downcomer indicate that, due to mixing in the cold
legs and at the cold leg/downcomer interface, the temperature of the plume was
significantly higher than the temperature of the ECC injection. Also, the plume
decayed within approximately four to five cold leg diameters (see Figure 4.5-3).

A post-test REMIX calculation was performed to investigate the code’s ability to predict
system behavior and decay of the downcomer plume at full-scale. The calculation of
entrainment and stratification in the cold leg was artificially altered to account for the
modified ECC injection nozzle used in the UPTF test. The predicted fluid temperatures
at various locations in the downcomer were in close agreement with the measured
temperatures; hence, REMIX can accurately predict downcomer plume decay at full-
scale (Reference U-457).

Post-test calculations have also been performed for many subscale tests. These
calculations include REMIX calculations for tests with ECC injection into the top of the
cold leg and NEWMIX calculations for tests with high Froude number injection on the
side of the inclined portion of the cold leg. Both the REMIX and NEWMIX accurately

predicted the mixing phenomena (Reference U-457).

REMIX calculations for PWRs with low Froude number top injection (i.e., Combustion
Engineering PWRs and Westinghouse PWRs) indicate that a recirculation flow involving
the lower plenum, downcomer, cold leg, and pump seal is established even though
the degree of stratification is small. Due to the small degree of stratification, the
downcomer plume is weak and decays rapidly (i.e., within about five cold leg
diameters--Reference E-922). Similarly, NEWMIX calculations for PWRs with high
Froude number side injection (i.e., Babcock & Wilcox PWRs), predict a small degree
of thermal stratification in the cold leg and a weak downcomer plume which decays
rapidly (Reference E-923).
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4.6 CORE THERMAL-HYDRAULIC BEHAVIOR

Definition of Issue and Description of Phenomena

During the reflood phase of a LOCA, water enters the core and can be vaporized,
accumulated in the core, or transported out of the core. Water transport out of the
core can occur with the steam upfiow out the top of the core or by downflow of
excess water out the bottom of the core (for combined injection or UPI).

Water accumulation and vaporization and the resulting two-phase flow provide
cooling to remove stored energy and decay heat from the fuel rods. During the
post-blowdown LOCA transient, the progression of cladding temperatures and heat
transfer mechanisms is typically as follows:

- During the refill phase, cladding temperatures increase almost adiabatically,
except for regions with water downflow due to top injection ECC (combined
injection or UPI). Water downflow provides core cooling and can quench fuel
rods in local regions. :

- After core reflood begins when the lower plenum water level reaches the

- bottom of the core, global core cooling initiates. A variety of heat transfer
mechanisms exist simultaneously in different parts of the core including
steam/droplet convective cooling, film boiling, transition boiling, nucleate
boiling, and convection to subcooled water. As this phase progresses, typical
.cladding temperatures rise slowly, turn around and then decrease. Regions
quenched by water downflow during the refill phase continue to be cooled
effectively.

- Quenching occurs when nucleate boiling initiates at a particular location and is
characterized by the cladding temperature rapidly decreasing to near the
saturation temperature. Quenching occurs first where the liquid fraction is high
and the heat flux is low.

Core thermal-hydraulic behavior is influenced by the axial and radial distributions of
stored energy and decay power within the core. These distributions can resultt in
multidimensional flow, void, and temperature effects.

In a PWR with cold leg or downcomer ECC injection, flooding of the reactor core is
initiated from the bottom. After core reflooding is initiated, a variety of heat transfer
modes exist simultaneously. At a particular axial location, the progression is from
steam/droplet convective cooling, through film and transition boiling to nucleate
boiling as the local liquid fraction of the steam-water mixture increases. These
modes are illustrated on Figure 4.6-1. Quench front propagation is predominantly
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from the bottom upward. A more detailed description of the heat transfer modes
which exist during both reflood and blowdown is provided in Reference E-401.

In PWRs with upper plenum injection or combined injection, aimost all of the ECC
delivered to the upper plenum flows downward through the core toward the lower
plenum. The water downflow initiates during end-of-blowdown providing core
cooling prior to refiood. During reflood, the water delivered to the lower plenum
either flows up the downcomer to the break, or back up into the core accelerating
bottom reflood. The fuel rods are cooled either directly by water downflow or by
two-phase upflow from the lower part of the core. Quench front propagation is
mainly from the top downward in the water downflow regions and from the bottom
upward in the two-phase upfiow regions.

Importance of Issue to PWR LOCA Behavior

Core thermal-hydraulic behavior directly affects core heat transfer, since the rate of
heat transfer is determined by the rod cladding temperature and by the local
temperature, quality, flow rate, and flow pattern of the steam-water mixture
surrounding the rods. The peak cladding temperature and cladding temperature
history during a postulated LOCA transient are key factors in evaluating the
performance of ECC systems.

Test and Analyses that Relate to the Issue

An extensive database on core thermal-hydraulics and heat transfer exists, and
includes results of tests performed both within the 2D/3D Program and in other
facilities. The majority of the large-scale tests related to core heat transfer during
the reflood phase of a LOCA have been performed within the 2D/3D Program at
the Cylindrical Core Test Facility (CCTF) and the Slab Core Test Facility (SCTF).
Outside the 2D/3D Program, much of the relevant test data has been obtained
from the Westinghouse FLECHT and FLECHT-SEASET facilities. Other data
relevant to core reflood thermal-hydraulics have been obtained from tests at many
small-scale facilities, including: Semiscale, the UCLA facility, JAERI's small-scale
facility, LOBI, PKL, and REBEKA. Table 4.6-1 provides a comparison of these test
facilities. (Reference E-401 includes an extensive list of references.)

The CCTF and SCTF tests investigated core thermal-hydraulic behavior for bottom
reflood conditions and top injection conditions. Bottom reflood tests included
gravity flooding tests with cold leg or downcomer ECC injection, and forced
flooding tests with lower plenum injection. Top injection tests covered UPI and
combined injection. For both bottom reflood and top injection conditions, the tests
addressed a wide variety of parameter effects with respect to core thermal-
hydraulic behavior. Also, tests were performed under both EM and BE conditions.
Table A.1-1 in Appendix A of this report summarizes the CCTF and SCTF test
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matrices according to ECCS configurations and phenomena investigated. The
JAERI data, quick look and evaluation reports for the CCTF and SCTF tests are
listed in the bibliography (Section 5) by test series.

A typical test sequence for simulating reflood conditions involved first preheating
the core and then injecting ECC into appropriate locations (one or a combination of
cold legs, hot legs, upper plenum, downcomer, or lower plenum). Throughout the
test, the core power was controlled to simulate decay heat. Parameters which
were varied in these tests included the ECC injection rate, ECC subcooling, system
pressure, core power magnitude and distribution (axial and radial), and core initial
temperature level and distribution. System configuration parameters which have
been varied include the pump simulator resistance, and the use of vent valves.

Predictive models for core thermal-hydraulics have been incorporated in many
computer codes including: TRAC, RELAP, COBRA/TRAC, ATHLET, and REFLA.
TRAC calculations have been completed for many of the CCTF and SCTF tests.
Detailed discussions of these TRAC analyses and comparisons of measured and
predicted results are contained in References U-601, U-621, U-622, U-641, U-661
and U-681. ATHLET calculations of a CCTF and an SCTF test are documented in
References G-611 and G-622, respectively. Calculations of CCTF and SCTF tests
using REFLA are documented in References J-984 and J-995.

Summary of Key Results and Conclusions from Tests and Analyses

CCTF and SCTF are the largest scale, heated-core test facilities which have been
used to provide thermal-hydraulic and heat transfer data for reflood conditions.
These facilities closely simulated the major PWR core and ECC parameters which
influence the core heat transfer process; such as, core height and geometry, core
power and temperature, ECC injection rate, and ECC subcooling. Accordingly, the
results are judged to be closely representative of the behavior which would resutlt in
a PWR core under reflood conditions. It should be noted that the heated rods
used in CCTF and SCTF have different thermal characteristics than nuclear fuel
rods in terms of heat capacity, gap conductance, thermal conductivity, and
cladding material. For example, the heated rods in CCTF and SCTF had heat
capacities 30 to 40% higher than that of nuclear fuel rods. Hence, the temperature
rise in PWR fuel rods would be expected to be slightly higher than observed in
CCTF and SCTF tests. Results of the CCTF and SCTF bottom flooding tests are
discussed and evaluated in detail in References U-401, U-414, U-421, U-431, and
U-441. Reference U-412 summarizes the evaluation of the CCTF Core-ll UPI tests.
For combined ECC injection, the CCTF and SCTF results are evaluated in
References G-401, J-455, J-553, J-555, and J-557.
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The results of the tests and analyses and major conclusions related to core
thermal-hydraulic behavior are summarized by ECCS type in the following
subsections. Specifically, Section 4.6.1 covers cold leg injection/downcomer
injection with and without vent valves, Section 4.6.2 covers upper plenum injection,
and Section 4.6.3 covers combined injection.
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4.6.1 Cold Leg Injection/Downcomer Injection with and without Vent Valves

One of the major findings of the CCTF and SCTF tests was that liquid which
accumulated in the core was distributed quickly throughout the core. Figure 4.6-2
shows the measured void fraction in six axial regions of the core for a typical CCTF
test. The figure indicates that some liquid was present at high elevations in the
core very soon after the beginning of refiood, and that the liquid inventory at these
high elevations slowly increased over time. The rapid distribution of liquid was
measured in both high fiooding cases and low flooding cases.

Rapid distribution of liquid throughout the core was also observed in small-scale
visual tests conducted by JAERI (References J-928 and J-975). In the visual tests,
the flow regime in the portion of the core above the quench front appeared to be
dominated by the ‘'flow transition regime," as defined in Figure 4.6-1
(Reference E-462). |t is reasonable to assume that in the CCTF and SCTF tests,
flow in portions of the core above the quench front was also dominated by the flow

transition regime.

Heat transfer began to increase shortly after reflood since film boiling occurred at
all elevations. Typical CCTF tests showed that the heat transfer coefficient at
middle elevations in the core increased from about 10 W/m 2K to over 50 W/m 2K
only five seconds after the beginning of reflood. Heat transfer coefficients reached
about 200 W/m 2 K just above the quench front. The heat transfer coefficients are
expected to be typical of PWR behavior because of the realistic fuel geometry
simulation in CCTF and SCTF. The temperature rise during reflood in CCTF and
SCTF tests was typically limited to about 100 K or less. (Note, the temperature rise
for nuclear fuel rods is expected to be slightly higher than observed in the
tests--see discussion on p. 4.6-3.)

Another important finding was that, for a given core power and initial core energy,
the rate of the quench front propagation was determined by the core liquid head,
the amount of cooling above the quench front by the two-phase upflow, and axial
heat conduction in the fuel rods. Phenomena which reduced the core liquid head
(e.g., increased steam binding) retarded the quench front propagation.
Figure 4.6-3 shows the propagation of the bottom quench front for a typical CCTF
test. Also shown on the figure is the core collapsed liquid level. Note that the
flooding rate was less than 0.025 m/s which was typical of most tests during the
LPCI phase. Also note that although an initial offset developed between the low
power and high power bundles, the quench front speed was nearly identical in all
regions. This suggests preferential cooling of the high powered region, a result
confirmed by SCTF tests.

Comparison of the FLECHT-SEASET tests and the CCTF and SCTF tests showed
similar overall behavior, including similar core liquid inventories. Multidimensional
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effects, such as the core heat transfer enhancement due to radial power
distribution could not be evaluated in FLECHT-SEASET because of the small cross-
sectional area. Other differences in hydraulic behavior occurred which were the
result of the larger scaled upper plenum flow area and volume and smaller core
flow area in FLECHT-SEASET.

The typical CCTF and SCTF results have compared favorably with void fraction and
heat transfer coefficient correlations developed by JAERI (References J-906 and
J-910). These correlations were developed based on the results of small-scale
JAERI tests, and were incorporated in the REFLA code, which was able to predict
reflood transient cladding temperatures.

A significant number of tests were conducted in CCTF and SCTF to determine the
separate effects of various parameters on core thermal-hydraulics. The effects of
varying several parameters are shown in Figures 4.6-4(a) and 4.6-4(b). Major
parameter effects which were observed to influence typical test behavior are
summarized on Table 4.6-2 and are discussed below.

- System Pressure. Decreasing the system pressure resulted in a significant
decrease in core heat transfer. Figure 4.6-4(a) shows the resulting increase in
the cladding temperature rise and peak cladding temperature. The effect of
system pressure on heat transfer was related to the change in steam density.
Decreasing system pressure reduced the steam density which increased the
void fraction in the core. The decrease in steam density also enhanced steam
binding, which reduced core liquid inventory. The increased void fraction and
enhanced steam binding allowed core temperatures to increase.

- Core Power. Higher core power increased the adiabatic rod heat-up prior to
reflood and the rate of steam generation during reflood. Higher core power
increased core temperatures at the beginning of reflood and the overall
temperature rise, even for the same initial temperature. The higher steam
generation rate increased the core void fraction' and reduced core liquid
inventory, thereby slowing quench front propagation, and increasing the
quench time.

- Initial Cladding Temperatures. Lower cladding temperatures at the beginning
of reflood reduced the overall peak cladding temperature, but core heat
transfer was somewhat degraded since the temperature difference between the
rods and the fiuid was smaller. The temperature rise during reflood, therefore,
increased. For CCTF tests with initial cladding temperatures 200 K less than
the typical tests, the temperature rise was about 50 to 100 K greater.

- Core Power and Initial Cladding Temperature Distribution. The effects of stored
energy and power distribution have been evaluated by comparing resuits of
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tests with the same total core power and the same core heat-up time, but with
different radial power profiles. In steep radial power profile tests, peak cladding
temperatures were consistently higher (by about 120 K) than in flat power
profile tests. This difference was primarily due to the higher adiabatic heating
(before reflood) in the high-powered bundles. The maximum temperature rise
appeared to be only slightly dependent on power profile and was generally less
for steep power profile tests. This behavior represents a two-dimensional
coolant redistribution phenomenon, whereby water flow was increased to
higher powered regions due to greater steam generation in these regions. This
coolant redistribution keeps the core liquid inventory profile essentially flat. The
void fraction, therefore, is principally a function of elevation and time, as shown
in Figure 4.6-1. The enhanced cooling in high-powered regions is due to both
the higher temperature difference and higher heat transfer coefficients. The
higher heat transfer coefficients are the result of the coolant redistribution
effect, and the degree of heat transfer enhancement is governed mainly by the
bundle power ratio. Figure 4.6-5 shows the difference in heat transfer
coefficients resulting from different radial peak power profiles.

The distribution of power and stored energy does not have a strong effect on
reflood behavior outside the core. Comparisons of key differential pressures as
well as core pressures for tests with different power profiles show little
difference, and it is concluded that system performance is dominated by the
total core power and stored energy and not by their distribution.

ECC Injection Rate. The effect of increasing the accumulator injection rate was
to rapidly increase the core flooding driving head, causing a sudden increase in
steam ‘generation and rapid core cooling. This can reduce the peak cladding
temperature. However, once the downcomer water level stabilizes at the cold
leg elevation, prolonging the duration of the accumulator injection can
adversely affect core heat transfer. This is because increased condensation of
steam in the intact loops lowered the system pressure, reducing core heat
transfer. Increasing the ECC injection rate during the LPCI phase (for example,
no-LPCl-pump-failure case versus single-pump-failure case) can also adversely
affect core heat transfer for the same reason. Figure 4.6-4(b) shows that
cladding temperatures at the same location can actually increase slightly with
the higher LPCl fiow rate. :

ECC Subcooling. In integral tests, the ECC subcooling at the core inlet
depended on heat release from structures (e.g., vessel wall) and condensation
of steam in the cold legs and downcomer. Based on forced flooding tests at
SCTF, increased core inlet subcooling tends to reduce the amount of ECC
needed and the length of time needed to quench the core. Core inventory also
increased.
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Loop Flow Resistance. As shown of Figure 4.6-4(a), the net effect of
increasing the loop resistance was to slightly increase the peak cladding
temperature and to prolong the core quench time. The higher loop resistance
increases the loop pressure drop and reduces the core flooding rate.

- Evaluation Model versus Best-Estimate Conditions. Tests conducted in CCTF
and SCTF with "best-estimate" conditions had significantly lower core power
and initial cladding temperatures, and higher containment pressure and LPCI
flow rates, relative to the typical (evaluation model type) tests. Because of the
higher system pressure and lower core power, core cooling was improved and
the temperature rise and quench time were reduced. In the CCTF BE test,
system-wide hydraulic oscillations occurred due to intermittent water carryover
to the steam generators. A brief core re-dryout with a small heat-up prior to re-
quench occurred during these oscillations. (See Reference U-413 for a detailed
discussion of the oscillations.)

- Core Blockage. Results of SCTF-I tests showed that the effect of 60% coplanar
core blockage on core heat transfer was negligible. A small effect on peak
cladding temperatures was observed, and only a slight effect on quench times
was noted (see Figure 4.6-4(b)).

Comparisons of tests with cold leg and downcomer injection revealed that the
overall differences in core thermal-hydraulics were relatively minor (see
Figure 4.6-4(b)). For downcomer injection, reduced interaction of steam and ECC
occurred; consequently, less steam was condensed and ECC subcooling
remained higher in the downcomer. The effects of vent valves were also relatively
minor. In tests with open vent valves, steam binding was reduced, allowing
increased core fiooding rates, and better core cooling. The peak cladding
temperature reduction was about 20 K (36°F) in CCTF tests. (Reference U-414).

Calculations of CCTF and SCTF tests using the TRAC-PF1/MOD1 code showed
overall reasonable agreement with the test results. TRAC-PF1/MOD1 used a
generalized boiling curve for heat transfer. The predicted heat transfer in the core
is closely tied to the prediction of liquid distribution in the core. In TRAC-
PF1/MOD1 calculations, entrainment of liquid in the core was generally
underpredicted, resulting in deficiencies in predicting the axial void fraction
distribution. Specifically, the liquid inventory in the core above the quench front
was underpredicted (see Figure 4.6-6). This typically resulted in an overprediction
of core temperatures in the upper half of the core; however, as shown in Figure
4.6-7, overall peak cladding temperatures were generally in reasonable agreement
with the test data. A detailed statistical evaluation comparing predicted and
measured temperatures was carried out for eight SCTF-lil tests (see Figure 4.6-8).
Turnaround temperature comparisons were made for three elevations (quarter-
height, mid-height, and three-quarter height) in four bundles yielding 12
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compar