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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 muitidimensional 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 resuits 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. o
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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-blowdown and post-
blowdown phenomena conducted by the countries of Germany, Japan, and the United
States. The program utilized a "contributory" approach in which each 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 Cylindrical 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 (LBLOCA), 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 ECC 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 lower plenum
is filled to the bottom of the core barrel prior to the completion of depressurization.
This result means that a potential core heatup of 100 K during refill is eliminated.

Xix



Entrainment in Downcomer during Reflood. 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 flow. 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 flow. Regardless of flow regime, a substantial amount
of steam is cor densed in the loops, and alinost all ECC is delivered to the reactor
vessel.

Effect of Accumulator Nitrogen. The discharge of nitrogen from accumulators
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 fluid 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
muitidimensional 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 Pienum. 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 upfiow 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 systems has been
confirmed, and the margin associated with traditional, conservative evaluation
approaches has been quantifiec.
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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) trarsients 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 muiltidimensional 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 late 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 expensive 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 effects while
the UPTF would test fuil-scale multidimensional effects using a core simulator. Each
of the facilities would be outfitted with advanced instrumentation for evaluating 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 approach and the
trilateral 2D/3D Program was brought to reality.

The 2D/3D Program lasted about 15 years and cost approximately $500 miliion (US)
in total. It is the largest research program ever conducted in the field of reactor safety.
Today, the exceilent 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 close 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 g M. Nozawa
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Section 1

INTR TION

1.1 BACKGROUND

Historical Perspective

The thermal-hydraulic response of a PWR primary coolant system to a Loss-of-Coolant
Accident (LOCA) and the performance of the Emergency Core Cooling System
(ECCS) have been areas of research interest for two decades. The primary 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 include the post-
blowdown phases (refill and refiood).

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 United 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 phenomena 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 maijor facilities in the 2D/3D Program
constituted some of the largest and most snphisticated 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 entitled "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 reflood 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 mixing 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 DELIVERY 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/3D Program
(UPTF), multidimensional behavior was observed in the downcomer which strongly
affected ECC delivery. Specifically, ECC injected into the cold leg adjacent 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 plenum 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 from 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, refili 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. Tne 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 flow 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
tne 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 Progranm). Orie 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 coid 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 ihe cold legs. During accumulator injection, all of the
intact loop steam flow is condensed. Consequently, there is no steam flow out the
broken cold ieg and entrainment does not occur. Further, subcooled water is
delivered to the downcorner 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 thre 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 aimost 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 vaives were open. With the vent valves closed
entrainment increased and the observed level reduction was more severe than for cold



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 entrainment 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 ho 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 fuil 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 K in 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 condensation
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 filows
at the top of the pipe. Note that the loop steam flow and ECC injection are cocurrent
in the cold leg and countercurrent in the hot leg. Plug fiow 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 legs was only
slightly dependent on scale and injection configuration. Analyses indicated 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 sirong 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 PWRs 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 aimost 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 tempcorary. Tests in the 2D/3D
Program confirmed the phenomena discussed above. Due to limitations of test
facilties used in the program, quantification of the effect of accumulator nitrcgen
discharge on core temperatures was not covered.

2.5 THERMAL MIXING OF ECC AND PRIMARY COOLANT

During some transients or sma!l break LOCAs, ECC is injected at high pressure
(HPCI) into the primary system. If 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.



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 downcomer.
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 SCTF while core
behavior during end-of-blowdown was investigated in previous tests outside 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 loe~. 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 and extensive
steam generation initiates. Some of the bottom flood water is entrained by steam fliow,
and two-phase flow is quickly established over the entire core. This procecs 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 downcorner 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
steam 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 availabie 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 injectars 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 downflow regions.

2.8 WATER CARRYOVER AND STEAM BINDING WITH COLD LEG INJECTION

During reflood, steam generated in the core flows through the upper plenum and hot
legs toward the break. Some of the water carried by the steam flow evaporate:s due
to heat transfer from hot surfaces, principally the steam generator tube:. 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 flow.

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 iemperature 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 flow 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 principal 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/3D 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 Section 4.7.2), and pressurized thermal shock (see Section 4.5).

The experimental 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 pienum, 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 subsections and
corresponding ECCS types are listed below.

3.1  Cold Leg Injection Plant

3.2 Combined Injection Plant

3.3 Downcomer Injection Plants

- 3.3.1 US Downcomer Injection Plant

-- 3.3.2 FRG Downcomer Injection Plant

= 3.3.3 Japanese Downcomer Injection Plant

3.4 Upper Plenum Injection Plant

3-1



3.1 COLD LEG INJECTION PLANT

PWRs are equipped with safety systems which inject emergency core coolant (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 (HPCl). 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 iong 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 accumulator 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 refiood has begun.
At low pressures, LPCI flow begins and continues indefinitely. HPCI normally
continues throughout the LPCI injection phase, but the flow rate is dominated by the
LPCI system. Design parameters for ECC systems of PWRs with cold leg injection are
tat .ulated for three different PWR designs in Table 3.1-1.

" hermal-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 Figures 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 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. 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-blowdown, the reactor coolant system is filled with steam except for
the lower plenum which still contains some water. The steam is vented to containment
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 aimost 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) upfiow initially
entrains the ECC flow 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 refill. 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 radial 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 refiood, 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 steam 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 broken cold 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 2G% 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 (LPCI) (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 legs as some
of the water from the inlet plenum drains into the hot legs. The flow regime 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 seconds 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 increases 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 flow, 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 reflood 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 relati-'e to containment and increases the system pressure. Tests at
CCTF and SCTF indicate increasing system pressure improves core cooling (see
Section 4.6.1).

3.1-5



"ajqe|ieAe Jou aJe sdwnd |Dd7 pue [DdH e o sajes moy ubisaep ey Jeyl 810N " 1G-J eoualajey WOy paurelqo siseweled
ubisep ' pue £ SHUM lueld JesjonN e)UaY) Je sio}oeal 8y} aJe HMJ esauedef Ssejo IMIN 00V & 10} Siojoeal aouaiael 8yl ‘g

Aq pajesedo uonelg Bunelsuar) JesjonN ueios) Je Jojoeas au; si HAMJ ©SNOLBUNSSAR SSEIO IMIN 00PE € 40; Jojoesl scuaiael aul

"21G-3 eoualajay woyj pauleiqo sielewesed ubisap ‘ou8|3 pue ser) puejuod

o

"1 1G-3 aouaJajey Wolj paulelqo UM 08 walsAg Buesuibug uonsnqwo) ey Joj sisjewered ubiseq ‘|

‘S310N
0201/VN e 0ce/VN Z L 00S¥ 14 (YN 00vE/asaueder
(0ss)/(ost)
sei/se 2
(oost)/(000€) (0s9)/(g2y) (0s8) (599)
6201/089 r4 051/s6 2 v2 085 v (z)MW 00vE/esnoyBunsam
(000s)/(00zY) (oe11)/(s18) (0g81) (s29) ()08
GELL/G56 4 sze/s8l 2z £5 oi1ey s wasAg/Bupsauibuz uonsnquion
(cy) gw
(wdb) s/ w sdwng {wdb) 4y/ w sdwing J0Je|nwNddyY (e1sd) egy
E:E_xms_\:m_mmo Jo E:E_xm_z\cm_mmo jo Jod 2Inssald Anuenp
mol4 duwing JequinN moj4 dwing JoquinN SWN|OA JoJeM sse)/i0pusA HMd
10d1 {0dH S10JBjNWNJJY

NOILO3rNI 931 G100 HLIM SHMd HO4 SHILIWVHYC NDISIA WILSAS 903

I-1°€ 8jqel

3.1-6



Pressure (MPa)

16.0

. 2.0
| Low pressure trip Upper Plenum  ——
14.0 7% r 7
Pressurizer ===
12.0 h 14‘4 h
F Intact Loop accumulator initiation
10.0 7 7
8.0 26.1
f" End of bypass
6.0 T
31.0 Beginning of
4.0 core reflood .
31.7
2.0 l— LPIS initiation
o'o L 4 L 4 v \J
0 10 20 30 40

Time (s)

50

CALCULATED PRESSURE TRANSIENT FOR
US/J PWR WITH COLD LEG INJECTION

FIGURE 3.1-1
317




1100 Y T, Y Y T Y
1000 A -
r~ Intact loop flow beyins to exceed t :euk flow
9001 End of refill, .
x beginning of cora recovery
o
§ 800 .
o
& 7001 .
&
- End of blowdown
600 7 .
8
o
500 .
400 7 ¢ ~
300 T T T Y Y T T
0 25 50 75 100 125 i50 175 200
Time (s)
Maximum BE Rod Temperature
1100 T=
Intact loop Hlow begins to exceed break flow
1000 7 ™ Endof retill, i}
“aginning of core recovery
900 v -
3
o 800 ~
2
S 700
g
§
— 600 1 -
g
500 - 1
400 -
300 T T T Y T Y Y

0 25 50 75 106 125 150 176 200

Time (s)

Maximum EM Rod Temperature

CALCULATED ROD TEMPERATURE TRANSIENT FOR
US/d PWR WITH COLD LEG INJEGTION

FIGURE 3.1-2
3.1-8



LEGEND:

<+——— Steam Flow
<4——— Water Flow

Water
Two—phase

EFFICIENT STEAM

Mixture
: CONDENSATION

‘H | U. PLENUM ”‘
HOT LEG }
G— — =] o i—o — 4+ ! \ )
BROKEN v/ 1 INTAGT
LoorP BREAK & !7 COLD LEG L LOOPIS)
A Y (
\O ( ~ '
4 IR ¢
| &
| CoRE ACCUMULATOR
/ { INJECTION
\B—' ——x
NOWNCOM 0\ ‘ PLUG FLOW IN
e N INTACT CGLD LEGS

~ [LOWER PLENUM INVENTORY
DECREASES, THEN RISES TO
BOTTOM OF CORE BARREL

TRANSITION FROM ECC
BYPASS TO DELIVERY
AT ABOUT 800 XPo

SUMMARY OF LBLOCA BEHAVIOR IN A COLD LEG INJECTION PWR
END-OF-BLOWDOWN/REFILL PHASE

FIGURE 3.1-3

LEGEND:
e <——— Steam Flow ' STEAN
GENERATOR
4—‘—- Water Flow [STEAM FLOW GNLY]
fo] Water
L‘;‘ﬁ:lf’ehqse WATER ACCUMULATION

SUPERHEATED
STEAM

ALL STEAM
CONDENSED
‘H U. PLENUM [
WOT LEG
ﬁ,n cm.J LEG

To— ——1—-—

WATER ENTRAINMENT
OUT Of CORE

INTACT
LOOP(S)

BROXEN
LoorP

BROKEN LOOP
HAS SIMILAR
FLOW AS
INTACY LOOP

MULTIPLE INTACT
LOOPS BEHAVE
SIMILARLY

DOWNCCMER |Ptuc FLow IN
INTACT COLD LEGS

RAPID AXIAL EFFICIENT
WATER SPREADING RADIAL MIXING

SUMMARY OF LBLOCA BEHAVIOR IN A COLD LEG INJECTION PWR
EARLY REFLOOD (ACCUMULATOR INJECTION)

SUBCOOLED WATER
SUPPRESSES WALL BOILING

FIGURE 3.1-4
3.1-9




STEAM

GENERATCR
{
LEGEND:
Nitrogen
CVERALL ABSOLUTE PRESSURE ) Nitrogen/Steam
CF_SYSTEM RISES i Mixture Flow
—_— Steam Flow
|BROKEN LOOP ¢ -
FLOW INCREASES V/ater Flow
: Warar

Two-Fnaose Mixture

Nitrogen/Steamn
Mixture

COLD LES

E4
NUINTIS A
4\4\",,,\,,;} o ...| —
AN

\\..tcc \C'—
- :&\+ -
\

Nitrogen

-

INTACT
LOOP(S)

BROKEN
LOOP

NO CONDENSATION, REDUCED STEAM FLOW
FRCM U. PLENUN MIXING WITH Ny,
REDUCED AP ARQUND INTACT LOCPS

MAX. CCLLAPSID CORC LEVEL
60% - 0%

SUMMARY OF LBLOCA BEHAVIOR IN A COLD LEG INJECTION PWR
SHORTLY AFTER N, INJECTION STARTS

FIGURE 3.1-5

’T'i‘“
GENEAATOR

LEGEND:
G—x-— NHrogen

Nitrogen/Steom
Mixture Flow

Steom Fiow
Waoter Flow

G—--—
G———
—

3 weter

STLAw FLOW ARQUND
INTACT LOOPS INCRIASES
A5 Ny FLOW DROPS

Two-Phose Mixture

N

) F£=x-3 Nitrogen/Steom
S T = Mixture
ﬂ_] I U HOT LEG
-
SN e =
BREAKX g COLD LES
T Ee Nl
‘X\:cc
INTACT
wn:v\\ LOOP(S)

BROKEN ODOWNCOMER
Looe

NITROGEN
(N2 INJECTION RATE DECAYS)

CORE LEVEL DRCPS 2%
€2 INCREASING STEAN FLOW
ARQUND INTACZT LOOPS
CAUSES INCREASED &P BETWEEN
L PLENUM & DOWNCOMEFR

LICUID INJECTED AT REDUCED RATE:
LITTLE CONDENSATION, STEAM FROM
UPPER PLENUM FLOWS AROUND
DOWNCOMFR 10 ARF AY

SUMMARY OF LBLOCA BEHAVIOR IN A COLD LEG INJECTION PWR
DURING N, INJECTION

FIGURE 3.1-6
3.1-10



BROKEN
Loop

LEGEND:

<¢—~=— Steam Flow
<4——— Water Flow

Water

Mixture

WATER ENTRAINMENT
OUT OF CORE

BROKENM LOOP
HAS MUCH
HIGHER FLOW
THAN INTACY
LOOP

ECC ENTRAINMENT
AND LEVEL REQUCTION

HIGH PRESSURE
ORrOP

DOWNCOMER

WALL BOILING AND
DOWNCOMER VOIDING

AXIAL WA EFFICIENT
ODISTRIBUTION ‘now. WIXING

Two—phase

V. PLENUM

AFTER 30 SECCND
DELAY, WAT"R
CARRYOVER WITH
STEAM FLOW

WATER
ACCUMULATION

STRATIFIED

FLOW
CONDENSATION
(100% EFFICIENT)

SATURATED
WATF«

LMO
PERFECY
EVAPORATION

SUPERHEATED
STEAM

SATURATED
STEAM

INTACT
LOOPI(S)

MULTIPLE INTACT
LOOPS BEHAVE
SIMILARLY

SUMMARY OF LBLOCA BEHAVIOR IN A COLD LEG INJECTION PWR
LATE REFLOOD (LPCl)

Wy W

FIGURE 3.1-7

3.1-11




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 depicting system
behavior at several times in a UPTF test are shown in Figure 3.2-1. 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/3D 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 critical flow at the
break. For a 200% cold leg break, the pressures in the primary system 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 and 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 downflow 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 pieiium 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 upflow
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 ccid 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 walar
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 unsteady 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).
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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 each 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
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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 flow begins and continues indefinitely. HPCI 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 tabulated 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 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 the blowdown
progresses.

3.3.1-1



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 fiow 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 upflow initially entrains the injected
ECC directly out the broken cold leg (ECC bypass) thereby preventing ECC from
refiling 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 full-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. [t 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 ieg elevation resulting in water spillover out the broken
cold leg. Heat release from the vessel walll 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 generation 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 boiling 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 vaives.

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 (LPCl) (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 fiow (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 lsvel reduction is small (about 13 - 18 K--see
Reference U-460).
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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 systern consists of three types of
injection; namely, high pressure coolant injection (HPCI), accumulator (ACC) injection,
and low pressure coolant injection (I.PCl). The primary system pressure at which the
different types of injection initiate are listed below.

HPCI 12,750 kPa
ACC 4,200 kPa
LPCI 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/3D Program.
This discussion is based on the results of other safety research programs, 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.

3.3.21



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 compiletion 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 2t reflood initiation are lower than for consecutive end-of-
blowdown and refill. 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 flows 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.

3.3.2-2



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 from 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, cairyover 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 E:CCS. 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 Table 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 LPI pumps are connected to both injection nozzles, ECC is injected
symmetrically in both the no-LPl-pump failure case and the single-failure case. The
ratio of the effective LPI flow rate to core power is approximately 20% higher than in
four-loop PWREs.

The ACCs and HPI pumps inject ECC through nozzles in the cold legs. Each of the
two ACCs is connected to both cold legs. Similarly, both HPI pumps inject ECC into
both of the cold iegs. 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 downcomer
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 refiood. 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. Consequently, 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).

3.3.3-1



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 fiuctuations 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 shouid be
comparable to that for cold leg injection PWRs (see Section 3.1).

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 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 colc 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 Reflood (LPCI)

ECC injected into the cold leg and downcomer flows 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 steam 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 flow from the intact loop enters the downcomer where some of 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 condensation
increases due to good steam access to the ECC injection stream and subcooled water
on top of the downcomer water column. Increased condensation reduces 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 also 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 flow from the intact cold leg into the downcomer is
expected.
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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 ns in three- and four-loop
plants. Except for the LPCI injuction location, the ECC system configuration and
injection sequence at these PWRs are similar to that described in Section 3.1 for cold
leg injection PWRSs.

Blowdown, Refill, Early Reficod and Accumulator Nitrogen Discnharge

Early in the LBLOCA transient, until the accumulator (ACC) water inventory is depleted,
system behavior in an upper plenum injection (UFI) PWR is similar to that for a cold
leg injection PWR. This is because ACC injection is into the cold legs in both type:;
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 2.1. The only significant
difference is that some upper plc: .i1m 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 reflood (LPCI) period, after depletion of accumulator inventory, is qualitatively
different in a UPI PWR. Figure 3.4-1 shows the hydraulic behavior in a UPI 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 negative (toward
the downcomer). A positive flow rate (flow from the downcomer to the core) is the
flooding mechz nism for plants with cold leg injection. Even though flow directions are
different for the two types of injection, there is simiiar liquid accumulation in the core
which prevides global core cooling; i.e. the net core flooding rate 's similar to that for
cold leg injection.

ECC water flows from the upper plenum down to the core in a local region, covering
about 10% of the core. The size of the downflow region in a UPI plant is determined
by interpols ting 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 change 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 proviaas
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 1o 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 results show that the water
distribution across the flow area is uniform >xcept 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 ISSUE

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 configurations,
the application of the test and analysis results to PWRs are covered in separate
subsections by ECCS configuration. These separate subsections also include
technical findings and conclusions which are specific to a given ECCS configuration.



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 fluid 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 decreased 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 legs and/or
downcomer directly out the broken cold leg. This is referred to as "ECC bypass". 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 deiivery 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 can 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 accumuiation 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 reflood.

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 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.

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 resuits to
PWRs are covered in the following subsections by ECCS configuration. 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 resuits 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 differ .t between the loop near the break (Loop 1) and the
loops away from the break (Loops 2 and 3). Sperifically, ECC injected into 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 fiuid
temperature contour plots, Siemens identified the following flow regimes for ECC
delivery in UPTF (Reference G-907).

Complete bypass from Loop 1 with partial 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 flow 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 not reveal the
true countercurrent flow limitation at steam flows less than 320 kg/s and 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 proximity 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'Q for each cold leg, resulting in a lower effective,
dimensionless steam upflow 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 Laboratory facilities (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 flooding 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 applylng
small-scale results to full-scale. However the full-scale UPTF data indicate that Wallls
parameter (j) scaling may be more appropriate. The calculated steam velocity, |

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 (i +1n0f 0.037, or 1500 kg/s
at full-scale). The calculated i gs 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, anle that for
1000 kg/s delivery may be artificially low because delivery may have been injection-
limited. As shown in the figure, the steam flow at full-scale for the given delivery rates
is better predicted by constant j " scaling than constant momentum flux scaling; hence,

j" scaling may be more appropriate for predicting 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 upflow 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
pienum 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 almost
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 may 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 muiti-
dimensional behavior. In the MOD2 calculations, the predicted delivery was greatly
improved over MOD1 calculations. This improvement in the prediction of ECC 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 period 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 test data.

the end of depressurization, which is consistent with
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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 short 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 littie time is spent on the
partial delivery portion of the CCFL curve. Thus it appears knowledge of the full-scale
CCFL curve with a high degree of certainty is not a requirement for accurate, best-
estimate, EOB/reﬁII predictic 8. In addition, the full-scale results appear to be better
predicted by j’, rather than K°, scaling from small-scale results, which gives a more
favorable full-scale ECC deluvery (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 reflood phase. Assuming an overlapping blowdown and
refil 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
could 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 per loop. 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 Systern 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 results 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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4.1.2 Downcomer Injection

The results of the UPTF tests with downcomer injection revealed multidimensional
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 plotied in Figure 4.1-9. The plots show that ECC
injected through the nozzle near the break (Nozzle 1) was largely bypassed while ECC
injected through the nozzle away from the break (Nozzle 2) penetrated 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 into Nozzle 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 4.1-9). The delivery rate for
injection to Nozzle 2 only was similar to the delivery rate for injection to both 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 appreciable
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 conditions 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 upfilow was lower because about 1/3 of the steam injection flowed
through the vent valves. The vent valve steam flow created a circumferential flow in
the downcomer which appeared to reduce/redirect downcomer upflow and facilitate
ECC delivery. Finally, Figure 4.1-9 indicates that, for closed vent valves, highly
subcooled ECC injection produced much higher delivery than saturated ECC.

Figure 4.1-9 includes the results of the UPTF downcomer countercurrent 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 aifect 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 behavior in 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 results (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 nozzie 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 Valve 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 b efit 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 ' .ove 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 upfiow 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 dowi 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 indicz..e that, for the GP' VR 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 peneirated 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., initiaiion 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 results 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 filing 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

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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FIGURE 4.1-1
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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 PWREs,
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 flows 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. Feduction 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 Test 2
(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 results of the separate effects tests indicate that as the steam flow 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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421 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.., | "ccre < j pwr < I uptd:

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 estirmated steam generation
rate for CCTF Test C2-4. With the high flow 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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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 flow is defined as the injected steam flow 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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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 watzr 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 flow (the top void height) remains fairly
constant at a smail value.

Comparisons to the TRAC analyses showed that the TRAC-PF1/MOD?2 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 elevatior: throughout the transient. It appears the code did not
correctly calculate 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 calcuiated 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 fiow rate of 240 kg/s, while the zero void height corresponds to the no-failure
ECC flow rate of 420 kg/s. In the no-failure ~ase, all of the intact looo steam flow
is condensed, so there is no steam flow out the broken cold ley 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 wouid 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 13 K
(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 vaives 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 fiow 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 p'otted 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 dimensioniess 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 nozzies 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. If ig* 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 tc 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 flow 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 resuit (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 tc 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.

4.2-10



Table 4.2-1

SUMMARY OF TESTS RELATED TO

DOWNCOMER ENTRAINMENT DURING REFLOOD

Facility
Type of Test and Facility References
Test Scale
Cold Leg Injecticn UPTF: 128 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-Il: 1/21% | 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 f
Test 23B G-023, G-223
Test 23C°® G-022, G-222
Downcomer Iniection CCTF-II: 1/164 |U-414
Integral Tests Test C2-AA2 J-048, J-246, J-446
Test C2-10 J-058, J-256
Combined Injection UPTF: 128 G-411
Integral Tests Test 3 G-003, G-203
Test 18 G-018, G-218
Test 28 G-028, G-228
NOTES:
1. Facility scale is based on core thermal power.

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

3900 MWt.

3. Relative to a 3400 MWt Westinghouse or Japanese PWR.

4, Relative to a 2600 MWt Babcock & Wilcox PWR.

5. Relative to a 3900 MWt Siemens/KWU PWR.

6. UPTF Test 23C was actually the second portion of Test 22A.
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Note: For simplicity hot legs are not shown.
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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 fiow 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 iniection 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 interacton 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, watar 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 investigated flow 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.

R = MECCCP(TM- TE&)
' Msry (N - h)

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 fiux 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 Leg 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 flow only occurred when the condensation
potential of the ECC exceeded the steam flow (i.e., thermodynamic ratio greater than
one). Atlow steam flows plug flow 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 resuits 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 nozzie 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. Results 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 fiow 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). Resuits 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 resuilts.

Typically, cold leg injection P'*'Rs use top injection for the ECC; hence, plug flow is
expected to occur when the ECC fiow is high enough to cause the thermodynamic
ratio to exceed 1.0. During an LBLOCA, the high ECC flow 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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4,32 Hot Leg 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-tube, 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 fiur. of { e 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
momantum 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 som.e cases, the water layer was thermally stratified. At high steam
flows, the ECC flow was partially reversed resulting in temporary water
accumuiation (or hold-up) and fluctuations in ECC delivery. However, at low
steam fiows, there was no significant hold-up and ECC delivery fluctuated only
slightly.

Régardless of wnether water delivery to the upper plenum fluctuated or was nearly
steady, almost all of the ECC iijected into the hot legs was delivered to the upper
plenum.

Figure 4.3-5 is & plot of the steam flow versus condensation potential of the ECC
which indicates the ilow 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 flow.

Figure 4.3-5 shows that plug flow, either stable or unstable, occurred only when the
condensation potential of the ECC exceeded the steam flow (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 flow 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 data in
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 fiows (i.e., 50 kg/s to 100 kg/s) and ECC flow rates
up to 150 kg/s, the flow regime in the hot lag 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.

Regardiess of the hot leg flow regime, aimost 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.



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 werc 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 calculaisd 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 ioops is compiletely condensed in the loops.
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SUMMARY OF TESTS RELATED T

Type of Test

Facility

Table 4.3-1

TEAM/ECC INTERACTION IN THE LOOPS

e e —— =

Page 1 of 2

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 u
Hydraulic .
Resistance Tests | YVestinghouse 1/3 E-435
Combustion 1/5 E-431
Engineering
Combustion 1/3 E-432
Engineering
Cold Leg Flow Creare 1/20 E-433 —H
Regime Tests Tokyo Institute of 1/25 E-911
Technology J-936
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SUMMARY OF TESTS RELATED TO STEAM/ECC INTERACTION IN THE LOOPS

Table 4.3-1

Page 2 of 2
Facility
Type of Tes Facility Scale’ References
| Hot Leg Injection | UPTF: 1 G-411, G-911
| Separate Effects Test 8 G-008, G-208
i Tests Test 26 G-026, G-226
i 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
reflood 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 ir:to 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 flowing
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 detectec! 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 judged to 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 m3 (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 measuremants at three locations around the top of the downcomer and
in a cold leg between the ECC in;cction 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 tha cold leys.) Dilution of the steam with nitrogen suppresses
steam condensation in the cold legs and downcomer which contributes to
pressurization of the downccmer; however, the effect of this dilution on the rate of
steam coridensation 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 oscillaticns and
water spillove. out the broken cuid ieg, 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-C31).

The resuits 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

uench the hottest portion of the hottest rod, with a sustained turnaround in the
cladding ternperatures. 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 dischiarge on core cooling, TRAC PWR analyses suggest that
accumulator nitrogen discharge and the resulting surge i 1 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

HE EFFECT OF NITROGEN DISCHARGED FROM ECC ACCUMULATOR

Type of Test or

S

References “

Analysis Facility
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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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, localized 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 lcwer 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 locaiion. 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 MRS 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 (Q,;)...."

The UPTF test results were consistent with the subscale results described above.
Figure 4.5-2 shows the fluid 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 fiuid 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 upflow 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 transie. .., 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 result 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



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 reflood. 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 downfiow 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 upflow 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 reflcod 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, rnuch of the relevant test data has been obtained
from the Westinghouse FLECHT and FLECHT-SEASET facilites. 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-scalt:
facility, LOBI, PKL, and REBEKA. Table 4.6-1 provides a comparison of these tes:
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 iegs, 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 result 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 reflood, and that the liquid inventory at these
high elevations slowly increased over time. The rapid distribution of liquid was
measured in both high flooding 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). It 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 2 K 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 tor the same initial temperature. The higher steam
generation rate increased the core void fraction and reduced core liquid
inventory, thereby siowing gqueach 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 fluid 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 results 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 refload) in the high-powered bundies. 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 fiat. The
void fraction, therefore, is principally a function of elevation and time, as shown
in Figure 4.6-1. The enhanced cooling in hich-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 LPCI flow 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 flooding 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 resuits. 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-Ill 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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comparisons per test. The mean bias was -19.4 K and the standard deviation was
59.8 K, which reflects the generally favorable comparison. Rod quench times and
turnaround times were predicted with reasonable agreement as well.

Post-test analyses of three CCTF and SCTF tests have also been performed using
TRAC-PF1/MOD2. MOD2 has a new reflood model which is based on post-critical
heat flux flow regime descriptions developed by Dedarlais and Ishii
(Reference E-455). These flow regimes are shown in Figure 4.6-1. The models
and correlations developed for MOD2 mechanistically address the key phenomena
in each flow regime. The PCT prediction accuracy of MOD2 is similar to MOD1.
The deficiency in core liquid ‘istribution discussed earlier for MOD1 was also
observed for MOD2. Figure 4.6-9 shows the measured and calculated collapsed
liquid levels in the core upper half for a CCTF test. The measured value
considerably exceeds the predicted value.

The CCTF and SCTF results confirmed that assumptions used in PWR safety
systems evaluations are generally conservative. The single-LPCl-pump-failure
assumption was found to have an adverse but minor effect on core cooling. With
regard to core heat transfer, the 2D/3D results showed that, for a core flooding
velocity of 2 cm/s, core cooling was not degraded.
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4.6.2 Upper Plenum Injection

While tests with upper plenum injection (UPI) were performed at CCTF, SCTF, and
UPTF, only the CCTF tests simulated thermal-hydraulic behavior in the core. The
SCTF and UPTF tests focused on water delivery and distribution in the upper
plenum which is discussed in Section 4.7.1. The CCTF tests consisted of a series
of five integral tests which evaluated core behavior with UPl. These tests simulated
both evaluation model (EM) and best-estimate (BE) conditions. The tests also
evaluated the effect of parametric variations in UPI flow rate, injection configuration,
core power, and initial core stored energy on thermal-hydraulic behavior in the
core. Results of the CCTF UPI tests are described in detail in Reference U-412.
Key results related to core thermal-hydraulic behavior are summarized below.

During reflood in the CCTF UPI tests, water penetrated to the core from the upper
plenum. Flow exited the core at both the top (steam and water) and at the bottom
(water only). In the UPI base case test (C2-16), about 55% of the water which
penetrated from the upper plenum to the core continued to the lower plenum, up
the downcomer, and out the break.

Rod cladding temperature measurements indicated water downflow occurred only
in a limited region of the core. Specifically, rod temperatures near the top of the
core, over an area covering about 1/3 to 1/2 of the core, dropped sharply at the
beginning of the test, indicating water downflow. Rod temperatures in the
remainder of the core indicated no water downflow. In tests with injection into only
one of the two UPI ports, the downflow occurred under the injection port; however,
the asymmetric downflow occurred in tests with injection into both UPI ports as well
as in tests with one port injection. The location of the downflow region did not shift
as the test progressed. Figure 4.6-10 shows the downflow region for the CCTF
UPI base case test (Test C2-16; one port injection).

In the remainder of the core, rod temperatures were comparable to those in bottom
flooding tests with similar conditions. This result indicates that these regions were
cooled by water which flowed down through the core to the lower plenum and
back up into the core; i.e., bottom flooding behavior (see Section 4.6.1). In this
portion of the core, a two-phase mixture of steam and water flowed upward
through the core to the upper plenum.

Core cooling near the top of the core was enhanced in the water downfiow region.
Specifically, peak cladding temperatures were lower and que ich times earlier
compared to those in the two-phase upfiow region and also compared to those in
bottom flooding tests. Figure 4.6-11 shows quench times at the 3.05 m (10 ft)
elevation in the CCTF UPI base case test (Test C2-16) and a bottom flooding (i.e.,
cold leg injection) test with comparable conditions (Test C2-SH2). Quench times
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are significantly shorter in the UPI test between about the 90° and 240°
azimuths--the water downflow region. At lower elevations, including the mid-core
elevation where peak cladding temperatures are highest, there appeared to be very
little direct cooling from the water downflow. This indicates the effects of local
water downflow were evened out, perhaps by cross-flow or by vaporization of the
water, before the downflow reaches the mid-core elevation. Quench times in the
two-phase upflow region were similar to those for the bottom flooding test.

The effects of various parameters on core thermal-hydraulics were investigated in
the CCTF UPI tests. The results of these tests are discussed below.

- UPI Distribution. For comparable injection rates, injecting ECC through both
UPI nozzies versus only one nozzle had litile effect on core thermal-hydraulic
behavior.

« UP| Flow. Increasing the UPI flow from the single-LPCl-pump-failure case to
the no LPCl-pump-failure case significantly reduced the cladding temperatures
and quench times throughout the core. This effect was more pronounced in
the water downflow region.

- Evaluation Model versus Best-Estimate Conditions. The test conducted with
"best-estimate" conditions had significantly lower core power and initial cladding
temperatures, and higher containment pressure relative to the evaluation model
(or base case) test; however, both tests simulated the single-LPCl-pump-failure
case. Due to the lower core power and initial cladding temperatures, the peak
cladding temperatures and quench times were significantly reduced.

LANL analyzed the CCTF UPI tests using the TRAC-PF1/MOD1 computer code.
Reference U-622 summarizes the results. In general, the code predicted
multidimensional core reflood conditions, negative core inlet flow, location of the
liquid downflow, and average values for fuel rod temperatures. However, the code
overpredicted the amount of UPI downflow to the core while also not predicting the
core void distribution accurately. Overall, the TRAC predictions were in reasonable
agreement with the test resuits.

It is expected that the same core phenomena observed in CCTF will occur in the
full-size PWR. Specifically:

The delivery of UPI water to the core region should occur in an asymmetric
manner. Core cooling in the water downflow region should be enhanced
relative to a cold leg injection plant.

- Heat transfer in the two-phase upflow region should be comparable to PWRs
with bottom flooding as a result of the following flow mechanisms:
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Accumuiation of water in the lower plenum and lower core region and
cooling as a result of bottom reflood.

Limited interaction between water downflow and two-phase upflow in the
upper portion of the core.
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4.6.3 Combined Injection

During tests simulating the end-of-blowdown/refill phase with combined injection,
ECC entered the upper plenum and flowed downward through the tie plate to the
core in distinct regions located adjacent to the loops with ECC injection. Core
cooiing was initiated in these downflow regions (top quenching) while the
remainder of the core heated up. Evaluation of SCTF and CCTF data reveals that,
during the EOB/refill phase, heat transfer coefficients were high (200 W/m 2K) in
the water downflow regions and low (less than 50 W/m 2K) in the remainer of the
core. Water flowing down through the core in conjunction with ECC injecied in the
cold legs quickly refilled the '-wer plenum.

During the reflood phase, bottom flooding of the entire core initiated, and ivcal ECC
penetration through the core to the lower plenum continued. Outside the water
downflow regions, water was carried by steam to the upper regions of tie core.
This two-phase upflow enhanced heat transfer throughout the core. Most of the
steam which vented out the top of the core was condensed in the upper plenum
and hot legs by the hot leg ECC injection. The condensed steam, as well as water
carried over to the upper plenum, was returned to the core with the water
downflow; i.e., a circulation flow path was established.

In SCTF Test S3-13 (Run 717), hot leg ECC injection was simulated by continuous
water injection into the upper plenum just aoove two of the eight fuel assemblies.
Plots of cladding temperature shown in Figure 4.6-12 clearly indicate immediate
quenching of the rods in the downflow region after the start of injection. A rapid
core reflood with flooding velocities of 15 to 25 cm/s was observed.

The void fraction and heat transfer coefficients for the two-phase upflow region
were well predicted using correlations developed for bottom flooding behavior;
however, the correlations had to be modified to account for the high flooding rate
(References J-970 and J-972).

The effects of various parameters on core thermal-hydraulics were investigated in
the CCTF and SCTF tests. The results of these tests are discussed below.

Power Distribution. Core thermal-hydraulic behavior with a typical GPWR radial
power profile was similar to that with a uniform power profile. Specifically,
water downflow occurred only in distinct regions adjacent to the injection
location while two-phase upflow occurred over the remainder of the core. With
a non-uniform power profile, core cooling in the two-phase upflow region was
slightly enhanced in the high-powered bundles and slightly degraded in the
low-powered bundles. Overall, core behavior was not sensitive to the power
profile.
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ECC Injection Rate. Increasing the ECC injection rate increased the water
downflow and core flooding rates. Consequently, core cooling in both the
water downflow and two-phase upflow regions was enhanced. In a CCTF test
with a 100% increase in the initial ECC injection rate into the hot legs (i.e., 5/8
vs. 7/8 injection) quench times were reduced by about 100 seconds.

ECC Configuration. In SCTF tests with intermittent ECC injection above the tie
plate, water downflow through the core occurred intermittently; consequently,
core cooling in the downflow region temporarily increased and decreased.
However, since the time averaged injection was the same for intermittent
injection and continuous injection, overall core cooling was about the same as
for continuous injection (see Figure 4.6-13).

The SCTF tests also alternated ECC injection between different injection
nozzles. In this case, water downflow alternated between local regions below
the nozzle locations. Core cooling in the water downflow regions increased
and decreased with the water downflow. Unlike intermittent injection, overall
core cooling for alternating injection was slightly degraded relative to
continuous injection.

ECC Downflow Area. Distributing the ECC over a larger area of the core
increased the water downflow region and hence the area of the core which
experienced early quenching. However, distributing ECC over a wider region
of the upper plenum, increased condensation in the upper plenum thereby
increasing the temperature of the water downflow. As discussed below,
increasing the temperature of the water downflow decreased core cooling.

ECC Temperature. Increasing the ECC temperature decreased core cooling in
the two-phase upflow region because the energy removal capacity of the water
downflow was lower. Also, since circulation between the core and upper
plenum is governed by the density difference between the two-phase upflow
and the water downflow, increasing the temperature of the downflow reduced
the flow circulation.

Tests at SCTF covered a wide range of ECC temperatures which bounded
expected PWR. In all cases, the core was adequately cooled.

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 than the evaluation model tests. Also, all four
hot leg ECC injection systems were active rather than only two (7/8 injection
versus 5/8 injection). As discussed above, increasing ECC injection above the
tie plate increases water downflow through the core and the core flooding rate.
Due to the higher core flooding rate, and the lower core power and initial
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cladding temperatures, core cooling in the two-phase upflow region was
significantly improved. In SCTF tests quench times in the two-phase upflow
region were reduced by 42 seconds at the core midplane relative to the
evaluation model tests (53 seconds versus 95 seconds after reflood initiation).
For both the best-estimate and evaluation model cases, portions of the core in
the downflow regions were quenched early in the transient.

UPTF integral tests with combined ECC injection provided detailed information on
thermal-hydraulic boundary conditions for the core thermal-hydraulic behavior.
Significant findings from UPTF tests related to combined injection phenomena are
summarized below:

ECC delivery to the core from the upper plenum was either continuous or
intermittent.

- Water downflow regions were established in portions of the core adjacent to
hot legs where ECC was injected.

Up to 70 K subcooling was observed in the water downflow region (below the
tie plate).

Full-scale strongly favored water breakthrough at the tie plate, which enhances
core cooling relative to small-scale.

SCTF tests investigated the core thermal-hydraulic response to the system effects
observed in UPTF tests described above.

Results of UPTF Test 18, a combined injection integral test, show similar
phenomena to that calculated by TRAC-PF1/MOD1 large break LOCA analyses,
with respect to multidimensional phenomena within the core region, downcomer
behavior and loop behavior (Reference G-909). In general, good agreement
between analysis results and findings of UPTF and SCTF/CCTF tests was obtained
for phenomena such as: (1) entrainment to the broken cold leg, (2) precooling and
early quenching of parts of the core during end-of-blowdown, (3) formation of water
downflow and two-phase upflow regions in the core during reflood, and
(4) intermittent delivery of the injected ECC water. Accordingly, the range of
calculated cladding temperature histories depicted in Figure 4.6-14 is considered to
envelope PWR fuel rod temperatures under licensing conditions.

For GPWRs with combined cold and hot leg ECC injection, the following behavior
during a cold leg LBLOCA is expected based on test results and analyses:
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ECC injection into the hot legs flows down through the core in distinct regions.
Quenching of the fuel rods in these regions initiates shortly after the
accumulators start to inject.

The ECC injected into the hot legs contributes to rapid refiling of the lower
plenum and thus an early start of bottom reflood.

At BOCREC a two-phase upflow region is established which provides relatively
good core cooling.

Intermittent hot leg ECC delivery does not have significant adverse effects on
core cooling relative to continuous delivery.

A radial power profile has almost no influence on the overall thermal-hydraulic
behavior in the core region. The heat transfer in hot bundles is better than that
in cold bundies during reflood in the upflow region.

The condensation of steam in the upper plenum and hot legs as well as in cold

legs reduces the differential pressure between UP and DC which supports the
core water level increase.
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Table 4.6-1

SUMMARY OF TEST FACILITIES RELATED TO
CORE THERMAL-HYDRAULIC BEHAVIOR

Page 2 of 2
NOTES
1. Facility scale is based on core flow area.
2. Total number of rods includes heated and non-heated rods.
3. Reference PWR is a Westinghouse or Japanese 3400 MWt class PWR.
4. Area shown is that without any core blockage.
5. Facility scale is based on number of heated rods.
6. The core flow areas are not available in the referenced document.
7. Core rods in UCLA facility haated by external induction heaters before tests.
8. Reference PWR is a Siemens/KWU 3900 MWt PWR.
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SUMMARY OF PARAMETER EFFECTS ON

Table 4.6-2

CORE HEAT TRANSFER FOR BOTTOM FLOODING TESTS

Parameter Effect on Overall Effect on Reflood
Parameter Variation Peak Clad Temperature | Temperature Rise
Pressure Decrease Increase Increase
Core Power Increase Increase Increase
Initial Decrease Decrease Increase
Temperature
Power/Initial Increase (" Increase Slight Decrease
Temperature
Distribution
Accumulator Increase ® Decrease Decrease
Injection Rate
LPCI Increase Negligible Negligible
Injection Rate
ECC Subcooling Increase Slight Increase Slight Increase
Flow Resistance increase Increase Increase
Evaluation Model Best Significant Decrease
versus Estimate Decrease
Best-Estimate
Core Blockage Increase Negligible Negligible

NOTES:

1.

2.

Increased radial power profile.

Increased ECC flow rate, not duration. Prolonging accumulator injection
aft 2r the downcomer was filled to the cold leg elevation increased the peak
cl:id temperature,
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4.7 WATER DELIVERY TO AND DISTRIBUTION IN THE UPPER PLENUM

Definition of Issue and Description of Phenomena

Some PWRs have ECC systems which deliver subcooled ECC to the reactor vessel
upper pienum. These include upper plenum injection (UPl) plants and combined
injection plants (where ECC injected in the hot legs enters the upper plenum). During
a large-break LOCA, steam or two-phase upflow from the core interacts with
subcooled ECC in the upper plenum. The interaction influences ECC delivery to the
core and subsequently core cooling.

Key phenomena in the upper plenum include the following:

Steam condensation in the upper plenum by subcooled ECC, which improves
core venting (i.e., decreases steam binding).

Water accumulation, which stores water in the upper plenum and creates a
hydrostatic head which contributes to the core-to-downcomer pressure drop.

Water distribution in the upper plenum, which can influence the location of water
downflow.

Saturated/subcooled water mixing, which "dilutes" the subcooling and can
influence the amount of water penetration to the core.

Liquid entrainment and carryover into the hot legs, which removes liquid from the
reactor vessel and may contribute to steam binding.

Liquid delivery to the core, which is directly related to core cooling.

Tests in the 2D/3D Program provided improved insight on these phenomena for both
UPI and combined injection.

In a UPI plant, low pressure coolant injecticn (LPCI) water is injected into the upper
plenum. This injection is the principal source of ECC during the reflood phase of a
large-break LOCA (LBLOCA). Prediction of the disposition of UPI water and, in
particular, the ECC delivery to the core, is the major issue associated with this ECC
system. Phenomena associated with UPI are shown in Figure 4.7-1. UPI| downflow
to the core may be limited by overall system behavior or the countercurrent flow
limitation (CCFL) at the tie plate. This situation contributes to accumulation of UPI
water in the upper plenum in the form of a two-phase mixture. Within this mixture,
steam condensation is promoted. Uncondensed steam potentially carries some UPI
water out of the upper plenum into the hot legs where the water either de-entrains or
carries into the steam generators.

4.7-1



In a combined injection plant, both accumulator and pumped ECZ are injected into
the cold legs and hot legs of the primary loop. The hot leg iry2ction is through
nozzles (Hutze) at the bottom of the hot leg pipes aimed into the upper plenum. In
this case, water delivery to the upper plenum is influenced by the steam/ECC
interaction in the hot legs (i.e., countercurrent flow and condensation--see
Section 4.3). Figure 4.7-2 illustrates phenomena in the upper plenum with hot leg
injection. Subcooled water delivered to the upper plenum condenses steam in the
upper plenum and flows down through the tie plate to the core. Condensation in the
upper plenum and delivery to the core are strongly affected by the rate of ECC
delivery to the upper plenum and water distribution in the upper plenum. Water
delivery to the core is also affected by countercurrent flow phenomena at the tie plate.

The phenomena described above for PWRs with combined injection can also occur
during a small-break LOCA (SBLOCA) in which the core uncovers at elevated
pressures. However, in this case only the high pressure injection system is activated.

Importance of Issue to PWR LOCA Behavior

The pattern, flow rate, and subcooling of water delivery from the upper plenum to the
core affect local core cooling in the water downflow region. Global core cooling and
peak cladding temperature (PCT) are affected by the rate of reflood. Water
accumulation in the upper plenum, hot legs, and steam generator inlet plena, as well
as steam produced from water carried into the steam generators, increases the loop
pressure drop and can potentially impede core flooding; however, steam condensation
in the upper plenum improves core cooling by improving core venting capability.

Tests and Analyses that Relate to the Issue

Tests which addressed upper plenum water delivery and distribution were performed
at each of the three major 2D/3D Program facilities as well as some of the ancillary
facilities (ORNL, Karlstein, etc.). The tests at the ancillary facilities were performed as
part of the development/calibration of the advanced instrumentation for the
core/upper plenum interface. Tests outside the 2D/3D Program provided additional
information, generally at small-scale. In addition, many of the 2D/3D tests were
analyzed using the TRAC and ATHLET computer codes. Tests and analyses relevant
for UPI and not leg injection are listed in Tables 4.7-1 and 4.7-2, respectively.

As shown in Tabie 4.7-1, UPl-related separate effects tests were performed at UPTF,
SCTF, the ORNL Instrument Development Loop (IDL), and Dartmouth. Integral tests
were performed at both C CTF and Semiscale. Past-test analyses of each of the CCTF
tests were performed using TRAC-PF1/MOD1. The UPTF test was analyzed using
both TRAC-PF1/MOD2 and ATHLET.
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Table 4.7-2 indicates that separate effects tests relevant to hot leg injection were
performed at UPTF, SCTF, Karlstain and the University of Hannover. Combined
injection integral tests were performed at each of the three 2D/3D test facilities.
Integral tests with combined injection were also performed outside the 2D/3D Program
at PKL and LOBI. Post-test analyses for ten of the 2D/3D tests were performed using
TRAC-PF1/MOD1, TRAC-PF1/MOD2, and ATHLET.

Summary of Key Results and Conclusions from Test and Analyses

In the large-scale tests at CCTF, SCTF and UPTF, phenomena in the upper plenum
and tie plate region were multidimensional. Specifically, water downflow from the
upper plenum to the core occurred in discrete regions below the injection locations
(i.e., UPI nozzles or hot legs). Outside these downflow regions, a two-phase inixture
of steam and water flowed from the core to the upper plenum. Water accumulation
in the upper plenum was also multidimensional with higher accumulation over the
water downflow regions.

Discussion of the detailed results is provided in Subsection 4.7.1 for UPI and
Subsection 4.7.2 for hot leg injection.
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4.7.1 Upper Plenum Injection

As previously discussed, 2D/3D tests with UPI showed that delivery of water to the
core occurred in a single, stable region in front of the ECC injection nozzle while
outside this region a two-phase mixture of steam and water flowed upward from the
core to the upper plenum. Steam and subcooled ECC mixed in the upper regions of
the core and the upper plenum resulting in extensive condensation; uncondensed
steam was vented out the hot legs. The lack of subcooling in the lower plenum or the
hot legs during the CCTF and UPTF tests, indicated that the maximum amount of
condensation took place in the upper plenum and core regions. For CCTF, virtually
no subcooling was found in the core indicating that all of the condensation occurred
in the upper plenum. About 80% of the condensation at UPTF occurred in the upper
plenum and the remainder occurred in the core region.

The following discussion compares results from UPI and UPI-related tests at different
facilities and evaluates the effect of scale. For this discussion, scale is defined relative
to the core flow area; however, it should be noted that the test vessel radius may
affect how readily the multidimensional phenomena are established. It should also be
noted that, in integral tests with a heated core at CCTF and Semiscale, upper plenum
behavior may have been influenced by system effects; the separate effects tests at
UPTF, SCTF, IDL, and Dartmouth did not simulate overall system behavior.

- The size of the downflow region was predominantly a function of the facility scale.
The area of the downflow region relative to the core flow area was found to
decrease with increasing scale, as shown in Figure 4.7-3 (Reference U-454).

- The rate of downflow was found to be dependent upon ECC subcooling and scale
for comparable (i.e., appropriately scaled) ECC injection rates. With more
subcooling, the rate of water downflow constituted a larger fraction of the available
water (i.e., ECC injection rate plus steam condensation rate). Subcooling above
the tie plate appears to aid in downflow to the core. Scale affected downfiow in
that the larger scale facilities had larger downflow fractions relative to the available
water as shown in Figure 4.7-4. Note that, in the CCTF tests, system effects with
a heated core influenced downflow; these effects were not simulated at UPTF.
However, at both CCTF and UPTF, almost all of the ECC injected in the upper
plenum penetrated to the core (Reference U-454).

Water carryover to the hot legs, and hence the potential for stearn binding due to
vaporization in the steam generators, was found to be influenced by scale. An
increase in scale resulted in a decrease in carryover rate for similar core steam
momentum fluxes as shown in Figure 4.7-5. Further, water accumulation in the
hot legs occurred to a greater extent at the '=-;z-scale UPTF than at the small-
scale CCTF; consequently, the portion of vsaiei carried over to the loops which
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reached the steam generators was smaller at UPTF than at CCTF (Reference
U-454).

For similar gas momentum fluxes at the tie plate and ECC injection rates, the
upper plenum liquid fraction was found to decrease with increasing scale as
shown on Figure 4.7-6. However, it should be noted that system effects with a
heated core, which were not simulated in the UPTF and ORNL tests, may affect
the trend shown in Figure 4.7-6. The amount of water stored in the upper plenum
at steady-state was small, ranging from about 3 seconds worth of UPI flow at
UPTF to 25 seconds worth of UPI flow at SCTF. Upper plenum accumulation was
also affected by the ECC injection rate. Specifically, the "no-failure" (high ECC
flow) test at CCTF had an inventory that was twice that in the "single-failure" tests;
however, the condensing capacity of the UP! flow exceeded the core steam flow
so that the additional inventory did not hinder core venting. The water distribution
across the flow area tended to be uniform except over the downflow region where
more water accumulated. Overall, the differential pressure resulting from the water
accumulation was a smalll fraction of the total loop differential pressure (Reference
U-454).

The five CCTF tasts were analyzed by the TRAC-PF1/MOD1 computer code at LANL
(Reference U-622). In addition, LANL analyzed the UPTF test using the TRAC-
PF1/MOD2 computer code (Reference U-710). For four of the five CCTF tests, tne
code had reasonable overall agreement with the test results, predicting
multidimensional core reflood conditions, negative core-inlet flow, location of the liquid
downflow, and average values for fuel rod temperatures. However, the code
overpredicted the amount of UPI downflow to the core while also not predicting the
core void distribution accurately. The analysis of one CCTF test (C2-AA1) did not
have good overall agreement with the test, but the test conditions were not similar to
a UPI plant. The TRAC analysis of the UPTF test predicted UPI downflow to the core,
overall condensation of steam, and the overall break mass fiow, but overpredicted
liquid accumulation in the upper plenum and underpredicted the loop mass flows.
Overall, the two TRAC code versions were able to predict the major trends reasonably.

With regard to expected behavior in a UPI PWR, the test results indicate water
downflow from the upper plenum to the core will occur steadily and the rate of
downflow will be essentially the same as the UPI flow rate. Also, most of the steam
which enters the upper plenum from the core will be condensed in the upper plenum.
This tends to negate the possibly detrimental effests of hot leg carryover and upper
plenum accumulation.
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4.7.2 Hot Leg Injection

With hot leg injection, ECC delivery to the upper plenum is influenced by the
steam/ECC interaction in the hot legs. As discussed in Section 4.3.2, ECC delivery
is either continuous or fluctuating. Fluctuating delivery results from periodic water
accumulation in the hot legs.

In UPTF tests, water downflow to the core initiated almost immediately and only a
relatively small amount of water accumulated in the upper plenum. Water downflow
occurred in local regions adjacent to the hot legs where ECC was injected. Water
accumulation in the upper plenum exhibited similar multidimensionality in that
accumulation was higher over the downflow regions. The corresponding increase in
local hydrostatic head provided the necessary driving head for water downflow. The
water downflow into the core was observed to be subcooled.

Figure 4.7-7 shows the size of the downflow regnon for four of the UPTF separate
effects tests. The figure indicates that the size of the downflow region was about 10
fuel assemblies per injection nozzle in the high pressure, SBLOCA test (Test 30); and
18-23 fuel assemblies per injection nozzle for the low pressure, LBLOCA tests
(Tests 12, 20 and 26). Figure 4.7-7 also indicates that the size of the downfiow region
increases with increasing ECC injection rate. This trend may be attributable to an
increase in injection velocity. Fluctuations in ECC delivery to the upper plenum did not
affect the size or location of the downflow regions.

For the high ECC and core exit steam flows typical of an LBLOCA, 80% of the core
exit steam flow was condensed in the hot legs and upper plenum by the hot leg ECC
injection. Even though condensation was extensive, the water downflow to the core
was substantially subcooled (~70 K); however, for conditions simulating HPI during
an SBLOCA, only a portion of the core exit steam flow was condensed and the water
downflow was saturated. The iack of subcooling below the tie plate indicates that the
condensation efficiency in the hot legs and upper plenum was about 100%.

Finally, UPTF test results indicated ECC penetration through the tie plate at full-scale
was not limited (no CCFL) over the range of expected PWR flow conditions.

Countercurrent flow phenomena at the tie plate were extensively investigated in the
past, using small-scale test facilities and perforated plates up to the size of one fuel
assembly (References E-931, E-932, E-471, E-933, G-901, and G-803). Typically,
small-scale facilities showed behavior that was relatively homogeneous and one-
dimensional, and water downflcw was inhibited by CCFL even at moderate steam
flows.
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In the larger CCTF (1/24-scale), behavior was different. After a brief period of water
accumulation following ECC initiation, water downflow to the core in a stable channel
was established. There was significant upgaer plenum water accumulation in CCTF.
The location where water downflow occurred was not precisely predictable
(References J-453 through J-456).

Comparison of the UPTF results to CCFL correlations from the small-scale facilities
indicates that downflow was significantly higher at the full-scale UPTF than at small-
scale. This beneficial effect at large-scale is explained by the multidimensional water
distribution and flow patterns; i.e., distinct breakthrough zones.

Since assessment of existing flooding correlations from literature using UPTF
experimental results revealed that extrapolation to full-scale is not appropriate, a new
equation was developed to correlate the tie plate countercurrent flow observed in
UPTF. This new correlation is an addition to the well-known Wallis-type and
Kutateladze type correlations (References G-415, G-906, and G-915). [Each of the
three correlations is valid for experimental facilities of a certain scale. Figure 4.7-8
shows the dimensionless gas velocity at the onset of penetration across the full range
of facility scales.

An analytical model to determine water downflow rates and areas was developed by
Siemens based on analyzing the pressure balance at the tie plate in the water
downflow and two-phase upflow regions. This model is described in detail in
Reference G-925.

Post-test analyses for several of the UPTF tests were performed using
TRAC-PF1/MOD1. Review of the calculations indicates that TRAC correctly predicted
fluctuating delivery from the hot legs but overpredicted the subcooling of the water
delivered to the upper plenum. TRAC also did not correctly account for the horizontal
momentum of the water flow into the upper plenum. Specifically, water downflow to
the core and significant water accumulation in the upper plenum were predicted to
occur directly below the hot legs in the TRAC calculations rather than 1 m in front of
the hot legs as observed in the tests. Finally, TRAC predicted the onset of water
downfiow but underpredicted the rate of downflow by 20%.

For a PWR with ECC injection into hot legs it can be concluded:
Water downflow occurs in front of the hot legs with ECC injection. Fluctuations
in ECC delivery to the upper plenum result in fluctuations in water downflow to the
core.

« For both the LBLOCA and SBLOCA cases, ECC injected in the hot legs
penetrates through the tie plate into the core without limitation.
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in the case of an LBLOCA, more than 80% of the core exit steam fiow is
condensed in the upper plenum and the hot iegs by the ECC injected into the hot
leg and the water downfiow through the tie plate is substantially subcooled.

In the case of an SBLOCA in which the core uncovers, the condensation efficiency

in the upper plenum and hot legs is close to 100% and the water downfiow is
saturated.
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Type of Test
or
- Analysis

UPI-Related
Separate
Effects Tests

Table 4.7-1
SUMMARY OF TESTS AND ANALYSES

RELAT

Facility or
Analysis

UPTF:
Test 20

TO UPI P

NA

References

U-454, G-411
G-020, G-220

SCTF-II:
Test S2-3
Test S2-4
Test S2-5

J-526
J-128
J-129
J-130

ORNL IDL

0.011, 0.033

U-825

Dartmouth

0.0091

E-465

| integral UPI
| Tests

CCTF-Ii:
Test C2-AA1
Test C2-ASt
Test C2-13
Test C2-16
Test C2-18

0.091

U-412
J-047, J-245
J-049, J-247
J-061, J-259
J-064, J-262, J-452
J-066, J-264, J-453

Semiscale

E-019

! Computer

NOTE:

TRAC-PF1/MOD1:
CCTF Test C2-AA1
CCTF Test C2-AS1
CCTF Test C2-13
CCTF Test C2-16
CCTF Test C2-18

U-622, U-626, U-627
U-622, U-629
U-622, U-634
U-622, U-636
U-622, U-637

TRAC-PF1/MOD2:
UPTF Test 20

U-710

ATHLET:
UPTF Test 20

G-649

1. The scale of the facility is based on the core flow area; the reference is a

1600 MWt Westinghouse or Japanese PWR with UPI.
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Table 4.7-2

SUMMARY OF TESTS AND ANALYSES RELATED TO UPPER PLENUM WATER
DELIVERY AND DISTRIBUTION WITH HOT LEG INJECTION

Page 1 of 3

e

Type of Test

or Facility or
Analysis Analysis Scale’ References

| Separate Effects UPTF: 1 G-411

| Tests Related to Test 10A G-010, G-210

| Hot Leg Injection Test 10C G-010, G-210, U-453
Test 12 G-012, G-212
Test 13 G-013, G-213
Test 15 G-015, G-215
Test 16 G-016, G-216
Test 26C ' G-026, G-226
Test 30 G-030, G-230

SCTF-II: 4[24 J-526
Test $2-3 - J-128
Test-S2-4 J-129

Test S2-5 J-130

SCTF-i; J-£70

‘Test S3-3 J-1565
Test S3-4 J-156
Test-S3-5 ' J-157

Karlsteir G-802
University of 1/193 G-801
Hannover
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Table 4.7-2

SUMMARY OF TESTS AND ANALYSES RELATED TO UPPER PLENUM WATER

DELIVERY AND DISTRIBUTION WITH HOT LEG INJECTION

pere——

Type of Test
or
Analysis

! Integral Tests with
i Combined
! Injection

|
|

Page 2 of 3
— e
Facility or Facility |
Analysis Scale’ ___References ‘
UPTF: 1 G-411 i
Test 3 G-003, G-203 |
Test 14 G-014, G-214 ‘
Test 18 G-018, G-218 !
Test 19 G-019, G-219
Test 28 G-028, G-228
CCTF-k: 1/24
Test C1-SH5 J-005, J-401
CCTF-lI: 1/24 ;
Test C2-18 J-067, J-454, J-455 i
Test C2-20 J-068, J-456, J-557 |
Test C2-21 J-069, J-456 |
SCTF-I: 1/24
Test S1-SH3 J-102 :
Test S1-SH4 J-103 |
SCTF-llI: 1/24 '
Test S3-AC1 -
Test S3-SH2 J-1562
Test §3-11 J-163, J-557 :
Test $3-13 J-165
Test S3-18 J-170, J-564 i
Test S3-19 -
Test S3-20 J-171, J-565
Test S3-21 J-172, J-577
Test S3-22 J-173, J-572
PKL: 1/145 E-456, E-458
LOBI: 1/700 E-460
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Table 4.7-2

SUMMARY OF TESTS AND ANALYSES RELATED TO UPPER PLENUM WATER
DELIVERY AND DISTRIBUTION WITH HOT LEG INJECTION

Page 3 of 3
Type of Test
or Facility or i
Analysis Analysis Reference -
Computer TRAC-PF1: -
Analyses SCTF Test S1-SH4 U-650
TRAC-PF1/MOD1: -
CCTF Test C2-19 Ue3s
SCTF Test S3-SH1 1)-681, U-683
SCTF Test S3-SH2 U-681, U-684
SCTF Test $83-5 U-681, U-685
UPTF Test 8 G-641
UPTF Test 9 G-642
UPTF Test 12 G-644
UPTF Test 13 G-645
ATHLET -
CCTF Test C2-20 G-611
SCTF Test S3-11 G-622
UPTF Test 18 G-648 f
UPTF Test 26 G-464
NOTE:
1. The scale of the facility is based on the core flow area; the reference is a

3900 MWt Siemens/KWU PWR.
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4.8 WATER CARRYOVER AND STEAM BINDING WITH COLD LEG INJECTION

Definition of Issue and Description of Phenomena

Steam binding is defined as the increase in upper plenum pressure during the reflood
portion of a large-break LOCA (LBLOCA) due to core steam generation and water
carryover. Vaporization of liquid carryover in the reactor coolant loops (principally the
steam generators) further adds to steam binding. This increase in pressure from
steam binding reduces the core flooding rate and, therefore, core cooling. The
phenomena associated with water carryover and steam binding are shown in
Figure 4.8-1 and described below.

During the reflood phase of an LBLOCA, part of the ECC injected into the cold legs
flows down the downcomer to the lower plenum and into the core. A portion of this
flow is vaporized by decay b~at and stored energy release in the core; the steam is
vented to containment via the upper plenum and reactor coolant loops. The
remainder of the core inlet water flow is either accumulated in the core or carried by
the steam flow out of the core. Water carried over from the core is either de-entrained
in the upper plenum, or carried over with the steam to the hot legs and steam
generators.

In the upper plenum, water de-entrains due to the decrease in steam velocity
corresponding to the increase in flow area relative to the core. The water which de-
entrains either accumulates in the upper plenum, falls back to the core, or is re-
entrained by the steam flow. Water accumulation in the upper plenum results in a two-
phase mixture of steam and water. As shown in Figure 4.8-1, water which falls back
to the core can be re-entrained and carried back to the upper plenum; i.e., a
recirculation flow between the upper plenum and core can be established. There can
also be recirculation within the upper plenum as some of the water which de-entrained
in the upper plenum is re-entrained in the upper plenum.

The water carried over to the loops is either de-entrained and accumulated in the hot
legs and steam generator inlet plena, or carried over to the steam generator tubes
(see Figure 4.8-1). The de-entrained water accumulates in the inlet plena resulting in
a two-phase mixture or drains into the hot legs where it accumulates in a stratified
layer and potentially flows toward the reactor vessel (i.e., countercurrent to the two-
phase flow from the upper plenum). Delivery to the upper plenum is controlled by the
hot leg CCFL relationship (see Section 4.9). The water which is delivered to the upper
plenum can increase the upper plenum liquid accumulation or be entrained by the
steam flow back toward the steam generator inlet plena; i.e., a recirculation path can
be created.
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V/ater which is carried over to the steam generators but not de-entrained in the inlet
plena is carried by the steam flow into the steam generator (SG) tubes. Since the
temperature of the water on the SG secondary side is higher than saturation
temperature at the post-blowdown primary side pressure, heat is transferred from the
secondary side to the steam/water flow in the tubes; consequently, the water is
vaporized and the steam is superheated. The flow at the SG exit is essentially single-
phase steam flow. Vaporization of water in the SG’s contributes to steam binding and
decreases core cooling. Specifically, vaporization increases the volumetric flow rate,
and therefore pressure drop, through the reactor coolant loops. This increase in intact
loop differential pressure reduces the core flooding rate.

It should be noted that water carried out of the core is also vaporized in the upper
plenum, hot legs, and SG inlet plena due to hot walls and structures. Because the
surface area and stored energy are not as large in these regions as the SG's, the
increase in the steam binding effect due to vaporization in the upper plenum, hot legs,
and SG inlet plena is not as significant as the SG U-tube contribution.

Importance of Issue to PWR LOCA Behavior

As described above, water carryover and steam binding adversely affect core cooling
during reflood. The magnitude of the effect is dependent on the amount of water
which is carried out of the core and how the water distributes above the core.
Calculations in Reference U-456 indicate the increase in peak cladding temperature
(PCT) during reflood due to steam binding can be as high as 240 K (430°F).

Steam binding is not a safety concern for PWRs with combined injection because most
of the steam generated in the core is condensed in the upper plenum and hot legs,
and does not flow through the loops (see Sections 4.3.3 and 4.7.2).

Tests and Analyses that Relate to the Issue

Water carryover and steam binding have been investigated in transient and steady-
state tests within the 2D/3D Program and elsewhere. Table 4.8-1 lists only the tests
which are addressed in this evaluation. In the 2D/3D Program, tests were performed
at each of the three test facilities (i.e., CCTF, SCTF, and UPTF). Steady-state tests at
UPTF (Tests 10B and 29B) evaluated the effect of parametric variations in the core exit
flow conditions on water de-entrainment and distribution above the core. The time
history of water carryover and distribution above the core was investigated in
numerous tests at CCTF and SCTF, and in transient tests at UPTF (Tests 2 and 17B).
Data related to water carryover and de-entrainment in the upper plenum were also
obtained from the ORNL air/water and steam/water facilities as part of the instrument
development work for the 2D/3D Program. Outside the 2D/3D Program, tests were
conducted at FLECHT-SEASET to investigate heat transfer from the secondary to
primary sides of a SG during refiood.
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The results of the UPTF tests have been evaluated in conjunction with the applicable
subscale data (Reference U-456). The major results of these evaluations and
comparisons are summarized below.

Post-test TRAC calculations have been performed for tests at each of the 2D/3D test
facilities (see Table 4.8-1). These analyses include TRAC-PF1/MOD1 calculations of
CCTF tests (References U-601 and U-621), SCTF tests (References U-641, U-661 and
U-681) and UPTF Test 10B (Reference U-709). TRAC-PF1/MOD2 calculations have
been performed for UPTF Tests 290B, 2 and 17 and CCTF Test C2-4
(Reference U-713). Also, as part of the developmental assessment at MOD2, post-test
calculations of CCTF Test C2-SH2 and SCTF Test S3-15 were performed. The results
of these analyses are summarized briefly below.

Summary of Key Results and Conclusions from Tests and Analyses

The UPTF carryover/steam binding separate effects tests (Tests 0B and 29B)
investigated water accumulation and distribution above the core using several sets of
constant core exit flow conditions. The test results indicated that, for each set of flow
conditions, water accumulated in the upper plenum, hot legs, and SG inlet plena until
equilibrium inventories were established. Water not accumulated in these regions was
carried over to the SG tube regions. From the test results, MPR developed
correlations which express the upper plenum, SGinlet plenum, and hot leg equilibrium
inventories (nondimensionalized as liquid fractions) as functions of the flovs conditions
(nondimensionalized using the Wallis parameter; i.e., j) (Reference U-456). The
observed behavior in each region including the correlations and comparisons to tests
at scaled facilities, is discussed below.

The UPTF results indicated that upper plenum inventory increases as the total
core exit water flow (i.e., carryover from the core) increases; however, as steam
flow increases, carryover to the reactor coolant loops increases and upper plenum
inventory decreases. As shown in Figure 4.8-2, the upper plenum liquid fraction
was correlated to the ratio of the dimensionless water and steam velocities.
Figure 4.8-2 also shows correlations of upper plenum liquid fraction and
dimensionless velocity ratio for CCTF, SCTF, and the ORNL air/water and
steam/water facilities. Comparison of these correlations indicates that the data
from the scaled facilities, particularly the ORNL facilities, correlate well with the
UPTF data. However, CCTF tends to have slightly higher inventories for the same
velocity ratio (Reference U-456).

The above correlations are based on the total, and not the net, core exit water
flow. As shown in Figure 4.8-1, the total core exit water flow includes water which
de-entrains in the upper plenum and falls back to the core, countercurrent to the
upward steam flow. Reference U-456 evaluated fallback (or recirculation) to the
core assuming the controlling mechanism is the CCFL. For the UPTF, CCTF, and
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SCTF tests, the fallback/recirculation rates were estimated using the UPTF tie
plate CCFL correlation for uniform steam flow and uniform fallback. (Note, fallback
was measured in the ORNL tests.) As indicated in Reference U-456, the estimated
recirculation rates were higher for the CCTF-Il and SCTF-ll data than for the UPTF
and ORNL data because the tie plate steam velocities were lower. The low steam
velocities at CCTF-Il and SCTF-Il resulted, in part, from less restrictive (i.e., more
open) tie plates. This suggests that upper plenum accumulation is influenced by
the tie plate geometry (Reference U-456). Recirculation of liquid from the upper
plenum to the core in CCTF and SCTF might also have been enhanced by
horizontal density differences in the core causing differences in buoyancy forces.
Since the simulated decay power was higher toward the center, steam generation
was higher toward the center of the core and thus the fluid density was lower
toward the center of the core (Reference < 536).

The results of UPTF Tests 10B and 29B indicated that the equilibrium hot leg
inventory decreases as the steam and water flows increase. Comparison of hot
leg flow conditions during UPTF Tests 10B and 29B with the hot leg CCFL
relationship (see Section 4.9) indicates that the two-phase velocities were above
the CCFL boundary; i.e., flow to the upper plenum was prevented. The
momentum interaction between the two-phase flow and the water layer in the hot
leg limited the water level which could be attained. The hot leg equilibrium
inventory correlation plotted the liquid fraction near the hot leg bend versus the
dimensionless two-phase velocity in the hot legs (see Figure 4.8-3). (Note, the
two-phase density was calculated assuming a slip ratio of two.) The correlation
based on Tests 10B and 29B, which had two-phase flow from the upper plenum
into the hot legs is similar to a correlation based on Test 11 which had single-
phase steam flow into the hot legs. The close similarity of the relationships
suggests the hot leg inventory correlation is applicable to both two-phase and
steam-only flow entering the hot leg from the upper plenum (Reference U-456).

Hot leg water accumulatior: at UPTF is compared to CCTF and SCTF on the basis
of the liquid fraction--dimensionless two-phase velocity relationship. The CCTF
tests with scaled diameter hot legs had essentially no hot leg accumulation, which
is consistent with the UPTF results because the dimensionless steam velocities
were very high in CCTF due to the small diameter of the pipes. The SCTF tests
with a full-height, scaled-width hot leg showed stratified flow and water storage.
Comparison of the results indicates that the SCTF hot leg liquid fraction increases
more rapidly as the two-phase flow decreases (see Figure 4.8-3). The difference
in facility behavior is consistent with the differences in hot leg cross section
(Reference U-456).

Results of the UPTF tests showed that SG inlet plenum inventory increases with

both increasing steam and water flow. The water which accumulates in the inlet
plenum is supported by the momentum of the two-phase flow in the inlet plenum;
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hence, increasing the flows increases the momentum flux in the inlet plena and
therefore the mass of water which can be supported. The equilibrium inventory
correlation for the inlet plena plotted the liquid fraction versus the square of the
dimensionless two-phase velocity calculated assuming homogeneous flow (see
Figure 4.8-4).

SGinlet plenum accumulation at UPTF is compared to only CCTF. The SCTF inlet
plenum was inadequately instrumented to allow two-phase flow behavior to be
analyzed. Comparison of inlet plenum accumulation at CCTF to the UPTF
correlation (see Figure 4.8-4) showed that the two appeared to be in a different
regime of behavior. Specifically, the CCTF velocities are higher than the UPTF
velocities. The CCTF data suggest the inlet plenum liquid fraction remains
constant or decreases slightly as the dimensionless two-phase velocity increases
substantially. It appears the CCTF inlet plena may be in a high steam flow regime
where the inventory is determined by carryover from the inlet plena to the tube
regions. The UPTF inlet plena, on the other hand, appear to be in a low steam
flow regime where inventory is determined by fallback from the inlet plena to the
hot legs (Reference U-456).

Transient tests at CCTF and SCTF investigated overall system behavior during reflood
including thermal-hydraulic phenomena in the core and water carryover out of the
core. In both facilities, water was entrained to the upper regions of the core
essentially immediately after BOCREC (References U-401, U-414, U-421, U-431, and
U-441). Some of the water entrained to the upper regions of the core is carried out
of the core to the upper plenum and reactor coolant loops; i.e., contributes to the
steam binding effect.

The CCTF and SCTF tests showed that water carryover from the core depended on
the conditions at the beginning of reflood and the flooding rate. Typically, carryover
was highest during the initial stages of reflood when the core flooding rate was high.
When the core flooding rate decreased just prior to termination of accumulator
. injection, water carryover decreased significantly. Carryover increased later in reflood
as the quench front progressed to the upper regions of the core. For EM conditions,
the net core exit quality averaged about 90% over the duration of the transient. For
BE conditions, however, the net quality at the core exit averaged about 60% indicating
significant carryover (References U-414 and U-441). See Section 4.6.1 for a more
detailed discussion of thermal-hydraulic behavior in the core during a LOCA.

UPTF Test 17B simulated a BE reflood transient to evaluate the time history of water
accumulation above the core at full-scale. The test conditions were based on an
SCTF test (Test S3-10). The net core exit steam and water flows, and a summary
mass balance plot are provided in Figure 4.8-5. The mass balance plot indicates that
initially the upper plenum and SG inlet plena accumulated almost all of the core exit
water flow. The hot legs and SG tube regions did not accumulate appreciable
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amounts of water during approximately the first 25 seconds of the transient. When the
core exit water flows decreased dramatically after about 25 seconds, the upper
plenum and SG inlet plenum inventories decreased, resulting in increases in the hot
leg and SG tube region accumulations. During the later portion of the transient, the
core exit steam flow decreased while the core exit water flow increased. The upper
plenum, SG inlet plenum and hot leg inventories reflected the changes in core exit
flows. At the end of the transient, the SG tube regions had accumulated about 65%
of the water which exited core (Reference U-456).

Vaporization of entrained water in the SG U-tubes was investigated in tests at CCTF
and FLECHT-SEASET. At both facilities, steam entered the U-tubes saturated and
exited the U-tubes superheated to close to the secondary side temperature
(References U-401, U-414, and E-481). This suggests all of the water was vaporized,
however, at FLECHT-SEASET, measurements of the flow quality in the outlet plenum
indicated that the flow in the outlet plenum was actually a non-equilibrium mixture of
superheated steam and entrained water. The quality in the outlet plenum was about
97% (Reference E-481).

Post-test calculations of numerous CCTF and SCTF tests were performed using
TRAC-PF1/MOD1. In CCTF analyses, water carryover from the upper plenum to the
loops was generally well predicted in high power tests which had high steam flows and
water carryover rates, and in low power tests which had low steam flows and
negligible carryover; however, in SCTF analyses, water carryover from the upper
plenum was generally underpredicted, even for tests with high steam flows. A limited
number of CCTF and SCTF tests have also been analyzed using TRAC-PF1/MOD2.
With the new reflood model in MOD2, more water was carried out of the core to the
upper plenum; consequently, predicted carryover from the upper plenum to the loops
was higher with MOD2 than MOD1. Carryover to the loops was well predicted in the
SCTF calculation and overpredicted in the CCTF calculations (Reference U-713).

The ability of TRAC-PF1/MOD1 to predict water carryover/steam binding phenomena
was evaluated outside the 2D/3D Program as part of the USNRC’s Code Scaling,
Applicability and Uncertainty (CSAU) Study. The evaluation was based on analyses
of SCTF tests. The study showed that water carryover from the upper plenum to the
loops was improved by increasing entrainment and interfacial shear in the core, not
the upper plenum; consequently, it was concluded that prediction of carryover to the
loops is dependent on calculating the flow conditions above the quench front and
below the tie plate. (it should be noted that MOD2 has a new core
entrainment/interfacial shear model which predicts flow conditions below the tie plate
better than the old model in MOD1.) Finally, the CSAU Study estimated that TRAC-
PF1/MOD1 underpredicts the reflood PCT in a four-loop Westinghouse PWR by as
much as 59 K due to underprediction of steam binding (Reference U-713).
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As part of the 2D/3D Program, UPTF tests have been analyzed using
TRAC-PF1/MOD1 and TRAC-PF1/MOD2. Both the MOD1 and MOD2 calculations
underpredicted water carryover from the core to the upper plenum. The poor
prediction of carryover from the core impacted the prediction of water carryover from
the upper plenum to the hot legs and SGs; specifically, carryover from the upper
plenum was underpredicted. Interestingly, the upper plenum water level was, in some
cases, overpredicted because the underprediction of carryover to the loops was
greater than the underprediction of carryover from the core. The poor prediction of
carryover from the core was attributed to the inability of the computer model of the
UPTF core simulator to accurately predict flow conditions below the tie plate. Since
flow conditions below the tie plate in PWR calculations are determined by the core
reflood model, the results of the UPTF analyses are not considered indicative of the
ability of TRAC to predict PWR LOCA behavior (Reference U-713).

A methodology for predicting transient water accumulation above the core was
developed from the results of the UPTF carryover/steam binding separate effects tests
and verified with UPTF transient tests (Reference U-456). This methodology was
adapted for predicting transient water accumulation in US/J PWRs with cold leg
injection. The predicted accumulation and distribution above the core for a 3400 MWt
Class Westinghouse (W) PWR and a Combustion Engineering (CE) System 80 PWR
are shown in Figure 4.8-6. The predictions are based on the core exit flow conditions
of UPTF Test 17B, a BE reflood transient. Differences in water distribution above the
core for UPTF Test 17B (see Figure 4.8-5) and the PWRs reflect geometrical and
configurational differences (Reference U-456).

The effect of steam binding on the reflood PCT was estimated in Reference U-456
from the predicted carryover to the SG U-tubes for each of the PWRs assuming
complete vaporization. A summary of this analysis which shows the maximum impact
of steam binding on PCT as a function of the fraction of water carried over to the SG
U-tubes is presented in Figure 4.8-7. The figure shows that, if all of the water carried
out of the core reaches the SG U-tubes, the increase in PCT is about 240 K (430°F)
relative to no carryover to the U-tubes. Based on the predicted carryover to the SG
tube regions for US/J PWRs, the increase in the reflood PCT due to water carryover
and steam binding is between 55 K and 65 K (100°F and 120°F).
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Table 4.8-1

SUMMARY OF TESTS AND ANALYSES RELATED

TQ WATER CARRYOVER AND STEAM BINDING

Page 1 of 2
Type of Test or Facility
Analysis Facility or Analysis Scale' References
Steady-state Tests | UPTF: 1.05 U-456, G-411
Test 10B G-010, G-210
Test 29B G-029, G-229
ORNL Air/Water 0.016 U-825
Facility
ORNL Steam/Water 0.0049 U-825
Facility
FLECHT-SEASET 0.0024° E-481 |
Transient Tests UPTF: 1.05 U-456, G-411
Test 2 G-002, G-202
Test 17B G-017, G-217
CCTF- 0.047 U-401
CCTF-Ii: 0.047 U-414
Test C2-SH23 J-044, J-242, J-445
Test C2-43 J-052, J-250, J-448
SCTF-I 0.043 U-421
SCTF-li: 0.043 U-431
Test S2-SH13 J-124
SCTF-ll: 0.047 U-441
Computer TRAC-PF1/MOD1: -
Analyses CCTF-l U-601
CCTF-ll U-621
SCTF-I U-641
SCTF-i U-661
SCTF-li U-681
UPTF Test 10B U-709
TRAC-PF1/MOD2:
CCTF Test C2-4 U-713
CCTF Test C2-SH2* U-713
P SCTF Test S3-15* U-718
UPTF Test 29B U-713
UPTF Test 2 U-713
UPTF Test 17 U-713
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Table 4.8-1

SUMMARY OF TESTS AND ANALYSES RELATED
TO WATER CARRYOVER AND STEAM BINDING

Page 2 of 2

NOTES:

1.

The scale of a facility is defined relative to the core flow area of a 3400 MWt
Westinghouse or Japanese PWR.

The scale for FLECHT-SEASET is based on the total number of steam generator
U-tubes.

A large number of CCTF and SCTF tests covered this phenomena. These tests
were selected for detailed comparison to the UPTF carryover/steam binding
separate effects tests.

The TRAC-PF1/MOD2 calculations of these tests were performed as part of the
developmental assessment of MOD2.
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4.9 HOT LEG COUNTERCURRENT FLOW

Definition of Issue and Description of Phenomena

The reactor safety issue associated with hot leg countercurrent flow is the
characterization of the natural circulation processes which provide core cooling during
a small-break LOCA (SBLOCA). In an SBLOCA heat generated in the core is
transferred to water in the secondary side of the steam generators by natural
circulation within the primary system. As primary system inventory decreases, natural
circulation changes from single-phase (water) to two-phase (cocurrent, with water as
the continuous phase) and finally to reflux condensation (Reference E-401). Hot leg
countercurrent flow is applicable to the reflux condensation mode of core cooling in
an SBLOCA.

Reflux condensation is the cooling mode in which steam is the continuous phase in
the upper plenum and reactor coolant loops (i.e., above the core). Decay heat is
removed by steam generation in the core and steam condensation in the steam
generator U-tubes. As shown in Figure 4.9-1, steam condensed in the upfiow leg of
the U-tubes returns to the reactor vessel by flowing countercurrent to the steam flow
in the hot leg. The primary system pressure during reflux condensation can be as
high as 8,000 kPa (1160 psia) (Reference U-452).

Countercurrent flow can also occur in the hot legs during the reflood portion of a large
break LOCA (LBLOCA). As described in Section 4.8, water de-entrained in the steam
generator inlet plena drains into the hot legs. This water either accumulates in the hot
legs or flows toward the reactor vessel (i.e., countercurrent to the two-phase flow from
the upper plenum). The water which is clelivered to the upper plenum can increase
the upper plenum liquid accumulation or can be entrained by the steam flow back
toward the steam generator inlet plena; i.e., a recirculation path is created. This
recirculation flow of entrained water to the inlet plena mitigates the countercurrent flow
and the buildup of hot leg inventory; further, it contributes to increasing the inlet
plenum inventory. The net effect of countercurrent flow in the hot legs is to reduce
carryover to the steam generator U-tubes, and hence reduce the steam binding effect
(see Section 4.8).

Hot leg countercurrent flow is characterized by a countercurrent flow limitation (CCFL)
curve, or flooding curve. The CCFL curve defines the maximum countercurrent water
flow which can be achieved for a given steam flow toward the steam generator inlet
plena. The countercurrent water flow can be less than the value indicated by the
CCFL curve for a given steam flow if the water delivery to the hot leg from the iniet
plenum is less than the maximum countercurrent flow which can be achieved;
however, the countercurrent water flow cannot be greater than the value indicated by
the CCFL curve.
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Importance of Issue to PWR LOCA Phenomena

As indicated above, hot leg countercurrent flow is of interest primarily for
characterizing natural circulation cooling processes during an SBLOCA. A principal
motivation for characterizing the natural circulation cooling modes during an SBLOCA
was the 1979 accident at Three Mile Island, which involved significant primary coolant
inventory depletion (Reference E-401).

With regard to LBLOCA, hot leg countercurrent flow is beneficial in that it reduces PCT
by reducing carryover to the steam generator U-tubes (i.e., steam binding). As
discussed in Section 4.8, reduction in carryover to the U-tubes due to hot leg
countercurrent flow is expected to be small, especially early in reflood; hence, the
impact on reflood PCT should, likewise, be small.

Tests and Analyses that Relate to the Issue

The UPTF hot leg separate effects test (Test 11) was conducted specificaily to
investigate hot leg countercurrent flow at full-scale. The data from UPTF Test 11 were
used to determine a CCFL correlation. This correlation is compared to CCFL curves
developed from tests at other ¥ .lities, to theoretical models, and to computer
analyses of UPTF Test 11. Also, the CCFL curve determined from Test 11 data is
compared to the flow conditions in scaled integral tests which simulated reflux
concd2nsation. Since hot leg countercurrent fiow during reflood relates to the steam
binding issue, comparisons of the hot leg CCFL correlation to tests which simulated
reflood are discussed in Section 4.8.

The tests and analyses considered in this evaluation of hot leg countercurrent flow and
its implications for the reflux condensation mode of core cooling are listed in
Table 4.9-1. A detailed comparison of the tests which investigated hot leg
countercurrent flow is presented in Table 4.9-2. As shown in Table 4.9-2, while these
tests encompass a wide range of pipe diameters and configurations, the UPTF data
are the only data obtained at full-scale.

Summary of Key Results and Conclusions from Tests and Analyses

As previously indicated, the evaluation of the UPTF hot leg separate effects test data
consisted primarily of the determination of a CCFL curve. Figure 4.9-2 presents a plot
of the UPTF steam flow versus countercurrent water flow. Steam and water flow in
Figure 4.9-2 are expressed as dimensionless, superficial velocity (j°, defined in
Figure 4.9-2) which is typical of countercurrent flow analyses. The data shown in the
figure include only conditions with complete turnaround of water (i.e., no delivery) and
partial delivery. The CCFL correlation was determined from a least squares fit of the
data points with partial turnaround of the water flow; the complete turnaround points
were not used because they fall above the CCFL boundary. As shown in Figure 4.9-2
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the scatter of the data about the CCFL correlation is small. Also, the agreement
between the 300 kPa and 1,500 kPa data is extremely good. The correlation predicts
complete turnaround at j°; = 0.47.

The CCFL correlation determined from the UPTF data is compared to correlations
developed from tests at subscale facilities in Figure 4.9-3. Countercurrent flow
predictions calculated from these correlations are compared to the UPTF data at
1,500 kPa in Figure 4.9-4. As shown in Figure 4.9-3, the slopes of the CCFL
correlations for the subscale facilities are similar to the UPTF correlation, but the
y-intercepts are different. (Note that Ohnuki determined that the y-intercept of the
CCFL curve depends on the length of the horizontal pipe, pipe diameter, and length
of the inclined riser. The dimensions of the UPTF hot leg were used in the Ohnuki
formulation to determine the y-intercept of the Ohnuki CCFL curve plotted in
Figure 4.9-3.) The best agreament between the UPTF and the subscale facilities is
with the Richter correlation. As shown in Figure 4.9-3, the facility used by Richter was
the largest of the subscale facilities. Also, the configuration of Richter’s facility and
UPTF are similar.

Figure 4.9-3 also shows the CCFL curves determined using the Gardner model for
pressures of 300 kPa and 1,500 kPa, the system pressures used in the UPTF testing.
The Gardner model is a theoretical model in which the flooding mechanism is
assumed to be unstable stationary disturbance (Reference E-941). As shown in the
figure, the CCFL curves determined using the Gardner model do not compare
favorably with the UPTF correlation or the correlations for the subscale facilities;
hence, it appears that the assumed flooding mechanism does not reflect true
countercurrent flow behavior in horizontal pipes (Reference U-904).

A previous study on modeling SBLOCA phenomena evaluated hot leg CCFL using a
correlation developed by Wallis for wave instability in horizontal stratified flow
(Reference E-496). The Wallis correlation relates the void fraction in the pipe with the
gas velocity at which waves '"break" and are propelled down the pipe
(Reference E-495). Figure 4.9-5 compares the Wallis correlation to UPTF data. For
the UPTF data the void fraction is based on the "hutze" region of 7nhe hot leg. As
shown in Figure 4.9-5, there is reasonable agreement between the UPTF data and the
Wallis correlation. This suggests that the basic approach of this correlation appears
correct for scaling.

The UPTF countercurrent flow data at a pressure of 1,500 kPa (218 psia) are
compared to computer analyses of UPTF Test 11 (see Figure 4.9-6). The computer
analyses were performed by LANL using TRAC, by Winfrith Technology Centre using
RELAPS/MOD2, and by GRS using ATHLET. Countercurrent flow behavior predicted
with TRAC-PF1/MOD1 version 14.3 exhibits a "bi-stable"-type of behavior. Specifically,
the code predicted either complete turnaround or complete delivery rather than a
gradual CCFL boundary. MOD1 generally overpredicted the countercurrent water
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flow. The analysis was repeated using different interfacial drag correlations in a pre-
release version of TRAC-PF1/MOD2. The best resuits were obtained using a drag
correlation developed by Ohnuki. As shown in Figure 4.9-6, the interfacial friction
factors calculated with the Ohnuki correlation result in an improvement in the TRAC
predictions. Specifically, the complete turnaround point is better predicted and the
CCFL boundary is more gradual than the MOD1 predictions; however, the
countercurrent water flow is still significantly overpredicted. LANL concluded that
further improvements to TRAC are required to accurately predict countercurrent flow
(Reference U-708).

As shown in Figure 4.9-6, RELAP5/MOD2 cycle 36.05 underpredicted the complete
turnaround point by about a factor of three. This is attributed to the flow regime map
used in the code. Specifically, the flow regime map does not permit stratified flow in
the hot leg riser. Modification of RELAPS/MOD2 to allow stratified flow in the riser
resulted in a better prediction of the test data; however, the code tended to predict
either complete turnaround or complete delivery, and generally overpredicted
countercurrent water flow (like TRAC-PF1/MOD1). W.infrith concluded that the
modified version of RELAPS overpredicted the countercurrent water flow because the
calculated water levels were incorrect (Reference E-621). To support this conclusion,
Winfrith developed an experimental computer program which uses the same
correlations as RELAP5/MOD2 but "integrates the momentum equations backwards
along the hot leg from the pressure vessel to the riser" (Reference E-621). The
calculated hot leg water levels were more realistic than those calculated with the
modified version of RELAP5/MOD2. As shown in Figure 4.9-6, the resulting
countercurrent flow curve exhibits the same character as the UPTF data (i.e., a
gradual CCFL boundary). This suggests that RELAPS could predict countercurrent
flow more accurately if the code calculated more realistic liquid levels in the hot leg.

Figure 4.9-6 includes the countercurrent flow behavior predicted using a full-range drift-
flux model incorporated in the ATHLET computer code. GRS developed the model
from the drift-flux and envelope theories (Reference G-924). As shown in Figure 4.9-6,
the countercurrent flow behavior predicted by the code for the UPTF Test 11 is in
close agreement with the actual test data.

In addition to the comparisons described above, the UPTF results are compared to
tests at subscale facilities which simulated SBLOCAs. The facilities considered and
their scales are listed in Table 4.9-1. These facilities demonstrated reflux condensation
occurs without apparent hold-up due to hot leg CCFL. The conditions achieved in
reflux condensation tests in the four subscale SBLOCA facilities are plotted in
Figure 4.9-7. Figure 4.9-7 also shows the UPTF correlation and the data point for the
UPTF conditions which simulated reflux condensation. This figure shows that although
the scaled facility conditions tend tc be scattered about the graph, they are all well
within the CCFL boundary. The major conclusions, though, are that for all of the
facilities, the observation of reflux condensation without hold-up from hot leg CCFL
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is consistent with the full-scale UPTF data, and that the subscale facilities did not
distort PWR hot leg behavior in a major phenomenological way (Reference U-904).

Also shown in Figure 4.9-7 is a band of "PWR cdnditions" which roughly envelope
SBLOCA reflux condensation conditions. This figure shows that the expected PWR
conditions are well within the CCFL boundary. Accordingly, uninhibited water runback
to the reactor vessel is expected in a PWR during the reflux condensation portion of
an SBLOCA.
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Table 4.9-1

SUMMARY _OF TESTS AND ANALYSES ADDRESSING
HOT LEG COUNTERCURRENT FLOW AND REFLUX CONDENSATION

Type of Test or Facility or Facility
Analysis Analysis Scale’ References
Hot Leg CCFL Tests UPTF Test 11 1.0%8 1J-452, 1J-904
G-011, G-211
G-411
Richter 0.076* E-493
Krolweski 0.048* E491 |
Ohnuki 0.0012 to 0.011* J-947 ||
Wallis 0.0015* E-495

Theoretical Model of Gardner - E-941
Hot Leg CCFL

\‘ Computer Analyses TRAC U-708 “

of UPTF Test 11

RELAP5 E-261
ATHLET G-924
Integral Test ROSA-IV 0.0214 E-494, E-944 4’
Simulation of Reflux 2
Condensation PKL 0.0069 E-622, E-943
FLECHT-SEASET 0.0033* E-492 ||
Semiscale 0.0059* E-021, E-022,
E-023, E-942
NOTES:

1. For the hot leg CCFL tests, the scale of the facility is based on the hot leg flow
area. For the tests which simulated reflux condensation, scale is based on core
power.

2 Relative to a 3900 MWt Siemens/KWU PWR.

3. Relative to a 3400 MWt Westinghouse or Japanese PWR, the scale of UPTF is 1.0
based on the nominal hot leg area. However, when considering the reduction in
flow area due to the internal injection pipe (Hutze), the scale of UPTF is 0.93.

4. Relative to a 3400 MWt Westinghouse or Japanese PWR.
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SH3 (Run 007)," prepared by Japan Atomic Energy Research Institute,
JAERI-Memo-8931, June 1980.

“Data Report on Large Scale Reflood Test-4 -- CCTF Shakedown Test C1-
SH4 (Run 008)," prepared by Japan Atomic Energy Research Institute,
JAERI-Memo-8932, June 1980.

"Data Report on Large Scale Reflood Test-5 -- CCTF Shakedown Test C1-
SHS5 (Run 009)," prepared by Japan Atomic Energy Research Institute,
JAERI-Memo-8933, June 1980.

"Data Report on Large Scale Reflood Test-10 -- CCTF C1-1 (Run 010),"

prepared by Japan Atomic Energy Research Institute, JAERI-Memo-9997,
March 1982.

"Data Report on Large Scale Reflood Test-11 -- CCTF Test Ci-2
(Run 011)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-57-156, July 1982.

"Data Report on Large Scale Reflood Test-12 -- CCTF Test Ci1-3
(Run 012)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-57-175, July 1982,

"“Data Report on Large Scale Reflood Test-13 -- CCTF Test C1-4
(Run 013)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-57-210, August 1982,



J-010

J-011

J-012

J-013

J-014

J-015

J-016

J-017

J-018

J-019

J-020

"“Data Report on Large Scale Reflood Test-14 -- CCTF Test C1-5
(Run 014)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-57-214, August 1982

"Data Report on Large Scale Reflood Test-15 -- CCTF Test C1-6
(Run 015)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-57-239, September 1982.

"“Data Report on Large Scale Reflood Test-19 -- CCTF Test Ci1-7
(Run 016)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-57-343, November 1982.

"Data Report on Large Scale Reflood Test-20 -- CCTF Test C1-8
(Run 017)," prepared by Japan Atomic Eneray Research Institute, JAERI-
Memo-57-349, November 1982.

"Data Report on Large Scale Reflood Test-27 -- CCTF Test C1-9
(Run 018)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-57-373, July 1982,

“Data Report on Large Scale Reflood Test-36 -- CCTF Test C1-10
(Run 019)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-58-063, March 1983.

"Data Report on Large Scale Reflood Test-37 -- CCTF Test C1-11
(Run 020)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-58-064, March 1983.

"Data Report on Large Scale Reflood Test-38 -- CCTF Test C1-12
(Run 021)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-58-065, March 1983.

"“Data Report on Large Scale Reflood Test-53 -- CCTF Test C1-13
(Run 022)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-59-031, February 1984.

"Data Report on Large Scale Reflood Test-54 -- CCTF Test C1-14
(Run 023)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-59-032, February 1984.

"Data Report on Large Scale Reflood Test55 -- CCTF Test C1-15
(Run 024)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-59-033, February 1984.
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J-021 "Data Report on Large Scale Reflood Test-56 -- CCTF Test C1-16
(Run 025)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-59-034, February 1984.

J-022 "Data Report on Large Scale Reflood Test-57 -- CCTF Test C1-17
(Run 036)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-59-035, February 1984.

J-023 "Data Report on Large Scale Reflood Test-58 -- CCTF Test C1-18
(Run 037)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-59-036, February 1984.

J-024 "Data Report on Large Scale Reflood Test-59 -- CCTF Test C1-19
(Run 038)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-59-037, February 1984.

J-025 "Data Report on Large Scale Reflood Test-60 -- CCTF Test C1-20
(Run 039)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-59-038, February 1984.

J-026 "Data Report on Large Scale Reflood Test-61 -- CCTF Test C1-21
(Run 040)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-59-039, February 1984.

J-027 "Data of CCTF Test C1-11 (Run 20), C1-19 (Run 38), and C1-20 (Run 039):
Spool Piece Data," prepared by Japan Atomic Energy Research Institute,
January 17, 1983.

J-028 "Data Report on Large Scale Reflood Test-62 -- CCTF Test Ci1-22
(Run 041)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-59-040, March 1984.

CCTF Core-ll

J-041 "Data Report on Large Scale Reflood Test-40 -- CCTF Core-ll Test C2-AC1
(Run 051)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-58-150 May 1983.

J-042 "Data Report on Large Scale Reflood Test-41 -- CCTF Core-Il Test C2-AC2

(Run 052)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-58-154, May 1983.



J-043

J-044

J-045

J-046

J-047

J-048

J-049

J-050

J-051

J-052

J-053

"Data Report on Large Scale Reflood Test-42 -- CCTF Core-ll Shakedown
Test C2-SH1 (Run 053)," prepared by Japan Atomic Energy Research
Institute, JAERI-Memo-58-166, May 1983.

“Data Report on Large Scale Reflood Test-43 -- CCTF Core-il Shakedown
Test C2-SH2 (Run 054)," prepared bv Japan Atomic Energy Research
Institute, JAERI-Memo-58-155, May 1983.

"Data Report on Large Scale Reflood Test-44 -- CCTF Test C2-1
(Run 055)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-58-156, N .y 1983.

"Data Report on Large Scale Reflood Test-45 -- CCTF Core-ll Test C2-2
(Run 056)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-58-157, May 1983.

"Data Report on Large Scale Reflood Test-77 -- CCTF Core-ll Test C2-AA1
(Run 057)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-59-445, February 1985.

"Data Report on Large Scale Reflood Test-78 -- CCTF Core-ll Test C2-AA2
(Run 058)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-59-446, February 1985.

“Data Report on Large Scale Reflood Test-79 ~- CCTF Core-ll Test C2-AS1
(Run 059)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-59-447, February 1985.

"Data Report on Large Scale Reflood Test-80 -- CCTF Core-ll Test C2-AS2
(Run 060)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-59-448, February 1985.

"Data Report on Large Scale Reflood Test-81 -- CCTF Core-ll Test C2-3
(Run 061)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-59-449, February 1985.

"Data Report on Large Scale Reflood Test-82 -- CCTF Core-ll Test C2-4
(Run 062)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-59-450, February 1985.

"Data Report on Large Scale Reflood Test-83 -- CCTF Core-ll Test C2-5

(Run 063)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-59-451, February 1985.

517



J-054

J-055

J-056

J-057

J-058

J-059

J-060

J-061

J

062

J-063

J-064

"Data Report on Large Scale Reflood Test-84 -- CCTF Core-ll Test C2-6
(Run 064)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-59-452, February 1985.

"Data Report on Large Scale Reflood Test-85 -- CCTF Core-ll Test C2-7
(Run 065)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-59-467, February 1985.

"Data Report on Large Scale Refiood Test-86 -- CCTF Core-ll Test C2-8
(Run 067)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-59-453, February 1985.

"Data Report on Large Scale Reflood Test-87 -- CCTF Core-ll Test C2-9
(Run 068)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-59-454, February 1985.

"Data Report on Large Scale Reflood Test-88 -- CCTF Core-ll Test C2-10
(Run 069)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-59-455, February 1985.

"Data Report on Large Scale Reflood Test-89 -- CCTF Core-ll Test C2-11
(Run 070)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-60-011, February 1985.

"Data Report on Large Scale Reflood Test-95 -- CCTF Core-ll Test C2-12
(Run 071)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-60-172, July 1985.

"Data Report on Large Scale Reflood Test-96 -- CCTF Core-ll Test C2-13
(Run 072)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-60-157, July 1985.

"Data Report on Large Scale Reflood Test-97 -- CCTF Core-ll Test C2-14
(Run 074)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-60-173, July 1985.

"Data Report on Large Scale Refiood Test-98 -- CCTF Core-ll Test C2-15
(Run 075)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-60-191, August 1985.

"Data Report on Large Scale Reflood Test-99 -- CCTF Core-ll Test C2-16
(Run 076)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-60-158, February 1985.
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J-065

J-066

J-067

J-068

J-069

J-070

"Data Report on Large Scale Reflood Test-100 -- CCTF Core-ll Test C2-17
(Run 077)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-61-143, April 1886.

"Data Report on Large Scale Reflood Test-101 -- CCTF Core-ll Test C2-18
(Run 078)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-60-223, August 1985.

"Data Report on Large Scale Reflood Test-128 -- CCTF Core-ll Test C2-19
(Run 079)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-63-081, March 1988.

"Data Report on Large Scale Reflood Test-129 -- CCTF Core-ll Test C2-20
(Run 080)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-63-082, March 1988.

“Data Report on Large Scale Reflood Test-130 -- CCTF Core-ll Test C2-21
(Run 081)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-63-083, March 1988.

"Data Report on Major Experimental Results from CCTF Tests," prepared
by Japan Atomic Energy Research Institute, JAERI-Memo-01-014.

SCTF Core-|

J-081

J-082

J-083

J-084

J-085

"Data Report on Large Scale Reflood Test-6 -- SCTF Test S1-SH1
(Run 505)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9939, February 1982.

"Data Report on Large Scale Reflood Test-7 -- SCTF Test S1-SH2
(Run 506)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9975, March 1982.

"Data Report on Large Scale Reflood Test-8 -- SCTF Test S1-01 (Run 507),"
prepared by Japan Atomic Energy Research Institute, JAERI-Memo-9976,
March 1982.

"Data Report on Large Scale Reflood Test-9 -- SCTF Test S1-02 (Run 508),"
prepared by Japan Atomic Energy Research Institute, JAERI-Memo-9977,
March 1982.

"Data Report on Large Scale Reflood Test-16 -- SCTF Test S1-03
(Run 509)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-57-318, November 1982.

5-19



J-086

J-087

J-088

J-089

J-090

J-091

J-092

J-093

J-094

J-095

J-096

"Data Report on Large Scale Reflood Test-17 -- SCTF Test S1-04
(Run 510)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-57-319, November 1982.

"“Data Heport on Large Scale Reflood Test-18 -- SCTF Test S$1-05
(Run 511)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-57-320, November 1982.

"Data Report on Large Scale Reflood Test-21 -- SCTF Test S1-06 (Run
512)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
57-350, November 1982.

"Data Report on Large Scale Reflood Test-22 -- SCTF Test S1-07 (Run
513)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
57-351, November 1982,

"Data Report on Large Scale Refiood Test-23 -- SCTF Test S1-08 (Run
514)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
57-354, November 1982.

"‘Data Report on Large Scale Reflood Test-24 -- SCTF Test S1-09 (Run
515)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
57-355, November 1982.

"Data Report on Large Scale Reflood Test-25 -- SCTF Test S1-10 (Run
516)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
57-365, December 1982,

"Data Report on Large Scale Reflood Test-26 -- SCTF Test S1-11 (Run
517)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
57-372, Decembei 1982,

“Data Report on Large Scale Reflood Test-28 -- SCTF Test St1-12 (Run
518)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
57-380, December 1982.

"Data Report on Large Scale Reflood Test-33 -- SCTF Test S1-13 (Run
519)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
57-401, December 1982.

"Data Report on Large Scale Reflood Test-29 -- SCTF Test S1-14 (Run

520)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
57-381, December 1982.
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J-097

J-098

J-099

J-100

J-101

J-102

J-103

J-104

J-105

J-106

J-107

"Data Report on Large Scale Reflood Test-30 -- SCTF Test S1-15 (Run
521)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
57-382, December 1982.

"Data Report on Large Scale Reflood Test-31 -- SCTF Test S1-16 (Run
522)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
57-384, December 1982.

"Data Report on Large Scale Reflood Test-32 -- SCTF Test S1-17 (Run
523)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
57-385, December 1982.

"Data Report on Large Scale Reflood Test-34 -- SCTF Test S1-18 (Run
524)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
57-402, December 1982.

“Data Report on Large Scale Reflood Test-35 -- SCTF Test S1-19
(Run 525)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-57-403, December 1982.

"Data Report on Large Scale Reflood Test-46 -- SCTF Test S1-SH3 (Run
528)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
58-296, September 1983. )

"Data Report on Large Scale Reflood Test-47 -- SCTF Test S1-SH4 (Run
529)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
58-297, September 1983.

"Data Report on Large Scale Reflood Test-48 -- SCTF Test S1-20 (Run
530)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
58-298, September 1983.

"Data Report on Large Scale Reflood Test-49 -- SCTF Test S1-21 (Run
531)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
58-311, September 1983.

"Data Report on Large Scale Reflood Test-50 -- SCTF Test S1-22 (Run
532)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
58-299, September 1983.

"Data Report on Large Scale Reflood Test-51 -- SCTF Test S1-23 (Run

536)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
58-300, September 1383.
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J-108

"Data Report on Large Scale Reflood Test-52 -- SCTF Test S1-24 (Run
537)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
58-301, September 1983.

TF Core-il

J-121

J-122

J-123

J-124

J-125

J-126

J-127

J-128

J-129

“Data Report on Large Scale Reflood Test-63 -- SCTF Test S2-AC1 (Run
601)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
59-280, September 1984.

"Data Report on Large Scale Reflood Test-64 -- SCTF Test S2-AC2 (Run
602)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
59-281, September 1984.

"Data Report on Large Scale Reflood Test-65 -- SCTF Test S2-AC3 (Run
603)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
59-286, September 1984.

"Data Report on Large Scale Reflood Test-66 -- SCTF Test S2-SH1 (Run
604)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
59-282, September 1984.

"Data Report on Large Scale Reflood Test-67 -- SCTF Test S2-SH2 (Run
605)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
59-287, September 1984.

"Data Report on Large Scale Reflood Test-68 -- SCTF Test S2-01 (Run
606)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
59-288, September 1984.

"Data Report on Large Scale Reflood Test-69 -- SCTF Test S2-02 (Run
607)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
58-283, September 1984.

"Data Report on Large Scale Reflood Test-70 -- SCTF Test S2-03 (Run
608)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
59-432, January 1985.

"Data Report on Large Scale Reflood Test-71 -- SCTF Test S2-04 (Run

609)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
59-433, January 1985.
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J-130

J-131

J-132

J-133

J-134

J-135

J-136

J-137

J-138

J-139

J-140

"Data Report on Large Scale Reflood Test-72 -- SCTF Test S2-05 (Run
610)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
59-434, February 1985.

"Data Report on Large Scale Reflood Test-73 -- SCTF Test S2-06 (Run
611)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
59-435, February 1985.

"Data Report on Large Scale Reflood Test-74 -- SCTF Test S2-07 (Run
612)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
59-436, Februar- 1985.

"Data Report on Large Scale Reflood Test-75 -- SCTF Test S2-08 (Run
613)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
59-437, February 1985.

"Data Report on Large Scale Reflood Test-76 -- SCTF Test S2-09 (Run
614)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
59-438, February 1985.

"Data Report on Large Scale Reflood Test-90 -- SCTF Test S2-10 (Run
615)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
60-110, May 1985.

"Data Report on Large Scale Reflood Test-91 -- SCTF Test S2-11 (Run
616)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
60-111, May 1985.

“Data Report on Large Scale Reflood Test-92 -- SCTF Test S2-12 (Run
617)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
60-112, May 1985.

“Data Report on Large Scale Reflood Test-93 -- SCTF Test S2-13 (Run
618)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
60-113, May 1985.

"Data Report on Large Scale Reflood Test-94 - SCTF Test S2-14 (Run
619)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
60-114, May 1985.

"Data Report on Large Scale Reflood Test-99 -- SCTF Test S2-15 (Run

620)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
60-258, October 1985.
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J-141

"Data Report on Large Scale Reflood Test-100 -- SCTF Test S2-16 (Run
621)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
60-259, October 1985.

J-142 "Data Report on Large Scale Reflood Test-101 -- SCTF Test S2-17 (Run
622)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
60-260, October 1985.

J-143 “Data Report on Large Scale Reflood Test-102 -- SCTF Test S2-18 (Run
623)," prepared by .!zpan Atomic Energy Research Institute, JAERI-Memo-
60-268, October 1485.

J-144 "Data Report on Large Scale Reflood Test-103 -- SCTF Test S2-19 (Run
624)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
60-269, October 1985.

J-145 "Data Report on Large Scale Reflood Test-104 -- SCTF Test S2-21 (Run
626)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
60-270, October 1985.

SCTF Core-lil

J-151 "Data Report on Large Scale Reflood Test-105 -- SCTF Test S3-SHI (Run
703)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
62-115, March 1987.

J-152 “Data Report on Large Scale Reflood Test-106 -- SCTF Test S3-SH2 (Run
704)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
62-116, March 1987.

J-153 “"Data Report on Large Scale Reflood Test-107 -- SCTF Test S3-01 (Run
705)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
62-117, March 1987.

J-154 "Data Report on Large Scale Reflood Test-108 -- SCTF Test S3-02 (Run
706)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
62-118, March 1987.

J-155 "Data Report on Large Scale Reflood Test-109 -- SCTF Test S3-03 (Run

707)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
62-119, March 1987.
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J-156

J-157

J-158

J-159

J-160

J-161

J-162

J-163

J-164

J-165

J-166

"Data Report on Large Scale Reflood Test-110 -- SCTF Test S3-04 (Run
708)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
62-120, March 1987.

“Data Report on Large Scale Reflood Test-111 -- SCTF Test S3-05 (Run
709)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
62-121, March 1987.

"Data Report on Large Scale Reflood Test-112 -- SCTF Test S3-06 (Run
710)," prepared by ‘apan Atomic Energy Research Institute, JAERI-Memo-
62-122, March 1987.

"Data Report on Large Scale Reflood Test-113 -- SCTF Test S3-07 (Run
711)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
62-123, March 1987.

"Data Report on Large Scale Reflood Test-114 -- SCTF Test S3-08 (Run
712)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
62-124, March 1987.

"Data Report on Large Scale Reflood Test-115 -- SCTF Test S3-09 (Run
713)," prepared by Japan Atomic Energy Research institute, JAERI-Memo-
62-125, March 1987.

"Data Report on Large Scale Reflood Test-116 -- SCTF Test S§3-10 (Run
714)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
62-126, March 1987.

"Data Report on Large Scale Reflood Test-117 -- SCTF Test S3-11 (Run
715)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
63-076, March 1988.

"Data Report on Large Scale Reflood Test-118 -- SCTF Test S3-12 (Run
716)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
63-233, June 1988.

"Data Report on Large Scale Reflood Test-119 -- SCTF Test S3-13 (Run
717)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
63-077, March 1988.

"Data Report on Large Scale Reflood Test-120 -- SCTF Test S3-14 (Run
718)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
62-335, September 1987.
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J-167

J-168

J-169

J-170

J-171

J-172

J-173

"Data Report on Large Scale Reflood Test-i121 -- SCTF Test S3-15 (Run
719)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
62-330, September 1987.

"Data Report on Large Scale Reflood Test-122 -- SCTF Test S3-16 (Run
720)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
63-078, March 1988.

"liuta Report on Large Scale Reflood Test-123 -- SCTF Test S3-17 (Run
21),” prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
63.079, March 1988.

"Data Report on Large Scale Reflood Test-124 -- SCTF Test S3-18 (Run
722)," prepared by Japan Atomic Energy Research Institut 3, JAERI-Memo-
63-234, June 1988

"Data Report on Large Scale Reflood Test-126 -- SCTF Test S3-20 (Run
724)," ; repared by Japan Atomic Energy Research Institute, JAERI-Memo-
63-080, March 1988.

"Data Report on Large Scai@ Reflood Test-127 -- SCTF Test S$3-21 (Run
725)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
01-397, November 1989.

"Data Report on Large Scale Reflood Test-128 -- SCTF Test §3-22 (Run
7.26)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
01-065, March 1989.

QUICK LOOK REPORTS
CCTF Core-l

J-201

J-202

J-203

"Quick Look Report on Large Scaie Peflood Test, Shakedown Test 1 --
CCTF Test C1-SH1 (Run 005)," prepared by Japan Atomic Energy
Research Institute, JAERI-Memo-8641, January 1979.

"Quick Look Report on Large Scale Reflood Test, Shakedown Test 3 --
CCTF Test C1-SH3 (Run 007)," prepared by Japan Atomic Energy
Research Institute, JAERI-Memo-8930, June 1980.

"Quick Look Report on Large Scale Reflood Test, Shakedown Test 4 --

CCTF Test C1-SH4 (Run 008)," prepared by Japan Atomic Energy
Research Institute, JAERI-Memo-9149, October 1980.
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J-204

J-205

J-206

J-207

J-208

J-209

J-210

J-211

J-212

J-213

J-214

"Quick Look Report on Large Scale Reflood Test-1 -- CCTF Test C1-1
(Run 010)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-8453, August, 1979.

"Quick Look Report on Large Scale Reflood Test-2 -- CCTF Test C1-2
(Run 011)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-8530, October 1979.

"Quick Look Report on Large Scale Reflood Test-3 -- CCTF Test C1-3
(Run 012)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-8538, November 1979.

"Quick Look Report on Large Scale Reflood Test-4 -- CCTF Test Ci-4 (Run
013)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
8685, February 1980.

"Quick Look Report on Large Scale Reflood Test-5 -- CCTF Test C1-5
(Run 014)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-8696, February 1.°30.

"Quick Look Report on Large Scale Reflood Test-6 -- CCTF Test C1-6
(Run 015)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-8990, July 1980.

"Quick Look Report on Large Scale Reflood Test-7 -- CCTF Test C1-7 (Run
016)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
8991, July 1980.

"Quick Look Report on Large Scale Reflood Test-8 -- CCTF Test C1-8 (Run
017)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
8992, July 1980.

"Quick Look Report on Large Scale Reflood Test-9 -- CCTF Test C1-9 (Run
018)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
9125, September 1980.

"Quick Look Report on Large Scale Reflood Tast-10 -- CCTF Test C1-10
(Run 019)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9207, November 1980.

"Quick Look Report on Large Scale Reflood Test-11 -- CCTF Test C1-11

(Run 020)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9208, November 1980.
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"Quick Look Report on Large Scale Reflood Test-12 -- CCTF Test C1-12
(Run 021)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9270, January 1981.

"Quick Look Report on Large Scale Reflood Test-13 -- CCTF Test C1-13
(Run 022)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9282, January 1981.

"Quick Look Report on Large Scale Reflood Test-14 -- CCTF Test C1-14
(Run 023)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9305, February 1981.

"Quick Look Report on Large Scale Reflood Test-15 -- CCTF Test C1-15
(Run 024)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9329, February 1981.

"Quick Look Report on Large Scale Reflood Test-16 -- CCTF Test C1-16
(Run 025)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9349, March 1981.

"Quick Look Report on Large Scale Reflood Test-18 -- CCTF Test C1-17
(Run 036)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9712, October 1981.

"Quick Look Report on Large Scale Reflood Test-19 -- CCTF Test C1-18
(Run 037)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9713, October 1981.

"Quick Look Report on Large Scale Reflood Test-23 -- CCTF Test C1-19
(Run 038)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo- 9767, November 1981.

"Quick Look Report on Large Scale Reflood Test-24 -- CCTF Test C1-20
(Run 039)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9768, November 1981.

"Quick Look Report on Large Scale Reflood Test-29 -- CCTF Test C1-21
(Run 040)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9903, January 1982.

"Quick Look Report on Large Scale Reflood Test-30 -- CCTF Test C1-22

(Run 041)," prepared by Japan Atomic Energy Research Institute, JAERI
Memo 9904, February 1982.
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"Quick Look Report on Large Scale Core-ll Reflood Test, First Shakedown
Test C2-SH1 (Run 53)," prepared by Japan Atomic Energy Research
Institute, JAERI-Memo-57-397, December 1982.

"Quick Look Report on CCTF Core-ll Reflood Test, Second Shakedown
Test, C2-SH2 (Run 54)," prepared by Japan Atomic Energy Research
Institute, JAERI-Memo-57-391, December 1982.

"Quick Look R .Jort on CCTF Core-ll Reflood Test C2-1 (Run 55),"
prepared by Japan Atomic Energy Research institute, JAERI-Memo-57-392,
December 1982.

"Quick Look Report on CCTF Core-ll Reflood Test C2-2 (Run 56),"
prepared by Japan Atomic Energy Research Institute, JAERI-Memo-57-393,
December 1982,

"Quick Look Report on CCTF Core-ll Reflood Test C2-AA1 (Run 57) --
Investigation of the Reflood Phenomena Under Upper Plenum Injection
Condition," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-58-415, November, 1983.

"Quick Look Report on CCTF Core-ll Reflood Test C2-AA2 (Run 58) --
Investigation of Downcomer Injection Effects," prepared by Japan Atomic
Energy Research Institute, JAERI-Memo-58-386, October 1983.

"Quick Look Report on CCTF Core-ll Reflood Test, C2-AS1 (Run 59) --
Investigation on the Reflood Phenomena Under Upper Plenum Injection
Condition," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-58-416, November 1983.

"Quick Look Report on CCTF Core-ll Reflood Test C2-AS2 (Run 60) --
Effect of Vent Valve Type ECCS.1," prepared by Japan Atomic Energy
Research Institute, JAERI-Memo-58-459, January 1984.

"Quick Look Report on CCTF Core-ll Reflood Test C2-3 (Run 61) --
Investigation of Initial Downcomer Water Accumulation Rate Effects,"
prepared by Japan Atomic Energy Research Institute, JAERI-Memo-58-460,
January 1984.

"Quick Look Report on CCTF Core-ll Reflood Test C2-4 (Run 62) --

Investigation of Reproducibility," prepared by Japan Atomic Energy
Research Institute, JAERI-Memo-58-479, January 1984.
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"Quick Look Report on CCTF Core-ll Reflood Test, C2-5 (Run 63) --
Investigation of the Reflood Phenomena Under Low Power Condition,"
prepared by Japan Atomic Energy Research Institute, JAERI-Mamo-59-046,
February 1984.

"Quick Look Report on CCTF Core-il Reflood Test, C2-6 (Run 64) -- Effect
of Radial Power Profile," prepared by Japan Atomic Energy Research
Institute, JAERI-Memo0-59-012, February 1984.

"Quick Look Report on CCTF Core-ll Reflood Test, C2-7 (Run 65) --
Calibration Test," prepared by Japan Atomic Energy Research Institute,
JAERI-Memo0-59-047, February 1984.

"Quick Look Report on CCTF Core-ll Reflood Test, C2-8 (Run 67) --Effect
of Systems Pressure," prepared by Japan Atomic Energy Research
Institute, JAERI-Memo-59-028, February 1984.

"Quick Look Report on CCTF Core-ll Reflood Test C2-9 (Run 68) -- Effect
of LPCI Flow Rate," prepared by Japan Atomic Energy Research Institute,
JAERI-Memo-59-048, February 1984.

"Quick Look Report on CCTF Core-ll Reflood Test C2-10 (Run 69) -- Effect
of Vent Valve Type ECCS 2," prepared by Japan Atomic Energy Research
Institute, JAERI-Memo-59-029, February 1984.

"Quick Look Report on CCTF Core-ll Refiood Test C2-11 (Run 70) --
Investigation of the End-of-Bypass and Refill Phenomena Under the
Condition of Loop Isolations," prepared by Japan Atomic Energy Research
Institute, JAERI Mem0-59-013, February 1984.

"Quick Look Report on CCTF Core-ll Reflood Test C2-12 (Run 71) -- Best
Estimate Reflood Experiment," prepared by Japan Atomic Energy Research
Institute, JAERI Memo-59-326, October 1984.

"Quick Look Report on CCTF Core-lll Reflood Test, C2-13
(Run 72) -- Investigation of the Reflood Phenomena for No LPCI Pump
Failure Simulation Upper Plenum Injection Test," prepared by Japan Atomic
Energy Research Institute, JAERI-Memo-59-416, January 1985.

"Quick Look Report on CCTF Core-ll Reflood Test C2-14 (Run 74) --
Investigation of the Refill Phenomena and lts Effect on the Reflooding
Behavior," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-59-352, October 1984.
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"Quick Look Report on CCTF Core-ll Reflood Test C2-15 (Run 75) --
Investigation of FLECHT-SET Coupling Test Results," prepared by Japan
Atomic Energy Research Institute, JAERI-Memo-60-255, September 1985.

"Quick Look Report on CCTF Core-ll Reflood Test C2-16 (Run 76) -- Effect
of Asymmetric Upper Plenum Injection on Reflood Phenomena," prepared
by Japan Atomic Energy Research Institute, JAERI-Memo-60-142, June
1985.

"Quick Look Report on CCTF Core-ll Reflood Test C2-17 (Run 77) --
Investigation of the Refill Phenomena with Core Reversal Steam Flow,"
prepared by Japan Atomic Energy Research Institute, JAERI- Memo-61-
136, May 1986.

"Quick Look Report on CCTF Core-il Reflood Test C2-18 (Run 78) -- Best
Estimated Refill/Reflood Upper Plenum Injection Test," prepared by Japan
Atomic Energy Research Institute, JAERI-Memo-60-372, December 1985.
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"Quick Look Report on Large Scale Reflood Test-17 -- SCTF Test S1-SH1
(Run 505)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9702, September 1981.

"Quick Look Report on Large Scale Reflood Test-20 -- SCTF Test S1-SH2
(Run 506)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9732, October 1981.

"Quick Look Report on Large Scale Reflood Test-22 -- SCTF Test S1-02
(Run 508)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9734, Novernber 1981.

"Quick Look Report on Large Scale Reflood Test-25 -- SCTF Test $1-03
(Run 509)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9803, November 1981.

"Quick Look Report on Large Scale Reflood Test-26 -- SCTF Test S1-04
(Run 510), prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9804, November 1981.

"Quick Look Report on Large Scale Reflood Test-27 -- SCTF Test S1-05
(Run 511)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9805, November 1981.
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"Quick Look Report on Large Scale Reflood Test-28 -- SCTF Test S1-06
(Run 512)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9806, November 1981.

"Quick Look Report on Large Scale Reflood Test-31 -- SCTF Test S1-07
(Run 513)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-57-176, July 1982.

"Quick Look Report on Large Scale Refinod Test-32 -- SCTF Test S1-08
(Run 514)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-57-177, July 1982.

"Quick Look Report on Large Scale Reflood Test-33 -- SCTF Test S1-09
(Run 515)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-57-178, July 1982.

"Quick Look Report on Large Scale Reflood Test 34 -- SCTF Test S1-10
(Run 516)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-57-179, July 1982.

"Quick Look Report on Large Sca'e Reflood Test-35 -- SCTF Test S1-11
(Run 517)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-57-180, July 1982.

EVALUATICON REPORTS
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J-402
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"Evaluation Report on CCTF Core-l Reflood Test C1-SH5 (Run 009) --
Investigation of the PKL Coupling Test," prepared by Japan Atomic Energy
Research Institute, JAERI-Memo-9965, February 1982.

"Evaluation Report on CCTF Core-l Reflood Test C1-1 (Run 010) --
Investigation of the Loop Flow Resistance Effect," prepared by Japan
Atomic Energy Research Institute, JAERI-Memo-9966, February 1982
(publicly released as JAERI-M-83-140, September 1983).

“Evaluation Report on CCTF Core-| Reflood Tests C1-2 (Run 11) and C1-11
(Run 20) -- Reproducibility Test," prepared by Japan Atomic Energy
Research Institute, JAERI-Memo-57-048, March 1982.
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J-407
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J-409
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"Evaluation Report on CCTF Core-| Reflood Tests C1-2 (Run 11) and C1-11
(Run 20) -- Effect of the Instaliment of the Baffle Plates in the Control Rod
Guide Tubes and the Spool Piece in the Primary Loops," prepared by
Japan Atomic Energy Research Institute, JAERI-M-83-094, June 1983.

"Evaluation Report on CCTF Core-| Reflood Tests C1-2 (Run 11) and C1-3
(Run 12) -- Effects of Initial Downcomer Wall Temperature on System
Behavior of a PWR during Reflood Phase of a Loss-Of-Coolant Accident,”
prepared by Japan Atomic Energy Research Institute, JAERI-Memo-9925,
January 1982.

"Evaluation Report on CCTF Core-l Reflood Tests C1-2 (Run 11) and C1-3
(Run 12) -- Effects of Initial Superheat of the Downcomer Wall," prepared
by Japan Atomic Energy Research Institute, JAERI-M-83-090, June 1983.

"Evaluation Report on CCTF Core-| Reflood Test C1-4 (Run 13) and C1-15
(Run 24) -- Investigation of the Refill Simulation and the Nitrogen Injection
Effects," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9967, February 1982 (publicly released as JAERI-M-83-121, August
1983).

“Evaluation Report on CCTF Core- Reflood Test C1-5 (Run 14) -- Overall
System Thermo-Hydrodynamic Behavior Observed in the Base Case Test,"
prepared by Japan Atomic Energy Research Institute, JAERI-Memo-57-051,
March, 1982 (publicly released as JAERI-M-83-207, February 1983).

"Evaluation Report on CCTF Core-| Reflood Tests C1-5 (Run 14), C1-10
(Run 19) and C1-12 (Run 21) - Effects of Containment Pressure on System
Behaviors During Reflood Phase of a LOCA," pregared by Japan Atomic
Energy Research Institute, JAERI-Memo-57-013, February 1982 (publicly
released as JAERI-M-83-091, June 1983).

"Evaluation Report on CCTF Core-l Reflood Tests C1-5 (Run 14), C1-17
(Run 36) and C1-20 (Run 39) -- Core Thermo-Hydrodynamics and
Thermally Multidimensional Effects On 1, prepared by Japan Atomic
Energy Research Institute, JAERI-Memo-57-052, March 1982.

“Evaluation Report on CCTF Core-| Reflood Tests C1-6 (Run 15), C1-9 (Run
18), C1-11 (Run 20) and C1-13 (Run 292) -- Effects of ECC Water Injection
Rate," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
57-018, March 1982 (publicly released as JAERI-M-83-044).
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"Evaluation Report on CCTF Core-l Reflood Tests C1-7 (Run 16) and C1-14
(Run 23) -- Effects of Initial Clad Temperature," prepared by Japan Atomic
Energy Research Institute, JAERI-Memo0-9953, February 1982 (publicly
released as JAERI-M-83-026).

"Evaluation Report on CCTF Core-| Reflood Tests C1-18 (Run 37) and C1-8
(Run 17) -- Investigation of the Effect of Water Remaining in the Loop Seal
Section on Reflood Behavior," prepared by Japan Atomic Energy Research
Institute, JAERI-Memo-9996, February 1982 (publicly released as JAERI-M-
83-115, July 1983).

"Evaluation Report on CCTF Core-l Reflood Tests C1-16 (Run 25), C1-21
(Run 40) and C1-22 (Run 41) -- Comparison of the FLECHT-SET Test
Results With The FLECHT Coupling Test Results," prepared by Japan
Atomic Energy Research Institute, JAERI-Memo-57-014, March 1982
(publicly released as JAERI-M-83-065, May 1983).

"Evaluation Report on CCTF Core-l Reflood Tests C1-17 (Run 36) and
C1-20 (Run 39)," prepared by Japan Atomic Energy Research Institute,
JAERI-M-83-028, February 1983.

"Evaluation Report on CCTF Core-I Reflood Test C1-19 (Run 38) --
Experimental Assessment of the Evaluation Model For the Safety Analysis
on the Reflood Phase of a PWR LOCA," prepared by Japan Atomic Energy
Research Institute, JAERI-Memo-57-053, March, 1982 (publicly released as
JAERI-M-83-029, February 1983).

"Development of the Model for the Mass Balance Calculation of the CCTF
Test -- The Estimation of the Core Inlet Mass Flow Rate," prepared by
Japan Atomic Energv Research Institute, JAERI-Memo-9436, January 1982.

"Analysis Report on CCTF Core-l Reflood Tests," prepared by Japan
Atomic Energy Research Institute, JAERI-Memo-57-057, March 1982.

"Large Scale Reflood Test With Cylindrical Core Test Facility (CCTF) --
Core-l FY 1979 Tests," prepared by Japan Atomic Energy Research
Institute, JAERI-Memo-82-002, March 1982.

"CCTF Core-l Test Results," prepared by Japan Atomic Energy Research
institute, JAERI-M-82-073, July 1982.

"Findings in CCTF Core-l Test," prepared by Japan Atomic Energy
Research Institute, JAERI-Memo-58-050, February 1983.
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"Results of Downcomer CCFL Experiment," prepared by Japan Atomic
Energy Research Institute, JAERI-Memo-59-245, August 1984.
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J-442

J-443

J-444

J-445

J-446

J-447

J-448

J-449

“Evaluation of CCTF Core-Il Acceptance Test-1 (Run 051)," prepared by
Japan Atomic Energy Research Institute, JAERI-Memo-57-275, October
1982.

"Evaluation Report on CCTF Core-ll Reflood Tests C2-AC1 (Run 51) and
C2-4 (Run 62) -- Effect of Initial Clad Temperature," prepared by Japan
Atomic Energy Research Institute, JAERI-M-84-026, February 1984.

"Evaluation of CCTF Core-ll Acceptance Test 2 (Run 052)," prepared by
Japan Atomic Energy Research Institute, JAERI-Memo-57-375, November
1982.

"Evaluation of CCTF Core-ll Second Acceptance Test C2-AC2 (Run 052) -
- Investigation of Difference in Reflooding Behaviors Between Core-l and
Core-ll Facilities," prepared by Japan Atomic Energy Research Institute,
JAERI-M-84-036, March 1984.

"Evaluation Report on CCTF Core-ll Reflood Test Second Shakedown Test
C2-SH2 (Run 54) -- Effect of Core Supplied Power on Reflood Phenomena,"
prepared by Japan Atomic Energy Research Institute, JAERI-M-85-025,
March 1985. ,

"Evaluation Report on CCTF Core-ll Reflood Test C2-AA2 (Run 58) --
Investigation of Downcomer Injection Effects," prepared by Japan Atomic
Energy Research Institute, JAERI-M-89-227, January 1990.

“Evaluation Report on CCTF Core-ll Refiood Test C2-3 (Run 61) --
Investigation of Initial Downcomer Water Accumulation Velocity Effects,”
prepared by Japan Atomic Energy Research Institute, JAERI-M-86-185,
January 1987.

“Evaluation Report on CCTF Core-ll Reflood Test C2-4 (Run 62) --
investigation of Reproducibility," prepared by Japan Atomic Energy
Research Institute, JAERI-M-85-026, March 1985.

"Evaluation Report on CCTF Core-ll Reflood Test C2-6 (Run 64) -- Effect

of Radial Power Profile," prepared by Japan Atomic Energy Research
Institute, JAERI-M-85-027, March 1985.
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"Evaluation Report on CCTF Core-ll Refiood Test C2-8 (Run 67) -- Effect
System Pressure," prepared by Japan Atomic Energy Research Institute,
JAERI-M-87-001, January 1987.

"Evaluation Report on CCTF Core-ll Reflood Test C2-9 (Run 68) -- Effect of
LPCI Flow Rate," prepared by Japan Atomic Energy Research Institute,
JAERI-M-87-002, February 1987.

"Evaluation Report on CCTF Core-ll Reflood Test C2-16 (Run 76) -- Effect
of Asymmetric Upper Plenum Injection on Reflood Phenomena," prepared
by Japan Atomic Energy Research, JAERI-M-87-051, March 1987.

"Evaluation Report on CCTF Core-ll Reflood Test C2-18 (Run 78) --Best
Estimate Refill/Reflood Upper Plenum Injection Test," prepared by Japan
Atomic Energy Research Institute, JAERI-M-87-052, March 1987.

“Evaluation Report on CCTF Core-ll Reflood Test C2-19 (Run 79) --
Combined Injection Mode Under EM Condition," prepared by Japan Atomic
Energy Research Institute, JAERI-Memo-62-334, September 1987.

Pointner, W., "Study on Effects of Combined Injection (EM Conditions) on
Reflood Phenomena (Test C2-19/Run 79)," Japan Atomic Energy Research
Institute, JAERI-Memo0-62-294, August 1987.

"Evaluation Report on CCTF Core-ll Reflood Tests C2-20 (Run 80) and C2-
21 (Run 81) -- BE Condition & Effect of Hot Leg ECC Flow Rate Under
Combined Injection Mode," prepared by Japan Atomic Energy Research
Institute, JAERI-Memo0-63-267, July 1988.

"Analysis Report on Large Scale Reflocd Tests with Cylindrical Core Test
Facility -- Tests in FY 1983," prepared by Japan Atomic Energy Research
institute, JAERI-Memo-60-108.

“Analysis Report on Large Scale Reflood Tests with Cylindrical Core Test
Facility -- Tests in FY 1984," prepared by Japan Atomic Energy Research
Institute, JAERI-Memo-60-403.

"Analysis Report on CCTF Reflood Test," prepared by Japan Atomic Energy
Research Institute, JAERI-Memo-61-059.
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J-485
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"Design of Slab Core Test Facility (SCTF) in Large Scale Reflood Test
Program. Part I: Core-l," prepared by Japan Atomic Energy Research
institute, JAERI-Memo-9701, September 1981 (publicly released as JAERI-
M-83-080, June 1983).

"System Pressure Effects on Reflooding Phenomena Observedin the SCTF
Core-l Forced Flooding Effects," prepared by Japan Atomic Energy
Research Institute, JAERI-Memo-9729, October 1981 (publicly released as
JAERI-M-83-079, June 1983).

"Dispersed Flow and Corresponding Phenomena in SCTF Observed with
High-Speed Camera," prepared by Japan Atomic Energy Research Institute,
JAERI-M-9971, February 1982.

"Effects of Core Inlet Water Subcooling on Reflooding Phenomena

Under Forced Flooding in SCTF Core-l Tests," prepared by Japan Atomic
Energy Research Institute, JAERI-Memo-9972, February 1982 (publicly
released as JAERI-M-83-122, August 1983).

"Effect of Upper Plenum Water Accumulation on Reflooding Phenomena
Under Forced Flooding in SCTF Core-l Tests," prepared by Japan Atomic
Energy Research Institute, JAERI-Memo-9973, February 1982 (publicly
released as JAERI-M-83-114, July 1983).

"SCTF Core-l Tests Results: System Pressure Effects on Reflooding
Phenomena," prepared by Japan Atomic Energy Research Institute, JAERI-
M-82-075, July 1982.

"Examination of Repeatability in Reflood Phenomena Under Forced
Flooding in SCTF Core-l Tests," prepared by Japan Atomic Energy
Research Institute, JAERI-Memo-57-251, September 1982 (publicly released
as JAERI-M-083-237, January 1984).

"Core Thermal Behavior Under Forced Feed Flooding in SCTF Core-|
Tests," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
57-270, October 1982.

"Heat Transfer Enhancement Due to Chimney Effect in Reflood Phase,"
prepared by Japan Atomic Energy Research Institute, JAERI-Memo-57-297,
October 1982.
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"Effect of LPC| Water Injection Rate on Carryover Characteristics During
Reflood," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-58-035, February 1983.

"Droplets Flow and Heat Transfer at Top Region of Core In Reflood Phase,"
prepared by Japan Atomic Energy Research Institute, JAERI-M-83-022,
February 1983.

"Evaluation of Cross Flow Velocity Across Rod Bundies During Reflood
Phase in SCTF Core-l Forced Feed Flooding Tests," prepared by Japan
Atomic Energy Fiesearch Institute, JAERI-Memo-58-443, December 1983.

"Effects of Upper Plenum Injection on Thermo-Hydrodynamic Behavior
Under Refill and Reflood Phases of a PWR-LOCA," prepared by Japan
Atomic Energy Research Institute, JAERI-Memo-59-052, February 1984
(publicly released as JAERI-M-84-221, December 1984).

"Cold Leg Injection Reflood Test Results in the SCTF Core-l Under
Constant System Pressure," prepared by Japan Atomic Energy Research
Institute, JAERI-Memo-59-053, February 1984 (publicly released as JAERI-
M-90-129, August 1990).

"Characteristics of Lower Plenum Injection Reflood Tests in SCTF Core-l,"
prepared by Japan Atomic Energy Research Institute, JAERI-Memo-59-051,
March 1984 (publicly released as JAERI-M-84-223, December 1984).

"Examination of Refill Simulation Test Results in SCTF Core-|," prepared by
Japan Atomic Energy Research Institute, JAERI-Memo-60-098, April 1985.

'Effacts of Core Inlet Water Mass Flow Rate on Refiooding Phenomena in
the Forced Feed SCTF Core-| Tests," prepared by Japan Atomic Energy
Research Institute, JAERI-Memo-61-024, February 1986 (publicly released
as JAERI-M-88-166, September 1988).

“Effects of Radial Core Power Profile on Core Thermo-Hydraulic Behavior

during Reflood Phase in SCTF Core-| Forced Feed Tests," prepared by
Japan Atomic Energy Research Institute, JAERI-M-91-093, June 1991.
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"Design of Slab Core Test Facility (SCTF) in Large Scale Reflood Test
Program, Part Il: Core-Il," prepared by Japan Atomic Energy Research
Institute, JAERI-Memo-59-396, December 1984.

"Effects of Radial Power Profile on Two-Dimensional Thermal-Hydraulic
Behavior in Core in SCTF Core-ll Cold Leg Injection Tests," prepared by
Japan Atomic Energy Research Institute, JAERI-Memo-59-415, January
1985.

"Study on ECC Injection Modes in Reflood Tests with SCTF Core-ll
Comparison between Gravity and Forced Feeds," prepared by Japan
Atomic Energy Research Institute, JAERI-Memo-61-115, March 1985
(publicly released as JAERI-M-91-001, February 1991).

"Development of SCTF Cold Leg Injection Test Method for Eliminating U-
Tube Oscillation During the Initial Period," prepared by Japan Atomic
Energy Research Institute, JAERI-Memo-60-145, June 1984 (publicly
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Section 6

ABBREVIATIONS AND ACRONYMS

ABB - ASEA Brown Boveri

ACC - Accumulators

ATHLET - Code for Analysis of Thermal-Hydraulics of Leaks and
Transients

B&W - Babcock & Wilcox

BBR - Brown Boveri Reaktor (now ASEA Brown Boveri or
ABB)

BCL - Broken Cold Leg

BE - Best-estimate

BMFT - Bundesministerium fuer Forschung und Technologie
(Federal Ministry for Research and Technology)

BOCREC - Bottom of Core Recovery

BTD - Breakthrough Detector

CCFL - Countercurrent Flow Limitation

CCTF - Cylindrical Core Test Facility

CE - Combustion Engineering (now ABB-CE)

Cl - Combined Injection

CL - Cold Leg

CLI - Cold Leg Injection

CS - Core Simulator (UPTF)
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CSAU
DAS
DB
DC
DCI
DP
ECC
ECCS

EM

EOB

FA

FASS

FDG
FLECHT-SEASET

FRG
GKM
GPWR
GRS

HL
HLI

Code Scaling, Applicability, and Uncertainty Study
Data Acquisition System

Drag Body

Downcomer

Downcomer Injection

Differential Pressure

Emergency Core Coolant

Emergency Core Coolant System or Emergency Core
Cooling System

Evaluation Model

End-of-Blowdown

Fuel Assembly

Fast Automatic Shutdown System (UPTF)
Fluid Distribution Grid

Full-length Emergency Cooling Heat Transfer Separate
Effects and Systems Effects Test

Federal Republic of Germany

Grosskraftwerk Mannheim

German Pressurized Water Reactor

Geselischaft fuer Anlagen- und Reaktorsicherheit
(Company for Plant and Reactor Safety); formerly
Gesellschaft fuer Reaktorsicherheit (Company for
Reactor Safety)

Hot Leg

Hot Leg Injection
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HPCI
HPI
HPIS
HPSI
IDL
INEL

JAERI

LANL
LBLOCA

LOBI
LOCA
LOFT
LPCI
LPI
LPIS
MK
MPR
ORNL
PCT

High Pressure Coolant Injection

High Pressure Injection

High Pressure Injection System

High Pressure Safety Injection
Instrument Development Loop

Idaho National Engineering Laboratory
Japan

Japan Atomic Energy Research Institute
Kraftwerk Union (now a division of Siemens)
Los Alamos National Laboratory

Large Break Loss-of-Coolant Accider.’
Liquid Level Detector

Loop of Blowdown Investigation
Loss-of-Coolant Accident '

Loss of Fluid Test

Low Pressure Coolant Injection

Low Pressure Injection

Low Pressure Injection System
Muehlheim Kaerlich PWR

MPR Associates

Oak Ridge National Laboratory

" Peak Cladding Temperature
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PKL

PTS
PWR
REFLA
RELAP
ROSA
SBLOCA
SCTF
SG
SGIP
SGS
SGTR
TRAC
TUM

UCSP
UK
upP
UPI
UPTF
us

Primarkreislaufe (Primary Coolant Loop - KWU Test
Facility)

Pressurized Thermal Shock

Pressurized Water Reactor

Refiood Analysis (Code)

Reactor Leak and Analysis Program (Code)
Rig of Safety Assessment

Small Break Loss-of-Coolant Accident
Slab Core Test Facility

Steam Generator

Steam Generator Simulator Inlet Plena
Steam Generator Simulator

Steam Generator Simulator Tube Regions
Transient Reactor Analysis Code

Technische Universitaet Muenchen (Technical
University of Munich)

Test Vessel

Upper Core Support Plate
United Kingdom

Upper Plenum

Upper Plenum Injection
Upper Plenum Test Facility

United States
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USNRC - United States Nuclear Regulatory Commission

w - Vent Valve
w - Westinghouse Electric Corporation
W/S - Ratio of Core Simulator Water and Steam injection

Rates (UPTF)
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Fr

Section 7
NOMENCLATURE
Flow Area
Heat Capacity
Diameter
Hydraulic Diameter
D, = 4 (flow area/wetted perimeter)
Froude Number
Fr = V/ (gD)'/2
Gravitational Acceleration
Enthalpy

Downcomer Top Void Height (Level Reduction Below Cold Leg due to
Entrainment)

Velocity

Wallis Parameter (or Dimensionless Velocity)

—
-
]

for single-phase fiow

[p‘i] [(p,_ - ‘:’G)QDH

1/2

for two-phase flow

b
Pprp Al |(PL - PrR9Dy
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Re

P1p

Kutateladze Number

K- [PMA] [yo (ptz- p,)] "

Mass Flow

Reynolds Number

D,Vp
m

Re =
Thermodyriamic Ratio

R, - Meoc CP (Tou ~ Teco)
Moo (Peam = )

S~ . atio for Liquid/Gas Cocurrent Flow (S=1 for Homogeneous Flow)
Temperature

Velocity

Void Fraction

Liquid Fraction

Density

Two-phase Density

o[t - S(MyM)

(e *+ S (M/Mg)

Prp

Viscosity



Subscripts

ECC
f

g

G
HL
P

Sat
ST™M
UP

Emergency Core Coolant
Liquid Phase
Gas Phase
Gas Phase
Hot Leg

Inlet Plenum
Liquid Phase
Liquid Phase
Steam
Saturated
Steam

Upper Plenum

Water



Appendix A

BRIEF DESCRIPTION OF TEST FACILITIES,
INSTRUMENTATION AND TEST N TED

A.1 CYLINDRICAL CORE TEST FACILITY (CCTF)

A.1.1 Facility Description

CCTF was a full-height, 1/21-scale model of the primary coolant system of an
1,100 MWe four-loop PWR. The facility simulated the overall primary system response
and the in-core thermal hydraulic behavior during the refill and reflood phases of a
large cold leg break LOCA. The reference reactors for CCTF were the Trojan reactor
in the USA (4-loop PWR with cold leg injection ECCS, 1,130 MWe) for major parts and
the Ohi-1 reactor in Japan (4-loop PWR with cold leg injection ECCS, 1,175 MWe) for
certain other aspects.

Facility Layout

Figures A.1-1 and A.1-2 depict the major components of the facility. They included a
pressure vessel with simulated core, four primary piping loops (three intact and one
broken) with steam generators and pump simulators, and two tanks attached to the
ends of the broken loop to simulate containment. Vertical dimensions and locations
of system components were as close as practicable to the corresponding dimensions
and locations in the reference reactor. Flow areas were typically scaled based on the
nominal core flow area scaling ratio (1/21). The maximum operating pressure of
major components of CCTF was 600 kPa.

Electrically-heated rods were used in the core to simulate nuclear fuel rods. A total
of 1,824 heated rods were installed. The maximum electrical power supplied to the
~ heated rods was 10 MW. This power could simulate the decay heat during the refill
and reflood phases of an LBLOCA.

In CCTF, ECC injection nozzles were located in the cold legs, hot legs, upper plenum,
downcomer, and lower plenum to simulate ECC systems of cold leg injection,
combined injection, upper plenum injection, and downcomer injection PWRs. Also,
vent vaives were installed in the core barrel to simulate B&W PWRs with vent valves.

Auxiliary systems included the drain system from pressure vessel and containment
tanks, and the steam injection system to upper plenum.
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Main Components

The main components and subsystems of CCTF are discussed briefly below.

Pressure Vessel - Figure A.1-3 shows the CCTF pressure vessel. The cylindrical
pressure vessel was full-height (about 10 m) with a scaled diameter (1.3 m). The
pressure vessel housed the downcomer annulus, lower plenum, core, and upper
plenum. The core barrel separated the core and upper plenum from the downcomer.
The pressure vessel wall was made of carbon steel clad with stainless steel. The
pressure vessel wall thickness was 90 mm. Electrical resistance heaters were used
on the outer surface of the pressure vessel wall to preheat the wall before a test, to
accurately simulate transient heat relzase from the pressure vessel wall which occurs
during a PWR LOCA. Except for the addition of an upper ring containing an upper
plenum injection header and additional instrumentation nozzles, the CCTF-Il vessel
was the same as that used in CCTF-I.

The CCTF core contained 32, 8 x 8 bundles (see Figure A.1-4), each containing 57
heated rods and seven nonheated rods (total of 1,824 heated rods and 224 nonheated
rods). As shown in Figure A.1-5, the heated rods were fabricated with an Inconel
cladding, Nichrome heater element, and boron nitride or magnesium oxide insulators.
All heated rods had an outer diameter of 10.7 mm, a heated length of 3.66 m, and
chopped-cosine axial power profile. These dimensions were identical to the
corresponding dimensions of PWR fuel rods. The clad thickness, 1 mm, was thicker
than that of fuel rods, because of the requirement for thermocouple attachment. The
heat capacity of the heated rods was approximately 40% larger than that of nuclear
fuel rods.

The nonheated rods simulated the guide thimble tubes and instrument thimble tubes
in PWR fuel assemblies. They were either stainless steel pipes or solid bars with an
outer diameter of 13.8 mm. The heated rods and nonheated rods were held in their
radial positions by grid spacers located at six elevations. A grid spacer was a lattice
structure of stainless steel plates 0.4 mm and 0.8 mm thick, and 40 mm high. No
special device (e.g., mixing promoter) was attached on the grid spacer. The rod pitch
was 14.3 mm which is identical to the reference PWR.

Figure A.1-4 shows the three (high, medium, and low) power zones of the electricaily-
heated core. The radial power distribution of the core was controlled by setting the
power supplied to each zone. In CCTF-l, each bundle included rods with three
different power densities. In CCTF-ll, all heated rods in each bundle were provided
with the same power density. The axial power profile was the same in all rods with
an axial peaking factor (ratio of maximum to average power) of 1.49 for CCTF-| and
1.40 for CCTF-II.
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As shown in Figure A.1-3, the core/upper plenum boundary included an upper core
support plate and end box tie plate. These plates were perforated plates with
appropriately-scaled flow areas. Plugging devices were installed on the tie plate in
CCTF-ll to better simulate the reference PWR geometry.

The upper plenum internals modeled those used in the reference Westinghouse plant;
in particular, control rod drive structures and support columns. Although the CCTF
upper plenum internals were full height, the horizontal dimensions were 8/15 of those
of the Westinghouse plant to allow individual upper plenum internal structures to be
placed over the individual 8 x 8 heated rod bundles in the CCTF core. This approach
created a more uniform and realistic flow distribution than using reactor-typical, larger
size upper plenum internal structures. The detailed shape and arrangement of the
upper plenum internals were different between CCTF-l and CCTF-ll. The arrangement
of the upper plenum internals for CCTF-Il is shown in Figure A.1-4. The arrangement
was determined to simulate the horizontal flow resistance distribution in the reference
PWRs. Baffle plates were inserted into the control rod guide tubes to increase the
flow resistance.

In CCTF-Il, four vent valves, located in the barrel between the upper plenum and
downcomer annulus, modeled the vent valves in a B&W reactor vessel. These vent
valves simulated the flow area, flow resistance, and opening and closing differential
pressures of actual vent valves. For CCTF-Il tests simulating B&W reactors, these
vent valves were free to open,; for all other tests the valves were locked shut.

The downcomer annulus surrounded the core barrel. The flow area of the downcomer
was scaled larger than the 1/21-scaling ratio to avoid excessive hot wall effects which
would lead to an unrealistically low effective downcomer driving head. To simulate the
effective downcomer driving head more realistically, the baffle area of the PWR was
included in the CCTF downcomer. The possible deficiencies of the enlarged
downcomer annulus are reduction in the rate of increase of the downcomer water
level, reduction of heat release from the downcomer wall per unit flow area, and
reduction of the azimuthal steam flow velocity in comparison to that in PWR. The
effect of the reduction in the rate of increase of the downcomer water level on the
reflood behavior was investigated with a special purpose test, and confirmed to be
minimal. The heat release from the downcomer wall was simulated as discussed
above. The effect of the reduced azimuthal steam velocity on the reflood behavior
was not investigated experimentally; however, using CCTF and UPTF data, it was
analyzed as shown in Section 3.1.2.1.

Primary Loops and Containment Tanks - Four full-length primary loops were

connected to the central pressure vessel (see Figures A.1-1 and A.1-2). Three of the
loops were intact; that is, they allowed flow from the pressure vessel upper plenum,
through the hot leg, steam generator, crossover leg, pump simulator, and cold leg to
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the pressure vessel downcomer. The fourth loop simulated a full-size, double-ended,
offset cold leg break about two meters from the vessel wall. Both ends of the broken
loop were connected to the containment simulator. The pipe flow area was scaled
from the PWR by the ratio of core flow areas; the inside diameter was 0.155 m.

Each hot leg connected the upper plenum and the inlet plenum of the steam generator
simulator. Each had a riser part as well as a horizontal portion. The angle and height
of the riser were based on the reference PWR.

Two steam generator simulators (SGSs) were instalied in CCTF. They were U-tube
and shell type heat exchangers. Each of the steam generator vessels was shared by
two loops (a vertical plate divided each steam generator in half) so each loop
essentially had, in effect, its own steam generator. The number of U-tubes was
reduced per the core flow area scaling ratio. The CCTF U-tubes were the same
diameter but 25% shorter than the U-tubes in the reference PWRs. During a test, the
secondary sides of the SGs contained high pressure saturated water (540 K and
5300 xPa) to simulate heat transfer from the secondary sides. These conditions
corrissponded to those on the secondary side of the steam generator in a PWR during
the reflood portion of a LOCA. There was no flow on the secondary side of the steam
generators during the tests.

Each crossover leg connected the steam generator outlet plenum to a pump
simulator. The crossover piping included a loop seal, the same height as in the
reference PWR.

Each pump simulator consisted of a casing and vane simulator to simulate
countercurrent flow limitation phenomena, and an orifice plate to simulate flow
resistance. The flow resistance was varied using orifice plates with different diameter
holes. The orifice plate typically used simulated the locked rotor flow resistance of a
reactor coolant loop.

The configuration of CCTF simulated a 200% cold leg break. The break point was
simulated with two fast-opening break valves located at the two ends of the broken
loop. Two interconnected tanks (containment tank simulators), one attached to each
of the two ends of the break, simulated the PWR containment (see Figures A.1-1 and
A.1-2). On the tank connected to the broken loop hot leg, a pressure control system
maintained pressure at a preselected value by venting steam, as needed, to the
atmosphere. On the tank connected to the broken loop cold leg, an internal
steam/water separator allowed for measurement of the water flow rate form the
downcomer to the break.

ECC Injection System - In CCTF-I, the ECCS included two water supply tanks: the

pressurized accumulator (ACC) tank, capable of providing water at a high flow rate for
a short duration; and the low pressure coolant injection (LPCI) tank, capable of
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providing water at a lower flow rate for a longer duration. Each tank could supply
water to either the lower plenum or to the four cold legs through the ECC nozzles
(ECC ports).

The ECC water in the ACC tank was supplied to the primary loops by nitrogen
pressurization, as in the reference PWR. The water flow rate was adjusted with the
pressure in the ACC tank and the flow resistance of the piping. ECC water in the
LPCI tank was pumped into the primary loop with the LPCI pumps; control valves
were used to adjust the flow rate.

The ECC piping entered the top of the cold leg at a 45 degree angle, as in the
reference PWR. To simulate the velocity of the ECC, the flow area of the end of the
piping was adjusted by inserting a throttling device.

In CCTF-Il two pressurized tanks were added, with ECCS piping to the upper plenum
injection header, the downcomer, and the hot legs. One tank stored cold water, while
the other stored hot water. Each tank was pressurized with steam. Control valves
were used to adjust the flow from each tank in order to control the ECC temperature
and total flow rate.

The upper plenum, downcomer, and hot leg injection nozzles were also newly installed
in CCTF-ll. These nozzles were used to investigate alternative ECCS configurations.
The design and location of each of these nozzles is described briefly below.

- The upper plenum injection (UPI) nozzles were vertical pipes with a horizontal
discharge at the hot leg elevation. In PWRs with UPI, the ECC injection nozzles
are located in the upper plenum wall at the hot leg elevation. To simulate the
impingement of ECC on control rod guide tubes expected in PWRs with UPI, the
discharge end of the pipes faced the simulated guide tubes.

Two LPCI injection nozzles were located in the downcomer wall at the cold leg
elevation. Thermal shields were not installed in the nozzles.

- An ECC injection nozzle was added to each of the four hot legs for simulation of

combined injection PWRs. The geometry of the injection pipe internal to the hot
leg (i.e., the hutze) was representative of Siemens/KWU PWRs.

A1-5



Control and Instrumentation

Process Control System - The time-dependent variables were controlled with a
computer during a typical CCTF test; these included power supplied to heated rods,
ECC flow rate, and ECC temperature. Pressure in Containment Tank-2 was
maintained constant. The test initiation time and the sequence of events (e.g., power
decay initia.'2n and ECC injection initiation) were also controlled with the computer.

To ensure the integrity of the heated rods, the maximum clad temperature was
monitored during the tests. If the temperature exceeded the maximum allowable,
power was reduced to 80%. If the clad temperature continued to increase after the
power reduction, power was shut off. This procedure and the test termination
procedure were also performed by the computer.

Instrumentation - CCTF instrumentation consisted of over 1,600 sensors, including
both conventional devices (e.g., pressure transducers and thermocouples) provided
by JAERI, and advanced two-phase flow instrumentation developed by the USNRC
and their contractors for the 2D/3D Program.

Conventional instrumentation provided by JAERI included approximately 700 thermo-
couples attached to rod clad surfaces throughout the core, and an additional
100 thermocouples which measured fluid, steam, and wall temperatures near and in
the core. Other thermocouples, flow meters, and pressure and differential pressure
sensors, located throughout the test facility, provided information on fluid conditions,
flow rates, liquid levels, and pressure distribution. In addition to these instruments,
JAERI provided television cameras and film cameras (both moving and still) mounted
at viewing windows in the hot and cold legs. These cameras provided visual data to
aid in interpretation of the test results.

Advanced instrumentation provided by USNRC primarily monitored local two-phase
fluid conditions. The advanced instrumentation included fluid distribution grid/liquid
level detectors (FDG/LLD), turbine meters, impedance probes, film probes, and spool
pieces.
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A.1.2 Catalog of Tests
CCTF testing was performed in two phases:

« CCTF-l, 1979 - 1981
- CCTF-ll, 1982 - 1985

Table A.1-1 lists the CCTF tests, classified first by the injection configuration being
simulated (cold leg injection, combined injection, downcomer injection, or upper
plenum injection) and then further classified by test objective.

The base case tests for cold leg injection were conducted under the typical test
conditions which were chosen from the safety evaluation analysis of the reference
reactor. It was intended through the test results to investigate and understand the
basic overall reflood behavior with cold leg injection. Parameter effect tests for coid
leg injection were performed to investigate the effect of various parameters
(i.e., pressure, power, ECC flow rate, etc.) on reflood behavior. The range of
parameters tested covered the conditions at reflood initiation expected in the safety
evaluation analysis and the conditions expected in a best-estimate analysis. Special
purpose tests for cold leg injection were performed to investigate the reflood behavior
under EM and BE conditions, the refill behavior, and loop seal effect.

For combined injection ECCS, the refill-reflood tests were performed under EM and
BE conditions; only one parameter test for ECC flow was performed. For upper
plenum injection, four reflood tests and one refill-reflood test were performed.
Parameter effect tests included: ECC injection location, ECC flow and core power.
For downcomer injection, three reflood tests were performed with closed and open
vent valves.
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Cold Leg Injection
Parameter
Effects

Table A.1-1

CCTF AND SCTF TESTS Page 10f 7
Test Objective Test/Run Description @ Comments
Number“)
Base Case C1-5/14 CCTF-| Base Case
C2-SH1/53 CCTF-Il Base Case Same as CCTF-I EM test
(C1-19)
C2-4/621®) CCTF-Il Base Case/
Repeatability
$1-1/507 SCTF-l| Forced Feed Base
Case
§1-10/516 | SCTF-I Forced Feed Base
Case/Repeatability
S1-12/518 SCTF-l Gravity Feed Base Lower plenum injection
Case
$1-14/520 SCTF-| Gravity Feed Base Cold leg injection
Case
$2-10/615 SCTF-ll Forced Feed Base
Case
S2-SH1/604 SCTF-Il Gravity Feed Base Cold leg injection
Case
Effect of C1-10/19 Low pressure Compare to C1-5
Pressure Ct-12/21 High Pressure Compare to C1-5
C2-8/67 Low Pressure Compare to C2-4
C2-1/55 High Pressure Compare to C2-4
$1-2/508 Forced Feed, Low Pressure Compare to S1-1
S1-SH2/506 Forced Feed, High Pressure Compare to S1-1
$2-2/607 Gravity Feed, Low Pressure Compare to S2-SH1
S2-1 /606(3) Gravity Feed, High Pressure, Compare to S2-6
Steep Q, Steep T
Effect of Core C2-SH2/54 Low Power Initial Power = 7.9 MW,
Power compare to C2-4
C2-5/63 Low Power Initial Power = 7.1 MW,
compare to C2-4
$16/5612 Forced Feed, High Power Compare to S1-1
Effect of Initial Ci1-7/16 High Clad Temperature Maximum clad temperature
Clad = 973 K &t beginning of
Temperature core recovery; compare to
C1-5
C1-14/23 High Clad Temperature Maximum clad temperature
= 1073 K at beginning of
core recovery; compare to
C1-5
C2-AC1/52 Low Clad Temperature Compare to C2-4
SZ-A03/603(3) Gravity Feed, BE, Low Clad Compare to S2-9 for effect
Temperature of clad temperature at BE
conditions
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Group

Table A.1-1

Cold Leg Injection
Parameter Effects
(Continued)

CCTF AND SCTF TESTS Page 20f 7
S R
Test Objective Tost/Rup Description @)
Number 1)
e —
Effect of Power/ C2-5/63 Steep Q
Temperature C2-8/64 Flat Q
Distribution
$1.7/513 Forced Feed, Flat Q Test terminated due to
computer failure;
repeated as S1-11
S$1-11/517 Forced Feed, Flat Q Repeat of S1-7
S$1-8/514 Forced Feed, Steep Q
S2-17/622 Forced Feed, Flat Q, Flat T
S2-16/621 Forced Feed, Steep Q,
Steep T
SZ-SH2/6?’? Gravity Feed, Flat Q, Flat T
8§2-1 /606( Gravity Feed, High Pressure,
Stesp Q, Steep T
S2-8/611 Gravity Feed, Steep Q,
Steep T
52.7/6120) | Radial Power Distribution
ke CCTF Test C2-5
$3-14/718 Flat Q
83-15/719 Slant Q
$3-16/720 Steep Q
Combined §2-14/6193) | Forced Feed, Flat Q, Fat T, | Counterpart to CCTF-1l Test
Effects of Power/ Flat Liquid Level C2-6; Compare to S2-17
Temperature for liquid level
Distribution and distribution
UCSP Liquid S2-12/6817 Forced Feed, Steep Q, Compare to S2-16 for liquid
Leve! Distribution Steep T, Flat Liquid Level level distribution
S$2-15/620 Forced Fead, Steep Q,
Flat T, Flat Liquid Level
§2-21/626 Forced Feed, Flat Q,

Steep T, Flat Liquid Level
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Table A.1-1

| Cold Leg Injection
Parameter Effects

——

CCTF AND SCTF TESTS Page 30f 7
T e R R R L TRt
Test Objective Tm/Ru(\ Description @ Comments
Number(!)
Effect of ECC c1-2/11® Low ACC Flow Rate/No Compare to C1-5
Flow Rate Upper Plenum Guide Tube
Internals
C1-11/20 Low ACC Flow Rate/ Compare to C1-5
Rapeatability
C1-8/15 High LPC! Flow Rate Compare to C1-5
C1-9/18 Low LPCI Flow Rate Compare to C1-5
C1-13/22 Short ACC Flow Duration Comapre to C1-5
C2-9/68 High LPC! Flow Rate Compare to C2-SH2
$1-SH1/505 Forced Feed, High Flow Rate
$1-5/511 Forced Feed, Low LPCI Flow
Rate
§1-9/515 Forced Feed, High ACC and
LPCI Flow Rate
§1-16/522 Gravity Feed, Low ACC Flow
Rate
$1-17/523 Gravity Feed, Low ACC and
LPCI Flow Rates
§1-21/531 Gravity Feed, Low LPCI Flow
Rate
$1-22/532 Gravity Feed, No ACC
Injection, Low LPCI Flow
Rate
§2-11/616 Forced Feed, High ACC Flow | Compare to S2-10
Rate
S$2-19/624 Forced Feed, High LPCI Compare to S2-10
Flow Rate
8§2-AC1/601 Gravity Feed, High ACC Flow | Compare to S2-SH1
Rate
82-AC2/602 Gravity Feed, Short ACC Compare to S2-SH1
Flow Duration
SZ-AC3/603(3) Gravity Feed, Low and Long Compare to S2-SH1
ACC Flow Rate |
i
Effect of ECC §1-4/510 Forced Feed, Low ECC Compare to S1-1
Temperature Temperature
81-15/521 Gravity Feed, High ACC Compare to S1-14
Temperature (Saturated)
s51-18/5428) | Refill, High ACC Compare 1o 51-19
Temperature
(Saturated)
§2-8/613 Gravity Feed, Low ECC Compare to S1-SH1
Temperature
Effect of C1-2/11 @) High Downcomer Wall
Downcomer Wall Temperature
Temperature C1-3/12 Low Downcomer Wall
Temperature |
Effect of Loop C1-SH4/8 High Loop Flow Resistance, Cold leg injection scoping
Flow Resistance High ECC Temperature test; compare to C1-2
C1-1/10 High Loop Flow Resistance, Compare to C1-2

Low ECC Temperature

—

e
e
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Table A.1-1

CCTF AND SCTF TESTS Page 4 of 7
TR
Group Test Objective Tost/Run Description @)
Number(")
— = —
Cold Leg injection Effect of C2-3/61 High Rate of Downcomer
Parametsr Effects Downcomer Water Accumulation
(Continued) Water Accumu-
lation Rate
Effect of UCSP $1-3/509 Low UCSP Liquid Level Compavre to S1-1
Liquid Level
Coid Leg Injection Evaluation Model C1-19/38 Evajuation Model Same as CCTF-ll base case
Special Purpose (EM) Tests (C2-SHt); compare to
Tests Ci1-5
$3-9/713 Evaluation Model Integral Compare to S3-10
Test
Best Estimate C2-12/71 Best Estimate Compare to C2-4
(BE) Tests N
S2-9/614 Gravity Feed, Best Estimate Compare to S2-SH1
$3-10/714 Best Estimate Integral Test Compare to S3-9
Refill Tests C1-SH1/5 Refill, No Core Power
C1-4/13 Refill/Refiood
C1-15/24 Refill/Reflood Nitrogen
Injection
C2-2/56 Refill No refliood simulation
C2-14/74 Refill/Refliood
C2-17/17 Refill/Reflood, Steam
Injection
C2-11/70 Refill, Blocked Loops
$1-19/525 Refill
§1-18/5243 | Refill, High ACC
Temperature
(Saturated)
Effect of C1-17/38 Asymmetric Core Power Compare to C1-5
Asymmetric C1-20/39 Asymmetric Core
Power/Tempera- Temperature
ture Distribution
Eftect of Water in ci-8/17 Loop Seal Filling Test terminated early due
Loop Seal to high ciad temperature;
repeated as C1-18.
C1-18/37 Loop Seal Filling Repeat of C1-8; compare to
Ci15
Effect of Forced S$1-12/518 Gravity Feed, Lower Plenum Compare to S1-14
ve. Gravity Feed lnjection
Evaluation of $1-23/538 Low ACC Flow Rate, Long
SCTF Gravity ACC Duration
Feed Oscillations $1-24/537 Gradual Reduction from ACC

Flow Rate to LPCI Flow
Rate

=
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Table A1-1

A.1-12

CCTF AND SCTF TESTS Page 5 of 7
Group Test Objective Tost/Ru(n Description @ Comments
Number 1)
e —
Cold Leg Injection Facility Coupling C1-16/25 Counterpart to FLECHT-SET
Special Purpose Tests Test 31058
Test (Continued) C1-21/40 Counterpart to FLECHT-SET
Test 2714B
Ci1-22/41 Counterpart to FLECHT-SET
Test 34208
C2-AC2/52 Counterpart to FLECHT-SET
Test 27148 and CCTF-|
Test C1-21
C2-15/75 Counterpart to FLECHT-SET
Test 2714B
$1-13/519 Counterpart of FLECHT-
SEASET Test 43716C
s2.7/6120% Radial Power Distribution Cold leg injection
Like CCTF Test C2-5
52.14/619) | Forced Feed, Flat Q, Flat T,
Flat Liquid Level;
Counterpart to CCTF-ll
Test C2-6.
S2-18/623 Counterpart to CCTF-ll Forced feed
Test C2-5
Other Cold Leg Repeatability c1-11/20@) | Low ACC Flow
Injection Tests Tests Rate/Repeatability
c2-4/620 CCTF-li Base Compare to C2-SH1
Case/Repeatability
$1-10/516> | SCTFA Foroed Feed Base Compare to $1-1
Case/Repeatability
$2-13/618 SCTF-I/Il Repeatability Compare to S1-1 J|
Miscellanecus C1-SH2/6 Low Power, Flat Power Low power and LP injection
Profile, High Pressure, LP scoping test
Injection
C1-SH3/7 Low Power, Non-Flat Power Steep Q and LP injection
Profile, High Pressure, LP scoping test
Injection
§1-20/530 Effect of Closed Vent Valve Vent valve line was
tne inadvertently left open
on previous SCTF-| tests
(S1-14/520 to $1-17/523)
81-14/520(3) Effect of Open Vent Line
I_———_J_"'-—_w



Test Cbjective

Table A1-1 ~

CCTF AND SCTF TESTS

Test,
Numt/:rﬂ)

“Description @

Water injected into upper

| Combined CC?L Evaluation $2-3/608 Steam Injection, Saturated
Injection Separate ECC, No Core Power plenum
i Effects Tests S2-4/609 Steam Injection, Saturated Water injected into upper
‘ ECC, Core Power On plenum
§2-5/610 Steam Injection, Subcooled Water injected into upper
ECC, Core Powsr On plenum
§3-3/707 Uniform Subcooled Water
$3-4/708 Local Subcooled Water
§3-5/709 Distributed Subcooled Water
Core Cooling S§3-SH1/703 Core Cooling Base Case
Evaluation §3-1/705 Lower Plenum Water Level
Effect
§3-2/708 Subcooling Effect
§3-8/710 Power Distribution Effect
83-7/711 ECC Location Effect
§3-8/712 ECC Location Changing
Effect
83-12/716 High Power, High Clad
Temperature
$3-AC2/702 Core Cooling BE
Combined Effect of C2-21/81 7/8 Injection (4 Hot Legs, Compare to C2-19 (5/8
Injection Integral Injection 3 Cold Legs) injection: 2HL, 3CL) for
Tests Configuration effect of ECC fiow rate
to hot legs
83-13/717‘/'3) Continuous UP Injection
83-20/724 Intermittent UP Injecticn
$§3-22/726 Alternate UP injection
Effect of ECC $1-8H3/526 Saturated ECC
Temperature $1-SH4/529 Subcooled ECC
$3-18/722 High Injection Temperature Compare to $3-13 "
Effect of Core §3-19/723 Low Pressure, High Powar, Failed test
Power and Clad High Clad Temperature
Temperature $3-21/725 Low Pressure, High Power, Compare to 83-13
High Injection Temperature
Evaluation Model | . C2-19/79 5/8 Injection (2 Hot Legs,
(EM) Tests 3 Cold Legs)
§3-SH2/704 EM Orientation
s3-13/7178) | Em Compare to §3-11
Best Estimate c2-20/80 @ | BE Compare to C2-19
(BE) Tests
S§3-AC1/701 BE Orienitation
S§3-11/715 BE Compare to S3-13
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Tabie A.1-1

CCTF AND SCTF TESTS Page 7 of 7
Test Objective
e W
Facility Coupling C1-SH5/9 Counterpart to PKL Test K7A
Tosts @
c220/80 @ | Counterpart to PKL.
Upper Plenum Base Case C2-16/76 Asymmetric (One Port)
injection Tests injection
Parameter C2-AS1/59 Symmatric (Two Port)
Effects Injection
C2-13/72 Symmetric (Two Port)
injection, High UPi Flow
Rate
C2-AA1/57 Symmetric (Two Port)
Injection, High Power, Very
High HPI Fiow Rate
C2-18/78 UPI Best Estimate /Refill
Downcomer Parameter C2-AA2/58 Vant Valves Closed
injection Tests Effects C2-AS2/60 Vent Vaives Open
C2-10/69 Vent Valves Open, Loops
Blocked
83-17/721 Vent Valve Test
Mass Balance Verification of C2-7/65 Mass Balance Calibration
Calibration Test Mass Flow
Measurements
—— A e e ——
NOTES:

1. Test numbar identifies facility and test series:

C1 = CCTF Core-l
C2 = CCTF Core-ll
S1 = SCTF Core-|
S§2 = SCTF Core-ll
83 = SCTF Core-ill

2. The following abbreviations are used in the test descriptions:

BE = Best estimate
EM = Evaluation modei
IT = Integral test

Fat Q = Flat power profile

Slant Q = Slant power profile

Steep Q = Steep power profile

Flat T = Flat initia) clad tempaerature profile

Steep T = Stesp Initial ciad temperature profile
ACC =

Accumulator

ECC = Emergency core coolant

3. Testis listed twice in the table because it can be used to evaluate more than one effect.
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A.2 SLAB CORE TEST FACILITY (SCTF)

A.2.1 Facility Description

SCTF was a full-height, full radius, 1/21-scale model of a sector of an 1,100 MWe four-
loop PWR pressure vessel. The primary objective of the SCTF test program was to
study two-dimensional thermal-hydraulic behavior within the reactor vessel during the
refill and reflood phase of a large break LOCA in a PWR. While the pressure vessel
was simulated in detail, only a crude loop simulation was used. The most significant
feature of SCTF was that it contained a full-height heated core with realistic rod
diameters and spacing and a core lateral extent of over 1.8 m (the core radius of the
largest PWRs). This large core lateral extent provided the capability to examine multi-
dimensional effects.

Facility Layout

Figure A.2-1 depicts the major components in the facility. They included a pressure
vessel with a simulated core, a hot leg, a steam/water separator, an intact cold leg
with a pump simulator, a broken cold leg, and two tanks attached to the ends of the
broken loop to simulate containment. Vertical dimensions of system components were
close to the corresponding dimensions in the reference PWR. Typically flow areas
were based on the nominal core flow area scaling ratio (1/21). Maximum operating
pressure of major components of SCTF was 600 kPa.

Electrically-heated rods were used in the simulated core to simulate nuclear fuel rods.
A total of 1,872 heated rods were installed. The maximum electrical power supplied
to the heated rods was 10 MW. This power could simulate the decay heat during the
refill and reflood phases of an LBLOCA.

In SCTF, ECC injection nozzles were located in the cold leg, hot leg, upper plenum,
and lower plenum to simulate core boundary conditions under ECC systems of cold
leg injection, combined injection, upper plenum injection, and downcomer injection
PWRs. Also, a special loop which connected the upper plenum and downcomer was
used to simulate PWRs with vent valves in the core barrel.

Auxiliary systems included drain system from the pressure vessel and containment
tanks, steam injection system to the upper plenum and steam/water separator, and
water extraction system from the upper plenum.

Main Components

Pressure Vessel - Figure A.2-2 shows the SCTF pressure vessel. The vessel housed
a downcomer, lower plenum, core, and upper plenum. The vessel simulated a radial
slice of a PWR from the center (Bundle 1 in Figure A.2-2) to the periphery
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(downcomer). Heights of components within the pressure vessel were about the
same as those in the reference PWR.

As shown in Figure A.2-3, the core consisted of eight simulated fuel bundles arranged
in & row {i.e., a slab geometry). For SCTF-l and I, each bundle contained 234
electrically-heated rods and 22 nonheated rods arranged in a 16 x 16 array (a total of
1,872 heated rods and 176 nonheated rods). In SCTF-lli, the number of heated rods
per bundle was increased from 234 to 236. All heated rods had an outer diameter of
10.7 mm, and a heated length of 3.6 m. These dimensions were identical to the
corresponding dimensions of PWR fuel rods. The clad thickness, 1 mm, was thicker
than that of fuel rods because of requirement for thermocouple attachment. The heat
capacity of the heated rods was approximately 30% higher than that of nuclear fuel
rods (to be filled in by JAERI; note, basis should be consistent with page 4.6-3).

The nonheated rods simulated the guide thimble tubes and instrument thimble tubes
in PWR fuel assemblies. They were either stainless steel pipes or solid bars with an
outer diameter of 13.8 mm. The heated rods and nonheated rods were held in their
radial positions by grid spacers located at six elevations. The rod pitch was 14.3 mm
which is identical to the reference PWR. In SCTF-l only, two of the fuel bundles
(Bundles 3 and 4) contained flow blockage sleeves (60% blockage) at the mid-
elevation to simulate the effect of ballooned fuel cladding.

Power to each bundle was individually adjustable to permit simulation of a radial power
distribution. The axial power profile in all rods was a chopped cosine with an axial
peaking factor (ratio of maximum to average power) of 1.4,

Honeycomb insulator panels surrounded the core, the upper plenum and the upper
part of the lower plenum, to reduce the heat release from the SCTF vessel wall, which
would not occur in PWRs (see Figure A.2-2). In SCTF-|, the surface next to the core
was discontinuous as there were numerous panels. In SCTF-Il and SCTF-Il, the
panels were covered by a continuous plate to provide a smooth surface facing the
core and upper plenum.

Located above the core were the end boxes and the upper core support plate.
Appropriate hydraulic resistance simulators were included to model the cross-flow
resistance of the fuel rod tips at the top of the core and the axial flow resistance of the
control rods when they are inserted.

A full-height core baffle region simulated the volume between the core and the core
barrel in the reference reactor (see Figure A.2-2). In SCTF-Hi, the flow path at the
bottom of the core baffle region was blocked to prevent water from flowing up into the
core baffle region. In SCTF-Ill, the flow paths at the side of the core baffle region were
also blocked.
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The full-height downcomer was a rectangular channel. Flow area in the downcomer
was adjustable (using a filler) to simulate the flow area for different reactor designs
(e.g., US/Japanese or German). Provisions were made for blocking the bottom of the
downcomer to conduct forced flooding tests (see Section A.2.2). In addition, a U-
shaped pipe connected the top of the downcomer directly to the upper plenum to
allow simulation of PWRs with vent valves in the core barrel (i.e., B&W PWRs).

The lower and upper plena of the pressure vessel were volume-scaled from the
reference PWR, using the powered-rod ratio as a scale factor. This approach resulted
in a realistic-height upper plenum and slightly shorter lower plenum (see Figure A.2-2).
The upper plenum internals consisted of control rod guide tubes, support columns,
orifice plates, and open holes (see Figure A.2-3). As in CCTF, the radius of each
internal was scaled down from that of the reference reactor by a factor of 8/15, to give
a more realistic flow path simulation (SCTF-I and Il only). Full-size internals
representative of a German PWR were used in SCTF-II.

Hot leg and cold leg nozzles were located at elevations that match the nozzle
elevations in the reference PWR as closely as possible; however, because of space
restrictions, the broken cold leg and the intact cold leg nozzles were located slightly
below the hot leg penetration to avoid interference between the nozzles and the hot
leg penetration in the downcomer (Figure A.2-2).

Since the focus of SCTF-Ill was the combined injection GPWR, several changes were
made to the components in the pressure vessel to better simulate the German
Siemens/KWU PWR. The significant changes were the following:

The filler used in the downcorner in SCTF-1 and SCTF-Il was removed to simulate
the larger downcomer flow area in the German PWR (GPWR).

The baffle region was isolated from the core.

Although the total number of rods remained the same, the number of heated rods
per bundle was increased slightly from 234 to 236. The nonheated rod
arrangement was changed to better simulate German fuel bundles.

The SCTF-Ill components comprising the core/upper plenum interface (end boxes
and upper core support plate) were representative of those in the reference
GPWR.

+ Inthe SCTF-IIl upper plenum, internal structures simulated the GPWR at full-scale.
The support columns of SCTF-ll were split and mounted in a staggered
arrangement to achieve the desired flow simulation (see Figure A.2-4).
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Primary Loops and Containment Tanks - The primary flow loops were simulated using
a simplified system consisting of a single hot leg, a steam/water separator, an intact
cold leg, and a broken cold leg.

The hot leg connected the upper plenum to the steam/water separator. The SCTF
hot leg included a riser part like PWR hot legs. Hot leg flow area was scaled from the
total flow area of four PWR hot legs, but the length was shortened. The cross section
of the hot leg was an elongated circle of full height.

A steam/water separator located at the end of the hot leg simulated the hydraulic
behavior of a steam generator. It housed a simulated inlet plenum and a tank for
steam/water separation (see Figure A.2-2). Between the inlet plenum and the tank
was a perforated plate which simulated the tubesheet of a steam generator. In the
separation tank, entrained water was separated from the steam flow and measured.
Steam could be injected into the separation tank to simulate vaporization of water in
the U-tubes of a steam generator.

The intact cold leg connected the steam/water separator with the upper portion of the
downcomer. The flow area was scaled from the flow area for three PWR cold legs; the
cross section was circular. A pump simulator and loop seal were provided in the
intact cold leg. An orifice plate was used to obtain proper flow resistance in the pump
simulator.

The broken cold leg was simulated with two pipes, which connected the downcomer
to Containment Tank-l and the steam/water separator to Containment Tank-ll. The
two containment tanks were the same tanks used for CCTF.

ECC Injection System - The SCTF ECCS consisted of an accumulator and a low
pressure injection system. The injection ports for these systems were located in the
lower plenum, downcomer, broken cold leg, hot leg, and intact cold leg between the
pump simulator and pressure vessel. Additionally, injection and extraction systems
provided and/or removed ECC using special nozzles located just above the upper
core support plate.

Control and Instrumentation

Process Control System - The time-dependent variables were controlled with a
computer during a typical SCTF test; these included power supplied to heated rods,
ECC flow rate, and ECC temperature. Pressure in Containment Tank-ll was
maintained constant. The test initiation time and the sequence of events (e.g., power
decay initiation and ECC injection initiation) were also controlled with the computer.
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Instrumentation - SCTF was instrumented with over 1,500 sensors which included both
conventional devices (e.g., pressure transducers, thermocouples) and advanced two-
phase flow instrumentation. JAERI provided most of the conventional instruments,
including approximately 700 thermocouples attached to rod clad surfaces throughout
the core to measure the clad temperatures of heated rods. An additional 192
thermocouples were used to measure fluid, steam, and wall temperatures near and
in the core. Other thermocouples, flow meters, pressure, and differential pressure
sensors were located throughout the test facility and provided data which was used
to determine fluid conditions, flow rates, liquid leveis, and pressure distributions. In
addition, viewing windows in the pressure vessel and loops permitted the use of
television cameras and film cameras (both moving and still) to provide visual data
which assisted in interpreting the test results.

A variety of advanced two-phase instrumentation was supplied to SCTF by the
USNRC. The advanced instrumentation included fluid distribution grid/liquid level
detectors (FDG/LLD), turbine meters, impedance probes, fim probes, and spool
pieces.

A.2.2 Catalog of Tests

SCTF testing was performed in three phases:
SCTF-l, 1981 - 1983
SCTF-il, 1983 - 1985
SCTF-Ill 1986 - 1987

Table A.1-1 lists the SCTF tests, classified first by the injection configuration being
simulated (cold leg injection, combined injection, downcomer injection, or upper
plenum injection) and then by test objective.

The base case tests for cold leg injection were performed to investigate the two-
dimensional thermal-hydraulics in the pressure vessel during reflood. Parameter
effects tests for cold leg injection were performed to investigate the effect of various
parameters (e.g., power distribution, rod temperature distribution, upper plenum liquid
level, etc.) on two-dimensional thermal-hydraulics. Special purpose tests for cold leg
injection were performed to investigate the two-dimensional thermal-hydraulic behavior
under both evaluation model (EM) and best-estimate (BE) conditions. Two-
dimensional thermal-hydraulics during the refill phase were also investigated.

For combined injection PWREs, the refill-reflood tests were performed under both EM

and BE conditions. Additionally, seven integral tests simulating the refill-reflood phases
and eight separate effect tests simulating the reflood phase were performed to study
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parametric effects. In the CCFL evaluation tests, steam upflow was established in the
core and water was injected into the upper plenum to investigate the CCFL
characteristics at the tie plate with a full-scale radius.

SCTF tests for cold leg injection were performed using two modes of ECC injection:
gravity feed and forced feed. In the gravity feed mode, ECC injected into the cold leg
flowed, by gravity, down the downcomer and into the core. In the forced feed mode,
the ECC was injected directly into the lower plenum by isolating the downcomer from
the lower plenum; i.e., the water was forced into the core. The forced feed tests
investigated core cooling behavior using defined boundary conditions at the core inlet.
The gravity feed tests included the effect of downcomer water head on the two-
dimensional core cooling behavior. By comparing the results of gravity feed and
forced feed tests with similar flooding rates, it was concluded that there was no major
difference between experimental results in both modes.

In the SCTF tests with gravity feed mode for cold leg injection ECCS, the amplitude
of U-tube oscillations between the core and the downcomer was atypically large and
the flooding rate was atypically high during the early transient, when the ECC injection
flow rate was scaled proportional to the core flow area. This oscillatory behavior
obscured the two-dimensional thermal-hydraulic behavior, which was the focus of the
SCTF tests. However, by reducing the ECC injection rate early in the transient, the
oscillatory behavior was suppressed, the core flooding rate was more typical, and two-
dimensional thermal-hydraulic behavior could be readily discerned; consequently, most
SCTF gravity feed tests were performed with a reduced ECC flow.
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A.3 UPPER PLENUM TEST FACILITY (UPTF)

A.3.1 Facility Description

The UPTF was originally designed to investigate multidimensional behavior of water
and steam during the end-of-blowdown, refill, and reflood phases of an LBLOCA in a
PWR. The areas of investigation were defined to be the upper plenum, the
downcomer, and the reactor coolant pipes connected to the test vessel.

Based on the results of risk assessment studies performed in the seventies and early
eighties, additional provisions were made to investigate safety issues related to small
break scenarios. Valuable data could be generated regarding these issues although
the operational pressure of UPTF was limited to about 1900 kPa and the component
simulators, as described below, were optimized for LBLOCA conditions.

The UPTF was built on the site of the large coal-fired power plant GKM in Mannheim,
FRG. This locaticn was chosen to readily supply the substantial demands for steam,
water, and electricity for UPTF testing. The UPTF was integrated in the supply and
disposal systems of the power plant.

Facility Layout

The UPTF represented a typical pressurized water reactor of 1300 MWe power class
(GPWR) as designed by Siemens/KWU. The reference plant was the power plant
Grafenrheinfeld located in southern Germany. The primary system of the
Grafenrheinfeld plant consists of a reactor pressure vessel and four primary coolant
loops each containing an U-tube steam generator and a primary coolant pump.

The UPTF was a mockup of the primary coolant system at full-scale (see Figures A.3-1
and A.3-2). In an early phase of 2D/3D Program definition it became obvious that a
full-scale core would not be represeniable with electrically-heated fuel rods for
technical and economical reasons. It therefore was decided to replace the core by
a core simulator which produced flow conditions at the core/upper plenum interface
similar to those generated by a heated core. The core simulator injected steam and
water below the tie plate to simulate steam generation and liquid entrainment in a
heated core. The overall mass balance was maintained by extraction of water from
the bottom of the test vessel.

Steam generators and main reactor coolant pumps were also replaced by simulators.
Both of the simulators were designed to preserve the volumes, flow resistances, and
key elevations of the reference plant. The steam generator simulators were equipped
with feedback systems to simulate evaporation of water carried to the steam generator
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tubes during the refiood portion of an LBLOCA. The pump simulators were adjustable
throtile valves and could simulate the flow resistance of spinning or locked reactor
coolant pumps in the low pressure phases of LOCA.

The break of a main coolant pipe was simulated by large fast-opening valves. The
break location could be varied from hot leg to cold leg. Break size could be varied
from full offset break (200% of the loop flow area) to 25% of loop flow area. Smaller
break sizes for SBLOCA conditions could be simulated as needed by bypassing the
large break valves.

The break was connected to a containment simulator. The back pressure could be
controlled in the range of 250 kPa to 600 kPa, which covers the conditions of
containment designs relevant for reactor systems evaluated in the 2D/3D Program.

The ECC systems were replaced by large accumulators connected to the ECC
injection ports. ECC injection was performed using control valves and was adjustable
to simulate the ECC injection characteristics of the system designs used in the three
participating countries.

In some system areas, provisions were made to account for reactor designs other
than the reference plant; these are noted separately in the component descriptions
below.

Main Components

The main components and subsystems of UPTF are briefly discussed below. The
discussion covers both configuration and function.

Test Vessel - The UPTF test vessel (see Figure A.3-3) was a full-scale representation
of the reference plant reactor pressure vessel. The main dimensions were identical
to those of the reference plant except for the vessel wall thickness which was reduced
according to the lower design pressure of UPTF.

The upper plenum structures consisting of upper core support columns, and upper
core support plate, as well as control rod guide tubes were identical to those in the
reference plant.

To facilitate instrument line routing from the upper plenum out of the test vessel, a ring
was installed between the upper flange of the test vessel and the upper head. The
ring was equipped with penetration nozzles for the instrumentation lines of upper
plenum instruments. For the instruments installed in the lower part of the test vessel
and downcomer, penetration nozzles were provided over the length of the test vessel.



The downcomer width was compromised between US/J and German design. The
UPTF downcomer width was 250 mm compared to 315 mm for the reference PWR.
The lower core structure consisting of core barrel, core shroud, intermediate core
support, and core was identical to the reference reactor except for the core, which is
replaced by the core simulator, and the vent valves installed in the core barrel to
simulate ABB (BBR)/B&W design. Also, for ABB (BBR)/B&W plant simulation, two
ECC injection ports were provided for downcomer ECC injection.

The steam/water supply lines for the 17 individual core simulator injection zones
penetrate through the lower head of the test vessel.

Core_Simulator - The core simulator was designed to create steam/water flow
conditions at the core/upper plenum interface (i.e., the tie plate area) similar to those
expected for the low pressure phases of a LOCA. This was achieved by controlled
injection of water and steam according to preprogrammed values or to algorithms
providing feedback from measured conditions.

The upper part of the core simulator consisted of 193 dummy fuel assemblies, about
1 m in length, geometrically simulating fuel assemblies in the reference plant. The
dummy fuel assemblies were not heated and severed as flow conditioners for the two-
phase flow at core exit.

Below each of the dummy fuel assemblies was a nozzle capable of injecting steam
and water flow (see Figure A.3-4). The core cross section was divided into 17
injection zones (see Figure A.3-5) which could be individually controlled to produce
flow distributions. Different power profiles could be simulated as well as core
responses to water breakthrough caused by hot leg ECC injection.

For separate effects tests, preprogrammed steam and water mass flow rates were
injected into the test vessel via the core simulator creating clearly-defined boundary
conditions. In integral tests, baseline injection mass flow rates for steam and water
were based on PWR LOCA analyses and subscale tests. Feedback control systems
provided realistic system response for these cases when the boundary conditions
significantly deviated from the reference values. The boundary conditions relevant for
core thermal-hydraulic behavior were the core bottom flooding rate and, in case of hot
leg ECC injection, local water breakthrough from the upper plenum into the core. The
algorithms applied for feedback flow condition were derived from a large number of
SCTF and CCTF tests. For proper feedback from rapid changes of boundary
conditions, the control valves of the core simulator injection systems have a specified
travel time of 0.7 s for 100% stroke.

Two-phase flow exiting the core in a reactor would be produced by boiling and
entrainment in the core. In UPTF this process is simulated by controlled injection of
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water and steam from external sources, and the mass injected has to be extracted
from the system to keep the correct mass balance. The injection mass flow rates
were measured, and the same amount of water mass was drained from the lower
plenum of the test vessel by the controlled drainage system.

Steam Generator Simulators and Water Separators - In the low pressure phases of an

LBLOCA the steam generators act as flow resistances for the steam flowing from the
upper plenum to the downcomer via the intact loops. In addition, the hot fiuid on the
secondary side of the steam generator is a heat source. Steam production due to
water entering the tubes on the primary side can significantly affect the differential
pressure between upper plenum and downcomer. Steam generator simulators were
installed in the three intact coolant loops of UPTF to simulate the behavior of real
steam generators during refill and reflood phases of an LBLOCA.

Proper inflow conditions were obtained by maintaining inflow orientation as well as
cross section and height of the reference steam generator inlet plenum. The U-tube
bundle was replaced by an assembly of two-stage, cyclone steam/water separators
which had a similar flow area and the flow resistance (see Figure A.3-6). The overall
volume and overflow height were retained by the loop configuration.

The evaporation of water entering the heat exchange area was simulated by steam
injection into the dome of the steam generator simulator. This could be performed in
a preprogrammed way (transient or constant) or automatically controlied by a
feedback system based on measured conditions. In separate effects tests,
preprogrammed steam generator simulator steam injection was used as a clearly-
defined boundary condition. In integral tests, the feedback system was usec to obtain
a simulation of the real steam generator, to evaluate the system effects on the
emergency core cooling process. Two different modes of operation are distinguished
by the steam generator simulator feedback system:

- Dispersed water flow entering the steam generator tube regions.
- Water plug flow entering the steam generator tube regions.

Water droplets carried by steam flow to the steam generator simulators were
separated by the cyclone separators, measured and drained from the system. The
same amount of steam as the water separated was injected to the dome of the steam
generator simulator.

if a water plug entering the steam generator simulator was detected by the
measurement systems, large quantities of steam were injected according to algorithms
developed at the Technical University of Munich. The resulting pressure increase in
the loop drove the water plug back to the hot leg and into the upper plenum.
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Steam/water separators were installed close to the break valves. Break mass flow
rates entering the separators were split into single-phase water and steam flows.
Water was separated by two-stage cyclones, measured and drained to the water
collecting tank (see Figure A.3-6). Steam flow was measured by orifices and vented
to the containment simulator where it was condensed.

The steam/water separator on the hot leg side could be used as a steam generator
simulator for tests simulating LOCAs with break sizes smaller than 200% of the loop
flow area. The overall design was similar to that of the steam generator simulators but
the number of cyclones was increased according to higher mass flow rates expected
in the broken loop in case of a full offset break of a main coolant pipe.

Pump Simulators - In UPTF, pump simulators, which model the volume, and key
internal heights of the reactor coolant pump for the reference reactor, were installed
in the intact loops as well as the broken loop. The flow resistance of the pump
simulators was adjustable and was preset according to the test requirements (see
Figure A.3-7). The pressure drop coefficient could be varied over a wide range. For
separate effects tests requiring no flow in the primary coolant piping, the loops were
completely blocked by the pump simulators.

Containment Simulator - The containment simulator was designed as a pressure
suppression/control system simulating large, dry containment conditions.

The containment simulator consisted of a large vessel (1500 m3 which was divided
into a dry well (500 m3 anc a wet well (1000 m¥. The steam flow from the primary
system entered the containment simulator at the top of the dry well and flowed via 14
downcomers into the water inventory of the wet well where it condensed (see
Figure A.3-8).

Nitrogen was mixed with steam in the downcomers to reduce dynamic effects of
steam condensation in the wet well, so that the overall pressure oscillations were
limited to 20 kPa.

When pressure in the primary coolant system dropped below the specified
containment pressure, a backflow of steam was provided. An auxiliary steam supply
system provided controlled injection of up to 300 kgs/s to maintain the containment
pressure at its specified value. In case of rapid transients, a set of safety valves
prevented excessive pressure spikes and overpressurization of the containment
simulator.

Containment pressure was controlled by the central computer where the desired
conditions were programmed. The range of simulated containment pressures was
from 250 kPa to 600 kPa, which covered US/J and FRG PWR containment designs
to be simulated in the 2D/3D Program.
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ECC Injection System - Accumulator and low pressure ECC injection systems of actual
PWRs were replaced in UPTF by large accumulators and control systems able to
simulate the characteristics of various ECC system designs. Eight ECC injection ports
were provided in the primary loop piping: four in the hot legs and four in the cold
legs. In addition, two downcomer injection ports were provided for simulation of ECC
concepts as used, for instance, by B&W or ABB (BER).

The ECC water in UPTF was contained in four large storage tanks pressurized by
steam. During discharge of water, the pressure in the storage tanks was maintained
by steam from the steam supply system. Two of the ECC storage tanks could also
be used for nitrogen storage for simulation of nitrogen discharge from the
accumulators at the end of accumulator injection typical for US/J PWR designs.

ECC was fed from the storage tanks to a common header and distributed to the
injection ports. Flow to each injection port was individually controlled (see
Figure A.3-9). To simulate dissolved nitrogen in accumulator ECC, nitrogen could be
added to the ECC water close to the injection ports.

For proper flow conditioning, the ECC piping within one meter of the injection port was
identical to that in the reference plant. The cold leg ECC port cross section was
adjusted by inserts to consider the different cross sections of the injection ports of
US/J PWRs and GPWRs. ECC water in the tanks and piping could be preheated to
120°C using steam nozzles in the tanks and a recirculation system. For simulation of
structural heat, the water and ECC piping close to the injection could be heated up
to 160°C.

Control and Instrumentation

Process Control System - The process control system consisted of several computers
and control loops to establish time-dependent test boundary conditions and provide
feedback to active test facility subsystems.

The overall process was controlled by control computer P1 (SIEMENS microcomputer
SMP). Test initiation, time-dependent boundary conditions, as well as the shutdown
procedure, were stored in, and controlled by, the P1 computer.

For test initiation, the opening times and opening sequence of the break valves, and
the start of core simulator steam and water injection, steam generator simulator
injection and ECC injection were controlled in a preprogrammed way. During the test,
time-dependent boundary conditions such as core simulator steam and water injection
rates, ECC injection rates, steam generator simulator steam injection rates, and
containment pressure were also controlled by control computer P1. Core simulator
and steam generator simulator injection rates could be automatically controlied by
feedback systems as described below.
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For integral tests which were to simulate realistic PWR system behavior, the basic
steam and water injection rates were predetermined and stored in control computer
P1. If, during the test, certain measured conditions deviated from pre-calculated
values, the injection rates could be adjusted. Algorithms for the variation of core
response to different bottom flooding rates or local water breakthrough from the upper
plenum (in the case of hot leg ECC injection), which were developed based on SCTF
and CCTF tests, were stored in control computer P2 (SIEMENS microcomputer MMC).

In addition, P2 controlled the fast, automatic shutdown system (FASS) which would
terminate tests if test conditions exceeded design limits.

Steam generator feedback s, stems were controlled by computer (SIEMENS PC 16-20)
for each of the intact loop steam generator simulators. The on-line simulation of
steam production considered the amount of water entering the heat transfer area as
well as the flow pattern, as previously discussed.

Instrumentation and Data Acquisition Systems (DAS) - UPTF instrumentation was
divided into operation instrumentation and test instrumentation.  Operation
instrumentation was used to control boundary conditions for test operation. Test
instrumentation was used to measure processes and phenomena investigated in the
tests. Test instrumentation such as thermocouples and pressure transducers were
called conventional instrumentation. In addition, specialized and compiex two-phase
flow instrumentation (called advanced instrumentation) was developed and supplied
to UPTF by USNRC. These instruments are:

- Tie plate flow modules to specially determine mass flow rates at the core/upper
plenum interface.

- Breakthrough detectors to measure water downflow from upper plenum to core.
Pipe flowmeters to determine hot leg and broken cold leg mass fiow rates.

« Purged DP transducers to measure upper plenum water inventory at several
locations.

- FDG/LLD optical sensors to distinguish water- and steam-filled volumes.

- Turbine meters to measure velocities.

The signals from the instrument sensors were conditioned and stored by the data
acquisition systems, which also was provided by USNRC. There were two
independent systems in UPTF. The stand-alone DAS (HP-A600 computer) collected

and stored the digital data from the 705 channels of the FDG/LLD systems. The main
DAS was based on a VAX 11/750 computer. A total of 938 analog channels, 15
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channels for the y-densitometers of the pipe flowmeters, and 210 analog auxiliary and
spare channels were installed in the main DAS.

According to the band width desired (5 Hz), the general data sampling rate for UPTF
instrumentation was 25 Hz. For pipe flowmeter absolute pressure, pipe flowmeter
drag rake force, and tie plate drag body force a sampling rate of 150 Hz was chosen.

Facility Load Monitoring System - To record the load history of critical test facility
components, an independent monitoring system was installed. In tests where
extraordinary loads were expected, the system also was used to supervise the test
performance and, if necessary, terminate the test before the integrity of facility
components was jeopardized.
The monitoring system consisted of a data acquisition system which collected and
stored the data from the various sensors. The following instruments are installed on
selected facility components or supports.

Four pressure taps

Thirteen force meters

Thirty strain gages

Eight acceleration meters

Nine displacement meters

A.3.2 Catalog of Tests

The UPTF test program was cdesigned to cover a wide range of phenomena,
parameters, and PWR ECC system designs. The UPTF test matrix is summarized
below by region of the primary system and phenomena of interest. The basic test
conditions are summarized in Table A.3-1.

Downcomer Behavior during End-of-Blowdown Tests - This group of tests
investigated countercurrent flow in the downcomer during the end-of-blowdown
phase of an LBLOCA; ECC systems simulated included cold leg injection and
downcomer injection.

Downcomer Behavior during Reflood Tests - These tests evaluated water

entrainment from the downcomer during the reflood phase of an LBLOCA; both
cold leg and downcomer ECC injection systems were simulated.
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Tie Plate and Upper Plenum Behavior Tests - This test group investigated full-scale
countercurrent flow at the tie plate for ECC delivered to the upper plenum and
steam or two-phase upflow from the core. Upper plenum water accumulation was
also investigated in these tests.

Upper Plenum/Hot Leg De-entrainment Tests - These tests investigated
entrainment/de-entrainment and accumulation of water upstream of the steam
generator tubes (i.e., in the upper plenum, hot legs, and steam generator inlet
plena) during reflood.

Loop Behavior Tests - This group of tests investigated the development of flow
patterns, particularly stratified flow and plug flow, for various ECC and steam or
two-phase mass flow rates.

Separate Effects Tests with Vent Valves - The test group evaluated the effect of
vent valves on downcomer countercurrent flow during EOB, and water entrainment
from the downcomer during reflood.

Small Break LOCA Separate Effects Tests - These tests investigated the following
phenomena related to SBLOCAs.

- Fluid-fluid mixing in the cold leg and downcomer at elevated temperature
(i.e., pressurized thermal shock).

- Steam/water countercurrent flow in the hot legs for the reflux-condenser
mode of core cooling during an SBLOCA.

- Steam/water countercurrent flow at the tie plate with high pressure ECC
injection into the hot legs when the system is at an elevated pressure.

Integral Tests - Integral tests simulated overall system behavior during the EOB,
refill, and reflood phases of an LBLOCA. Specific ECCS concepts simulated
included:

- Cold leg injection.

- Combined injection.

Cold leg/downcomer injection with vent valves.
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Table A.3-1

UPTFE TESTS
Page 4 of 4

NOTES:
1. The following abbreviations are used in the test conditions:

Cl Combined ECC injection
CL Cold leg ECC injection

DCI Downcomer ECC injection
HLI Hot leg ECC injection

UPI Upper plenum ECC injection

ACC Accumulators

BE Best estimate

CS Core simulator

EM Evaluation model

8738 Steam generator simulator

S Thermal sleeves installed in downcomer ECC injection nozzles
VV Vent valves

W/S Ratio of core simulator water and steam injection rates

2. "Auto SGS steam injection" indicates that the SGS feedback control system was
activated to automatically inject steam based on the water flow into tha SGS.

3. Break size is defined relative to the cross-sectional area of the reactor coolant
pipirig (A).
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Appendix B
TRAC COMPUTER CODE DESCRIPTION AND LIST OF ANALYSES

As part of the USNRC contribution to the 2D/3D Program, the Transient Reactor
Analysis Code (TRAC), developed by Los Alamos National Laboratory (LANL), was
provided to the other participants in the program. In addition, LANL carried out an
analytical support program using TRAC under the direction of the USNRC. Selected
TRAC calculations were also carried out by the other program participants.

The objectives of the analytical support prograrm were to utilize TRAC to: support
design of the test facilities, determine prototypical initial and boundary conditions to
be used in tests, and to evaluate the predictive capability of TRAC by comparing code
predictions to test data.

in an effort (Reference E-609) separate from the 2D/3D Program, the USNRC
developed a methodology to evaluate thermal-hydraulic code scaling, applicability and
uncertainty. This methodology was demonstrated by applying it to the use of
TRAC-PF1/MOD1 v 14.3 for a cold-leg LBLOCA in a Westinghouse 4-loop PWR. Data
from the 2D/3D Program were used extensively in evaluating reflood heat transfer,
ECC delivery/bypass duringthe end-of-blowdown, and water carryover/steam binding.
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B.1 EVOLUTION OF TRAC AND DESCRIPTION OF TRAC-PF1/MOD1 AND
TRAC-PF1/MOD2

At the beginning of the 2D/3D Program, TRAC was an experimental code for reactor
safety analysis. Concurrent with the 2D/3D Program, TRAC was developed into a
sophisticated and mature computer code for the analysis of thermal-hydraulic
transients in reactor systems. The use of TRAC as a part of the 2D/3D Program
contributed significantly to its development as code experience and data from the
2D/3D Program were continually fed back to the code developers. The
2D/3D Program provided the best and most complete set of experimental data for
assessing TRAC against large-break LOCA (LBLOCA) phenomena. TRAC has gone
through several major releases with a number of versions of each release. The last
code version used as part of the 2D/3D Program was TRAC-PF1/MOD2, v 5.3, which
was released in June 1990.

TRAC has been developed at LANL under the sponsorship of the USNRC. A
preliminary TRAC version consisting of only one-dimensional components was
completed in December 1976. Altnough this version was not released pubilicly nor
documented formally, it was used in TRAC-P1 development and formed the basis for
the one-dimensional loop component modules. The first publicly-released version,
TRAC-P1, was completed in December 1977.

TRAC-P1 was designed primarily for analysis of LBLOCAs in PWRs. It could be
applied directly to many analyses ranging from blowdowns in simple pipes to integral
LOCA tests in multiloop facilities. A refined version, TRAC-P1A, was released to the
National Energy Software Center in May 1979. Although it treated the same class of
problems, TRAC-P1A was more efficient than TRAC-P1 and incorporated improved
hydrodynamic and heat transfer models. TRAC-PD2 (released in April, 1981}
contained improvements in reflood heat transfer models and numerical solution
methods. Although TRAC-PD2 was an LBLOCA code, it was applied successfully to
small-break problems and to the Three Mile Island transient.

TRAC-PF1 was designed to improve the ability of TRAC-PD2 to handle smali-break
LOCAs and other transients. TRAC-PF1 used a full two-fluid model with two-step
numerics in the one-dimensional components. The two-fluid model, in conjunction
with a stratified-flow regime, handled countercurrent flow better than the drift-flux
model used previously. The two-step numerics allowed large time steps for slow
transients. A one-dimensional core component permitted simpler calculations,
although the three-dimensional vessel option was retained. A non-condensible gas
field was added to the one- and the three-dimensional hydrodynamics. Significant
improvements were also made to the trip logic and the input. TRAC-PF| was released
publicly in July 1981.

B.1-1



TRAC-PF1/MOD1 (Reference E-603) provided full balance-of-plant modeling through
the addition of a general capability to model plant control systems. The steam
generator model was improved and a special turbine component was added. The
physical models were also modified, with the condensation model containing the most
significant changes. Wall heat transfer in the condensation and film-boiling regimes
was improved. Finally, the motion equations were modified to include momentum
transport by phase change, and to preserve momentum conservation in the three-
dimensional vessel. TRAC-PF1/MOD1 was released in April, 1986.

TRAC-PF1/MOD2 was released in June 1990. It contains several improvements
including a generalized heat structure capability with fully implicit axial conduction,
improved constitutive models, better heat-transfer and drag correlations, an improved
reflood model, and several additional refinrements for a variety of components. These
upgrades are discussed in more detail below.

TRAC-PF1/MOD1 is described in References E-602, E-603 and E-604, and
TRAC-PF1/MOD2 is described in References E-605, E-606, E-607 and E-608. Key
characteristics of the TRAC-PF1/MOD1 and TRAC-PF1/MOD2 are summarized below.

+ Variable-Dimensional Fluid Dynamics. A one-dimensional or three-dimensional
(r,8,2) flow calculation can be used within the reactor vessel. Flow within the loop
components is treated one-dimensionally. Three-dimensional modeling provides
explicit calculations of multidimensional flow patterns inside the reactor vessel that
are important in determining ECC penetration during blowdown. Multidimensional
core flow effects, upper plenum pool formation, and core penetration during
reflood can be treated directly.

Nonhomogeneous, Nonequilibrium Modeling. A full two-fluid (six-equation)
hydrodynamic model descrioes the steam-water flow, thereby allowing important
phenomena such as countercurrent flow to be treated explicitly. A stratified flow
regime is included in the one-dimensional hydrodynamics. A seventh field
equation (mass balance) describes a noncondensible gas field, and an eighth field
equation tracks solutes in the liquid.

Flow-Regime-Denendent Constitutive Equation Package. The thermal-hydraulic
equations describe the transfer of mass, energy, and momentum between the
steam-water phases and the interaction of these rhases with the heat flow from
the svstem structures. Because these interactions are dependent on the flow
topology, a flow-regime-dependent constitutive equation package has been
incorporated into the code.




- Consistent Analysis of Entire Accident Sequences. An important TRAC feature is
its ability to address entire accident sequences, including computation of initial
conditions, with a consistent and continuous calculation. For example, the code
models the blowdown, refill, and reflood phases of a LOCA. This modeling .
eliminates the need to perform calculations using different codes to analyze a
single accident. In addition, a steady-state solution capability provides self-
consistent initial conditions for subsequent transient calculations.

« Component and Functional Modularity. TRAC is completely modular by
component. The components in a calculation are specified through input data.
Available components allow the user to model a wide range of PWR designs or
experimental configurations. This feature also allows component modules to be
improved, modified, or added without disturbing the remainder of the code. TRAC
component modules currently include accumulators, breaks and fills, heat
structures, pipes, plenums, pressurizers, pumps, steam generators, tees, turbines,
valves, and vessels with associated internals (downcomer, core, upper plenum,
etc.).

TRAC is also modular by function; that is, major aspects of the calculations are
performed in separate modules. For example, the basic one-dimensional
hydrodynamics solution algorithm, the wall-temperature field solution algorithm and
other functions are performed in separate routines that can be accessed by all
component modules. This modularity allows the code to be upgraded readily as
improved correlations and test information become available.

- Comprehensive Heat-Transfer Capability. TRAC-PF1/MOD2 incorporates detailed
heat-transfer analyses of the vessel and the loop components. Included is a two-
dimensional (r,z) treatment of fuel-rod heat conduction with dynamic fine-mesh
rezoning to resolve both bottom-flood and falling-fiilm quench fronts. The heat
transfer from the fuel rods and other system structures is calculated using flow
regime-dependent heat-transfer coefficients obtained from a generalized boiling
curve based on a combination of local conditions and history effects.

Changes from TRAC-PF1/MOD1 to TRAC-PF1/MOD2

Several improvements were made between the MOD1 and MOD2 versions of
TRAC-PF1. These improvements are listed below.

The MOD2 models and correlations (Reference E-65) are more cefensible.

- MOD2 runs faster than MOD1. Depending on the type of transient and the
noding, it will run between 1.2 and 10.0 times faster than MOD?1.

B.i-3
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The improved post-CHF heat transfer and interfacial models in MOD2 accurately
simulate separate-effects tests.

MOD2 has an improved reflood model based on mechanistic and defensible
models.

There are improved constitutive models in MOD2 for downcomer penetration,
upper plenum de-entrainment, hot/cold leg ECC injection, vertical stratification in
the vessel component, and condensation and evaporation in the presence of
noncondensibles.

Generalized heat structure capability in MOD2 allows the user to accurately model
complicated configurations.

An improved valve model based on experimental data for partially closed valves
was implemented in MOD2.

Improved vessel numerics that eliminate mass errors even at large time step sizes
that can occur in small breaks or operational transients were included in MOD2.

An offtake model! is available in MOD2 to accurately represent small breaks in the
bottom, top, or side of a pipe.

The American Nuclear Society (ANS) 1979 Decay Heat Standard was implemented
as a default model in MOD2.

A countercurrent flow limitation (CCFL) model was implemented in both the one-
dimensional and three-dimensional components in MOD2.

An improved subcooled bciiing model based on published correlations was
implemented in MOD2.

The momentum solution was forced to be conserving in MOD2.

The external thermocouple model developed by the United Kingdom Atomic
Energy Authority (UKAEA) was implemented in MOD2.

The fully implicit axial conduction solution developed by the Japan Atomic Energy
Research Institute (JAERI) was implemented in MOD2.



B.2 CATALOG OF ANALYSES

Within the 2D/3D Program, an extensive code analysis program was performed using
TRAC. The analyses are listed in the following subsections according to the facility
(i.e., PWR or test facility).

B.2.1 PWR Analyses

A total of 18 PWR and related calculations were performed in the 2D/3D Program.
These calculations included both evaluation model (EM) and best-estimate (BE)
analyses of US/J type PWRs and GPWRs. The analyses are listed in Table B.2-1.

B.2.2 CCTF Analyses

TRAC analyses of CCTF tests included nine tests from Core-l and 20 tests from
Core-ll. The tests analyzed covered several different ECCS configurations including
cold leg injection, downcomer injection, combined injection and upper plenum
injection. The analyses are listed in Tables B.2-2 (Core-l) and B.2-3 (Core-Il).

B.2.3 SCTF Analyses

Calculations of SCTF tests included tests from each of the three test series;
specifically, 13 tests from Core-l, 12 tests from Core-li, and 10 tests from Core-lil.
The tests analyzed included both integral and separate effects tests, as well as several
different ECCS configurations. The analyses are listed in Tables B.2-4 (Core-l), B.2-5
(Core-ll), and B.2-6 (Core-llI).

B.2.4 UPTF Analyses

A total of 19 UPTF tests were analyzed using TRAC. The tests analyzed included
separate effects tests which focused on thermal-hydraulic behavior in specific regions

of the primary system (i.e., upper plenum, hot legs, cold legs or downcomer), as well
- as several integral tests. The analyses are listed in Table B.2-7.

B.2-1



Table B.2-1

“RAC PWR AND RELATED CALCULATIONS

(Note: The most recent calculations are listed first for eact. PWR type.)

Page 1 of 4

PWR Report Title Source Reference TRAC Version "
Type

us/J TRAC-PF1/MOD1 INEL u-727 PF1/MOD1 v. 14.3
US/Japanese PWR
Conservative LOCA
Prediction

US/J | TRAC-PF1/MOD1 LANL U-726 PF1/MOD1 v. 12.2
Analysis of a
Minimum-Safeguards
Large-Break LOCA in
a US/Japanese PWR
with Four Loops and
15x15 Fuel

US/J | TRAC-PF1/MOD1 LANL U-723 PF1/MOD1 '
Analysis of a 200%
Cold Leg Break in a
US/Japanese PWR
with Four Loops and
15x15 Fuel

US/J | TRAC-PF1/MOD1 LANL U-724 PF1/MOD1 ! it
Analysis of a
Minimum-safeguards
Large-break Loss-of-
Coolant Accident in a
4-loop PWR with
17x17 Fuel

B.2-2



Table B.2-1

TRAC PWR AND RELATED CALCULATIONS

(Note: The most recent calculations are listed first for each PWR type.)

Page 2 of 4

PWR
Type

Report Title

Source Reference

usS/J

TRAC-PF1 Analysis of
a Best-estimate
Large-break LOCA in
a Westinghouse PWR
with Four Loops and
17x17 Fuel

TRAC Version

LANL U-722

us/J

A TRAC-PD2 Analysis
of a Large-Break
Loss-of-Coolant
Accident in a
Reference US PWR

LANL U-721

PD2

GPWR

Calculation of a
Double Ended Break
in the Cold Leg of the
Primary Coolant Loop
of a German
Pressurized Water
Reactor with a 5/8
Emergency Cooling
Injection

GRS G-661

TRAC-PF1 ]
|

I
PF1/MOD1 v. 125 l
l

|

|

|

GPWR

Calculation of a
Double Ended Break
in the Hot Leg of the
Primary Coolant Loop
of a German
Pressurized Water
Reactor with a 5/8
Emergency Coolant
Injection

GRS G-663

PFi1/MOD1 v. 125

B.2-3



Table B.2-1

TRAC PWR AND RELATED CALCULATIONS

(Note: The most recent calculations are listed first for each PWR type.)

Page 3 of 4

PWR Report Title Source Reference TRAC Version
Type

GPWR | TRAC-PF1 Analysis of LANL U-748 PF1/MOD1 v. 8.2
a 200% Hot-leg Break
in a German PWR

GPWR | Comparison Between JAERI J-608 PF1/MOD1 !
a TRAC GPWR
Calculation and a
CCTF Test with
Combined Injection
and EM Boundary
Conditions for the
Reflood Phase of a
German PWR-LOCA

GPWR | GPWR-1982 TRAC- LANL U-747 PF1, PF1/MOD1
PF1 Base Case
Results

GPWR | A TRAC-PF1 LANL U-744 PF1
Calculation of a
Reference German
PWR at the Initiation
of ECC Injection

GPWR | GPWR-1982 TRAC- LANL U-746 PF1
PF1 Input Deck
Description

GPWR | TRAC-PD2 LANL U-743 PD2
Calculation of a
Double-Ended Cold-
Leg Break in a
Reference German
PWR
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Table B.2-1

TRAC PWR AND RELATED CALCULATIONS

(Note: The most recent calculations are listed first for each PWR type.)

Page 4 of 4

PWR
Type

Report Title

Source

Reference

e

* TRAC Version

BBR

GPWR Analysis with
TRAC-PF1/MOD1
Version 12.5 BBR
Type Reactor, 200%
Cold Leg Pump
Discharge Break EM-
Condition

GRS

—

G-662

PF1/MOD1 v. 12,5

B&W

TRAC-PF1/MOD1
Analysis of a 200%
Cold Leg Break in a
Babcock & Wilcox
Lowered-locp Plant

NOTE:

1.

LANL

U-725

PF1/MOD1 v. 11.1

Code version not documented in report.
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Table B.2-2

TRAC ANALYSES OF CCTF CORE-| TESTS

B.2-6

Test/Run Description Reference TRAC
Number ] Version
C1-01/10 Loop K-factor U-603 PD2 _I
C1-05/14 Base case U-602 PD2
U-604
U-605
U-606
u-617
C1-05/14 Base case J-985 PF1/MOD1
v. 8.2
C1-06/15 ECC flow U-602 PD2
U-607
U-617 I
C1-10/19 System pressure U-602 PD2
U-609
U-617
C1-11/20 Reproducibility U-610 PD2 |
U-611
Ci-12/21 System effect U-602 PD2
U-612
U-617
H’ C1-16/25 FLECHT coupling U-613 PD2 “
C1-16/25 FLECHT coupling J-601 PD2
C1-19/38 EM U-614 PD2
U-615
U-618
C-1-19/38 EM J-603 PD2
J-604
C1-20/39 Multidimensional effect U-616 PD2
Summary -- U-601 -- |



Table B.2-3

TRAC ANALYSES OF CCTF CORE-Il TESTS

Page 1 of 2
Test/Run Description Reference TRAC J
Number Version
C2-AC1/51 Low temperature U-623 PF1/MOD1 v. 9.9 ]
C2-SH1/53 Base case U-624 PF1/MOD1 v. 8.1
C2-SH2/54 Low power U-625 PF1/MOD1 v. 11.8
C2-1/55 High pressure J-609 PF1/MOD1 v. 125
C2-AA1/57 UPI, high power U-626 PF1/MOD1 v. 125
uU-627
" C2-AA2/58 Downcomer injection U-628 PF1/MOD1 v. 12.7
" C2-AS1/59 UPI, single failure U-629 PF1/MOD1 v. 11
“ C2-4/62 Base case J-607 PF1/MOD1 v. 125
J-609
| co-4/62 Base case U714 | PF1/MOD2 v. 5.3
" C2-5/63 Low power J-609 PF1/MOD1 v. 12,5
“ C2-5/63 Low power, steep U-630 PF1/MOD1 v. 11.0
prcfile
" C2-6/64 Low power, flat U-630 PF1/MOD1 v. 10.3
profile l
| C2-8/67 Low pressure J-609 PF1/MOD1 v. 125
C2-10/69 Vent valves U-631 PF1/MOD1 v. 12.7:"
C2-11/70 Refill U-632 PF1/MOD1 v. 11.0
C2-12/71 Best estimate J-609 PF1/MOD1 v. 125 II
C2-12/71 Best estimate U-633 PF1/MOD1 v. 12.3
C2-13/72 UPI, symmetric U-634 PF1/MOD1 v. 12.1
C2-15/75 FLECHT coupling U-635 PF1/MOD1 v. 11.2
C2-16/76 UPI, asymmetric U-636 PF1/MOD1 v. 12.3

B.2-7



Table B.2-3
TRAC ANALYSES OF CCTF CORE-ll TESTS

Page 2 of 2
Test/Run Description Reference TRAC
Number Version
C2-18/78 UPI best estimate U-637 PF1/MOD1 v. 12.3
C2-19/79 Combined injection U-638 PF1/MOD1 v. 115
C2-20/80 Combined injection J-997 PF1/MOD1 v. 125
Summary Non-UPI tests U-621 ——-
Summary All UPI tests U-622 ---
(UPI)
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Table B.2-4

TRAC ANALYSES OF SCTF CORE-I TESTS

Test/Run Description Reference TRAC
Number Version
S1-SH2/506 High pressure U-645 PD2
U-651
J-612
$1-01/507 Base-case U-646 PD2
U-651
U-649
U-652
J-612
S$1-02/508 Low pressure U-647 PD2
U-651
J-612
S1-04/510 High subcooling U-648 PD2
J-612
S1-05/511 Low LPCI U-652 PD2
$1-06/512. High power - PD2 II
$1-07/513 Flat power U-649 PD2 |
S$1-08/514 Steep power U-649 PD2
U-655
$1-09/515 High ECC U-652 PD2
S$1-10/516 Base case U-648 PD2
$1-11/517 Flat power -- PD2
$1-13/519 SCTF/CCTF/FLECHT- U-653 PD2, PF1
SEASET coupling
S1-SH4/529 Combined injection U-656 PF1
Summary U-641 -
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Table B.2-5

TRAC ANALYSES OF SCTF CORE-Il TESTS

Test/Run Description Reference TRAC Version
Number
S2-AC1/601 Acceptance test U-661 PF1/MOD1 v. 14.3
S2-AC2/602 | Acceptance test U-661 PF1/MOD1 v. 14.3
S2-SH1/604 | Base case U-662 PF1/MOD1 v. 12.0
S$2-SH2/605 | Flat power profile U-663 PF1/MOD1 v. 12,7
U-664
$2-03/608 Steam supply, UPI U-665 PF1/MOD1 v. 120
S2-05/610 Steam supply, UPI U-666 PF1/MOD1 v. 12.0
S2-06/611 Steep power and U-667 PF1/MOD1 v. 12.0
temp profiles
S52-08/613 FLECHT coupling U-668 PF1/MOD1 v. 12.0
S2-09/614 Low stored energy U-669 PF1/MOD1 v. 12.0
$2-12/617 Steep power profile U-670 PF1/MOD1 v. 12.0
S2-14/619 Flat power J-609 PF1/MOD1 v. 125
J-615
S2-16/621 Steep power J-615 PF1/MOD1 v. 125
Summary U-661
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Table B.2-6

TRAC ANALYSES OF SCTF CORE-lll TESTS

Test/Run Description Reference TRAC Version

Number _
S3-SH1/703 | GPWR core cooling U-683 PF1/MOD1 v. 143
S3-SH2/704 | GPWR EM integral U-684 PF1/MOD1 v. 14.3
S3-05/709 CCFL, nonuniform U-685 PF1/MOD1 v. 14.3
_;33~07/711 GPWR core cooling U-681 PF1/MOD1 v. 14.3
| £3-09/713 US/J EM integral U-686 PF1/MOD1 v. 13.1
| £3-10/714 US/J BE integral U-687 PF1/MOD1 v. 13.0
E 13/717 GPWR EM integral U-681 PF1/MOD1 v. 143
_S»-15/719 inclined power profile U-688 PF1/MOD1 v. 143
$3-16/720 Steep power profile U-689 PF1/MOD1 v. 143
Summary - U-681 -
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Table B.2-7

TRAC ANALYSES OF UPTF TESTS

Page 1 of 2
Test Number Description Reference TRAC Version
[ (Run No. or Phase)
2 US/J PWR integral U-713 PF1/MOD1 v. 5.3
reflood U-714
4 (Phase A) US/J PWR integral U-711 PF1/MOD1 v. 53
refill
5 (Phase A) Downcomer transient U-711 PF1/MOD1 v. 5.3
refill
6 (Run 133) Downcomer E-611 PF1/MOD1 v. 125
countercurrent flow U-711 PF1/MOD2 v. 5.3 |
7 (Runs 200 & 201) | Downcomer U-711 PF1/MOD2 v. 5.3
countercurrent flow
8 (Phases A & B) Cold/Hot leg flow G-641 PF1/MOD1
pattern U-712 v. 13.0, 14.3
U-714 PF1/MOD2 v. 5.3
9 (Phase A) Cold/Hot leg flow G-642 PF1/MOD1 v. 13.0
pattern
10 (Phase B) Entrainment/De- U-709 PF1/MOD1 v. 14.3
entrainment
11 Hot leg countercurrent U-708 PF1/MOD1 v. 143 "
h flow PF1/MOD2 prelim.
12 (Run 014) Tie plate G-644 PF1/MOD1
countercurrent flow v. 125, 128, 14.4
13 (Run 071) Tie plate G-645 PF1/MOD1
countercurrent flow v. 125, 12.8, 14.3
17 (Phase B) US/J PWR integral U-713 PF1/MOD2 v. 5.3
| reflood U-714
20 Upper Plenum U-710 PF1/MOD2 prelim.
Injection
21 (Phases A &B) Downcomer injection U-715 PF1/MOD2 v. 5.3
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Table B.2-7

TRAC ANALYSES OF UPTF TESTS

Page 2 of 2

Test Number
Run No. or Phase

Description

Reference

TRAC Version

22 (Phase A) Downcomer injection/ U-715 PF1/MOD2 v. 6.3
vent valves -- refill

23 (Phase B) Downcomer injection/ U-715 PF1/MOD2 v. 5.3
vent valves -- reflood

25 (Phases A & B) | Downcomer/Cold leg U-714 PF1/MOD2 v. 5.3
reflood + error corr.

27 (Phases A & B) | US/J PWR integral U-716 PF1/MOD2 v. 5.3
refill/reflood

29 (Phase B) Entrainment/De- U-713 PF1/MOD2 v. 5.3
entrainment
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