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N OTIC E: 

This Report was prepared as an account of work prepared in the international 
20/30 Program which was jointly conducted by the German Federal Minister 
for Research and Technology (BMFT), the Japan Atomic Energy Research In­
stitute (JAERI) and the United States Nuclear Regulatory Commission 
(USNRC), The Responsibility for the content of this report rests with the au­
thors. 

The Authors make no warranty or assume any legal li ability for the correctness, 
completeness or applicability of information compiled in this report. 
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ZUSAMMENFASSUNG 

Das 2D/3D-Programm wurde von Deutschland. Japan und den Vereinigten 
Staaten von Amerika durchgeführt. um die Thermohydraul ik von Kühlmittelver­
luststörfällen mit großen Brüchen der druckführenden Umschließung von 
Druckwasserreaktoren zu erforschen. Es wurde eine Durchführungsform ge­
wählt. in der jedes Land einen beträchtlichen Beitrag zum Gesamtprogramm 
leistete und alle drei Länder gleichermaßen teil hatten an den erzielten Ergeb­
nissen. Deutschland baute und betrieb die Großversuchsanlage Upper Plenum 
Test Facility (UPTF). während Japan Bau und Betrieb der Versuchsanlagen 
Cylindrical Core Test Facility (CCTF) und Slab Core Test Facility (SCTF) bei­
trug. Der Beitrag der USA bestand aus der Bereitstellung fortschrittlicher Instu­
mentierung für die drei Versuchsanlagen sowie aus der Überprüfung des Re­
chenprogramms TRAC anhand der Versuchsergebnisse. Versuchsauswertun­
gen wurden in allen drei Ländern durchgeführt. Der vorliegende Bericht faßt 
das 2D/3D-Programm zusammen. in dem die beigesteuerten Leistungen der 
drei beteiligten Länder beschrieben werden . 

ABSTRACT 

The 20/30 Program was carried out by Germany. Japan and the Un~ed States to 
investigate the thermal-hydraulics of a PWR large-break LOCA. A contributory 
approach was utilized in which each country contributed significant elfort to the 
program and all three countries shared the research resu~s . Germany constructed 
and operated the Upper Plenum Test Facil~ (UPTF). and Japan constructed and 
operated the Cylindrical Core Test Facil~ (CCTF) and the Slab Core Test Facil~ 
(SCTF) . The US contribution consisted of provision of advanced instrumentation to 
each of the three test facil~ies. and assessment of the TRAC computer code against 
the test resu~s. Evaluations 01 the test resu~s were carried out in all three countries. 
This report summarizes the 20/30 Program in terms 01 the contributing elforts 01 the 
participants. 
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Section 1 

INTRODUCTION 

BACKGROUND 

The thermal-hydraulic response 01 a PWR primary coolant system to a Loss-ol-Coolant 
Accident (LOCA) and the performance 01 the Emergency Core Cooling System 
(ECCS) have been areas 01 research interest lor !wo decades. The primary objective 
01 LOCNECCS research has been to improve the understanding and modeling 01 the 
phenomena so that salety margins can be better quantified and more real istic 
evaluation approaches can be utilized. Initially, the locus 01 the research was the 
depressurization (blowdown) transient. Later, the locus shifted to include the post­
blowdown phases (refill and rellood) . 

The 2D/3D Program was the major program on PWR end-ol-blowdown and post­
blowdown phenomena lor the countries 01 Germany, Japan and the United States. 
The lormal program name is ''The International Program on the Thermal-Hydraulic 
Behavior 01 ECC during the Refill and Reflood Phases of a LOCA in a PWR." The 
common name became "2D/3D Program" because phenomena during end-of­
blowdown, relill and reflood are slrongly influenced by mu~idimensional (2D and 3D) 
elfects. 

PARTICIPANTS IN 2D/3D PROGRAM 

The participants in Ihe 2D/3D Program were the governments 01 the Federal Republic 
of Germany (FRG), Japan, and the United States of America (US) as represented by 
Ihe lollowing agencies: 

The Federal Minislry lor Research and Technology (BMFT) in the FRG. 
The Japan Atomic Energy Research Insl~ute (JAERI) in Japan. 
The US Nuclear Regulatory Commission (USNRC) in Ihe USo 

The 2D/3D Program used a "contributory" approach. Each of the three participants 
contributed signilicant elfort 10 Ihe program and all Ihree countries shared Ihe research 
results. There was no exchange of funds between the participants. This approach 
loslered technical cooperalion among the three counlries. 
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Several organizations in the three countries were involved in carrying out the work in 
the 2D/3D Program. Figure 1-1 summarizes the key organizations. 

SCOPE OF 2D/3D PROGRAM 

In general terms, the scope of the 2D/3D Program was PWR LOCA end-of-blowdown 
and post-blowdown phenomena. Sections 2.1 and 2.2 present a more detailed 
discussion of the specific objectives and approach of the program. The major facilities 
in the 2D/3D Program constituted some of the largest and most sophisticated thermal­
hydraulic facilities ever employed. This is reffected 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 contributing 
elforts of the participants. Each of the major sub-programs is discussed individually : 

Cylindrical Core Test Facility and Slab Core Test Facility (Section 3) 
Upper Plenum Test Facility (Section 4) 
TRAC Code Analysis (Section 5) 
Advanced Instrumentation (Section 6) 

This report is a companion to another report entitled "Reactor Safety Issues Resolved 
by the 2D/3D Program," which summarizes the program in terms of the reactor safety 
issues investigated. 

AVAILABILITY OF RESULTS FROM 2D/3D PROGRAM 

Numerous reports document the detailed resu~s from the 2D/3D Program; many are 
cited in this report. Most of these reports have arestricted 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. 
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Section 2 

2D/3D PROGRAM OVERVIEW 

2.1 OBJECTIVES OF PROGRAM 

The overall objective 01 the 2D/3D Program was to study the end-ol-blowdown and 
post-blowdown phases 01 a PWR LOCA, and to provide improved experimental data 
and analysis tools lor this transien!. The detailed objectives 01 the 2D/3D Program are 
summarized as lollows: 

1. Study the ellectiveness 01 several types 01 ECC systems (including cold leg 
injection, combined injection, upper plenum injection and downcomer injection) 
during the end-ol-blowdown and refill phases 01 a large-break LOCA by evaluating: 

Penetration 01 ECC to the lower plenum du ring the end-ol-blowdown. 

Condensation 01 steam by ECC including the ellect 01 dissolved n~rogen 
in ECC. 

Uquid storage in cold legs, downcomer, upper plenum and hot legs. 

The liquid flow pattern through the core (Ior hot leg and upper plenum 
injection) and resu~ant core cooling. 

2. Study the ellectiveness 01 several types 01 ECC systems during the reflood phase 
01 a large break LOCA by evaluating: 

Entrainment, storage and transport 01 liquid water in the upper core, upper 
plenum, hot legs and steam generators. 

Vaporization of entrained water in steam generators. 

Steam condensation by ECC. 

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

Fluid dynamics and heat transfer in the core. 

Oowncomer driving head and loop pressure drop. 

The influence of nitrogen discharge from accumulators. 

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

2.2 APPROACH OF RESEARCH 

The objectives of the 20/30 Program were addressed using a combined 
experimental/analytical approach. Three major facilities were deslgned, fabricated, 
and operated within the 20/30 Program. 

Cylindrical Core Test Facility (CCTF) in Japan 

Slab Core Test Facility (SCTF) in Japan 

Upper Plenum Test Facility (UPTF) in the FRG 

The design of each facility involved input trom 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 development, assessment and use of a best-estimate 
computer code was carried out in the USo The computer code is the Transient 
Reactor Analysis Code (TRAG). TRAC analyses of PWRs and selected tests were also 
performed by Japan and Germany. 

2.3 AREAS OF INVESTIGATION ANO RELATIONSHIP TO PWRs 

The areas of investigation and their relationship to PWRs are summarized in 
Figure 2-1 . The 20/30 Program included both separate effects tests which were 
designed to isolate and study individual areas as weil as integral tests which were 
designed to simulate the combined phenomena. The areas of investigation are 
discussed individually in a companion report entitled "Reactor Safety Issues Resolved 
by the 20/30 Program." 
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Section 3 

CCTF AND SCTF TESTS 

3.1 DESCRIPTION OF FACILITIES AND TEST CONDITIONS 

3.1.1 Cylindrical Core Test Facility (CCTFl 

CCTF was a full-height, 1/21-scale model 01 the primary coolant system 01 an 
1,100 MWe lour-Ioop PWR. The lacility simulated the overall primary system response, 
as weil as the in-core behavior, du ring the refill and reflood phases 01 a large cold leg 
break LOCA. Figure 3.1- t depicts the major components in the lacility. They included 
apressure vessel, lour primary piping loops (three intact and one broken), !wo steam 
generators, lour pump simulators, and !wo tanks attached to the ends 01 the broken 
loop to simulate containment. Each 01 the !wo steam generator vessels was shared 
by !wo loops (a vertical plate divided each steam generator in half) so each loop 
essentially had its own steam generator. Vertical dimensions and locations 01 system 
components were as close as practicable to the corresponding dimensions and 
locations in the reference reacter. 

The lollowing is a brief description 01 the CCTF components and instrumentation. This 
discussion also addresses the differences in lacility configuration lor the!wo test series 
run at CCTF (CCTF-I and CCTF-II) . The JAERI data reports lor each test contain 
more detailed lacility descriptions. 

Pressure Vessel and Internals 
Figure 3.1-2 shows the CCTF pressure vessel. The full-height pressure vessel housed 
a downcomer, lower plenum, core, and upper plenum. Pressure vessel flow areas 
were scaled at a ratio 01 t /21.4 as compared to an 1,100 MWe PWR, except that the 
downcomer annulus was somewhat larger 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 01 a PWR was 
included in the downcomer. The design pressure 01 the pressure vessel and the 
entire primary system was 600 kPa. Electrical resistance heaters in the wall 01 the 
pressure vessel were used to preheat the wall belore a test, 10 accurately simulate the 
release 01 stored heat which would occur during a LOCA in a PWR. The CCTF-II 
vessel was the same as that used in CCTF-I, except lor the addition 01 an upper ring 
containing an upper plenum injection header and additional instrumentation nozzles. 
The CCTF core contained 32, 8 x 8 bundles (Figure 3.1-3) , each containing 
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57 electrically-heated rods and 7 nonheated rods (total of 1,824 heated rods and 224 
nonheated rods) . The nonheated rods simulated the guide thimble tubes and 
instrument thimble tubes in PWR fuel assemblies. All heated rods were Inconel-clad 
and had an outer diameter of 10.5 mm and heated length of 3.66 m. The heat 
capacity of the heated rods was approximately 30% larger than that of actual fuel rods. 

Figure 3.1-3 shows the three (high, medium, and low) power zones of the electrically 
heated cere, and identifies the bundle numbering scheme used throughout this report. 
The radial power distribution of the core was controlled by setting the power supplied 
to each zone. In CCTF-I, each bundle included rods with three different power 
densities. In CCTF-II, all heated rods in each bundle were provided with the same 
power. The axial power profile in all rods was a chopped eosine with an axial peaking 
factor (ratio of maximum to average power) of 1.49 for CCTF-I and 1.40 for CCTF-II. 

As shown in Figure 3.1-2, 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. 

CCTF 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 cere. This 
approach gave a mere un~orm and realistic flow distribution than using reactor-typical, 
larger size structures. The arrangement of upper plenum structures is shown in 
Figure 3.1-3. 

In CCTF-II, four vent valves, located in the barrel between the upper plenum and 
downcomer annulus, simulated the vent valves in Babcock & Wilcox (B&W) reactor 
vessels. For CCTF-II tests simulating B&W reactors, these vent valves were free to 
open; for all other tests the valves were locked shut. 

Primary LOODS and Containment Tanks 
Four full-Iength primary loops were connected to the central press ure vessel 
(Figure 3.1-1) . Three 01 the loops were intact; that is, they allowed flow Irom the 
reactor vessel upper plenum, through the hot leg, steam generator, pump simulator, 
and cold leg to the reacter vessel downcomer. The lourth loop simulated a full -size, 
double-ended, offset cold leg break about two meters from the vessel wall. Quick­
opening break valves were located at the two ends 01 the cold leg break. The inside 
diameter 01 the loop piping was 0.15 m. The pipe area was scaled Irom the PWR by 
the ratio of core flow areas. An orifice plate in the pump simulator in each loop 
simulated the resistance of a locked-rotor pump. 
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The steam generator simulators were vertical, U-tube and shell type heat exchangers. 
Ouring a test, the steam generator secondary sides contained saturated water at 
540 K and 5300 kPa. These conditions corresponded to those on the secondary side 
of the steam generator in a PWR during the rellood portion of a LOCA. There was no 
flow on the secondary side 01 the steam generators during the tests. 

Two interconnected tanks, one attached to each of the!wo ends of the cold leg break, 
simulated the PWR containment (Figure 3.1-1). On the tank connected to the hot leg 
side of the break, apressure control system maintained press ure at a preselected 
value by venting steam, as needed, to the atmosphere. On the tank connected to the 
vessel side 01 the break, an internal steam/water separator and a liquid level meter 
together allowed for measurement of broken cold leg phase flow rates. 

Emergencv Core Cooling System IECCS) 
In CCTF-I, the ECCS included !wo 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, which provided water at a lower flow rate 
lor a longer duration through LPCI pumps. Each tank could supply water to erther the 
lower plenum or to the cold legs. In CCTF-II a second pressurized tank was added, 
with ECCS piping to the upper plenum injection header, the downcomer, and the hot 
legs. The upper plenum, downcomer, and hot leg injection nozzles were also newly 
installed in CCTF-II. 

Instrumentation 
CCTF instrumentation consisted of over 1,600 sensors, including both conventional 
devices (e.g., press ure transducers and thermocouples) provided by JAERI, and 
advanced !wo-phase flow instrumentation developed by the USNRC and their 
contractors for the 20/30 Program. Advanced instrumentation provided by USNRC, 
which primarily monitored local !wo-phase fluid conditions, is described in Section 6. 

3.1.2 Slab Core Test Facilitv ISCTF) 

SCTF was a full-height, full-radius 1/21-scale model of a sector 01 an 1,100 MWe, four­
loop PWR. The objective of the SCTF test program was to study !wo-dimensional 
thermal-hydraulic behavior wrthin the reactor vessel du ring the refill and reflood phases 
of a large break LOCA in a PWR. While the pressure vessel was simulated in detail, 
only a crude loop simulation was used (Figure 3.1-4) . The most significant feature of 
SCTF was that rt contained a full-height heated core wrth realistic rod diameters and 
spacing, and a core lateral extent 01 over 1.8 m (the cere radius of the largest PWRs) . 
This large core lateral extent provided the capabilrty to examine multidimensional 
effects. 
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Figure 3.1-4 depicts the major components in the facility. They included apressure 
vessel, a hot leg, a steam/water separator, an intact loop wrth a pump simulator, a 
broken cold leg, and two tanks attached to the ends of the broken loop to simulate 
containment 

The following is abrief description of the SCTF components and instrumentation. This 
discussion also addresses the differences in facility configuration among the three test 
series run at SCTF (SCTF-I, SCTF-II, and SCTF-III). Detailed facility descriptions are 
contained in References J-481, J-521 , J-551 , and also in the JAERI data reports for 
each test. 

Press ure Vessel and Internals 
Figure 3.1-5 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 3.1 -5) to the periphery (downcomer) . Heights of 
components wnhin the pressure vessel were about the same as those in the reference 
reactor. 

The cere consisted of eight simulated tuel bundles arranged in a row (i.e., a slab 
geometry) . Each bundle contained 234 electrically-heated rods and 22 nonheated 
rods arranged in a 16 x 16 array. Power to each bundle was individually adjustable 
to permrt simulation of a radial power distribution. In SCTF-I only, two of the fuel 
bundles (Bundles 3 and 4) contained flow blockage sleeves to simulate the effect of 
ballooned fuel cladding. 

Honeycomb insulator panels surrounded the core. In SCTF-I, the surface next to the 
core was discontinuous as there were numerous panels. In SCTF-II and SCTF-III, the 
panels were covered by a continuous plate to provide a smooth surface facing the 
core and upper plenum. 

Located above the cere 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 ffow resistance of the 
control rods when they are inserted. 

A full-height cere baffle region simulated the volume between the core and the cere 
barrel in the reference reactor (Figure 3.1-5) . In SCTF-II and 111, the flow paths at the 
bottom and the side of the cere baffle region were blocked to prevent water from 
flowing into the core baffle region. 

Flow area in the tull-height downcomer was adjustable (using a filler) to simulate the 
flow area for different reacter designs (e.g., US/Japanese or German). Provisions 
were made for blocking the bottom of the downcomer to conduct forced flooding 
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tests. In addrtion, a U-shaped pipe connected the downcomer directly to the upper 
plenum to allow simulation of B&W PWRs with vent valves. 

The lower and upper plena of the press ure vessel were volume-scaled fram the 
reference PWR, using the powered-rod ratio as ascale factar. This approach resulted 
in a realistic-height upper plenum and slightly shorter lower plenum (Figure 3.1-5). 
The upper plenum internals consisted of control rod guide tubes, support columns, 
orifice plates, and open holes. As in CCTF, the radius of each internal was scaled 
down from that of the reference reactor by a factor of 6/15, to give a more realistic 
flow path simulation. 

Hot leg and cold leg nozzles were located at elevatians that match the nozzle 
elevatians in the reference reactor 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 3.1-4) . 

For SCTF-III, several changes were made to the components in the pressure vessel 
to better simulate the German Siemens/KWU PWR, which was the focus of SCTF-III. 
The significant changes were the following: 

In the downcomer, the filler used in Core-I and Core-II was removed to simulate 
the larger downcomer flow area in the German PWR (GPWR). 

The baffle region was isolated tram the core. 

A~hough the total number of rads remained the same, the number of heated rads 
was increased slightly tram 234 to 236. The nonheated rod arrangement was 
changed to better simulate German tuel bundles. 

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

In the Core-III upper plenum, internal structures simulated the GPWR at full-scale. 
The support columns of Core-III were split and mounted in a staggered 
arrangement to achieve the desired flow simulation. 

An ECC injection nozzle was installed in the Core-III upper plenum to simulate 
ECC injection into the hot leg. 

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. 
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The hot leg connected the upper plenum to the steam/water separator. Hot leg Ilow 
area was scaled lram the total flow area 01 lour PWR hot legs. The cross-section 01 
the hot leg was an elongated circle 01 full height. 

A steam/water separator located in the hot leg provided a measurement 01 the 
amount 01 water entrained in the steam flow out 01 the upper plenum and through the 
hot leg (Figure 3.1-4) . A~hough the separator did not simulate an actual steam 
generator, it was designed to obtain a realistic two-phase flow pattern at its inlet. 

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

The braken cold leg was simulated with two pipes: one pipe connected the 
downcomer to a containment tank, and the second pipe connected the steam/water 
separator to the other containment tank. The two containment tanks were the same 
tanks used for CCTF (see discussion above) . 

Emergency Core Cooling System IECCS) 
The SCTF ECCS consisted 01 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 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. 

Instrumentation 
SCTF was instrumented with over 1,500 sensors which included both conventional 
devices (e.g., pressure transducers, thermocouples) provided by JAERI and advanced 
two-phase Ilow instrumentation provided by the USNRC. The advanced 
instrumentation is described in Section 6. 

3.1.3 Test Series 

Table 3.1-1 lists the CCTF and SCTF 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. Within each of those 
categories, the tests are listed by facility and test series in the following order: CCTF-I, 
CCTF-II, SCTF-I, SCTF-II, and SCTF-III. The JAERI data, quick look, and evaluation 
reports are listed in the bibliography (Section 8) by test series. The bibliographyalso 
lists evaluation reports prepared by the US which summarize the resu~s 01 each test 
series. 
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3.1.4 Test Procedure 

Essentially all CCTF and SCTF tests used the same basic test procedure, w~h some 
differences according to the test objective. Accordingly, the discussion below first 
describes, in some detail, the test procedure lor a typical test (cold leg injection, 
reflood test in CCTF), and then describes variations trom that basic procedure lor 
other tests in CCTF and lor SCTF tests. 

CCTF Cold Leg Injection Reflood Test 
The accumulator tank, LPCI tank, and the secondary sides 01 the steam generators 
were lilled with water. All instruments were zeroed and the calibration checked. 
Specified primary system flu id temperature and press ure, containment pressure, steam 
generator secondary side pressure and temperature, ACC tank water temperature, 
and vessel and piping wall temperatures lor the test were also established. In rellood 
tests, the pressures 01 the vessel and the containment tanks were the same (typically 
about 200 kPa) . Nitrogen gas was injected into the space above the water in the 
accumulator tank to obtain a preselected pressure. Electric power was supplied to 
heaters on the pressure vessel to attain and maintain a preselected temperature 01 the 
vessel wall. A specified level 01 saturated water was established in the lower plenum. 
In rellood tests, this level was about 0.9 m above the bottom 01 the vessel, which 
corresponds to about 1.2 m below the bottom 01 the core. 

When initial conditions had stabilized, rod heat-up was started by supplying continuous 
electric power to the heated rods at a constant level. ACC injection was initiated when 
the peak rod surface temperature had reached a preselected value. This value was 
chosen so as to attain a specified peak cladding temperature at the time when the 
water in the lower plenum reached the bottom 01 the core (bottom reflood in~iation) , 
considering the rod heat-up rate and the lower plenum fill rate. Note that in the PWRs 
modeled in CCTF·II, the accumulator injection was e~her into the cold legs, the 
downcomer, or into both the hot and cold legs. However, in reflood tests in CCTF·II 
involving cold leg or downcomer injection, accumulator water was in~ially injected into 
the lower plenum to avoid atypical condensation oscillations which could occur il 
subcooled ECC injection flow were injected into the primary piping or downcomer at 
a time when the lacility was stagnant and no steam was being generated in the core. 
This method is acceptable lor reflood tests as this lower plenum fill is considered part 
01 the pretest preparation and the test is considered to start at bottom reflood 
in~iation. 

When water was estimated to have reached the bottom 01 the core (reflood in~iation) 
a programmed decay 01 the heating power to the core was in~iated to simulate 
nuclear fission product decay heat. 
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At a predetermined time after reflood initiation (usually a few seconds), the 
accumulator injection location was changed lram the lower plenum to the three intact 
cold leg ECC ports. After another specilied time delay, the accumulator injection 
stopped and low pressure coolant injection began. The time delay chosen simulated 
the time required to empty a typical accumulator. 

Thraughout the tests, steam was vented lram Containment Tank 11 to maintain the 
containment pressure at the preselected value. The test was stopped after all 
instrumented heated rods in the core had quenched, typically around 600 seconds 
after test initiation. 

CCTF Relill Tests 
The test procedure was similar to that lor rellood tests, with the lollowing differences: 

Initially, the vessel pressure was about 600 kPa and the containment pressure was 
200 kPa; this pressure difference was maintained by closing blowdown valves in 
each 01 the broken loop lines to the containment tanks. At a preselected time 
after the start 01 core heat-up, the !wo blowdown valves were opened to simulate 
the pressure decay du ring the last part 01 relill . 

For refill tests, the period when the lower plenum was filling was part of the test, 
so initial accumulator injection was into the three intact cold legs rather than the 
lower plenum. 

CCTF A~ernative ECCS Tests 
For a~ernative ECCS tests (combined injection, downcomer injection, and upper 
plenum injection) the test procedure was similar to that lor cold leg injection except 
lor the injection location. In !wo downcomer injection tests which simulated B&W 
PWRs, the vent valves were tree to open. 

SCTF Tests 
For SCTF cold leg injection reflood tests, the test procedure was similar to that lor 
CCTF, with the following significant differences: 

Locations 01 accumulator and low pressure coolant injection depended on the 
type 01 test being run: lorced flood, or gravity flood. In forced Ilood tests, the 
ECC water was injected into the lower plenum only by isolating the downcomer 
Irom the lower plenum; Le., ECC water was lorced to flow into the core. These 
tests investigated !wo-dimensional core cooling behavior based on clearly 
specified boundary conditions at the core inlet. The gravity flood tests included 
the effect 01 downcomer water head on the !wo-dimensional core cooling 
behavior. 
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In some 01 the tests, accumulator injection was spread out over a longer period 
01 time (to avoid hydraulic oscillations) and in these cases the power decay was 
delayed slightly. 

This basic test procedure was used in SCTF relill tests which simulated 
depressurization 01 the pressure vessel du ring end-ol-blowdown and relill. The SCTF 
alternative ECCS tests also used the basic test procedure, with the significant 
difference being the injection location. 
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Table 3.1-1 

CCTF AND SCTF TESTS Page 1 of 7 

Group Test Objective Tesl/Run 
Number{l) 

Description (2) Comments 

Cold Leg Injection Bau Cau CI -5/ 14 CCTF-I Bau Cau 
Parameter 
Effects C2-SH1/53 CCTF-II Bau Case Same as CCTF-I EM test 

C2-4/ 62(3j 
(CI-19) 

CCTF-II Base Cau/ 
RepeatabUity 

SI-1 / 507 SCTF-I Forced Feed Base 

SI-10/516(3) 
e ... 

5CTF-1 Forced Feed Base 
Case/ Repeatability 

S1-12/ 518 SCTF·I Gravity Feed Base Lewer plenum injection 
Ca .. 

S1-14/52O SCTF-I Gravity Feed Base Cold leg injection 
Ca .. 

52-10/ 615 SCTF·II Forced Feed Base 
Ca .. 

S2-SHI/604 SCTF-II Gravlty Feed Base Cold leg injection 
Ca .. 

Effect of C1-10/ 19 Lew pressure Compare to Cl-5 
Pressure CI-12/21 High Pressure Compare 10 C'-5 

C2-8/ 67 Lew Pressure Compare to C2-4 
C2-1/ 55 High Pressure Compare to C2-4 

S1-2/508 Foroed FHd. Lew Pressure Compare to SI-1 
SI·SH2/506 Forc.d FHd, High Pressure Compare to $1-1 

82-2/607 Gravity Feed. Lew Pressure Compare to S2-SHI 
52_1/ 606(3) Gravity FHd. High Pressure, Compare to S2-6 

8tHP C, 8tHP T 

Effect of Core C2-8H2/54 Lew Power Initial Power = 7.9 MW; 
Power compare to C2-4 

C2-5/63 Lew Power Initial Power ", 7.1 MW; 
compare 10 C2-4 

$1-6/512 Foroed Feed, High Power Compare 10 $1-1 

Effect of Initial C'-7/1 6 High Oadding Temperature Maximum cladding 
Cladding temperature .. 973 K at 
Temperature beginning of cora 

recovery; compare to 
CI -5 

CI-14/ 23 High Oadding Temperatura Mbimum cladding 
temperatur. = 1073 K at 
beginning of core 
recovery; compare to 
CI-5 

C2-AC1 / 52 Lew Oading Temperature Compare 10 Cl-4 

$2_>C3/60313) G4'avity fMd , BE, Lew Compare to 82-9 for effect 
Oadding Tamperature of cladding tamperature 

.t BE conditions 
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Group TaslObjective T"t/Ru(, 
Number 1) 

Ducrlptlon (2) CommenB 

Cold Leg Injectlon Etlect of Power/ C2-5/53 StMP O 
Parameter Etlects Temperature C2-6/ 64 Aat O 
(Contlnued) Distribution 

5 1-7/513 f orc.d FMd, Aat 0 Test termlnated due to 
computer failure; 
rapeated as 5'-" 

S1-1 ' / 5'7 Forc.d FHd , Aat C Repeat 01 SI -7 
S ' ..ß/5 ' ~ Forced Feed , Sieep C 

S2-'7/ 622 Fo rced Feed , Aat C , Aat T 
S2-' 6/ 62' Forced Feed , Sieep 0 , 

SteepT 

S2.SH2/~ Gravity FINd, Aat C , Aat T 
52-1/ 60S( Gravity FNd, High Presaure, 

SIMP C , StMP T 
52-6/ 6' , Gravity FINd, StMP 0 , 

52_7/ 612(3) 
Steep T 

Radial Power DistrIbution 
Uke ceTF Test C2-5 

53-1 ~/71 8 Aal 0 
53-15/719 Sani 0 
53-16f72O StM PO 

Comblned 52_1~/61 9(3) Foroed FINd, Aat C, Aat T, Counte rpart 10 CCTF-II Test 
Etfacta of Power/ Aat Uquld u~1 C2-6; Compare to 52-'7 
Temperature tor liq uid level 
Dlltrlbutlon and d lltrlbutlon 
UC5 P Uquld S2-12/ 6 17 Foroed FMd, 5 tM P C , Compare to 52-' 6 for liquid 
Le~1 Distribution StMP T, Aat Uquld Leve l leve l diltribution 

52-15/ 620 Forcad FINd. StMP C , 
Aat T, Aal Uquld LA~I 

52-21/ 626 Foroed FINd, Aat C , 
StH P T, Aat Uquld Level 

Etfect cf Ece CI_2/ ,, (3) l...ow Ace Aow Rale/ No Compere to CI-5 
Aow Rate LIpper Plenum Gulde Tube 

Intemall 
Cl -1 1/ 2O l...ow Ace Aow Rate/ Comp.,e to CI-5 

Aapeatability 
CI-6/ 15 High LPCI Aow Rale Comp ... e to CI -5 
CI -9/ IS Lew LPCI Aow Ra,. Compere 10 C 1-5 
Ct -13/ 22 Stlort ACe Aow Ourallon Comapre to C 1-5 

C2-g/ 68 High LPCI Aow Rate Campere to C2-SH2 

S' ·SH' / 505 Foroed FINd, High F10w Rate 
SI -5/ 51 ' Foroed FNd, l...ow LPO Aow 

Rate 
SI -9/ !)I!) f orced f Hd, High ACe end 

LPCI Aow Aate 
5 1-16/ 522 Gravity FINd, Lew ACC Aow 

Rate 
$ 1-'7/ 523 Gravtty FINd, Lew ACC and 

LPCI Aow AIIte . 
5 1-21 / 531 Gravity FINd. Lew LPCI Aow 

Rate 
5 1-22/532 Gravity FINd, No ACC 

Injactlon, l...ow LPCI Aow 
Rat. 
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Group Test Objective Test/ Run Oescription (2) Comments 
Number(l) 

Cold Leg Injection Effect of ECC 52-11/616 Forced Feed, High ACC Flow Compere to 52-10 
Parameter Effects Flow Rate Rato 
(Continued) (Conlinued) 52·19/624 ForC6d Feed. High LPCI Compereto S2-10 

Flow Rate 
52-AC'/601 Gravity Feed, High ACC Flow Campere 10 52·5Hl 

Rato 
52·AC2/602 Gravlty Feed, Short ACC Campare to 52·SH' 

S2.AC3/603(3) 
Flow Ouration 

Gravity Feed, Lew and Long Campere to S2·SHI 
ACC Flow Rate 

Effect of ECC 51-4/ 5'0 Forced Feed, Low ECC Campare 1051-' 
Temperature Temperature 

5'·15/ 52' Gravity FHd, High ACC Campare to 51-'4 

5'_'8/542(3) 
Temperature (Saturated) 

Refill, High ACC Campare to 5' ·19 
Temperature 

(Saturated) 

52--8/6'3 Gravity Feed, Low ECC Campare 10 SI-SH' 
Temperature 

Effect of CI-2/ ,,(3) High Oowncomer Wall 
Oowncomer Wall Temperature 
Temperature C'-3/12 Low Oowncomer Wall 

Temperature 

Effect cf Loop Cl-5H4/ 8 High Loop Flow Aesistance, Cald leg injection scoping 
Flow Aesistance High ECC Temperature lest; compare to CI-2 

C,-, / tO High Loop Flow Aesistance, Compare to Cl-2 
Low ECC Temperature 

Effect of C2-3/6' High Rate cf Oowncomer Campere 10 C2-4 
Oowncomer Water Aocumulalion 
Water Aocumu-
latlon Rate 

Effect of UC5P 51-3/509 Low UC5P Uquid Level Compare to 51 -' 
Uquid le .... , 

Cold Leg Injection Evaluation Model CI-19/ 38 Evaluation Modal Same as CCTF-II base case 
Special Purpose (EM) Tasß (C2-5Hl): compare to 
Tests C'-5 

83-9/713 Evaluation Model Integral Campara to 83-10 
T.ot 
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Group Tell Objectlve TU I/ Run D8Icriplion (2) Commanll 
Numbar(l) 

Cold leg Injection Bell Eetimate C2.12/71 Bell Eltimate Compate to C2-4 
Special Purpose (BE) Tests 
Tests (Continuad) 52-9/ 61 4 Gravity FHd, Belt Estlmale Compar.IO 52·$H l 

83-10/714 Belt Eltimate Integral Test Compar. to 83-9 

Relill Tests Cl-SHI / 5 Relill, No Core Power 
C1-4/13 Relil1/ Rellood 
CI .15/ 24 AatiU/ Reflood Nitrogen 

Inj.ction 

C2.2/ 56 Aafilt No reflood simulation 
C2-t4/74 RefiU/ Reflood 
C2.17/71 RefilljRetlood. Sleam 

Inj«:tion 
C2-11J70 Aaflll . BIockad Loops 

51.19/ 525 Refill 
$1 .18/ 524(3) Relill , High ACe 

Temperatura 
(S.turateci) 

EffKtol Cl -17/ 36 Asymmetrie Core Power Compare to Cl ·5 
Asymmetrie Cl ·20/ 39 Asymm.trie Gora 
Powar{Tempera. Temperature 
ture Distribution 

Etfect 01 Water in Cl-8/ 17 Loop Seal Alling Test terminated earty due 
Loop Seal 10 high claddlng 

temperature: repaatad as 
CI -18. 

Cl . 18/37 Loop Seal Alllng Repeat 01 Cl-8; compare 10 
CHi 

EtfKt ot Forcad 5 1-1 2/ 518 Gravity FHd , lower Plenum Camp.,e 10 51-14 
VI. Gravity FHd InJaction 

Evaluation 01 5 1-23/ 536 Low ACe Aow Rate, Long 
SCTF Gravity ACe Duration 
FHd Qscillation. 51 -24/ 537 Gradual f*duction trom ACe 

Aow Rate to LPCI Aow 
Ra .. 

Facllity Coupling CI-16/ lS Counterpart to FLECHT-SET 
T .. t. Test 31058 

CI-21/ 40 Counterpart to FlECHT-$ET 
Telt 27148 

CI-22/ 41 Counterpart to FlECHT -SET 
THt 34208 
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Group TaslObJective Test/Aun Description (2) Commants 
Number(l) 

Cold leg Injaction Facility Coupling C2·AC2/ 52 Counterpart to FlECHT·SET 
Spacial Purposa Tast. Ta.t 27148 and CCTF·I 
Tast (Continuad) (Contlnuad) Talt CI.21 

C2·15/15 Countarpart 10 FlECHT·SET 
Taat 27148 

51.13/519 Countarpart 01 FLECHT· 
SEASET Talt 43715C 

52.7/ 612(3) Radial Powar Distributlon Cold leg injaction 

52-14/ 519(3) 
Uka CCTF Tast C2-5 

Forced Faed, Aat 0, Aat T, 
Flat Uquld Leval ; 
Countarpart to CCTF-II 
Ta.t C2~. 

52-t8/ 623 Countarpart to CCTF-U Forcad leed 
Taat C2-5 

Other Cold Leg Repaatabil ity Cl _11 / 20(3) Low ACC Aow 
Injection Tests Tests Rate / Repeatabl lity 

C2-4/ e2(3) CCTF·I! Bau Compare to C2-SHI 
caae/ Repeatability 

SI .,0/ 5,6(3) $CTF-I Forced Feed Base Compare to 51-1 
caae/ Repeatability 

52-13/518 $CTF.I/II RepaatabllJty Compare to 51-1 

Miscellaneoua Cl-5H2/6 Lew Power, Aal Powar Low power and LP iniectton 
Profila, High Prassure, LP scoping test 
tojaction 

Cl-SH3/7 Lew Power, Non-F1at Powar Steep 0 and LP iniecl ion 
Profile, High Preuure, LP scoping test 
InJKtion 

Sl-20( 530 Effact of Oosed Venl Valva Vent valve tine was 
Uno inadvertently left open 

SI_14/ 520(3) 
on previous SCTF-I tasts 

Effact of Opan Vent Une (S1-14/520 to S1-17/ 523) 

Combined CCFL Evaluation ""/608 Staam InJaction, Saturatad Water iniected into uppar 
Injaction Separata ECC, No Cora Powar plenum 
Effects Tests 52-4/ 509 Staam InjKtion, Saturatad Water injected into upper 

ECC, Cora Powar On plenum 
52-5/ 610 Steatn lnJ-ction, Subcoolad Water injacted into upper 

ECC, Gora Power On plenum 

53-3/707 Uniform Subc:oolad Watar 
~f706 Loc.al Subcooled Weter 
S3-5f709 D1stribll1ed Subcooled Water 
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Group Test Objective Test/F\m Oescriptlon (2) Comments 
Number(l) 

Combined Co,e Cooling 53-SHI/103 Core Coollng Base Case 
Injeetion Separale Evaluation 53-1/105 Lower Plenum Water Level 
Etfeels Tesls Etfec1 
(Conlinued) 53-2/106 Subcoollng Etfect 

53-6/110 Power Distribution Effec1 
53-7/111 ECC L.ocatlon Effec1 
53-8/712 ECC L.ocallon Changing 

Eft.ct 
53-12/116 High Power. High Cladding 

Temperature 
S3-AC2/102 Core Cooling BE 

Combined Effeet of C2-21 / 81 7/ 8 Injection (4 Hot LltQs, Compare 10 C2-19 (5/ 8 
Injection Integral In/ection 3 Cold legs) Injection: 2HL, 3CL) for 
Tests ConfiguralIon effeet of ECC flow rate 

10 hol legs 

53-13/117(3) Continuous UP Injection 
53-20/124 Inlermlttent UP In/ection 
53-22/126 Alternate UP Injactlon 

Effect of ECC SI -SHJ/ 528 Saturated ECC 
Temperature SI-SH4/ 529 Subcooled ECC 

53-18/122 High Injection Temperature Compate to 53-13 

Effect of Core 53-19/ 723 Low Preasure, High Power, Failed test 
Powerand High aaddlng 
aaddlng Temperature 
Temperature 53-21/125 Low Pressure, High Power, Compare 10 53-13 

High Injectlon Temperature 

Evaluation Model C2-19/79 5/ 8 in/action (2 Hot legs, 
(EM) Tests 3 Cold Lega) 

53-SH2/104 EM Qrientation 
53-13/117(3) EM Compare 10 53-11 

Best E.t1mate C2-2O/ SO (3) BE Compare 10 C2-19 
(BE) Te.t. 

53-AC1{701 BE OrientalIon 
53-11 /115 BE Compare 10 53-13 

Combined Faci lity Coupling Cl-SHS/ 9 Counterpart to PKl Test K7A 
Injection Special Te.ts 

C2-2O/ SO (3) Purpose Tests Counterpart to PKl 

Upper Plenum Base Case C2-16/16 Asymmetrie (One Port) 
Injection Tests Injection 

Parameter C2-ASI / 59 Symmetrie (Two Port) 
Eftoct, in/action 

C2-13/12 Symmetrie (Two Port) 
ln/action, High UPI Flow 

Ra" 
C2-AA1/57 Symmetrie (Two Port) 

Injection, High Power, Very 
High HPI Flow Rate 

C2-18/18 UPI Best Estimate/ Aefill 



CCTF ANO SCTF TESTS 

Group Test Objective T'~/Aur. 
NumtMr 1) 

Oescrlptlon (2) 

Oowncomer Parameter C2-AA2/58 Vent Valv .. OOMd 
Injection Tests Etfects C2-AS2/ 60 Vent V.lve, Open 

C2-10/69 Vant V.lve. Open, Loops 
Bloeked 

83-17/721 Vant Valve Te. t 

Mau Balance Verificatlon 01 C2-7/ SS MaIS Balance CaJibration 
Calibration Test Mus Flow 

Measurements 

NOTES: 

1. Test number identifies facility and test series: 

C1 = CCTF Core-I 
C2 = CCTF Core-II 
S1 = SCTF Core-I 
S2 = SCTF Care-II 
S3 = SCTF Core-II! 

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

BE = Best estimate 
EM = Evaluation model 
IT = Integral test 
Flat Q = Flat power profile 
Slant Q = Slant power profile 
Steep Q = Steep power profile 
Flat T = Flat initial clad temperature profile 
Steep T = Steep in~ial clad temperature profi le 
ACC = Accumulator 
ECC = Emergency core coolant 

Page 7 017 

Comments 

3. Test is listed !wice in the table because ~ can be used to evaluate more than 
one effect. 
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3.2 COLD LEG ECC INJECTION TESTS 

3.2.1 Overall Transient 

The overall large break LOCA (LBLOCA) transient lor cold leg injection is described 
below based on the resu~s 01 tests at both CCTF and SCTF. The description 01 the 
end-ol-blowdown/relill portion 01 an LBLOCA is based on special tests which 
simulated the relill portion 01 an LBLOCA. The description 01 the rellood portion 01 an 
LBLOCA is based on CCTF and SCTF base case tests, which were carried out with 
EM cond~ions (single LPCI pump lailure; decay heat 20% higher than 1971 ANS 
standard; high initial core temperature; locked rotor flow resistance) . Figures 3.2-1 
through 3.2-4 are schematics which depict system behavier at different times in the 
transient. Data plots 01 overall system response lor Test C2-4 are provided in 
Figure 3.2-5. 

End-ol-Blowdown/Relili (see Figures 3.2-1 and 3.2-2) 
After initiation 01 the break, the primary system pressure decreased as Iluid was 
discharged through the break. The fluid in the pressure vessel was vented to 
containment by flowing up the downcomer to the broken cold leg. The downcomer 
upllow was a \Wo-phase mixture 01 steam w~h entrained water. When this upllow was 
high, ECC injected into the cold legs was carried over to the broken cold leg 
(i.e., ECC bypass) . Therelore, ECC injected during this period did not contribute to 
cora eDoling. 

The \Wo-phase Ilow in the downcomer decreased with time. When the \Wo-phase 
upflow in the downcomer was low enough, ECC flowed down to the lower plenum, 
initiating refill. Most ECC injected during this period accumulated in the lower plenum 
and the downcomer w~h little ECC bypass. The water level in the lower plenum 
reached the bottom 01 the core (Le., rellood in~iation) shortly after blowdown was 
complete. 

During end-ol-blowdown and refill, water was not present in the cere. Consequently, 
core cooling was negligible and the cladding temperature increased almost 
adiabatically. 

Reflood -- Accumulator Injection (see Figures 3.2-3 and 3.2-5) 
In the early portion 01 reflood, the downcomer water level increased rapidly due to the 
high ECC flow !rom the accumulators. This increase in downcomer level lorced water 
into the core. Steam generation in the core in~iated first at the bottom 01 the core as 
water entered the core !rom the lower plenum. W~hin a lew seconds, water carried 
by the steam flow was present throughout the cere. This increase in liquid Iraction 
enhanced core cooling above the quench Iront. The steam generated in the core was 
vented to containment via the upper plenum and reactor coolant loops. 

3.2-1 



Early in the transient the core flooding rate was high and the collapsed water level in 
the core increased rapidly. The core flooding rate decreased quickly when the 
downcomer water level stabilized near the cold leg elevation and some 01 the ECC 
spilled out the broken cold leg. A~hough the core flooding rate decreased, the core 
steam generation rate remained essentially constant, indicating almost no degradation 
01 core cooling. 

Some 01 the water in the core flowed out 01 the core with the steam fiow. The water 
was either de-entrained in the upper plenum, or carried over with the steam to the 
reactor coolant loops. In the upper plenum, the de-entrained water was either 
accumulated as a two-phase mixture, re-entrained, or lell back to the core. The water 
carried over to the loops was de-entrained and accumulated in the hot legs and steam 
generator inlet plena. Typically, entrained water did not reach the steam generator 
tube regions du ring the accumulator injection portion 01 rellood. The steam Ilow 
through the loops created apressure differential between the upper plenum and 
downcomer which reduced the core fiooding rate (i.e., the steam binding effect) . 

In the intact loops, the steam flow toward the downcomer was completely condensed 
by the subcooled ECC. Due to the high ECC flows, the condensation resulted in the 
lormation 01 water plugs in the cold legs which oscillated upstream and downstream 
lrom the injection nozzle location. The period 01 these oscillations was typically a lew 
seconds. The water plugs reversed direction belere reaching the pump simulators : 
hence, loop seals were not lermed in the pump seal (er crossover) piping. 

Reflood -- LPCI (see Figures 3.2-4 and 3.2-5) 
When accumulator injection terminated, ECC flow decreased to the low pressure 
coolant injection (LPCI) flow. Due to the reduced ECC flow, only a portion 01 the 
steam Ilow was condensed in the intact cold legs. The uncondensed steam Ilowed 
to containment via the downcomer and broken cold leg. This steam fiow around the 
downcomer reduced the downcomer water level slightly below the nozzle elevation by 
entraining water out the break. 

The reduced ECC flow also resu~ed in an increase in the temperature 01 ECC 
delivered to the downcomer to near saturation. As saturated water replaced 
subcooled water in the downcomer, heat release !rom the vessel wall resu~ed in 
steam generation. This steam generation (i.e., voiding) contributed to the reduction 
of the collapsed water level in the downcomer. 

Core flooding rate, which decreased quickly after the downcomer filled to the cold leg 
nozzles (see previous discussion), remained nearly constant. The collapsed water 
level in the core continued to increase, but at a reduced rate. Water Ilow out the top 
01 the core also decreased due to the reduced flooding rate. However, late in reflood 
as the quench lront reached the upper regions of the cere, water Ilow out the top of 
the core increased. 

3.2-2 



The collapsed liquid level in the upper plenum typically increased with time as the 
water flow out of the core increased. In Test C2-4, the upper plenum water level was 
about 0.3 m when the quench front was at the mid-plane of the core. 

Shortly after termination of accumulator injection, entrained water reached the steam 
generator tube regions. In CCTF, which had active steam generators, essentiallyall 
of the water carried over to the tube regions was vaporized by heat transferred from 
the hot water on the secondary side of the steam generator. Consequently, the flow 
at the steam generator exit was single-phase, superheated steam flow. Single-phase. 
superheated steam flow through the pump flow resistance contributed to steam 
binding. 

3.2.2 System Behavior 

The major findings from the CCTF and SCTF tests regarding system behavior during 
reflood are discussed below. The discussion is based on the base case tests for each 
of the test series. The discussion is organized by region. Behavior in the core is 
discussed in Section 3.2.3. 

Downcomer 

Water accumulation and flow in the downcomer were essential/y one-dimensional. 

During the LPCI portion of reflood, the collapsed water level in the downcomer 
was below the cold leg elevation due to voiding from heat release from the vessel 
and entrainment by steam flow around the downcomer. 

The ECC flow entering the downcomer was subcooled du ring accumulator 
injection and saturated during LPCI flow. Since there was liltle axial mixing, the 
water in the downcomer was thermally stratified. The water flow out of the bollom 
of the downcomer into the core was in~ial/y subcooled but gradual/y increased to 
near saturation. As saturated water replaced subcooled water in the downcomer, 
voiding by wall steam generation became more significant. 

Only apart of ECC water flow into the downcomer entered the core and 
contributed to core cooling; excess ECC water flowed out the break. 

Lower Plenum 

Most of the lower plenum acted as a dead space. Specifically, most of the water 
in the lower plenum did not enter the cera er mix with the flow tram the 
downcomer to the core inlet. 

3.2-3 



Since most of the volume of the lower plenum acted as dead space, the 
temperature of water entering the core reflected the water temperature in the 
bottom of the downcomer. Specifically , the water entering the core was 
subcooled during the accumulator injection period and gradually increased to near 
saturation du ring the LPCI period. 

URRer Plenum. Hot Legs and Steam Generators 

Water de-entrainment and accumulation upstream of the steam generator tubes 
(i .e., upper plenum, hot legs, and steam generator inlet plena) reduced water 
carryover to the steam generator tubes and reduced the pressure drop for flow 
through the loops. 

Essentially all the water entrained to the steam generator tubes was vaporized by 
heat transfer from the secondary side. For some conditions with high water flow 
(best-estimate test), partial vaporization occurred. Vaporization increases the 
volumetrie flow, and therefore pressure drop, in the reactor coolant loops. 

Intact Cold Legs 

During the accumulator injection portion of reflood, water plugs formed in the 
intact cold legs as the steam flow in the loops was completely condensed by the 
high flow of subcooled ECC. However, during the LPCI portion of reflood when 
the ECC flow was considerably lower, only a portion of the steam flow was 
condensed and the flow regime in the cold legs was stratified (i.e., steam flow over 
a layer of water) . Condensation efficiency was close to 100% du ring this period 
(i.e., water heated to saturation temperature) . 

Broken Loop 

During the accumulator injection portion of reflood after the downcomer filled with 
water, flow out of the broken cold leg was essentially single-phase water flow 
since the steam flow through the intact loops was completely condensed . 
However, a two-phase mixture of steam w~h entrained water ftowed out the break 
during the LPCI portion of reflood. 

Steam flow in the broken hot leg was the same as in the intact hot legs during the 
accumulator injection portion of reflood when the steam flow through the intact 
loops was completely condensed. However, during the LPCI portion of reflood 
the steam flow through the broken hot leg was significantly greater than the flow 
in an intact loop due to the differential press ure for flow out the broken cold leg. 
This phenomenon helped reduce the impact of steam binding. 
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Intact Loops 

Thermal-hydraulic behavior was nearly the same among the three intact loops. 
Oscillation among intact loops, which might be caused by parallel channel 
characteristics, was not observed. 

3.2.3 Core Behavior 

Core cooling by steam generation was initiated as water ente red the cere from the 
lower plenum. Differential pressure measurements at various elevations in the core 
indicate that water entrained by the boiling process was present throughout the core 
within a few seconds of reflood in~iation (Figure 3.2-6). Similarly, water carryover from 
the core to the upper plenum initiated almost immediately after reflood initiation. The 
differential pressure measurements also showed that the water was evenly distributed 
across the core (i.e., in the horizontal or radial direction) even for tests with a non­
uniform core power profile. Core cooling above the quench front was improved by 
the presence of water in the upper regions of the core, and by fallback of water which 
de-entrained in the upper plenum. 

While the distribution of water in the core was one-dimensional, flow in the core 
exhibited mu~idimensional~. In tests at SCTF with a non-uniform power profile, a 
circulation flow between the high power and low power regions was observed. As 
shown in Figure 3.2-7, flow below the quench front was from the low power region to 
the high power region but flow above the quench front was from the high power 
region to low power region. As a resu~ of this flow circulation, heat transfer was 
enhanced in the high power region and degraded in the low power region. However, 
since peak cladding temperature (PCll occurred in the high power region, the net 
effect was a decrease in PCT. 

The heat transfer coefficient was strongly related to void fraction as weil as distance 
from the bollom quench front. As shown in Figure 3.2-8, the void fraction was weil 
predicted with REFLA void fraction model developed based on JAERl's small-scale 
reflood tests by assuming complete mixing of fluid staying among subchannels. Also, 
the one-dimensional heat transfer coefficient was weil predicted w~h the REFLA heat 
transfer model (Figure 3.2-9) . References J-906, J-91 0 and J-984 describe the REFLA 
void fraction and heat transfer models, and the assessment of these models against 
CCTF data. 

Other findings from the CCTF and SCTF tests regarding thermal-hydraulic behavior 
in the core are summarized below. The discussion includes the resu~s of tests which 
varied the radial power profile in the core. Also, the resu~s of tests at SCTF-I which 
investigated the effect of flow blockage due to ballooning of the fueled rods are 
discussed. 
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Radial Power Profile 

A non-uniform radial power profile created a mu~idimens ional flow pattern which 
enhanced heat transfer in the high power region and degraded heat transfer in the 
low power region (see above discussion) . The combination of heat transfer 
enhancement in the high power region and degradation in the low power region 
resulted in a nearly un~orm quench front. 

The magnitude of the heat transfer enhancement in the high power region was 
primarily dependent on the bundle power ratio and the maximum bundle power 
rather than the shape of the radial power profile (Figure 3.2-10) . These results 
applied to elevations where the peT would be expected to occur and were 
insensitive to parameter variations (e.g., pressure) . 

A large stepwise difference in bundle power ratio between adjacent bundles 
enhanced heat transfer locally on both sides of the power step. 

Blockage Ellect (60% blockage in two bundles) 

The flow blockage slightly allected heat transfer in the region just above 
(i.e., downstream) of the blockage. Specifically, quench time just above the 
blockage was delayed when accumulator injection rate was low and hastened 
when the accumulator injection rate was high. 

The ellect of the flow blockage on heat transfer was limited to only 0.5m above 
the blockage; no ellect was noted below the blockage. Overall, the ellect of the 
ftow blockage on peT was negligible. 

Grid Spacers without Vanes 

The grid spacers allected heat transfer locally. Specifically, heat transfer above 
the spacer was slightly enhanced while heat transfer below the spacer was slightly 
degraded. 

Non-heated Rods 

Non-heated rods quenched earlier than adjacent heated rods and, in so me cases, 
hastened quenching of adjacent heated rods (particularly in the upper region of 
the core). However, the overall ellect of non-heated rods on peT was negligible. 
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Configuration of Pressure Vessel 

The configuration of the pressure vessel (e.g., location of hot leg, location and 
geometry of the upper plenum internals, configuration of cere baffle region) 
influenced two-dimensional flow behavior; however, the ellect of the two­
dimensional flow behavior on PCT was negligibly smalI. 

3.2.4 Parameter Ellects 

The initial and boundary condrtions were varied parametrically to determine the ellect 
of the dillerent parameters on the reflood transient. The majer results of these tests 
are summarized below. 

System Pressure 

The major ellect of changing system pressure was to change the densrty of 
steam. At high er pressures, the steam densrty increased resulting in a reduction 
of the steam binding ellect and an increase in the core flooding rate. Also, since 
steam velocities ware lewer, more water was accumulated in the cera (Iower void 
fraction) and less water was entrained out of the vessel. 

Cere cooling was improved at higher pressures due to the decrease in the void 
fraction above the quench front and the reduction in steam binding. 

Core Power 

The primary ellect of changing core power was increased steam generation and 
flow rate with increased cera power. The increased steam generation was not 
noted until about 100 seconds after Bottom of Core Recovery (BOCREC). 
Apparently, heat transfer during the early portion of reflood is dominated by the 
inrtial stored energy and not core power. 

The core flooding rate was about the same for the high power and low power 
tests ; i.e., flooding rate was essentially independent of power. However, for the 
high power case, more water was vaporized or carried over, leading to lower 
accumulation in the core. 

The thermal ellect of increased core power was a higher cladding temperature rise 
and later core quench times. This ellect of core power on temperature rise was 
small In the lower part of the core (consistent with heat transfer during early 
reflood being dominated by stored energy) . In the upper haij of the core, the 
temperature rise was significantly greater. 
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Initial Cladding Temperature 

Higher inijial cladding temperatures resulted in increased steam generation in the 
cere. The increase in steam generation occurred during the early portion of 
reflood when heat transfer was dominated by stored energy (see above 
discussion on core power) . 

The effect of high er inijial cladding temperature on cladding temperatures du ring 
reflood was an increase in PCT but a decrease in the cladding temperature rise. 

PowerfTemperature Distribution 

Overall system performance was essentially the same for tests with the same total 
core power and stored energy regardless of the power and initial temperature 
distribution. 

A non-un~orm power profile affected core cooling locally (see Section 3.2.3) . 

ECC Flow Rate 

Higher LPCI flow resu~ed in stranger condensation of steam in the cold legs and 
hence lower system press ure. As discussed above. decreasing system press ure 
increased PCT. On the other hand. higher LPCI flow increased the subcooling of 
the water flow to the downcomer and reduced downcomer voiding as weil as 
downcomer entrainment. These effects offset each other. The net effect of 
doubling LPCI flow (i.e .. no LPCI pump failure vs. single LPCI pump failure) was 
a slight increase in PCT (about 5 K) . 

An increase in the accumulator injection rate increased the core flooding rate. 
thereby increasing the in~ial steam generation rate and enhancing cere cooling. 
This arrested core temperatures at all elevations essentially immediately. 
However. fer a shorter duration of accumulator injection or a reduction of 
accumulator flow. the upper regions of the core heated up slightly befere their 
temperatures were arrested. 

The effect on PCT of continued accumulator injection after the downcomer filled 
was essentially the same as an increase in the LPCI flow rate (see discussion 
above) . 

Downcomer Wall Temperature 

Lowering the in~ial downcomer wall temperature reduced heat transfer between 
ECC delivered to the downcomer and the downcomer walls. Consequently. 
voiding in the downcomer decreased and subcooling at the core inlet increased. 
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The primary effect of lower initial wall temperatures in the downcomer on core 
eooling was a decrease in core steam generation due to the increase in 
subcooling at the core inlet. However, since this effect occurs du ring late reflood, 
the influence on PCT is small. 

Loop Flow Resistance 

The effect of increasing the loop flow resistance was an increase in the pressure 
drop (i.e., back pressure) from flow through the loops. This increase in back 
press ure reduced the core flooding rate and thereby increased PCT. 

The increase in back pressure also increased the reacter vessel pressure. As 
described above, higher vessel pressure improves cere cooling and reduces PCT. 
Apparently, the reduction in PCT due to the higher press ure was small in 
comparison to increase in PCT due to the reduced ftooding rate. 

3.2.5 Special Purpose Tests 

At CCTF and SCTF, special tests were performed to investigate specifrc sets of 
conditions and phenomena. The major resu~s of these tests are summarized below. 

Reflood Behavior wrth BE Conditions (no LPCI failure: lower decay heat and initial cere 
temperature) 

PCT and quench times were significantly lower for BE conditions than for EM 
condrtions. Specifically, CCTF Test C2-12, a BE test, had a PCT of 64B K and a 
quench time of 120 seconds whereas typical CCTF-II tests (i.e., EM tests) had a 
PCT of 1132 K and a quench time of 571 seconds. 

System-wide hydraulic oscillations due to intermittent carryover to the SGs 
occurred at CCTF (Test C2-12). Abrief core re-dryout wrth a small heatup prior 
to re-quench occurred during these oscillations. 

Inrtial Loop Seal 

Water filled loop seals (i.e., blocked loops) resu~ed in pressurization of the upper 
plenum because the steam generated in the core could not vent to containment. 
However, a short time after BOCREC (40 seconds in Test Cl-1B) , the increase in 
upper plenum pressure was sufficient to elear the loop seals. 

The initial increase in upper plenum pressure reduced the cera flooding rate. 
Consequently, core cooling was significantly degraded until the loop seal eleared. 
After the loop seal cleared, good core cooling was achieved. The overall effect 
of loop seals was an increase in PCT of approximately 100 K in Test Cl-1B. 

3.2-9 



Nitrogen Discharge Irom the Accumulators 

CCTF Test CI -15 injected nitrogen through the ECC piping to simulate discharge 
01 nitrogen lrom the accumulators. The amount 01 nitrogen which reached the 
primary system was insufficient to adequately simulate the phenomena; however, 
the test did confirm that nitrogen discharge increases the differential pressure 
across the broken cold leg. 
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3.3 COMBINED INJECTION TESTS 

3.3.1 Overall Transient 

The overal11arge break LOCA (LBLOCA) transient lor combined injection is described 
below based on the results 01 tests at both CCTF and SCTF. The description 01 the 
end-ol-blowdown/refill portion 01 an LBLOCA is based on special tests which 
simulated the refill portion 01 an LBLOCA. The description 01 the reflood portion 01 an 
LBLOCA Is based on tests carried out with EM conditions (single LPCI pump lailure; 
decay heat 20% greater than 1971 ANS standard; high initial core temperature) . 
Figures 3.3-1 through 3.3-3 are schematics which depict system behavior at different 
times in the transient. Data plots 01 overall system response lor Tests S3-13 and 
C2-19 are provided in Figures 3.3-4 and 3.3-5, respectively. 

End-ol-Blowdown/Refili (Figures 3.3-1. 3.3-2 and 3.3-4) 
After initiation 01 the break, pressure in the primary system decreased as fluid was 
discharged out the break. The fluid in the pressure vessel was vented to containment 
by Ilowing up the downcomer to the broken cold leg. This upflow in the downcomer 
was a two-phase mixture 01 steam and entrained water. When the two-phase upllow 
in the downcomer was high, ECC injected into the cold legs was carried out the 
broken cold leg. ECC injected in the hot legs entered the upper plenum and ftowed 
downward through the tie plate and to the lower plenum. The ECC flow condensed 
steam in the pressure vessel which lacilitated lower plenum relill. When the two-phase 
upflow in the downcomer was low enough, ECC injected in the cold legs flowed down 
the downcomer and contributed to relilling the lower plenum. Core reflood was 
initiated shortly after the end 01 depressurization when the water level reached the 
bollom 01 the cere. 

In SCTF tests, downftow 01 hot side ECC injection through the core occurred over 
local regions 01 the core. The water downflow inrtiated core cooling within the 
downftow region. The remainder 01 the core, however, heated up essentially 
adiabatically. In CCTF tests, clear separation between these two regions was not 
observed. 

Rellood (Figures 3.3-3. 3.3-4 and 3,3-5) 
Almost all ECC injected into the hot legs entered the upper plenum where the water 
either accumulated or penetrated through the tie plate to the core. Uke refill, this 
downflow occurred over a localized region 01 the core. Hot leg ECC injection 
delivered to the lower plenum via the core either flowed up the downcomer to the 
break or back into the core trom the bollom. This upflow occurred across the core 
exclusive of the water downflow region and resulted in battern flaoding behavior like 
that observed wrth cold leg ECC injection (see Section 3.2.3) . Outside the water 
downflow region, steam generation inrtiated at the bOllom 01 the core as water entered 
the cere trom the lower plenum. Water entrained by the boiling process was carried 
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to the upper regions 01 the core, initiating steam generation and therelore core cooling 
throughout the core. 

Most 01 the steam generated in the core was condensed in the core, upper plenum 
and hot legs. Consequently, the steam flow through the loops was minimal, and 
steam binding was not important w~h this type 01 ECCS. The steam which did fiow 
thraugh the intact loops was condensed in the cold legs; hence, there was essentially 
no steam Ilow out the broken cold leg. Based on CCTF results, steam condensation 
in the hot legs created water plugs during the early refiood phase (high steam flow) . 
Later in reflood when the steam flow was low, water overflow fram the upper plenum 
filled the hot legs but did not reach the steam generator U-tubes. However, in the 
broken loop hot leg the water plugs oscillated between the upper plenum and steam 
generator U-tubes resulting in intermittent delivery of ECC to the upper plenum. 

Stored energy and decay heat in the core were carried out of the press ure vessel by 
the steam flow through the loops and the water flow Irom the core to the break via the 
downcomer. Since the loop steam flows were very smalI, most of the energy was 
removed by the water flow up the downcomer. Hence, the contribution of ECC 
injected in the cold legs on core cooling was minimal. 

3.3.2 System Behavior 

The major observations from the CCTF and SCTF tests regarding system behavior 
with combined injection are summarized below. The discussion is organized by 
region. Behavior in the core is discussed in Section 3.3.3. 

Downcomer 

During the initial portion of reflood the downcomer water level increased rapidly 
from both cold leg ECC injection and downflow of hot leg ECC injection thraugh 
the core. 

In general, water flowed up the downcomer from the lower plenum to the cold leg 
because downflow of hot leg ECC injection exceeded the core fiooding rate. 
Consequently, cold leg ECC injection flowed out the break. 

Typically the downcomer was filled to the cold leg elevation with subcooled water. 

Lower Plenum 

During reflood, the lower plenum was filled w~h subcooled water and the flow 
direction was generally from the core to the downcomer. 
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Upper Plenum 

As shown in Figure 3.3-6, the water accumulation in the upper plenum was divided 
into separate regions by fluid temperature. Specifically, the water was subcooled 
over a localized region and saturated over the remainder of the upper plenum. 
Water downflow to the core occurred predominantly beneath the subcooled 
region. 

Water downflow occurred where the fluid temperature above the tie plate was 
subcooled. 

Condensation efficiency in the upper plenum was governed by mixing behavior 
rather than by the condensation capacity of water. 

Intact Loops 

Steam flow through the intact loops was small because most of the steam 
generated in the core was condensed in the upper plenum and the hot legs. 

The formation and behavior of water plugs in the hot legs was previously 
described in Section 3.3.1. 

3.3.3 Core Behavior 

The major observations regarding thermal-hydraulic behavior in the core are 
summarized below based on the resu~s of SCTF tests. 

A circulation flow path between the core and upper plenum was established du ring 
reflood. Specifically, the two-phase upflow (i.e., steam w~h entrained water) trom the 
core to the upper plenum was returned to the core in the water downflow region. In 
the upper plenum, the condensation of the steam and de-entrainment of the water 
added to the inventory above the core. However, since the flow through the loops 
was minimal , the condensed steam and de-entrained water were returned to the lower 
plenum w~h the ECC downflow. Water delivered to the lower plenum flowed up the 
downcomer to the break or into the core. 

In the core, separate regions for water downflow and two-phase upflow resu~ed in 
non-uniform thermal-hydraulic behavior in the horizontal direction. Figure 3.3-7 shows 
the fluid temperature profile across the core for several elevations at different times in 
an SCTF combined injection test. For the upper regions 01 the core (top two graphs), 
the temperature in the water downflow region (Bundles 7 and 8) was subcooled while 
that in the two-phase upflow region (Bundles 1-6) was saturated. This discontinuity 
indicates that mixing between the two regions was minimal. 

3.3-3 



Other findings Irom the SCTF tests regarding thermal-hydraulic behavior in the core 
with combined injection are summarized below. 

Two-phase Upllow Region 

Shortly after in~iation 01 reflood, water entrained by the boiling process was 
present axially throughout the core. Water entrainment initiated steam generation 
(and therelore core cooling) in the upper regions 01 the core. 

Quench propagation was mainly from the bottom up and not lrom the top down. 

Due to the flow circulation established in the reactor vessel, the core flooding rate 
and core inlet subcooling were higher than lor cold leg injection. 

When water downflow was continuous, core cooling in the two-phase upllow 
region was unilorm and essentially independent 01 the location 01 the downflow 
region and ~s movement. Core cooling was enhanced in the bundle directly 
adjacent to the downflow region. 

Void Iraction and heat transler coefficient were weil predicted by the REFLA model 
(Relerences J-970 and J-972). 

Water Downflow Region 

The downllow region was lilled with a two-phase mixture 01 steam and water early 
in rellood and single-phase, subcooled water lor the remainder 01 rellood . 

In the early portion 01 reflood, belore the downflow region was filled w~h 
subcooled water, downflow to the core was governed by countercurrent flow 
phenomena at the tie plate. This period ended wrth massive breakthrough at the 
tie plate which quenched the heated rods in the downflow regions, and filled the 
downflow region wrth subcooled water. 

During the middle and later portions 01 reflood, after the downflow region was lilled 
with subcooled water, downflow was governed by the density difference between 
the water downllow and two-phase upflow regions. 

3.3.4 Parameter Effects 

The initial and boundary condrtions were varied parametrically in order to determine 
the effect 01 different parameters on the transient. The major results 01 these tests are 
summarized below. 
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ECC Configuration 

Intermittent and a~ernating water injection (or delivery to the upper plenum from 
the hot legs) did not allect cere cooling relative to continuous delivery. When 
water delivery was intermittent, the condensation rate in the upper plenum and the 
dillerential pressure across the intact loops oscillated in phase w~h the water 
delivery. The cere differential press ure also oscillated. These core differential 
pressure osciHations resulted in temporary increases and decreases in core 
cooling. However, the increases in core cooling oflset the decreases. 

Power Distribution 

Overall system performance was independent of the radial power profile. 
Specifically, !wo-region cooling and flow circulation in the pressure vessel were 
observed in tests with uniform and nonuniform radial core power profiles . 

A nonuniform radial power profile resulted in enhanced heat transfer in the high 
power region and degraded heat transfer in the low power region ; a similar 
mu~idimensional ellect was observed in cold leg injection tests (see Section 3.2.3) . 
The magn~ude of this ellect on overall heat transfer was smaller in the case of 
combined 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 cere 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 cere cooling. 

BE vs. EM 

Overall system behavior was qualitatively the same under both EM cond~ions 
(single LPCI pump failure; decay heat 20% higher than 1971 ANS standard; high 
in~ial cere temperature) and BE cond~ions (no LPCI pump failure ; lower decay 
heat and initial core temperature) . 

Core cooling was better under BE conditions than EM cond~ions, due to the 
higher ECC flow delivered to the core, higher circulation flow, lower core power 
and other factors. 
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ECC Temperature 

An inerease in ECC temperature decreased eore eooling in the two-phase upflow 
region beeause the energy removal eapacity of the water downflow was lower. 
Also, inereasing the temperature of the water downllow reduced the eireulation 
between the upper plenum and eore beeause the density difference between the 
two-phase upflow and the water downflow was less. 

In SCTF the eore was adequately eooled under a wide range 01 ECC temperature 
which bounds expected PWR eondrtions. 
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3.4 UPPER PLENUM INJECTION TESTS 

The reftood portion 01 the large break LOCA (LBLOCA) transient lor upper plenum 
injection (UPI) is described below based on the resu~s at CCTF. Figures 3.4-1 and 
3.4-2 are schematics which depict the system behavior at different times in the 
transien!. Data plots 01 overall system response lor Test C2-16, the UPI base case 
test, are provided in Figure 3.4-3. 

3.4.1 Overall Translen! (Flgures 3.4-1 , 3.4-2 and 3.4-3) 

Upper plenum behavior during rellood lor UPI was qualitatively similar to that lor 
combined injection (see Section 3.3.1). Specifically, water injected in the upper 
plenum either accumulated in the upper plenum or penetrated through the tie plate to 
the core. The water delivered to the lower plenum e~her ftowed up the downcomer 
to the break or back up into the core. Uke combined injection, this water upftow into 
the core resulted in bottom flooding behavior in the core. 

Steam upftow trom the core entered the upper plenum where ~ was condensed by the 
ECC injection. For the base case test (i.e., single LPCI lailure), only about hall 01 the 
core steam generation was condensed in the upper plenum. The remainder was 
vented to containment via the reactor coolant loops. 

Water carried over to the loops by the steam ftow either accumulated in the hot legs 
and SG inlet plena or was entrained to the SG U-tubes. Heat transler Irom the 
secondary side vaporized the entrained water increasing the volumetrie Ilow, and 
therelore pressure drop, in the reactor coolant loops. However, because most 01 the 
steam was condensed in the upper plenum, the loop flow and pressure drop was less 
lor UPI than lor cold leg injection. 

3.4.2 System Behavior 

The major findings trom the CCTF tests regarding system behavior w~h UPI are 
summarized below; behavior in the core is discussed in Section 3.4.3. As previously 
indicated, upper plenum behavior with UPI was qual~atively similar to that lor 
combined injection. 

Downcomer 

Water flow in the downcomer during reflood was upward trom the lower plenum 
to the broken cold leg. The magn~ude 01 the flow was determined by the 
difference between water downflow trom the upper plenum and the core flooding 
rate. 

The downcomer was filled wnh water up to the cold leg nozzles. 
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Upper Plenum 

Water accumulated in the upper plenum as a two-phase mixture. The collapsed 
water level 01 this mixture was unilorm across the upper plenum. For both single 
lailure and no lailure cases, the collapsed liquid level quickly increased to above 
the hot leg elevation. 

For the single lai lure case, only haij the steam generated in the core was 
condensed in the upper plenum. The remainder was vented to containment via 
the reaetor coolant loops. 

For the no lailure case, essentially all the steam upllow lrom the core was 
condensed in the upper plenum. Hence, the steam Ilow in the loops was minimal. 

Reaetor Coolant Loops 

As indicated above, steam flow in the reaetor coolant loops was minimal lor the 
no lailure case and present at a reduced rate (about haij the core steam 
generation) lor the single lailure case. 

For the single lailure case, water was carried over to the hot legs and steam 
generators by the steam flow exiting the upper plenum. Vaporization 01 entrained 
water in the steam generator U-tubes increased the volumetrie Ilow rate, and 
therelore flow press ure drop, in the loops. Compared to cold leg injeetion, the 
increase in flow pressure drop was small. For the no lailure case, water which 
spilled over into the lcops accumulated in the hot legs and SG inlet plena. 

3.4.3 Core Behavior 

Core behavior with UPI was similar to combined injeetion (see Seetion 3.3.3). 
Specifically, a circulation flow path between the core and upper plenum was 
established. The !wo-phase upflow Irom the core to the upper plenum was returned 
to the core by water downflow through the tie plate. Water downllow in the core 
occurred over a localized region 01 the core. 

Differences in core behavior between UPI and combined injeetion refleeted differences 
in ECC injeetion; specifically, UPI flow was substantially less than hot leg ECC 
injeetion. The increase in water temperature in the upper plenum due to steam 
condensation was larger in the UPI tests because 01 the lower ECC ftow. 
Consequently, the temperature 01 the water downflow was higher (i .e., lower 
subcooling) . Since the circulation flow between the core and upper plenum during the 
middle and later stages 01 reflood Is controlled by the density difference between the 
two-phase up flow and the water downflow (see Seetion 3.3.3) , the flow circulation was 
not as strong lor the UPI tests. 
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A second effect 01 the increased temperature 01 the water downllow lor UPI was that 
thermal-hydraulic behavior was relatively un~orm across the core. As discussed in 
Section 3.3.3 lor combined injection, thermal-hydraulic behavior in the core was 
divided into separate regions 01 subcooled water downflow and saturated two-phase 
upllow. However, lor UPI the separate regions were noted only at the top 01 the core; 
thermal-hydraulic behavior was un~orm over the remainder 01 the core. 

Thermal-hydraulic behavior in the two-phase upflow region was similar to that 
observed whh cold leg injection (see Section 3.2.3) . Other findings trom the CCTF 
tests regarding thermal-hydraulic behavior in the core with UPI are summarized below. 

Water Downflow Region 

Water downflow occurred prelerentially on one side 01 the core lor both symmetrie 
injection and asymmetrie injection. 

The enhancement 01 core cooling due to water downflow lram the upper plenum 
was limited to the upper elevations 01 the core in the water downflow region. 

Two-Phase Upflow Region 

Whhin a couple 01 seconds 01 reflood inhiation, water entrained by the boiling 
process was present throughout the core. Entrained water initiated core cooling 
in the upper regions 01 the core. 

The distribution 01 entrained water was un~orm across the core. 

Quench propagation was mainly trom the bottom up and not lram the top down. 

3.4.4 Parameter Effects 

The inhial and boundary condhions were varied parametrically to determine the effect 
01 different parameters on the transient. The major results 01 these tests are 
summarized below. 

UPI Distribution 

Overall thermal-hydraulic behavior was generally the same lor comparable UPI 
flows but different injection distributions (i.e., injection through two nozzles versus 
one nozzle) . 

Injection through one nozzle (asymmetrie UPI) enhanced core cooling in the upper 
part 01 the core compared to injection through two nozzles (symmetrie UPI), due 
to two-dimensional thermal hydraulics. 
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UPI Flow 

Increasing the UPI flow (no failure rather than single failure) increased 
condensation in the upper plenum such that essentially all the steam generated 
in core was condensed. Hence, the steam flow, and therefcre water entrainment, 
in the reactor coolant loops was minimal. 

Increasing the UPI flow significantly reduced cladding temperatures and quench 
times throughout the core. The effect was more pronounced in the water 
downflow region. 
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3.5 DOWNCOMER INJECTIONNENT VALVE TESTS 

The reflood portion 01 the large break LOCA (LBLOCA) transient lor downcomer 
injection is described below based on the resu~s 01 tests at CCTF. The downcomer 
injection tests were performed both w~h the vent valves locked shut (Test C2-AA2) 
and w~h the vent valves tree to open (Tests C2-AS2 and C2-10); separate descriptions 
are provided lor each type 01 test. Figure 3.5-1 is a schematic which depicts system 
behavior during reflood lor downcomer injectlon without vent valves. Data plots of 
overall system response lor Test C2-AA2 (vent valves closed) and Test C2-AS2 (vent 
valves open; loops open) are provided in Figures 3.5-2 and 3.5-3, respectively. 

3.5.1 Reftood Transient lor Downcomer Injection w~hout Vent Valves 
(Figure 3.5-1) 

The overall thermal-hydraulic behavior during reflood lor downcomer injection w~hout 
vent valves was very similar to cold leg injection (see Section 3.2.1). ECC flowed 
down the downcomer to the lower plenum and into the core. The water upflow into 
the core resu~ed in a bottom flooding behavior in the core the same as that previously 
described lor cold leg injection (see Section 3.2.3) . 

Some 01 the water entrained out 01 the core de-entrained and either lell back to the 
core or accumulated in the upper plenum, hot legs and steam generator inlet plena. 
The remainder 01 the water entrained out 01 the core was carried to the steam 
generator U-tubes. Heat transler trom the secondary side vaporized entrained water 
in the U-tubes. Hence, flow in cold legs consisted 01 single-phase, superheated 
steam. 

The steam flow through the intact loops entered the downcomer where some 01 the 
steam was condensed by the ECC injection into the downcomer. However, because 
contact between the ECC and steam flows was lim~ed . the condensation rate was less 
than lor cold leg injection. Further, condensation was intermittent as U-tube 
oscillations 01 the core and downcomer water levels occurred. When the downcomer 
water level was below the ECC injection nozzle, steam condensation increased due 
to good steam access to the ECC injection stream and subcooled ECC accumulating 
on top 01 the downcomer water column. Increased condensation reduced the 
pressure in the downcomer relative to the core pressure which lorced water out 01 the 
core and into the downcomer. The increase in steam condensation warmed the top 
portion 01 the downcomer water column to near saturation. Also, as the water level 
rose, steam access to the ECC injection stream was blocked by saturated water and 
condensation decreased. The reduction in condensation resulted in an increase of the 
downcomer pressure which lorced water lrom the downcomer back into the core and 
started the cycle again. The oscillations lollowed the manometer Irequency 01 the 
system (Relerence J-973). The character 01 this oscillation in CCTF was influenced 
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by the vertical position of the injection nozzle slightly below the main coolant nozzles, 
which is typical of Japanese PWRs wrth downcomer injection . 

Experimentally, the PCT for downcomer injection was nearly equal to that for cold leg 
injection, and the quench times for downcomer injection were slightly longer than for 
cold leg injection. This slight difference is due to the increased water temperature at 
the bottom of the core due to the oscillations described above. 

3.5.2 Reflood Transient for Downcomer Injection with Vent Valves 

For downcomer injection wrth vent valves, ECC flowed down the downcomer to the 
lower plenum and into the core. The water ftow into the core resulted in steam 
generation in the core and two-phase upftow from the core to the upper plenum. In 
the upper plenum some of the water carried out of the core was de-entrained and 
either fell back to the core or accumulated. The remainder of the water entrained out 
of the core was carried by the steam ftow through the vent valves to the downcomer. 
The loops were blocked in the test (C2-l0) , simulating the plant condrtion where loops 
are presumed to be blocked by plugs of water. In the unblocked loop test (C2-AS2), 
water plugs formed between hot legs and steam generators, and blocked steam flow 
through intact loops. 

With the vent valves free to open, the ftow exrting the upper plenum was vented to the 
downcomer via the vent valves rather than the reactor coolant loops. The lack of 
steam flow and water entrainment through the loops eliminated the increase in the 
core·to-downcomer differential press ure due to vaporization of entrained water in the 
steam generators. The core-to-downcomer differential pressures for downcomer 
injection with vent valves and cold leg injection wrthout vent valves are compared in 
Figure 3.5-4. The differential pressures are similar for the first 15 seconds after 
BOCREC. However, after 15 seconds, the differential pressure for cold leg injection 
without vent valves was higher than that for downcomer injection wrth vent valves. 

The low core-to-downcomer differential pressure wrth the vent valves free to open 
resu~ed in a higher core flooding rate than wrth the vent valves closed. Consequently , 
cladding temperatures were lower and quench times shorter. 
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3.6 SUMMARY 

Refill and reflood behavior with cold leg injection ECCS were tested in CCTF and 
SCTF across a wide range 01 conditions. The important findings with regard to core 
cooling were as lollows: 

Within a lew seconds 01 BOCREC, water entrained by the boiling process was 
present throughout the core and core cooling was occurring at all elevations. 

Water was distributed unilormly across the core in the horizontal direction; 
i.e., unilorm void traction in the lateral direction. 

Steam Ilow in the core was high er in the high power bundles than in the low 
power bundles. 

These phenomena had a beneficial ellect on core cooling. The CCTF and SCTF tests 
confirmed that the core was adequately cooled over the range 01 conditions 
investigated (including EM and BE conditions) . 

Relill and rellood behavier with combined injection ECCS were also investigated in 
CCTF and SCTF. The important findings trom these tests are listed below. 

Most 01 the ECC injected into the hot legs entered the upper plenum and Ilowed 
down through the core. 

Two separate thermal-hydraulic regions were established in the core; Le., water 
downflow region and !wo-phase upflow region. 

The !wo-phase upflow Irom the cere to the upper plenum was returned to the core 
in the water downllow; Le., a circulation Ilow path was established. 

Within a lew seconds 01 BOCREC, water entrained by the boiling process was 
present axially throughout the !wo-phase upflow region 01 the core and core 
cooling was occurring at all elevations. 

Since most 01 the steam generated in the core was condensed by the ECC 
injected in the hot legs, the steam flow through the loops was minimal. 
Consequently, the steam binding ellect was insignilicant. 

The tests confirmed that the cere was adequately cooled over the range 01 conditions 
investigated. 
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The CCTF and SCTF test programs also simulated upper plenum injection and 
downcomer injection (both with and without vent valves) ECCS. The tests indicated 
that these ECC systems adequately cooled the care. 
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Section 4 

UPTF TESTS 

4.1 DESCRIPTION OF FACILlTY, TEST PROGRAM, AND TEST CONDITIONS 

4.1.1 Upper Plenum Test Facility (UPTFl 

The UPTF was a full-scale simulation 01 the primary system 01 the lour loop 1300 MWe 
Siemens/KWU pressurized water reactor (PWR) at Gralenrheinleld (Figures 4.1-1 and 
4.1-2) . The test vessel upper plenum internals, downcomer, and primary coolant 
piping were replicas 01 the relerence plant. However; important components 01 a 
PWR, such as the core, coolant pumps, steam generators, and containment were 
replaced by simulators which simulated the thermal-hydraulic behavior in these 
components during end-ol-blowdown, relill , and reflood phases 01 a large break 
LOCA. UPTF simulated both hot leg and cold breaks 01 various sizes. The ECC 
injection systems at the UPTF were configured to simulate the various ECC systems 
01 German and US/J PWRs. UPTF is described in more detail in Relerences G-902 
and G-412. 

As shown in Figure 4.1.3, the UPTF primary system was divided into the investigation 
and simulation areas. The investigation areas, which were exact replicas 01 a GPWR, 
consisted 01: 

Core/upper plenum interface, upper plenum, and hot legs (Area A on 
Figure 4.1-3). 

Cold legs, downcomer, lower plenum, and downcomer~ower plenum interface 
(Area B on Figure 4.1-3). 

Knowledge 01 the physical phenomena occurring in these !wo areas during a LOCA 
is important lor reactor salety analysis. 

Realistic thermal-hydraulic behavior in the investigation areas was assured by 
establishing appropriate in~ial and boundary conditions. The boundary cond~ions 
were established using simulators. Setup and operation 01 the simulators were based 
on small-scale data and mathematical modeling. 

4.1-1 



The simulation areas included the lollowing: 

core simulator 
steam generator simulators 
pump simulators 
containment simulator 

The main components 01 the UPTF are described below. 

Test Vessel and Internals 
The dimensions 01 the UPTF test vessel (Figure 4.1-2) were identical to the reactor 
vessel 01 the relerence PWR except lor wall thickness. The entire inner surface was 
clad with stainless steel. Penetrations were provided lor instrumentation. The vessel 
intern als (Figure 4.1 -2) consisted 01 lower plenum internals, core simulator, dummy 
luel assemblies, and upper plenum intern als. The lower plenum had the same 
dimensions as the relerence PWR. The core region contained the core simulator and 
193 quarter-Iength dummy luel assemblies with end boxes. 

The core simulator consisted 01 17 pipes lor both steam and water injection. These 
injection pipes subdivided into a total 01 193 steam/water injection noules, one below 
each dummy luel assembly. The core simulator was divided into 17 zones, each 01 
which had separate injection control valves such that lateral distribution 01 steam and 
water flow rates could be obtained to simulate, lor example, core radial peaking. Total 
Ilow capacrties were 360 kg/s 01 steam and 2000 kg/s 01 water. 

The upper plenum had actual reactor dimensions and contained 61 control rod guide 
tubes and 16 support columns. Eight vent valves were mounted in the core barrel 
above the hot leg noule elevation lor simulation 01 ABB and B&W PWRs. The vent 
valves could be locked or unlocked depending on the type 01 test. 

Steam Generator Simulators 
Each 01 the three intact loops contained a steam generator simulator (Figure 4.1-4) to 
simulate a PWR steam generator (SG) . They were designed to measure water carried 
into the simulators and simulate the steam generator response to carryover while 
preserving the flow resistance 01 the relerence SGs. Water carryover was measured 
by separating the water tram the steam flow using a set 01 31 !wo-stage cyclone 
separators. A steam mass flow equivalent to the measured water entrainment could 
be injected into the simulator to simulate the thermal response 01 a PWR SG. 
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Steam/Water Separators 
Steam/water separators were located in the hot and cold legs 01 the broken loop. 
Their configurations were similar to the SG simulators previously described, but the 
dimensions and number 01 cyclones were adjusted to account lor the larger mass 
flows expected in the broken loop (Figure 4.1-4). 

Emeraencv Core Cooling System (ECCS) 
The ECC injection systems commonly used in US/J PWRs and GPWRs were 
simulated at UPTF using accumulators. There were a total 01 lour accumulators; two 
with a capacity 01 150 m3 and two with a capacity 01 125 m 3 each. Two 01 these could 
be used a~ernatively as n~rogen accumulators lor simulation 01 accumulator nrtragen 
release in US/J PWRs. 

Pump Simulators 
UPTF simulated the flow resistance and key internal heights 01 a reactor pump wrth 
manually adjustable valves (Figure 4.1-5) installed in each intact loop between the 
pump seal and the cold leg injection port. 

Vent Valves 
Eight vent valves (Figure 4.1-6) were installed in the core barrel 01 the test vessel to 
permrt simulation 01 ASS and S&W PWRs wrth vent valves. 

Containment Simulator 
The containment simulator was designed to simulate the containment pressure history 
lollowing a LOCA in the PWR. ~ was divided into an upper dry weil 01 about 500 m 3 

and a wet weil 01 about 1000 m3. Vent pipes routed steam from the dry weil into the 
water pool 01 the wet weil, where rt condensed. 

4.1.2 Process Instrumentation and Control 

The scope 01 the process instrumentation included a total 01 414 measurements 01 
fluid temperatures, single-phase mass flows, water levels, absolute pressures, 
differential pressures and valve posrtions. These instruments monrtored test boundary 
condrtions and supported operating the lacility's auxiliary systems. The signals Irom 
265 process instrumentation channels were also directed to the main test data 
acquisrtion system lor test evaluation (see Section 4.1.3) . 

The process control scheme is shown in Figure 4.1-7. The boundary condrtions lor 
the investigation areas were programmed into the control computer (Siemens 
microcomputer SMP) as functions 01 time. Pre-test analyses (using thermal-hydraulic 
codes and subscale data) were used to define the boundary condrtions. 
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The UPTF core simulator steam and water injection rates and steam generator 
simulator steam injection rates could be either preprogrammed or controlled by 
leedback systems. These leedback systems simulated the thermal-hydraulic 
responses 01 the PWR active core and steam generators to water penetration 
(Figures 4. 1-8 and 4.1-9). Each leedback system is described brielly below. 

Core Simulator Feedback System 
To simulate the reactor core response in the case 01 water breakthrough Irom the 
upper plenum into the core region, a stand-alone control computer was activated by 
signals Irom the drag bodies (DBs) and breakthrough detectors (BTDs) installed at the 
tie plate. Steam injection into the core was increased in accordance with the 
measured penetration rate; separate steam flow adjustments were made to each 
injection zone. The algorithm simulating the core response to water breakthrough was 
based on analytical and experimental data lrom CCTF and SCTF (Relerences G-401 , 
J-555 and J-560). 

In addition, the Core Simulator Correction System could be used to adjust steam 
injection based on collapsed level measured in the core to simulate the thermal­
hydraulic response 01 the core to bollom flooding. This system could also adjust 
water injection to simulate changes in water entrainment due to changes in steam flow 
and collapsed liquid level. The algor~hms lor the Core Simulator Correction System 
were also based on analytical and experimental data Irom CCTF and SCTF 
(Relerences G-401, J-555 and J-560). 

Steam Generator Simulator Feedback System 
The response 01 a PWR steam generator to water penetration into the tube region was 
simulated by the SG Feedback System. Using this system, steam was injected in 
response to measurements 01 a water plug or entrained water ente ring the SG 
simulator. 

4.1.3 Instrumentation and Data Acguis~ion System 

The instrumentation and data acquisition system provided thermal-hydraulic data Irom 
the investigation and simulation areas; and from the supply and disposal subsystems 
01 the test lacil~ (Figure 4.1-10). The instrumentation included conventional 
instrumentation supplied by FRG and advanced instrumentation supplied by the USo 

Test Instrumentation 
W~hin the test vessel , 36 flow modules and 94 BTDs were installed at the core/upper 
plenum interface to detect the steam and water mass flows and water breakthrough 
at the tie plate. The flow modules included three individual measurement systems to 
measure the fluid momentum flux at the tie plate as weil as the local fluid velocity and 
the water level above the tie plate. Numerous flow temperature and press ure 
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measurements were located in the upper plenum and in the downcomer. Also, an 
array 01 705 optical sensors were installed throughout the upper plenum and 
downcomer to sense the presence or absence of water. 

Outside the test vessel, conventional thermal-hydraulic measurements were used 
primarily to mon~or the test boundary cond~ions_ Five pipe flowmeter systems, 
including drag rakes and gamma dens~ometers, were used to measure the mass flow 
rates in the hot legs and the broken cold leg. In add~ion , 71 conventional mass flow 
measurements were used. 

Inlormation on the measurement systems lor both the conventional and advanced test 
instrumentation is provided in Relerence G-413: the type and number 01 measuring 
instruments, the sensor location, the measuring ranges, the uncertainties, and the 
identification codes are all defined in Relerence G-413. The advanced instrumentation 
is discussed in Seelion 6. 

Data Acguis~ion System 
The data acquis~ion systems are shown in Figure 4.1-10. Two computer systems 
were used to collee!, store and process the test data: the stand-alone system 
(HP A 600) lor the optical sensors in the upper plenum and downcomer, and the main 
system 01AX 11/750) lor the other instrumentation. Both data acquisition systems 
were supplied by the USo 

4.1.4 Test Program and Test Cond~ions 

The UPTF Test Program consisted 01 30 tests comprising a total 01 80 test runs. 
There were !wo basic types 01 tests performed ~hin this program: 

Separate effee!s tests which emphasized ''transparenf' boundary cond~ions to 
quantify controlling phenomena in the primary system during LOCA and to support 
code improvement. 

Integral tests which locused on system-wide behavior during a simulated transient 
to identify controlling phenomena in the primary system during a LOCA transient. 

The total number 01 tests included 21 separate effects tests and 9 integral tests. 

The 21 separate effee!s tests are grouped according to the region 01 the primary 
system and the thermal-hydraulic phenomena 01 interest. 

Countercurrent flow phenomena in the downcomer for cold leg ECC injection 
du ring end-ol-blowdown and refill phases 01 an LBLOCA. 

Entrainment in the downcomer during reflood lor cold ECC injee!ion. 
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lhermal-hydraulic phenomena in the upper core, tie plate and upper plenum. 

De-entrainment along the flow path from the core to the steam generators for cold 
leg ECC injection. 

Steam/ECC interactions in the hot and cold legs. 

Impact of vent valves on the steam/water flow in the upper plenum and the 
downcomer of ASS and S&W PWRs. 

lemperature distribution in the downcomer for ECC injection in the cold legs when 
the primary system is filled with warm water. 

Steam/water countercurrent flow in the hot legs under the boundary conditions 
of small and intermediate-sized breaks. 

ECC delivery to the cere for HPI in the hot legs. 

The integral tests are subdivided into the following groups based on ECCS type and 
configuration, and break loeation. 

Five tests simulated a cold leg break with ECC injection into the cold legs (US/J 
type PWR). 

Five tests simulated a hot er cold leg break with combined ECC injection into the 
hot and cold legs (Siemens/KWU PWR) . 

One test simulated a cold leg break with ECC injection into a cold leg of an intact 
loop and into the downcomer, and the vent valves free-to-open (ASS PWR). 

The integral tests covered the end-of-blowdown, refill and reflood phases of a large 
break LOCA (LSLOCA). 

An overview of test objectives and basic test cond~ions for the UPTF tests are given 
in lable 4.1-1 . Note, some tests consisted of several test runs which may belong to 
different groups of tests. Therefore, some tests are listed more than once in 
labia 4.1 -1. The Siemens data and quick look reports for the UPlF tests are listed 
in the bibliography (Section 8) . 
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Table 4.1 -1 

UPTF TESTS 
Pag. 1 cf -4 

Tm Tut 
Group - Number. F\JnNumbers BasIc THt Condition.(l) 

Downoomer Behavior Downcomer CCFl and 4A m CU; tranalent deprnsurizatlon from 1200 kPa; loops open 
during End-of- ECCBypuo .. 063 CU; tranalent depreuurization fTom l 80J kPa; loops bIodIed 
",owdown .8 062 CU; atudy-etate es ltUm in}ection; ioops blodced 

• 131, 132, 133, 135, 136 CU; ECC aaturated; ateadyooStaW es ate&m injection; ioops bloc:ked 
7 200, 201, 202, 203 CU; ECC .. turated; atelldy--staW es _Am injection; ioops bIocked 

21' 272 00; ECC IUboooIed; lltUdy..sta1. es ltUm In}ection; Ioops blocked 
218 27. 00; ECC aaturated; 1tNdy-ltate es steam InJ.ctlon; Ioops blocked 

Downoomer Behavlor Downcom« 25A 2. 2 CU; oe wall SUFMrhNted: .. aady-ltate SGS ataam Injection; loops open 
during AafIood Entrainm.nt .. 8 241 CU; oe wall .. turated; ateady-stllte SGS ate&m Injection; Ioop. oFMn 

210 171 00; oe wall .. turated; stNdy-statll SGS ateam Injectlon; Ioops open 

-n. Plu. and l.Ipf»r Slmuttan.ou. Two- 20 090 UPI; ECC IUboooIed; CS ateam and watet" Injection; no SGS ataam Injectlon 
Plenum a.haviof ...... _- lDA 000 HU; ECC .. turated; es ateam Injectlon; no SGS ateam lnjection 
T_ Watw Oownftow; 12 014 HU; ECC IUbcooIed; es ateam Injectlon; no SGS ateam in;.ction 

BrMkthrough at n. 13 071 HU; ECC IUboooIed; es ateam and watet" Injectlon (W/ S-4); no SGS ataam In}lctlon 
PIate; Upf»r ~um 25C 232 HU; ECC IUbc:ooIed; es...." and watllrlnjectlon (W/S - 1D); no SGS ate&m 
Pool Formation Injection 

," 123 HU; ECC auboooled; es ateam and watet" Injection (hysterHt:) ; no SGS ate&m 

Injection 
158 127 HUj ECC ~boooIed ; es ateam and water Injectlon (W/S - -4~ au10 SGS steam 

injection 
lBA 181 HU; ECC ~boooIed ; es ateam and water Injection (W/ S- 1.1); au10 SGS ate&m 

Injection 
,.8 184 HU; ECC ~boooIed ; es ateam and water Injectlon (W/ S .. 2.1); au10 SGS ataam 

InjflCtion 2 

Llpper Plenum/ Hot r .. ~CCFl; IOC 0B2 Steady-state es ateam and water Inj4K:tlon; Ioops blocked 
a...g o..ntrainm.nt Entralnment 10 UPFMr 108 081 Steady-state es ateam and water Injection; Ioops oFMn 
T .... Plenum, Hot a...g. and 29 210,211 , 212 Steacly-state CS .. eam and water Injdon; Ioops open 

SG 
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UPTF TESTS 
Page 2 01 4 

Test Test 
Group Obj~l l/e Numbers Run Numbers Basic Test Conditions(l) 

Loop Behal/lor Tests Aow Pattern In Hot 8A 112 (2nd panion) HU; ECC suboooled; es steam Injection; auto SGS ateam injection(21; low Ioop flow 
Log. resistence 

8B "' HU; ECC auboooled; es steam Injection; auto SGS steam injection (21; high loop f10w 
rulatanoe 

26B 23' HU; ECC aubc:ooled; es steam inJBC1ion ; no SGS ateam injedion 
26A 230 HU; ECC saMated; es ateam InjBC1ion; no SGS stlam injection 

Aow Pattern In Cold 8A I t2 (1st panion) eu; ECC auboooled; es steam injection ; no SG simulation; low loop lIow resistance 
Log. 8B "' eu; ECC aubcooled; es stesm injection; no SG slmulBlion; high loop flow resistance 

FIow Pattern In Hot and .. 058 el; ECC aubcooled; es 51.am and waler injBction; auto SGS steam injBClion(2); low 
Cold LBga Ioop fIow resistance 

OB 059 0 ; ECC subcooled ; es stllm and water injection; auto SGS steam injl ction(2); high 
loop fIow rlsistance 

Ihnt V.I .... Separat. Oowncomer CCFL and 22A 280 (1st panion) 00; ECC auboooled ; ateady·atat. es st.am injeetlon; loops blocked; WIr •• 
Eftecls T estl ECC Bypasa during 22B 281 , 283 00; ECC saturated ; s1llldy·stat. es st.am inJeetlon; Ioops blocked ; W fraa 

End-ol·Blowdown 22a. 285 00; ECC Ulurated; mlldy·.tat. es steam injection; Ioops bIocked ; WIr .. ; TS 
22C 282 00; ECC satur.ted; steady •• tat. e s st.am injectioo; Ioops blocked; W free 

=- ,.. OCI; ECC satur.ted ; mlldy·s .. te es steam Injection; Ioops bIocked ; W tr .. ; TS 

F\ow F'tIenomen. in 2'C 273.275 OCI; ECC auboooled; st.ady·st.t. es staam and wat.r injection ; loops open; W 
Downcomlr. Loops blocke<! 
and Upper Plenum >2A 280 (2nd panion) DCI; Eee aubcooled; aleady·state es Sleam and wsler injection; loops block&d ; W 
during Fllllood Iree 

23B 2!lO 00; ECC aubcooled; ,teady·.tala SGS steam injection; loops blocked; WIr .. ; TS 
23A 29' 00: ECC aubcooled: steady·stale e s steam and water injBction; loops open; W !rille; TS 



Table 4.1 -1 

UPTF TESTS 
Page 3 of 4 

T.~ Test 
Group Objective Numbers Run Numbers Basic Test Conditions(1) 

SBLOCA Separate Auid-Auid Mixing In 1 020, 02 " 023, 025, 026 CU; ECC subcooled; primary syslem filled with warm water 
Effects Tests Cold Leg and 

Downcomer 

Hot Leg CCFL 11 030-034, 036-045 Steady-state es steam injection; water injection Into inlet plenum of broken hol leg 
steam/water separator; intact loops blocked 

Blhavior in Hot Leg 30 141, '42 HU; ECC subcooled; system pressure " 1500 kPa 
and Upper Plenum with 
HPI 

Cold Leg ECC System Behavior zrA 256 CU; BE refill / reflood simulation; nitrogen discharge from ACC 
InJection Integral Test during a Simulated zrB 255 CU; BE reflood simulation; high loop flow resJstanoe 

LOCA T ransient 2 101 CU; EM reflood simulation 
4B In CU; BE reflood simulation; moderate lcop fIow resistanoe 
17B 151 CU; BE r.flood simulation; low Ioop flow resJstanoe 
17A 151 No ECC inject:ion; BE r.flood simulation; Iow loop flow resistanoe 

Comblned ECC System Behavior 3 es CI; cold leg break - break size • 2A; EM refill / reflood simulation 

Injec1:I01 \ntegral durlng a Simulated ,. 169 CI; cold leg break - break size • 2A; EM refill/reflood simulation 
T_ 3 LOCA Transient 28 262 CI; cold leg break - break size '" 2A; BE refill / reflood simulation 

" 192 CI; cold leg break - break size .. 0.5.4.; EM refill/ reflood simulstion 

" 221 CI; hol leg break - break size • 2A; EM refill/ reflood simulation 

Downcomer/ System Behavior 2. 302, 304 DCl and CU; cold leg break; EM refill/ reflood simulation; TS 
Cold Leg ECC during a Simulated 
Injectlon with Vent lOCA Transient 
Valves Integral Tests 
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UPTF TESTS 
Page 4 of 4 

NOTES: 

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

CI Combined ECC injection 
CU Cold leg ECC injection 
DCI Downcomer ECC injection 
HU Hot leg ECC injection 
UPI Upper plenum ECC injection 

ACC Accumulalors 
BE Best estimate 
CS Core simulator 
EM Evaluation model 
SGS Steam generator simulator 
TS Thermal sleeves installed in downcomer ECC injection nozzles 
W 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 ftow into the SGS. 

3. Break size is delined relative to the cross-sectional area 01 the reactor coolant 
piping (A). 
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3. 
3b 
3< 
3d 
4 
5 

Test vess el 6 Accumulator 
Steam generator simulator 7 Contai nment simulator 
W ater separator (broken Icop hot leg) 8 Steam storage tank 
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4.2 DOWNCOMER BEHAVIOR DURING END-OF-BLOWDOWN TESTS 

4.2.1 Ralionale 01 Tests 

During the end-ol-blowdown, steam flows up the downcomer to escape out the 
broken cold leg. Due to flashing and entrainment in the lower plenum, the downcomer 
upllow may be !wo phase. This upflow in~ially tends to prevent the ECC tram flowing 
down the downcomer and refilling the vessel. The upflow can earry some or all 01 the 
ECC injected into the cold leg5 or the downcomer directly out the broken cold leg (Le., 
ECC bypass) . Subseale tests have shown that, at a certain steam or !wo-phase 
upllow, ECC starts to be delivered to the lower plenum. 

Downcomer CCFL and ECC bypass lor cold leg ECC injection were extensively 
studied in the USNRC ECC Bypass Program. In this program, steam/water tests were 
performed at Creare and Battelle Columbus Laboratories using lacil~ies ranging in size 
Irom 1/30 to 1/5 linear scale (Relerences E-411, E-413, E-415, E-416, E-418, E-419, 
E-421 and E-901 to E-903) . Outside the ECC Bypass Program, tests were performed 
by JAERI (Relerence J-257), and Simpson and Rooney in the UK (Relerence E-904) . 
Empirical ftooding correlations (Ior cold leg ECC injection) were developed by Creare 
(Relerence E-001) and Battelle (Relerence E-422) based on the subseale test lacil~ 
data. While the subscale resuns have been extrapolated to full-scale, the extrapolation 
techniques involve some uncertainty. The objectives 01 UPTF testing were to 
investigate downcomer flooding behavior and to determine the ellect 01 scale on ECC 
bypass. 

4.2.2 Scope 01 Testing 

UPTF Separate Ellects Tests 4A, 5, 6, 7, 21A and 21 B were performed to investigate 
steam/water flow phenomena in the intact cold legs, downcomer and lower plenum 
01 a PWR du ring the end-ol-blowdown phase 01 a large break LOCA. The cond~ions 
lor each test are summarized in Table 4.1-1 . Each test is described briefly below. 

Tests 4A and 5A studied these phenomena during a depressurization transient lor 
cold leg ECC injection including flashing and entrainment 01 water in the lower 
plenum. Test 5B was performed lor steam upflow only under quasi-steady state 
conditions. 

Tests 6 and 7 were quasi-steady tests designed as counterparts to testing in 
subscaled lacilities. Specifically, these tests injected steam and ECC at near 
saturation temperatures to locus on CCFL. Also, the ECC injection loeation was 
varied in these tests. 
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UPTF Test 21 (Phases A and 6) investigated downcorner CCFL at full-scale for 
down corner ECC injection with closed vent valves_ This test was a counterpart to 
tests with open vent valves (discussed in Section 4.7), and to tests with cold leg 
ECC injection (i.e., Tests 56, 6 and 7). 

The data and quick look reports for these tests are listed in the bibliography 
(Section 8) . These tests have been evaluated by both FRG and USo The FRG 
evaluation is documented in References G-411, G-903 through G-907, G-910, and 
G-915; the US evaluation is provided in References U-455 and U-460. 

4.2.3 Summary of Key Results 

During the UPTF tests, flow conditions in the downcorner were heterogeneous. 
Figure 4.2-1 shows contour plots of fluid temperature (subcooling) in the unwrapped 
UPTF downcorner during a cold leg ECC injection test (Test 56) and a downcorner 
ECC injection test (Test 21A) . The plots show that liltle subcooling was measured 
below the ECC injection port adjacent to the break. Significant subcooling, even at 
the lower elevations of the downcorner, was measured below the ECC injection ports 
away from the break. ECC injected near the break was mainly bypassed and ECC 
injected away from the break penetrated to the lower plenum. This heterogeneous 
behavior was not observed in previous subscale tests. The detai led results of the cold 
leg ECC injection tests and downcorner ECC injection tests are discussed separately 
below. 

Cold Leg ECC In jection Tests 
The important phenomena observed in the UPTF cold leg injection tests are described 
below based on Test 5A. Immediately after the start 01 ECC injection, water plugs 
formed in the intact cold legs. After a short delay (about eight seconds) , the water 
plugs reached the downcorner; water delivery to the downcorner was intermiltent plug 
delivery for the duration of the transien!. Initially, the ECC injected into the cold leg 
adjacent to the break (Le., Cold Leg 1) was completely bypassed while so me of the 
ECC injected in the cold legs away from the break (Le .. Cold Legs 2 and 3) penetrated 
to the lower plenum. Subcooled water was first detected in the lower plenum about 
one second after the water plugs entered the downcorner. As the downcorner upflow 
decreased, ECC delivery from Cold Legs 2 and 3 increased until essentially all the 
ECC injected in these loops was delivered to the lower plenum. However, the ECC 
injected into Cold Leg 1 was mostly bypassed throughout the transien!. 

The results of UPTF Tests 6 and 7 are presented in the three diagrams of Figure 4.2-2. 
These diagrams show that water delivery was mainly controlled by the cold leg 
arrangement with respect to the break. The water delivery curve for an ECC injection 
rate 01 about 500 kg/s into each cold leg of the three intact loops is illustrated in the 
upper diagram of Figure 4.2-2. This diagram shows 1hree different flow regimes lor 
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water penetration to the lower plenum which can be characterized by the steam 
injection rate: 

Complete bypass !rom Cold Leg 1 with partial delivery !rom Cold Legs 2 and 3 for 
high steam flow 01, > 320 kg/s) . 

Complete bypass !rom Cold Leg 1 and nearly complete delivery !rom Cold Legs 2 
and 3 for intermediate steam flows (100 kg/ s sM. s 320 kg/s ) . 

Partial delivery !rom Cold Leg 1 and complete delivery from Cold Legs 2 and 3 fer 
low steam flows (M, < 100 kg/s) . 

The relationship between cold leg location and delivery was confirmed in Test 7 by 
varying the injection location. These resu~s are shown on the lower two diagrams of 
Figure 4.2-2. The middle diagram shows the behavior of ECC (735 kg/s) injected into 
only Cold Leg 1. The data shows complete bypass at steam injection rates above 
1 02 kg/s and partial bypass for the lowest investigated steam injection rate of 30 kg/s. 

The bOllom diagram shows that, for ECC injection into Cold Legs 2 and 3, there was 
some bypass at a steam injection rate of about 100 kg/s. However, the top diagram 
suggests complete delivery !rom Cold Legs 2 and 3 for steam flows below about 
270 kg/s. Apparently, there was a synergistic effect in which injection into Cold Leg 1 
increased delivery !rom Cold Legs 2 and 3. (See References U-455 and G-411 for 
further discussion.) 

Data from UPTF and the 1/5-scale Creare test facility for ECC injection into the three 
intact cold legs are compared in Figure 4.2-3 using the Wallis parameter. For UPTF, 
the effective steam flow was estimated by considering the condensation efficiency 
calculated from UPTF Test 6. Due to the strongly heterogeneous flow cond~ions in 
the downcomer of UPTF, the water delivery curves of UPTF and Creare are 
significantly different. Fer dimensionless effective steam flow, {J* •• ~ 1/ 2, greater 
than 0.2 the dimensionless water downflows for UPTF are much hlgher than for 
Creare. Note, the UPTF data at low steam flows should not be directly compared to 
the Creare CCFL curve because these data were not CCFL data (i.e., increasing the 
injection in Cold Legs 2 and 3 would have increased delivery). 

Downcomer ECC Injection Tests 
Immediately after the start of ECC injection through the downcomer nozzles water 
accumulated in the upper region of the downcomer and was bypassed out the broken 
cold leg. A few seconds later, ECC started accumulating in Cold Legs 2 and 3, and, 
after abrief delay, in Cold Leg 1. Some of the ECC which accumulated in the cold 
legs, drained into the downcomer and contributed to panetration to the lower plenum. 
Flow cond~ions in the downcomer were heterogeneous. Specifically, Figure 4.2-1 
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shows that ECC injected in the nozzle adjacent to the break was completely bypassed 
while so me of the ECC injected in the nozzle away fram the break penetrated to the 
lower plenum. Figure 4.2-1 also shows that subcooled water was present in the upper 
portion of the downcomer. Apparently, the momentum of the ECC injection impinging 
on the core barrel dispersed the ECC around the downcomer; this phenomenon did 
not occur in the cold leg injection tests (Figure 4.2-1) . 

Dispersion and accumulation of ECC in the upper region of the downcomer affected 
water delivery. As shown in Figure 4.2-4, water delivery to the lower plenum was 
lower with downcomer injection than with cold leg injection. 

Figure 4.2-4 also shows the effect of ECC subcooling on water delivery with 
downcomer injection. For a steam injection rate of about 300 kg/s, an increase in 
ECC subcooling fram 56 K to 117 K increased water delivery fram about 100 kg/s to 
400 kg/s. This increase in water delivery was due to the decrease in steam upflow 
resulting fram increased condensation. 

4.2.4 Conclusions 

The UPTF tests indicated: 

Flow conditions in the downcomer were highly heterogeneous at full-scale. This 
heterogeneous (or multidimensional) behavior increased water delivery rates at 
full-scale relative to previous tests at subscale facilities. 

Based on use of the Wallis parameter, data from subscale tests indicate lower 
penetration than the full-scale UPTF data. 

For similar total ECC injection rates, water delivery was lower with ECC injection 
thraugh two nozzles in the downcomer rather than through nozzles in the three 
intact cold legs. 
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4.3 DOWNCOMER BEHAVIOR DURING REFLOOD TESTS 

4.3.1 Rationale 01 Tests 

During reflood, when ECC is injected by the LPCI system, the water level in the 
downcomer approaches the bcttom 01 cold leg nowes. Steam flowing around the 
downcomer and out the broken loop cold leg reduces the downcomer water level by 
entraining water Irom the downcomer out the break. The steam flow in the 
downcomer, and therelore entrainment out the break, is reduced by steam 
condensation on the ECC injected in the loops or the downcomer. This reduction in 
steam flow by condensation is dependent on the ECC flow rate and ECC injection 
configuration. Note, when the downcomer water level is at the cold leg elevation, 
spillover rather than entrainment is the controlling phenomenon. 

The collapsed water level in the downcomer is also reduced by steam generation in 
the downcomer. During reflood, the reactor vessel wall is superheated because wall 
cooling was minimal during blowdown and reftll. Heat released by the walls can, 
depending on the flow conditions, resu~ in steam generation. Steam generation 
increases the void fraction in the downcomer thereby reducing the collapsed liquid 
level. 

Since the downcomer water level constitutes the driving head lor bottom flooding 01 
the core, the level reduction due to entrainment and steam generation can affect core 
cooling during reflood. 

Few experimental data are available concerning flow behavior in the downcomer 01 a 
PWR during the reflood phase 01 a LOCA. Subscale CCTF test resu~s indicate that 
a reduction 01 the downcomer water level can occur due to wall steam generation and 
water entrainment. 

In UPTF Integral Test No. 2, which simulated LOCA reflood behavior in a US/J PWR 
with cold leg injection, the reduction in downcomer water level was between 1.5 m and 
2.0 m. This reduction was larger than that observed in the counterpart test at CCTF 
(Test C2-4) . This difference in level reduction is attributable to downcomer scale and 
conftguration. Specifically, the scaled CCTF had azimuthai velocities which were small 
relative to the relerence US/J PWR and relative to UPTF (wh ich simulates a GPWR 
downcomer) . ~ appeared entrainment out the break was higher al UPTF than at 
CCTF. Separate effects tests were performed at UPTF 10 develop a more detailed 
understanding 01 entrainment/level reduction in the downcomer. 
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4.3.2 Scope 01 Testing 

The goal 01 UPTF Tests 25 and 21 D was to provide lull-scale, separate effects data 
on the interaction 01 steam and water in the downcomer during rellood. The specilic 
objectives are listed below. The test conditions are summarized in Table 4.1-1. The 
specilic objectives were to : 

• Determine the inlluence 01 steam Ilow and downcomer water level on water 
entrainment out the broken cold leg with cold leg ECC injection (Test 25) and 
downcomer injection Test 21 D). 

• Evaluate the sHact of reactor vessel wall temperature on the downcomer water 
level reduction and entrainment (Test 25A). 

The data and quick look reports lor these tests are listed in the bibliography to this 
report (Section 8). These tests have been evaluated by both FRG and USo The FRG 
evaluation is documented in Relerence G-411; the US evaluation is provided in 
Relerences U-455 and U-460. 

4.3.3 Summarv 01 Key Results 

During Test 25, manometer oscillations between the downcomer and cere were 
observed. Entrainment out the broken cold leg oscillated at the same Irequency. 
Apparently, as the downcomer level increased, water entrainment out the break 
increased. The increase in entrainment increased the pressure in the downcomer 
which lorced the downcomer level down and the care level up. However, as the 
downcomer level decreased, entrainment out the break and the pressure in the 
downcomer decreased. 

The water level measurements in the downcomer revealed that the water level was 
higher in Iront 01 the broken cold leg nozzle than at other azimuthai positions. The 
magnitude 01 the local increase in water level depended on the steam/water Ilow out 
the broken cold leg and average downcomer water level; the maximum increase was 
O.? m. 

At steam Ilows less than the condensation potential 01 the ECC injection, the steam 
Ilow was completely condensed resu~ing in plug ftow in the cold legs. However, at 
loop steam Ilow rates greater than the steam condensation potential 01 the ECC 
injection, stratilied steam/water ftow occurred in the cold legs. In this case, the water 
was continuously delivered to the downcomer with a subcooling 01 less than 5 K. 
Behavior in the loops is covered in Section 4.6. 
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Figure 4.3-1 is a plot 01 the downcomer level vs. water entrainment rate lor different 
steam flows based on Test 25 (cold leg injection) . As shown in the figure, water 
entrainment through the broken cold leg increased w~h steam flow and downcomer 
level. Also, the collapsed water level in the downcomer lor given steam and ECC 
injection rates was about the same in the test run w~h superheated vessel walls as in 
the test run w~h saturated walls. The maximum superheat 01 the downcomer walls 
was lim~ed to abou1 60K in the UPTF tests. 

Water entrainment through the broken loop cold leg lor downcomer ECC injection is 
shown in Figure 4.3-2. Even at a low water levels, the broken cold leg entrainment 
Ilow exceeded the ECC injection rate into one injection nozzle. This suggests all ECC 
injected through the nozzle near the broken cold leg was entrained directly ou1 the 
break. 

Separate correlations lor the level/entrainmenVsteam flow data from Test 25 were 
developed by FRG and the USo While the assumptions and approaches 01 the two 
correlations are different, both correlations are consistent w~h the test data and predict 
about the same level reduction lor given flow cond~ions . Each correlation is described 
brielly below. 

• The correlation developed by FRG (Siemens) assumes that the steam flow 
entering the downcomer earries water droplets which were entrained in the cold 
legs. The correlation also assumes that add~ional entrainment only occurs in front 
01 the broken cold leg nozzle because the steam veloc~ and water level are 
highest at that loeation. This correlation is based on fundamental hydraulic 
equations, while the shear stress coefficient and constants in the correlation were 
determined from UPTF tests. Since the steam flow in the correlation is the total 
steam flow ou1 the break, steam generation in the downcomer is taken into 
account. Figure 4.3-3 is a plot 01 the correlation w~h the test data. The 
development 01 this correlation is discussed in detail in Relerences G-411 and 
G-912. 

• The correlation developed by the US (MPR) assumes entrainment ean occur 
throughou1 the downcomer due to the azimu1hal steam flow. Wall steam 
generation is taken into account by correcting the measured void height 
(difference between the collapsed water level and the bottom 01 the cold leg) lor 
the estimated voiding due to the steam generation. Inherent in this approach is 
the assumption that the level reductions due to entrainment and steam generation 
are separate and add~ive . Figure 4.3-4 is a plot 01 this correlation w~h the Test 25 
data. A detailed description of the development of this correlation is provided in 
Relerence U-455. 
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Both correlations indicate water entrainment in the downcomer and the level reduction 
depend on the downcomer configuration; specifically, the downcomer height and 
downcomer gap. 

4.3.4 Conclusions 

UPTF test results indicated: 

• Water entrainment out the break and the reduction of the downcomer water level 
were significant at high steam flows. 

• Water entrainment increased with increasing broken cold leg steam flow and with 
increasing downcomer water level. 

• Subscale CCTF tests showed less entrainment and level reduction than 
comparable tests at the full-scale UPTF. Analytical evaluations of the tests 
indicate, 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 increases with 
scale. 

• In Test 21 with downcomer ECC injection, all ECC injected through the nozzle 
near the broken cold leg was entrained directly out the break, even at low levels 
in the downcomer. 

• At ECC injection rates with a condensational potential greater than the loop steam 
flow, the steam flow is completely condensed in the cold legs. Hence, there is no 
steam flow into the downcorner and no level reduction due to entrainment. 
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4.4 TIE PLATE AND UPPER PLENUM BEHAVIOR TESTS 

4.4.1 Rationale of Tests 

Countercurrent flow phenomena at the tie plate are different wrth different types of 
ECC Systems. Fer PWRs wrth celd leg or downcemer injection, countercurrent flow 
at the tie plate occurs during the reflood phase of an LBLOCA as water entrained by 
the core steam flow de-entrains in the upper plenum and falls back through the tie 
plate into the cere. (De-entrainment phenomena in the upper plenum and Icops are 
discussed in Section 4.5.) The water is not subcooled. 

For PWRs which inject ECC into the hot legs (i.e., combined injection) er upper 
plenum, countercurrent flow phenomena at the tie plate involve simu~aneous two­
phase upflow from the core and local downflow of subcooled water to the core. In 
PWRs with UPI, only low pressure pumped ECC is injected into the upper plenum; 
consequently, tie plate countercurrent flow occurs only during the reflood portion of 
an LBLOCA. In combined injection PWRs, accumulator and pumped ECC is injected 
through the hot leg injection nozzles and tie plate ceuntercurrent flow occurs during 
all phases of an LBLOCA and some SBLOCA scenarios. Small break phenomena are 
discussed in Section 4.8.3. 

Countercurrent flow phenomena at the tie plate were previously investigated at small­
scale test facilrties (References E-471 , E-931 to E-933, and G-901). These facilrties 
simulated the tie plate using small perforated plates. The maximum size of the facilrties 
was equivalent to one fuel assembly. Using the subscale data, Nartoh, Chino and 
Kawabe proposed an analytical model based on the pressure balance at the tie plate 
and the principle of maximum water downflow (Reference E-934). 

UPTF integral tests wrth cembined ECC injection indicated that ceuntercurrent flow 
behavior at the tie plate at full-scale was qurte different from that observed at small­
scale. Separate effects tests were performed at UPTF to investigate tie plate 
countercurrent flow. 

4.4.2 ScoDe of Testing 

At UPTF, several separate effects tests were performed to investigate ceuntercurrent 
flow phenomena at the tie plate. Test 10C focused on the countercurrent flow 
limrtation for two-phase upflow from the cere. The objective of this test was to 
determine the cere simulator water injection rate necessary to produce a given net 
flow intothe upperplenum (Reference U-903). The othertests (Nos. 10A, 12, 13, 15, 
16, 20, 26C) investigated ceuntercurrent flow phenomena associated wrth ECC 
injection into the upper plenum or hot legs. The specific objectives of these tests are 
listed below. The test condrtions are summarized in Table 4.1-1. 
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Determine the portion 01 injected ECC which penetrates through the tie plate to 
the lower plenum. 

Determine the location and magnitude 01 the water penetration area. 

Determine the collapsed water level and the water distribution in the upper 
plenum. 

Evaluate the ellect 01 water subcooling at the tie plate on water penetration 
(Test 10A). 

Determine the delay between initiation 01 ECC injection and initiation 01 local water 
breakthreugh. 

Quantify the tie plate countercurrent Ilow hysteresis ellect (Test 15A). 

Evaluate the inlluence 01 the momentum 01 hot leg water plugs on water 
penetration (Tests 158, 16). 

Investigate water entrainment into the hot leg and SG simulator lor UPI PWRs 
(Test 20) . 

The data and quick look reports lor these tests are listed in the bibliography lor this 
report (Section 8). Evaluation 01 these tests by FRG is previded in Relerences G-411 , 
G-906, G-915, and G-925. Separate evaluations 01 Tests 10C and 20 by the US are 
documented in Relerences U-453 and U-903, and Relerence U-454, respectively. 

4.4.3 Summary 01 Key Results 

UPTF Test 10C was a basic test lor quantifying the combined CCFL behavior 01 the 
core simulator (Le., steam/water injection nozzles and dummy tuel rods), end box and 
tie plate. In this test, the steam/water upflow!rom the core and water lallback through 
the tie plate were unilorm acress the vessel. The steam upllow and water lallback 
rates lor Test 10C are plotted in Figure 4.4.-1. For comparison, the corresponding 
data Irom the Kar1stein Calibration Test Facility (one luel assembly) are also presented 
in Figure 4.4-1 . The ligure shows that the flooding curves lor the lull-scale and small­
scale lacil~ies are nearly the same. Hence, the CCFL at the tie plate lor unilorm 
steam/water upllow is independent 01 scale. The upper plenum collapsed water level 
did not exceed 0.3 m du ring Test 10C. The results 01 Test 10C were used in both the 
specification 01 test conditions and evaluation 01 data !rom other UPTF tests. 
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For tests with ECC injection into the hot legs, flow phenomena at the tie plate and in 
the upper plenum were heterogeneous (Le., mu~idimensional) . Specifically, as shown 
in Figures 4.4-2 and 4.4-3, water downflow occurred in discrete regions. The water 
downflow regions were located in front of intact loop hot legs where injection was 
occurring. Collapsed water levels in the upper plenum were also mu~idimensional with 
increased water levels over the downflow regions. 

Figure 4.4-2 includes a plot of saturated water downflow vs. steam upflow based on 
the resu~s of Test 10A. The figure shows that water downflow increased with 
decreasing steam flow, as expected. Due to the heterogeneity of tie plate 
countercurrent flow described above, water downflow with hot leg ECC injection was 
significantly greater than that predicted by the CCFL correlation determined from 
Test 10C (Figure 4.4-2). 

In Test 12, complete breakthrough of subcooled ECC occurred at core simulator 
steam injection rates as high as 284 kg/s, the highest steam flow tested. For 
comparison, the average steam production in a 1300 MINe GPWR during reflood is 
150 kg/s. The maximum subcooling measured in the water downflow just below the 
tie plate was 70 K. 

Tests 13, 16 and 26C investigated the effect of core simulator water injection on 
countercurrent flow phenomena by variations in the ratio of cere simulator water and 
steam injection rates. A Kutateladze plot of the steam upflow vs. water downflow for 
these tests is provided in Figure 4.4-4 (Ieft graph). The graph shows that, for a given 
steam flow, water downflow decreases with increasing core simulator water injection 
rate. Hence, tie plate CCFL and water downflow depend on the total upflow through 
the tie plate and not simply the steam flow. 

Test 26C demonstrated that existence of a !wo-phase pool of saturated water in the 
upper plenum at initiation of hot leg ECC injection had only a minor effect on the water 
breakthrough at the tie plate. Water penetration to the cere region followed the ECC 
delivery to the upper plenum without significant delay. Formation of a local sUbcooled 
water pool in the upper plenum combined with a local increase in collapsed liquid level 
provided the necessary cenditions for water breakthrough at the tie plate. 

Increasing or decreasing core simulator injection rates had a significant effect on the 
water breakthrough atthe tie plate. In Test 15A the cera simulator injection rates were 
decreased and then increased to investigate this hysteresis effect. During the period 
of decreasing core simulator injection rates, the water downflow rates in Test 15A 
(2 ECC injection ports) were the same as Test 13 (3 ECC injection ports) , which also 
had decreasing cere simulator upflow rates (Figure 4.4-4, right graph) . However, 
during the period of increasing core simulator upflow rates in Test 15A, water 
downflow at a given steam upflow rate was much higher than in Test 13. This 
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hysteresis effect resulted from differences in steam condensation below the tie plate 
for increasing and decreasing cora simulator injection rates. Specifically, condensation 
was higher during the period with increasing core simulator injection rates because the 
"initial" downflow of subcooled water for a given injection rate was higher. The higher 
condensation rate reduced the steam upflow and increased water downflow. 

In Test 158 ECC delivery to the upper plenum was intermittent due to plug flow in the 
hot leg. The time-averaged water breakthrough at the tie plate was not significantly 
affected by intermittent delivery. 

To simulate flow conditions representative of different times in an EM transient 
(i.e., single LPCI failure) fer UPI PWRs, the core simulator and ECC injection rates 
were lower fer Test 20 than ler the other tests with hot leg ECC injection. In this 
test, about 40% of the core simulator steam injection was condensed by the ECC­
water; the condensed steam was returned to the core region with the water downflow. 
Due to steam condensation in the upper plenum, the maximum water subcooling at 
the tie plate was only 25 K. The collapsed water level in the upper plenum was small 
(upflow region: 0.05 m, downflow region : 0.2 m) . 

A Kutateladze-type CCFL correlation was developed to predict water breakthrough 
with hot leg ECC injection (Reference G-906) . In addition, an analytical model for tie 
plate countercurrent ftow was developed based on the pressure balance in the water 
downflow and !wo-phase upflow regions; this model shows good agreement with 
UPTF tests results (Reference G-925). 

4.4.4 Conclusions 

The UPTF test results revealed tie plate countercurrent flow behavior with hot leg ECC 
injection is quite different from that without hot leg ECC injection, even with saturated 
ECC injection. W~hout hot leg ECC injection, flow phenomena at the tie plate were 
uniform; for this case, tie plate CCFL was independent of scale. With hot leg ECC 
injection, ftow phenomena at the tie plate and in the upper plenum were 
mu~idimensional. Specifically, water downflow through the tie plate and upflow from 
the cere occurred in separated regions; the water downflow regions were located in 
front of the hot legs. Also, water accumulation in the upper plenum was greater over 
the downflow regions than over the upflow region. Due to these mu~idimensional 
phenomena, water downflow through the tie plate was significantly higher than 
predicted by the tie plate CCFL correlation based on uniform steam/water flow at the 
tie plate (Le., Test 10C). 
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4.5 UPPER PLENUM/HOT LEG DE-ENTRAINMENT TESTS 

4.5.1 Rationale 01 Tests 

In an US/J-type PWR, ECC is injected into the cold legs during the reflood phase 01 
a large cold leg break LOCA. Part 01 the water injected into the cold legs flows 
through the downcomer and lower plenum to the core. In the core, the water is either 
accumulated, vaporized by heat translerred trom the fuel rods, or entrained by the 
steam flow exiting the core. The water entrained by the steam flow is either de­
entrained at the tie plate, de-entrained in the upper plenum, or carried over to the hot 
legs and steam generators w~h the steam flow. The water which de-entrains in the 
upper plenum can either lall back to the core or lorm a pool in the upper plenum. 

At this time in the transient, the temperature in the secondary side 01 the steam 
generators (SG) is higher than saturation temperature at the primary side pressure. 
Consequently, entrained water which reaches the U-tubes is evaporated. Vaporization 
01 water in the SG's contributes to steam binding which reduces the core flooding rate 
and degrades core cooling. 

Water accumulation in upper plenum, hot legs and SG inlet plena is beneficial in that 
it delays carryover to the SG U-tubes. However, ~ also creates an additional pressure 
difference which needs to be overcome to vent steam trom the core during reflood. 
In add~ion, the hot metal surfaces in these regions evaporate water and thereby 
contribute to steam binding; this contribution to steam binding is small compared to 
the SG U-tubes. 

Data regarding upper plenum accumulation were obtained at the Kar1stein One-bundle 
Test Facil~ as part 01 the final calibration tests lor the UPTF tie plate flow modules 
(Relerence G-802) . Tests related to these phenomena were also performed at SCTF. 
Preliminary comparisons between SCTF and UPTF test resu~s have shown the 
collapsed liquid level in the upper plenum was typically much lower at UPTF than at 
SCTF, even lor coupled test cond~ions . 

Testing at UPTF was intended to provide data on de-entrainment and accumulation 
in the upper plenum and loops lor a realistic PWR configuration at full-scale. 

4.5.2 Scope 01 Testing 

At UPTF, Tests 10B and 29 (Phases A and B) were performed to investigate de­
entrainment in the upper plenum and loops lor US/J-type PWRs. The specific 
objectives lor Tests 1 OB and 29 were as lollows. 
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Provide separate effects data on mass distribution in the upper plenum, hot legs, 
SG simulator (SGS) inlet plena, and SGS tube regions fer several sets of constant 
core simulator steam and water injection rates. 

Provide a steam/water flow transien! in UPTF which has the same upper plenum 
level transient as obselVed in SCTF Test S3-10 (Test 29 only) . (Note, tests at 
SCTF typicaliy had coliapsed levels in the upper plenum which were much higher 
than inrtial UPTF tests.) 

The data and quick look re ports for those tests are listed in the bibliography 
(Section 8) . Evaluation of Tests 10B and 29 is documented in References G-411 and 
U-456. 

4.5.3 SummalV of Key Results 

Upon initiation of core simulator water injection, water de·entrainment and 
accumulation started first in the upper plenum, then the SGS inlet plena and finaliy, the 
hot legs. As the inventories in these regions approached astate of equilibrium, water 
carryover to the SGStube regions started. Once the equilibrium states (or inventories) 
were attained, ali the water exiting the cere reached the SGS tube regions. The 
equilibrium states reached in the upper plenum, hot legs and SGS inlet plena were 
dependent on the core simulator injection rates. 

The distribution of water between the upper plenum, hot legs, SGS inlet plena, and 
SGS tube regions for Tests 10B and 29A is shown in Figures 4.5-1 and 4.5-2, 
respectively. For Test 10B, which had a maximum core simulator water injection rate 
of 60 kg/s, the coliapsed water level in the upper plenum was smali (0.02 to 0.05 m) . 
The upper plenum water level, however, was higher in Test 29A which had higher 
water injection rates. As shown in Figure 4.5-3, the transient portion of Test 29A was 
able to achieve water levels similar to the reference SCTF test. However, the core 
simulator water injection rates necessary to achieve these levels were much higher 
than typicaliy used in US/J PWR tests at UPTF (i.e., Test 17). 

The upper plenum water levels for UPTF Test 29 are compared to data fram the 
Kar1stein One-bundle Test Facility (steady-state data only) in Figure 4.5-4. The figure 
shows good agreement between the fuli-scale and subscale data. Comparison of 
UPTF data to ORNL air/water (3 fuel assemblies) and steam/water (1 fuel assembly) 
showed similar agreement (Reference U-456). Figure 4.5-4 shows that the water level 
in the upper plenum increased with increasing water injection. The Kar1stein data 
indicate that upper plenum water level increased wrth decreasing steam injection; this 
trend was also noted at UPTF_ The fact that Kar1stein data indicate lower water level 
fer the same water ftow but higher steam flow implies the differential press ure in the 
upper plenum is dominated by accumulated water and not by friction losses. 
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Based on the UPTF data, semi-empirical cerrelations were developed to define the 
relationship between the water accumulation in the upper plenum, hot leg and SGS 
inlet plena and the cere simulator steam and water injection rates (Relerence G-411). 
Also, a methodology was developed lor determining water distribution as a tunction 
01 time. The correlations and methodology are described in Relerence U-456. 

4.5.4 Conclusions 

The UPTF tests showed that accumulation in the upper plenum, hot legs and SGS inlet 
plena delayed carryover to the SGS tube regions by approximately 30 seconds. 
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4.6 LOOP BEHAVIOR TESTS 

4.6.1 Rationale of Tests 

During a LOCA, subcooled ECC interacts w~h steam in the primary loops near the 
injection nozzles. The steam is partially or completely condensed by the ECC. The 
extent of condensation strongly affects the flow regime and the delivery of ECC to the 
vessel. Depending on the flow conditions, water plugs which completely fill the pipe 
cross-section can form. 

Plug formation in the cold legs was previously investigated at several subscale facil~ies 
ranging in size !rom 1/20-scale to 1/3-scale (References E-435, E-436, E-912, E-916 
and J-904). These tests indicated that plug flow can be e~her steady or oscillating. 

Hot leg plug formation was investigated in subscale tests (1/10- and 1/5-scale) 
performed by Creare (Reference E-434). The tests revealed complete ECC reversal 
and plug formation can occur at higher steam flows and water injection rates. These 
test resu~s supported the analytical model of Daly and Harlow (Reference E-9(4) 
which predicted the flow cond~ions at which reversal of ECC would occur in the hot 
leg of a GPWR. 

Finally, TRAC calculations for both cold leg injection PWRs and combined injection 
PWRs have predicted plug formation in reactor coolant piping during LBLOCA 
conditions (References U-701, U-702, U-703, U-707, U-747, and U-748). 

UPTF testing was intended to investigate loop flow patterns at full-scale and determine 
the thermal-hydraulic boundary conditions for the trans~ion between the different flow 
regimes. 

4.6.2 Scope of Testing 

UPTF Tests 8,9, 25B, and 26 investigated the flow pattern in the reactor coolant loops 
for typical LOCA flow cond~ions. These tests included ECC injection into only the cold 
legs, only the hot legs, and both the hot legs and cold legs. The test cond~ions are 
summarized in Table 4.1-1. 

The data and quick look reports for these tests are listed in the bibliography of this 
report (Section 8). These tests have been evaluated by both FRG and USo The FRG 
evaluation, which covers all of the tests, is documented in References G-411 and 
G-911; the US evaluation, which covers only the tests related to cold leg injection 
PWRs is provided in Reference U-458. 
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4.6.3 Summary 01 Key Results 

In the UPTF tests, three different Ilow regimes were obseryed in the reactor coolant 
piping; specilically, stable plug Ilow, stratilied Ilow and unstable plug Ilow. Each 01 
these ftow regimes is described below. 

In stable plug flow, a quasi-steady water plug lormed adjacent to the ECC injection 
nozzle. In the cold legs, the plugs either remained stationary er oscillated 
upstream and downstream Irom the injection nozzle. ECC delivery to the 
downcomer was continuous with stationary plugs and Iluctuated with oscillating 
plugs. 

Fer high steam Ilows in the hot legs, the ECC Ilow was completely reversed and 
the plug grew toward the steam generator simulator. The plug was discharged 
into the upper plenum when either the hydrostatic head 01 the plug er the 
pressure increase due to steam injection in the SGS exceeded the loop differential 
pressure. In this case, ECC delivery to the upper plenum Iluctuated over time. 

In stratified Ilow, steam flowed in the top part 01 the pipe and water Ilowed along 
the bottom 01 the pipe. In the cold legs, the steam and water Ilows were 
cocurrent and ECC delivery to the downcomer was continuous. 

In the hot legs, the steam and water flows were countercurrent. Stratilied Ilow with 
continuous delivery occurred at low steam flows. At high steam flows, the water 
Ilow was reversed by the steam Ilow and delivery 01 ECC to the upper plenum 
fluctuated . 

Unstable (er intermittent) plug flow was characterized by cyclic lormation and 
decay 01 water plugs in the piping; i.e., the flow regime alternated between plug 
Ilow and stratified ftow. The cyclic lormation and decay 01 water plugs resulted 
in large oscillations in pressure and flow condrtions. 

Figures 4.6-1 and 4.6-2 are plots 01 steam Ilow vs. condensation potential 01 the ECC 
which indicate the flow regime established under different condrtions. A discussion 01 
the basis lor these figures is provided in Relerence G-411. Included on each figure 
is a line which shows the condition when the condensation potential and steam flow 
are equal (i.e., a thermodynamic ratio, R~ olone). These figures show that plug Ilow 
(either stable or unstable) occurred only when the condensation potential 01 the ECC 
exceeded the steam ftow (i.e., RT >1 ). The data points with high condensation 
potentials correspond to high ECC injection rates typical 01 accumulator injection. 

When the condensation potential was less than the steam ftow (i.e., RT < 1). Ilow in the 
piping was stratified to provide a vent path lor the uncondensed steam Ilow. As 
shown in Figure 4.6-1 , stratified flow occurred in the cold legs lor some cases where 
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RT slightly exceeded 1.0. In these cases, thermal stratification of the water layer in the 
bottom of the cold leg limited condensation and prevented plug formation. The low 
condensation potentials associated with stratified flow correspond to low ECC injeetion 
rates typical of LPCI injeetion in US/J PWRs. 

Figures 4.6-1 and 4.6-2 also indicate plug flow was stable at high steam flows and 
unstable at low steam flows. According to calculations performed by Siemens, at low 
steam flows, the plug decayed shortly after it formed because the momentum of the 
mean steam flow was not sufficient to maintain a stable water plug. Alternate 
formation and decay of water plugs resu~ed in steam flow oscillations. 

Siemens calculated the minimum steam flow for stable plug flow assuming that a plug 
is stable when the flow force aeting on the end of the plug balances or exceeds the 
hydrostatic pressure on the plug end (References G-411 and 911). The calculations 
predict that, for a given system pressure, the minimum steam mass flux for stable plug 
flow in the cold legs is dependent on the pipe diameter but is independent of the 
condensation potential of the ECC. However, the minimum steam mass flux for stable 
plug flow in the hot legs does depend on the condensation potential. The calculations 
also predict that there is a minimum steam condensation potential at which the 
momentum flux of the steam flow is sufficient to form a plug. For steam condensation 
potentials less than this minimum value, the calculations indicate that stratified flow will 
occur, even ~ RT is greater than 1.0. The resu~s of these calculations are compared 
to the UPTF data in Figures 4.6-1 and 4.6-2. As shown in these figures, the calculated 
minimum steam flow for stable plug flow is consistent with the data. 

4.6.4 Conclusions 

The UPTF tests demonstrated: 

Plug flow occurred with high ECC injeetion rates typical of accumulator injeetion. 

Stratified flow occurred with low (i.e., LPCI) ECC injeetion rates typical of LPCI in 
US/J PWRs. 

The flow regime established in the lcops was determined by the instantaneous 
thermal-hydraulic boundary conditions in the lcops. 

ECC delivery to the vessel fluctuated for plug flow. 

For stratified flow in the cold legs, ECC delivery to the downcomer was 
continuous. However, for stratified flow in the hot legs, ECC delivery to the upper 
plenum was continuous at lower steam flows and fluetuated at high steam flows. 
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4.7 SEPARATE EFFECTS TESTS WITH VENT VALVES 

4.7.1 Rationale 01 Tests 

Babcock & Wilcox (B&W) and Brown Boveri Reaktor (BBR -- now ASEA Brown Boveri 
er ABB) PWRs are different trom other US/J-type PWRs and GPWRs in that ECC is 
injeeted through nozzles in the downcomer and there are vent valves in the cere 
barrel. The purpose 01 these vent valves is to provide an a~ernate steam flow path 
far LOCA conditions. Flow through the vent valves can have a significant impact on 
LOCA behavior. 

Ouring the end-ol-blowdown (EOB), steam flows up the downcomer to escape out the 
broken cold leg. This upflow lim~s ECC penetration to the lower plenum. W~h vent 
valves, the steam upflow in the downcomer is reduced because a portion 01 the steam 
in the reaetor vessel flows through the vent valves rather than around the bOllom 01 
the core barrel. The reduetion in steam upflow tends to resu~ in increased ECC 
delivery to the lower plenum. 

Ouring reflood, steam generated in the core vents to containment via the downcomer 
and broken cold leg. In PWRs w~hout vent valves, steam enters the downcomer trom 
the intaet loop cold legs. In the PWRs w~h vent valves, steam enters the downcomer 
lrom the vent valves and possibly also the intaet cold legs. Flow through the vent 
valves bypasses the intaet loops and tends to reduce the core-to-downcomer 
differential press ure. Also, vent valves influence the steam flow distribution in the 
downcomer which can affeet water entrainment Irom the downcomer out the broken 
cold leg. 

ECC penetration during EOB and downcomer entrainment during reflood were 
evaluated in other UPTF tests w~h cold leg and downcomer ECC injeetion and no vent 
valves (see Seetions 4.2 and 4.3) . Tests w~h vent valves were performed at the BBR 
Pie Wedge Vent Valve Test lacility, a l /8-scale lacil~. The BBR tests locused on 
steamlwater flow phenomena in the upper plenum. The UPTF vent valve separate 
effeets tests were intended to be counterparts to the UPTF tests w~hout vent valves 
and to the subscale BBR tests. 

4.7.2 Scope 01 Testing 

The UPTF vent valve separate effeets tests consisted 01 Tests 22 and 23. These tests 
investigated EOB and reflood phenomena lor downcomer ECC injeetion w~h vent 
valves. The 10 01 the downcomer injection nozzles was reduced part way through the 
tests by the installation 01 thermal sleeves. The cond~ions lor each test are 
summarized in Table 4.1-1. Each test is described briefly below. 
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Test 22 studied ECC penetration to the lower plenum for downeomer ECC 
injection with vent valves. In most phases, steam and ECC were injected at near 
saturation temperature to foeus on CCFL; however, one phase involved subeooled 
ECC. ECC injection loeation was also varied in this test. Phases Band C were 
repeated after installation of the thermal sleeves. 

Test 23, wh ich eonsisted of three phases, investigated reflood phenomena for 
downeomer ECC injection with vent valves. Phase A (or Test 23A) simulated 
typieal reflood eonditions for an ABB/BBR raised loop PWR. (Test 2t Phase C 
also provided information on the effect of vent valves by using eonditions similar 
to Test 23A but with vent valves loeked shut.) Phases Band C (er Tests 23B and 
23C ~ studied the relations hip between steam flow in the downeomer, downeomer 
water level, and entrainment out the broken cold leg using flow eonditions typieal 
of B&W PWRs. Flow through the vent valves was single-phase steam flow in 
Phase Band two-phase (steam with entrained water) in Phase C. Phase C also 
provided data on water de-entrainment in the upper plenum. 

UPTF Test 21 investigated ECC penetration to the lower plenum during EOB and 
downeomer entrainment during reflood for downeomer ECC injection without vent 
valves (see Sections 4.2 and 4.3, respectively). The effect of vent valves on these 
phenomena ean be evaluated by eomparing the results of Test 21 to the results of 
Tests 22 and 23. 

The data and quick look reports for these tests are listed in the bibliography 
(Section 8) . Evaluations of these tests are doeumented in Referenees G-411 and 
U-460. 

4.7.3 Summary of Key Resuijs 

The results of the vent valve separate effects tests are summarized below by the 
phenomena investigated; speeifieally, ECC penetration during EOB, downeomer 
entrainment during reflood, and system behavior in an ABB/BBR raised loop PWR 
du ring reflood . 

ECC Penetration during End-of-Blowdown 
Countereurrent flow phenomena in the downeomer were heterogeneous with 
downeomer injeetion and vent valves. Speeifieally, ECC injected through the nozzle 
near the break was largely bypassed out the break while ECC injected through the 
nozzle away from the break penetrated to the lower plenum. The resuijs of Test 22 
are plotted in Figure 4.7-1 . The figure shows essentially eomplete bypass of ECC 

1 Phase C of Test 23 and Phase A of Test 22 were combined into a single test 
run. In Table 4.1, Test 23C is denoted as the seeond portion of Test 22A. 
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injected near the break lor steam injection rates as low as 100 kg/s. Conversely, 
nearly all ECC injected in the nozzle away trom the break penetrated to the lower 
plenum lor steam injection rates as high as 300 kg/s. As discussed in Section 4.2, 
similar heterogeneous behavior was noted in tests with cold leg injection (Tests 4, 5, 
6 and 7) and in tests downcomer injection and no vent valves (Tests 21A and 216) . 

The resu~s 01 Test 22 also show that the installation 01 thermal sleeves in the injection 
nozzles had a negligible effect on ECC penetration. 

The results 01 Tests 21A and 216 are included on Figure 4.7-1. For similar steam 
injection rates and ECC subcooling, ECC penetration to the lower plenum was higher 
with the vent valves tree to open (Test 22) than with the vent valves closed (Test 21) . 
This difference in ECC penetration is due to differences in the amount 01 steam upflow 
in the downcomer and the steam flow pattern in the top 01 the downcomer. 
Specifically, with the vent valves tree to open, the steam upflow was lower because 
a significant portion 01 the steam injection (about 34%) flowed through the vent valves. 
The vent valve flow created a significant circumlerential flow in the downcomer which 
appeared to reduce/redirect downcomer upflow and lacilitate ECC penetration. 

Figure 4.7-2 compares downcomer injection with vent valves to cold leg injection. The 
figure shows that ECC penetration to the lower plenum with the two systems is similar 
due to complete delivery 01 ECC injected away trom the break. 

Entrainment trom Downcomer during Reflood 
Water entrainment out the broken cold leg was high in Tests 236 and 23C. 
Specifically, even at relatively low water levels in the downcomer, entrainment out the 
break exceeded the ECC injection rate through one nozzle. Since thermocouples 
directly below the downcomer injection nozzle near the break measured no 
subcooling, it can be concluded that all ECC injected through this nozzle was 
entrained directly out the break. This substantial entrainment prevented the 
downcomer level trom increasing to a steady-state value during some test phases. 
As discussed in Section 4.3, similar behavior was observed in Test 210 with closed 
vent valves. 

Figure 4.7-3 is a plot 01 downcomer void height (Le., the difference between the 
collapsed water level and the bottom 01 the cold leg) versus steam flow in the 
downcomer. Included in the plot are data trom Tests 210, 236, 23C and 25A (cold 
leg injection) with similar steam and ECC flow conditions. This figure shows that 
downcomer void height increased as the steam flow increased. Note that the 
downcomer void height was higher lor downcomer injection without vent valves 
(Test 210) than downcomer injection with vent valves (Test 236) . However, the void 
height lor downcomer injection with vent valves was similar to or only slightly 
exceeded that lor cold leg injection (Test 25A) . The data lor Test 23C (downcomer 
ECC injection with two-phase flow through the vent valves) do not lollow the same 
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trend as the other tests; instead, the void height was essentially constant near the 
maximum values observed in the tests. This suggests the water flow through the vent 
valves has an effect similar to that of increased steam flow. 

Reflood Behavior in an ABBIBBR Raised LOOR PWR 
Far the discussion below, it should be noted that the geometry of the ABB/BBR raised 
loop design, especially the loop arrangement and the once-through steam generators, 
are not precisely simulated in UPTF. 

Steam/water flow phenomena in the upper plenum and loops for Test 21 C were 
similar to that described in Section 4.5. Specifically, water entrained out of the care 
accumulated in the upper plenum, hot legs, and SGS inlet plena, and was carried over 
to the SGS tube regions. Within a few seconds of initiation of care simulator injection, 
accumulation in the upper plenum reached an equilibrium value. This equilibrium value 
increased with increased water injection. At low steam flows « 30 kg/s) water 
accumulated in the hot legs; however, at higher steam flows the momentum of the 
flow through the hot leg was sufficient to prevent accumulation. Water was carried 
over to the SGS tube regions at all steam flows tested. 

The steam flow through the intact loops ftowed around the downcomer and out the 
broken cold leg. Water in the downcomer was entrained out the break by this steam 
flow. At high steam injection rates, most of the ECC injected through the nozzle near 
the break was entrained directly out the break. The downcomer water level was 
higher in front of the ECC injection nozzles due to the local decrease in press ure from 
steam condensation at the injection nozzles. 

Overall steam/water flow phenomena in Test 23A, in which the vent valves were free 
to open, were similar to that described above for Test 21 C; however, in Test 23A a 
substantial portion of the !wo-phase flow from the care flowed through the vent valves 
rather than the loops. Due to the decrease in loop steam ftow the care-to-downcomer 
differential pressure was lower; consequently, the care water level was higher in 
Test 23A than Test 21 C. The lower loop steam flows also resulted in mare 
accumulation in the upper plenum and hot legs, and less carryover to the SGSs. At 
low core simulatar steam injection rates, there was no water carryover to the SGSs. 

Injection of a small amount of nitrogen with the ECC to simulate dissolved nitrogen in 
ACC water significantly affected thermal-hydraulics in the downcomer and broken cold 
leg. Specifically, steam ftowed from the containment simulatar through the broken 
cold leg to the downcomer when nitrogen was not injected (Le., Test 21 C) but not 
when nitrogen was injected (Le., Test 23A). Steam backflow from the containment 
simulator occurred when nitrogen was not injected because the high condensation 
rates reduced the pressure in the downcomer. Nitrogen injection suppressed 
condensation which increased the pressure in the downcomer and prevented backflow 
from the containment simulator. 

4.7-4 



4.7.4 Conclusions 

The conclusions based on the UPTF vent valve separate effects tests are listed below 
by phenomena investigated. 

ECC Penetration du ring End-ol-Blowdown 

ECC penetration to the lower plenum during EOB was heterogeneous with 
complete bypass 01 the ECC injected through the nozzle near the break and 
penetration 01 ECC injected through the nozzle away trom the break. 

The reduction 01 injection nozzle diameter by installation 01 thermal sleeves did not 
significantly affect ECC penetration. 

For similar steam injection rates and ECC subcooling, ECC penetration was higher 
with the vent valves tree-to-open than with the vent valves closed because a 
significant portion 01 the steam flowed through the vent valves. 

For the range 01 steam flows tested, water delivery to the lower plenum lor ECC 
injection through two nozzles in the downcomer with vent valves tree-to-open was 
comparable to that lor ECC injection through nozzles in the three intact cold legs 
with the vent valves locked shut. 

Downcomer Entrainment during Reflood 

Under reflood conditions all ECC injected through the nozzle near the broken cold 
leg was entrained directly out the break. 

For similar steam and ECC flow cenditions, the downcomer void height with the 
vent valves tree-to-open was significantly less than with the vent valves closed. 

For similar steam and ECC flow cenditions, the downcomer void height lor 
downcomer injection with the vent valves tree-to-open was similar to that lor cold 
leg injection with the vent valves shut. 

Reflood Behavior in an ABBIBBR Raised LOOR PWR 

Flow through the vent valves reduced steam flow through the loops and therelore 
water carryover to the SGS tube regions. 

The reduction in loop steam flow resu~ed in a decrease in the cere-to-downcemer 
differential pressure which is lavorable lor cere ceoling. 

Injection 01 a small amount 01 nitrogen with the ECC to simulate dissolved nitrogen 
in the ACC water affected thermal-hydraulic behavior in the downcomer by 
decreasing steam condensation. 
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4.8 SMALL BREAK LOCA TESTS 

In UPTF three tests were performed to investigate selected phenomena which can 
occur in a small break LOCA (SBLOCA). These phenomena included: 

Fluid-fluid mixing in the cold leg and downcomer (Test 1). 

Countercurrent flow in the hot leg (Test 11). 

Steam/water countercurrent flow phenomena at the tie plate during high pressure 
ECC injection (Test 30). 

4.8.1 Fluid-fluid Mixing 

4.8.1.1 Rationale of Test 

This test investigated water mixing phenomena which occur in the downcomer of a 
PWR as a resu~ of high pressure coolant injection (HPCI) into the cold leg 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 over s imu~aneous occurrence of: 

High pressure 

Sud den , localized reduction of reactor vessel wall temperature 

Reduced reactor vessel metal ductility due to prolonged irradiation 

Existing flaw in weid metal of reactor vessel 

Hypothesized scenarios by which these conditions could occur simu~aneously include 
inadvertent HPCI actuation and an SBLOCA with HPCI. A key concern is how the 
injected water mixes with primary coolant. In general, ij the mixing is gcod, a slow and 
drawn-out cooldown occurs, which provides sufficient time to prevent the development 
of significant temperature gradients in the vessel wall. Good mixing occurs when there 
is flow (even natural circulation) in the lcops. 

In certain SBLOCA scenarios, however, it is possible to create a stalled flow condition 
in one or more loops, which creates the potential for "ECC-streaming" through the cold 
leg and into the downcomer (Figure 4.8-1). This stream of ECC could possibly cool 
local regions of the vessel wall , leading to wall temperature gradients and to a 
reduction of wall temperatures. The extent of this cooldown depends on the natural 
mixing which occurs between the ECC and the hot, stagnant primary coolant. This 
mixing was investigated analytically and experimentally in several scaled test facilities 

4.8-1 



and lound to be signilicant; i.e., the cold stream 01 water reaching the reactor vessel 
is substantially heated in the cold leg pipe, and the plume entering the vessel is quickly 
dissipated in the downcomer (Relerence E-925) . 

A single UPTF test was performed to obtain lull-scale data on the mixing 01 a cold 
stream 01 ECC water injected in the cold leg with stagnant hot primary Iluid. 01 
particular interest were the temperature distributions and associated mixing obtained 
in the downcomer region. The UPTF lull-size geometry is suitable to realistically 
simulate this complete three-dimensional mixing region. 

4.8.1.2 Scope 01 Testing 

UPTF Test 1 consisted 01 l ive phases, or test runs. For each phase, the primary 
system was initially filled with hot water and cold ECC was injected into a single cold 
leg. Since there was no heating du ring the test, each phase was a gradual cooldown 
01 the entire system. The range 01 ECC injection rates tested covered the range 01 
HPCI Ilows lor US/J PWRs and GPWRs. The test conditions are summarized in 
Table 4.1-1 . 

Pre-test evaluation 01 the side-mounted ECC injection pipe in UPTF and GPWRs 
showed that mixing was poor and not typical 01 US/J PWRs which inject ECC into the 
top 01 the cold leg. To simulate mixing phenomena more typical 01 US/J PWRs, a 
modilied ECC injection nozzle was used in UPTF (Figure 4.8-2) . The design 01 the 
modilied nozzle was developed by the USNRC (Relerence U-931) . 

The data and quick look reports lor UPTF Test 1 are provided in Relerences G-001 
and G-201 , respectively. Evaluation 01 the test results is documented in 
Relerence U-457. 

4.8.1.3 Summary 01 Key Results 

Figure 4.8-3 shows the fluid and wall temperatures measured in the cold leg lor two 
phases 01 Test 1. These measurements show that flow in the cold leg was thermally 
stratified. Specifically, a cold stream flowed along the bottom 01 the cold leg Irom the 
injection nozzle to the downcomer and a hot stream flowed along the top 01 the cold 
leg countercurrent to the cold stream. While the temperature difference between the 
hot and cold streams increased with increasing ECC injection, the cold stream 
entering the downcomer was significantly warmer than the ECC injection lor all ECC 
flows tested (Figure 4.8-3) . 

Figure 4.8-3 also indicates that the cooldown 01 fluid in the cold leg between the 
injection nozzle and the pump simulator lollowed a "weil mixed" transient; i.e., the Iluid 
temperatures were relatively unilorm lor ECC flow rates greater than 20 kg/s. 
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The cold stream trom 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 01 the plume was 
significantly higher than the temperature 01 the ECC injeetion. Also, the plume 
decayed wrthin approximately lour cold leg diameters (Figure 4.8-4). 

4.8.1.4 Conclusions 

The UPTF tests showed that due to mixing in the cold leg, the cold stream entering 
the downcomer trom the cold leg was significantiy warmer than the ECC injeetion. 
Also, the plume 01 cold water in the downcomer decayed quickly. 

4.8.2 Hot Leg Countercurrent Flow 

4.8.2.1 Rationale 01 Test 

Reflux condensation relers to the cooling mode 01 an SBLOCA in which steam is the 
continuous phase above the reaetor core and in the primary loops. Heat is transierred 
Irom the core to the secondary side 01 the steam generators by evaporation 01 the 
water in the core and subsequent condensation 01 that steam in the steam generator 
U-tubes. Part 01 the condensate returns to the reaetor vessel by flowing 
countercurrent to the steam flow in the hot legs (Figure 4.8-5) . Depending on the 
countercurrent flow limrtation (CCFL) the steam flow may inhibrt the water flow to the 
reactor. 

Countercurrent flow in horizontal pipes was studied at subscale lacilrties and in small 
diameter pipes. Testing at UPTF was intended to provide CCFL data lor full-size 
reaetor cooling piping. 

4.8.2.2 Scope 01 Testing 

The objeetives 01 Test 11 were to investigate hot leg CCFL at full-scale and to verify 
the margin between the PWR reflux condensation condrtions and the flooding limrt. 
Test 11 consisted 01 15 separate test runs. Fourteen test runs mapped out the CCFL 
curve over a range 01 steam flows at two system pressures and one test run simulated 
representative PWR SBLOCA flow condrtions. Countercurrent flow in the UPTF hot leg 
was established by injeeting water in the inlet plenum 01 a steam generator simulator 
and steam in the core simulator (Figure 4.8-6). The test condrtions are summarized 
in Table 4.1-1. 

The data and quick look reports for Test 11 are provided in Relerences G-Oll and 
G-211, respeetively. Evaluation 01 the resu~s 01 this test are documented in 
Relerences G-411, U-452 and U-904. 
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4.8.2.3 Summary of Key Results 

Figure 4.8-6 is a steam flow versus countercurrent water flow plot of the results of 
Test 11 . The steam and water flows are plotted using the Wallis parameter (J*) . 
Included on the figure is a best-fit correlation of the UPTF data. The data show that 
water runback to the test vessel decreased as the steam flow increased. At high 
steam flows, there was complete turnaround of the water flow. Based on the 
correlation, the minimum steam flow for complete turnaround corresponded to a Wallis 
parameter of 0.47 (i.e., J* ,'/2 = 0.69). 

Note that Figure 4.8-6 includes data at 300 kPa and 1500 kPa. The close agreement 
of the data at the two pressures indicates that the Wallis parameter is suitable for 
pressure scaling. 

The UPTF results are compared to CCFL correlations developed from tests at 
subscale facilities in Figure 4.8-7. The Krolewski correlation (Reference E-491) 
underpredicts water runback at UPTF and the Ohnuki correlation (Reference J-947) 
overpredicts runback. The Richter correlation (Reference E-493), which is based on 
data from a 1/3.7 -scale (cold leg diameter) facility with a geometrical configuration 
similar to UPTF, passes through the UPTF data. 

The flow conditions for the UPTF test run which simulated typical PWR SBLOCA 
conditions are included in Figure 4.8-6. As shown in the figure, the SBLOCA condition 
is weil below the CCFL correlation. This suggests that water runback to the reactor 
vessel during reflux condensation is not inhibited by the steam flow through the loop. 

A full-range drift-flux model has been developed and verified against the UPTF data. 
This model is based on the drift-flux and the envelope theories and is applicable to 
both horizontal pipes and inclined pipes. Development of this model and comparison 
to the UPTF data are documented in References G-643 and G-924. 

4.8.2.4 Conclusions 

The UPTF test demonstrated that a substantial margin exists between the flooding limit 
(CCFL conditions) and the typical conditions expected in a PWR during the reflux 
condensation cooling mode of an SBLOCA. 

4.8.3 Countercurrent Flow at the Tie Plate du ring High Pressure Injection 

4.8.3.1 Rationale of Test 

During an SBLOCA in which the core uncovers and heats up at elevated pressure 
(about 8,000 kPa), the only source of ECC for cooling the core and replenishing the 
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reactor coolant system inventory is the high pressure injection system (HPIS) . In 
GPWRs wrth combined injection, the HPIS injects ECC through nozzles in the hot legs. 
The ECC ftow into the upper plenum trom the hot legs can erther accumulate in the 
upper plenum or flow down through the tie plate to the core. The rate of water 
downflow to the core is determined by the countercurrent flow Iimrtation wrth the 
upflow of steam generated in the core. 

Countercurrent flow at the tie plate wrth hot leg ECC injection was investigated in other 
UPTF tests for LBLOCA. Test 30 was performed to investigate these phenomena 
using flow conditions more representative of expected SBLOCA condrtions. 

4.8.3.2 Scope of Testing 

UPTF Test 30 consisted of two test runs which covered a range of steam and ECC 
ftows. The system pressure for the test was limited to 1500 kPa (the maximum 
operating press ure of UPTF), whereas system pressure during an SBLOCA is typically 
about 8000 kPa. The steam and ECC flows for the test were selected to provide the 
"best simulation" of GPWR condrtions given the lower pressure. The test condrtions 
are summarized in Table 4.1-1. 

The data and quick look reports for UPTF Test 30 are provided in References G-030 
and G-230, respectively. The test resu~s are also discussed in Reference G-41 1. 

4.8.3.3 Summary of Key Resu~s 

Water downflow to the core began within two seconds of the start of ECC injection. 
Downflow increased wrth increasing ECC injection. Due to steam condensation in the 
upper plenum, water downflow to the core was greater than ECC injection. 
Temperature measurements below the tie plate indicate the maximum subcooling of 
the water downflow was as high as 50 K. 

Steam/water countercurrent flow phenomena at the tie plate were heterogeneous 
(i.e., mu~idimensional) . Specifically, water downflow occurred only in localized regions 
in front of the hot legs wrth ECC injection (Figure 4.8-8). Steam upflow trom the core 
occurred over the remainder of the vessel. As discussed in Section 4.4, similar 
heterogeneity occurred in the tests which simulated LBLOCA condrtions. 

The steam which was not condensed in the upper plenum flowed out through the 
loops. In the hot legs wrth ECC injection, the sleam flow toward the steam generator 
simulator passed over the subcooled ECC flow toward the vessel (i.e., countercurrent, 
stratified flow). ECC entrained by the steam flow accumulated in the hot leg between 
the Hutze and the hot leg bend. The maximum collapsed water level measured near 
the hot leg bend was 0.18 m. 
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4.8.3.4 Conclusions 

The test demonstrated that, for representative SBLOCA conditions, water downflow 
through the tie plate was not inhibited by the steam upflow from the core. 
Consequently, essentially all ECC injected into the hot legs penetrated to the cere. 
The actual water downflow to the core was greater than the ECC injection rate due to 
steam condensation in the upper plenum. 
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4.9 INTEGRAL TESTS WITH COLD LEG ECC INJECTION 

4.9.1 Rationale 01 Tests 

During the end-ol-blowdown, steam flows up the downcomer and out the broken cold 
leg. Due to flashing and entrainment in the lower plenum, the downcomer upflow may 
be two-phase. This upflow in~ially tends to prevent ECC !rom flowing down the 
downcomer and refilling the vessel. The downcomer upflow can carry some or all 01 
the ECC injected into the cold leg5 directly out the broken cold leg (i.e., ECC bypass) . 
However, as the system press ure decreases, the two-phase upflow decraases and 
ECC penetration to the lower plenum increases. 

Reflood begins as water enters the core !rom the lower plenum. During the reflood 
phase in a PWR, part 01 tha water injected into the cold legs flows through the 
downcomer and lower plenum to tha core. In the cora, the water is accumulated, 
vaperized to steam, or entrained by the steam flow ex~ing tha cora. Tha water 
entrained by tha steam flow is a~har da-entrainad at or abova tha tie plate (Le., in the 
end box or upper plenum), or carried over to the hot legs and steam generators. 
Heat transler Irom the secondary side 01 the SG vaporizes water carriad over to the 
SG U-tubes (Le., steam binding). 

The steam ex~ing the intact loop SGs flows out the break via the cold legs and 
downcomer. In the cold legs, some 01 the steam is condensed by the subcooled ECC 
injection. Depending on the flow conditions, this interaction between the steam and 
ECC can resuij in either plug flow or stratified flow. The resuijant flow regime affects 
ECC delivery to the downcomer. The uncondensed steam vents to containment by 
flowing around the downcomer and out the broken cold leg. This steam flow in the 
downcomer can reduce the downcomer water level by entraining water out the break. 

Shortly aiter in~iation 01 core reflood, ECC injection changes !rom accumulator (ACC) 
injection to LPCI. When the ACCs are depleted, the n~rogen used to pressurize the 
ACCs is rapidly discharged into the reactor coolant system through the ECC piping. 
ACC nitrogen discharge affects core cooling by temporarily pressurizing the intact cold 
legs and downcomer which lorces a surge 01 water into the cere. 

Integral tests w~h cold leg ECC injection have been performed in several scaled test 
lacil~ies to investigate system behavior under a wide range 01 conditions. Of special 
importance are the tests performed in the Semi-scale Test Facil~ at INEL (1 :1600). 
in the PKL Test Facil~ at Siemens/KWU (1:145-scale relative to 1300 MWe 
Siemens/KWU PWR) and tests performed in CCTF and SCTF (1 :21-scale relative to 
Trojan USPWR and Ohi JPWR) at JAERI. Integral tests were performed at UPTF to 
investigate system behavior at full-scale. 
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4.9.2 Scope of Testing 

Five integral tests with cold leg ECC injection were performed at UPTF to simulate, at 
full-scale, steam/water flow conditions during the refill and reflood phases of an 
LBLOCA. The tests covered both evaluation model (EM) and best-estimate (BE) 
conditions. The test conditions are summarized in Table 4. I -1. Each test is described 
briefly below. 

Test 2 simulated, at full-scale, the reflood transient of an EM test at CCTF 
(Test C2-4) . The metal surfaces were initiallY superheated to simulate structure 
heat release. 

Test 17 simulated a BE reflood transient based on SCTF Test S3-10; conditions 
for Test S3-10 were based on a TRAC analysis of a Westinghouse PWR. Test 17 
consisted of !wo phases with identical core simulator injection rates. Phase A had 
no ECC injection whereas Phase B had ECC injection. 

Test 4B was a BE reflood transient similar to UPTF Test 17. 

Test 27A simulated the EOB and refill phases of an LBLOCA based on a TRAC 
analysis for a Westinghouse PWR. Test 27A included simulation of ACC nitrogen 
discharge. 

Test 27B was a BE reflood simulation. The test conditions were based on CCTF 
Test C2-SH2 and a TRAC analysis of a Westinghouse PWR. 

The data and quick look reports for these tests are listed in the bibliography 
(Section 8). FRG evaluation of these tests is provided in Reference G-4 I 1. 
Evaluations of these tests by the US are covered by phenomena in References U-455 
(downcomer entrainment during reflood) , U-456 (water carryover/steam binding), 
U-458 (Ioop flow regime) and U-459 (ACC nitrogen discharge) . 

4.9.3 Summary of Key Results 

The integral tests were used to study the controlling phenomena and the system 
interactions in a PWR LOCA. Individual phenomena were studied in more detail in 
separate etlects tests at UPTF. The integral tests were also used to assess the 
predictive capability of computer codes such as TRAC (see Section 5). The key 
results of the cold leg injection integral tests are summarized below. 
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End-ol-610wdown. Refill. and Accumulator N~rogen Discharge aest 27A) 
The high ECC flow corresponding to ACC injection completely condensed the steam 
flow through the intact loops. Consequently, water plugs lormed in each 01 the intact 
loop cold legs (Figure 4.9-1, top diagram). These plugs oscillated in the cold legs 
resu~ing in fluctuations in the delivery 01 ECC to the downcomer. 

Temperature measurements in the downcomer indicate ECC penetration to the lower 
plenum was heterogeneous (i.e., mu~idimensional) . Specifically, as shown in 
Figure 4.9.2 (top diagram), subcooling was measured below the cold legs away trom 
the break (Cold Legs 2 and 3) while no subcooling was detected below the cold leg 
next to the break (Cold Leg 1). This suggests all the ECC injected into Cold Leg 1 
was bypassed oU1 the break while some 01 the ECC injected into Cold Legs 2 and 3 
penetrated to the lower plenum. 

As the system pressure approached containment pressure, the steam upflow in the 
downcomer decreased and ECC penetration increased. 6y the end 01 
depressurization, the lower plenum was filled to aboU1 the bottom 01 the core barrel. 
The water level reached the bottom 01 the core shortly after depressurization was 
complete. 

T 0 simulate steam generation and water entrainment in the core during reflood, the 
core simulator steam and water injection rates were increased rapidly as water entered 
the core. The differential pressure lor flow oU1 01 the core and through the loops 
increased the absolU1e pressure in the core relative to that in the downcomer. 
Consequently, the downcomer water level increased relative to the core water level 
(Figures 4.9-3 and 4.9-4) . 

About ten seconds after the beginning 01 reftood, n~rogen was injected directly into 
the primary system to simulate n~rogen discharge trom the ACCs. Nitrogen injection 
resu~ed in a sudden inerease in downcomer pressure whieh loreed water trom the 
downeomer into the core. The surge in core water level (aboU1 1.5 m) activated the 
FASS whieh terminated the test. 

Reftood aests 2. 46, 176, and 276) 
System behavior during reflood is deseribed below based on Test 276. The resu~s 
trom the other integral tests w~ cold leg ECC injection were qual~atively similar. Plots 
01 the boundary cond~ions and system response lor Test 276 are provided in 
Figures 4.9-5 and 4.9-6. 

During the initial portion 01 reflood, the high ECC injection rate simulating ACC 
injection completely eondensed the steam ftow through the intact loops. 
Consequently, subeooled water plugs lormed in the intact cold legs between the 
injection nozzle and the downcomer. The high ECC ftow rapidly filled the downcomer 
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with subcooled water. The downcomer water level stabilized at the cold leg elevation 
as water spilled out the broken cold leg. 

When the ECC injection rate was reduced to simulate LPCI , only part of the loop 
steam flow was condensed. The resunant flow regime in the cold leg was cocurrent, 
stratified flow of steam and saturated water to the downcomer (Figure 4.9-1 , bottom 
diagram) . The steam flow from the intact cold legs entrained water from the 
downcomer out the break and reduced the water level in the downcomer. The 
downcomer waler level was 0.75 to 1.25 m below the bottom of the cold legs 
(Figure 4.9-6). Flow out the broken cold leg was oscillatory throughout the LPCI 
period (Figure 4.9-7) . 

Water entrained out of the core was either de-entrained in the upper plenum or carried 
over to the loops. Water which de-entrained in the upper plenum either accumulated 
in the upper plenum or fell back to the core. Figure 4.9-6 includes a plot of the 
collapsed water level in the upper plenum for Test 27B. The plot shows that the 
collapsed water level history in the upper plenum reflected changes in the core 
simulator water injection rate. The maximum collapsed water level measured in 
Test 27B was 0.12 m. 

Water carried over to the loops was either de-entrained and accumulated in the hot 
legs and SGS inlet plena, or carried over to the SGS tube regions. As shown in 
Figure 4.9-8, carryover to the SGS tube regions constituted about 40% 01 the water 
injected in the core simulator. The data also show that de-entrainment and 
accumulation upstream of the tube regions delayed carryover to the tube regions by 
approximately 20 seconds. Carryover to the tube regions was higher in the broken 
loop hot leg than in the intact loops because the steam flow was higher. Carryover 
to the tube regions was similar in the three intact loops. 

4.9.4 Conclusions 

The controlling phenomena during an LBLOCA which were identified trom the integral 
tests at UPTF are listed below. 

ECC bypass during end-of-blowdown. 

Downcomer entrainment du ring reflood. 

Water carryover/steam binding during reflood. 

SteamfECC inter action in the Icops. 

Nitrogen discharge trom the ACCs. 
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Except for nitrogen discharge effects, each of these phenomena has been studied in 
detail in separate effects tests at UPTF (see Sections 4.2, 4.3, 4.5 and 4.6) . 

The key findings from the cold leg injection integral tests are summarized below. 

The lower plenum was filled to the bottom of the core barrel when blowdown was 
complete. 

The flow regime in the intact cold legs was plug flow during ACC injection 
(i.e., EOB, refill, and early reflood) and stratified flow during LPCI (i.e., late reflood). 

During the LPCI portion of reflood, the steam flow through the downcomer 
entrained water from the downcomer out the break and thereby reduced the 
downcomer water level below the cold leg elevation. 

Due to de-entrainment and accumulation in the upper plenum, hot legs and SGS 
inlet plena, water carryover to the SGS tube regions did not start until about 
20 seconds after initiation of reflood (i.e., BOCREC). 

Discharge of nitrogen from the ACCs resuited in sudden pressurization of the 
downcomer which forced water from the downcomer into the core. 
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4.10 INTEGRAL TESTS WITH COMBINED ECC INJECTION 

4.10.1 Rationale 01 Tests 

Combined injection relers to ECC injection into the cold legs and hot legs. During a 
LOCA in a PWR wrth combined injection, ECC injected into the hot legs needs to pass 
through the upper plenum to reach the core, and ECC injected into the cold legs 
needs to pass through the downcomer and lower plenum to reach the core. 
Interaction 01 ECC with steam and !wo-phase flow in the hot legs, upper plenum, cold 
legs, downcomer, and lower plenum can allect core cooling. 

During the end-ol-blowdown phase 01 a cold leg break LOCA, flow is predominantly 
downward in the upper plenum and core, and upward in the downcomer. This flow 
condrtion promotes delivery 01 hot leg ECC injection through the upper plenum and 
core to reftll the lower plenum. Significant local core cooling can occur due to the 
ECC delivery through the core. Although the flow condrtions inhibrt delivery 01 cold 
leg ECC to the lower plenum, countercurrent flow in the downcomer can permrt some 
01 the cold leg ECC injection to contribute to reftll. 

During reflood, steam generated in the core and entrained water vent upward to the 
upper plenum. A~hough this flow tends to inhibit delivery 01 hot leg ECC injection to 
the core, countercurrent flow in the upper plenum can permrt hot leg ECC to be 
delivered to the core. Further, steam condensation by ECC can reduce the steam 
ftow, which improves ECC delivery and reduces steam binding in the lcops. During 
rellood, cold leg ECC injection flows into the downcomer and helps to maintain the 
driving head lor reflood. 

During the end-ol-blowdown, refill and reflood phases, lormation 01 ECC liquid plugs 
in the loops can influence overall system behavior. A particularly important 
phenomenon is the movement 01 hot leg plugs into the steam generator tube regions, 
which can lead to a significant surge in steam generation allecting the system. 

Several 01 the phenomena discussed above are scale-dependent, particularly: 

ECC countercurrent flow in downcomer. 

ECC countercurrent flow in upper plenum. 

Behavior 01 ECC plugs in the hot legs and cold legs. 

Full-scale UPTF separate ellects tests were carried out to study each 01 these areas, 
see Sections 4.2, 4.4 and 4.6, respectively. Overall system behavior wrth combined 
ECC injection was investigated in tests at subscale lacilrties including the PKL lacility 
at SiemensjKWU (1 :145-soale relative to a 1300 MWe German PWR), and CCTF and 
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SCTF (both 1 :21 -scale relative to an 1100 MWe US/J PWR). To complement the sub­
scala integral tests and to investigate full-scale behavior under transient conditions, 
UPTF integral tests with combined injection were also performed, as described in this 
section. 

4.10.2 Scope 01 Testing 

Five integral tests with combined ECC injection were performed at UPTF. These tests 
covered both cold leg and hot leg breaks and simulated both evaluation model (EM) 
and best-estimate (BE) conditions. The principal objective 01 the tests was to 
investigate overall system behavior and transient thermal-hydraulic phenomena in the 
upper plenum (inciuding tie plate region) , downcomer and loops. The test conditions 
lor the five tests are summarized in Table 4.1-1 . Each test is described brielly below. 

Test 18 simulated the end-of-blowdown, relill and reflood phases 01 an EM 
transient lor a double-ended cold leg break LOCA. ECC was injected into !wo hot 
legs and three cold legs. Core simulator flow conditions were based on prior 
SCTF tests, and inciuded leedback responses to ECC breakthrough. 

Test 3 had conditions similar to Test 18. ~ was conducted earlier in the UPTF 
program and did not util ize the automatic SG leedback system. 

Test 19 had conditions similar to Test 18 except the simulated cold leg break was 
only one-hall 01 the pipe area. 

Test 14 had conditions similar to Test 18 except a hot leg break was simulated. 

Test 28 simulated a BE transient lor double-ended cold leg break LOCA. ECC 
was injected into lour hot legs and three cold legs. 

The data and quick look reports lor these tests are listed in the bibliography 
(Section 8). The resu~s 01 the tests are also discussed in Relerence G-411 . 

4.10.3 Summary 01 Key Resu~s 

Key resu~s 01 the cold leg break tests are explained using observations and data Irom 
Test 18, which covered the end-ol-blowdown, refill and reflood phases. 

The test started wrth a "conditioning" phase during which the primary system 
depressurized !rom 1800 kPa to 1050 kPa. The purpose 01 this phase was to 
establish the desired transient flow condrtions. The "esr' phase consisted 01 the 
portion 01 the test after apressure 01 1050 kPa was reached. The test phase included 
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lurther depressurization (end-ol-blowdown), lollowed by refill and reflood. Key test 
boundary cenditions and system response data are shown in Figures 4.10-1 
and 4.10-2. 

An important observation was that hot leg ECC injection was delivered to the cere 
du ring all three LOCA phases. Delivery 01 cold leg ECC injection was slightly delayed 
du ring the end-ol-blowdown due to downcemer CCFL. The combination 01 hot and 
cold leg ECC injection led to a quick refill 01 the lower plenum and reflood 01 the cere. 
The lacility was automatically shut down by high core water level 23 seconds after the 
start 01 reflood. 

Figure 4.10-3 shows overall lacility behavior diagrams at lour times during Test 18. 
Each diagram shows the liquid accumulation in the cold leg, downcorner, lower 
plenum, core, upper plenum, hot leg, and steam generator simulator. Steam flow in 
the loops and in the core simulator and SG simulator are also shown. Finally, the rate 
01 water breakthrough trom the upper plenum to the cere is shown. The top diagram 
01 Figure 4.10-3 shows the conditions at the start 01 the '1esf' phase. As seen, there 
is a small amount 01 water in the lower plenum and the steam and ECC flows are 
active. 

During the end-ol-blowdown, water plugs lormed in the cold legs. Figure 4.10-4 
shows an enlarged diagram 01 the water plugs in this region. ECC flowed trom the 
cold legs into the downcorner, where a mixture 01 ECC delivery and bypass (out the 
broken cold leg) were observed. This behavior was attributable to the strongly 
heterogeneous conditions which were observed in the downcemer (Figure 4.10-5) . 
As discussed more extensively in Section 4.2, ECC delivery was lavored on the side 
01 the vessel away trom the break, and bypass was lavored on the side near the 
break. 

The lower plenum level increased due to delivery 01 hot leg and cold leg ECC injection 
during end-ol-blowdown. Following blowdown, continued delivery occurred leading 
to start 01 reflood. ECC delivery to the downcorner and upper plenum was unsteady 
due to the movement 01 water plugs in the cold legs and hot legs. The plug 
movements were caused by cendensation effects and system pressure balance 
effects. Figure 4.10-6 shows an enlarged diagram 01 phenomena in the hot legs and 
upper plenum/tie plate at two different times during reflood. In the upper diagram a 
plug has lormed and is moving away trom the pressure vessel, resulting in very little 
delivery to the upper plenum and very little breakthrough to the cere. In the lower 
diagram the plug has been reversed and lorced into the vessel by increased steam 
generation (simulated) at the SG; there is substantial breakthrough into the core. 

Water breakthrough across the tie plate into the cere occurred in discrete regions 
which were adjacentto hot legs in which injection was occurring (Figure 4.10-7). Two­
phase upflow through the tie plate existed in regions where breakthrough was not 
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occurring. Water subcooling up to 70 K was measured in breakthrough regions just 
below the tie plate. Water breakthrough at the tie plate was not affected by the 
increased core simulator steam flow (feedback response) which simulated PWR core 
response. 111e collapsed level in the upper plenum was multidimensional, with the 
maximum level (up to 1 m) occurring above breakthrough zones. 

Overall, essentially all of the care steam generation was condensed by ECC, and over 
88% of the ECC was retained in the primary system to contribute to refill and reftood. 
An energy balance of the simulated PWR core was performed to determine the ''virtual'' 
core energy response and quench time. Total input energy was the initial calculated 
stared energy relative to the saturation temperature (based on GPWR EM calculation) 
plus decay heat. Energy removal was determined from the amount of steam 
generation (steam injection in UPTF). Figure 4.10-8 shows the results of this analysis 
for !wo core zones in Test 18. 111e upper curve is input energy and the lower curve 
is energy removal. Quench is complete at the time when the curves intersect. 
Quench occurs about 20 seconds sooner in the zone with water breakthrough than 
in the other zone. 111e band just above the lower curve shows the effect of assuming 
a quench temperature 100 K above saturation; i.e., quench is advanced by about five 
seconds. Figure 4.10-9 shows core stored energy diagrams at four times for the 
condrtions of Test 18. Based on the resu~s of these energy balance calculations far 
Test 18, the PWR refload duration (BOCREC to quench) was estimated to be 
35 seconds. 

Test 19 simulated a 50% (0.5A) cold leg break with 5/8 ECC injection. The core 
simulator steam and water injection rates du ring reflood were based on SCTF 
Test S3 - 13. 111e main test phase, which was inrtiated at 1050 kPa, was preceded by 
a conditioning phase (1800 to 1050 kPa) which established the basic flow pattern in 
the UPTF primary system. 

111e phenomena and the overall system behavior in Test 19 were similar to that 
described above for Test 18 (200% cold leg break) except the system depressurization 
rate was lower. During the end-of-blowdown most of the ECC injected into the cold 
legs was either bypassed out the broken cold leg or accumulated in the upper 
downcomer. Water breakthrough from the upper plenum to the core occurred 
immediately after initiation of hot leg ECC injection. Due to condensation near the 
injection nozzles, ECC delivery to the upper plenum and to the downcomer was 
intermittent. Massive water penetration through the tie plate to the core region and 
the high steam condensation rates in the upper plenum, hot legs and cold legs 
resu~ed in a rapid increase in the core water level during reflood. 

Test 14 simulated a 200% hot leg break. 111e boundary conditions were the same as 
for Test 18. 111e effect of the different break location on the overall system behavior 
was found to very limited. With a hot leg break, steam vented to containment during 
the end-of-blowdown by flowing through the upper plenum to the break rather than 
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up the downcomer to the break. Consequently, the cold leg ECC injection flowed 
down the downcomer to the lower plenum and was not bypassed. Lower plenum refill 
initiated immediately after the start 01 the test phase at a system pressure of 1050 kPa. 
After BOCREC, the core water level increased rapidly due to massive water 
breakthrough trom the upper plenum. Entrainment of hot leg ECC injection out the 
broken hot leg was negligible even at high core simulator steam injection rates. The 
difference of collapsed water levels in downcomer and core region was lower than in 
the cold leg break test because the hot leg break provided slightly better 
depressurization 01 the upper plenum. 

4.10.4 Conclusions 

The key findings Irom integral tests with combined ECC injection are summarized 
below. 

ECC delivery to the lower plenum occurs during the end-ol-blowdown trom both 
hot leg and cold leg ECC injection. 

Reflood in~iates very shortly after blowdown terminates. 

ECC delivery trom hot leg and cold leg injection leads to rapid core cooling and 
core quench. 

Hot leg ECC injection penetrates through the tie plate to the core in loeal regions 
adjacent to hot legs. 

Water plugs lorm in the loops; movement 01 these plugs resu~s in intermittent 
ECC delivery. 
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4.11 INTEGRAL TEST WITH COLD LEG/DOWNCOMER ECC INJECTION AND 
VENT VALVES 

4.11.1 Rationale of Test 

One UPTF integral test simulated the end-of-blowdown, refill, and reflood phases of 
an LBLOCA in an ABB/BBR PWR like the Muelheim-Kaerlich (MI<) PWR. The MK 
PWR is a 2 x 4 loop PWR w~h vent valves in the core barrel. The ECC system 
consists of four separate systems. Two of the systems inject ECC directly into the 
downcomer and !wo systems inject ECC into the loops. For each loop, ECC is 
injected into only one of the !wo cold legs. Each system consists of three types of 
injection; namely, high pressure coolant injection (HPCI) , accumulator (ACC) injection, 
and low pressure coolant injection (LPCI) . 

During end-of-blowdown, steam in the reactor vents out the broken cold leg by flowing 
around the bollom 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 upflow 
in the downcomer entrains some of the ECC injected in the downcomer and intact 
loop cold leg out the break thereby lim~ing ECC delivery to the lower plenum. 
However, the vent valves provide an a~ernative steam flow path which reduces the 
upflow and promotes ECC delivery. 

During reflood, steam generated in the core is vented to containment via the upper 
plenum and e~her the vent valves or the reactor coolant loops. Flow through the vent 
valves bypasses the loops and tends to reduce the core-to-downcomer differential 
pressure which improves core cooling. The vent valves also influence the steam flow 
distribution in the downcomer which can affect water entrainment trom the downcomer 
out the broken cold leg. 

Section 4.7 described key phenomena and resu~s trom separate effects tests 
performed to determine the effect of reactor vessel vent valves on LOCA behavior. 
An integral test was performed to investigate overall system behavior for a simulated 
transient. 

4.11.2 Scope of Testing 

One integral test (Test No. 24) was performed at UPTF to simulate the end-of­
blowdown, refill and reflood phases of a large cold leg break LOCA in the MK PWR. 
ECC was injected through !wo downcomer injection nozzles and one intact cold leg 
nozzle. Six vent valves were tree to open during the test; the !wo vent valves directly 
in front 01 the downcomer ECC injection nozzles ware locked shut. Twa tast runs 
were performed, as described below. 
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Run 302 used core simulator steam flow conditions based on the results of SGTF 
Test S3-17 (Run 721), which was lhe BBR couplingtest (Reference J-568). Other 
conditions were based on a TRAG analysis of the MK plant and pretest 
("condilioning") TRAG calculations (References G-414, G-631 and G-662) . 

Run 304 was similar to Run 302 except considerably higher steam flow was used. 

TRAG pretest calculations were performed to determine an appropriate method to 
"cond~ion" the facility at the start of the test (Reference G-631) . A method which 
injected steam in the core simulator, SG simulators, and pressurizer simulator during 
depressurization from 1800 kPa to 1000 kPa was found to yield suitable conditions at 
1000 kPa. During the reflood portion of the tests, the core simulator steam and water 
flows were adjusted by the core simulator feedback system according to measured 
core water level. In addition, SGS steam injection was activated based on the 
separated water measured in the SG simulators. The data and quick look reports for 
Test 24 are provided in References G-024 and G-224, respectively. 

4.11 .3 Summary of Key Resu~s 

The results are described based on the behavior observed in Run 302. During the 
conditioning phase, the pressure decreased from 1800 kPa to 1000 kPa. At a 
pressure of 1000 kPa, the depressurization rate was about 200 kPa/sec, which was 
the desired value. Depressurization from 1000 kPa was rapid and the primary system 
pressure went below the containment pressure by about 60 kPa due to the 
condensation on subcooled EGG. 

EGG penetrated to the lower plenum during end-of-blowdown, primarily on the side 
of the vessel away lram the break. After blowdown terminated, completion 01 relill and 
reftood occurred rapidly. During the entire test, the pressure in the upper plenum 
exceeded the pressure in the downcomer by up to 12 kPa (Figure 4.11 -1). This value 
was less than that obseryed in tests without vent valves, rellecting the ellect 01 the 
vent valve flow path. As a resutt, the level in the core was only about 1 m below the 
level in the downcomer (Figure 4.11-1). 

During the entire test (including end-ol-blowdown) a steam/water upflow fram the core 
to the upper plenum was observed. This was different trom integral tests without vent 
valves which had areversal fram end-of-blowdown (downllow) to rellood (upllow) . 
The vent valve ftow path directly Irom the upper plenum to the downcomer caused this 
ellect. 
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Because of the high ECC injection rates, complete steam condensation and plugging 
were observed in the celd leg into which ECC was injected. Further, the downcomer 
contained subcooled fluid throughout, which suppressed wall boiling. Subcooling was 
detected in the break outflow du ring end-of-blowdown. 

During reflood, some of the water carried out of the cere de-entrained and 
accumulated in the upper plenum. The measured level was up to 0.07 m. Due to the 
short duration of the reflood phase (ni ne secends), very liltle water was carried into 
the intact loops and essentially no water was measured in the SG simulators. 

In Run 304, the higher core simulator steam injection caused the upper plenum to 
downcemer pressure difference to be about 20 kPa (Figure 4.11-2). The 
corresponding water level difference between the core and downcomer was 2.5 m. 
Upper plenum water accumulation to a level of 0.2 m occurred. Also, after about 
30 seconds, water collection in the tube regions of the SG simulators was observed. 

4.11.4 Conclusions 

The transient LOCA simulation of the MK PWR showed that: 

There is substantial ECC penetration to the lower plenum during the end-of­
blowdown, leading to rapid refill and reflood. 

The upper plenum-to-downcomer pressure difference is maintained st a low value 
due to the presence of the vent valves, aliowing the cere level to rise quickly 
during reflood. 
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Section 5 

TRAC ANAL YSES 

5.1 INTROOUCTION 

As part 01 the USNRC contribution to the 20/30 Program, the Transient Reactor 
Analysis Code (TRAG), developed by Los Alamos National Laboratory (LANL), was 
provided to the other participants in the program. In add~ion, LANL carried out an 
analytical support program using TRAC under the direction 01 the USNRC. Selected 
TRAC calculations were also carried out by the other program participants. 

The objectives 01 the USNRC analytical support program were to utilize TRAC to: 

Provide analysis support during the design phase 01 UPTF and SCTF. 

Evaluate the location, type, and desired accuracy 01 instrumentation in UPTF, 
SCTF and CCTF. 

Help specify test boundary and in~ial cond~ions. 

Perform pretest predictions and post-test analyses. 

Provide analytical coupling between UPTF and SCTF. 

Checkout and validate TRAC to lorm a basis lor credible prediction 01 the behavior 
01 a full-size PWR during the end-ol-blowdown, refill, and reflood phases 01 an 
LBLOCA. 

The remainder 01 this seetion provides an overview 01 TRAC and discusses 
assessment resu~s obtained as part 01 the 20/30 Program. This section is intended 
to provide an overview 01 TRAC and ~s capabil~ies w~h respect to LBLOCA 
phenomena occurring trom the end-ol-blowdown through refill and reflood. 
Calculations were generally performed using the latest version 01 TRAC available at the 
time. In discussing resu~s, the emphasis is placed on resu~s obtained with 
TRAC-PF1/MOOl and M002. These code versions are still in use so assessment 
information on them is of current interest. Results obtained using earlier vers ions were 
important in their contribution to an understanding 01 test resu~s and in their impact 
on code development. At the time 01 this wr~ing, the only TRAC versions 
recommended lor use are TRAC-PF1/MOOl and M002. 
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5.2 OVERVIEW OF TRAC 

5.2.1 Historv 

At the beginning of the 20/30 Program, TRAC was an experimental code for reactor 
safety analysis. Concurrent w~h the 20/30 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 apart of the 20/30 Program 
contributed significantly to its development as code experience and data !rom the 
20/30 Program were continually fed back to the code developers. The 
20/30 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 w~h a number of versions of each release. The last 
code version used as part of the 20/30 Program was TRAC-PF1 /M002, version 5.3, 
which was released in June 1990. 

A preliminary TRAC version consisting of only one-dimensional components was 
completed in Oecember 1976. Anhough this version was not released publicly nor 
documented formally, ~ 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 Oecember 1977. 

TRAC-P1 was designed primarily for analysis of LBLOCAs in PWRs. n could be 
applied to many analyses ranging !rom blowdowns in simple pipes to integral LOCA 
tests in mu~iloop facil~ies . A refined version, TRAC-P1A, was released to the National 
Energy Software Center in May 1979. A~hough ~ treated the same class of problems, 
TRAC-P1 A was more efficient than TRAC-P1 and incorporated improved hydrodynamic 
and heat transfer models. TRAC-P02 (released in April, 1981) contained 
improvements in reflood heat transfer models and numerical solution methods. 
Although TRAC-P02 was an LBLOCA code, ~ was applied successfully to small-break 
problems and to the Three Mile Island transient. 

TRAC-PF1 was designed to improve the abil~ of TRAC-P02 to handle small-break 
LOCAs and other transients. TRAC-PF1 used a fuII two-fluid model w~h 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, 
anhough the three-dimensional vessel option was retained. A noncondensible 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-PFI was released 
publicly in July 1981. 
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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. k contained 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 refinements for a variety of components. These 
upgrades are discussed in more detail in Section 5.2.3. 

5.2.2 TRAC-PF1 IMOD1 and TRAC-PF1 IMOD2 Characteristics 

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, e,z) 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 mukidimensional 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 du ring 
reflood can be treated directly. 

Nonhomogeneous, Noneguilibrium Modeling. A tull two-fluid (six-equation) 
hydrodynamic model describes the steam-water flow, thereby allowing important 
phenomena such as countercurrent flow to be treated explicitly. A strat~ied 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-Dependent Constitutive Eguation Package. The thermal-hydraulic 
equations describe the transfer of mass, energy, and momentum between the 
steam-water phases and the interaction of these phases with the heat flow from 
the system structures. Because these interactions are dependent on the flow 
topology, a flow-regime-dependent constitutive equation package has been 
incorporated into the code. 
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Consistent Analysis 01 Entire Accident Seguences. An important TRAC leature is 
its ability to address entire accident sequences. including computation 01 in~ial 
conditions. w~h a consistent and continuous calculation. For example. the code 
models the blowdown. refill. and reflood phases 01 a LOCA. This modeling 
eliminates the need to perform ealculations using different codes to analyze a 
single accident. In addition. a steady-state solution capability provides sell­
consistent in~ial conditions lor subsequent transient ealculations. 

Component and Functional Modular~. 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 leature 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 iso major aspects 01 the calculations are 
performed in separate modules. For example. the basic one-dimensional 
hydrodynamics solution algorithm. the wall-temperature field solution algor~hm and 
other functions are performed in separate routines that can be accessed by all 
component modules. This modular~ allows the code to be upgraded readily as 
improved correlations and test information become available. 

Comprehensive Heat-Transler Capabil~. TRAC-PF1/MOD2 incorporates detailed 
heat-transler analyses 01 the vessel and the loop components. Included is a !wo­
dimensional (r.z) treatment 01 fuel-rod heat conduction w~h dynamic fine-mesh 
rezoning to resolve both bottom-flood and lalling-film quench tronts. The heat 
transler trom the fuel rods and other system structures is calculated using flow 
regime-dependent heat-transler coefficients obtained trom a generalized boiling 
curve based on a combination 01 loeal cond~ions and history effects. 

Machine Independent Programing. The code was originally designed lor the 
Control Data Corporation CDC 7600 computer. TRAC mayaiso be run on Cray 
computers (1-s. X-MP. Y-MP) using the Cray operating system. UNICOS. or the 
Cray Timesharing System (CTSS) used at LANL. the IBM using VM or MVS 
operating systems. and Cyber 205. Amdahl. and FACOM computers. Efforts have 
been made to make the programming as machine independent as possible. 
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5.2.3 Changes from TRAC-PFI /MODI to TRAC-PF1IMOD2 

Several improvements were made between the MODI and MOD2 versions of 
TRAC-PFI . The improvements are listed below. 

The MOD2 models and correlations (Reference E-606) are more defensible. 

MOD2 runs faster than MODI . Depending on the type of transient and the 
noding, it will run between 1.2 and 10.0 times faster than MODI . 

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 lor 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 sm all breaks in the 
bottom, top, or side 01 a pipe. 

The American Nuclear Society (ANS) 1979 Decay Heat Standard was implemented 
as a defau~ 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 boiling model based on published correlations was 
implemented in MOD2. 
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The momentum solution was forced to be conserving in M002. 

The external thermocouple model developed by the Un~ed Kingdom Atomic 
Energy Authority (UKAEA) was implemented in M002. 

The fully implic~ axial conduction solution developed by the Japan Atomic Energy 
Research Institute (JAERI) was implemented in M002. 

5.2.4 TRAC Assessment Oescriptors 

In the course of TRAC assessment using 20/30 data, ~ was recognized that a 
standardized, consistent terminology needed to be developed to describe the code 
performance in post-test calculations. LANL developed this terminology in the form 
of four code assessment "descriptors", as defined below: 

Excellent agreement applies when the code exhibits no deficiencies in modeling 
a given behavior. Major and minor phenomena and trends are correctly 
predicted. The calculated resu~s are judged to agree closely w~h the data. The 
calculation will, w~h few exceptions, lie w~hin the uncertainty bands of the data. 
The code may be used with confidence in similar applications. (The term major 
phenomena refers to the phenomena that influence key parameters such as rod 
cladding temperature, pressure, differential pressure, mass flow rate, and mass 
distribution. Predicting major trends means that the prediction shows the 
significant features of the data. Significant features include the magn~ude 01 a 
given parameter through the transient, slopes, and inflection points that mark 
significant changes in the parameter.) 

Reasonable agreement applies when the code exhibits minor deficiencies. Overall, 
the code provides an acceptable prediction. All major trends and phenomena are 
correctly predicted. Oifferences between calculation and data are greater than 
deemed necessary lor excellent agreement. The calculation will Irequently lie 
outside but near the uncertainty bands 01 the data. However, the correct 
conclusions about trends and phenomena would be reached ij the code were 
used in similar applications. The code models and/or lacility noding model should 
be reviewed to see ij improvements can be made. 

Minimal agreement applies when the code exhibits significant deficiencies. Overall, 
the code provides a prediction that is only cond~ionally acceptable. Same major 
trends or phenomena are not predicted correctly, and same calculated values lie 
considerably outside the uncertainty bands 01 the data. Incorrect conclusions 
about trends and phenomena may be reached if the code were used in similar 
applications, and an appropriate warning needs to be issued to users. Selected 
code models and/or lacil~ noding need to be reviewed, modified and assessed 
belare the code can be used with confidence in similar applications. 
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Insufficient agreement applies when the code exhibits major deliciencies. The 
code provides an unacceptable prediction 01 the test. Major trends are not 
predicted correctly. Most calculated values lie outside the uncertainty bands 01 
the data. Incorrect conclusions about trends and phenomena are probable il the 
code is used in similar applications, and an appropriate warning needs to be 
issued to users. Selected code models and/or lacility noding need to be 
reviewed, modified and assessed belcre the code can be used with conlidence 
in similar applications. 

These descriptors are used in this report. 
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5.3 PRESSURIZEO WATER REACTOR (PWR) CALCULATIONS WITH TRAC 

Ouring the course of the 20/30 Program, a number of PWR calculations were 
performed w~h TRAC. Plant calculations were particularly important in the 
20/30 Program because the tests did not simulate the entire LBLOCA transient. 
Hence, specification of in~ial and boundary conditions for 20/30 Program tests 
entailed trying to simulate mid-transient cond~ions of a LOCA. In !his regard, the 
TRAC PWR analyses provided usetul guidance for selecting test cond~ions . The code 
ealeulations also provided a link from subseale experiments 10 full-scala plants. The 
PWR calculations are listed in Table 5.3-1 and are discussed briefly below. 

5.3.1 US/J PWR Calculations 

Six US/J PWR caleulations were performed using the latest version of TRAC available 
at the time of the calculation. Code versions are documented in Table 5.3-1. In the 
calculations, a 200% cold leg break LOCA in a generic four-Ioop PWR was assumed. 
Fuel assemblies of e~er 15xl5 or 17xl7 were simulated depending upon the 
calculation. Three types of boundary cond~ions were used in the calculations, 
including conservative cond~ions , minimum safeguards cond~ions and most-probable 
conditions. 

These TRAC calculations were used to determine test cond~ions for 20/30 tests. 
Specifically, tests with low initial cladding temperatures at reflood in~iation were added 
to the CCTF, SCTF, and UPTF test matrices to obtain experimental data under the 
best-estimate cond~ions covered in the TRAC calculations. Also, a test to investigate 
the n~rogen surge at the end of accumulator injection was added to the UPTF test 
matrix. 

As an example, key resu~s trom a US/J PWR calculation are given below. This 
calculation was for a 200% cold leg break LOCA in a generic four-Ioop PWR. The 
analysis noding is shown in Figure 5.3-1 . Three-dimensional vessel noding w~h four 
radial rings and eight tangential sectors was used. The initial and boundary conditions 
represented the minimum safeguards cond~ions at 102% power. Minimum safeguards 
conditions include: maximum tuel power peaking and stored energy, single active 
failure in the ECCS, and loss-of-offs~e power. Important resu~s of this analysis were: 

The PCT of 933 K for the hot-channel best-estimate (BE) rod (34.74 kW/m peak 
linear power) and 897 K for the highest powered average rod (29.95 kW/m) 
occurred during early blowdown at 3.5 seconds (Figure 5.3-2) . 

The end of bypass and end of laIe blowdown oecurred al 25 seconds. 

ECC liquid entered !he core at 39 seconds (beginning of core recovery) . 
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Accumulator nitrogen began to Ilow into the cold legs at 45 seconds, producing 
an increase in cOld-leg pressure and a surge 01 liquid into the core. Accumulators 
in the intact loops emptied 01 water at 49 seconds. 

The PCT 01 the BE rod du ring the relill and rellood phases 01 the transient was 
854 K, at a time 01 40 seconds. 

The end 01 accumulator flow was lollowed by a slow filling 01 the core. All of the 
average rods were quenched at 160 seconds, the hot-channel BE rods at 
177 seconds. 

5.3.2 GPWR Calculations 

Six GPWR calculations were performed as part of the 20/30 Program. These are 
listed as part of Table 5.3-1 . These calculations were used to specily the initial and 
boundary conditions for SCTF-III tests and UPTF tests which simulated a GPWR with 
combined ECC injection. They were also used in specifying the steam generator 
simulator operation al characteristics in UPTF. 

As an example, key results Irom a GPWR calculation for a 200% cold leg break in a 
Siemens/KWU 4-loop PWR follow. The vessel noding is shown in Figure 5.3-3. 
Three-dimensional vessel noding with lour radial rings and eight azimuthai sectors was 
used. The in~ial cond~ions were steady-state operation at 100% power. The key 
boundary condition was five 01 eight ECC systems available (two in hot legs, three in 
cold legs) , which is the minimum licensing condition. Important results 01 this analysis 
were: 

The PCT of 833 K (average power rod) and 973 K (high power rod) occurred 
during blowdown at about five seconds (Figure 5.3-4) . 

Ouring blowdown, local enhanced heat transler and quenching occurred in a 
region of the core under the Loop 2 hot leg, due to water Irom the pressurizer 
fiowing through this region . 

There was about 2500 kg of water in the lower plenum (about 10% fu ll) at the 
conclusion of blowdown. 

ECC water plugs formed in the hot and cold legs and oscillated with significant 
amplitude. ECC was delivered to the vessel in an intermittent manner. 

Ouring reflood, ECC trom the hot leg injectors penetrated from the upper plenum 
to the core in local regions adjacent to the hot legs. Upflow was calculated in the 
remaining regions of the core. 
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The PCT during reflood was about 800 K (average power rod) and 970 K (high 
power rod) . See Figure 5.3-4. 

In breakthrough areas, quench occurred by 55 seconds. In other regions, quench 
occurred by 88 seconds (average power rod) and 133 seconds (high power rod). 

5.3.3 ABB/BBR and B&W Type PWR Calculations 

Within the 20/30 Program, two ABB/BBR and B&W type PWR calculations ware 
performed; one lorthe ABB/BBR PWR and one lorthe B&W PWR (lable 5.3-1) . Both 
01 these plant types use a two hot leg, lour cold leg (Le., 2 x 4) loop arrangement w~h 
once-through steam generators. The ABB/BBR plant has a raised loop configuration 
with no part 01 a loop below the cold leg nozzle elevation. The B&W calculation was 
lor a lowered loop plant which has part 01 the loops below the cold leg nozzle 
elevation. The ABB/BBR plant is also about 1/3 larger than the B&W plant that was 
the subject 01 the plant calculation. Both 01 these plant types have vent valves 
between the upper plenum and the downcomer to provide a flow path a~ernative to 
the loops. 

The B&W plant calculation was a 200% cold leg break w~h technical specification 
conditions. The assumed operating cond~ions included 2% in~ial core overpower, tull 
availability 01 the two core flooding tanks, one low-pressure-injection pump, and one 
high-pressure injection pump. Important resu~s 01 this analysis were: 

The PCT 01 1284 K lor the hot channel rod (57.7 kW/m peak linear power) and 
995 K lor the highest average powered rod (28.7 kW/m) occurred during 
blowdown at 8 seconds. 

Flow trom the core flooding tanks began at 11.5 seconds as the system 
depressurized to the check valve set point. 

Blowdown ended at 23 seconds. 

Reflood 01 the core started at 26.5 seconds after the lower plenum was refilled. 

The core region quenched completely by 160 seconds. 

The percent bypass was 41 % where the bypass is defined as the percentage 01 
the total core flooding tank water flowing out the cold leg break (vessel side). 

Ouring reflood, 46% 01 the net steam flow ex~ing the core passed through the vent 
valves. 
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The ABB/BBR calculation was also for a double-ended cold leg break LOCA. The 
initial and boundary cond~ions were based on EM cond~ions which included 5% initial 
core overpower. 120% decay heat. and reduced number of operational ECC systems. 
Important resuijs are summarized below. 

The PCT of 1193 K for a high powered rod occurred at the end of refill. 

Blowdown ended at 20 seconds and reflood started at 26 seconds. 

The region with the highest power was quenched at 150 seconds and the entire 
core was quenched at 250 seconds. 

During reflood. about 60% of the steam generated in the core ftowed through the 
vent valves. The remaining 40% ftowed out the hot legs. 

5.3.4 Conciusions 

The TRAC calculations for PWRs gave useful information to aid in specifying the initial 
and boundary cond~ions for CCTF. SCTF. and UPTF tests. 
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Table 5.3-1 

TRAC PWR AND RELATED CALCULATIONS 

(Note: The most reeent caleulations are listed lirst lor eaeh PWR type.) 

PWR Report litle Souree Relerenee TRAC Version 
Type 

US/J TRAC-PF1 /MODl INEL U-727 PF1 /MODl v. 14.3 
US/Japanese PWR 
Conservative LOCA 
Prediction 

US/J TRAC-PF1 /MODl LANL U-726 PF1 /MODl v. 12.2 
Analysis 01 a 
Minimum-Saleguards 
Large-Break LOCA in 
a US/Japanese PWR 
w~h Four Loops and 
15x15 Fuel 

US/J TRAC-PF1 /MODl LANL U-723 PF1 /MODl 1 

Analysis 01 a 200% 
Cold Leg Break in a 
US/Japanese PWR 
w~h Four Loops and 
15x15 Fuel 

US/J TRAC-PF1 /MODl LANL U-724 PF1 /MODl 1 

Analysis 01 a 
Minimum-saleguards 
Large-break Loss-ol-
Coolant Accident in a 
4-loop PWR w~h 
17x17 Fuel 

US/J TRAC-PFI Analysis 01 LANL U-722 TRAC-PFI 
a Best-estimate 
Large-break LOCA in 
a Westinghouse PWR 
with Four Loops and 
17x17 Fuel 
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Table 5.3-1 

TRAC PWA AND AElATED CALCULATIONS 

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

PWA Aeport ntle Source Aeference TRAC Version 
Type 

US/J A TRAC-PD2 Analysis LANL U-721 PD2 
of a Large-Break 
Loss-of-Coolant 
Accident in a 
Aeference US PWA 

GPWA Calculation of a GAS G-661 PF1 /MOD1 v. 12.5 
Double Ended Break 
in the Cold Leg of the 
Primary Coolant Loop 
of a German 
Pressurized Water 
Aeactor with a 5/8 
Emergency Cooling 
Injection 

GPWA Calculation of a GAS G-663 PF1 /MODl v. 12.5 
Double Ended Break 
in the Hot Leg of the 
Primary Coolant Loop 
of a German 
Pressurized Water 
Aeactor with a 5/8 
Emergency Coolant 
Injection 

GPWA TRAC-PFI Analysis of LANL U-748 PF1 /MODl v. 8.2 
a 200% Hot-leg Break 
in a German PWA 
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Table 5.3-1 

TRAC PWR AND RELATED CALCULATIONS 

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

PWR Report Trtle Souree Relerence TRAC Version 
Type 

GPWR Comparison Between JAERI J-608 PF1 /MOD1 ' 
a TRAC GPWR 
Calculation and a 
CCTF Test with 
Combined Injection 
and EM Boundary 
Cond~ions lor the 
Reflood Phase 01 a 
German PWR-LOCA 

GPWR GPWR-1982 TRAC- LANL U-747 PF1, PF1 /MOD1 
PF1 Base Case 
Resu~s 

GPWR A TRAC-PF1 LANL U-744 PF1 
Calculation 01 a 
Relerence German 
PWR at the In~iation 
01 ECC Injection 

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

GPWR TRAC-PD2 LANL U-743 PD2 
Calculation 01 a 
Double-Ended Cold-
Leg Break in a 
Relerence German 
PWR 

BBR GPWR Analysis w~h GRS G-662 PF1 /MOD1 v. 12.5 
TRAC-PF1 /MOD1 
Version 12.5 BBR 
Type Reactor, 200% 
Cold Leg Pump 
Discharge Break EM-
Cond~ion 



Page 4 01 4 

Table 5.3-1 

TRAC PWR AND RELATED CALCULATIONS 

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

PWR Report Title Source Relerence TRAC Version 
Type 

B&W TRAC-PF1 j MOD1 LANL U-725 PF1 jMOD1 v. 11.1 
Analysis 01 a 200% 
Cold Leg Break in a 
Babcock & Wilcox 
Lowered-Ioop Plant 

NOTES: 1. Code version not documented in re port. 
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5.4 CCTF CALCULATIONS WITH TRAC 

Because CCTF was already fully designed at the outset 01 the 2D/3D Program, design 
support calculations were not performed using TRAC. However, TRAC calculation 
resu~s were used to evaluate the location, type, and desired accuracy 01 US-supplied 
instrumentation in CCTF-II, and to specify the in~ial and boundary conditions 01 the 
CCTF BE test (Run 71) . A BE US/J PWR calculation had shown in~ial rod 
temperatures at the beginning of reflood that ware much lower than rod temperatures 
obtained under conservative cond~ions. Consequently, the BE test was added to the 
CCTF test matrix. 

CCTF calculations w~h TRAC were mainly post-test calculations lor code assessment 
which have been documented in individual reports (listed in Tables 5.4-1 and 5.4-2) 
and in summary reports. The CCTF Core-l summary report is Relerence U-601 ; the 
CCTF Core-II summary report (except Upper Plenum Injection) is Relerence U-621 ; 
and the Upper-Plenum Injection summary report is Relerence U-622. 

5.4.1 CCTF Core-I TRAC Calculation Resu~s 

Nine tests Irom the CCTF Core-I test series were analyzed using the TRAC-PD2 and 
TRAC-PFI codes. Table 5.4-1 lists the CCTF-I tests analyzed w~h the code version 
and report c~ation. Most 01 the calculations were performed using a three-dimensional 
vessel component w~h e~her fine noding (Iour radial rings, lour azimuthai sectors and 
16 axial levels) or coarse noding (!wo radial rings, !wo aximuthal sectors and 16 axial 
levels). The assessment calculations lor the CCTF Core- I tests covered reflood tests 
wrth parametrie variations includingloop K-Iactor, ECC flow rate, system pressure, and 
initial radial rod temperature profile. 

The TRAC-PD2 code predicted the transient cladding temperature weil, especially the 
PCT. Various deficiencies were lound in the assessment calculations. The most 
significant 01 these was the TRAC-PD2 code did not correctly predict liquid entrainment 
and liquid distribution in the core. Resu~s trom these calculations were led back to 
the TRAC code developers and affected later code development. 

5.4.2 CCTF Core-II TRAC Calculation Resuns 

Twenty tests trom the CCTF Core-II test series were anaiyzed by LANL and JAERI 
using the TRAC-PF1 /MODl and TRAC-PFI/MOD2 codes. Table 5.4-2 lists the 
calculations, the bibliography c~ations, and key resuns. 
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In the CCTF-II tests, various types 01 ECC injection were investigated including cold 
leg injection, downcomer injection with and without vent valves, upper plenum 
injection, and combined injection. 

For cold leg injection, 11 tests were analyzed. Two base case tests (Runs 53 and 62) 
simulated reflood under conservative conditions lor the US/J-type PWR. Eight rellood 
tests (Runs 51 , 54, 55, 63, 64, 67, 70 and 75) were parametric variations on the base 
case tests covering changes in core power level, initial cladding temperature, system 
pressure, core radial power profile (steep or Hat) and the end-ol-blowdown and retill. 
The BE test (Run 71) simulated BE conditions based on a US/J PWR TRAC 
calculation. 

For upper plenum injection (UPI), five tests were analyzed. These tests included tests 
under high power (Run 57), single lailure (Run 59) , symmetrie (Run 72) and 
asymmetric (Run 76) injection, and BE (Run 78) condrtions. The parameters varied 
were core power. core-stored energy, core radial power profile, UPI f1ow, UPI 
symmetry, system pressure, and the addrtion 01 the relill phase. 

For downcomer injection, two tests were analyzed: downcomer injection without vent 
valves (Run 58) and downcomer injection with open vent valves (Run 69) . For 
combined injection, two tests were analyzed: combined injection under EM conditions 
(Run 79) and combined injection under BE conditions (Run 80) . 

Most CCTF-II calculations were performed using a noding scheme with an 
intermediate level 01 detail. The vessel model used lour radial rings, two azimuthai 
sectors and 16 axial levels. In this intermediate noding scheme the intact loops were 
combined into a single loop. A fine noding scheme was used lor UPI tests, combined 
injection tests, and several rellood tests. fi used avessei with the same axial and 
radial noding but with lour azimuthai sectors. In this fine noding scheme, each intact 
loop was modeled individually using cells with the same length as the cells in the 
combined intact loop 01 the intermediate noding scheme. Figure 5.4-1 shows a typical 
intact loop noding diagram. 

5.4.2.1 Cold Leg Injection Tests 

Core Thermal-hydraulic Behavior 
TRAC calculations yielded reasonable to excellent agreement wrth measured peak rod 
temperatures, which ranged Irom 1000 to 1150 K. TRAC was generally able to predict 
PCT within 50 K as shown in Figure 5.4-2. Transient rod temperatures were predicted 
with reasonable to excellent agreement in the lower and middle elevations 01 the core, 
and reasonable agreement in the upper core elevations. TRAC-PF1 /MOD1 tended to 
slightly underpredict cladding temperatures at upper core elevations and to predict 
early quench times at the core midplane. These discrepancies were caused by TRAC 
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deficiencies in predicting liquid distribution within the core. Figure 5.4-3 shows a 
comparison of calculated and measured differential pressure for the upper and lower 
halves of the core for Test C2-16 (Run 76), a UPI test. (The "spikes" in differential 
pressure indicate intermittent penetration from the upper plenum to the core.) As 
seen, the TRAC calculation tends to stratify the liquid more strongly than observed in 
the test. 

A post-test calculation for CCTF Test C2-4 (Run 62) was performed as part of the 
20/30 Program using M002. M002 resu~s were similar to M001 resu~s. Rod 
temperature predictions were in reasonable agreement wtth the data and the major 
trends and phenomena were predicted. The M002 core reflood model did an 
improved job of predicting entrainment above the quench front and into the upper 
plenum. However, the core liquid inventory above the quench front was under 
predicted (Figure 5.4-4) while the upper plenum liquid level and liquid carryover from 
upper plenum to hotlegs were overpredicted. 

Overall, TRAC-PF1/M001 predictions of thermal-hydraulic behavior in the vessel were 
in reasonable agreement with data. However, TRAC underpredicted the core inlet flow 
by about 25% because boiloff of liquid in the downcomer (Le., downcomer voiding) 
caused underprediction of the downcomer head. In addition, calculated fluid 
temperatures at the core inlet exceeded measured values because of the excessive 
condensation in the cold leg and lack of thermal stratification in the TRAC plenum 
model. The reduced subcooling did not have a significant effect on core heat transfer 
or reflood rates. 

For every test, TRAC correctly predicted an inttial surge of liquid into the core during 
accumulator injection. The core liquid inventory at the end of this surge was a weak 
function of core power or power distribution in the experiments. TRAC predictions of 
the liquid inventory, while in reasonable to excellent agreement with the experimental 
data, showed a stronger dependence on core power, yielding overpredicted 
inventories at high power and underpredictedinventories at lower power. The amount 
of liquid in the upper ha~ of the core and the upper plenum was predicted with minimal 
to excellent accuracy depending upon the test parameters; this matter deserved 
further study (see below) . 

Neither TRAC-PF1 /M001 nor TRAC-PF1/MOD2 does a satisfactory job of predicting 
liquid distribution in the core during reflood. Models pertaining to core reflood were 
completely replaced in the conversion from MOD1 to MOD2. The models selected for 
M002 were chosen as a package that reflected the state-of-the-art for modeling the 
quenching process and associated phenomena. Resu~ for core liquid distribution 
were only marginally better than resu~s obtained with M001 . Further study led LANL 
to conclude that this failure to predict core liquid distribution resu~s from the inability 
of either version to model a simu~aneous liquid upflow of droplets and downflow of 
films and/or rivulets on unheated structures. TRAC uses two-fluid modeling with 
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elosure relations based on instantaneous, averaged local conditions with no history 
effects. ~ appears that lurther improvement in the modeling 01 these conditions would 
require modifying these fundamental assumptions and increasing the level 01 
complexity. 

Downcomer Thermal-hydraulic Behavior 
TRAC-PFI /MODI predicted axisymmetrical water accumulation in the downcomer as 
observed in the CCTF tests. The downcomer water level showed a slight decrease 
after the inrtial fill to the bottom level 01 the cold leg nozzle. The decrease is attributed 
to the boiling due to the heat release trom the superheated downcomer wall to the 
liquid carryover to the broken cold leg. The TRAC-PFI /MODI code predicted the 
decrease 01 the downcomer water level qualitatively although the decrease was 
sometimes overpredicted and sometimes underpredicted. 

URRer Plenum Thermal-hydraulic Behavior 
The pressure in the upper plenum was generally underestimated because the pressure 
drop through the broken cold leg 01 the pressure vessel side was underestimated. 
The predictions 01 the liquid level in the upper plenum vary in a complex manner Irom 
minimal to reasonable between tests. The TRAC-PFI /MODI code predicted almost 
complete water entrainment to the hot legs at high steam ftow rates and no water 
entrainment to the hot legs at low steam Ilow rates. The entrainment rate was 
sensrtive to the steam ftow rate in the TRAC-PFI /MODI calculations. The liquid level 
in the upper plenum was sometimes underestimated because little water was entrained 
Irom the core due to the deficiency in the modeling 01 the core liquid distribution. This 
is one 01 the MODI code deliciencies identified du ring the program. The MOD2 
calculation lor Test C2-4 (Run 62) overpredicted the upper plenum liquid level. The 
reflood model in MOD2 gives significantly more entrainment above the quench Iront 
than the reftood model in MODI . 

LOOR Behavior 
The agreement 01 predicted loop differential pressures and mass Ilow rates wrth data 
was strongly correlated with agreement 01 the downcomer differential pressures. 
When the differential pressure in the downcomer was predicted weil , these other 
parameters were also predicted weil. When the differential pressure was overpredicted 
or underpredicted , so were these parameters. Overall, the agreement was judged to 
be reasonable even though the broken cold leg differential pressure was generally 
underpredicted. In one test (Run 71) , excessively large oscillations were calculated 
by TRAC as a resu~ 01 an overprediction 01 the condensation occurring in the loops. 

The overprediction 01 condensation in CCTF cold leg ECC injection tests was identified 
as a code deficiency. Potential model changes that improved condensation modeling 
in CCTF were not incorporated into TRAC because they degraded condensation 
modeling lor tests trom a variety 01 other lacilrties. 
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TRAC ealculations 01 liquid entrainment into the hot legs were reasonable at very high 
and very low steam flow rates, but TRAC tended to underprediet the liquid entrainment 
at intermediate flow rates. The modeling 01 steam generator heat transler was 
reasonable. 

5.4.2.2 Upper Plenum Injeetion (UPI) Tests 

Five UPI tests were performed in the CCTF Core-II test program. Each test was 
analyzed with TRAC-PF1 /MOD1 to assess the ability 01 the code to prediet the 
phenomena 01 these tests and to determine code deficiencies associated with the 
phenomena. The TRAC-PF1 /MOD1 calculations lor lour 01 the five UPI tests 
(Runs 59, 72, 76 and 78) are in overall reasonable agreement with the data. The 
predietion lor the fifth test (Run 57) showed insufficient agreement with the data. 

TRAC-PF1/MOD1 was able to qualitatively prediet the channeling elleet, asymmetrie 
core reflood, the negative net core-inlet flow, and breakthrough loeation (Figure 5.4-5) 
with sufficient noding detail in the input models. The predieted rod temperatures in 
most eases were in reasonable agreement with the data. 

As a consequence 01 these UPI assessment ealculations, several deficiencies were 
identified. These are: (1) condensation modeling, (2) predietion 01 the CCFL at the 
tie plate, (3) predietion 01 entrainmenVde-entrainment in the upper plenum, and 
(4) predietion 01 the core void fraetion distribution. 

As part 01 one study, the relationship between noding praetice and the predietion 01 
breakthrough location was examined. For very low UPI flows, a much finer noding 
(eight azimuthai seetors instead 01 lour) was required to produce reasonable 
agreement in breakthrough loeation. User guidelines and noding recommendations 
were made lor use in UPI input modeling. 

5.4.2.3 A~ernative ECCS Tests 

The tests in the a~ernative ECCS series differed from the cold leg injeetion tests in the 
manner and location 01 emergency coolant injection. Run 58 investigated the elleet 
01 injeeting ECC water direetly into the downcomer. Except lor the location 01 ECC 
injeetion, test conditions were identieal to those 01 the base ease test lor cold leg 
injeetion (Run 62) . Run 69 examined the elleets 01 downcomer injeetion with 
vent-valves 01 the type used in Babcock & Wilcox reaetor systems in the US and 
ABB/BBR reaetors in the FRG. Initial conditions and the ECC-injeetion schedule were 
almost identieal to the base ease test lor cold leg injection (Run 62). 
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Run 79 was performed to study the effects of ECC injection in both the hot and cold 
legs. This arrangement was characteristic of German PWRs. Run 79 simulated the 
"5/8 injection mode," in which only!wo hot leg and three cold leg injectors functioned. 
This is the worst case assumed for licensing in the FRG. 

TRAC calculations and the experimental data agree that none of the anernative ECC 
system methods provides erther significantly better or worse cooling of the core; all 
results are lairly similar to the baseline (cold-leg injection) in terms 01 peak rod 
temperatures. Overall, TRAC-PF1 /MODl was able to consistently predict the major 
thermal-hydraulic phenomena in the vessel and the loops as weil as the thermal 
behavior 01 the heated rods in the core. In particular, TRAC showed reasonable to 
excellent agreement with measured peak rod temperatures in the core under a wide 
variety 01 test boundary conditions. 

The deficiencies identified were largely similar to those identified for cold leg injection 
and UPI tests (see Sections 5.4.2.1 and 5.4.2.2) . These deliciencies are: 
(1) prediction of condensation in the hot legs, upper plenum and downcorner; 
(2) prediction of CCFL at the tie plate; (3) prediction of entrainmenVde-entrainment in 
the upper plenum; (4) prediction ofthe core void fraction distribution; and (5) modeling 
of the vent valves. 

5.4.3 Conclusions 

The TRAC series of computer codes were extensively assessed against data from the 
CCTF Core-I and Core-II tests to check the predictive capability of the codes and to 
identity model deficiencies. In addition, a TRAC PWR calculation was used to specity 
the initial and boundary conditions of the BE CCTF reftood test. The assessment 
resuns provided an excellent technical basis for development and validation of the 
codes for prediction of the full-size PWRs du ring the end-of-blowdown, refill, and 
reftood phases of an LBLOCA. 

The assessment resuns showed that the TRAC codes can be used to predict the 
cladding temperature transient du ring reftood in a PWR utilizing the ECC systems 
investigated in the CCTF tests. However, several deficiencies of TRAC (PD2. PF1 , and 
PF1 /MOD1) closure models were identified and recommendations were made to 
improve these models. The deficiencies identified included: (1) the prediction of the 
core void distribution, (2) entrainmenVde-entrainment in the upper plenum. 
(3) condensation in the cold legs and downcorner with cold leg or downcorner 
injection, (4) condensation in hot leg and upper plenum with upper plenum or hot leg 
injection, (5) CCFL at the tie plate, and (6) yen! valve model. TRAC-PFI /MOD2 code 
development was undertaken, in large part to address these deficiencies to the extent 
possible using recent models from the published Irterature. 
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Table 5.4-1 

TRAC ANAL YSES CF CCTF CCRE-I TESTS 

Test/Run Description Reference TRAC 
Number Version 

Cl-0l/l0 Loop K-factor U-603 PD2 

Cl-05/14 Base case U-602 PD2 
U-604 
U-605 
U-606 
U-617 

Cl-05/14 Base case J-985 PF1 /MODl 
v. 8.2 

Cl-06/15 ECC flow U-602 PD2 
U-607 
U-617 

Cl-l0/19 System pressure U-602 PD2 
U-609 
U-617 

Cl-ll /20 Reproducibility U-610 PD2 
U-611 

CI-I2/21 System effect U-602 PD2 
U-612 
U-617 

CI-16/25 FLECHT coupling U-613 PD2 

CI -16/25 FLECHT coupling J-601 PD2 

CI-19/38 EM U-614 PD2 
U-615 
U-618 

C-I-19/38 EM J-603 PD2 
J-604 

CI-20/39 Mu~idimensional effect U-616 PD2 

Summary -- U-601 --



lable 5.4-2 

TRAG ANAL YSES OF GCTF CORE-U TESTS 
Page 1013 

TI st/ F\m o.scription Ret.-rence TRAC o..rall Parameters Oeficiencies 
NumDer Verslon ~reement Predicted 

CNerpredlcted Underpredicted 

C2-AC1 /51 low temperalure U-623 PF1 / MOOl Reasonable Maximum oe and LP din.rantial pressurei, Core inlet liquid temperature, oe differential pressure, 
v. 9.9 core upper hall and UP liquid level, hottest SG outlet temperature .ystem preSSIJre, lcop 

rod temperature, rod temperature history differential preuurls and 
below core midplanl mau flow rates., peak rod 

temperature abeve core 
midplarHI 

C2-SHl / 53 .... - l!-e2' PF1 / MODl Reasonable oe, COle, lP differential pressures; system Core inlet liquid temperature, Uquid in core upper hall 
v. S.l to I_oellent ptHSUre; Ioop mus flow rates; hattest rod SG cutlet temperature and UP, peak rod 

templlrature temper.ture above oore 
mldplane 

C2-SH2/ 5<' low powe' ~ PFl / MODl Reasonable Peak cladding temper.ture., quanch times Condensation on cold leg Canyover Irom upper 
v. ".8 ECC planum to lcops 

C2-1/ 55 High pr8S8Ure .Hi09 PFl / MOOl Minimal 10 Turnaround timl and temperature Vold fraction in 0011, qUlnch Uquid mau in oore 
v. 12.5 reasonable time in lower core 

C2-Mt / 57 UPI, High Power lJ.<026 PFl / MODl Insufftcient Multidimensional reflood Uquid enuainmlnt into hat Cor. wat.r accumulation 
U-627 v. 12.5 legs and steam binding, 

amount 01 liquid downflow 

C2-AA2./ 513 Downoomer U-628 PFl / MODl Reasonable LP differential pressure; peak rod tempera- Uquid inventory in core and Quench time above core 
injectlon Y. 12.7 tures; rod temperature history below oe, oscillations In vessel midplane 

quench front; 1cop differential pressure and din.rential, SG outlet 
mau !Iow rate; system pressure temperature 

Cl-AS1 / 59 UPI, Single lM29 PFl / MOOl Reasanable Multidimensional reflood, negative core Condensation in cold legs -
Failure v. l1 inlet flow, rod temperature. (average 

values) , amount 01 downflow 

C2-4/ 62 .... - J.<;or PF1 / MOOl Reasonable Rod temperature., turnaround time, quench Condensation in cold legs, Uquid In core upper hall 
J.<109 y. 12.5 time liquid in core lower half 

C2-4/ 62 .... cau U-71-4 PFl/MOD2 Y. Reasenable Rod temperatures in lower half of oore, Carryovef to hot legs Uquid in core upper half 
5.3 carryover from core to upper plenum 



Table 5.4-2 

TRAC ANALYSES OF CGTF CORE-II TESTS 
Page 2 of 3 

Test/ Run DHcription Alferance TAAC CNeraJl Parameters Deficiencies 
Number Version "',ooment Predlcted 

O!erpredicted Underpredicted 

(;2·5/63 Low_, J«lO PF1 / MOO1 Minimal to Tumaround time and temperatura; quanch Void traction In OOI"e Uquid mau In core 
v.12.S raaaonable tim. 

C2-S/53 Low ~r, ateap U-630 PF1 / M001 v. Reuonabla MaxImum oe dlttarllfltial praNUra; LP, OOfa SG outlet temperatura oe differ.ntial prassure, 
profi~ 11 .0 to axoalient and UP liquid Inventori .. ; rod temperatur. lyS1em prauure, ioop 

hlstorl .. at allloeatlons; liquid flow In loops differential pressures and 
mau flew rates 

C2~/64 Low power, "at U-63O PF1/ MOO1 -- Maximum oe differllntiaJ prnsura; LP, 001". SG outIet temperature oe differential pressure, 
profile v. 10.3 to .xoallent and UP liquid Inventorl .. ; rod temperatur. sys1em presaure, IOOp 

hlstori .. al allloeatlons; liquid flow In IOOps differential pressur .. and 
mau flow rates 

C2~/fi7 Low prasaura J«lO PF1/MOO1 Minimal to Turnaround temperatur., quench time Void fraction In oore Uquld mau Incore 
v. 12.5 rnsonable 

C2-'O/ 69 Vonl_ IM31 PF1 / MOOl Y. Minimal 10 LP dm.rantlal pressure; cora Inlet liquid oe dlfferantlal presaure; oore ECC bypass during 
12.7 r ... cmable temperatura; upper oora and UP liquid liquid Inventory ~ower half); BOCREC 

InventoriH; tystem pressura; rod system prasaur. 
temperatura historI .. 

C2-11{70 RollI! ~ PF1 / MODl Minimal to Overall trands SwHpout of Uquld trom tha -
Y. " .0 ..... n .... LP, daprnsurizatlon durlng 

the blowdown phase, down-
comar Inventory durlng ttle 
refill perlod 

C2-12/71 Best Ntlmata J«lO PF1 / MOOl Inaufflcient - - Turnaround temperature, 
Y. 12.5 quanch tima, liquid mass In 

co .. 

C2-12fT1 Best Ntlmate U-<33 PF1 / MOOl Minimal to oe and LP dlffarantial prnsure., average Uquid temperature at core Core and UP liquid 
Y. 12.3 .......... system prnsura, rod temperatura histories inlet; qu.nch time aboYI Inventorl .. 

at or balow mldplane, awrage loop midplane; condensation 
dlfferantlal pr.nures oselllaUons and pressura 

oseillations In cold leg; SG 
outlet temperature 



Table 5.4·2 

TRAC ANAl YSES aF CCTF caRE·1I TESTS 

Page 3 01 3 

Test /Run Oescription Reference TRAC Overall Parameters Oefieiencies 
Number Version Agreement Predicted 

Overpredicted Underpredicted 

C2.13/72 UPI, Symmetrie U-634 PF1 / MODt Reasonable Multidimensional relload, negative oore Condenution in oold leg8, -
..... 12.1 Inlet 'lew, Iocalion of liquid dewnflew, rod amount 0' down/lew 

temperatures 

C2. t5/75 RECHT coupling lJ.&5 PFt / MQOl Reasanable oe and LP differential presaures, oore inlet Cooling at core midplane UP liquid inventory 
.... . 11 .2 temperature, oore liquid distribution, (especially in periphery), 

system presaure , rcd temperature history manometer oseillations al 
below mldplane, lcop pressure drop and BOCREC, SG outlet 
mass ftew rates temperature 

C2-16/76 UPl, .... ymmetrie U .... PFl j MODt Reasonable Multidimensionel refload, negaM oore Condensation in oold legs, -
..... 12.3 inlet flow, rod temperatures amount 01 downflow 

C2·18/78 UPI Best Estimate U<i37 PFl j MOOt Aeasonable Multidimensiooal refload, negaM oore Condensation in oold legs, -
..... 12.3 Inlet flow, location of liquid downflow, rod amount 01 downflow 

temperatur.s 

C2-19/79 Comblned ""'" PFt/MOOl Minimal w AYllfage oe, LP, and oor. liquid Condensation oscillations UP liquid invenlOry 
injectlon .... . 11 .5 reasonable In ..... ntorles; LP temperature, a ..... rage 

system pressure; top down quenching; rod 
temperature histories in all regions 

C2-20j 80 Combined J.997 PFt j MODl - - Condensation in hOl legs aOO -
injection ..... 12.5 upper plenum 

Summary Non-UPI Tests U-621 - - -

Summary All UPI Tests U-622 - - - - -
(UPI) 
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5.5 SCTF CALCULATIONS WITH TRAC 

TRAC calculations were used to a lim~ed extent in supporting the design 01 SCTF. 
Specifically, TRAC calculations were performed to evaluate the SCTF steam supply 
and to evaluate operational approaches lor combined injection (References U-642 and 
U-682). TRAC calculation results were used to evaluate the location, type, and desired 
accuracy 01 US-supplied instrumentation in SCTF, and to specify the in~ial and 
boundary conditions 01 the SCTF BE tests (Runs 614 and 714) . 

Most SCTF calculations w~h the TRAC codes were performed as post-test analyses 
to check the predictive capabilify 01 the TRAC codes. The resu~s 01 these assessment 
calculations have been documented in individual reports (listed in Tables 5.5-1 , 5.5-2 
and 5.5-3) and in summary reports. The SCTF Core-I summary report is 
Relerence U-641 , the SCTF Core-II summary report is Relerence U-661 , and the SCTF 
Core-IU summary report is Relerence U-681. 

5.5.1 Analvtical Support lor Design and Operation 01 SCTF 

TRAC calculations were performed to evaluate the SCTF steam supply and evaluate 
operational approaches lor combined injection. Aseries 01 parametrie calculations 
were performed with TRAC-PD2 lor the steam supply system 01 SCTF to resolve the 
issue 01 whether or not an external source 01 steam would be necessary to achieve 
relill and reflood behavior typical 01 a full-scale PWR. The conclusion trom this study 
was that the extern al steam source was not necessary, but ~s inclusion would add 
Ilexibility to Mure SCTF tests. 

An operational study was performed using TRAC-PF1 /MODl to examine whether the 
GPWR transient (combined injection) could be simulated w~h the SCTF. In~ial and 
boundary conditions were selected trom a TRAC analysis 01 a GPWR and used for a 
TRAC SCTF calculation. Because the resu~s trom the SCTF calculation were in 
reasonable agreement w~h the TRAC-calculated GPWR resu~s, ~ was concluded that 
appropriate in~ial and boundary conditions lor the SCTF simulation 01 GPWR could be 
determined. 

TRAC resu~s lor US/J PWR calculations were used to specify the in~ial and boundary 
cond~ions lor the SCTF BE tests lor US/J PWRs. In the specification 01 the test 
cond~ions, the in~ial cladding temperature at reflood in~iation was determined based 
on the TRAC resu~s . The specified temperature was much lower than cond~ions 
based on conservative rather than BE cond~ions . 
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5.5.2 SCTF Core-I TRAC Calculation Results 

Thirteen tests in the SCTF Co re-I test series were analyzed using the TRAC-PD2 and 
TRAC-PFI codes. Table 5.5-1 lists the tests with the citations lor the reports 
describing the analysis results. Most 01 the calculations 01 SCTF Core-I tests were 
performed using TRAC-PD2 with a finely noded two-dimensional vessel component 
(I I radial rings, I azimuthai seetor and 13 axial levels) . 

The assessment calculations lor the SCTF-I tests included various parametric effeets 
such as system press ure, cera radial power profile, core power level and cera lnlet 
flow rate and temperature. The assessment calculations were important in their 
contribution to an understanding 01 the phenomena in the tests and their impact on 
further code development. Information Irom 2D/3D assessment calculations, including 
SCTF-I, was continually led back to the code developers. TRAC-PD2, wh ich was used 
for most of the SCTF-I calculations has been superseded by three major code 
releases. 

TRAC-PD2 predieted rod cladding temperature transients weil, especially the peak 
cladding temperature which occurred right after the initiation 01 rellood. The total core 
differential pressure was predieted reasonably, including that the core's full-height axial 
differential press ure was nearly identical in all eight bundles. The primary deficiency 
identified in the SCTF-I calculations was that TRAC-PD2 did not correetly prediet liquid 
entrainment and axial liquid distribution in the cera. 

5.5.3 SCTF Core-II TRAC Calculation Results 

TRAC-PF1 /MODl was used to perform post-test calculations for 12 SCTF Core-II 
tests. These are listed in Table 5.5-2 with reference citations and a summary of key 
results. A summary of the tests which were analyzed is as foliows: 

Acceptance tests investigating high ECC ftow rates (Runs 601 and 602) . 

Power effeets tests, including Runs 604, 605, 61 1, 61 7, 619 and 621 , which had 
different power proliles. 

Tie plate CCFL tests, including Run 608 with zero power and Run 610 with 
constant power. 

A FLECHT-SET coupling test with low temperature ECC injeetion (Run 613). 

BE test with low initial cladding temperature (Run 614) . 

For SCTF calculations, a two-dimensional vessel model was used. Figure 5.5- I shows 
a typical noding diagram. 
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5.5.3.1 Cold Leg Injection Tests 

Cere Thermal-hydraulic Behavior 
Predictions lor SCTF-II tests using TRAC-PF1/MOD1 were generally reasonable lor the 
rod cladding temperature transient under conservative test cond~ions (such as 
Runs 604, 605, 611 , 617, 619 and 621). Figure 5.5-2 shows an example comparison 
01 predicted and measured rod surface temperatures. In general, the ellects 01 cere 
power profile, in~ial cladding temperature,and lorced-Ieed injection on rod 
temperatures were predicted. In the tests, turnaround temperatures with a steep 
power profile (Run 611) were 40-100 Klower in high-powered rods than would have 
been expected ler the same power applied in a flat power distribution due to 
multidimensional flow in the core (Le., the "chimney ellect") . This beneficial ellect 01 
multidimensional flow was predicted by TRAC. Another beneficial ellect 01 the two­
dimensional core flow was that rod quench times were not significantly later lor steep 
power as compared to flat power. The TRAC-predicted quench times occurred 
somewhat later than observed in the test but were in overall reasonable agreement 
with the data. 

The objective 01 the initial cladding temperature series (Runs 604 and 614) was to 
investigate vessel thermal-hydraulic behavior lor two core stored energy levels: EM 
(Run 604, w~h an initial cladding temperature 01 1073 I<) and BE (Run 614 w~h an 
in~ial cladding temperature 01 573 1<). TRAC-predicted peak rod temperatures, 
turnaround times, and quench times were in reasonable agreement with data lor the 
high initial cladding temperature case (Run 604) . In the BE case (Run 614), TRAC 
predicted turnaround times and quench times in reasonable agreement with data, but 
the predicted turnaround temperatures were somewhat low; there was minimal 
agreement with data. 

The objective 01 the lorced-Ieed power ellects tests (Runs 617, 619, and 621) was to 
observe thermal-hydraulic behavior 01 the system with the downcomer blocked oll at 
the lower plenum entrance and ECC injection into the lower plenum. For these tests, 
turnaround temperatures and turnaround times in the high-power rods were predicted 
reasonably weil by TRAC. TRAC-predicted rod quench times were in reasonable 
agreement with data in the cere lower ha~ but were somewhat early in the core upper 
ha~. Overall, TRAC resu~s were about the same as lor gravity leed tests; there was 
reasonable agreement with the test data. 

The objective 01 Run 613 was coupling with FLECHT-SET experiment 2714B. Run 613 
used the same system pressure and injection water subceoling as lor the FLECHT 
experiment. TRAC predictions agreed reasonably weil with the data lor system 
pressure, liquid levels in the first half of the transient, and rod temperatures for the 
core lower ha~. 
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Generally, TRAC predictions of the cladding temperature transient were in reasonable 
agreement with data. The analysis fer Run 605 (flat power) showed that heat transfer 
is nearly uniform which is consistent with data. In the power effects test series, a 
power profile existed in the radial direction for Runs 604 and 611 . Heat transfer was 
enhanced in high-power bundles because of mu~idimensional ffow (chimney effect). 
TRAC predicted the radial temperature distribution caused by the radial power profile 
with reasonable agreement to the test data. 

In comparison to SCTF data, the axial and radial distributions of cere void fractions 
were not predicted weil with the TRAC-PF1 /MODl code. TRAC underestimated the 
liquid above the quench front, and overestimated the liquid below the quench front, 
but calculated the total core liquid content in reasonable agreement with the data. The 
liquid carryover rate from the core to upper plenum was underestimated with 
TRAC-PF1 /MODl in the early period of the reflood and overestimated in the later 
period of reflood . 

Upper Plenum Thermal-hydraulic Behavior 
In general, TRAC-PF1 /MODl predicted a flatter distribution of liquid in the upper 
plenum than the data showed. An upper-plenum noding study was performed using 
the TRAC model of SCTF Run 605 as a basis; the objective was to learn more about 
phenomena affecting the upper-plenum liquid inventory and radial liquid distribution. 
Initial and boundary conditions were obtained !rom Run 605 data. It was found that 
by increasing the number of radial and axial calculational cells in the upper plenum, 
the amount of de-entrainment increased and the upper plenum liquid level also 
increased. These resu~s also showed a marked improvement in de-entrainment and 
liquid level when the correct core exit ffow was imposed on the model rather than that 
calculated by TRAC. Figure 5.5-3 shows the upper plenum liquid level comparison as 
originally calculated and Figure 5.5-4 shows the comparison with the imposed core exit 
flow conditions and fine nodalization. 

5.5.3.2 Combined Injection Tests 

Tie·plate Countercurrent Flow 
The objective of the CCFL evaluation tests (Runs 608 and 610) was to investigate 
water penetration through the tie plate with water injection into the upper plenum 
against injected steam ffow. In Run 608, saturated water was injected into the upper 
plenum with no core power (steam injected into the cold leg ffowed down the 
downcomer and up through the core). In Run 610, subcooled water was injected into 
the upper plenum with core power on. 

Uquid penetration !rom the upper plenum into the core was underestimated by 
TRAC·PFI /MOD1. In the TRAC calculations, an almost uniform distribution of steam 
upflow in the radial direction was predicted while nonunijorm steam flow was observed 
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in the SCTF tests. The steam flow in the peripheral bundle, where water downflow 
occurred, was lower than that in the central bundle where no water downflow occurred 
in the SCTF tests. The assessment resu~s suggested the need lor model 
improvements to better predict countercurrent flow at the tie plate. 

5.5.4 SCTF Core-III TRAC Calculation Resu~s 

TRAC-PFI /MODI was used to perform post-test calculations lor nine SCTF-III tests. 
Table 5.5-3Iists the calculations with relerence citations and a summary 01 key resu~s. 
The predictions lor all nine 01 the tests analyzed with TRAC are in overall reasonable 
agreement with the data. A summary 01 the SCTF-III tests which were analyzed is as 
lollows: 

Two GPWR core cooling tests (Runs 703 and 711). 

Two GPWR integral tests (Runs 704 and 717) . 

One tie-plate CCFL test (Run 709) . 

Two US/J power profile ellect tests (Runs 719 and 720) . 

Two US/J integral tests (Runs 713 and 714) . 

5.5.4.1 Cold Leg Injection Tests 

Core Thermal-hvdraulic Behavior 
The ellects 01 a radial power profile on core thermal-hydraulic behavior were discussed 
with the CCTF and SCTF test resu~s in Section 3 and also in the TRAC analyses 01 
SCTF-II tests (see Section 5.5.2) . In the SCTF-III assessment calculations, !wo tests 
(Runs 719 and 720) were analyzed with additional radial power parameterizations. 
Run 719 had an inclined radial power distribu1ion with Bundles 1 and 8 receiving the 
highest and lowest relative powers, respectively. Run 720 had a steep radial power 
distribu1ion in which the peak power occurred near the center 01 the cere in Bundle 4 
and power was lower at the edge 01 the core in Bundles 1 and 8. 

TRAC-PFI /MODI predicted an upward flow in the highest powered bundle 
(i.e., Bundle 1 lor Run 719 and Bundle 4 lor Run 720) and a downward flow in the 
lowest powered bundle (i.e., Bundle 8 lor Run 719, and Bundles 1 and 8 lor Run 720) 
at the cere inlet. The nonunilorm power profile induced a flow circulation in the TRAC 
calculations. In the tests, measurements at the top 01 the cere indicated a flow 
circulation within the cors tor a nonuniform power profile. Hence, the TRAC prediction 
of flow circulation in the cere was censistent with the test resu~s. The comparisons 
lor void !raction data showed similar resu~s to those lor the SCTF-II tests, mentioned 
above. 
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A statistical analysis of turnaround temperature was performed for this set of tests. 
Predicted and measured temperatures were compared at three elevations (quarter 
height, mid height, and three-quarter height) in four bundles yielding 12 comparisons 
per test. The results are shown in Figure 5.5-5. The mean difference or bias was 
-1 9.4 K and the standard deviation (one-sigma value) was 59.8 K. The negative bias 
indicates TRAG had an overall tendency to underpredict cladding temperatures in 
these tests. By separately plolting and examining the data at each core elevation, it 
was found that the majority of the TRAG predictions at the quarter height and three­
quarter height were lower than measured. At the mid-core height TRAG had a bias 
toward the overprediction of cladding temperature. Since the mid-core temperatures 
were the highest in the facility, the TRAG prediction of the highest turnaround 
temperature in each bundle was biased toward values higher than measured. Overall, 
TRAC-PF1 /MOD1 predictions of SGTF Core-III turnaround temperatures are in 
reasonable agreement with measurements. 

5.5.4.2 Combined Injection Tests 

Core Thermal-hydraulic Behavior 
In the combined injection EM base case test (Run 717), a large fraction of the EGC 
injected into the upper plenum before BOCREC fell downward through the core into 
the lower plenum and flowed up into the downcomer. Ultle water accumulation was 
observed in the upper plenum and the core. The same resu~ was calculated by 
TRAC. In the test, the core thermal-hydraulic behavior could be divided into !wo 
regions. The first region, encompassing Bundles 7 and 8, was characterized as a 
water downflow region where good core cooling was observed (for injection above 
Bundles 7 and 8). The second region, encompassing Bundles 1 through 6, was 
characterized as having essentially no core cooling before BOCREG and, by 
implication, liltle liquid downflow. The same result was calculated by TRAC. 

After BOCREC, most ECC injected into the upper plenum flowed down through the 
core, up the downcomer, and out the broken cold leg. TRAG calculated the same 
behavior. In the SCTF test (Run 717), approximately 40% of the steam generated in 
the core was condensed in the core; condensation of core-generated steam in the 
upper plenum was small. For the TRAC calculation about 35% of the steam generated 
in the core was condensed in the core. TRAC also indicates about 50% of the steam 
entering the upper plenum was condensed. Hence, the calculated rate of upper 
plenum condensation was higher than the test. 

During reflood, the core thermal-hydraulic behavior could be separated into !wo 
regions: (1) a region of water downflow and enhanced heat transfer, and (2) a !wO­
phase upflow region. In Run 717, the region wijh enhanced heat transfer 
encompassed Bundles 7 and 8. TRAG calculated the same behavior. Specifically, 
TRAC calculated that water injected into the upper plenum above Bundles 7 and 8 
flowed downward through Bundle 8; minor and short-lived breakthroughs were 
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calculated above Bundles 6 and 7. There were no breakthroughs calculated above 
Bundles 1 through 5. These bundles were cooled by the upward flow 01 !wo-phase 
fluid. Similar oooling occurred in Bundles 6 and 7, a~hough TRAC calculated that 
these bundles also experienced briel breakthroughs and the associated enhanced 
cooling. 

Overall, the TRAC-PFI /MODI calculation 01 core reflood phenomena under combined 
injection cond~ions was in reasonable agreement w~h data. In particular, calculated 
rod cladding temperatures were in reasonable agreement with the data. Phenomena 
that effect PCT (e.g ., core flooding rate, vessel inventory, and loop differential 
pressures) were also calculated with reasonable agreement. ~ appears the code can 
be used lor PWR operational evaluations under similar cond~ions . 

Tie-Plate Countercurrent Flow 
The downward flow 01 liquid through the tie plate and into the core region is a 
phenomenon 01 great interest in plants with either upper plenum or combined 
injection. TRAC successfully calculated the major tie plate countercurrent flow trends 
lor each 01 the lour SCTF Core-IU runs examined. TRAC correctly calculated the 
existence 01 !wo thermal-hydraulic flow regimes, namely, a region 01 liquid downflow 
and a !wo-phase upllow region. Also, TRAC correctly calculated the location 01 the 
liquid downflow and !wo-phase upflow regions. TRAC generally overpredicted the flow 
rate in the liquid downflow region, typically by aboU1 30%. ~ was lound tie plate 
behavior was more accurately calculated ij the TRAC-CCFL model was used. (The 
TRAC-CCFL model is an option lor axial flow in a three-dimensional vessel component. 
This model uses a Bankoff correlation and coefficients input by the user--see 
Relerence E-604.) 

SCTF Run 709 was specifically designed to investigate tie plate countercurrent flow lor 
unijorm, or homogeneous, flow cond~ions at the tie plate. Steam injected into the cold 
leg flowed upward through the core to the tie plate and water injected in the upper 
plenum flowed downward to the tie plate. Water injection was constant and evenly 
distribU1ed across the upper plenum, while steam injection decreased over the course 
01 the test. The TRAC-PFI /MODI calculation 01 Run 709 lailed to predict the correct 
water penetration rate at the highest steam flow bU1 correctly predicted the average 
tie plate penetration rate lor the test. 

5.5.5 Conclusions 

The TRAC series 01 computer codes were extensively assessed against data trom the 
SCTF Core-I, Core-II and Core-III tests to check the predictive capabil~ 01 the codes 
and to identily model deficiencies. The assessment resu~s provided an excellent 
technical basis lor development and validation 01 the codes lor prediction 01 full-size 
PWRs during the end-ol-blowdown, refill and reflood phases 01 an LBLOCA. 
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The assessment resu~s showed that TRAG can predict the cladding temperature 
transient with reasonable agreement. Also, TRAG-PF1 /MOD1 predicted flow 
circulation within the core with a radial power profile. Finally, ler UPI or combined 
injection, TRAG predicted the water downflow location and averaged downllow rate 
even though water downllow rates were underpredicted lor high steam upllows. 

Several model deficiencies 01 the code were identified in the assessment study with 
SGTF test data. The deliciencies identified included: (1) core void distribution, 
(2) condensation in the upper plenum, (3) liquid downllow through the tie plate. 
and (4) entrainmenl/de-entrainment in the upper plenum. 
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Table 5.5-1 

TRAC ANAL Y5E5 OF 5CTF CO RE-I TE5T5 

Test/Run Description Relerence TRAC 
Number Version 

51-5H2/506 High pressure U-645 PD2 
U-651 
J-612 

51 -01 /507 Base-case U-646 PD2 
U-651 
U-649 
U-652 
J-612 

51-02/508 Low pressure U-647 PD2 
U-651 
J-612 

51-04/510 High subcooling U-648 PD2 
J-612 

51-05/511 Low LPCI U-652 PD2 

51-06/512 High power --- PD2 

51-07/513 Flat power U-649 PD2 

51-08/514 5teep power U-649 PD2 
U-655 

S1-09/515 High ECC U-652 PD2 

S1 -10/516 Base case U-648 PD2 

S1 -11 /517 Flat power --- PD2 

51-13/519 5CTF/CCTF/FLECHT- U-653 PD2, PF1 
5EASET coupling 

51-5H4/529 Combined injection U-656 PF1 

Summary --- U-641 ---



Table 5.5-2 

TRAG ANAlYSES OF SCTF GORE-li TESTS 

Page 1 of 2 

- -- - - ---- --- -

Test/Run Oescrlptlon Referenoe TRAG Version Oierall PaTameters Deficiencles 

Number ~r .. ment Predicted 
Overpredicted Underpredicted 

S2.AC;1 / 601 Acceptanoe test U-66' PF1 / MOO1 v. 14.3 Reasonable Lower core rod Upper co'e rod Cora enttainment, 
temperatures, 1emperatures UP liquid level 
system pressura 

$2.-AC2/ 602 Aoceptanoe lest -, PF1 / MOOl v. 14.3 Reasonable Lower core rod Upper core rod Core antreinment, 
temperatures. temperaturas UP liquid Ievel 
systam pressore 

$2.-SHI/604 ........ U-662 PF1 / MOOl v.12.0 Reasonable Lower core rod Upper core rod Core entrainment. 
temperatures. temperatures UP liquid level 

1 system pressure 

S2.SH2/ 605 Aat power profile U-663 PFl / MOOl v. 12.7 Rusonable l.ower core rod Upper core rod Cora entrainment, 
U-664 temperature • . temperatures UP liquid levfll 

.ystem pressure 

$2.-03/ 608 Tie plale CCFl lH;65 PFI / MOOI v. 12.0 Reasonable Upper plenum liquid Ti. plata break- System presstrra 
level through. lewer 

I 
plenum liquid 
level 

$2..05/ 610 Tle pllte CCFL U .... PF1 / MOOl v. 12.0 Minimal Hot leg mass flew n. plate break- System pressure, 
through, lewer rod turnaround 
plenum liquid temperature 
_ I 

$2.-06/ 611 Steep po_r and temp U-667 PF1 / MOOt v. 12.0 Reasonabi. Lewer-half rod Upper.half rod Core entra;nment, 
profil., temperatures. 3D lemperalures UP liquid level 

ref100d, enhanced 
rod heat transfer. 
system pressufe 

S2-oe/ 613 FLECHT coupling U-668 PF1 / MOOl v. 12.0 Reasonable System pressure, - Core upper hall 
rod temperature. collapsed liquid 

leve' 
--



Table 5.5-2 

TRAC ANAL YSES OF SCIf COAE·II TESTS 
Page 2 01 2 

Test/F\.In Descrlption Aeterence TRAC Veralon o...rall Paramete ... o.ficlencl" 
Number Agreement Pfedlcted 

(}.oerpredicted Underpredlcted 

S2-m/61~ Low Itored en.rgy lI<!69 PF1 / MOO1 Y. 12.0 Aeuonable System pr.saure, Upper core rod Core upper halt 
Iower cor. quench temperatur" collapsed liquid 

'me 1 ..... 1, upper 
plenum liquid leYeI 

52-12/ 617 StMp power profile ""'" PFl / MOO1 Y. 12.0 -""'- System pr.saure, - Core upper haH 
Iower cor. rod collapsed liquid 
temperatur", Iower ,.,.. 
c:or. qoench tim. 

52.14/ 619 Rat_ J«lO Pfl / MOO1 Y. 12.5 Rouon .... Rod temperatur", Uquldmuain LIquid mau In 

.1<1" syst.m presaur. Iower cor • upper core 

52·16/ 621 -- .1<1,. Pfl / MOOl Y. 12.5 Rouon .... Rod temperatur", LIquid mualn LIquid mua In 
enhanoed heat Iower oor., mau upper core, liquid 
transfer In high now 10 hol leg In carr"yOYer 10 hat leg 
powered bund", late( period In urty period 
system pressur. 

s..m""'l' - """, - - - - -



Table 5.5-3 

TRAC ANAL YSES OF SCTF CORE·tll TESTS 
Page 1 of 1 

Test/ Aun Oesaiption Relerence TRAG CHerall Parameters Deliciencies 
Number Vers ion ~reement Predicted 

().Ierptedicted Underpredicted 

S3-SHlf7Q3 GPWR cor. oooIing lHi83 PFl / MODl Reason.ble Peak cI.dding t.mperatures, rod Uquid hold-up In upper Cor. upper hall 
\1 .1<4.3 quench tim es. mess dl.tribution., plenum early In lH1 col1apsed liquid 1 ..... 1 

mau flows, syst~ preuura 

S3-SH2f704 GPWR EM Integral U .... PF1 / MOOl Rc!asonabl. Peak cladding t.mperatures, rod Uquld hold-tlp In upper -
\1. 14.3 quench tImes. mau distributions pI.num, catryowtr to 

mu. flews. system presaure hot legs 

SJ.<)Sf709 CCFl, nonunitotm lJ.68S PFl/ MOOl Reasonable r l8 plate breakthrough System prHSU'., rod Penwation to Iower 
\1. 14.3 t.mperatur .. pl.num early In 

translent 

SJ.<)7f7 11 GPWR ocr. cooIlng """, PFl / MODI Re.5Onable Peak cladding ,emperature •. rod Uquid hOld-up in upper ECC lIow to Bundl. 3 
\1 . 14.3 quench times, mau lIows. mau plenum early in te.t 

distribution., system pressur. 

$3-09f713 US/ J EM integral lJ.e86 PF1 / MOOI Reason.bl. Pe.k d.dding temper.tur ... nd Uquid below qu.nch Rod temperatur • • • t 
\1 . 13.1 rod quancn times lor high .nd troot uppef elevation., 

lew power bund,". mau fIows. liquid above quencn 
masa dlsulbutions, syst.m Iront 
presaur. 

S3-10/71<4 US/ J BE Integr.1 U<l87 PF1 / MOOl Reasonable Pe.k cladding temperatures, rod Core liquid stratiticatlon Qu.nch tim •• , upper 
\1. 13.0 quench tim. s, mass ftows, mass . I ..... tion •. upper 

distributions, system pres.sure plenum liquid 

S3-1 3f7 11 GPWR EM Integral """, PF1 / MODl Reasonable Peak cladding temperatures, rod earryover to hat legs Collapsed liquid level 
\I . 14.3 quench times, mass distr ibutions. in core 

rnass flews, system pr. saur. 

S3-1 5/719 Indined power lJ.688 PF1 / MOOl Reuonable Peak cladding temperatures, rod Rod t.mperatures .t System presaur. rod 
profil. \1 . 14.3 quench times, mass distribution. , ocre midplafltl. upper t.mperatures at 

mus fIows , syst.m presaure plenum liquid level . ' ..... tions, core upper 
half coll.psed liquid 

'~I 

53-16/720 SI .. p ~ profil. w;eg PF1 / MODl Rea50nable Peak cladding temperatufes, rod Upper plenum liquid System pres.sure. rod 
\1 . 1<4.3 quench times. mass distributions, lell.1 temperatures al upper 

mass fIows . system pressure . Ieva-liens. 

Summary - U-68' - - - - -
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5.6 UPTF CALCULATIONS WITH TRAC 

TRAC calculations were used to a limrted extent in supporting the design and 
operation of UPTF. Also, pretest analyses were performed to evaluate operating 
approach es. Most of the UPTF calculations, however, were post-test analyses 
performed to assess the predictive capabilrty of TRAC. The results of the assessment 
calculations are documented in individual reports which cover erther the calculation of 
a given test, or the calculations of several tests related to a single phenomena 
(Table 5.6-1). 

5.6.1 Analvtical Support for Design and Operation of UPTF 

TRAC calculations were used to support the design and operation of UPTF. 
Specificaily, calculations were performed to evaluate water plugging in the loops and 
the effect of loop configuration (References U-701 , U-702, and U-741) . TRAC 
calculations of the core/upper plenum flow condrtions in a GPWR were performed to 
evaluate the UPTF core simulator and to evaluate the location, type, and desired 
accuracy of instrumentation at the core/upper plenum interface (U-742) . 

Pretest analyses were performed for each of the major types of tests 
(References U-703, U-705, U-706, U-707, and G-631). These pretest analyses 
included parametrie studies to evaluate selected test operating approaches. Finaily, 
TRAC PWR calculations described in Section 5.3 were used to help develop inrtial and 
boundary conditions for UPTF tests. 

5.6.2 UPTF TRAC Calculation Results 

UPTF data initially became available when the last version of TRAC-PF1 /MOD1 was 
completed. UPTF testing was completed shortly before the release 01 TRAC­
PF1 /MOD2. TRAC post-test calculations for UPTF were performed wrth TRAC­
PF1 /MOD1 , preliminary versions of TRAC-PF1 /MOD2 and the released versions of 
TRAC-PF1 /MOD2. MOD2 was changed enough through the course of development 
that some of the earlier MOD2 versions produced substantially different results than 
the released version. Accordingly, resu~s obtained wrth preliminary versions may not 
reflect the predictive capabilrty of the released version. Table 5.6-1 lists the UPTF 
post-test calculations done wrth TRAC including reference crtations and a summary of 
key resu~s . As shown, 21 post-test analyses were performed. The resu~s of these 
calculations are summarized below by phenomena and region. 

5.6.2.1 Thermal Hydraulic Phenomena in Core and Upper Plenum 

TRAC-PF1 /MOD2 was used to perform post-test calculations lor US/J-type PWR 
integral reflood tests [fests 2 and 17). Agreement between predictions and data was 
insufficient. TRAC lailed to predict many significant phenomena particularly liquid 
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distributions. The cause was the in ability 01 the computer model 01 the UPTF core 
simulator to adequately model Ilow conditions below the tie plate. Specilically, water 
was not entrained into the core and upper plenum in the TRAC calculation as it was 
in the tests. This deliciency in prediction 01 the test boundary conditions propagated 
to other deficiencies throughout the primary system. Since ftow condrtions below the 
tie plate in PWR calculations are determined by the core reflood model, the results 01 
these UPTF analyses regarding water carryover trom the core are not considered 
indicative 01 the ability 01 TRAC to predict PWR phenomena. As seen in the CCTF and 
SCTF calculations, the heated core model works adequately. 

A calculation with MOD2 lor Test 29, Phase B, showed insufficient agreement between 
predictions and data. This was a test designed to investigate the entrainment/de­
entrainment phenomena above the core related to the steam binding issue. An 
investigation into problems with the calculation showed that the in ability to adequately 
predict phenomena above the core simulator was the key problem. In addition, it 
appears that phenomena in the upper plenum involve simultaneous upllow 01 liquid 
droplets carried by steam and downflow 01 liquid lilms on structural members. TRAC 
models two-phase flows with one liquid lield and one vapor field and cannot simulate 
simultaneous liquid upflows and downllows. Further, TRAC node sizes cannot be 
realistically reduced to the level needed to separate the flows. This means that TRAC 
attempts to represent a two-phase flow phenomena as an average when an average 
may not be appropriate. However, it has been shown that this deliciency produces 
only a small change in PCT lor a plant calculation (see Section 5.7.3, below) . 

5.6.2.2 Tie Plate Countercurrent Flow 

TRAC-PF1 /MOD1 calculations lor Test 10, Phase B by LANL and Test 12, Run 14 by 
GRS showed insufficient agreement lor tie-plate CCFL. A GRS calculation lor Test 13 
also showed insufficient agreement. In particular, TRAC lailed to predict the changing 
liquid distribution throughout the system. ~ appears that this is indicative 01 the flow 
phenomena at the tie plate dillering lram the flow regimes that TRAC is based on. In 
this situation, the dillerence in flow regime occurs because 01 the material boundaries 
constraining the flow. This dillers lram the situation above the core simulator where 
sources (the injectors) cause the flow regime to deviate Irom the usual two-phase flow 
regimes. An appropriate CCFL model could alleviate the problem although flow 
regime models are srtuation·specific. A calculation 01 UPTF Test 20, a UPI test which 
had similar phenomena, performed with a preliminary version 01 TRAC·PF1 /MOD2, 
was in reasonable agreement wrth data. Specifically, the overall (integrated) tie plate 
breakthrough flow and ECC delivery to the core were predictable. The calculation 
overpredicted the liquid level in the upper plenum and underpredicted loop mass 
Ilows. 
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5.6.2.3 Phenomena in Oowncomer during End-ol-Blowdown 

UPTF Test 4 Phase A, was an integral test which investigated phenomena occurring 
near the end 01 blowdown. TRAC-PFI/M002 has special flow regime models lor 
downcomer countercurrent flow and, unlike the core simulator injectors, these models 
adequately represent the physical situation. TRAC·PFI/M002 predicted the key 
observation that the lower plenum filled by the end 01 blowdown. 

UPTF Tests 5, 6 and 7 complemented Test 4. Specilically, downcomer penetration 
and bypass were investigated as a function 01 steam and ECC flow rates. The tests 
showed that most ECC injected into the cold legs away Irom the broken cold leg 
penetrated to the lower plenum, even at high steam flow rates. Conversely, even at 
low steam flow rates much 01 the ECC injected into the loop nearest the broken cold 
leg went out the break. TRAC·PFI /M002 showed the same phenomena lor 
penetration and bypass as the tests. Integrated penetration values were also in 
reasonable to excellent agreement (Table 5.6-2). 

5.6.2.4 Phenomena in Oowncomer during Reflood 

Test 25 investigated entrainment from the downcomer out the break du ring reflood. 
The phenomena 01 interest cause a change in the driving head lor reflood 01 about 
0.01 MPa. The TRAC calculation did not calculate the downcomer to upper core 
differential pressure with sufficient precision to show this effect. 

5.6.2.5 Flow Phenomena in Loops 

UPTF Test 8 was designed to specifically investigate steam/ECC interactions in the 
vicinity 01 the ECC injection ports. When there is sufficient liquid to condense steam 
flowing through the loop, a liquid plug lorms in the vicinity 01 the ECC port. A GRS 
calculation usingTRAC-PF1/MOOl version 13.0 correctly predictedpluglormation and 
the magn~ude 01 cold leg plug oscillations (Figure 5.6-1) . ~ predicted the transition 
to stable stratified flow at too high an ECC flow rate. A GRS calculation lor UPTF 
Test 9 using MODI version 13.0, showed similar agreement. A code error correction 
applied to MODI versions 13.3 and later, increased the ECC flow required lor plugging 
to occur so that a GRS calculation using MODI version 14.3 lailed to predict plugging. 
A LANL calculation 01 Test 8, Phase B using TRAC·PFI /M002 showed that M002 
predicts plug lormation, the frequency 01 the plug oscillations and the transition to 
stable stratified flow (Figure 5.6-2). However, it overpredicted the magnitude 01 the 
oscillations. An examination 01 UPTF Test 2 showed similar resu~s. The calculation 
01 UPTF Test 17 correctly predicted only stable stratified flow during LPCI. ~ appears 
that TRAC·PFI/M002 will correctly predict these phenomena in plant calculations 
while the final version 01 MODI will not. 
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5.6.2.6 Hot Leg Countercurrent Flow 

UPTF Test 11 investigated countercurrent flow in a hot leg where liquid flowed from 
the steam generator simulator toward the vessel and steam flowed in the other 
direction. TRAC-PF1 /MOD1 underpredicted the steam velocity for complete liquid flow 
reversal (Figure 5.6-3) . Three stratified flow interfacial drag correlations were tested 
for possible inclusion in TRAC-PF1/MOD2. A correlation by Ohnuki proved best. It 
accurately predicted the point of complete flow turnaround but overpredicted the liquid 
flow at lower steam flow rates, as also shown in Figure 5.6-3. 

5.6.2.7 Downcomer Injection and Vent Valve Test Phenomena 

UPTF Test 21 was a test of downcomer penetration/bypass similar to Tests 5, 6 and 
7 but with downcomer rather than cold leg ECC injection. ECC was injected into the 
downcomer at relatively high velocities where it impinged on the core barrel. This test 
had more bypass than seen in the cold leg injection tests. TRAC has the option of 
using interfacial shear models specifically for countercurrent downcomer flow as 
discussed previously for the cold leg injection tests. This model is appropriate for 
streams of liquid passing through steam. The standard interfacial shear package can 
also be used fer downcomer flows (depending upon a change in the TRAC input for 
the vessel). Neither of these options yielded reasonable results for this test which 
appears to have a highly dispersed droplet flow unlike classical pipe flow regimes. 
The standard model package yielded better but still minimal agreement. Modeling this 
type of dispersed flow would require a special interfacial shear model. 

UPTF Test 22, Phase A was a downcomer injection test in which the vent valves were 
free to open. This test covered both the end-of-blowdown/refill and reflood phases 
of a LOCA. Overall, the results of a TRAC-PF1 /MOD2 version 5.3 calculation were in 
reasonable agreement with the test data. Specifically, TRAC predicted the amount of 
ECC swept into the intact loop cold legs and out the broken cold leg reasonably weil. 
Also, TRAC correctly predicted the water levels in the downcomer (Figure 5.6-4) and 
lower plenum, and therefore the ECC penetration rate. As Figure 5.6-5 indicates, the 
collapsed water level in the core was slightly overpredicted but the reflood rate was 
weil predicted. Finally, the upper plenum water level and upper plenum-to-downcomer 
differential press ure were also predicted with reasonable agreement. 

UPTF Test 23, Phase B was a downcomer injection/vent valve test which covered only 
reflood conditions. A post-test analysis with MOD2 version 5.3 adequately predicted 
the amount of ECC entrained out the broken cold leg by the vent valve steam flow. 
As in the Test 22 analysis, most of the phenomena, including the upper plenum-to­
downcomer differential pressure (Figure 5.6-6), were predicted with reasonable 
agreement to the test data. Also, the liquid levels in the core and downcomer were 
predicted reasonably weil. 
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5.6.2.8 Accumulator Nitrogen Discharge 

UPTF Test 27, Phase A simulated the n~rogen surge in US/JPWAs lollowing the 
emptying 01 the accumulators. A TRAC-PF1/MOD2 calculation lor UPTF Test 27, 
Phase A was in reasonable agreement with the test data. As shown in Figure 5.6-7, 
TRAC predicted the pressure trends in the upper plenum and downcomer during 
nitrogen discharge; however, the rate 01 condensation in the downcomer during the 
nitrogen injection period was slightly greater than indicated lor the test. Also, broken 
cold leg flow resistance may have baen too small. As a consequence, the downcomer 
pressure never exceeded the upper plenum pressure as seen in the test. Thus TRAC 
did not produce as large a liquid surge into the core as seen in the test. 

5.6.3 Kar1stein Facility TRAC Calculations 

The Kar1stein lacility was used to test core simulator and core/upper plenum 
instrumentation systems lor UPTF. The Kar1stein lacil~ included one simulated fuel 
assembly. TRAC-PF1 /MOD1 was used by GAS to perform post-test analyses 01 
selected Kar1stein tests, particularly the tests w~h countercurrent flow conditions. The 
TRAC calculations reasonably predicted the upper CCFL point; Le., the boundary 
where all upftow occurs. However, at reduced upflow, the TRAC calculations 
significantly overpredicted the liquid downflow because the calculation tended to 
"sw~ch" trom no downflow to total downflow rather than show a region 01 partial 
downflow. Finer axial nodalization in the tie plate region did not improve the 
predictions. These calculations led to the implementation in TRAC 01 an optional 
CCFL model wh ich could be used in such situations. 

5.6.4 Conclusions 

The most apparent deficiency in modeling UPTF tests was the inabil~ to adequately 
model the core simulator injectors and consequently the phenomena downstream 01 
the core simulator. Because this deficiency is unique to UPTF modeling, ~ does not 
allect the modeling 01 PWAs or test lacilities w~h a heated core (e.g., CCTF and 
SCTF). A more significant deficiency is that TRAC cannot model flows w~h liquid 
rising in the lorm 01 entrained droplets and simu~aneously lalling as films or rivulets 
in the same vicin~. This is a fundamental lim~ation 01 two field modeling. The 
consequences 01 this lim~ation w~h respect to steam binding will be discussed further 
in Section 5.7.3. Another deficiency is that TRAC underpredicts tie plate liquid 
downflow in countercurrent flow s~uations (e.g., upper plenum injection and hot leg 
injection). A~hough these deficiencies increase the uncertainty in LBLOCA and other 
system calculations, they do not prevent TRAC trom calculating most 01 the major 
trends and phenomena expected. 
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Table 5.6-1 

TRAC ANAL YSES OF UPTF TESTS 

Page 1 013 

Test Number Descrlption Ret.rence TRAC CNerali Parameters Deficiencies 

(Run ~i or Version ,Agreement Predicted 

"", .. CNerpredicted UnderprBdicted 

, US/ J PWR integral U-713 PFI/MOO1 Insufficient in Plugging phenomena in cold - Carryover lrom UP 10 
reflood U-714 v. 5.3 vessel, reuonable leg. hot legs 

in cold legs 

-4 (Phase AI US/ J PWR integral U-711 PF1/MOOl Reasanable Filling ollewer plenum by end Break flow, -
refill v. 5.3 of blowdown depressurization rate 

5 (Phase A) Downcomer trans!ent U-711 PF1/ MOOl Excellent Bypass of ECC injected inte the Break ffow, mass -
relill v. 5.3 cold leg nearest Öle broken storage In cold tegs 

cold leg, penetration 01 ECC 
injected into cold legs away I 
Irom the break 

6 (Run 133) Downcomer E-611 PF1 / MOOl Reasanable to Total ECC penetration - -
countercurrent ffow U-711 v.12.5 excellent (11 .5.3) 

PFI / MOO2 ".'.3) 
v. 5.3 

7 (Runs 200 & Downcomer U·711 PFI/MOO2 Reasanable to Bypass 01 ECC injected Into the - -
20') countercurrent ffow v. 5.3 excellent cold leg nearest the broken 

cold leg, penetration of ECC 
injected into cold legs away 
Irom the break 

8 (Phases A & B) Cold/ Hol leg flow G-64' PF1/MOOl Reasenable Water plug formation in cold ECC !Iow rate at -
pattern U-712 v. 13.0, (\I. 13.0) leg (v. 13.0 and 5.3) magnitude transilion 10 stratlfied 

U-714 14.3 Insufficienl (\I. of cold leg plug oscillations I low (v. 13.0) 
PFI / MOO2 14.3) Reasonable (11. 13.0) Frequency 01 cold leg Magnitude 01 
v. 5.3 (11 . 5.3) plug oscillations (\I. 5.3), oscillations 

transition to stable !Iow (\I. 5.3) (\I. 5.3) 

9 (Phase AI Cold/ Hot leg flow G-64' PF1 / MOOl Reasonable Formation and movement 01 Condensalion during -
pattern v. 13.0 plugs, cold leg temperatures hot leg ECC injection 

tor water delivered to 
upper plenum 



Table 5.6-1 

TRAC ANAL YSES OF UPTF TESTS 
Page 2 01 3 

Te .. Number Dncrlptlon Aeferenoe TRAC ""<al' Parametef'l DeflCiencies 
(FWn No. Cf v._ "<Ir .. ment Predlcted ...... , Owrpredicted Underpredicted 

10 (Ph .... B) Entrainment/ lJ.709 PFI / MOOI Minimal wi1h fln.ly Uquld accumulatlon In upper Upper plenum water -
o. .. ntrainment v. l • . 3 noded vessel, pl.num during .ar1y phases 01 accumulation except 

lnsuffident with test wtth tine nodlng at high steam and 
course noding watet injection rate. 

n Hot leg countarcurrent lJ.708 PFI / MODI Reuonabl. Completlillquid turnaround Uquld downflow at Steam flow at 
flow v. l • . 3, point (MOD2) lower ateam flows complet. t\lrnaround 

M002 (MODI) 
prel1m 

12 (Run 01.) Tle plate G<!« PF1 / MOOl Insufficlent Start of water downflow through - Ne! wat.r downflow 
countelcurr.nt t10w v. 12.5, tie plat. 

12.8, 1 • .• 

13 (Run 071) Tie pla. <>&I. PF1 / MOOI ~~nt(v. Star1 of water downtlow through - Ne{ watet' downftow 
countercurrent f\ow v. 12.5, 12.5, 12.8) ti. plata 

12.8, 1 • . 3 Minimal fv. 1 • . 3) 

17 (Ph .. B) US/ J FWR Im.gral 1).713 PF1 / M0D2 lnaufficHnt in Stratified f\ow In cold leg. - Carryover trom UP to 
Aoflood 1).71. v. 5.3 ......... llIUOnable hat leg. 

in cold legs 

20 Upper ~num 1).710 PF1 / M002 -- T..-pIate breakthrough fIow UP liquid leveI Intact Ioop mau f'Iow 
~jection prel1m . 

21 (Ph ... A&B) Downoomer InJection lJ..715 PF1 / M002 Minimal - Wate( stor. in cold ECC penetratlon 
v. 5.3 ' .... 

221 ...... Aj Oownc:omer Injection/ lJ..715 PF1/ M002 -- Vesulliquld level durlng refi ll , vant vaIv-a dittereotiaJ [)owncom" ,.,.. 

vent valves - refiU v. 5.3 bypl.u fTom injection port pressur. during refi ll during r~ood 
n.ar.st broken cold lag , pen.-
!ration below inJection port 
away trom break 

23 (Ph .... B) Oowncomer InJaction/ U-715 PFI / MOD2 RealOnable Oownoomer level , d lffer.ntial Core water level Break flow 
vent valve. - retlood v. 5.3 pressur. across vent valves 



Table 5.6-1 

TRAC ANAL YSES OF UPTF TESTS 
Page 3 of 3 

Test Number Descrlption Referenoe TMe CHerall Parameters Oeficiencies 
(Run No. or Version ~f"ment Predicted 

Phue) o..erpredicted Underpredicted 

25 (Phases A & BI Oowncomerj Cold leg lJ.71 4 PFl j MOO2 Reasonable Plug formation in cold legl, Condensation heat -
,eflood v. 5.3 + tranlition to stable flow transfer 

error corr. 

27 (Phase Al USjJ PNR Integral lJ.716 PF' j MOD2 Reasonable Pressure trends in upper Condensation in Magnitude of core 
refill j reflood v.5.3 plenum and downcomer durlng downcomer during liquid level surge 

nitrogen injection nitrogen surge 

29 (Phase B) Entralnmantj lJ.7t3 PF1 j MOD2 Insutfic:ient - - Carryovar from upper 
o..ntrainment v. 5.3 . ~~um to. hot legs 



TABLE 5.6-2 

COMPARISON OF VESSEL INVENTORY CHANGE IN 
UPTF TESTS 4.5.6. AND 7 WITH TRAC-PF1 /MOD2 CALCULATIONS 

Page 1 of 1 

Integrated ECC Vessel Inventory Change: Vessel Inventory Change: 
Test Number, InjeClion for Data Evaluation 11) MOD2 Calculation 13) 

Run Number Analysis Period 
Percent of ECC Percent of ECC (kg) 

(kg) InjeClion (2) (kg) InjeClion (2) 

UPTF 4A 19794 17414 88 19605 99 

UPTF 5A 27660 14482 52 15383 56 

UPTF 6, Run 133 33790 16032 47 14473 43 

UPTF 7, 38400 1814 5 2551 7 
Run 200-1 

UPTF 7, 46880 18556 40 18723 40 
Run 200-11 

UPTF 7, 57857 48596 84 48921 85 
Run 201-1 

NOTES: 1. From the MPR data evaluation -- see Reference U-455, Table 5-1. 

2. These numbers are not necessarily the percent of the ECC water that penetrated for the time period analyzed. 
Most of the water that penetrated came trom ECC, but condensation and possible changes in inventory location 
may have contributed to the vessel inventory change. 

3. From Reference U-711. 
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5.7 TRAC PREDICTIVE CAPABILITY 

The assessment calculations performed with released versions of TRAC have shown 
that this series of computer codes can calculate most of the phenomena associated 
with LBLOCAs. These assessments cover a wide range of separate ellects and 
integral tests. Tests from the 2D/3D Program provided the largest body of test data 
for code assessment on LBLOCA phenomena. 2D/3D data are also significant for 
determining predictive capability in that data from the 2D/3D Program are at large­
scale (1 /1 for UPTF and 1/21 for CCTF and SCTF). Most integral data are al sm aller 
scales. Assessment resu~s have shown that TRAC-PFl /MODl can be used to 
calculate the key parameters, PCT in particular, that would be expected during PWR 
calculations involving similar phenomena. Key phenomena and trends can also be 
calculated. Some of the details of the phenomena, timing of evenls, and minor trends 
may not be calculated correctly. These have been highlighted in the previous 
discussions. The CSAU ellort (Section 5.7.3) attempted to quantify these for TRAC­
PF1 /MOD1. 

Since TRAC-PFl /MODl and TRAC-PF1/MOD2 are currently in use, assessment 
results for these two code releases are summarized below. Older code versions and 
the assessment calculations performed with them were important to the development 
of TRAC but are no longer of current interest. 

5.7.1 TRAC-PFl /MODl Assessment Results Using 2D/3D Data 

To assess a system simulation code such as TRAC, Reference U-681 defined three 
categories that provide a useful framework w~hin which code performance can be 
assessed. The categories are: (1) the prediction of key parameters, (2) the prediction 
of key phenomena, and (3) the prediction of important trends. 

Prediction of Key Parameters 
The key parameter from the licensing perspective is PCT. The use of a single 
parameter such as PCT to reflect the overall degree to which code calculations and 
measurements agree should always be accompanied by a review of the predictions 
of underlying phenomena that contribute to the single parameter. TRAC-PFl/MODl 
has generally been able to predict PCT in SCTF and CCTF tests with at least 
reasonable agreement. Underlying phenomena are discussed below. 

Prediction of Key Phenomena 
Particular phenomena have been identified as being of interest because of their ellect 
on determining PCT. These include, for example, core flooding rate, vessel inventory, 
and loop differential pressure. TRAC-PFl /MODl was consistenlly able 10 predict 
these key thermal-hydraulic phenomena in SCTF and CCTF tests with reasonable 
agreement. In CCTF UPI tests, MODI predicted the channeling ellect, the asymmetrie 
core reflood, the negative core-inlet flow, and breakthrough location. In SCTF 
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calculations, TRAC correctly predicted flow circulation within the cere and tie plate 
breakthrough locations. 

Prediction 01 Key Trends 
One measure 01 code quality is the ability to accurately calculate test-to-test 
differences er trends resulting Irom the parametrie variations 01 inrtial and boundary 
conditions. Generally, TRAC was able to predict trends in rod temperatures, !low 
patterns, and changes in flow and heat transler caused by power distributions and 
other variations. 

5.7.2 TRAC-PF1 /MOD2 Assessment Results Using 2D/3D Data 

TRAC-PF1 /MOD2 shows results similar to those seen with TRAC-PF1/MOD1 . The 
constitutive relations in MOD2 are signilicantly better in the sense that they were taken 
largely Irom recent literature and are more soundly based. The MOD1 constitutive 
package relied to a greater extent on models based on engineering judgment. 

Assessment 01 TRAC-PF1 /MOD2 is limited in comparison to the assessment set lor 
TRAC-PF1 /MOD1 . Also, TRAC-PF1 /MOD1 was used extensively lor aperiod 01 years 
with regular releases of new versions containing arrer corrections and improvements 
while TRAC-PF1 /MOD2 version 5.3 is the initial TRAC-PF1 /MOD2 release. As the 
initial version, TRAC-PF1 /MOD2 version 5.3 shows promise as a tool ler PWR 
analyses. Additional assessment and possibly error corrections (new versions) may 
be necessary belore TRAC-PF1 /MOD2 can be used with conlidence lor PWR 
analyses. 

Prediction 01 Key Parameters 
TRAC-PF1 /MOD2 shows similar performance to MOD1 in calculating PCT. One 
signilicant difference is that MOD1 had equations lor the heat transler above the 
quench Iront that were tuned to compensate lor underprediction 01 liquid above the 
quench Iront. MOD2 uses equations that do not have this tuning . Consequently, 
MOD2 predictions lor rod temperatures above the quench front are not as good as 
MOD1 predictions. This has only a small effect on the prediction 01 PCT. 

Prediction 01 Key Phenomena 
TRAC-PF1/MOD2 shows similar performance to MOD1 in calculating most 01 the 
phenomena that rt has been assessed against. One improvement is that MOD2 does 
a better job 01 calculating the entrainment above the quench front. 

Prediction 01 Key Trends 
Although TRAC-PF1/MOD2 has not been assessed against a large number 01 tests 
with parametrie variations as was TRAC-PF1 /MOD1 against SCTF and CCTF tests, the 
similarrty 01 the results obtained wrth MOD1 suggest that TRAC-PF1 /MOD2 would 
similarly predict test-to-test trends. 

5.7-2 



5.7.3 Code Scaling. Applicability and Uncertainty (CSAUl Study 

In an ellort separate from the 20/30 Program, the USNRC developed a methodology 
to evaluate thermal-hydraulic code scaling, applicability and uncertainty 
(Reference E-609). This methodology was demonstrated by applying it to the use of 
TRAC-PF1 /MOOl version 14.3 for a cold leg LBLOCA in a Westinghouse 4-loop PWR. 
Results are included here because: (I) The CSAU ellort gave a quantitative estimate 
of the uncertainty of TRAC-PF1 /MOOl in calculating rod peak cladding temperatures, 
as opposed to the qualitative assessments discussed above; (2) the CSAU results 
provide a guide to the relative importance of phenomena in calculating the PCT; 
and (3) 20/30 data were extensively utilized in quantifying the uncertainty of TRAC­
PF1 /M001 . 

Initially, LBLOCA phenomena were ranked for importance. Reference E-609 
summarized the ranking: ''The most important phenomena in each LBLOCA phase 
are summarized as folIows. For blowdown, the tuel rod stored energy, break flow, 
and reactor coolant pump degradation have the highest rank. Ouring refill , the highest 
ranked phenomena are cold leg and downcomer condensation (ECCS bypass related) 
and downcomer multidimensional flow. For reflood, the core reflood heat transfer,void 
generation, three-dimensional flow, entrainment and de-entrainment in the upper 
plenum and hot legs, steam binding, and the ellect of noncondensible gases in the 
cold legs receive the highest rating." 

The important phenomena were then compared with code models to determine which 
correlations in TRAC-PF1 /MOOl contain modeling uncertainties that might significantly 
allect calculations of PCT. These evaluations consisted of analytical calculations, 
review of code assessments and engineering judgments based on model evaluations. 
When it was determined that significant uncertainties existed, the parameters were 
ranged for use in code evaluation later in the procedure. Seven parameters were 
identified as needing turther study in a ranging (bounding) process to evaluate 
associated uncertainties. These were: (1) break mass flow rate ; (2) pump head and 
torque degradation; (3) stored energy (gap conductance, tuel rod peaking factar, tuel 
conductivity, convective heat transfer); (4) blowdown and reflood heat transfer 
(minimum rewetting temperature, convective heat transfer); (5) delivery and bypassing 
of ECC; (6) steam binding(core liquid entrainment to upper plenum and hot legs, 
boiling within U-tubes}; and (7) noncondensible gases (partial pressure and dissolved 
nitrogen). 

Oata from the 20/30 Program were used extensively in evaluating ~ems 4, 5 and 6. 
The ranging of break flow, pump performance, stored energy, and heat transfer was 
determined tram data and applied to the plant calculations. Uncertainties tor ECC 
bypass and steam binding were evaluated as biases with single values that were 
added to the uncertainties determined from the ranging calculations. The biases for 
late reflood PCT for steam binding and ECC bypass were respectively, 59 K and 
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-19 K, respeetively. The negative sign indicates that the TRAC calculation produces 
a conservative resu~ (Le., higher calculated temperatures) . 

The final resu~ of the CSAU prejeet was a pair of numbers fer mean PCT and PCT 
bound with the estimated uncertainties. These were a mean peak cladding 
temperature ~ 962 K and 95th percentile peak cladding temperature ~ 1129 K. 

To summarize, the CSAU methodology was developed to evaluate code scaling, 
applicöbility and uncertainty for a particular transient in a particular plant. A 
demonstration of the methodology was done using TRAC-PF1 /MOD1 version 14.3. 
It showed that TRAC was applicable to the LBLOCA evaluated, and produced an 
estimate of the uncertainties associated with the calculation of PCT. Although the 
CSAU precess has not been done with TRAC-PF1 /MOD2, LANL expeets that the 
result would be similar. TRAC-PF1 /MOD2 may be somewhat better in that known 
deficiencies in TRAC-PF1 /MOD1 were addressed in the development of 
TRAC-PF1 /MOD2. 
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5.8 CONCLUSIONS 

The TRAC series of computer codes provided useful analysis support during the 
design phases of UPTF and SCTF. The TRAC code also provided useful information 
for specification of instrumentation and determination of inrtial and boundary condrtions 
for CCTF, SCTF, and UPTF tests. 

The TRAC se ries of computer codes were extensively assessed against data trom the 
20/30 Program. Over the course of the program, resu~s trom the assessment 
calculations performed in the program were continually fed back to the TRAC 
developers and this contributed significantly to improve the quality of the code. 

The assessment results trom the 20/30 Program provided an excellent technical basis 
for the development and validation of the TRAC code for the prediction of phenomena 
in full-size PWRs du ring the end-of-blowdown, refill, and reflood phases of an LBLOCA 
with cold leg, upper plenum, downcomer, or combined ECC injection system. TRAC 
has generally been able to calculate the important phenomena (e.g., rod temperature 
transient) observed in 20/30 tests as weil as experiments trom other test programs. 
Therefore, TRAC is expected to be able to calculate these phenomena for a PWR 
LBLOCA. 

Much of the analysis work performed in the 20/30 Program utilized TRAC-PF1 /M001 . 
M001 is a mature, stable computer code wrth a large assessment base. n is surtable 
for a wide range of PWR analyses and can be used wrth confidence. TRAC­
PF1 /M002, which was released near the end of the 20/30 Program, has several 
important improvements relative to M001; namely, improved numerics for the 
multidimensional 'VESSEL" component, improved closure relationships, and new 
features for LWR safety analysis (e.g., the generalized heat structure) . At the 
completion of the 20/30 Program, rt appears that M002 has not yet reached the level 
of maturity and stability of M001. Therefore, potential users will need to compare the 
benefi1s of the improvements in M002 against the maturrty and stabilrty of M001 
when deciding which code version to use. 
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Section 6 

ADVANCED INSTRUMENTATION 

6.1 OVERALL INSTRUMENT DEVELOPMENT 

The USNRC provided advanced instrumentation to CCTF, SCTF, and UPTF in support 
01 the 20/30 Program. Conventional instrumentation was supplied by each lacility to 
measure temperature, pressure, differential pressure, water level and single phase flow 
rate (see Sections 3 and 4) . The advanced instrumentation was applied in the three 
lacilities to measure local !wo-phase flow parameters; e.g., void Iraction, phase 
velocity, etc. The provision 01 the advanced instruments involved major efforts in the 
areas 01 development, design, testing, labrication, installation, software, and 
documentation. Advanced instrumentation was provided primarily by Idaho National 
Engineering Laboratory (INEL) and Oak Ridge National Labcratory (ORNL). Selected 
hardware components and algor~hms lor calculating tie plate mass flow rate were 
supplied by FRG/Siemens. Some 01 the instrumentation provided to 20/30 Program 
lacilities was based on the experience !rom previous USNRC instrument development 
programs. Other instrumentation was developed specifically lor the 20/30 Program. 
There were ten major types 01 instruments provided to 20/30 Program lacilities, as 
shown below. 

ORNL-Supplied Instrumentation 

Tie Plate Drag Sensors (Drag Bodies and Breakthrough Detectors) 
Purged Differential Pressure Measurement Systems 
Film and Impedance Probes (Flag Probes, Prong Probes, String Probes, Film 
Probes) 

INEL-Supplied Instrumentation 

Turbine Meters 
Drag Discs 
Gamma Dens~ometers 
Uquid Level Detectors/Fluid Distribution Grids 
Spool Pie ces 
Velocimeters 
Video Probes 
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Table 6.1-1 shows the number and location 01 instruments provided to each 
20/30 Program lacility. In CCTF and SCTF where mu~iple cores were used, 
instruments were sometimes refurbished and sometimes provided new when 
replacement cores were installed (Table 6.1-1). See Sections 3.1 and 4.1 01 this report 
and Relerences U-BOI and U-B02 lor a more detailed description of the locations of 
advanced instruments. 

For each type 01 instrument and each facility as identified in Table 6.1-1, the lollowing 
process was used in providing the instruments. 

A specijication for the instrumentation was prepared. 

An instrument interface document was developed by the facility. (For example, 
Reference G-B04.) 

A preliminary instrument design (including hardware, electronics, and software) 
was defined by the pertinent laboratory. 

Meetings were held to resolve the instrument design and facility interface issues. 

Instruments were fabricated and tested in accordance with the final design criteria 
and requirements. 

Instrument support items (software, documentation) were developed. 

Instruments were shipped to the facility or appropriate subassembly fabricator. 

Instruments were installed and checked out by facility and US-Iaboratory 
personnel. 

Instrument operation and maintenance were carried out by facility personnel. 
Laboratory personnel reviewed data trom the first few actual tests to ensure 
proper instrument performance. Special problems were resolved using laboratory 
person ne I when needed. 

Each of the ten instrument types is discussed individually in Section 6.2. The 
discussion includes abrief description 01 the instrument and its applications, the 
instrument performance, and the value of the data in the 20/30 Program. Reports 
describing instrument performance in selected lacilrties are provided in the lollowing 
References: U-801 through U-813, J-802, U-401, U-412, U-414, U-421 , U-431 , and 
U-441 . 
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TADLE 6.1-1 

SUMMARY OE ADVANCED INSTRUMENTATION IN 2P13D PROGRAM 
Paga 1 of 3 

Ouantity ~stall~ (Note 1) 
l..ocation and 
Instrumant Type CCTF-I CCTF-II SCT" SCTF-II SCTF-III UPTF 

!.IPPI;;R P!J;;N!,!M 

Purg~ OP - - - - - 30 

Turblna Matar - • '2 12(R) - " 
Gamm. - - • '(R) '(A) -
Oanlitomater 

llO/fOG (Note 2) 3 . ,7 11.'0(N) !x. e .8(A) 8.8(R) 8.,g .,.7 
Impedane. (Prong) - • " '(R) '(A) -
"'0" 
Structura Alm Proba - • • 'IR) - -
Wall Alm Proba - - " "IR) '(A) -
Vid.a Proba , l(N) , '(A) '(A) , 
~ 

na Plata Drag Body - - - - • 30 

eraakthrough - - - - 2 .. 
"o10ct0< 

Purgad DP - - - - - • 
Turblna Matar - 8 - - 8 '2 

Gamm. - - , '(A) '(A) -
Oanlitomater 

llO/ FDG (Note 2) Not. , -, Nota 3 No,., No,., -, 
Video Proba - - , ,IR) '(A) -
.l<Q!l!; 

Gommo - - 'D ,D(A) WIR) -
Oanlitomater 

UD/FOG (Nota 2) 6 x 17 6. 16{N) "20 4 x 2O{N) 4)( 2O(N) 2 x 19 

Impedane. (Rag) - 2. " '(NI '(N) --Rod Alm Probe - - " .(NI - -
Wall Alm Probe - - " "(A) " (R) -
~~RE1SN!.IM 

T urbina Maler - - • 'IR) '(A) -
llO/FOG (_ 2) ,., 3x 5(R) - - -
Valoclmataf - • - - - -



fABLE 6.1· ' 

SUMMARY OF AOVANCEO INSTRUMENTATION IN 20/30 PROGRAM 
Page 2 013 

Ouantity ~.tal led (Not. ' ) 
Location and 
~'trum.nt T~ CCTF·I CCTF·n SCTF·I SCTF·II SCTF·III UPTF 

DO'NNC:QM,A 

Turbin. Mat.t - - - - - • 
Drag Ciak • 2(R) 3 3(R) 3(R) -
lLD/ FDG (Not. 2) 3. 17 ,," ,,' 6.7(R) 6 . 7{R) SO >3 

7.'8 SO,1 

Impedance (Strtng) - - 3 3(R) - -
PIObe 

VldllO Probe - 1 - - - -
COLD lEGS 

SpooI Pl.ce • " (R) 1 l(A) l(R) -
Contalnlng: Drag 
Sa .. n, Turbln. 
Matar, 3-B .. m 
Gamm. 
o.nsi1om.t.t, 
Thelmocoupl. anti 
Pr .. aul./ OP SenIOrs 

PI~ Aowmat.r - - - - - 1 
Contalnlng : "Drag 
Ciak" 3-e.em 
Gamma 
o.naltom.t.r, 
Thetmocoupl. and 
Pr.saur. Sensor 

HOT LEGS 

$pool Pi.ce (a, • ' (R) - - - -
described aboYe 
unde, COLD LEGS) 

Spool Piece - - 1 ' (R) '(R) -
Contianlng : "Drag 
Ciaka, " Gamma 
Densitom.ters, 
The,mocoupl.a end 
Presaur. Sensor 

Pipe Flowmet.r (as - - - - - • 
described above 
undar COLD LEG) 

Film Probe - • - - - -
Video Probe 1 - - - -



TABlE 6.1-1 

SUMMARY OF ADVANCep INSTRUMENTATION IN 2P130 PRQGRAM 
Pege 3 of 3 

Ouantlty Inttalled (Note I ) 
l...ocIItion and 
Inttrument T~ CCTF·I CCTF·II SCTF·I SCTF-II SCTF·III UPTF 

~t:lI VAl~~ 

Trantducer OP - - - - - 5 

Turbln. Meter - 2 - - - 5 

Strlng Probe - 2 - - - -
Vent Pipe SpooI - - 1 l(A) I (R) -
Piece Contalnlng: 
[)fag 5cfHn, Turbine 
Meter, 
Thermocoupt., and 
Preasure/ OP .. ntorS 

NOTES: 1. On CCTF·II, SCTF·II and SCTF·III, (R) indicates relurbished 
and (N) indicates new instrument. 

2. LLD/FOG quantity expressed as AxB, where A indicates 
the number 01 strands and B is the number 01 sensors 
per strand. 

3. Some upper plenum LLO/FOG sensors extended into the 
end box region. 





6.2 INSTRUMENT OESIGN, CALIBRATION, APPLICATION, ANO EVALUATION 

6.2.1 Tie Plate Orag Sensors 

Oescription 
Two types of tie plate drag sensors were developed by ORNL for use in the 
20/30 Program: tie plate drag bodies (OBs) and breakthrough deteetors (BTOs) . 
Both sensors use the same basic measurement approach of a strain-gaged support 
element holding a drag target located in the flow stream. In the OB, the drag target 
is cut from the tie plate and is supported in ijs normal position by the strain gage 
transducer (Figure 6.2-1). This approach was used to eliminate disruption of the flow 
pattern by the transducer. In the BTO, a small target was located below the tie plate, 
supported as a cantilever by the strain gage transducer (Figure 6.2-2). This approach 
provided a much less-expensive approach than the OB, bU1 the BTO instrument 
sampled only a very local region of the flow (three tie plate holes) as opposed to the 
larger area (majorijy of a fuel assembly) sampled by a OB. 

The strain gages used in OBs and BTOs were fully encapsulated in Inconel sheaths 
to proteet them from the steam/water environment. Strain gages were welded to the 
transducers. Thermocouples were also welded to the transducers adjacent to strain 
gages so that temperature effeets (apparent strain) on the measurements could be 
compensated for to optimize accuracy. 

All OB and BTO instruments were mechanically, thermally, and thermal-shock tested 
to verify reliability. All instruments were individually force-calibrated and thermally­
calibrated. Prototype instruments were subjeeted to extreme life-cycle mechanical, 
thermal, and thermal shock tests to ensure reliabilijy of the design. Also, prototype 
instruments were calibrated in both single- and two-phase flow at ORNL. OB 
measurements were interpreted in conjunetion wijh other measurements (turbine meter 
velocities and differential pressures) to obtain bi-direetional mass flow rate at the tie 
plate. BTO measurements were correlated to downward liquid mass flow rate through 
the tie plate, and BTO data were used to determine "breakthrough" trom the upper 
plenum to the core based on a pre-determined flow rate threshold. 

Final design OB and BTO instruments were calibrated in conjunetion wijh other tie 
plate instruments at FRG (Kar1stein) , using single- and two-phase flow. The algorijhm 
to calculate tie plate flow rate in UPTF and SCTF-III was developed based on these 
calibration tests (Reference G-803). Also, the UPTF core simulator feedback system, 
which uses BTO measurements, was covered by these tests. 
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Application 
DBs were used at 36 (out 01 193) tie plate locations in UPTF and lour (out 01 eight) 
tie plate locations in SCTF-III. BTDs were used at 94 tie plate locations in UPTF and 
two tie plate locations in SCTF-III. The measurement locations were evenly distributed 
acrass the top 01 the core in both lacil~ies . 

Evaluation 
Reliability 01 DBs in UPTF was less than desired. DB transducer lailures occurred at 
the rate 01 several per year. Delective transducers were replaced du ring UPTF 
outages in 1987 (15 DBs), 1988 (5 DBs) , and 1989 (18 DBs) to help restore lost 
capability. At the end 01 the program 10 of 36 DBs were operational. 

Extensive failure analyses were performed by ORNL and Siemens. Based on the 
results of the analyses, changes were made in the design and labrication of DB 
transducers. These changes, however, did not solve the problems. The Siemens' 
investigation also identified the high pH environment as a contributing factor to the 
failures. (It should be noted that the primary system pH was increased to 10.5 after 
the instruments were designed.) A detailed discussion 01 the problems with UPTF 
DBs is in References U-801, G-807, and G-808. 

Reliability of DBs in SCTF-III was excellent with no failed instruments. One 01 the four 
SCTF-III DBs was not installed praperly; the drag target interfered with other structure 
and was not free to move. As a result, no valid data were obtained from this one 
instrument. BTD reliability was excellent in both UPTF and SCTF, with only lour failed 
instruments in UPTF, which were replaced in an outage in 1987. 

The data lram DBs and BTDs were very uselul in evaluating the test results. 
Specifically, these instruments provided the most direct and accurate indication of flow 
distribution at the top of the core. Accurate characterization of the highly nonunilorm 
flow pattern at the core ex~ in tests simulating upper plenum injection and hot leg 
injection was lacilitated by these instruments. 

6.2.2 Purged Differential Pressure Measurement System 

Description 
A purged differential press ure (DP) measurement system covering 45 DP 
measurements was developed by ORNL for use in UPTF. This system was 
necessitated by the requirement to take local DP measurements at locations within the 
primary system. Hence, a conventional DP measurement approach using wall taps 
at the pressure boundary would not be adequate; instead, pressure tap lines had to 
be routed within the press ure boundary. Since internally routed lines are exposed to 
a wide range 01 conditions including superheated steam and subcooled water, the fluid 
density in the tap lines could be subject to substantial change, thus introducing 
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unacceptable errors in DP measurements. FRG (Siemens) designed and installed 
sophisticated tap routing to minimize heat transler to the tap lines. The purged DP 
measurement system was designed to continuously purge DP lines with a small flow 
rate 01 liquid water, so that tap line density changes would be small (Relerence U-923) . 
The purged DP measurement system used conventional DP sensors mounted 
remotely lrom the vessel. Equipment to supply and control purge flow was a key part 
01 the system. Figure 6.2-3 shows an overview 01 the system. Key considerations 
lrom the outset 01 the development 01 this system were the accuracy and Irequency 
response 01 the measurements and the performance 01 the purge durin9 UPTF system 
pressure transients. Extensive developmental testing was performed by ORNL to 
demonstrate acceptable performance 01 the DP system. All DP transducers used with 
the system were individually calibrated. Each "purge block" was also tested to 
demonstrate n provided the needed performance. Purged DPs wnh appropriate 
internal taps were calibrated in single- and two-phase flow at both ORNL and FRG 
(Kar1stein) . DP measurements were interpreted in conjunction with other 
measurements (DBs and turbine meters) to obtain mass flow rate at the tie plate. 

Application 
A purged DP measurement system was provided only to UPTF. A system capable 01 
covering 45 DP measurements (nine across the tie plate and 36 from tie plate to top 
01 upper plenum) was provided to UPTF by ORNL. 

Evaluation 
Reliability 01 the DP measurement system in UPTF was excellent. No significant 
problems occurred and reliable data were obtained Irom these instruments. The data 
Irom the DP measurements were very useful, particularly in determining upper plenum 
liquid inventory distribution and tie plate flow rate. These measurements were 
important to understand the phenomena occurring lor the several different types 01 
ECC systems tested. Further, in some cases tie plate DPs provided backup to tie 
plate drag bodies which had lailed. 

6.2.3 Film and Impedance Probes 

Description 
Film and impedance probes were developed by ORNL in a variety 01 configurations 
lor use in the 2D/3D Program. All 01 the film and impedance probes work on the 
same basic principle; i.e., that the electrical properties (conductance, capacitance, 
etc.) between two electrodes wnhin a test system change in accordance wnh the 
relative amounts 01 steam and water between the electrodes. Impedance probes were 
intended to determine void fraction in a flow stream and film probes were intended to 
determine film thickness on vertieal surfaees. In both cases, determination 01 velocity 
by cross-eorrelation 01 signals from adjaeent sensors was intended in some 
applications, but did not prove to be successful. 
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Three basic types of impedance probes were utilized (Figure 6.2-4) : flag probes for 
making incore subchannel measurements, prong probes for making upper plenum 
measurements. and string probes for making downcomer and vent valve 
measurements. The main difference between probe types is the electrode shape. 
Three principal configurations of film probes were employed (Figure 6.2-5): rod­
mounted probes for incore use, structure-mounted probes for upper plenum use, and 
wall-mounted probes for incore or upper plenum use. Because water conductivity 
significantly influences probe response, a "reference probe" (liquid conductivity sensor) 
was also used in each facility employing film and impedance probes. 

The primary development efforts for film and impedance probes were: 
(1) development of suitable insulators (including brazing techniques) which could 
withstand the temperature. pressure and thermal shock requirements; (2) signal 
conditioning electronics; and (3) signal interpretation. A metal!ceramic (cermet) 
insulating material and a high temperature braze alloy and brazing technique were 
developed and extensively tested by ORNL; use of these materials provided 
reasonable reliability. Signal conditioning electronics were developed to measure small 
probe capacitance and conductance values in the pressure of large cable 
capacitances and conductances. All film and impedance probes were electrically 
calibrated both wet and dry; prototype probes were calibrated under controlled two­
phase flow conditions to support signal interpretation. ~ was found that the flow 
regime between the probes had the most significant influence on signal interpretation. 

Application 
Film and impedance probes were employed in CCTF-II, SCTF-I, SCTF-II, and SCTF-1I1. 
The number of each type of instrument used in these facilities is identified in 
Table 6.1-1. In SCTF-II and SCTF-III, some instruments were refurbished from the 
previous core and others were provided new. 

Evaluation 
Film and impedance probe reliability was moderate. The majority of the ex-core 
sensors survived and provided data throughout the test series. However, incore 
sensors failed steadily throughout each test se ries so that at the end of a test series 
only a lew. at most. were operating. This was attributed to the severe temperature 
and thermal shock conditions occurring in the cora. 

The lilm thickness and void Iraction inlormation gained trom l ilm and impedance probe 
data was mainly qualitative, because the data were not highly accurate. The 
measurement trends showed good overall agreement wrth global measurements such 
as core and upper plenum DP. The major benefits trom these instruments are that 
they directly confirmed the presence 01 water throughout the core and upper plenum 
during rellood and that they directly detected the propensity 01 water to collect on 
unheated surfaces (films). No usable velocrty data were obtained Irom the 
instruments, because 01 poor signal coherence between adjacent sensors. 
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6.2.4 Turbine Meters 

Oescription 
Probe-type and full-Ilow turbine meters had been successfully employed in ECC 
research programs prior to the 20/30 Program and thus were natural candidates lor 
obtaining data in 20/30. Full-flow turbine meters are discussed below under "Spool 
Pieces and Pipe Flowmeters," and the turbine probe instruments are discussed here. 

Turbine probes were provided by INEL to several 01 the 20/30 Program lacilities. 
These instruments consist 01 a "stalk" which holds a "head" out in the region to be 
measured (Figure 6.2-6) . The "head" has a flow bore containing a tree-spinning 
turbine rotor. Magnetic or RF pickup coils located w~hin the head sense the turbine 
blade passing and thus give an output signal trequency proportional to turbine 
rotation al speed. A probe-type turbine is a tree-field measurement; i.e., onlya portion 
01 the entire flow field is sampled. 

The major design challenges in employing turbine probes are the turbine bearing 
performance and lile, the survivabil~ 01 pickup coils in the severe environment, and 
signal interpretation, particularly in !wo-phase flow applications. The development and 
significant use 01 sapphire bearings in turbine probes was accomplished in the 
20/30 Program, which provided good bearing performance. All turbine meters were 
tested under lim~ing temperature and pressure cond~ions to verify acceptable 
construction and all were calibrated in single-phase flow by directing flow through the 
turbine bore w~h a tube. Prototype turbine meters were subjected to severe thermal 
shock conditions to verify design adequacy and were calibrated in appropriate Iree­
lield configurations to support signal interpretation. Free-field calibration was 
performed at INEL, ORNL and FRG (Kar1stein) . Oata trom turbine meters used at the 
tie plate in UTPF and SCTF-III were interpreted in conjunction w~h other instruments 
(OB and OP) to determine tie plate mass flow rate. 

Application 
As shown in Table 6.1-1 , probe-type turbine meters were employed in CCTF-II (upper 
plenum and vent valves); SCTF-I, 11, and 111 (Iower plenum, tie plate and upper 
plenum); and UPTF (downcomer, tie plate, vent valves, and upper plenum). 

Evaluation 
Turbine meter reliability was lavorable, with most turbines surviving the duration 01 the 
test series and providing useful data. Several UPTF turbines lailed du ring the 
three-year test cycle and replacements were installed during facil~ outages. Leakage 
through an internal quick-disconnect fitting was identified as the main cause 01 failures. 

While the data Irom most turbine meters were very useful, the data trom some turbine 
meters were not useful. The turbine meters in the UPTF downcomer provided detailed 
inlormation on flow distribution, particularly during ECC penetrationlbypass tes1s. 
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Regions of steam upflow and liquid downflow could be clearly identified. Tie plate 
turbine meters in UPTF and SCTF provided useful information on core exit flow 
distribution. Also, tie plate turbine meter measurements in UPTF and SCTF-III were 
used in calculating tie plate flow rates. The upper plenum turbine meters provided 
qualitative information. The lower plenum turbine meters in SCTF did not provide 
usable data because of electromagnetic interference. The vent valve turbine meters 
in UPTF did not provide useful information because of the highly non-uniform flow field 
around these instruments in the downcomer. 

6.2.5 Orag Oisks 

Description 
Orag disks had been successfully utilized on previous ECC research programs and 
were also employed in the 20/30 Program. Probe-type drag disks are discussed 
here; full-flow drag disks (or drag screens) are discussed below under "Spool Pieces 
and Pipe Flowmeters.1I 

Orag disks were provided by INEL to all of the 20/30 Program test facilities (CCTF, 
SCTF, and UPTF). A typical drag disk is a flange-mounted device which has an arm 
protruding into the flow stream to be measured (Figure 6.2-7) . A drag target is located 
at the end of the arm. In the original development of these instruments prior to the 
20/30 Program, the target was circular; hence the name "disk." In most 20/30 
applications a noncircular target was utilized. The arm containing the target is 
supported back in the flange region by a pivot and spring. Oisplacement of the arm 
about the pivot occurs when the drag target is loaded by ftow forces. The 
displacement is measured by a linear variable differential transformer (LVOT) . This 
output is proportional to the force on the target, which is proportional to the flow 
momentum flux. 

A major challenge in employing drag disks in the 20/30 Program was that a low 
measurement range was desired to be able to accurately measure the nominal flows 
associated with reflood, but a high survivability range was needed to ensure the 
instrument would tolerate high flows associated with end-of-blowdown. This was 
accomplished by incorporating a mechanical stop for the arm in the drag disk design. 
In this manner, the instrument could survive momentum f1uxes over ten times its 
measurement range. 

All drag disks were tested at limiting pressure and temperature conditions to ensure 
proper construction, and all were force-calibrated. Prototype drag disks were exposed 
to the full range of limiting environmental conditions to ensure proper design and were 
calibrated in single-phase flow to ensure that the measurement signals could be 
meaningfully interpreted . 
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Application 
Drag disks were employed in the downcorner 01 CCTF and SCTF to measure liquid 
velocity during rellood. Drag disks were also employed in the hot leg 01 SCTF, and 
in the lour hot legs and broken cold leg 01 UPTF. In these large-pipe applications, 
lour drag disks were employed at a single pipe location and these instruments were 
interpreted in conjunction wrth gamma densrtometer measurements at the same pipe 
location to determine mass ftow rate. The large pipe applications are discussed more 
lully below under "Spool Pieces and Pipe Flowmeters." 

Evaluation 
A problem wrth lailure 01 some 01 the drag targets was encountered in UPTF. 
Relerence U-B01 contains a more complete description 01 the problem. The lailures 
were attributed to high transient loads resu~ing Irom water slugs. The targets were 
re-designed to make them smaller and stronger, with some sensitivity penalty. Also, 
selected drag disks were removed du ring tests which could potentially create slug 
conditions at the measurement location. When this approach was used, the problems 
were alleviated. 

There were also some problems in UPTF wrth the external measurement parts (arm, 
spring, and set screws) which degraded some 01 the data but did not render the 
instruments non-operational. 

In the CCTF and SCTF downcorners, velocrties measured by the drag disks were near 
the low end 01 the drag disk range; i.e., several cm/sec. The drag disk measurements 
did not show any unusual results such as large spatial flow distributions. Other than 
this observation 01 low, relatively unijorm flows, there were no major benefits derived 
Irom the down corner drag disks. 

The drag disks in the hot legs 01 SCTF and UPTF provided valuable data on the flow 
regime and flow rate at these locations, as discussed under "Spool Pieces and Pipe 
Flowmeters" below. 

6.2.6 Gamma Densitometers 

Description 
Single- and mu~i-beam gamma densrtometers had been successiully utilized in 
previous ECC research programs and were also employed in the 2D/3D Program. 
Single-beam gamma densrtometers are discussed here; mu~i-beam gamma 
densrtometers are discussed below under 'Spool Pieces and Pipe Flowmeters." 

Single-beam gamma densrtometers were provided by INEL to SCTF lor use in the 
core, end box, and upper plenum regions. The unique slab-shaped configuration 01 
SCTF provided an ideal opportunrty to obtain several gamma densrtometer densrty 
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measurements in these regions. The gamma densrtometer consists of a gamma ray 
source and deteeror located on opposite sides of the fluid volume to be measured 
(Figure 6.2-8) . A collimated gamma beam passes from source to deteerer and is 
attenuated accerding to the fluid density in the intervening space. The measured 
gamma ray intensity at the deteerer is thus a measurement of fluid density. 

The gamma densitometer was adapted to SCTF by using flange-mounted sources and 
deteerors which attached direerly on the vessel. In the core region, the beam 
collimator produced a narrow beam to pass through the small rod subchannel space, 

Gamma densitometers were calibrated in-situ at the ''wet'' and "dry" states. 
Interpretation of !wo-phase measurements (densrties be!ween wet and dry) was done 
in accordance with theory as supported by calibrations pertormed at INEL. 

Application 
As shown in Table 6. t-t, tO single-beam gamma densitometers were employed in the 
SCTF core region, five were used in the end box region, and four were used in the 
upper plenum. These instruments were used in all three ceres of SCTF, except that 
four end box measurements were removed for SCTF-III because of other hardware 
modifications. Gamma densitometers ware also used in conjunction with ether 
instruments in the hot and cold legs of CCTF, SCTF and UPTF, as discussed under 
"Spool Pieces and Pipe Flowmeters," 

Evaluation 
The gamma densitometers pertormed acceptably in SCTF. One problem was 
encountered with some of the core densitometers during some tests, in which 
movement of the bundle rods during the tests obstruered the gamma beam. This 
problem, which could be readily deteered, invalidated the associated data. The bundle 
movement was due to thermal effeers and occurred most strongly on tests involving 
top injeerion with highly non uniform core cooling. 

Gamma densitometer data were very useful for determining !wo-dimensional density 
distribution in the core and upper plenum and for providing local measurements to 
supplement global DP inventory measurements. Gamma densrtometer data could also 
be used in conjunerion with end box turbine meter data to evaluate phase mass flow 
rates across the core. These evaluations showed a high er water presence at the 
outer edge of the core (Reference U-802) , 

6.2.7 Liquid Level Deteerers and Fluid Distribution Grids 

Description 
Conduerivity-type liquid level deteerors (LLDs) had been successfully employed on 
previous ECC research programs and were also used in the 20/30 Program. During 
20/30, the fluid distribution grid (FOG) concept was developed and implemented, 

6.2-8 



which is basically a 2- or 3-dimensional array 01 LLDs. Also, optical-type sensors lor 
use in LLDs/FDGs were developed and employed in 2D/3D. 

An LLD/FDG sensor detects the presence or absence 01 water at a single location. 
Conductivity LLD sensors use the change in conductance between electrodes as an 
indicating signal, while optical LLD sensors use the reflection/relraction 01 light at a 
sapphire/fluid interface to detect presence or absence 01 water (Figure 6.2-9) . Several 
sensors are arranged on astalk to create an LLD, and several stalks are used in a 
volume (such as upper plenum, core, elc.) 10 create an FDG. The bi-slable outputs 
01 an array 01 sensors can be displayed in an appropriate lormat to provide a "picture" 
01 water/steam distribution in a test volume. 

All LLD/FDG sensors were tested under lim~ing pressure and temperature cond~ions 
to ensure proper construction. Prototype LLD/FDG sensors were exposed to the 
limiting range 01 environmental conditions to ensure su~able design. All sensors were 
calibrated in-situ at known wet and dry conditions; the sensor electronics were then 
used to set the wet/dry bi-stable discrimination. 

Applieation 
LLD/FDG systems were used in upper plenum, core and downcomer regions in 
CCTF, SCTF, and UPTF. Optieal LLD sensors were used in the upper plenum and 
downcomer regions 01 CCTF-II and throughout UPTF. Otherwise, conductiv~ 
sensors were utilized. As shown in Table 6.1-1, up to several hundred sensors were 
employed in each lacility. 

Evaluation 
LLD/FDG systems performed acceptably in the 2D/3D lacil~ies; there were a lew 
lailures 01 individual sensors as each test series progressed. Optical sensor 
degradation in UPTF was the resu~ 01 surface corrosion due to the high pH 
environment (pH = 1 0.5) . (~should be noted that the primary system pH was 
increased to 10.5 alter the instruments were designed.) This was remedied during 
outage periods by polishing the probe surfaces and by increasing the light source 
intens~. 

Data tram LLD/FDG systems were qualitatively useful. The most meaningful data were 
obtained in s~uations where the two-phase flow was well-separated. This oecurred 
most alten in the downcomer. The flow regime in the cere and upper plenum (and 
the downcomer in same eases) typically was weil-mixed. Under these cenditions, the 
LLD/FDG systems tended to give a biased reading toward ''wer'; Le., the individual 
probes were easily wetted by a small water presence but were not so easily unwetted. 
Accordingly, most sensors usually indicated wet shortly alter the start 01 reflood. 
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6.2.8 Spool Pieces and Pipe Flowmeters 

Oescription 
A spool piece relers to a combination 01 instruments at a pipe location. Olten these 
instruments are supplied as a completed, Ilanged pipe section; hence, the name 
"spool piece." At UPTF such instruments were separately supplied and mated to the 
lacility pipes; the name "pipe flowmeter" was used to describe this arrangement. 
Regardless of name, the intent of using munipie instruments at a single pipe location 
is to obtain detailed information on !wo-phase flow. 

lnstrumented pipe spool pieces had been successfully employed in ECC research 
programs prior to the 20/30 Program and were selected for use in 20/30 at the 
outset of the program. A six-inch (150 mm) diameter spool piece containing a lull-flow 
drag screen, full -flow turbine meter, 3-beam gamma densitometer, and 
pressure/temperature instrumentation (Figure 6.2-10) had already been developed at 
the outset 01 the 20/30 Program. Similar spool pieces were supplied by INEL for the 
hot and cold legs of CCTF and the cold leg 01 SCTF. Large pipe configurations in the 
SCTF hot leg and UPTF loops necessilated developing a modilied design since lull 
flow drag screens and turbine meters were not leasible. In these cases an array 01 
four drag disks (Section 6.2.5) and erther three (UPTF) or lour (SCTF) gamma 
densitometer beams (Section 6.2.6) along with pressure/temperature instrumentation 
provided the desired measurement (Figures 6.2-11 and 6.2-(2) . 

The principal challenge in spool piece use is data interpretation in !wo-phase flow. 
The measurements f,om the combination of instruments need to be interpreted to 
determine flow regime, void Iraction, phasic velocrties and phasic densities. The six­
inch spool pieces utilized the substantial base 01 !wo-phase testing and algorithm 
development that had occurred prior to the 20/30 Program. All component 
instruments were of course calibrated as described in the preceding sections. 
Two-phase Ilow testing 01 the large SCTF hot leg spool piece was carried out by INEL 
to conlirm data evaluation algorithms. UPTF pipe fiowmeter data interpretation was 
based on algorithms adapted Irom other spool piece applications, supplemented by 
limited in-srtu, single-phase calibration at UPTF_ 

Application 
Eight nominally identical spool pieces were employed in the hot and cold legs 01 
CCTF. A similar spool piece was used in the broken cold leg 01 SCTF, and a similar 
spool piece without the three-beam gamma densrtometer was used in the vent pipe 
01 SCTF. A single spool piece was provided lor the large oval hot leg 01 SCTF. Five 
sets 01 instruments to provide five pipe flowmeters were supplied for the hot legs and 
broken cold leg 01 UPTF. All of this spool piece instrumentation was supplied by 
INEL. 
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Evaluation 
Spool pieces and pipe flowmeters performed acceptably in 20/30 Program facil~ies . 
Some problems occurred w~h the UPTF drag disks (which were corrected by 
modifying the drag paddles as discussed in Section 6.2.5) and w~h the UPTF gamma 
densitometer electronics (which were corrected by simplifying the electronics) . 

Oata from the spool pieces provided useful information which would not have been 
obtainable w~hout these instruments. In particular, the flow regime and water 
transport in the hot legs was a key resutt determined fram these instruments. 
Stratified water layers and countercurrent flow in the SCTF and UPTF hot legs were 
directly measured w~h the spool pieces. Similar phenomena were not detected in the 
smaller CCTF hot legs, indicating an effect of scale. The spool piece data were used 
in the development and confirmation of appropriate correlations and theory to explain 
the behavior. 

6.2.9 Velocimeters 

Description 
The velocimeter provided by INEL to the 20/30 Program measures single-phase liquid 
velocity. The velocimeter consisted of a cooled plenum which was sufficiently 
instrumented to quantify the heat absorbed trom the water flowing past the probe 
(Figure 6.2-13). Velocify was determined trom the plenum and fluid temperatures and 
the heat transfer rate. The principle is that changes in water velocity change the 
convection heat transfer coefficient. 

The lim~ation in applying this type of velocimeter is that the fluid velocity must be large 
enough to overcome tree convection effects ij ~ is to be measurable. Testing was 
carried out at INEL to investigate this lim~ation. Testing showed an instrument range 
down to 10 cm/sec was achievable w~h lim~ed possibil~ies to obtain some information 
below 10 cm/sec. 

Application 
Velocimeters were supplied only to CCTF-II for use in the lower plenum. n was 
desired to obtain information on core inlet flow distribution during reflood, where 
veloc~ies are nominally several cm/sec. Atthough the velocimeter was not ideally 
su~ed to this application, ~ came closer than any other developed instrument. As 
shown in Table 6.1-1, four velocimeters were supplied to CCTF-II. 

Evaluation 
Velocimeters functioned properly but provided essentially no usable output during 
CCTF-II reflood tests. The liquid velocity was below the instrument range and could 
not be measured. 
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6.2.10 Video Probes 

Oescription 
The intent 01 video probes was to allow two-phase flow in seleeted regions 01 test 
systems to be direetly observed. The original instrument conceived to provide direet 
internaiobservation was the stereo lens system which is based on the rod lens 
concept. A stereo lens system was supplied to CCTF-I by LANl. This system did not 
achieve the desired performance. A video probe system supplied by INEL was used 
in other lacilities. The video probe system consists 01 a borescope to convey the 
image to the outside 01 the vessel, light source, and video camera/recorder/monitor 
(Figure 6.2-14) . Appropriate insulation and aetive cooling are also provided to proteet 
the components. Optical defleetors and enlargers are also used to handle the image. 

Video probes lor 20/30 Program test lacilities were buin and tested to demonstrate 
the environmental conditions could be tolerated. No flow testing was performed. 

Application 
Video probes were employed in the upper plenum 01 CCTF, SCTF, and UPTF. In 
UPTF these video probes viewed the regions 01 the hot leg nozzles. Video probes 
were also used in the SCTF end box and in the CCTF-II downcomer and hot leg. See 
Table 6.1-1 . 

Evaluation 
In reflood tests, video probe images conlirmed the flow pattern is weil-mixed. In these 
cases, unlortunately, the visual depth 01 field drops to near zero so that detailed 
inlormation about the flow is difficun to obtain. Thus, lor reflood tests, video probes 
confirmed the presence 01 entrained water but did not provide detailed flow 
inlormation. In the UPTF hot leg countercurrent flow test, the video probe provided 
a clear image 01 the stratified flow entering the upper plenum trom the hot leg. This 
provided direet visual confirmation 01 the flow regime. 
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6.3 SUMMARY 

A substantial quantity and variety of advanced instrumentation were utilized in CCTF, 
SCTF, and UPTF. Valuable data, both quantitative and qualitative, were obtained from 
these instruments. Some instruments performed weil while others performed 
marginally. Instruments which provided valuable quantitative measurements and 
should be strongly considered for future !wo-phase flow appl;cations include: 

Drag Bodies and Breakthrough Deteetors 

Purged DP Measurement System 

Turbine Meters (when the flow is one-dimensional and calibration is in a realistic 
configuration) 

Drag discs 

Gamma densitometers 

Spool Pieces and Pipe Flowmeters 

Instruments which provided mainly qualitative information and would need to be further 
developed before future applications include: 

Film and Impedance Probes 

Turbine Meters (in other than straightforward flow configurations) 

Uquid Level Deteetors/Fluid Distribution Grid 

Velocimeters 

Video Probes 

The experience trom developing, designing, calibrating, interfacing, and testing these 
instruments is also a valuable produet of the program. The following references 
provide extensive information in this regard: G-801 through G-806, J-801 , J-802, 
U-821 through U-825, U-831 through U-834, U-841 , U-842, U-846, U-847, U-851 
through U-854, U-861 , U-862, U-866 through U-868, U-871 , U-872, U-876, U-921 
through U-923, U-925, and U-934. 
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Section 7 

SUMMARY ANO CONCLUSIONS 

The 20/30 Program comprised 15 years 01 coordinated reactor salety research 
sponsored by BMFT, JAERI, and USNRC. The program investigated the thermal­
hydraulic phenomena which occur in a PWR du ring a LOCA. Each country 
contributed significant effort to the program and all three countries shared the resu~s. 
The contributions !rom each country are summarized below. 

Japan constructed and operated CCTF, a full-height, 1/21 -scale model 01 an 
1,100 MWe, lour-Ioop PWR. Tests at the CCTF investigated system behavior 
during the relill and reflood phases 01 an LBLOCA for different types of ECC 
injection systems. A total of 58 tests were performed. 

Japan also constructed and operated SCTF, a full -height, full-radius, 1/21-scale 
model of a sector of an 1,100 MWe four-Ioop PWR. The SCTF test program 
studied !wo-dimensional behavior in the core during refill and reflood phases of 
an LBLOCA. The three test series performed within the 20/30 Program included 
a total of 76 tests. 

FRG constructed and operated UPTF, a full-scale model 01 a 1,300 MWe, four­
loop PWR. Tests at UPTF investigated mu~idimens ional behavior 01 steam and 
water in the upper plenum, loops and downcomer during the end-ol-blowdown, 
refill, and reflood phases of an LBLOCA. Selected SBLOCA phenomena were also 
investigated. The UPTF test program consisted of 30 tests comprising a total 01 
80 test runs. 

The US carried out an analysis program which assessed the predictive capability 
of the US-developed TRAC computer code against 20/30 tests. The analysis 
program also provided analytical support during the design of UPTF and SCTF, 
and helped specify initial and boundary conditions for some tests. A total of 91 
TRAC calculations were performed by the US as part of the 20/30 Program. 
Selected TRAC calculations were also performed by other program participants. 

The US also developed and fabricated advanced instrumentation to measure local 
!wo-phase flow parameters (e.g., void !raction, phase velocity, elc.). InSlruments 
were provided to all three test facilities. In addition, the US provided the data 
acquisition systems for UPTF. 
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The majar resu~s 01 the 20/30 Program on PWR LOCA behavior are summarized 
below. While Sections 3 through 5 01 this report discuss the resu~s 01 the test 
programs and analyses separately, the lollowing summary synthesizes the results Irom 
the three test lacilities and applicable TRAC analyses by phenomena. The summary 
draws on a companion report, "Reactor Salety Issues Resolved by the 20/30 
Program," which discusses the program results by issue and shows how each issue 
has been resolved. 

7.1 RESULTS RELATEO TO ECC OELIVERY TO LOWER PLENUM OURING 
OEPRESSURIZATION 

Ouring the end-ol-blowdown phase 01 an LBLOCA, steam and entrained water flow up 
the downcomer to escape out the break. This !wo-phase upllow may carry some or 
all 01 the ECC injected in cold legs and/or downcomer out the broken cold leg thereby 
preventing delivery to the lower plenum. This is relerred to as ECC bypass. 

In CCTF tests, ECC injected in the cold legs was completely carried out the break until 
depressurization was almost complete. However, in UPTF tests, delivery 01 ECC to 
the lower plenum was in~iated earlier in the depressurization transient (i.e., at a higher 
system press ure) due to mu~idimens ional flow phenomena not observed at CCTF ar 
other small-scale lacilities. Specifically, ECC injected in the cold legs away Irom the 
break tended to be delivered while ECC injected in the cold leg adjacent to the break 
was nearly completely bypassed. 

ECC delivery behavior in tests with downcomer InJection and open vent valves was 
similar to that in the cold leg injection tests. This was the result 01 !wo offsetting 
effects. First, downcomer injection promoted ECC bypass because the ECC was 
dispersed as the high veloc~ injection streams impinged on the core barrel. Separate 
effects tests with downcomer injection but without vent valves confirmed strong bypass 
throughout end-ol-blowdown, although it appears nozzle configuration details may 
significantly influence the results. Second, when the vent valves were open, signilicant 
delivery 01 water Irom the nozzle away from the break occurred as a result 01 the Ilow 
through the vent valves changing the flow rate and flow pattern in the downcomer. 

In tests with combined ECC injection, ECC injected in the hot legs flowed downward 
through the care providing care cooling during blowdown. Lower plenum relill was 
initiated during the end-ol-blowdown by ECC injected into the hot legs. Shortly 
thereafter the ECC injected to the cold legs away from the break was delivered to the 
lower plenum, but the ECC injected to the cold leg adjacent to the break continued 
to be almost completely bypassed. 

7-2 



For all three ECC injection modes, relill overlapped w~h the end-ol-blowdown and the 
lower plenum was Iilled to the bottom 01 the core barrel prior to the end 01 
depressurization. This resu~ shortens the portion 01 the refill phase where core 
cooling is very low and signilicant core heat up could occur. 

7.2 RESULTS RElATED TO DOWNCOMER BEHAVIOR DURING REFLOOD 

The rellood phase 01 an LBLOCA begins when the reactor vessel water level reaches 
the bottom 01 the core. This creates a seal between the core and downcomer and 
lurther ECC injection tends to lill the downcomer to near the cold leg elevation. Steam 
generated in the core Ilows out the top 01 the core to the upper plenum and toward 
the downcomer via the intact loops or the vent valves. Subcooled ECC condenses 
a portion 01 the steam. Steam not condensed by ECC ftows circumlerentially around 
the downcomer and out the break, potentially entraining water out the break and 
reducing the downcomer water level. The downcomer collapsed water level is lurther 
reduced by steam generation on hot downcomer walls. 

In cold leg injection tests, downcomer behavior was markedly different du ring the 
accumulator and LPCI portions 01 rellood due to the difference in ECC injection rates. 
During accumulator injection, all 01 the intact loop steam Ilow was condensed by the 
high Ilow 01 ECC. Consequently, there was no steam Ilow out the broken cold leg 
and entrainment did not occur. Further, subcooled water was delivered to the 
downcomer and boiling on the downcomer walls was suppressed. As a result, the 
downcomer filled to the cold leg (i.e., spillover) elevation. However, du ring LPCI, the 
intact loop steam flow was only partially condensed and the ECC delivered to the 
downcomer was essentially saturated. The uncondensed steam entrained water fram 
the downcomer out the break and reduced the downcomer water level. As the 
saturated water gradually replaced subcooled water in the downcomer, wall boiling 
created voiding in the downcomer. The combined level reduction due to entrainment 
and voiding was on the order olIm. 

Analyses 01 counterpart CCTF and UPTF tests indicates that downcomer water 
entrainment and the attendant level reduction decreased at small-scale lor lull-height 
lacilities where the vertical flow area is scaled by the scale lactor. This is due to 
decreases in the steam velocity in the downcomer and at the broken cold leg nozzle 
at small-scale. 

In UPTF tests w~h downcomer ECC injection and open vent valves, essentially all LPCI 
injected through the nozzle close to the break was swept out the break, even at low 
steam flows. However, ECC injected through the nozzle away from the break was 
delivered to the downcomer. The steam Ilow in the downcomer entrained water out 
the break and thereby reduced the downcomer water level. For tests with downcomer 
injection and vent valves, the downcomer water level reduction was comparable to that 
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in cold leg injection tests due to two offsetting effects. First, downcorner ECC injection 
promoted entrainment because the ECC flow was introduced into the down corner at 
a higher elevation. Second, redistribution 01 steam in the downcorner due to the Ilow 
through the vent valves decreased water entrainment and the downcomer level 
reduction. 

In combined injection tests, most 01 the steam generated in the core was condensed 
in the upper plenum and hot legs throughout reflood. Residual intact loop steam flow 
was condensed in the cold legs, and there was no steam Ilow in the downcorner to 
entrain water out the break. Also, the flow 01 highly subcooled ECC lrom the cold legs 
suppressed wall boiling in the downcorner. Consequently, there was no reduction in 
the downcorner water level during reflood . 

In UPI tests, most of the steam flow out of the core was condensed in the upper 
plenum by LPCI. The intact loop steam flow was condensed in the cold legs by HPCI. 
Consequently, there was no steam flow around the downcorner and no entrainment 
out the break. 

7.3 RESULTS RELATED TO TIE PLATE/UPPER PLENUM FLOW PHENOMENA 

W~h combined injection or UPI, tie plate/upper plenum flow phenomena involve 
simunaneous two-phase upflow from the core and ECC downflow to the core. The 
ECC downflow occurs under countercurrent tlow conditions at the tie plate. During 
end-ol-blowdown/refill, ECC downflow occurs without hold-up because the upflow is 
negligible. During reflood, however, the two-phase upllow is significant and can 
potentially limit downflow. 

In UPTF separate effects tests w~h ECC injection into the hot legs, flow phenomena 
at the tie plate and in the upper plenum were munidimensional. Specilically, water 
downllow through the tie plate occurred in discrete regions while two-phase upllow 
occurred over the remainder 01 the tie plate. The downllow regions were located in 
Iront of the hot legs with ECC injection. Water accumulation in the upper plenum was 
also mu~idimensional w~h greater accumulation over the downflow regions. Due to 
these mu~idimensional phenomena, water downflow was signilicantly greater than 
predicted by CCFL correlations lor un~orm flow conditions. For flow rates typical of 
rellood in combined injection PWRs, essentially all ECC delivered to the upper plenum 
Ilowed downward through the tie plate; i.e., downflow was not countercurrent flow 
limited. Most 01 the steam generated in the core was condensed by ECC injected in 
the hot legs and returned to the core w~h the water downllow. Measurements below 
the tie plate indicate that, even though the ECC was warmed by condensation, the 
water downllow was substantially subcooled. 
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In CCTF and UPTF tests with ECC injection directly into the upper plenum, water 
downflow through the tie plate occurred in a single region near the injection location 
and !wo-phase upllow trom the core occurred outside the downflow region. 
Essentially all ECC injected in the upper plenum penetrated to the core. A significant 
portion 01 the steam flow was condensed in the upper plenum as the !wo-phase 
upllow and ECC injection mixed. For the single LPCI pump lailure case, about ha~ the 
steam was condensed. All steam was condensed lor the no lailure case. The 
condensate, as weil as some 01 the water carried out the core, was returned to the 
core with the water downflow, which had small subcooling. 

7.4 RESULTS RELATED TO UPPER PLENUM/HOT LEG DE-ENTRAINMENT 

During rellood, steam generated in the core flows through the upper plenum and hot 
legs toward the break. Some 01 the water carried by the steam Ilow evaporates due 
to heat transler trom hot sUrfaces, principally the steam generator U-tubes. This 
additional steam flow inhibits core venting and can degrade core cooling . This is 
relerred to as steam binding. 

In CCTF and UPTF tests with cold leg injection, water carried out 01 the core de­
entrained and accumulated upstream 01 the steam generator tube regions, principally 
in the upper plenum and steam generator inlet plena. This de-entrainment delayed 
carryover to tube regions by about 20 to 30 seconds, which was beneficial lor core 
cooling. At large-scale, water accumulation and (in some cases) run back in the hot 
legs initiated after the delay, which reduced the amount 01 water carried to the steam 
generators. CCTF tests showed that essentially all water carried over to the tube 
regions was vaporized. 

In tests with downcomer injection and vent valves, a substantial portion 01 the steam 
Ilowed Irom the upper plenum to the downcomer via the vent valves rather than the 
loops. The low loop steam flows reduced carryover to the steam generator tube 
regions. In lact, at low core steam flows, there was no carryover to the tube regions. 

In tests with UPI or combined injection, most 01 the steam generated in the core was 
condensed in the upper plenum and hot legs. Consequently, loop steam flows were 
low and the effects 01 carryover to the steam generators on core reflood were not 
significant. 

7.5 RESULTS RELATED TO STEAM/ECC INTERACTIONS IN THE LOOPS 

During an LBLOCA, subcooled ECC injected into the loops interacts with the loop 
steam nows. The steam is partiallY or completely condensed by the ECC. The extent 
01 condensation strongly affects the flow regime and delivery 01 ECC to the reactor 
vessel. 
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For high ECC injection rates into the cold legs where the condensation potential 
exceeded the steam flow, the loop steam flow was completely condensed resulting in 
formation of water plugs in the cold legs. The plugs oscillated upstream and 
downstream from the injection nozzle location. Consequently, delivery of ECC to the 
reactor vessel fluctuated. For low ECC injection rates typical of LPCI in US/J PWRs, 
the condensation potential was less than the steam flow and only a portion of the loop 
steam flow was condensed. The resunant flow regime was stratified cocurrent ftow 
and ECC delivery to the downcomer was steady. With both plug flow and stratified 
flow essentially all ECG injected in the cold legs was delivered to the downcomer. 

For hot leg ECC injection rates and loop steam flows typical of GPWRs with combined 
injection, the condensation potential of the ECC exceeded the steam flow and water 
plugs typically formed in the hot legs. In UPTF tests, the plugs grew toward the steam 
generator simulators as ECC accumulated in the hot legs. In some tests, steam was 
injected into the steam generator simulators when the plug front reached the tube 
regions to simulate vaporization by heat transfer from the secondary side. The plug 
was discharged into the upper plenum when either the hydrostatic head of the plug, 
cr the press ure increase due to steam injection in the steam generator simulator 
exceeded the loop differential press ure. Therefore ECC delivery to the upper plenum 
fluctuated. For lower loop steam flows, stratified countercurrent flow occurred in the 
hot legs even though the condensation potential was greater than the steam flow. 
Analyses indicate that the momentum flux of the steam flow was too low to support 
plug formation. With stratified ftow, water delivery to the upper plenum was steady. 
Regardless of the flow regime, essentially all ECC injected in the hot legs was 
delivered to the upper plenum. 

7.6 RESULTS RELATED TO GO RE THERMAL-HYDRAULIC BEHAVIOR 

Core thermal-hydraulic behavior determines the fuel temperature history during an 
LBLOCA and is sensrtive to the boundary condrtions at the core created by EGG 
system effectiveness and overall system response. The core behavior was studied 
extensively in tests at CCTF and SCTF. 

In tests with cold leg or downcomer ECC injection, the core heated up nearly 
adiabatically during the brief period after blowdown and before the lower plenum 
refilled to the bottom of the core. When the water level reached the core, extensive 
steam generation initiated. A quench front initiated and advanced steadily up the core. 
Some of the water flow into the core was entrained by steam flow and !wo-phase flow 
was quickly established over the entire core. The presence 01 water in the upper 
regions of the core provided good core cooling above the quench front. Parameter 
effects tests indicated that entrained water was evenly distributed across the core 
regardless of the inrtial power and temperature profiles in the core. 
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The core flooding rate was controlled by upper plenum-to-downcomer differential 
pressure and the downcorner driving head. In tests w~h vent valves. Ilow through the 
vent valves reduced the upper plenum-to-downcomer differential pressure. This 
resu~ed in an increase in the core flooding rate. 

W~h combined injection. ECC injected in the hot legs flowed downward to the cere in 
discrete regions. During end-ol-blowdown. tests and analyses indieate core eooling 
was provided by !wo-phase flow through the core and water downllow Irom the upper 
plenum. Within the downflow regions. luel rods were quenehed by the Ilow 01 
subcooled water. After blowdown and belore the lower plenum refilled to the bottom 
01 the eore. luel rods outside the downllow regions heated up while those in the 
downftow regions eontinued to be effectively eooled. 

During reftood. hot leg ECC injection delivered to the lower plenum e~her flowed up 
the downcorner to the break or back into the core from the bottom. Outside the 
downllow regions. steam generation initiated at the bottom 01 the cores as water 
entered the eore Irom the lower plenum. Water entrained by the steam flow was 
carried to the upper regions 01 the core and to the upper plenum. The presence 01 
water above the quench front re-established core eooling throughout the core. Most 
01 the steam vented out the top 01 the core was condensed in the upper plenum and 
hot legs by the hot leg ECC injection. The eondensed steam. as weil as water earried 
over to the upper plenum. was returned to the core with the water downflow; Le .• a 
reeireulation ftow path was established. Condensation 01 steam in the upper plenum 
and hot legs reduced the upper plenum pressure and resu~ed in a high core ftooding 
rate. Consequently. the quench front advanced quiekly up the core. 

In CCTF tests w~h LPCI into the upper plenum. ECC flowed down to the cere during 
relill and reflood. Downflow occurred only in a local region below the injection nozzles. 
During refill. the top portion 01 the core w~hin the downflow region was cooled by the 
water downflow while the remainder 01 the eore heated up essentially adiabatieally. 
During reflood. eore eooling by water downflow was limited to the upper elevations 01 
the eore w~hin the downflow region. Cooling 01 the remainder 01 the eore in~iated as 
water which penetrated to the lower plenum flowed back into the eore. Queneh Iront 
propagation was mainly from the bottom up. Steam generated in the core entrained 
water to the upper regions 01 the core. The presenee 01 water in the upper regions 
01 the core re-established eooling throughout the eore. The distribution 01 entrained 
water was un~orm across the eore. 

Overall. eore eooling was adequate lor all ECC injection modes. 
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7.7 RESULTS RELATED TO ACCUMULATOR NITROGEN DISCHARGE 

In some ECC systems, nitrogen is rapidly discharged into the primary system when 
the accumulators empty. The surge of nitrogen into the cold legs and downcomer 
suppresses steam condensation and pressurizes the downcomer. The increase in 
downcomer pressure lorces water Irom the downcomer into the core. Increased 
steam generation in the core and the reduced downcomer water level subsequently 
lead to a water outsurge Irom the core, which removes the benelicial core cooling 
ellec!. 

In a UPTF integral test which included simulation 01 accumulator nitrogen discharge, 
the high Ilow 01 nitrogen pressurized the downcomer resu~ing in a surge 01 water into 
the core. The core water level increased by 1.5 m; however, due to premature test 
termination, the peak level was not observed. While core heat transler was not 
covered in the test, TRAC PWR analyses indicate the hottest parts 01 the core are 
quenched by the surge in core water level. 

7.8 RESULTS RELATED TO SBLOCA PHENOMENA 

In the rellux condenser mode 01 core cooling 01 an SBLOCA, steam generated in the 
core Ilows Irom the reactor vessel through the hot legs to the steam generators 
countercurrent to condensate flowing back Irom the steam generators to the upper 
plenum. UPTF test resu~s indicated uninhibited water runback is expected during 
rellux condenser conditions 01 a PWR SBLOCA. 

In certain SBLOCA scenarios ECC is injected into water-lilled cold legs while the loops 
are stagnated. ff mixing 01 the ECC and primary coolant is poor, the ECC can 
"stream" through the cold leg and into downcomer, and potentially cool local regions 
01 the downcomer wall. In UPTF tests, ECC entering the downcomer was significantly 
warmed by mixing in the cold leg and the resultant plume 01 cooler water in the 
downcomer decayed quickly. These resu~s suggestthat ECC injection into water-lilled 
cold legs does not cause severe local changes in Iluid temperature at the vessel wall 
which could lead to pressurized thermal shock. 

During an SBLOCA in which the core uncovers and heats up at elevated pressure, the 
high pressure injection system (HPISj is the only available source 01 ECC. For PWRs 
with combined ECC injection, the HPIS injects ECC into the hot legs and delivery to 
the core is determined by the countercurrent flow lim~ation at the tie plate. In the 
UPTF test simulating these phenomena, water downflow through the tie plate was not 
inhibited by the steam upflow Irom the core and essentially all ECC injected in the hot 
legs was delivered to the core. 
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7.9 CONCLUSIONS 

The 20/30 Program demonstrated the effectiveness 01 existing ECC systems and 
quantified the margin associated wrth traditional, conservative evaluation approaches. 
Furthermore, the program developed insights into the controlling phenomena, 
including mu~idimensional effects, on emergency core cooling. Scaling effects on 
these phenomena were investigated and quantilied. 
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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-
59-283, September 1984. 

"Data Report on Large Scale Reftood 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. 

8-22 



J-130 "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. 

J-131 "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. 

J-132 "Data Report on Large Scale Reflood Test-74 -- SCTF Test S2-07 (Run 
612)," prepared by Japan Atomic Energy Research Instrtute, JAERI-Memo-
59-436, February 1985. 

J-133 "Data Report on Large Scale Reflood Test-75 -- SCTF Test S2-08 (Run 
613)." prepared by Japan Atomic Energy Research Instrtute, JAERI-Memo-
59-437, February 1985. 

J-134 "Data Report on Large Scale Reflood Test-76 -- SCTF Test S2-09 (Run 
614) ," prepared by Japan Atomic Energy Research Instrtute, JAERI-Memo-
59-438, February 1985. 

J-135 "Data Report on Large Scale Reflood Test-90 -- SCTF Test S2-10 (Run 
615) ," prepared by Japan Atomic Energy Research Instrtute, JAERI-Memo-
60-11 0, May 1985. 

J-136 "Data Report on Large Scale Reflood Test-91 -- SCTF Test S2-11 (Run 
616) ," prepared by Japan Atomic Energy Research Instrtute, JAERI-Memo-
60-111 , May 1985. 

J-137 "Data Report on Large Scale Reflood Test-92 -- SCTF Test S2-12 (Run 
617) ," prepared by Japan Atomic Energy Research Instrtute, JAERI-Memo-
60-112, May 1985. 

J-138 "Data Report on Large Scale Reflood Test-93 -- SCTF Test S2-13 (Run 
618) ," prepared by Japan Atomic Energy Research Instrtute, JAERI-Memo-
60-113, May 1985. 

J-139 "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. 

J-140 "Data Report on Large Scale Reflood Test-99 -- SCTF Test S2-15 (Run 
620)," prepared by Japan Atomic Energy Research Instrtute, 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, Gctober 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, Getober 1985. 

J-143 "Data Report on Large Scale Reflood Test-1 02 -- SCTF Test S2-18 (Run 
623)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
60-268, Getober 1985. 

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, Getober 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, Getober 1985. 

SCTF Core-II! 

J-151 "Data Report on Large Scale Reftood 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 Reftood 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 "Oata Report on Large Scale Reflood Test-110 -- SCTF Test S3-04 (Run 
708)," prepared by Japan Atomic Energy Research lnsmute, JAERI-Memo-
62-120, March 1987. 

J-157 "Oata Report on Large Scale Reflood Test-111 -- SCTF Test S3-05 (Run 
709)," prepared by Japan Atomic Energy Research Inst~ute, JAERI-Memo-
62-121, March 1987. 

J-158 "Oata Report on Large Scale Reflood Test-112 -- SCTF Test S3-06 (Run 
710)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
62-122, March 1987. 

J-159 "Oata Report on Large Scale Reflood Test-113 -- SCTF Test S3-07 (Run 
711) ," prepared by Japan Atomic Energy Research lnsmute, JAERI-Memo-
62-123, March 1987. 

J-160 "Oata Report on Large Scale Reflood Test-114 -- SCTF Test S3-08 (Run 
712) ," prepared by Japan Atomic Energy Research Inst~ute, JAERI-Memo-
62-124, March 1987. 

J-161 "Oata Report on Large Scale Reflood Test-115 -- SCTF Test S3-09 (Run 
713)," prepared by Japan Atomic Energy Research Inst~ute, JAERI-Memo-
62-125, March 1987. 

J-162 "Oata Report on Large Scale Reflood Test-116 -- SCTF Test S3-10 (Run 
714)," prepared by Japan Atomic Energy Research Inst~ute, JAERI-Memo-
62-126, March 1987. 

J-163 "Oata Report on Large Scale Reflood Test-117 -- SCTF Test S3-11 (Run 
7(5)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
63-076, March 1988. 

J-164 "Oata Report on Large Scale Reflood Test-118 -- SCTF Test S3-12 (Run 
716)," prepared by Japan Atomic Energy Research Inst~ute, JAERI-Memo-
63-233, June 1988. 

J-165 "Oata Report on Large Scale Reflood Test-119 -- SCTF Test S3-13 (Run 
7(7)," prepared by Japan Atomic Energy Research Inst~ute, JAERI-Memo-
63-077, March 1988. 

J-166 "Oata Report on Large Scale Reflood Test-12O -- SCTF Test S3-14 (Run 
718)," prepared by Japan Atomic Energy Research Inst~ute, 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-121 -- 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. 

"Data Report on Large Scale Reflood Test-123 -- SCTF Test S3-17 (Run 
721 ):' 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 Institute, JAERI-Memo-
63-234, June 1988. 

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

"Data Report on Large Scale Reflood Test-127 -- SCTF Test S3-21 (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 S3-22 (Run 
726)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
01-065, March 1989. 

QUICK LOOK REPORTS 

CCTF Core-I 

J-201 "Quick Look Reporton Large Scale Reflood Test, Shakedown Test 1--CCTF 
Test C1 -SH1 (Run 005)," prepared by Japan Atomic Energy Research 
Institute, JAERI-Memo-8641 , January 1979. 

J-202 "Quick Look Report on LargeScale Reflood Test, Shakedown Test 3--CCTF 
Test C1-SH3 (Run 007)," prepared by Japan Atomic Energy Research 
Institute, JAERI-Memo-8930, June 1980. 

J-203 "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, Oetober 1980. 
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J-204 "Quick Look Report on Large Scale Reflood Test-I -- CCTF Test CI-I 
(Run 010)," prepared by Japan Atomic Energy Research Inst~ute, JAERI­
Memo-8453, August, 1979. 

J-205 "Quick Look Report on Large Scale Reflood Test-2 -- CCTF Test CI-2 
(Run 011 )," prepared by Japan Atomic Energy Research Inst~ute, JAERI­
Memo-8530, October 1979. 

J-206 "Quick Look Report on Large Scale Reflood Test-3 -- CCTF Test CI-3 
(Run 012)," prepared by Japan Atomic Energy Research Inst~ute, JAERI­
Memo-8538, November 1979. 

J-207 "Quick Look Report on Large Scale Reflood Test-4 -- CCTF Test CI-4 
(Run 013) ," prepared by Japan Atomic Energy Research Inst~ute, JAERI­
Memo-8685, February 1980. 

J-208 "Quick Look Report on Large Scale Reflood Test-5 -- CCTF Test CI-5 
(Run 014)," prepared by Japan Atomic Energy Research Inst~ute, JAERI­
Memo-8696, February 1980. 

J-209 "Quick Look Report on Large Scale Reflood Test-6 -- CCTF Test CI-6 
(Run 015)," prepared by Japan Atomic Energy Research Inst~ute, JAERI­
Memo-8990, July 1980. 

J-210 "Quick Look Report on Large Scale Reflood Test-7 -- CCTF Test CI-7 
(Run 016)." prepared by Japan Atomic Energy Research Inst~ute, JAERI­
Memo-8991 , July 1980. 

J-211 "Quick Look Report on Large Scale Reflood Test-8 -- CCTF Test CI-8 
(Run 017) ," prepared by Japan Atomic Energy Research Inst~ute, JAERI­
Memo-8992, July 1980. 

J-212 "Quick Look Report on Large Scale Reflood Test-9 -- CCTF Test CI-9 
(Run 018)," prepared by Japan Atomic Energy Research Inst~ute, JAERI­
Memo-9125, September 1980. 

J-213 "Quick Look Report on Large Scale Reflood Test-l0 -- CCTF Test Cl-l0 
(Run 019),' prepared by Japan Atomic Energy Research Inst~ute , JAERI­
Memo-9207, November 1980. 

J-214 "Quick Look Report on Large Scale Reflood Test-li -- CCTF Test CI-li 
(Run 020)," prepared by Japan Atomic Energy Research Inst~ute, JAERI­
Memo-9208, November 1980. 
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J-215 

J-216 

J-217 

J-218 

J-219 

J-220 

J-221 

J-222 

J-223 

J-224 

J-225 

"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 Instrtute, 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 Instrtute, 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 C1-1 7 
(Run 036) ," prepared by Japan Atomic Energy Research Institute, JAERI­
Memo-9712, October 1981. 

"Quick Look Report on Large Scale Reffood Test-19 -- CCTF Test C1 -18 
(Run 037)," prepared by Japan Atomic Energy Research Institute, JA ER 1-
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 Instrtute, JAERI 
Memo 9904, February 1982. 
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CCTF Core-II 

J-241 "Quick Look Report on Large Scale Core-II Reflood Test, First Shakedown 
Test C2-SHI (Run 53)," prepared by Japan Atomic Energy Research 
Inst~ute, JAERI-Memo-57-397, December 1982. 

J-242 "Quick Look Report on CCTF Core-II Reflood TeGt, Second Shakedown 
Test, C2-SH2 (Run 54)," prepared by Japan Atomic Energy Research 
Inst~ute, JAERI-Memo-57-391, December 1982. 

J-243 "Quick Look Report on CCTF Core-II Reflood Test C2-1 (Run 55)," 
prepared by Japan Atomic Energy Research Inst~ute, JAERI-Memo-57-392, 
December 1982. 

J-244 "Quick Look Report on CCTF Core-II Reflood Test C2-2 (Run 56)," 
prepared by Japan Atomic Energy Research Inst~ute, JAERI-Memo-57-393, 
December 1982. 

J-245 "Quick Look Report on CCTF Core-II Reflood Test C2-AAl (Run 57) -­
Investigation 01 the Reflood Phenomena Under Upper Plenum Injeetion 
Condition," prepared by Japan Atomic Energy Research Inst~ute, JAERI­
Memo-56-415, November, 1983. 

J-246 "Quick Look Report on CCTF Core-II Reflood Test C2-AA2 (Run 58) -­
Investigation 01 Downcomer Injeetion Effeets," prepared by Japan Atomic 
Energy Research lnsmute, JAERI-Memo-58-3B6, Oetober 1983. 

J-247 "Quick Look Report on CCTF Core-II Reflood Test, C2-ASI (Run 59) -­
Investigation on the Reflood Phenomena Under Upper Plenum Injeetion 
Cond~ion," prepared by Japan Atomic Energy Research lnsmute, JAERI­
Memo-58-416, November 1983. 

J-248 "Quick Look Report on CCTF Core-II Reflood Test C2-AS2 (Run SO) -­
Effeet 01 Vent Valve Type ECCS.l ," prepared by Japan Atomic Energy 
Research Inst~ute, JAERI-Memo-58-459, January 1984. 

J-249 "Quick Look Report on CCTF Core-II Reflood Test C2-3 (Run 61) -­
Investigation 01 In~ial Downcomer Water Accumulation Rate Effeets," 
prepared by Japan Atomic Energy Research Inst~ute, JAERI-Memo-58-460, 
January 1984. 

J-250 "Quick Look Report on CCTF Core-II Reflood Test C2-4 (Run 62) -­
Investigation 01 Reproducibil~," prepared by Japan Atomic Energy 
Research Inst~ute, JAERI-Memo-58-479, January 1984. 
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J-251 

J-252 

J-253 

J-254 

J-255 

J-256 

J-257 

J-258 

J-259 

J-260 

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

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

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

"Quick Look Report on CCTF Core-II Refiood 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-II Refiood 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-II Reflood Test C2-1 0 (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·1I Reflood 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 
Inst~ute, JAERI Memo-59-013, February 1984. 

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

"Quick Look Report on CCTF Core-II Reflood Test, C2-13 
(Run 72) -- Investigation of the Reflood Phenomena far 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-II Reflood Test C2-14 (Run 74) -­
Investigation of the Refill Phenomena and ~s Effect on the Refiooding 
Behavior," prepared by Japan Atomic Energy Research Institute, JAERI­
Memo-59-352, October 1984. 
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J-261 "Quick look Report on CCTF Core-II Reflood Test C2-15 (Run 75) -­
Investigation of FlECHT-SET Coupling Test Resu~s," prepared by Japan 
Atomic Energy Research lnsmute, JAERI-Memo-60-255, September 1985_ 

J-262 "Quick look Report on CCTF Core-II Reflood Test C2-16 (Run 76) -- Effect 
of Asymmetrie Upper Plenum Injection on Reflood Phenomena," prepared 
by Japan Atomic Energy Research Inst~ute, JAERI-Memo-60-142, June 
1985. 

J-263 "Quick look Report on CCTF Core-II Reflood Test C2-17 (Run 77) -­
Investigation of the Refill Phenomena w~h Core Reversal Steam Flow," 
prepared by Japan Atomic Energy Research Inst~ute, JAERI- Memo-61 -
136, May 1986. 

J-264 "Quick look Report on CCTF Core-II Reflood Test C2-18 (Run 78) -- Best 
Estimated Refili/Reflood Upper Plenum Injection Test," prepared by Japan 
Atomic Energy Research Inst~ute, JAERI-Memo-60-372, December 1985. 

SCTF Core-I 

J-281 "Quick look Report on large Scale Reflood Test-17 -- SCTF Test SI-SHI 
(Run 505) ," prepared by Japan Atomic Energy Research Inst~ute, JAERI­
Memo-9702, September 1981. 

J-282 "Quick look Report on large Scale Reflood Test-20 -- SCTF Test SI-SH2 
(Run 506)," prepared by Japan Atomic Energy Research Inst~ute , JAERI­
Memo-9732, October 1981. 

J-283 "Quick look Report on large Scale Reflood Test-22 -- SCTF Test SI-02 
(Run 508)," prepared by Japan Atomic Energy Research Inst~ute , JAERI­
Memo-9734, November 1981 . 

J-284 "Quick look Report on large Scale Reflood Test-25 -- SCTF Test SI-03 
(Run 509) ," prepared by Japan Atomic Energy Research Inst~ute, JAERI­
Memo-9803, November 1981. 

J-285 "Quick look Report on large Scale Reflood Test-26 -- SCTF Test SI-04 
(Run 510), prepared by Japan Atomic Energy Research lnsmute, JAERI­
Memo-9804, November 1981. 

J-286 "Quick look Report on large Scale Reflood TeSI-27 -- SCTF Test SI-OS 
(Run 511 )," prepared by Japan Atomic Energy Research Inst~ute, JAERI­
Memo-9805, November 1981. 
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J-287 

J-288 

J-289 

J-290 

J-291 

J-292 

"Quick Look Report on Large Scale Rel lood 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 Reflood 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 Scale Reflood Test-35 -- SCTF Test S1-11 
(Run 517) ." prepared by Japan Atomic Energy Research Institute, JAERI· 
Memo-57-1 80, July 1982. 

EVALUATION REPORTS 

CCTF Cere-I 

J-401 "Evaluation Report on CCTF Core-I Reflood Test C1-SH5 (Run 009) -­
Investigation 01 the PKL Coupling Test," prepared by Japan Atomic Energy 
Research Institute, JAERI-Memo-9965, February 1982. 

J-402 "Evaluation Report on CCTF Core-I Reflood Test C1-1 (Run 010) -­
Investigation 01 the Loop Flow Resistance Effect," prepared by Japan 
Atomic Energy Research Inst~ute, JAERI-Memo-9966, February 1982 
(publicly released as JAERI-M-83-140, September 1983). 

J-403 "Evaluation Report on CCTF Core-I 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-404 "Evaluation Report on CCTF Care-I Reflood Tests Cl -2 (Run 11) and Cl-ll 
(Run 20) -- Effect of the Installment of the Baffle Plates in the Control Rod 
Guide Tubes and the Spool Piece in the Primary Loops," prepared by 
Japan Atomic Energy Research Instttu1e, JAERI-M-83-094, June 1983. 

J-405 "Evaluation Report on CCTF Core-I Reflood Tests Cl-2 (Run 11) and Cl-3 
(Run 12) -- Effects of In~ial Downcomer Wall Temperature on System 
Behavior of a PWR during Reflood Phase of a Loss-Of-Coolant Accident," 
prepared by Japan Atomic Energy Research Inst~u1e , JAERI-Memo-9925, 
January 1982. 

J-406 "Evaluation Report on CCTF Core-I Reflood Tests Cl-2 (Run 11) and Cl-3 
(Run 12) -- Effects of In~ial Superheat of the Downcomer Wall," prepared 
by Japan Atomic Energy Research Inst~u1e, JAERI-M-83-090, June 1983. 

J-407 "Evaluation Report on CCTF Core-I Reflood Test Cl-4 (Run 13) and Cl -15 
(Run 24) -- Investigation of the Refill Simulation and the Nitrogen Injection 
Effects," prepared by Japan Atomic Energy Research Inst~u1e, JAERI­
Memo-9967, February 1982 (publicly released as JAERI-M-83-121 , August 
1983). 

J-408 "Evaluation Report on CCTF Core-I Reflood Test Cl-5 (Run 14) -- Overall 
System Thermo-Hydrodynamic Behavior Observed in the Base Case Test," 
prepared by Japan Atomic Energy Research Inst~u1e, JAERI-Memo-57 -051, 
March, 1982 (publicly released as JAERI-M-83-207, February 1983). 

J-409 "Evaluation Report on CCTF Core-I Reflood Tests Cl-5 (Run 14), Cl -l0 
(Run 19) and Cl-12 (Run 21) -- Effects of Containment Pressure on System 
Behaviors During Reflood Phase of a LOCA," prepared by Japan Atomic 
Energy Research Inst~u1e, JAERI-Memo-57-013, February 1982 (publicly 
released as JAERI-M-83-091, June 1983). 

J-410 "Evaluation Report on CCTF Core-I Reflood Tests C1-5 (Run 14), Cl-17 
(Run 36) and C1-20 (Run 39) -- Core Thermo-Hydrodynamics and 
Thermally Mukidimensional Effects On k," prepared by Japan Atomic 
Energy Research Instttu1e, JAERI-Memo-57-052, March 1982. 

J-411 "Evaluation Report on CCTF Core-I Reflood Tests Cl-6 (Run 15), Cl-9 
(Run 18), Cl-ll (Run 20) and C1-13 (Run 22) -- Effects of ECC Water 
Injection Rate," prepared by Japan Atomic Energy Research Inst~u1e, 
JAERI-Memo-57-018, March 1982 (publicly released as JAERI-M-83-044). 
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J-412 

J-413 

J-414 

J-415 

J-416 

J-417 

J-418 

J-419 

J-420 

"Evaluation Report on CCTF Core-I Rellood Tests C1-7 (Run 16) and C1-14 
(Run 23) -- Effects 01 Initial Clad Temperature," prepared by Japan Atomic 
Energy Research Instrtute, JAERI-Memo-9953, February 1982 (publicly 
released as JAERI-M-83-026). 

"Evaluation Report on CCTF Core-I Reftood 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-I Reflood Tests C1-16 (Run 25) , C1-21 
(Run 40) and C1 -22 (Run 41) -- Comparison of the FLECHT-SET Test 
Resu~s 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-I 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 Rellood Test C1-19 (Run 38) -­
Experimental Assessment of the Evaluation Model For the Salety Analysis 
on the Reflood Phase 01 a PWR LOCA," prepared by Japan Atomic Energy 
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Behavior in Pressure Vessel during Rellood in a PWR)," prepared by Japan 
Atomic Energy Research Institute, JAERI-Memo-01-058, March 1989 
(publicly released as JAERI-M-90-236, January 1991). 
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J-568 "Evaluation Report on SCTF Core-III Test S3-17 (Investigation 01 Thermo­
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Reflood Phase of a PWR LOCA," prepared by Japan Atomic Energy 
Research Institute, JAERI-M-8978, August 1980. 
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"Study 01 the Thermo-Hydrodynamic Phenomena in the Nuclear Core 
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ABB 

ACC 

ATHLET 

B&W 

BBR 

BCl 

BE 

BMFT 

BOCREC 

BTD 

CCFL 

CCTF 

CE 

CI 

CL 

CU 

CS 

Section 9 

ABBREVIATIONS AND ACRONYMS 

ASEA Brown Boveri 

Accumulators 

Code lor Analysis 01 Thermal-Hydraulics 01 leaks and 
Transients 

Babcock & Wilcox 

Brown Boveri Reaktor (now ASEA Brown Boveri) 

Broken Cold Leg 

Best-estimate 

Bundesministerium tuer Forschung und Technologie 
(Federal Ministry lor Research and Technology) 

Bottom 01 Core Recovery 

Breakthrough Detector 

Countercurrent Flow Um~ation 

Cylindrical Core Test Facil~ 

Combustion Engineering (now ABB-CE) 

Combined Injection 

Cold Leg 

Cold Leg Injection 

Core Simulator (UPTF) 
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CSAU 

DAS 

DB 

DC 

DCI 

DP 

ECC 

ECCS 

EM 

EOB 

FASS 

FDG 

FLECHT-SEASET 

FRG 

GKM 

GPWR 

GRS 

HL 

HLI 

HPCI 

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 

Fast Automatie Shutdown System (UPTF) 

Fluid Distribution Grid 

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

Federal Republic of Germany 

Grosskraftwerk Mannheim 

German Pressurized Water Reactor 

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

Hot Leg 

Hot Leg Injection 

High Pressure Coolant Injection 
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HPI 

HPIS 

HPSI 

IDL 

INEL 

J 

JAERI 

KWU 

LANL 

LBLOCA 

LLD 

LOBI 

LOCA 

LOFT 

LPCI 

LPI 

LPIS 

MK 

MPR 

ORNL 

PCT 

PKL 

High Pressure Injection 

High Pressure Injection System 

High Pressure Salety Injection 

Instrument Development Loop 

Idaho National Engineering Laboratory 

Japan 

Japan Atomic Energy Research Institute 

Kraftwerk Union (nowadivision 01 Siemens) 

Los Alamos National Laboratory 

Large Break Loss-ol-Coolant Accident 

Uquid Level Detector 

Loop 01 Blowdown Investigation 

Loss-of-Coolant Accident 

Loss 01 Fluid Test 

Low Pressure Coolant Injection 

Low Pressure Injection 

Low Pressure Injection System 

Muehlheim Kaerlich PWR 

MPR Associates 

Oak Ridge National Laboratory 

Peak Cladding T emperature 

Primarkreislaufe (Primary Coolant Loop - KWU Test 
Facility) 
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PTS Pressurized Thermal Shock 

PWR Pressurized Water Reactor 

REFLA Reflood Analysis (Code) 

RELAP Reactor Leak and Analysis Program (Code) 

ROSA Rig of Safety Assessment 

SBLOCA Small Break Loss-of-Coolant Accident 

SCTF Slab Core Test Facility 

SG Steam Generator 

SGIP Steam Generator Simulator Inlet Plena 

SGS Steam Generator Simulator 

SGTR Steam Generator Simulator Tube Regions 

TRAC Transient Reactor Analysis Code 

TUM Technische Univers~aet Muenchen (Technical 
University of Munich) 

1V Test Vessel 

UCSP Upper Core Support Plate 

UK Un~ed Kingdom 

UP Upper Plenum 

UPI Upper Plenum Injection 

UPTF Upper Plenum Test F acil~ 

US Un~ed States 

USNRC United States Nuclear Regulatory Commission 

w Vent Valve 
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W/S 

Westinghouse Electric Corperation 

Ratio of Cere Simulator Water and Steam Injection 
Rates (UPTF) 
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