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ABSTRACT

This document summarizes significant results from the Semiscale Program, which 
examined pressurized water reactor (PWR) safety issues from 1965 to 1986. Most o f  
these issues were related to plant response during loss-of-coolant accidents and opera
tional transients. The Semiscale program utilized a series o f  non-nuclear, scaled, 
PWR plant simulators to provide thermal-hydraulic data at prototypical pressures 
and temperatures for a wide range o f  nuclear safety issues. Presented are: a historical 
perspective o f the Semiscale Program relative to reactor safety with a catalog of the 
Semiscale experimental facilities and data bases, the relationship o f  Semiscale results 
to 10 CFR PART 50 (Appendix K), the impact o f  Semiscale results on scaling experi
mental results to full sized operating plants, a summary o f safety issues that were 
addressed by Semiscale testing as they arose throughout the operational lifetime o f  
Semiscale, the contributions o f  the Semiscale Program to safety technology, a 
description o f phenomena observed during Semiscale testing, the impact o f  Semiscale 
data on code development and assessment, the applicability o f  the Semiscale data 
base for code development and assessment, and finally, major conclusions and 
accomplishments o f the Semiscale program.
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EXECUTIVE SUMMARY

The Semiscale experimental program provided 
both integral and separate effects non-nuclear 
thermal-hydraulic data bases for light water reactor 
safety issues spanning the time frame 1965 to 1986. 
In over 20 years o f  testing the Semiscale program 
produced more than 250 experiments at prototypi
cal pressures and temperatures concerning most 
major issues associated with loss-of-coolant acci
dents (LOCA) and other abnormal transients for a 
pressurized water reactor (PWR). The data was 
used to stimulate thinking about phenomena asso
ciated with these PWR safety issues and as a basis 
for code/data comparison in code development 
and assessment efforts. This document first cata
logs the various Semiscale facilities and data bases 
and then discusses the impact o f  Semiscale data on 
licensing (10 CFR Part 50 - Appendix K) issues, 
and safety technology. Secondly, major thermal- 
hydraulic phenomena observed in Semiscale experi
ments are summarized, followed by a discussion on 
the impact o f  the Semiscale program on code devel
opment and assessment. Finally, this document 
catalogs the Semiscale data base as to applicability 
o f the data base for code assessment and develop
ment purposes.

The Semiscale program was conducted for the 
Atomic Energy Commission (AEC), the Energy 
Research and D evelopm ent A dm in istration  
(ERDA), the Department o f Energy (DOE), and 
the Nuclear Regulatory Commission (NRC). The 
program was performed by a variety o f contractors; 
Phillips Petroleum, Idaho Nuclear Corporation, 
Aerojet Nuclear Corporation, and lastly, EG&G 
Idaho, Inc. The Semiscale program used a series o f  
facilities called “M ods” to address water reactor 
safety concerns. All these Mods were designed to 
simulate a commercial Westinghouse four-loop  
PWR. Semiscale Mods contained most o f  the 
major components found in large PWRs; active 
loops with pumps, steam generators, and a vessel 
with an electrically heated core. Because the system 
was non-nuclear, extensive and accurate measure
ment systems were possible. The non-nuclear fea
ture allow ed fast experim ental turnaround. 
Regardless o f Mod, the scaling approach to model 
a PWR was basically power-to-volume scaling and 
the scaling factor was on the order of 1:1705 o f a 
commercial PWR. The early Mods were designed 
to investigate large break design basis accidents 
involving double-ended offset shears o f  cold leg 
piping. F ollow ing the TM I-2 accident in

March 1979, emphasis was shifted to the investiga
tion o f  small breaks and other abnormal transients 
with the Mods using full height components.

The Semiscale data base was used by the water 
reactor research community primarily in two ways: 
first, for exploratory research and second, for code 
development and assessment. Test series that were 
performed as exploratory research include: alter
nate ECC injection where lower plenum, upper 
head, and pump suction injection effectiveness 
were noted; reduced initial pressure large break 
LOCAs investigated the concept o f  spontaneous 
nucleation and the effect o f  C H F/D N B  response; 
steam generator tube rupture concurrent with large 
break LOCA (LBLOCA) investigated the effect o f  
additional steam binding caused by the tube rup
ture on reflood phenomena and transient severity; 
steam generator tube rupture as the initiating event; 
general operator response effectiveness during a 
steam generator tube rupture as the initiating event; 
system recovery experiments where primary feed 
and bleed effectiveness was analyzed, including sta
tion blackout assumptions; effect on small break 
LOCA (SBLOCA) transient severity due to various 
allowed upper head to downcomer bypass flows; 
secondary side breaks; and finally ultra-small 
break LOCAs with degraded high pressure injec
tion (HPI) and the required operator responses to 
mitigate the consequences o f  such accidents.

Many o f  these exploratory research series used 
commercial PWR Emergency Operating Proce
dures (EOPs) as a guide in performing the experi
ment. Semiscale was capable o f performing most 
operator functions such as pressurizer auxiliary 
spray, safety injection/pressurizer power operated 
relief valve (Sl/PORV) feed and bleed operations, 
SI operation, pump restart, steam generator feed 
and steam operations, and pressurizer internal 
heater operation. Several separate effects data 
bases were also generated under exploratory 
research, including natural circulation, reflood 
heat transfer, and tee critical flow. Test series per
formed to provide data for development and assess
ment included: basic large, intermediate, and small 
break LOCA signature response. Many o f these 
areas under exploratory research were also used for 
code assessment efforts.

The Semiscale experimental data impacted water 
reactor safety research by providing data on relative 
conservatism o f Appendix K to 10 CFR Part 50 
for licensing issues. Semiscale data showed an
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overall conservatism and thoroughness o f  Appen
dix K assumptions most notably in the area o f  criti
cal heat flux (CHF) and post-CHF heat transfer, 
reflood, pump modeling, two-phase flow model
ing, and break flow modeling.

Semiscale provided scaled data to help assess the 
applicability o f  using scaled data to infer actual 
PWR expected response. In addition, common 
scaling distortions were identified in scaled facili
ties. Semiscale data aided in the extrapolation o f  
scaled data response for reactor transients to the 
actual expected PWR response. This was accom
plished by comparing Semiscale data to other 
larger scaled (but sometimes less well instru
mented) experimental data. Semiscale event timing 
and scaled magnitudes o f  parameters compare 
favorably with LOFT (1/50), PKL (1/134 scale) 
and LOBI (1/500 scale), and actual plant experi
ence (TMI-2 and GINNA transient data). Semi
scale scaling studies in addition to the comparison 
with other facilities show that Semiscale is in a class 
o f facilities that replicate most first order effects 
thought important for selected reactor transients. 
As a part o f  this scaling effort. Semiscale experi
ments formed a basis o f an international coopera
tive counterpart testing program  including  
ROSA-IV and LOBI.

Semiscale provided data in a timely manner, 
addressing ongoing safety issues as they arose. 
Safety issues addressed by Sem iscale testing  
included: steam generator tube rupture during full 
power operation; preferred primary coolant pump 
operation during SBLOCA; station blackout dur
ing full power conditions; relative effectiveness o f  
operator actions during abnormal transients; effec
tiveness o f  natural circulation heat removal during 
SBLOCA and operational transients; alternate 
forms o f ECCS; transient severity during steam 
generator tube rupture concurrent with large break 
LOCAs; vessel void formation and removal tech
niques during secondary side breaks. Issues 
addressed specific to small break LOCA safety 
included: the effect o f  “liquid holdup” on suction 
seal formation and resulting manometric core level 
depression; primary core liquid boiloff and depres- 
surization following accumulator injection; ultra 
small breaks with degraded emergency core cooling 
(ECC); transient severity relative to break size and 
location; and the effect o f  upper head to down
comer bypass flow on transient severity.

Semiscale provided experimental test beds to 
improve safety technology. Semiscale successfully 
tested an actual Westinghouse reactor vessel liquid 
level indicating system (RVLIS) and showed viabil

ity o f  that concept during a SBLOCA. Techniques 
were developed for measuring primary and second
ary side heat transfer coefficients using triplet ther
m ocouples and steam generator riser gamma  
densitometers. Using this technique, existing corre
lations for secondary side heat transfer were evalu
ated and found to be inadequate. An important 
parameter for transient analysis is secondary mass 
inventory. Semiscale developed a technique, using 
existing measurements, to measure the mass inven
tory in a steam generator secondary during steam
ing conditions. However, normal measurements are 
perturbed by flow effects. Semiscale sponsored 
research for state-of-the-art measurement develop
ment throughout its charter. Semiscale instrumen
tation techniques have been widely used by LOFT, 
LOBI, ROSA, FIST, MIST, Flecht-Seaset, UPTF, 
UMCP, CCTF, SCTF, PKL, and THTF programs. 
Measurement development included drag devices, 
turbine meters, gamma and x-ray densitometers, 
two-phase flow condensing systems, optical probes 
using STORZ lens and video cameras, and core rod 
clad temperature measurement devices.

The Semiscale program created a detailed data 
base with a great variety o f  high pressure/high tem
perature therm al-hydraulic phenom ena repre
sented. Semiscale tests examined such phenomena 
as counter current flow, signature responses to 
blow dow n, reflood  therm al and hydraulic  
response, core thermal and hydraulic response to 
high pressure boiloff, condensation effects, two- 
phase flow regime mapping, critical flow in nozzles 
and Tee’s, and flooding behavior in pressurizer 
surge lines during PORV operation. The Semiscale 
data added to the world data base on these items 
and can be used by thermal-hydraulic researchers in 
fields other than water reactor safety.

The primary charter o f the Semiscale program was 
to produce integral system effects data for use in code 
assessment and development efforts. Semiscale con
tributed to those efforts in the following areas: stand
ard problems; double-blind pretest predictions; pretest 
scoping calculations; and most importantly in the area 
of benchmarking codes for a given transient type. 
Codes that were benefited by the Semiscale data 
include RELAP5, TRAC-BDl, TRAC-PFl, and 
RELAP4. On the order o f 40 Semiscale integral exper
iments have been used in the assessment o f these codes. 
Semiscale impacted code development mainly because 
Semiscale was a constant user o f the experimental ver
sions of the codes for pretest scoping calculations and 
pretest predictions. Many undocumented minor cod
ing errors and modeling and nodalization problems 
were solved through this interaction. Specific examples
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o f Semiscale’s importance to code development are the 
Semiscale pump model, transition boiling model, pres
surizer vertical stratification model, small break vapor 
pull through, and liquid entrainment of Tee junction 
modeling, and developmental assessment comparisons 
between code £uid data. The applicability of Semiscale 
experiments for code development and assessment 
efforts has been catalogued. Included in this catalog 
are small, intermediate, and large break issues and phe

nomena. The data has been catalogued as to poor, fair, 
good, or excellent retrievability o f configuration 
reporting. The same ratings apply for data quality for 
assessment purposes. An extensive data base covering a 
wide range o f issues has a rating o f excellent configura
tion availability and data quality. The Semiscale data 
will continue to be used in the assessment efforts both 
by NRC contractors, domestic vendors, utilities, and 
universities, as well as foreign users.
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SUMMARY OF THE SEMISCALE PROGRAM 
(1965-1986)

1. INTRODUCTION

This report summarizes the Idaho National 
Engineering Laboratory’s Semiscale program con
ducted by multiple contractors including Phillips 
Petroleum C o., Idaho Nuclear, Aerojet Nuclear 
and EG&G Idaho, Inc. during the years 1965 to 
1986. In this time period, the Semiscale program 
was performed for the Atomic Energy Commission 
(AEC) and the Nuclear Regulatory Commission, 
and administered by the Energy Research and 
Development Administration (ERDA) and the 
Department o f Energy (DOE). The Semiscale pro
gram was a non-nuclear experimental program that 
provided thermal-hydraulic data on almost the 
entire spectrum o f light water reactor safety issues 
that occurred over this time frame. The facilities 
used by this program simulated most o f the impor
tant factors of large scale pressurized water reactors 
and the experiments produced data at representa
tive pressurized water reactor (PWR) operating 
conditions.

The principal charter o f  the Semiscale experi
mental program through the years was to produce 
scaled, integral system thermal-hydraulic data for 
code development and assessment relative to light 
water reactor safety issues. The Semiscale program 
provided an immediate test o f code applicability by 
performing pre- and post-test calculations for most 
o f the experiments. These calculations gave an 
ongoing assessment o f  code capabilities. In addi
tion to this overall charter. Semiscale provided 
other services to the water reactor research commu
nity. Originally the early Semiscale program pro
vided integral experimental support for the larger 
scale Loss-of-Fluid-Test Facility (LOFT);^ in fact, 
one o f the early Semiscale facilities was scaled to 
the LOFT facility. In doing so, important data on 
the effect o f scale on system response for large 
break LOG A analysis was obtained. Semiscale data 
improved transient understanding and stimulated 
thinking about reactor transient phenomena by 
providing experimental details such as transient 
mass distribution and heat transfer information. 
Semiscale conducted several separate effects experi
ments involving basic heat transfer and fluid flow, 
which provided support for NRG programs.

The Semiscale program used a variety o f  integral 
loop Mods that were basically small-scale non
nuclear representations o f  a four loop pressurized 
water reactor (PWR). The Semiscale Mods simu
lated most o f  the large PWR counterparts com po
nents such as pumps, loops, steam generators and 
vessel. The non-nuclear, electrically heated core 
expedited experimental turnaround. The various 
Semiscale Mods were all high temperature, high 
pressure light water facilities with initial thermal 
hydraulic conditions similar to the PWR counter
part (pressure, hot leg subcooling, core differential 
temperature).

Section 2 o f  this report gives a historical perspec
tive o f  the role played by the Semiscale program in 
the field o f  water reactor safety research; Section 3, 
a detailed description o f the various Mods used by 
the Semiscale program, and a discussion cataloging 
the various experiments performed; Section 4 
examines the impact the results from the Semiscale 
Program had on water reactor safety research. This 
section discusses (a) the relation o f  Semiscale 
results to 10 GFR PART 50 (Appendix K) assump
tio n s, (b) Sem iscale results relative to PW R  
response (scaling), and (c) safety issues that were 
addressed by Sem iscale experim ents; 
Subsection 4.4 lists the contributions made by the 
Semiscale experimental program to safety technol
ogy including testing o f vendor liquid level detec
tors and therm al-hydraulic instrum ent 
development; Section 5 is a detailed discussion of 
the basic thermal-hydraulic phenomena observed 
during the Semiscale experiments that have impli
ca tio n s beyond water reactor sa fety  issues; 
Section 6 presents the impact o f  the Semiscale pro
gram on code development and assessment; Sec
tion 7, the applicability o f  the Semiscale data base 
for code development and assessment purposes. 
This section catalogs the experimental base as to 
code assessment and development needs and ranks 
the experiments as to quality o f data for those pur
poses; and Section 8 summarizes the major conclu
sions and accomplishments from the Semiscale 
program.



2. HISTORICAL PERSPECTIVE

The history o f  the Semiscale Program paralleled 
the history o f  light water reactor safety research for 
pressurized water reactors. The early Semiscale 
program was closely related to the LOFT program 
as part o f  the STEP (Safety Test Engineering Pro
gram) for the Atomic Energy Commission (AEC). 
The STEP program had been initiated as early as 
1962 as part o f  the Nuclear Safety Program.

The Semiscale program was started to provide exper
imental information essential to the development and 
evaluation o f analytical techniques and codes for the 
predictive analysis o f the LOFT integral test program.^ 
The first references to Semiscale are found in Refer
ences 3, 4, and 5, which referred to blowdown experi
ments from elevated pressures and room temperature. 
What follows is a historical view of the evolution o f the 
Semiscale program. Basically it shows a building block 
approach to research. The early experiments were of 
very simple nature and as more knowledge was gained 
the experiments became increasingly complex.

Figure 1 summarizes the early programs o f the 
Semiscale facility. The earliest experiments (500, 6(X), 
and 700 series) were top blowdown experiments o f a 
simple vessel, which examined subcooled blowdown 
phenomena simulating a large design basis break.^ 
The vessel was commonly referred to as the Bettis Flask 
blowdown experiments. In these early experiments 
emphasis was given to measurement o f the sudden 
depressurization and subcooled loads accompanying 
the blowdown. These data were useful for LOFT 
design information and LOFT instrumentation devel
opment.

For the 800 series experiments a coolant loop was 
added to the vessel. Experiments were conducted 
with and without ECC and with breaks at various 
locations around the loop. Emphasis for this loop  
was to study hydrodynamic loads on the core struc
ture, scoping information on ECC, and general 
thermal-hydraulic data for assessing the capability 
o f analytical models. These series o f  tests stimu
lated thinking about the bypass o f  ECC fluid 
around the core housing and at the break rather 
than entering the vessel via the downcomer. In these 
experiments the blowdown was to atmosphere and 
high speed films were taken o f the blowdown efflu
ent. Red dye was introduced in the ECC water and

a. A double ended offset shear of a cold leg pipe in a large 
1000 MWe pressurized water reactor. This break is also referred 
to as a 200% cold leg break. The Semiscale break area was scaled 
to twice the cross-sectional area o f a PW R cold leg pipe.

the break effluent to atmosphere clearly showed the 
bypass o f  the ECC fluid. During the 900 series the 
core power was increased allowing better scaled 
core thermal response data.

The most famous experiment o f the 900 series was a 
blowdown in which the electrically heated core suffered 
a burnout. This test used a core heater rod with an 
externally attached thermocouple design that, in the 
high pressure environment, eventually allowed water 
leakage. This leakage caused an erosion o f the insula
tor material allowing an electrical short between clad
ding material and the heater, destroying the rod and 
ultimately the core. The representation of loop compo
nents on this facility was poor and the test boundary 
conditions in no way accurately simulated a large PWR 
boundary conditions. However, the political implica
tions were significant. Following the 900 series, the 
first multiloop Mod was designed and built, called the 
1-1/2 loop Semiscale Isothermal Test Facility 
(1000 Series). In this facility the system was heated to 
high temperature, high pressure isothermal conditions 
using external heaters (the “core” simulated core 
hydraulics only) and blowdown was accomplished 
using rupture discs. The scaled break area was con- 
troUed by a special nozzle that allowed some measure
ment of the pressure drop through the nozzle. In this 
Mod, isothermal blowdown phenomena, ECC bypass, 
and hot wall delay time data were obtained and experi
ence gained performing integral experiments at ele
vated temperatures. An important feature of the 
1-1/2 loop Isothermal Facility was the inclusion of a 
pressure suppression tank to catch blowdown effluent 
and to simulate and aid in the design o f the LOFT 
pressure suppression tank, which was ongoing at the 
time o f the 1000 series tests. Between the 900 series 
and the 1000 series an intensive experimental separate 
effects study was conducted by Semiscale to evaluate 
the ECC bypass problem commonly referred to as the 
counter current flow.^ These air/water tests were ini
tially performed in a system called the Transparent Ves
sel System^ (plexiglass) to gain visual insight into 
countercurrent flow in an aimular geometry and to 
provide data to be factored into metal system steam 
water experiments to be performed later in which flow 
visualization was not practical. (The air was blown up 
the downcomer and the water was injected from 
above.) The 1-1/2 loop Isothermal system vessel was 
used in a separate effects steam/water maimer to fur
ther investigate the effect o f condensation and evapora
tion on the countercurrent flow problem (ECC 
penetration of the downcomer annulus). In these



Series Experimental System Scope of Project

500 Series 
600 Series 
700 Series

p
> N

w

Blowdown tests with and without 
unheated internal configurations. 
Alxiut 100 tests.

800 Series

ECC ECC

Blowdown tests with the semiscale 
system with and without electricaiiy 
simulated core heat and ECC 
About 40 tests.

900 Series

ECC

Blowdown tests with the semiscale 
system with electrically simulated 
core heat and ECC injection. 
About 10 tests.

1000 Series I Blowdown tests with system having 
two loops ECC injection, and 
electricaiiy simulated core heat. 
System scaled to large PWR.
At»ut 25 tests.
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Figure 1. Semiscale blowdown and Emergency Core Cooling (ECC) Project (1965-1972).

experiments steam was forced up the downcomer and 
water was introduced from above. Also during the time 
period just prior to initiation of 1-1/2 loop testing, sin
gle and two phase pump performance data was 
obtained and models were developed for use in analyti
cal codes.

With the introduction of the Semiscale Mod-1 facil
ity Semiscale had evolved from a primarily separate 
effects facility to a complete integral test facility. The 
analytical tools (computer codes) were becoming more 
complex and required data from a system that was a 
better scaled representation o f a large PWR for assess
ment and development purposes. The Mod-1 experi
ments included an entire spectrum o f large break issues 
including blowdown refiU-reflood phenomena. The 
data provided “blind” large break standard problems 
for code assessment, LOFT instrumentation support, a 
test bed for instrumentation development (especially 
gamma densitometers), core thermal response during 
large break LOCAs, separate effect reflood data, base
line integral system data on blowdown refill-reflood, 
effectiveness of alternate ECC injection locations, 
steam generator tube rupture during large breaks, 
experimental repeatability, and LOFT comparison 
experiments to assess the effect of scale.

As the analytical codes became more sophisticated 
more detailed data was required to fully assess the 
codes. As a result the Mod-3 system was designed uti
lizing an external downcomer that allowed for the first 
time “in core” gamma densitometers to measure den
sity and thus core local void fraction. The Mod-3^ sys
tem was designed primarily as an integral large break 
blowdown refill-reflood facility; however, separate 
effects reflood experiments were also performed. The 
unique hardware features of Mod-3 were inclusion o f a 
full height (3.66 m) core and two operating loops with 
pumps and steam generators. Interest in large break 
LOCAs was waning because Semiscale and LOFT 
results showed considerably lower peak clad tempera
tures accompanying blowdown than are allowed for 
licensing calculations using Appendix K 10-CFR 
Part 50 assumptions. The unresolved issues at this time 
were calculation o f the reflood phase and long term 
cooling following a LOCA. During the first stages of 
large break testing, the TMI-2 accident occurred 
(March 1979), which profoundly changed the

a . T he nam ing o f  facilities was o u t o f  o rder (Mod-1 then 
M od-3) because the  M od-2 concept was elim inated . M od-2 was 
to  be a two pipe external dow ncom er system  concept but was 
estim ated  to  be unstable .



direction o f  research activities. The immediate 
response o f the Semiscale facility was to configure a 
scaled PORV system on the Mod-3 pressurizer and 
investigate at temperature and pressure, the hydrogen/ 
steam bubble removal mechanisms using pump jog
ging. These experiments were performed during the 
critical hours immediately following the accident when 
the hydrogen formation was under intense investiga
tion. In the months following the TMI-2 accident, 
Semiscale performed transients following the best esti
mate of the TMI-2 scenario and enabled estimation of 
TMI-2 clad oxidation percentages based on core heat 
transfer information from the Semiscale core.

At this point, interest in large break LOCA testing 
decreased as most of the major large break safety 
issues were considered resolved. The new data needs 
were for small break LOCAs and operational tran
sients. The Mod-3 facility, designed primarily for large 
break LOCA data, was utilized for a series o f small 
break experiments. Problems that were o f minor 
importance during large break studies, system leakage, 
scaled accurate high pressure injection flow, and heat 
loss, were now very important boundary conditions.

Also, large break break flow measurement techniques 
were not accurate enough to track the system mass 
inventory during small break simulation. Additionally, 
natural circulation cooling was thought to be an impor
tant core heat removal mechanism during small break 
transients. These transients required a better elevation 
scaling than existed in the Mod-3 system. Operator 
actions (especially with the pressurizer PORV and 
steam generator secondary feed and steam operations) 
were o f more interest following the TMI accident and 
the Mod-3 system had no sophisticated secondary sys
tem controls. Therefore, with these deficiencies in 
mind, a series o f Mods (called Mod-2A, 2-B, 2-C) with 
increasingly accurate measuring systems were initiated 
to investigate small break LOCA (SBLOCA) issues 
(natural circulation, steam generation tube rupture, 
basic SBLOCA responses, feed water and steam line 
breaks, and operator actions). The final experiments 
were performed in the Mod-2C facility to evaluate sys
tem response of ultra small breaks with degraded HPI. 
The last experiment, S-N H -5, was run in 
February 1986. Currently, the facility is in a cold layup 
condition.



3. EXPERIMENTAL PROGRAMS/EXPERIMENTAL DATA BASE

This section discusses the various facilities used 
by the Semiscale Program along with the Semiscale 
measurement capability and the experimental data 
base developed during the Semiscale operational 
lifetime.

3.1 Facilities

The earliest Semiscale hardware were basically 
separate effects blowdown apparatus and the later 
Mods were integral multiloop test facilities. The 
earliest Mods involved high pressure blowdown of 
cold water and the later were all high temperature, 
high pressure apparatus (610 K; 17 MPa). The evo
lution of these systems show a building block 
approach in that the tests transmitted operational 
experience and knowledge of phenomena from one 
experimental system into the next. What follows is 
a brief description of the various apparatus used by 
the Semiscale Program. Table 1 is a summary of 
the various systems.

3.1.1 Bettis Flask (500, 600, 700 Series). For
these tests the hardware consisted primarily of a 
pressure vessel commonly referred to as the Bettis 
Flask. Figure 1 summarizes the hardware used for 
most of these experiments.

3.1.2 Single Loop (800 Series). The 800 series 
experiments were performed in a single loop version of 
Semiscale that involved a vessel (with and without once 
through steam generator, pump, and loop piping) as 
shown on Figure 2. In addition the system used a pres- 
surizer which operated similarly to the large PWR 
counterpart. Blowdown was accomplished by either 
overpressurizing or underpressurizing a space between 
sets of rupture discs. The break area was simulated by 
means of a nozzle with a scaled flow area. The vessel 
core (on those 800 series that used core power) con
sisted of 120 22.9 cm rods with a core power of
1.2 MW. The 800 series test apparatus was a true sin
gle loop system in that only one circulating loop was 
employed. The double ended break was accomplished 
by closing the cross-tie valve and simultaneously burst
ing the rupture discs allowing effluent to flow through 
two nozzles. The total scaled break area simulated the 
double-ended offset shear of a cold leg pipe. Emer
gency core coolant (accumulator flow) was introduced 
similar to the PWR counterpart by a nitrogen pressur
ized tank and check valve arrangement.

3.1.3 Single Loop (900 Series). The 900 series 
also employed the single loop apparatus as shown 
in Figure 2; however, the vessel core was longer and 
used more power. The heater rods for this series 
were 132 cm and 33 to 46 pins were used with a 
maximum core power between 1.6 and 1.8 MW. 
The core rods had the same outside diameter as the 
PWR counterpart (1.07 cm). The core rod thermo
couple design for those rods had the junction on 
the cladding O.D. This design ultimately caused 
rod failure because erosion of the insulator mate
rial allowed a short between the heater element 
within the rod and the cladding material. For both 
the 800 and 900 series the single loop system blow
down was to atmosphere.

3.1.4 1-1/2 Loop Isothermal Test Facility. Origi
nally, the 1-1/2 loop isothermal test facility (shown 
schematically on Figure 3) was called the two-loop 
Semiscale system because it included for the first 
time a broken loop and an intact loop. However, 
the broken loop contained inactive hydraulic resist
ance simulators for the pump and steam generator. 
The intact loop contained the Lawrence pump, 
which had been tested for single and two-phase 
flow performance in separate effects tests. The 
steam generator was a once through design and the 
pressurizer was similar to the PWR counterpart. 
The most important addition to the 1-1/2 loop 
apparatus was inclusion of the pressure suppression 
system that caught the blowdown effluent and sim
ulated the back pressure of a large PWR contain
ment building. The pressure suppression system 
consisted of a 41 cm header and a large tank in 
which blowdown effluent was condensed. Instru
mentation consisted of loop fluid density measure
ments using gamma densitometers, drag disks, and 
turbine flowmeters. This facility was used to check 
out LOFT instrumentation concepts. Although the 
pressure vessel contained nine 166 cm heater rods 
they were used only for system heatup purposes and 
power was always terminated just prior to blow
down. The name “ 1-1/2 Loop Isothermal Facility” 
came from the fact that the blowdown experiments 
were performed from an isothermal condition 
throughout the loop.

3.1.5 Mod-1. The Mod-1 was designed to simu
late the Loss-of-Fluid-Test (LOFT) Facility and 
incorporated a 1.68 m (5.5 ft) active core with inac
tive components in the broken loop as shown on



Table 1. Comparison of Semiscale systems

Facility Mod
Intact Loop Steam 

Generator
Broken Loop Steam 

Generator Intact Loon Pum n Broken Loon Pum n Electrically Heated Core Pipinfi Heat Loss Makeuo Downcomer Vessel Uoner Head Oriainal Purnose of Facility

Bettis Flask 
(1965-I%8) 
500 Series 
600 Series 
700 Series

None None None None None None None None None Subcooled Blowdown

Single Loop- 
(1969-1971) 
800 Series

3 ft; 43 tube 
once through

None Canned rotor 
bottom  vertical inlet

None 9in.; 120 rods 
1.2 MW

5 in. double 
extra strong

None External piping None Large break LOG A; 
EGG bypass

Single Loop- 
(1971)
900 Series

Same as 800 series None Same as 800 series None 52in.; 33-46 rods 
1.6-1.8 MW

Same as 800 series None Same as 800 series None Large break LOGA; 
core thermal response

1-1 1/2 Loop
(1973)
Isothermal

Same as 800 series None; simulated hydraulic 
resistance

Lawrence pump None; orifice 
simulator

9 rods; 5.5 ft rods; 
used to heat system only

Intact loop: 3 in. 
sch 160; Broken Loop 
2 in. sch 160

None Internal annulus None Large break LOGA: 
EGG bypass

Mod 1 
(1974-1977)

Type I; 54 tubes (5.13 m) 
(models LOFT facility)

None; resistance 
simulator

Lawrence pump Orifice; locked rotor 
resistance only simulated

1.68 m (5.5 ft) active 
length core; rods 
extended out top of 
vessel; maximum power 
1.6 MW; 40 rods with 
PW R pitch and size

Intact loop 3 in. sch 160; 
broken loop 1-1/2 in. 
sch 160; carbon steel

None Internal annulus in vessel; 
no incore densitometers

None Large break LOGA

Mod 3 
(1981-1982)

Type I Type II; 2 tubes 
1:1 elevation scaling

Lawrence pump High-speed vertical; 
bottom  suction, side 
discharge; locked rotor 
resistance nozzle at 
discharge

3.66 m (12 ft) length 
core; rods extended out 
top of vessel; maximum 
power 2.0 MW; 25 rods 
with PW R pitch and 
size

Intact loop 3 in. sch 160; 
broken loop 1-1/2 in. 
sch 160; carbon steel

Augmented core power External pipe with core/ 
downcomer densitometers

Contains EGG injection 
port; simulated guide tube; 
two simulated support 
columns; support plate 
separates upper head from 
upper plenum

Large break LOGA

Mod 2A 
(1981-1982)

Type II; 6 tubes 1:1 ele
vation scaling

Type II; 2 tubes 
1:1 elevation scaling

Lawrence pump 
(removed for natural 
circulation tests)

High-speed vertical; 
bottom  suction side 
discharge; locked rotor 
resistance nozzle at 
discharge

3.66 m (12 ft) length 
core; rods extended out 
top o f vessel; maximum 
power 2.0 MW; 25 rods 
with PW R pitch and 
size

Intact loop 3 in. sch 160; 
broken loop 1-1/2 in. 
sch 160; carbon steel

Augmented core power and 
external band heaters on 
loop piping only (last 
natural circulation test used 
vessel heaters also)

External pipe with core/ 
downcomer densitometers

Same as Mod-3; however 
variation in bypass line 
resistance using valve

SBLOGA; natural circulation

M od 2B 
(1983-1984)

Type 11; 6 tubes 1:1 ele
vation scaling; scaled 
relief valves on 
secondaries

Type II; 2 tubes 
1:1 elevation scaling 
scaled relief valves 
on secondary

High-speed vertical; 
bottom  suction; side 
discharge; locked rotor 
resistance nozzle at 
discharge

Same as Mod-2A Same as Mod-2A Intact loop has 2-1/2 in. 
sch 160 suctions; mostly 
3 in. sch 160 pipes; 
broken loop still has a 
1-1/2 in. sch 160 piping. 
Most piping is stainless 
steel

Heater tape over both 
piping and vessel; no band 
heaters on suctions

Same as Mod-2A Basically same as Mod-3 
bypass line used orifice; 
upper plenum /upper head 
resistance changed by 
plugging support columns

SBLOGA; power loss; 
anticipated transients 
without scram; steam 
generator tube rupture.

M od 2C 
(1985-1986)

Type II; 6 tubes; 1:1 ele
vation scaling

Type III; 2 tubes; 
external downcomer; 
elaborate separator;
1:1 scaling; extensive
instrumentation;
improved
secondary volume scaling

Same as Mod-2B Same as Mod-2B Same as Mod-2B Most o f intact loop all 
2-1/2 in. sch 160 broken 
loop 1-1/2 in. sch 160 
all stainless steel

Same as Mod-2B Same as Mod-2B Same as Mod-2B; bypass 
Line can be varied by changing 
orifice

Steam and feed line break 
and further SBLOGA 
analysis
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Figure 2. Double-ended break configuration (800-900 Series).
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Figure 3. 1-1/2-loop Semiscale isothermal blowdown test system - isometric.



Figure 4. This modification investigated design 
basis accidents (200% double-ended offset shear 
breaks o f the primary piping). Elevation scaling to 
a PWR was practically nonexistent as it was scaled 
to LOFT. However, an attempt was made to repre
sent correct power to volume ratio and relative vol
ume o f  com p on en ts. For the first tim e a 
U-tube-in-shell Type I steam generator was used in 
the intact loop. Heat-loss make-up was not availa
ble nor needed because large break accidents hap
pened rapidly [about 30 s depressurization from
15.5 MPa to 0.13 MPa (2250 to 20p sia )]. The 
Mod-1 system used rupture discs and scaled blow
down nozzles including the “ Henry N o zz le ,” 
which allowed better critical break flow modeling. 
The Mod-1 facility was used for a wide range o f  
blowdown refill-reflood experiments as well as 
LOFT counterpart experiments. Both accumulator 
and low pressure injection emergency core cooling 
were introduced in the cold legs o f each loop simi
lar to the PWR counterpart.

3.1.6 Mod-3. The M od-3 represented a vast 
improvement in elevation scaling and measurement 
capability. The system changed from the one active 
loop (intact loop) o f Mod-1 to a true two loop sys
tem by the inclusion o f a new full height active 
steam generator (Type II) and a new high specific 
speed pump in the broken loop. The system is 
shown schematically on Figure 5. The facility was 
designed as a blowdown-refill-reflood facility to 
examine large break LOCA phenomena. Prior to 
the accident at TMl-2 the facility had only been 
used for that purpose. The major improvement in 
measurement capability was made possible by the 
use o f  an external downcomer to the vessel that 
allowed use o f  incore gamma densitometers to mea
sure local fluid conditions. Both during and after 
the accident at TMl-2 the Mod-3 facility was used 
to provide data to answer specific small break 
safety questions such as whether to leave the pumps 
on or turn them o ff during a diagnosed small 
break. The Mod-3 facility had no external heat loss 
makeup system and used augmented core power for 
some o f the experiments to makeup for the large 
heat losses from the atypically large surface area. 
The inclusion o f a vessel upper head with a simu
lated guide tube and support columns allowed sim
ulation of small break LOCA experiments with 
upper head injection. The Mod-2A facility as well 
as all subsequent Mods used quick opening valves 
and blowdown nozzles in place o f  rupture disks.

3.1.7 Mod-2A. The M od-2A facility was the first 
Semiscale Mod designed specifically to run small 
break experiments. The inclusion o f  the Type II- 
full-length steam generator in the intact loop as 
shown in Figure 6 (M od-3 used a short 4 m 
(13.1 ft) Type I steam generator) made possible 
almost complete 1:1 scaling o f  elevation that is crit
ical to natural circulation type phenomena. For the 
first time, external band heaters were used on the 
loop piping to offset heat loss, which is critical in a 
small-scale high pressure facility such as Semiscale. 
(The heat loss is on the order o f the core decay heat 
for much o f the transient.) A  bypass line between 
the vessel upper head and downcomer inlet annulus 
contained an adjustable valve to set the core bypass 
flow rate.

3.1.8 Mod-2B. Improvements to the heat loss 
makeup technique and inclusion o f  a new high 
speed vertically oriented intact loop pump charac
terized the Mod-2B system shown schematically on 
Figure 7. The inclusion o f this pump virtually elim
inated leakage in the Semiscale facility. The heat 
loss makeup technique changed from band heaters 
to heater tape with a fairly uniform coverage o f  the 
tape (this was not possible with the band heaters). 
The upper head to upper plenum flow path was 
changed by plugging instrument holes and drain 
holes that had been used on the support column 
during Mod-2A testing. The bypass line between 
the vessel upperhead to downcomer inlet annulus 
used fixed orifices to set a desired bypass flow. 
Metering pumps (accurate to tenth of grams per 
second) provided accurate scaled high pressure 
injection system flows for boundary condition to 
be used in code calculations.

3.1.9 Mod-2C. The Mod-2C represented the cli
max state-of-the-art facility for small break and 
anticipated transient testing. Mod-2C, shown sche
matically in Figure 8, included a new Type III bro
ken loop steam generator with correct 1:1 elevation 
scaling, correctly volume scaled riser secondary 
volume, and an external downcomer. Using an 
external downcomer permitted better measurement 
o f  steam generator secondary hydraulic conditions 
during transients. These measurements included 
gamma densitometers in both the riser and down
comer.

3.1.10 Separate Effects Experiments. In addi
tion to the progression o f integral loop Mods, the 
Semiscale program included separate effects testing 
apparatus that were used primarily to either
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examine specific phenomena or to calibrate various 
instrumentation. What follows is a brief descrip
tion o f these facilities.

3 .1 .1 0 .1  S A W  Loop (S te a m -A ir -W a te r  
Loop). The SAW loop was developed to provide 
instrumentation calibration in single and two- 
phase conditions. The facility was used only as an 
air/water facility. The facility could provide cold 
water at 300 gpm and air at 1 kg/s. The maximum  
operating pressure o f the system was 125 psi. The 
apparatus consisted o f an air compressor with 
holding tank, water supply tank and pump, mixing 
section and phase separator. The data acquisition 
system was o f  the same type as the main Semiscale 
loop but with approximately 50 data channels. In 
addition to instrument development and calibra
tion, hydraulic resistance o f components, flow  
regime studies, and characteristics of various noz
zles used by the Sem iscale m ain lo o p  were 
obtained.

3.1.10.2 Two-Phase Flow Loop (TPFL). The
two-phase flow loop is a high pressure large scale 
steam/water test loop as shown in Figure 9. The 
system is capable o f steam/water experiments at
6.2 MPa. The system consists o f  a steam generator 
(boiler), loop piping, steam/water mixer, steam 
separator, and recirculation pump. Steam could be 
supplied to the mixer at 50,000 Ibm/hr at 7 MPa 
and water could be supplied at 9000 gpm. The 
facility was primarily designed as a test bed for 
LOFT instrumentation but was also used for basic 
research such as small break critical flow studies.

3.2 Semiscale Experimental 
Measurements

The Sem iscale m easurem ent requirem ents  
changed with shifts in emphasis on safety issues. 
The very earliest subcooled blowdown experiments 
focused on accurate high response pressure mea
surements while the later small break LOCA experi
ments required sophisticated mass distribution  
tracking systems and accurate high pressure injec
tion system instrumentation capable o f  measuring 
flows on the order o f 1 g /s . The Semiscale instru
ments were designed to measure parameters in high 
temperature/high pressure fluid conditions (600 K; 
17 MPa).

As these various Mods evolved, there was a 
steady improvement in measurement techniques. 
Specifically, the early Mods used drag d isk s/ 
screens to measure break flow whereas the newer 
Mods used condensing systems and catch tanks.
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Improvements were made in control and measure
ment o f  high pressure injection fluid into the sys
tem. As the Mods became more sophisticated, 
scaled relief valves were added to the steam genera
tor secondaries as were condensing systems and 
catch tanks for mass measurements. The basic 
instrumentation in Semiscale is common to all the 
Mods. These were: pressure cells, differential pres
sure cells for determining liquid level, loop fluid 
and metal thermocouples, core heater rod cladding 
thermocouples, x and gamma densitometers, tur
bine meters, and drag disks/screens to measure 
flow (at least single-phase initial conditions).

Table 2 summarizes the Semiscale instrumenta
tion capabilities that were used through the years by 
the Semiscale program. On any given Semiscale 
experiment approximately 300 measurements were 
taken. The data acquisition system (DAS) was the 
limiting factor because o f  the availability o f  signal 
conditioners.

For nearly all LOCA experiments, transients 
were initiated from full power operation with 
pumps running, core power on, the loop full o f  
water and pressurized to 15.5 MPa (2250 psia). 
The pressure was controlled by using a steam bub
ble in the pressurizer. Typical PWR core differential 
temperatures were used (35 to 39 K) with a nominal 
hot leg temperature o f  595 K.

3.3 Experimental Data Base

Semiscale has generated an extensive integral sys
tem data base in both large break LOCA and small 
break LOCA research. In addition, a set o f  separate 
effects data bases involving various aspects o f  two- 
phase (steam/water) flow in various components 
has been generated. Table 3 summarizes the data 
base by listing the experiment series with refer
ences, year o f  experimental series. Semiscale Mod 
used, a brief description o f the experiment, reactor 
safety issue addressed, and finally a brief synopsis 
o f the results. This experimental data base is pri
marily a high temperature/high pressure (300- 
650 K; 0-17 MPa) data base for thermal-hydraulic 
phenomena in light water reactors. Most o f the 
experiments involved decompression or depressuri
zation with critical flow. The earliest experiments 
were almost entirely separate effects decompression 
experiments. The bulk o f the operational life o f  
Semiscale was devoted to accident scenarios involv
ing loss-of-coolant from the primary system and 
the complex interaction o f  system components. 
The later experiments involved thermal hydraulic 
events associated with complex operator actions to 
mitigate accident severity.
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Table 2. Semiscale measurement capability

Measurement

FLOW

Primary Loop Flow

Surge Line Flow

ECC Flow 
HPIS 
LPIS
Accumulator 

Large Break Flow 

Small Break Flow 

Secondary Relief Valve Flow 

Secondary Steamflow Feedwater Flow 

Auxiliary Feedwater Flow 

Counter Current Reflux Flow 

DENSITY

Void Fraction, Flow Regime 

FLUID TEMPERATURE

METAL TEMPERATURE

Technique Employed

VISUAL STUDIES 
(Flow/regime)

Drag disk (full flow drag screen and drag disks) 
Turbine meter (full flow and turbo probes)
Pitot tubes

Orifice/differential pressure cell 
Turbine meter

Positive displacement metering pump 
Tank/differential pressure cell for change in level 
Turbine meter (full flow)

Drag disks

Condensate systems with catch tanks 

Condensate systems with catch tanks 

Orifice/differential pressure cell 

Coriolis force vibrating flow meter 

Reflux water catch tank

X - 7 densitometers both single and multiple beam in 
loops, downcomer and core

Fluid thermocouples (TC) extended into fluid 
throughout both primary and secondary system, 
including TC rakes in vessel and pressurizer

Metal thermocouples either embedded in piping walls 
or patched into surfaces with a braze such as in the 
steam generator tubes. The core heater rod TCs were 
swagged between an inner and outer sheath o f the clad 
allowing core heater rod temperature measurements

Plexiglass for air/water tests

STORZ Lens for steam/water high temperature 
experiments with video camera and remote recording 
equipment with TV display in control room
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Table 2. (continued)

Measurement

LIQUID LEVEL/M ASS DISTRIBUTION  
(Collapsed or Pool)

Technique Employed

POWER

Core/Pressurizer/Heat Loss 
Makeup System/Pumps

HEAT FLUX

PRESSURE
Large break/small break

PUM P SPEED

Differential pressure cells corrected for sense line 
head and flow effects. Sense line cooled to prevent 
blowdown

Densitometers

Fluid/m etal thermocouples for subcooled pools

Volts X amps

Thermocouples (inversion routine)

Heat flux devices (attached to outside surface) 

Matched triplet thermocouple in steam generator tubes

Standoff and flushmount pressure transducers 

Pump shaft angular velocity
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Table 3. Semiscale experimental data base

Experiment Series 
Nam e/Num ber 

o f Tests_____

VO

500
600
700

800

900

1000

S-01

100'
,8-14

21 15-22

,23

1o24-34

q35-44

Semiscale M O D/Date 

Bettis Flask/1965-1968

Single L o o p /1969-1971

Single L o o p /1972

1-1/2 Loop Isotherm al/ 
1973

MOD-1/1974-1975

S-02 10i45-65 MOD-1/1975

S-03 12 '66-76 MOD-1/1976

Description

Simple subcooled and saturated 
blowdown; no ECC; some experiments 
heated, some room temperature; 
blowdown to atmosphere.

Some heated core experiments with 
a simple non-scaled loop; ECC 
included; blowdown to atmosphere.

Extension of 800 series experiments 
but with larger core; blowdown still 
to atmosphere.

Isothermal blowdowns with 1-1/2 loop 
MOD-1 prototype and instrumentation 
checkout. No core power only a core 
resistance simulator.

Isothermal blowdown experiments 
in a LOFT-scaled facility. This 
facility was the first scaled 
multi-loop simulation of a PW R. 
Instrumentation checkout for entire 
MOD-1 system.

Blowdown heat-transfer experiments 
in a LOFT scaled facility. The core 
heater rods were extensively 
instrumented with thermocouples 
for core thermal response. S-02-8 
used as Standard Problem 5 for code 
assessment purposes. The first 
small break was performed 
(S-02-6 a 6 % cold leg single ended 
break).

Separate Effects Reflood experiments 
in a 5.5 ft core at 20-60 psia. 
Experiments included both forced 
feed and gravity feed reflood of a 
hot core.

Results

The decompression of a vessel from heated 
and cold conditions was characterized.

Extended blowdown data with the complication 
of a loop; the possibility o f ECC bypass was 
demonstrated by using red dye in the ECC accumulator 
tank.

Core destroyed; gained experience with
core heater rod design relative to
the placement o f the core rod thermocouple

Blowdown into a pressure suppression tank 
was demonstrated (providing correct 
backpressure corresponding to a large 
scale containment building). Mass remaining in the 
system following blowdown was analyzed.

Transient two-phase pump performance
analyzed; piping heat transfer and flow
regime during blowdown characterized,
general thermal-hydraulic loop behavior
during blowdown characterized. Steam
generator primary to secondary heat transfer examined.

Early and delayed DNB and rewet characterized 
for a short core. The relationship between 
core flow stagnation during blowdown and DNB 
was established in the Semiscale scale.
First SBLOCA showed importance of pump 
suction seals, but showed benign results 
relative to LBLOCAs.

Characterized the important parameters 
associated with reflood including pressure, 
inlet flooding rate and peak rod power. 
Film boiling and CHF heat transfer 
correlations were evaluated, 
evaluated.

FLOOD-4^^ computer code



Table 3. (continued)

Experiment Series 
Nam e/Num ber 

o f Tests_____

S-29 ,77-80

Semiscale M O D /D ate 

M O D -1/1976

S-04 r81-90 M O D-1/1976

N>O

S-05 791-104 MOD-1/1976-1977

Description

Examine the effect o f  reduced break 
area, reduced initial pressure, 
effect o f nitrogen injection on 
reflood behavior and the effect 
o f radial power peaking on large 
break LOCA.

Emergency core cooling baseline 
series. Basic large break LOCA 
blowdown-refill-reflood experiments 
in a 5.5 ft core (LOFT scaled).

The effectiveness of alternate 
concepts o f ECC injection were 
investigated, including vessel 
lower plenum injection, upper plenum 
injection, upper plenum venting, 
via a bypass line, pump suction 
injection.

Results

The time to core rod C H F was not greatly 
affected by changing the break area by 50% 
during the LBLOCA. Changing the initial 
pressure did not significantly alter the 
spontaneous nucleation nor effect DNB.
Nitrogen saturated ECC did not alter refill and reflood 
behavior.

Core rods adjacent to unpowered rods 
experience a shift in DNB behavior from 
early to delayed; ECC delivery to the lower 
plenum is delayed by countercurrent flow and hot well 
effects. Nitrogen injection following accumulation water 
injection caused an increase in system pressure because 
the core liquid level was increased which caused 
increased steam generation in the core. The Semiscale 
downcomer heat flux during refill was 5 to 12 times 
higher than that expected in a PWR and the 
countercurrent flow results and hot wall delay time for 
Mod-1 was considered to be conservative.

The injection of ECC fluid into the lower 
plenum proved to be the most effective 
concept investigated (reflood started at a 
relatively high pressure with this concept).
Both upper plenum accummulator injection with 
simultaneous injection into the cold leg as 
well as cold leg injections with venting between the hot 
leg and cold leg showed enhanced ECC penetration of 
the core. Primary suction injection under some 
conditions resulted in less effective core cooling. Upper 
plenum LPIS injection showed a multidimensional 
penetration o f cooling water in the largely one 
dimensional core with the possibility o f “ rivers” o f water 
running down certain portions o f  the core and 
quenching the core from below as well as from above.



Table 3. (continued)

Experiment Series 
N am e/Num ber 

 o f  Tests_____ Semiscale M O D /D ate Description Results

S-28 9 IO5 - I I 4 M O D -1/1977

S-06 ,:115-123 M O D -I/I977

Steam generator tube rupture during 
various phases o f  a large break LOCA 
were examined (6-60 tubes ruptured). 
Tube rupture experiments were 
performed where the tube rupture 
occurred at the start o f refill 
and at the start o f reflood.

LOFT C ounterpart Large Break 
LOCA Experiments. Parameters 
such as hydraulic loop resistance and 
boundary conditions such as HPIS 
and LPIS and pressure suppression 
backpressure adjusted to LOFT type 
values. Primarily S-06-2, S-06-3 
and S-06-6 where comparable to LOFT 
experiments L2-2 and L2-3. The 
Semiscale experiments were adjusted 
in an attempt to recreate LOFT 
phenomena such as early rewet 
during blowdown.

As the number o f tubes ruptured increased 
from 6 to 16 during refill, there was a m ono
tonic increase in peak clad temperature as 
the steam flow rate from the tube rupture 
retarded the reflood. As the number o f tubes 
ruptured increased from 16 to 20 tubes the 
trend reversed and peak clad temperatures showed a 
continuous decrease with increasing number o f tubes 
ruptured. This trend continued for between 20 and 30 
tubes ruptured as a top-down quench occurred due to 
secondary to primary flow.

The main conclusion between the comparison 
of Semiscale LBLOCA results and LOFT 
counterpart results is that any differences 
in core thermal response and ECC penetration 
are explainable in terms of scaling 
distortions between the two systems mainly 
in pump coastdown performance and hydraulic 
resistance and an atypically high hot wall 
delay times for ECC penetration. To achieve 
results in the Seraiscale core similar 
to  those observed in LOFT experiments during 
blowdown, special pum p coastdowns were 
performed which affected flow reversal in the core, 
which in turn affected core thermal response. Severe 
countercurrent flow in the Semiscale downcomer 
precluded early penetration o f the downcomer with ECC 
compared to LOFT counterparts.



Tables, (continued)

Experiment Series 
Nam e/Num ber 

o f  Tests_____ Semiscale M O D /D ate Description Results

S-07 11 124-144 M O D -3/1978, 1979

K>

S-TMI !j145 M O D -3/1979

Baseline Test Series with a full 
height core. External downcomer 
allowed in-core q densitometers 
for local hydraulic condition.
Series primarily investigated LBLOCA 
phenomena including reflood and 
refill. However, a 10% SBLOCA was 
also performed, S -07-10D ."”
The Flood-4 computer program*^® 
was completed during this test series 
and used in pre-test predictions 
o f  reflood.

Three Mile Island simulations. 
Semiscale performed both separate 
effects tests and integral accident 
simulations based on available 
scenarios at the time.

Basic blowdown data*^^’*'* '̂*'*^ obtained for 
a system with a full height core. Core 
thermal response (DNB response) compared 

favorably with MOD-1 5.5 ft blowdown 
experiments. Reflood experiments'^®'*^^ 
at various pressures characterized the core 
thermal response during separate effects 
experiments. Existing heat transfer 
correlations were examined in Ref. 137 and 
138 using S-07-4 and S-07-5 data and new 
correlations were offered. An atypical hot 
wall induced oscillating problem occurred during the 
first integral blowdown-refill- reflood experiment 
S-07-6,’^”  which was explainable based on atypically 
high metal mass in the Semiscale system. Lower 
plenum ECC injection in a full height vessel was 
demonstrated to be an effective means o f alternative 
ECC s c h e m e s . A  series o f 10% SBLOCA 
investigated core uncovery heat transfer.^^^’*^*

This Semiscale experimental study provided 
an early (July 1979) estimate o f fuel damage 
and estimated fuel rod temperatures in 
excess o f 1500 K. One o f the most 
significant findings relative to scaling results of 
Semiscale to PW R response was that following the 
available scenarios from TM I, the Semiscale simulation 
showed superheated steam in the hot legs at essentially 
the same time as in the TMI transient. This was the first 
indication that 1:1 elevation scaling o f most components 
was perhaps a  first order effect when scaling small break 
response of a PW R. Semiscale results, confirm that 
pressurizer liquid level response is a poor indication of 
loop and system mass inventory. During transients, the 
pressurizer can be full o f liquid and the loop in a steam 
filled condition.



Table 3. (continued)

Experiment Series 
Nam e/Num ber 

 o f Tests_____ Semiscale M O D /D ate Description Results

S-SB jl47-153 MOD-3/1979-1980

u> S-UT gl47,154,161 MOD-2A/1981

Following TM I, emphasis shifted 
to SBLOCA analysis. This series 
investigated topics such as preferred 
pump operation during a SBLOCA 
and characterized general SBLOCA 
signature response.

Basic Small Break Testing with an 
investigation of the efectiveness 
o f upper head injection systems 
during SBLOCAs. SBLOCA signature 
response was characterized for a 
break spectrum of 2.5, 5 and 10%. 
Test S-UT-8*5®-*^® provide a 
test-bed for a Westinghouse liquid 
level device.

Combined with LOFT results*’*^^ the 
preferred pum p operation during a SBLOCA 
was to turn the pumps off to maximize 
remaining mass inventory; however, the ,
combined results had many system differences.
Many Semiscale system inadequacies associated with 
SBLOCA testing were encountered including heat loss 
make up, measuring ultra small break effluent flows, 
measuring ultra small H PIS flows, minimizing and 
controlling system leakage, which could be comparable 
to the break effluent flow. Therefore, since the MOD-3 
system was basically a LBLOCA facility, these tests 
represented a learning curve to produce an excellent data 
base for the SBLOCA research that was accomplished in 
subsequent MODs.

Signature response for a break spectrum of 
2.5% , 5% and 10% breaks were established 
in a new facility specially designed for 
SBLOCA testing (MOD-2A). O f the break 
sizes studied, a 5% SBLOCA was shown to 
produce the most severe core voiding 
during the transient. The effectiveness 
o f UHI for the above break spectrum was 
examined. Basically, for all the break spectrums 
analyzed, no net benefit nor hindrance to normal ECC 
delivery was obtained using UHI system. Break flow was 
increased by an amount equal to the additional UHI 
injected, which resulted in similar mass inventories. The 
first evidence that subtle differences in upper head to 
downcomer bypass flow may have a strong effect on 
SBLOCA blowdown dynamics was shown by comparing 
similar 5% SBLOCAs with 4% (S-UT-6 )*^" and 1.1% 
(S-UT-8)*®® core bypass. However, system and 
operational differences precluded a clean 
c o m p a r i s o n . A n o t h e r  issue introduced by 
comparing S-UT-6  and S-UT-8 was the effect o f liquid 
hold-up.



Tables, (continued)

Experiment Series 
N am e/Num ber 

 o f Tests_____ Semiscale M O D/Date DescritJtion Results

S-NC 1Q162-170 MOD-2A/1981

to S-TR ,146 M O D -3/1980

Separate Effects and Integral System 
Natural Circulation Experiments. 
Effect o f secondary conditions on 
primary 1 d , 2 d  , and reflux 
natural circulation. Also the effect 
o f non-condensible gas in the primary 
on natural circulation. Finally 
the importance of natural circulation 
during ultra-small break LOCAs was 
examined.

These experiments were the first 
“ station blackout” investigations 
involving total loss o f both AC and 
DC power in an operating plant. 
System recovery was investigated.

Single and two-phase natural circulation was 
characterized for a variety o f primary 
conditions (pressure/mass inventory). Reflux 
was quantified with the use o f visual optical 
probes and a special reflux meter. During 
two-phase natural circulation and reflux, 
core decay heat can be removed with a 
secondary inventory as low as 15%.
Additionally it was found that during both 
two-phase and reflux, introducing plausible amounts of 
noncondensible gas into the primary tubes did not affect 
core heat rejection. During a  SBLOCA as long as about 
35% mass inventory remains in the system and the 
secondary remains a heat sink, adequate core cooling 
can be maintained in the reflux cooling mechanism.

Station blackout primary and secondary 
response is characterized by three distinct 
periods. The first period is a boiloff of 
the steam generator secondaries caused by 
primary to secondary heat transfer as core decay heat is 
removed by natural circulation. The second period is the 
primary repressurizes to the pressurizer PORV code 
safety valve setpoint. The third period occurs when there 
is a loss o f primary inventory through the code safety 
valve (system boiloff). During S-TR-2 superheated steam 
in the upper vessel caused a blowout o f an instrument 
port, thus negating a planned recovery procedure. These 
experiments alerted the NRC to possible structural 
integrity problems associated with station blackout due 
to extended time at superheated conditions. Also 
extensive heat loss problems for running these kinds of 
experiments in MOD-3 were identified.



Table 3. (continued)

Experiment Series 
Nam e/Num ber 

 o f Tests_____ Semiscale M O D/Date Description Results

S-IB ,171-173 M OD-2A/I982 Intermediate Break Experiments. The 
thermal hydraulic signature response 
for intermediate breaks was 
characterized. Break sizes studied 
included 22% , 50% and 100% breaks.

N>

S-SF 5I74-177 MOD-2A/1982 Initial steam and feedline break 
experiments in Semiscale. Different 
break sizes for both feedline and 
steam lines and the primary response 
to these transients were analyzed.

Based on typical signature response data 
unique phenomena associated with 
intermediate breaks should occur somewhere 
between 50% and 22% . Intermediate 
break phenomena includes a less severe temperature 
excursion early in blowdown than large break response. 
For the lower limits o f  intermediate break sizes (22%) 
blowdown behaves more like SBLOCA with a top down 
gravity drain accompanied by loop seal formation and 
vessel level depression. Core heat-ups are mitigated by 
accummulator injection. The primary pressure following 
accummulator injection is well below LPI set points, 
thus insuring long term cooling. In addition to signature 
response. Semiscale data is compared to LOBI and 
LOFT data for intermediate breaks and the basic 
thermal-hydraulic phenomena is preserved across a scale 
size from 1/1705 to 1/60.

Near the bottom of the feedwater ring, during 
feedwater line break experiments, primary-to- 
secondary heat transfer was found to degrade 
rapidly due to a large change in secondary 
side hydraulic conditions. Degradation in heat transfer 
was found to be a function o f break size relative to the 
secondary inventory present. At small breaks (0.368 ID) 
degradation occurred at 30% secondary inventory and 
for large breaks (0.978 ID) degradation occurred at 90% 
inventory. During steam line breaks 
primary-to-secondary heat transfer is initially enhanced 
early in time and as secondary mass inventory is depleted 
the heat transfer degrades. Flowever, auxiliary feedwater 
can result in an extended overall primary-to-secondary 
heat transfer gain.



Tables, (continued)

Experiment Series 
N am e/Num ber 

 o f  Tests_____

S-SR ,178-179

Semiscale M O D /D ate 

MOD-2A/1982

Description

System Recovery Experiments. 
Primary feed and bleed heat rejection 
mechanism was examined.

S-PL cl88-182 MOD-2B/1983

K>o.

Station Blackout Transients in a 
facility designed specifically for 
SBLOCA and operational transients. 
Additionally, S-PL-4*°* was a pump 
suction SB I^C A .

Results

For feed and bleed operations, four 
parameters affect overall core coolability;
PORV mass flow rate, PORV energy removal rate, 
coolant injection rate, and core power. When the PORV 
is latched open, with feed and bleed cooling, the 
pressurizer immediately fills with liquid resulting in rapid 
loss o f  mass inventory depending upon assumed failure 
o f ECC injection trains. Based on Semiscale results feed 
and bleed would be a successful recovery procedure in 
Westinghouse-type plants, assuming undegraded 
injection capability. Semiscale studies were not extended 
to  Com bustion Engineering nor Babcock and Wilcox 
plant designs.

Results from earlier station blackout 
experiments (S-TR series MOD-3) were 
refined with a better scaled facility 
(MOD-2B). Prim ary results were: 
a) superheat fluid temperature indications in the upper 
plenum and hot leg lag core heater rod temperatures 
considerably and are not a good indicator o f incipient 
core dryout, b) when the pressurizer code safety valve is 
opened as is expected during a station blackout, the 
pressurizer immediately fills and is a poor indication of 
primary system mass inventory, c) primary-to-secondary 
heat transfer does not degrade linearly as the secondary 
boils off. O ther transients can occur that have similiar 
symptoms to a power loss were identified and are; a) 
steam turbine trip with auxiliary feedwater failure, b) 
high core power trip with auxiliary feedwater failure, and 
c) a pump power trip with auxiliary feedwater failure.



Table 3. (continued)

Experiment Series 
Nam e/Num ber 

 o f  Tests_____ Semiscale M O D/Date Description Results

S-SG 9 I83- I86 MOD-2B/1983

K)~J

S-PBO ,186a Mod-2B/1984

Steam Generator TUbe Rupture Test 
Series. Investigated tube rupture 
as the initiating event. Analyzed 
the spectrum of tubes ruptured from 
1 to 10 , and characterized the 
signature response. Examined recovery 
scenarios involving Zion EOPs 
(Emergency Operating Procedures). 
These recovery scenarios involved 
pressurizer auxiliary spray, 
pressurizer heaters, secondary feed 
and steam, primary feed and bleed, 
safety injection control, and pump 
restart.

Primary Boiloff Experiments. 
Investigated a power-loss type 
scenario with a decay heat boiloff 
with no heat sink. One test involved 
a high pressure boiloff governed by 
pressurizer PORV cycling and the 
other test involved a latched open 
PORV and a lower pressure boiloff.

A steam generator tube rupture was found to
have similar characteristics to a cold leg
SBLOCA, including a subcooled and saturated
blowdown. Effective recovery techniques were
identified as follows; secondary feed and
steam is effective to reduce primary pressure
without reducing primary inventory if the
system is highly voided. If the system is
mostly full, feed and steam lowers the
pressure very slowly by cooling the primary
inventory and the resultant shrinkage of
primary fluid reduces the pressure only
slightly. Using PORV control to reduce
pressure is effective only if the pressurizer is highly
voided and the PORV flow remains mostly steam.
Pressurizer auxiliary spray is effective for pressure
control only if superheat is removed from the pressurizer
walls and a fluid steam space remains in the pressurizer.
Controlling safety injection (SI) flow into the system can
be an effective means of either increasing or decreasing
pressure. Use of SI in a nearly full system causes a
compression of steam space and a primary
pressurization. Termination o f SI with a break in the
system reduces pressure because of the expanding gas
space.

The secondaries were first boiled dry on 
a turbine trip assumtion (MSIV closure no 
feedwater, no auxiliary feedwater). “ Primary 
heat loss was made up with heater tape and 
augmented core power. Decay heat caused a 
pressurization of the primary system to 
pressurizer PORV relief set points. One 
experiment allowed PORV cycling and the 
other experiment had a latched open PORV.
With a cycled PORV the core rod high 
temperature trip occurred at 20,260 s while 
with the latched open PORV the core trip 
occurred at 2,350 s.



Table 3. (continued)

Experiment Series 
Nam e/Num ber 

o f Tests

S-LH ,187-190

Semiscale M O D/Date 

MOD-2C/1985

Description

TWo identical 5% SBLOCAs with 
different upperhead to downcomer 
bypass flows. S-LH-1 used 0.9% 
bypass and S-LH-2 used 3% bypass.

ts>oo

S-FS 5I9I-I94 MOD-2C/1985 Feedline and Steam Line Break 
Experiments. Feedline breaks 100%, 
50% and 14.3%. Steam line break 
double ended offset shear upstream 
and downstream of flow restriction. 
Recovery procedures investigated 
involve feed and steam and 
pressurizer internal heaters.

Results

Characterized “ Liquid Hold-Up” phenomena 
and the effect of upperhead to downcomer 
bypass flow on accident severity during 5%
SBLOCA. As blowdown progresses there is a 
predominately top down drain, and liquid seals are 
formed in the pump suctions and downcomer that block 
the flow of steam created in the core. As the steam space 
expands the pump suction head and core level are 
simultaneously depressed. During this period “ pseudo” 
liquid heads (due to reflux condensation and frictional 
pressure drops) are formed throughout the loop, which 
balance against the true liquid heads in lower positions 
such that the core liquid level can be depressed below the 
level associated with the bottom  of the suctions, 
resulting in core heat-up. This heat-up is always 
mitigated by loop seal clearing. The upper head to 
downcomer bypass flow affects this manometric core 
level dpression by relieving steam earlier for larger 
bypass flow. Bypass flows of 0.9%  exhibited sufficient 
core level depression to cause core heat-up while 3% 
bypass flow exhibited no core heat-ups during this 
manometer period.

Steady state primary-to-secondary heat 
transfer was characterized (heat flux 
distribution as a function of tube length 
quantized). During feedline breaks 
primary-to-secondary heat transfer stays 
at 100% until secondary mass inventory 
reaches 10-15%, at which time there is a 
rapid reduction in heat transfer. Primary pressure was 
found to be independent o f break size. Including a check 
valve failure as an FSAR assumption may lead to 
nonconservative results (the check valve failure may 
induce an increase in heat transfer, thus increasing the 
possibility o f pressurized thermal shock (PTS). Based on 
Semiscale results, PTS in a large PW R is not expected 
during steam line breaks. The smaller steam line breaks 
were found to produce more overcooling and tend more 
toward a PTS problem. EOP recovery scenarios were 
found to be sufficient in Semiscale. Upper head voiding 
recovery schemes were identified, including pump restart 
and pressurizer internal heater operations.



Table 3. (continued)

Experiment Series 
Nam e/Num ber 

 o f Tests_____ Semiscale M O D /D ate Description Results

S-NH 5 195-196 MOD-2C/1986

to

Separate Effects 
Experiments 
1. Pump

Degradation .  
Characeristics^^*'  ̂ ^'200 
Lawrence Pum p Tests: 
Intact Loop Pum p for 
1-1/2 Loop Isothermal 
System, (MOD-1, 
MOD-3, MOD-2A)

Steady-State Single and 
Two-Phase Pum p 
Performance 
Tests/1973

SBLOCAs without high pressure 
injection. Investigated 0.5%  and 
2.1% cold leg breaks and recovery 
procedures.

Lawrence Pum p characterized at high 
temperature and pressure steam /water 
experiments for both single-phase and 
two-phase conditions.

SBLOCAs (size 0.5%  and 2.1 %) in the absence 
o f H P l lead to conditions o f inadequate core 
cooling in the Semiscale MOD-2C system.
Recovery procedures are required to reduce primary 
system pressure to ECC pressure set points. Secondary 
feed and steam and pump restart are efficient in reducing 
pressure. A possible better operating criteria for 
initiating recovery operations is using average pressure 
difference between the primary and secondary. Core exit 
thermocouples are not good indications o f core uncovery 
and heat-up as they lag the core thermal response.

From these data pump head and torque 
degradation models were developed for use in 
large blowdown codes.

2. Semiscale Counter- 
current Flow
T e s t s 2 0 1 - 2 M

Part o f the 1-1/2 Loop 
Isothermal Loop; 
Transparent Vessel 
1973.

Basic Research on Flooding in Annuli Established Wallis and Kutaladze type 
flooding relationship between gas flow up and 
water flow down the Semiscale annulus for 
both air/w ater and steam water 
conditions.

3. Two-Phase C rjtkal 
Flow in a Tee

Two-Phase Flow Test 
L o o p /1985

Basic Research on TVvo-Phase Critical 
Flow in a Large Scale Tee.

Investigated vapor-pull through and liquid 
entrainment at a Tee junction between a large horizontal 
pipe and a small branch line. The experiments were 
performed at 3.4 to 6.2 MPa.



4. IMPACT OF SEMISCALE PROGRAM ON 
WATER REACTOR RESEARCH

Experimental data from the Semiscale Program 
has been useful to the water reactor safety commu
nity by stimulating thinking about accident severity 
and providing insight in the complex phenomeno
logical processes involved in a loss-of-coolant acci
dent as well as in  op eration al transients. 
Specifically, Semiscale data has impacted reactor 
safety in the following areas each o f which is dis
cussed in turn: (a) demonstration o f conservatism  
o f Appendix K to 10 CFR Part 50 assumptions; 
(b) provided small scale data to help in understand
ing and m odeling scaling o f  phenomena and 
response from small scale experiments to full scale 
response; (c) provided fast turnaround experiment 
results for safety issues as they evolved; (d) contrib
uted to reactor safety technology by developing 
instrumentation and providing a thermal-hydraulic 
test bed for various experimental systems.

4.1 Impact of Semiscale Results 
on 10 CFR Part 50 
(Appendix K)

Semiscale data supports a high degree o f con
servatism for Appendix K (to 10 CFR Part 50) 
assumptions for pressurized water reactors. When 
these guidelines were formulated, large break 
design basis accidents were assumed as the initiat
ing event (single failure); however, the rulemaking 
also applies to small break failures. This section 
discusses Semiscale results relative to Appendix K 
assumptions. Included are: large break critical 
flow, two-phase pressure drops, large break core 
heat transfer, pump modeling, large break ECC 
bypass, small break recovery and long term cool
ing, and intermediate break response.

4.1.1 Large Break Critical Flow. Appendix K to 
10 CFR Part 50^®^ specifies that the Moody^O^ 
model be used to calculate effluent flow during a 
LBLOCA. Furthermore Appendix K states that 
the peak clad temperature (PCX) limit must not be 
exceeded for multipliers on the M oody model 
between 0.6 and 1.0. During early large break test
ing in Semiscale,*^^ critical flow for typical PWR  
conditions was compared to the RELAP4 calcula
tion using the M oody model with a multiplier o f  
0.6 as shown on Figure 10. The M oody model 
(multiplier o f  1.0) prescribed by Appendix K

allowed a higher break mass flow rate and thus less 
mass inventory remaining in the system than the 
data showed and therefore can be considered con
servative. This over-calculation o f  break flow  
occurred during the saturated portion o f  the blow
down. This is the same result as obtained by the 
larger scaled LOFT facility, for large break critical 
flow relative to the M oody model.^

4.1.2 Two-Phase Pressure Drops Across Com
ponents. Appendix K states that models must 
account for frictional pressure drops in com po
nents under two-phase flow conditions. Modified 
Baroczy^O^ and Thom^OS are specifically listed as 
acceptable correlations for use in calculating two- 
phase pressure drops in components. Semiscale 
LBLOCA experiments'^^ examined two-phase pres
sure drops across pump and steam generator simu
lators, which were simply frictional orifice plates 
and baffle systems. Figure 11 compares the differ
ential pressure during a period o f  two-phase flow  
associated with a LBLOCA for Semiscale data and 
a RELAP4 calculation using the Modified Baroczy 
correlation. Excellent agreement exists for the first 
15 s; however, as the two-phase condition changes 
after 15 s there is less agreement. This poor agree
ment was attributed to a code modeling deficiency 
by incorporating only 3 volumes to model a 14 ori
fice plate pump hydraulic resistance simulator. Fig
ures 12 and 13, show Semiscale LBLOCA data and 
a RELAP4 calculation o f the two-phase differen
tial pressure across pump and steam generator sim
ulators respectively, indicating good agreement 
between calculation and data. These calculations 
used the Thom correlation. Both Thom and modi
fied Baroczy correlations require as input steady- 
state single-phase pressure drop information and 
were designed for steady-state usage. Based on the 
comparisons shown in Figures 11, 12 and 13, these 
correlations are also applicable for transient condi
tions. The good agreement between Semiscale data 
and these correlations supports the use o f  them for 
evaluation model.

4.1.3 Core Heat Transfer (Post CHF). During 
large break LOCAs core flow stagnation and core dry- 
out occur within the first few seconds accompanied by 
rod departure from nucleate boiling (DNB) and core 
heatup. Appendix K suggests that during this post crit
ical heat flux (CHF) period the Groenveld
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c o r r e l a t i o n 2 0 9  and the Dougall-Rohsenow correla
tion^^® are applicable. In a special study^^ involving 
only the RELAP4 model o f the Semiscale core and 
these correlations, the core rod heater temperature was 
calculated for a Semiscale large break blowdown 
experiment early in time. Figure 14 compares the 
results o f the calculations using Groenveld and 
Dougall-Rohsenow post CHF film boiling correlations 
(which control the local heat transfer and thus rod tem
perature). Dougall-Rohsenow was found to produce 
nonconservative results and Groenveld was slightly 
conservative (the calculated temperature is higher than 
data). Even though Dougall-Rohsenow is slightly non
conservative for Semiscale, all the temperatures are 
well below the 1478 K (2200°F) Appendix K limits 
early in time.^

4.1.4 Pump Modeling. Appendix K states that 
the pump model used for evaluation calculations 
for the two-phase region should be verified by 
applicable two-phase pump performance data. 
Semiscale performed a series o f  high pressure 
steam/water two-phase performance tests on the

a . A  later section discusses why Sem iscale’s electrically heated 
rods tend to give higher tem peratures than  nuclear rods.

Lawrence pump^^^"^^^ which was the intact loop  
pump used in the 1 1/2 loop Isothermal facility, 
Mod-1 and Mod-3 facilities and a few experiments 
in M od-2A. As a result o f  these separate effects 
experiments a pump model was developed that 
accounted for degradation o f head and torque as a 
function o f inlet void fraction. The data was nor
malized to rated conditions so the format could be 
applied to other pumps. The form o f  the equation 
for this model is;

H =  H | -M (a)(H , -H j)

where

H = pump head

H | = single-phase head

H j- H j  = two-phase difference curve

M (a) = two-phase multiplier.

In short, the single-phase head is degraded by a 
void fraction term M (a) multiplied by the differ
ence between the single-phase head curve and the
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Figure 14. Comparison of high power rod hot spot surface temperature response - core model calculations and 
Test S-02-2 data.
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two-phase head curve. The single- and two-phase 
heads come from hom ologous curves obtained 
during the Semiscale steady-state tests that involved 
a normalization o f  head flow and speed to the rated 
v a lu e s .F ig u r e  15 shows the shape o f  the multi
plier M (a) as a function o f inlet void fraction as 
recommended by Reference 43. Figure 16 shows 
the calculated pump differential pressure using the 
RELAP4 pump model combined with this multi
plier compared to actual Semiscale large break 
blowdown data. The RELAP calculation does an 
adequate job o f  calculating pump differential pres
sure thus satisfying the Appendix K criteria. The 
impact o f  the Semiscale model on Appendix K cal
culations is that Semiscale formulation has become 
the industry standard for calculating pump head 
degradation during blowdown. This is discussed in 
more detail in Section 5.5, which examines pump 
related phenomena.

4.1.5 End of Blowdown (ECC Bypass). Appen
dix K states that an ECC bypass period needs to be 
identified and ECC water be subtracted from the 
total mass inventory at the end o f blowdown. This 
bypass period needs to be justified by experimental 
and analytical work.

Semiscale experiments stimulated considerable 
interest in ECC bypass for large break LOCAs with 
the 800 series tests (red dye in the accumulator tank 
as discussed in the historical perspective). On a 
more quantitative basis, Semiscale performed both 
integral and separate effects experiments at high 
temperature and pressure to evaluate important 
phenomena associated with ECC bypass. Two ECC 
bypass delay periods were identified by Semiscale 
experiments; a blowdown force ECC bypass period 
supported by countercurrent flow-flooding phe
nomena in the downcomer annulus; a “hot wall” 
delay period due to steam generation as cold ECC 
water comes in contact with the vessel hot walls. 
The steam flow associated with the hot walls fur
ther bypasses ECC until the walls are cooled suffi
ciently to allow a gravity flow o f ECC to the lower 
plenum and thus start vessel refill.

Semiscale LBLOCA experiments,^^ identified these 
definite bypass periods. Figure 17, which shows the 
lower plenum density and the obvious time o f arrival 
of ECC fluid at about 55 s. The portion of the delay in 
delivery o f accumulator ECC to the lower plenum 
attributable solely to the countercurrent flow effect, 
and the portion attributable to the hot wall effect were 
determined by downcomer velocity, pressure and
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differential pressure measurements as shown on 
Figure 18. At approximately 43 s, as indicated on 
Figure 18, when the system pressure equilibrates with 
the containment simulator pressure, the blowdown 
forces were removed and what had been a generally 
high downcomer negative flow (flow up the down
comer) ceased.

The hot wall “delay time occurred between 
45 and 55 seconds as ECC started to penetrate the 
downcomer accompanied by steam generation and 
another spike o f  negative downcomer flow as indi
cated by Figure 18 at about 50 s. The atypically 
high Semiscale “hot wall delay” period is due to a 
too high surface area to volume ratio for Semiscale 
relative to a PWR, which caused a too high steam 
generation as the initial walls cooled. Semiscale has 
a downcomer surface area to downcomer volume 
ratio that is 24 times higher than a PWR. Once the 
hot wall delay period is over (the walls are 
quenched), it takes approximately 2 s for the ECC 
water to penetrate the downcomer and reach the 
lower plenum. Even with the atypically high hot 
wall delay time shown in Semiscale, the PCT 
(Figure 19) rem ained well below  the 1478 K 
(2200°F) limit imposed by Appendix K.

4.1.6 CriticalHeat Flux. Appendix K specifies a 
list o f  acceptable critical heat flux correlations for 
evaluating models during large break LOCAs. 
Critical heat fluxes were calculated from the 
Semiscale LBLOCA core thermal response data 
and compared to these c o r r e la t io n s .T h e  corre
lations were evaluated using Semiscale data and 
the COBRA-IV-I core hydrodynamic code.^^^ 
Figure 20 compares the mean o f  the Semiscale 
critical heat flux to the correlations suggested by 
A p p en d ix  G E , W estin gh ou se W -3,
M acB eth, B iasi, B abcock  and W ilcox , and 
Barnett (these correlations are discussed in Refer
ence 62—Appendix B). The GE correlation gave 
the best fit to the Semiscale data and the Barnett 
correlation gives the lowest CHF values and thus 
the m ost conservative results; however, the 
Barnett correlation calculates CHF at steady-state 
values. The MacBeth, Biasi and Babcock and 
Wilcox-2 correlation also gave good fits. The Wes
tinghouse W-3 correlation is not recommended 
because it did not indicate CHF would occur and 
therefore was the least conservative o f  all the cor
relations. Therefore, among the list o f  CHF corre
lations issued in Appendix K, there are adequate 
and conservative correlations for calculating core 
rod CHF during blowdown.

4.1.7 ECC Induced Oscillations. Appendix K 
specifies that in lieu of experimental data no steam is 
assumed to interact with ECC fluid. Semiscale has 
provided data, in a scaled system, to suggest that there 
are condensation induced oscillations near the ECC 
injection location during a large break LOCA. 
Figure 21 compares the cordial average density mea
surement in the cold leg piping upstream and down
stream of the ECC injection location showing a highly 
oscillating behavior. The interface of the primary cool
ant steam and the ECC fluid oscillates about the injec
tion point. The oscillation is periodic in nature 
(1.5 Hz). Although Semiscale uses small pipes, the 
Semiscale phenomena suggests that condensation at 
the interface between system steam and ECC fluid 
should be considered in Appendix K calculations. 
(Section 5.6 contains a more detailed description of 
this phenomena, including fluid thermocouple data 
clearly showing the condensation effects.)

4.1.8 Effect of Accumulator Com pressed Gas 
on Reflood. Appendix K states that the effects 
on reflooding rate o f  the compressed accumulator 
gas should be accounted for. Semiscale blowdown 
experim ents exam ined the therm al-hydraulic  
response to nitrogen injection following depletion 
o f accumulator tank liquid.

The injection o f accumulator nitrogen into the 
intact loop cold leg can cause a rapid increase in the 
system pressure. However, the increase in system 
pressure cannot be attributed solely to the addition 
o f the nitrogen to the system volume, but can be 
attributed primarily to the effect o f  the nitrogen 
injection on the intact loop and core hydraulics. In 
the intact loop, the injection o f nitrogen effectively 
stops the rapid condensation o f steam that occurs 
prior to nitrogen injection, thus greatly reducing 
the steam flow rate through the intact loop. As a 
result, the rate at which steam is removed from the 
core is reduced and an increase in the system pres
sure occurs. In the core itself, when the nitrogen 
flow  begins, a surge in the core liquid level 
(Figure 22) occurs, as fluid in the downcomer is 
pushed into the core, which can lead to a rapid 
increase in the steam generation rate and a corres
ponding increase in the system pressure. The sys
tem pressure continues to increase as a result o f  
steam generation in the core until water is blown 
clear o f  the vessel inlet side o f the broken loop. 
Once water clears the break, system pressure begins 
to decrease (Figure 23). However, the pressure 
remains at a significantly higher value than prior to 
the injection o f  accumulator nitrogen for most o f  
the reflood portion o f the test. This higher pressure
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can be attributed to choked flow at the vessel inlet 
side break nozzle, combined with the high rate o f  
steam generation in the core. A higher pressure can 
lead to higher system reflood rates in the core but 
can also cause LPIS (low pressure injection) to be 
lowered due to a shutoff head. The Semiscale data 
set, while small in scale, emphasizes the importance 
o f including the effects o f  nitrogen injection in 
Appendix K assumptions.

4.1.9 R eflood H eat Transfer. Appendix K 
requires that during reflood, only steam cooling occur 
at reflood rates below 2.54 cm /s (1 in./sec). Semiscale 
experiments show an oscillatory reflood behavior 
caused by a manometric coupling o f fluid between the 
downcomer and core.^^® These reflood oscillations 
caused an oscillation in the local void fraction through
out the core. Figure 24, which caused an oscillation in 
local heat transfer coefficient as shown in Figure 25. 
Figure 26 compares the void fraction and local heat 
transfer coefficient at the 115 cm elevation showing an 
in-phase coupling between void fraction and heat 
transfer coefficient. Even though there are periods dur
ing the manometric oscillation when the flooding rate 
is 0 and even negative as oscillations occur in the core, 
the heat transfer coefficients range between

100-400 W/m^ K (Figure 25), which is above steam 
cooling (/lO W/m^ K). Consequently, Setniscale oscil
latory reflood experiments show that the steam cooling 
assumption in Appendix K is highly conservative.

4.2 Semiscale Results Relative to 
PWR Behavior

This section contains an experimental approach 
to the applicability o f Semiscale data to large PWR 
response. The question o f scaling is addressed by 
comparing small scale “Semiscale” results to larger 
scaled experimental results, as well as plant data.

During the Semiscale lifetime, documented results 
from Semiscale experiments always cautioned that 
Semiscale response was not an actual demonstration of 
a large PWR undergoing similar transients. However 
Semiscale data was almost always credited with pro
ducing similar thermal-hydraulic phenomena expected 
from large PWR systems. These conclusions were 
backed by scaling studies^^^’̂ ^  ̂ that examined the 
basic thermal-hydraulic processes involved in tran
sients. These processes were flow regime transitions 
and development, phase separation, critical break 
flow, preservation o f mass and energy distribution, 
hydrostatic head and hydraulic resistance, heat transfer
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Figure 24. Void fraction in Semiscale core at three elevations during reflood (115-, 184-, and 277-cm elevations).
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rates and depressurization rate, primary-to-secondary 
heat transfer and piping heat loss. These studies, pri
marily for SBLOCA, concluded that the major defi
ciencies in Semiscale M od-3 were: the pump 
performances relative to a large scale facility; piping 
heat losses, which can affect depressurization during 
small break testing and secondary liquid inventory dis
tortions. The pump performance questions, while 
important for large break LOCA, is a moot point for 
most small break experiments because they (the 
pumps) are turned off. As Semiscale Mod’s evolved 
complete heat loss-make-up systems were installed to 
mitigate the excessive heat loss. In addition new, better 
scaled full height steam generators were installed. 
These scaling studies were completed for the Mod-3 
system, which had been used for a series o f SBLOCA 
experiments, and was basically a LBLOCA facility. 
The scaling distortions o f piping heat transfer, correct 
elevation scaling o f secondaries, and loop components 
were gradually corrected culminating in the Mod-2C 
facility. Therefore, the Semiscale program was contin
ually upgrading facilities to remove as many scaling 
distortions as possible. Reference 213 alluded that if 
the piping heat loss problem, and steam generator sec
ondary fluid volume and tube height were improved 
the other scale distortions would not preclude a direct 
extrapolation o f Semiscale small break test results to 
full scale. Even with these scaling distortions, the study 
concluded that: “inferences concerning PWR behavior 
can be drawn from Semiscale data.”

The next three subsections address the applica
bility o f  Semiscale data to LBLOCA, SBLOCA, 
and intermediate break LOCA. In these sections, 
comparisons are made between Semiscale and the 
LOFT experiments, the TM l and GINNA actual 
PWR plant transients, ROSA IV (Japan), and 
PKL (Germany) facilities.

4.2.1 Applicability of Semiscale for LBLOCA 
Analysis (LOFT-Semiscale Comparison). A
series of LOFT (1/50 scale) LBLOCA comparative 
experiments were performed in the Semiscale Mod-1 
facility (1/1500 scale).^^^ On an overall basis the 
Mod-1 and LOFT results are similar; however certain 
scaling distortions between the two systems were 
present that caused some explainable differences in the 
response. Comparison of system pressure response for 
a LOFT isothermal LBLOCA (LI-4) and Semiscale 
Isothermal blowdown test S-01-4A shows similar pres
sure response until ECC injection occurs (Figure 27). 
The basic shape o f the depressurization curve and the 
timing of achieving accumulator injections were simi
lar suggesting that scale size does not preclude the tim

ing of events when using volume scaling 1/50 in LOFT 
and 1/1500 in Semiscale.

However, after ECC injection major differences 
between LOFT and Semiscale Mod-1 system mass 
distribution occurred. A large difference in lower 
vessel fluid void fraction response is graphically 
depicted on Figure 28. These differences are attrib
uted mostly to the atypically high hot wall delay 
time in Semiscale because o f  atypically high surface 
area to downcomer annulus volume ratio as com 
pared to LOFT or a PWR. The steam generation 
from wall superheat in Semiscale caused a portion 
o f  the injected ECC to flow up the downcomer and 
out the broken loop cold leg. Semiscale’s hot wall 
delay time was on the order o f 11 s and LOFT on 
the order o f  1-2 s.^

LOFT and Semiscale core thermal response dur
ing heated LBLOCAs were considerably different. 
LOFT displayed a generally lower core rod temper
ature excursion accompanying the blowdown. 
Many system scaling compromises precluded direct 
comparison between LOFT nuclear heated rod 
response and Semiscale electrically heated rod 
response; however, analysis revealed plausible rea
sons why the response should  be d ifferent. 
Figure 29 compares Semiscale Mod-1 (S-06-2) and 
LOFT (L2-2) rod response. The Semiscale response 
is an early and sustained departure from nucleate 
boiling (DNB) whereas the LOFT response is an 
early rewet. Three reasons have been postulated for 
the differences observed in Figure 29:

1. The possibility o f  a larger amount o f core 
upflow during the early portion o f the 
LOFT test caused by differences in pump 
performance, upper plenum fluid inven
tory, and loop  hydraulic design (core 
bypass etc.)

2. The influence o f  differences in the heat 
transfer characteristics o f  electric heater 
rods and nuclear fuel rods

3. The effect o f  externally mounted thermo
couples (LOFT) on local heat transfer.

Items 2 and 3 were addressed in Reference 214, 
which concluded that external thermocouples have 
a negligible effect on local cooling. However, these 
thermocouples tend to indicate higher quench tem
perature than reality (preferential cooling) and 
therefore are not applicable in the early time period 
(0-10 s). Furthermore, the Semiscale type rods, 
with no clad gap simulation, do not accurately sim
ulate the nuclear heating during b low dow n. 
Therefore LOFT did not accurately display true rod
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clad temperature and Semiscale showed atypically 
long  delay in rewet. C om b in ed , the results 
improved understanding o f  the core thermal 
response and was factored into code calculations. 
In short, neither the LOFT nor Semiscale thermal 
response during LBLOCA was directly applicable 
to a large PWR.

In addition to the external thermocouple loca
tion in LOFT, the hydraulic response o f  LOFT 
experiments certainly affected the core thermal 
response (early rewet) shown in Figure 29. The 
question still lingers, “what would the full height 
core thermal-hydraulic response be to blowdown?” 
Semiscale performed LBLOCA t e s t i n g  jjj tjje 
Mod-3 facility using a 3.66 m (12 ft) (full height) 
core. The early core thermal response to blowdown 
is similar to the 5.5 ft Mod-1 results although 
slightly higher peak temperature occurred (see Fig
ure 30). The Semiscale experiments showed early 
core flow reversal, (Figure 31) and early and sus
tained dryout (Figure 32) o f  the core. This is the 
worst case for cooling. These hydraulic conditions, 
coupled with the knowledge that Semiscale rods 
tend to atypically rewet at lower temperatures, 
(tend not to rewet when a nuclear rod would— 
Reference 214) suggest that the Semiscale Mod-2

data represent an upper bound for PWR behavior. 
The peak clad temperature from these LBLOCA 
experiments in the 12 ft core was 1159 K, which is 
below the Appendix K limit o f  1478 K (2200°F). A  
conservative approach to estimating LBLOCA 
PWR core thermal behavior based on the LOFT 
and Semiscale data sets would be to say the 
expected PWR responses would lie between the 
two. Nevertheless, the most significant finding is 
that Appendix K peak clad temperature limits are 
not stressed by either data set and a PWR undergo
ing a similar LBLOCA transient would also not be 
expected to exceed these experimental values.

4.2.2 Applicability of Semiscale for SBLOCA 
Analysis

4 .2 .2 .1  C o m p a riso n  B e tw e e n  TM i a n d  
S em isca le .  In March 1979, the TMl-2 Nuclear 
Power Electric Generating Station suffered a stuck 
open PORV, loss of primary mass inventory and severe 
core damage. The TMI transient was initiated by a loss 
of condensate pump in the secondary feedwater system 
causing a turbine trip and core scram. The auxiliary 
feedwater system was inadvertently isolated and the 
secondaries boiled dry. The resulting primary pressure
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Figure 32. Fluid density in the bottom of the heated section of the core for Test S-07-6.

increase above PORV and safety valve set points 
caused the PORV to “stick” open leading to the loss of  
primary mass inventory. Operator action aggravated 
the situation by not allowing HPI to enter the system. 
The reason the operators isolated HPI was beeause the 
pressurizer level instruments showed a full pressurizer, 
which was interpreted to indicate a full system. 
Semiscale simulations used available scenarios 
from the TMI transient and ran experimental represen
tation. Limited process data from this transient pro
vided a fair data base for comparison to other 
experimental facilities that can help assess the effect of 
scale.

From a scaling standpoint, the Semiscale simula
tion followed the major events o f  the transient 
remarkably well, considering the geometric differ
ences that existed in the Mod-3 system (different 
steam generator designs, heat loss made up by core 
power augmentation, a too large secondary volume 
in the steam generator and a different pump head 
ch aracteristic). Table 4 depicts the general 
Semiscale scenario o f operations.

Figure 33 com pares the prim ary pressure 
response for the TMI transient and the Semiscale 
simulation. Good trend agreement is shown early 
in time and excellent magnitude agreement later in

the transient. The TMI pressurizer filled at about 
360 s (Figure 34), which caused an increase in pri
mary pressure because o f  a change in the rate of 
volumetric discharge o f  fluid. The TMI system had 
been diseharging steam and after 360 s was dis
charging liquid.

The different rate o f  pressurizer fill for TMI and 
Semiscale simulation is due to an unknown HPI 
injection scenario for TMI early in time (0-500 s). 
Semiscale used an arbitrary 60 s HPI injection per
iod. With no HPI, it took Semiscale longer to fill 
the pressurizer and therefore, discharged steam for 
a longer period than TMI. The important factor is 
that by 2000 s the Semiscale pressure and pressur
izer level were simulating the TMI data trends cor
rectly (i.e., discharge o f liquid out the PORV with a 
full pressurizer). As the PORV remained open 
without HPI fill, both Semiscale and TMI contin
ued to lose primary inventory out the PORV. 
Figure 35 shows the Semiscale system response 
later in time (pressurizer level, core liquid level and 
core rod temperature response). By 5000 s with a 
full pressurizer, the vessel was voided to the top o f  
the core. At 6000 s the loop pumps were turned o ff  
(corresponding to the TMI pump termination  
because o f  cavitation) stopping forced circulation
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Table 4. Sequence of events for Semiscale simulations of TMI

Time
(s) Event

0 Terminate feedwater, close steam valves, initiate draining o f  steam generator secondaries.

5 Open pressurizer power operated relief valve when hot leg pressure reaches 15.55 MPa
(approximate) (2255 psig).

8 Turn pressurizer heaters o ff  and set to automatic control.

12 Scram core power when hot leg pressures reaches 16.24 MPa (2355 psig).
(approximate)

60 Steam generator secondary level reduced to approximately 10% o f initial level.

120 Initiate high pressure injection (HPIS) when hot leg pressure reaches 11.03 MPa
(16(K) psig). Flow rate will be 42 m L /s.

180 Terminate HPIS flow.

300 Steam generator secondary should be depleted.

4400 Throttle intact loop pump to decrease core flow to approximately one-half o f  original.

6000 Terminate power to loop pumps. Reinitiate HPIS flow at a rate o f  20.8 m L/s.
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o f fluid through the core. When forced circulation 
stopped, natural circulation failed to start and there 
ensued a simple core boiloff with resultant core rod 
temperature excursion. The TMI data did not 
include direct measurements o f vessel liquid level; 
however, an external core neutron detector (NI-1) 
gave an indication o f the TMI level as shown on 
Figure 36. Also shown is a briefly increasing vessel 
level upon pump termination as fluid slumped back 
into the vessel. In addition, the neutron detector 
shows a decreasing water level commensurate with 
the core b o ilo ff shown on Figure 35 for the 
Semiscale data.

The first indication o f a core temperature excur
sion in the TMI process data was the indication o f  
superheat in the hot legs at approximately 7000 s 
(Figure 37). Semiscale matched the TMI superheat 
in the hot leg within a few hundred seconds out to 
7000 s, which is remarkable considering the geo
metric differences and scenario uncertainties. 
Semiscale’s success in simulating the TMI transient 
was due most to the correct boundary conditions 
such as pressurizer response (filling with liquid), 
nearly correct PORV flow, and core boiloff hydro
dynamics following pumps off.

In summary this comparison between Semiscale and 
TMI suggests that Semiscale preserves most o f the 
important first order effects during SBLOCA (PORV 
stuck open is a class of SBLOCAs). Flooding charac
teristics of the small Semiscale pressurizer surge line 
permitted a liquid full pressurizer for most o f the tran
sient, as observed in TML The mass inventory at the 
time of pumps off was primarily dictated by the PORV 
flow (critical flow) because HPI was mostly off for 
both Semiscale and TML In addition, following transi
tion of pumped flow, the mass inventory in Semiscale 
must have been similar to TMI because core superheat 
was observed in the hot leg at about the same time. The 
pump scaling distortion in Semiscale did not seem to 
be a factor. Though loop flow was being considerably 
degraded due to saturation conditions in the loop and 
void formation adequate core cooling (decay heat 
removal) was supplied by pumped flow in both TMI 
and Semiscale. Therefore, Semiscale correctly demon
strated the importance o f continued pumped flow in 
these kinds of transients for a PWR.

4.2.2.2 Comparison B etw een GINNA (Steam  
Generator Tube Rupture) and Semiscale. A tube 
rupture transient occurred in the R. E. GINNA  
Nuclear Power Plant on January 25, 1 9 8 2 . The 
operators successfully identified the occurrence o f  
the tube rupture and controlled both primary pres
sure and system mass inventory by using pressurizer

PORV flow  and control o f  safety in jection . 
Figure 38 presents important data associated with 
the GINNA transient. The opening o f the PORV 
was initiated to lower primary pressure below  
affected loop secondary pressure. This occurred 
when the pressurizer was steam filled allowing a 
large volumetric release o f primary steam. Concur
rent with opening the PORV the pressurizer rapidly 
filled with liquid from other parts o f  the system 
(also shown on Figure 38). While the PORV opera
tion was successful in lowering primary pressure 
below the affected loop secondary pressure (thus 
stopping the primary to secondary flow through 
the tube rupture), a redistribution o f liquid into the 
pressurizer concerned the operators enough to stop 
the PORV operation. Once the PORV was closed, 
the primary pressure increased due to continued SI 
injection, which compressed voids in the system. 
This was balanced by decay heat removal due to 
natural circulation stimulated by a feed and steam 
operation in the unaffected loop generator. Because 
o f this, SI was terminated, which caused a rapid 
reduction in primary pressure to the affected loop 
secondary pressure thus stopping primary to sec
ondary flow.

Semiscale showed remarkably similar response 
during experimental simulations o f  the recovery 
phase o f  single-tube rupture transient (on the order 
o f the GINNA tube rupture). During a single-tube 
rupture transient in Semiscale, PORV operation 
(latched open) in conjunction with SI was effective 
in reducing prim ary system  pressure below  
atmospheric dump valve (ADV) set points without 
core uncovery. Though the core was not uncovered 
during the PORV operation, there was a significant 
system mass inventory redistribution and net over
all system mass inventory reduction. Figure 39 
presents the primary system pressure with the pres
surizer collapsed liquid level during a PORV opera
tion. At t = 600 s, the pressurizer was full o f  
steam, and opening the PORV caused a rapid pri
mary system depressurization (sim ilar to the 
GINNA response) as steam left the primary system. 
The local low pressure created by the steam leaving 
the pressurizer caused a flow o f primary system 
fluid toward and eventually filling the pressurizer. 
Figure 40 shows that the differential pressure 
between the pressurizer and vessel upperhead 
increased when the PORV opened, which was the 
driving potential o f  the liquid mass transport for 
the primary system into the pressurizer. Following 
the PORV opening, most o f  the liquid entering the 
pressurizer came from the vessel. Figure 41 com
pares the pressurizer collapsed liquid level and the

49



6.0

Three Mile island d a ta

5.5
D ecreasing  w a te r  level 
Increasing w a te r  level Pum p on

5.0
C3)

Pum p off

3  4.5

U  3.5

3.0
0 2000 4 0 0 0 6 0 0 0 8 0 0 0 10000 12000

Time after turbine trip (s)
W RR8707-S(

Figure 36. Three Mile Island external core detector, source range channel NI-1.

6 0 0

590

580

570 •Three Mile Island

0} 560

u. 550

•Semiscale
540

530
0 1000 2 0 0 0 3 0 0 0 4 0 0 0 7 0 0 0 8 0 0 05 0 0 0 6 0 0 0

Time (s)
WRRB707-S7

Figure 37. Comparison o f  hot leg fluid temperature for TM l and Semiscale simulation (Test S-TM l-31).

50



10014000
-Primary
p ressu re

Pressurizer  liquid level

12000
SI te rm in a ted

PORV open
10000

^  8 0 0 0
T 3

50

w 6 0 0 0

CL
I S econdary  
I p ressu re  
I a f fe c ted  
\  loop

PORV c lo sed
4 0 0 0 to

to

a.
2 0 0 0

Normalized time (no units)

W RR8707-38

Figure 38. Reactor coolant system and steam generator pressure response as a function of time, January 25, 1982.

to
CL

3
to
to
to

9.0 700
PORV opened

8.5 6 0 0
Pressurizer level

8.0
5 0 0S-SG-8

7.5 Uncertainty ± 0 .0 6  MPa 
± 13 cm 4 0 0

7.0

3 0 0
Primary pressure

6.5

Affected  loop ADV setpoint p ressure 2 0 0
6.0

1005.5

5.0
4 0 0 03 0 0 0 3 5 0 0500 1000 1500 2 0 0 0 25 0 0

E

>
tu

3
cr

Time after SGTR (s)
W R R 8 7 0 7 - 3 S

Figure 39. Primary system pressure and pressurizer collapsed liquid level during PORV operation for a single-tube 
rupture transient.

51



(0
Cl

5
Q)
k .
D(/)<0
Q>k.
0-

c
0)w
o

Q

0 .0 0

-0.01

-0 .02

-0 .03

-0 .04

-0 .05

-0 .06

-0.07

-0 .08

-0 .09

-0.10

-0.11
-0.12

-0.13

-0.14

-0.15
0

Figure 40.

'PORV open
Uncertainty ±  .08  MPa

I _L X
5 0 0  1000 1500 2 0 0 0  2 5 0 0

Time after SGTR is)
3 0 0 0  3 5 0 0 4 0 0 0

WRRB7Q7-40

Differential pressure between pressurizer and vessel upper plenum during PORV operation for a 
single-tube rupture transient.

Q>>
0)—I
■O
3
CT

650

6 0 0 Uncertainty ±  10 cm vessel
d: 13 cm pressurizer

550

5 0 0 Pressurizer level
(0 cm is bottom  of pressurizer)PORV opened45 0

4 0 0

350
Vessel level
(0 cm is cold leg centerline)

3 0 0

250

200 Steam  filled pressurizer
150

Steam  filled vessel upper head100

50

0
5 0 0  6 0 0  7 0 0  8 0 0  9 0 0  1000  1100 1200 1300 1400 1500

Time after SGTR (s)
WRRB707-4I

Figure 41. Collapsed liquid level in pressurizer and vessel upper head during PORV operation for a one-tube rupture 
transient.

52



vessel upperhead level. The increase in pressurizer 
collapsed level between 600 and 800 s after tran
sient initiation corresponded to approximately 
0.020 (0.706 ft^). During this time period,
approximately 0.0148 m  ̂ (0.52 ft^) o f  collapsed 
liquid left the vessel upperhead with the remaining 
mass filling the pressurizer coming from loop pip
ing and SI flow. As shown in Figure 42, the vessel 
level depleted to just above the core heated length as 
the pressurizer continued to fill beyond 800 s. The 
volum e associated with the pressurizer level 
increase between 800 and 1 1 0 0 s was about 
0.014 m  ̂(0.494 ft )̂; since the vessel level depletion 
only accounted for about 0.0046 m  ̂ (0.162 ft^), 
again, fluid in the loop piping and SI flow account 
for the deficit in pressurizer fill.

During Semiscale simulations, termination o f SI 
in conjunction with unaffected loop secondary 
feed and steam was effective in first terminating an 
increase in primary system pressure and second, 
causing primary system depressurization similar to 
the GINNA transient (Figure 38). This termination 
o f SI and resulting primary depressurization was 
accomplished without core uncovery or core rod 
heatup. For this Semiscale simulation the primary 
system was in a similar hydraulic condition as the 
GINNA transient. A pool o f water existed in the 
pressurizer, the primary pressure was gradually 
increasing and there was feed and steam in the 
unaffected loop generator with continued SI injec
tion. The desired operation was to reduce primary 
pressure to the affected loop secondary without 
reducing primary inventory. Figure 43 shows a sim
ilar response in Semiscale and GINNA when SI was 
terminated, the pressure dramatically decreases as 
the ongoing compression o f voids stops.

In summary. Semiscale simulations are remark
ably similar in response to the GINNA transient; 
furthermore the Semiscale simulation gives more 
experimental detail such as vessel liquid level. It is 
important to note that the Semiscale simulations 
were not replications o f  the GINNA response, 
rather the Semiscale scenarios followed EOPs from 
the Zion plant and therefore the boundary condi
tions were not identical. However, the gross overall 
response is replicated though event timing is not. 
This com parison  gives con fid en ce in using  
Semiscale results to get a qualitative feel for PWR 
response.

4.2.2.3 Preservation o f  Natural Circulation 
Phenomena Over the Scale Size 1/1705 to  1/134.
Two-phase natural circulation phenomena was found

to be preserved over the scale size 1/1705 to 1/134 
(Semiscale to PKL^^^.

PKL conducted natural circulation experiments 
similar to those in Semiscale, but at a lower pres
sure (-v3 to 4 MPa versus 6.9 MPa). Results o f  the 
experiments were similar. Figure 44 compares the 
loop mass flow rate versus primary system mass 
inventory for the two systems, indicating similar 
trends. (The PKL mass flow rate shown was 
reduced by the ratio o f  the volume scaling factors 
used for each facility and both experiments repre
sent core decay powers o f approximately 1.5%.) 
Not only is the overall trend between the two experi
ments similar, the peak two-phase mass flow rate 
agrees well quantitatively. The main difference 
between the two systems is the relative volume o f  
liquid in the vessel above the hot leg. The Semiscale 
vessel has approximately 3.7% o f the total mass in 
the system above the hot leg and PKL has about 
1.9%. Once the fluid in either system was drained 
to the level o f  the hot leg, any further draining 
caused the flow rate to depart from single-phase 
type values. (T his is d iscussed  in detail in 
Section 4 .3 .6 .) Figure 44 shows that the PKL loop 
fluid flow rate increased from single-phase-type 
values at higher system inventories than for the 
Semiscale experiment. This difference in departure 
from single-phase mass flow is consistent with the 
different percentages o f liquid above the hot leg. 
PKL entered the reflux mode with approximately 
80% system mass inventory and Semiscale approxi
mately 70%. This slight difference (the uncertainty 
is ±5% ) could be related to small configurational 
or operational differences.

4.2.3 Applicability of Semiscale for Intermediate 
Break Analysis (Com parison to  LOBI and 
LOFT). Over a range of scale spanning 1/1705 to 
1/50, phenomena and event timing appears to be con
served for intermediate breaks (̂ 2̂1 % break). Further
more, o f the three simulations of intermediate break 
(Semiscale, LOBI,^ and LOFT^^^) Semiscale 
provides the closest replication of PWR behavior 
because of more correct elevation scaling. Maintaining 
correct elevation is important during intermediate 
breaks because there is a general top-down drain of 
system components.

The overall intermediate break response (phenom
ena and event timing) between Semiscale 
(1/1705 scale), LOBI (1/500) and LOFT (1/50) are in 
good agreement. Any differences that occurred were 
explainable in terms o f configuration differences such 
as depth o f core and pump suction relative to the cold 
legs. All three simulations of intermediate breaks were
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performed at typical PWR conditions. Figures 45 
and 46, comparing the primary pressure response 
between Semiscale and LOFT and LOBI respec
tively, showing good agreement between the facili
ties for important thermal-hydraulic events such as 
achieving upper plenum fluid saturation and entire 
primary system fluid saturation. This good agree
ment is primarily due to agreement in break flow as 
shown on Figures 47 and 48. Configurational dif
ferences, especially loop component elevation dif
ferences, caused a different core thermal response; 
however, these differences did not cause changes in 
phenomena. Therefore, for intermediate breaks, 
major phenomena such as depressurization and 
break flow, is preserved over the scale range 1/1705 
to 1/50. Because Semiscale Mod-2A was correctly 
elevation scaled in core and pump suction relative 
to a Westinghouse PWR, the Semiscale simulation 
is the best representation o f large scale PWR 
response.

4.2.4 Summary of the Experimental Approach 
to Scaling Small Scale Results to Large Scale 
System s. The Semiscale program followed an 
evolutionary process o f volum e/power/height scal
ing culminating in the Mod-2C system. Each suc

ceeding design was an improvement over the pre
vious design as scaling compromises were identi
fied and corrected. Most notable among these 
scaling compromises were height scaling, heat loss 
makeup techniques, secondary metal mass and liq
uid volumes, and system leakage rates. Unavoid
able scaling distortions included non-annular 
vessel downcomer and small pipe size relative to 
bubble size. The main identified scaling compro
mise in the Semiscale full height/volume scaling 
concept is the lack o f representation o f two- and 
three-dimensional effects most notable in the vessel 
annular region/upper plenum and steam generator 
plena. These 2 and 3 dimensional effects have an 
unknown impact on the overall system response 
during SBLOCA. Present experiments in full 
height volum e/scaled experiments show a mostly 
top down drain during a SBLOCA, which is mostly 
a on e-d im ensional phenom ena. Furtherm ore 
single- and two-phase natural circulation tends to  
be represented by one-d im ensional response  
(a lth ou gh  reflux m odes may be m ore tw o- 
dimensional in nature). The conclusion is that one
dimensional full height/volum e scaled systems 
simulate most o f  the first order effects expected in a 
PW R during a SBLOCA. A scaling study for
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Continuing Experiment Capability (CEC) within 
the NRC^^O concludes:

“The results o f this study have shown that the 
actual full height-full pressure water (FHFPW) 
model (represented by Semiscale and MIST facil
ities for a PWR) provide the best representation 
of the largest number of phenomena which were 
investigated (break flow, flooding, heat transfer 
multidimensional effects, two-phase pressure 
drops, reflux transitions, void fraction-quality 
relationships, ECC mixing and condensation, 
core bypass pressurizer hydraulics, accumulator 
hydraulics, structural heat and head loss etc.).”
O f these phenomena, multidimensional effects 

was singled out as being deficient. The scaling 
study also suggests that if  multidimensional effects 
are important they can best be studied in “linear 
scaled” facilities in which pipe length and diameter 
ratios are scaled. However, in such facilities, time 
scale is accelerated, which precludes direct compar
isons o f the data to PWR response.

Therefore, based  on  com parison  o f  the 
Semiscale data to larger scale experimental data 
and actual plant data, the Semiscale facility is in a 
class o f  scaling concepts that gives the best 
expected PWR response (phenomena and event 
timing) available for Westinghouse type PWRs.

4.3 Safety Issues Addressed in 
Semiscale Experiments

The Semiscale experimental program was flexi
ble in that new safety issues could be quickly 
addressed as they arose in an exploratory research 
manner. Through the life o f  the Semiscale program 
practically all the safety issues associated with the 
thermal-hydraulic response o f  Westinghouse types 
PWRs were addressed. These issues included steam 
generator tube ruptures; preferred primary coolant 
pump operation during SBLOCA; secondary feed 
and steam line breaks; station blackout response; 
operator recovery techniques; natural circulation 
core decay heat removal; alternate forms o f ECC 
injection; steam generator tube rupture during 
large break LOCAs; stuck open PORV (TMI-2 
response); small break safety issues such as liquid 
holdup and core level depression during SBLOCA, 
effect o f  upper head to downcomer core bypass on 
SBLOCA transient severity, ultra-small breaks with 
degraded ECCS, primary pressure response follow
ing accumulator ECC injection relative to core 
boiloff o f SBLOCAs; upperhead void formation 
and removal during secondary side breaks; and the

usefulness o f  EOP guidelines for using above core 
thermocouples for indicating core rod dryout. 
Each o f these issues were examined in Semiscale 
experiments and pertinent findings are discussed in 
this section.

4.3.1 S team  Generator Tube Rupture. Tran
sients initiated by steam generator tube rupture and 
transients otherwise induced but concurrent with 
tube rupture are relatively probable during the nor
mal life o f  a commercial PW R. The safety issue 
associated with tube ruptures is that tube rupture 
allows a primary-to-secondary system flow path 
which can eventually result in secondary system 
release o f radioactive fluid to atmosphere. Opera
tors try to first isolate the affected loop secondary 
from atmospheric release without drastically reduc
ing primary inventory and then control primary 
inventory and eventually loop subcooling. The 
PWR safety question involves core uncovery during 
both automatic events and operator actions.

Steam generator tube rupture is a form o f a small 
break, as the tube rupture allows a flow o f primary 
fluid out o f  the system to the affected loop steam 
generator secondary. In many ways, the tube rup
ture signature response in Semiscale is similar to the 
pipe break response.

The occurrence o f  a tube rupture in the 
Semiscale Mod-2Bl^^"^®^ during typical PWR 
type operating conditions has a very distinctive sig
nature response. The signature response is dis
cussed for 0-600 s, which was assumed to include 
only automatically occurring events without opera
tor action. A  time o f 600 s was chosen to be repre
sentative o f  the time required for an operator to 
identify the occurrence o f a tube rupture transient. 
For discussion purposes, a single cold side tube 
rupture in the Semiscale system is used for this sec
tion.

The tube rupture, occurring at 0 s, caused a pri
mary system depressurization and loss o f  primary 
mass to the broken loop steam generator secondary 
system. Figure 49 compares the primary and sec
ondary pressures early in the transient. Primary 
fluid, originally at 15.54 MPa flowed through the 
conical flow tube break orifice into the broken loop  
steam generator secondary originally at 5.58 MPa. 
The loss o f  mass from the primary system caused a 
steady primary depressurization until the pressur
izer emptied at about t = 134 s (Figure 50) at 
which time the primary depressurization rapidly 
increased. The increase in primary depressurization 
corresponded exactly in time to the interfacial liq
uid level o f  the pressurizer reaching the bottom o f
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the pressurizer. When the pressurizer level reached 
the surge line connecting the pressurizer to the hot 
leg there was a large change in the amount o f  vol
ume o f flashing fluid. As long as the interfacial 
level was above the bottom o f the pressurizer and 
not in the surge line, the volume was high and pro
moted more flashing, which in turn retarded the 
primary depressurization. When the interfacial liq
uid level depleted to the surge line (due to break 
flow), the volume o f saturated liquid decreased 
which retarded flashing, resulting in an increase in 
depressurization. Shortly after the pressurizer 
interfacial level cleared the bottom o f the pressur
izer, the low pressurizer pressure set point o f
13.1 MPa was achieved, automatically causing core 
power scram to the ANS decay curve and the main 
steam isolation valve (MSIV) closure on both steam 
generators at about 100 s.

Upon MSIV closure, primary to secondary heat 
transfer in both the broken and intact loop steam 
generators caused a rapid pressurization o f the sec
ondaries, as shown in Figure 49. Prior to achieving 
the low pressurizer pressure trip, both the intact, 
and broken loop steam generator secondary pres
sure remained fairly constant as full core power was 
removed by way o f normal secondary steaming 
conditions through a full open MSIV. The energy 
addition due to tube rupture break flow from the 
primary to broken loop secondary caused a negligi
ble rise in broken loop secondary pressure prior to 
MSIV closure. Following MSIV closure the pres
sure rose quickly in both generator secondaries to 
the atmospheric dump valve (ADV) set point pres
sures and the ADVs were cycled several times. The 
secondary pressure soon leveled out below the ADV  
set point as primary to secondary heat transfer was 
reduced due to a reduction in primary heat source 
after core scram.

Following core scram, the system primary pressure 
showed an increase in depressurization rate due to a 
shrinkage o f the primary fluid caused by cooldown 
(greater heat rejection due to primary to secondary 
heat transfer than heat input from the core). No major 
change in primary depressurization occurred when the 
primary pressure reached the safety injection signal 
(12.51 MPa) that automatically induced termination 
of power to the primary coolant pumps, initiation of 
safety injection, termination o f main feedwater, and 
startup o f auxiliary feedwater to the secondaries. The 
effects o f the automatic safety injection events were 
overshadowed by the rapid reduction o f core power 
and resulting primary fluid shrinkage due to primary- 
to-secondary heat transfer. Eventually, the primary sys
tem depressurization was sufficient for the hot leg fluid

to reach saturation conditions, approximately 220 s, 
(Figure 51). Flashing in the system fluid then caused a 
major reduction in the depressurization rate as shown 
on Figure 49. The primary pressure made a slight 
recovery between 190 and 240 s. This repressurization 
was caused by a combination of: superheated steam in 
the pressurizer due to heat transfer from the pressurizer 
walls to the pressurizer fluid (Figure 51), and the 
change from forced circulation to natural circulation 
heat transfer in the steam generators that occurs as the 
primary pumps coast down. Following pump coast- 
down, the core decay heat removal mechanism was 
single-phase natural circulation and magnitude o f the 
flow rate is typical o f single-phase results found previ
ously in Semiscale separate effects experiments. 
Following the slight primary repressurization period 
(190 to 240 s), the primary pressure first stabilized then 
followed a slow depressurization but remained above 
the broken loop ADV set point for the entire initial 
6(X) s period. This slow depressurization was sup
ported by a combined energy balance involving safety 
injection flow, primary-to-secondary heat transfer, pri
mary and secondary wall heat loss, and break flow 
through the tube rupture.

During the first 600 s, only minor system mass void
ing occurred, as shown in Figure 52, which compares a 
primary unaffected loop steam generator tube col
lapsed level and the vessel upperhead collapsed level. 
The primary tubes remained essentially full and the 
vessel upperhead level was reduced from 421 cm to 
375 cm (165 to 137 in.) above the cold leg. Because of 
the positive differential pressure between the primary 
and broken loop secondary, a positive break flow per
sisted throughout the early period; however, safety 
injection flow, once initiated, was slightly higher than 
break flow rate resulting in a slight filling trend in vessel 
upperhead level during the first 600 s, as shown in 
Figure 52.

This basic signature response was found to be typical 
for one-, five-, and ten-tube ruptures; only the timing 
o f events such as core scram, MSIV closure, and safety 
injection were different. In addition, the signature 
response was found to be essentially identical for hot 
side and cold side tube ruptures. The fundamental dif
ference for the break spectrum studied was the relation
ship o f safety injection and break flow. For the five- 
and ten-tube breaks, the vessel liquid inventory was 
considerably less than for the one-tube case because of  
a much higher break flow in relation to safety injection 
flow. At 600 s, the one-tube break had a system inven
tory o f about 87%; the five-tube break had an inven
tory o f 60%; and the 10-tube break had an inventory 
of 52%. (See Figure 53.) Even though the vessel liquid 
collapsed level was reduced to the top o f the core
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during the ten-tube rupture and within 15 cm o f the 
top of the core for the five-tube rupture, (see Figure 54) 
no core rod heatup occurred.

4.3.2 Preferred Primary Coolant Pump Opera
tion During SBLOCA. Preferred primary cool
ant pump operation during a SBLOCA became a 
safety issue following the TMI-2 accident. During 
the TMI-2 accident (after considerable mass inven
tory loss), the primary coolant pumps were tripped 
because o f  vibrations. Natural circulation failed to 
initiate upon cessation o f forced convection, result
ing in the heatup and destruction o f the core. 
Immediately, the NRC issued a bulletin to opera
tors to leave the pumps running in the event o f  HPI 
initiation on a low pressure trip. The vendors pro
tested this decision because their Appendix K cal
culations showed that for all break sizes, pump trip 
at H P I in itia tio n  was acceptable (w ith in  
Appendix K limits). A lso, leaving the pumps on  
during a SBLOCA considerably complicates the 
analysis and depends on accurate two-phase degra
dation characteristics. In addition, pump opera
tion in the two-phase region could disable the 
pumps due to excessive cavitation.

Pump operation during Semiscale and LOFT 
SBLOCA experiments affected the system depres
surization rate and primary system coolant inven
tory by influencing conditions upstream o f  the 
break. Break experiments o f  2-1/2%  involving 
both pumps on and pumps o ff  were performed in 
both the Semiscale Mod-3 and the LOFT facil
ity.  ̂ For the pumps o ff  case, the pump power was 
tripped at the low  prim ary pressure trip  
(12.48 MPa). The combined results o f  these experi
ments showed that turning the primary pumps o ff  
at a low pressure trip tended to maximize the 
amount o f primary coolant remaining in the sys
tem. As an additional combined result o f  Semiscale 
and LOFT experiments, injection location has as 
large an affect as pump operation.

During the LOFT small break experiment with the 
pumps off, stratification o f fluid occurs in the system 
vrith steam at high points and liquid at low points. 
Consequently, as the blowdown progresses, the cold leg 
voids in a stratified manner. Eventually the break 
uncovers and the break flow becomes mostly steam 
with little mass expulsion. However, when the primary 
pumps are left ruiming in the LOFT system during a 
small break transient, the fluid in the cold leg tends to 
be on the average a higher density homogeneous
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Figure 53. System mass inventory for a one-, five-, and ten-tube rupture transient.
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Figure 54. Vessel collapsed liquid level for a one-, five-, and ten-tube rupture transient.

mixture caused by the churning effect o f the pump 
operation. This higher density flow allows for a higher 
break flow and thus a more rapid depletion o f system 
inventory. The LOFT experiments show that more 
mass remained in the system during the transient with 
the pumps off.

Considering the whole small break transient, the 
trend found in the LOFT data for more mass reten
tion for early pump trip was not repeated in the 
Semiscale simulations, as shown in Figure 55. Not 
only is the relationship o f system mass retention for 
pumps on or pumps o ff not the same for Semiscale 
and LOFT but the magnitude is considerably dif
ferent. First, the Semiscale system mass retention is 
relatively independent o f  pump operation. The 
Semiscale pump degradation in two-phase condi
tions is much higher than the LOFT pump, which 
more closely simulates a PWR head degradation. 
When the Semiscale pump is left running during 
the small break, the capability to impart energy to 
the fluid is so degraded that it behaves as if  
stopped. It would be expected then that the LOFT 
pumps o ff case would agree with either the Semi
scale pumps on or o ff case; however, the compari
son is also not close. Figure 55 shows that the 
magnitude o f the amount o f  mass retained in the

LOFT pumps o ff  experiment was considerably 
greater then either o f  the Semiscale experiments.

The difference between Semiscale and LOFT 
results is explainable in terms o f the ECC injection 
location. In the Semiscale experiments ECC was 
injected in the cold leg just upstream o f the break 
and in the LOFT experiment ECC was essentially 
injected into the downcomer. By injecting fluid just 
upstream o f the break the fluid density at the break 
remained high resulting in higher break flow rates. 
For the LOFT experiment with pumps off, ECC 
fluid had little effect on fluid conditions just 
upstream o f the break and consequently on break 
flow; therefore the system mass depletion was gov
erned by a stratified removal o f  fluid. In Figure 55 
the Semiscale pumps o ff  case actually showed less 
mass retention that the pumps on case. Because 
with the pumps on, cold ECC was mixed with sys
tem fluid and forced to the break location, thus 
presenting a higher density fluid at the break pro
moting a higher break flow.

In summary, the LOFT and Semiscale results 
regarding pump operation during a small break 
LOCA are contradicting but when combined help 
to understand which pump operation maximizes 
system mass inventory during the transient. LOFT
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Figure 55. Comparison of LOFT and Semiscale normalized system mass during small breaks for cases with pumps 
on and pumps off (Z-l/lVo breaks).

results clearly show that the pumps o ff  case 
resulted in more mass retention. However, the tests 
involved downcomer ECC injection which mini
mized the effect o f  ECC on fluid conditions 
upstream o f the break. The Semiscale experiments 
demonstrate the importance o f  ECC on upstream 
fluid conditions. However, due to a too rapid deg
radation in pump operation relative to a PW R, the 
energy transfer to the fluid does not correctly 
model commercial PWR behavior.

4.3.3 S eco n d a ry  Feed and  S team  Line 
Breaks. There are two main PWR safety issues 
associated with secondary side breaks and both o f  
these were investigated in the Semiscale Mod-2C 
facility. The first issue is the plausibility o f  pressur
ized thermal shock associated with a main steam 
line break. The second issue is a possible primary

over-pressurization caused by a feedwater line 
break. The steam line break causes a rapid depres
surization o f the secondary with a rapid increase in 
heat sink. The increased heat sink suddenly cools 
and shrinks the primary fluid causing a thermal 
shock to components that could cause rupture o f  
the primary system. The feedwater line break 
causes an eventual loss-of-heat sink through a rapid 
secondary blowdown quickly depleting the second
ary o f  cooling water. The resulting loss in primary- 
to -secon d ary  heat transfer cou ld  cause an  
over-pressurization o f  the primary system with the 
loss o f  heat sink and continued core decay heat.

The Semiscale simulationsl^^"^^'^ consisted o f  
both an initial phase during which only automatic 
actions were assumed followed by operator initi
ated plant recovery procedures although this dis
cussion focuses on the initial phase which contains 
the safety issues.
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4 .3 .3 .1  S te a m  Line B rea k s.  Tests S-FS-1 
and S-FS-2 simulated transients initiated by a 
double-ended offset shear o f a steam generator 
main steam line (downstream and upstream respec
tively o f  the flow restrictor). Com m unication  
among generators was allowed due to the assump
tion o f failure o f the check valve in the affected 
main steam line. This allowed the intact loop steam 
generator to depressurize and lose mass until main 
steam isolation valve (MSIV) closure.

Regardless of break location relative to the flow 
restrictor, the occurrence of a double-ended offset 
shear of a steam generator main steam line produces a 
depressurization of both the affected and unaffected 
loop steam generator secondaries, as shown on 
Figure 56. For the break upstream of the flow restric
tor (S-FS-2), the flow from the affected loop steam 
generator represented flow limited only by the steam 
generator exit piping flow area; whereas, the flow from 
the unaffected loop steam generator represented flow 
limited by the affected steam line flow restrictor. For 
the break downstream o f the flow restrictor (S-FS-1), 
the flow from the affected loop steam generator repre
sented flow limited by the affected steam line flow 
restrictor. At the same time, the flow from the unaf
fected loop steam generator represented How from 
three steam generators (with the flow from each limited 
by its respective flow restrictor). The affected loop sec
ondary emptied much faster during S-FS-2 than 
S-FS-1 because of a much larger break area. The larger 
break area produced the faster affected loop secondary 
depressurization shown in Figure 56. The depressuri
zation of the unaffected loop secondary was much 
slower in S-FS-2 than during S-FS-1 due to lower break 
flow with a smaller break area for one versus three flow 
restrictors.

The flow from the affected loop steam generator 
was mostly steam for both tests with only slight 
two-phase flow evident early in the transients, (Fig
ure 57). During the initial part o f the blowdowns, 
the high mass flow rates in the affected loop steam 
generator and the rapid depressurization, caused a 
high initial flow from downcomer to riser, followed 
by flow reversal in the separator drain lines, and 
degraded performance o f the steam separator. This 
allowed the two-phase mixture to exit the steam 
dome until the flows reduced to within the range of 
the steam separator capabilities. The minimum 
measured break void fraction was 92% for Test 
S-FS-2 and 96% for Test S-FS-1.

The depressurization of the unaffected loop steam 
generator was halted when the MSIV fully closed on a 
low secondary pressure trip o f 4.14 MPa, approxi
mately 11 s during S-FS-2 and 25 s during S-FS-1. The

unaffected loop steam generator mass loss for S-FS-2 
was approximately 3-1/2% of the initial mass whereas 
approximately 36% of the initial mass was lost in 
S-FS-I. Following MSIV closure, the unaffected loop 
steam generator experienced a slight repressurization 
due to energy addition from the primary fluid system 
in the absence of secondary feeding and steaming. The 
affected loop steam generator continued to depressur
ize until the generator was essentially empty at about 
50 s during S-FS-2 and about 110 s during S-FS-1.

W hen the low secondary pressure trip o f  
4.14 MPa occurred, there was a loss o f  power and 
the primary pump coastdown limited the primary- 
to-secondary heat transfer during both tests. The 
prim ary-to-secondary heat transfer from the 
affected and unaffected loop steam generators 
increased until the primary coolant pump coast- 
downs and MSIV closures occurred at about 11 s 
during S-FS-2 and about 25 s during S-FS-1, as 
shown in Figure 58. The heat transfer then  
decreased with the decreasing loop flows, with final 
reduction occurring when the pumps were turned 
o ff at 52 s during S-FS-2 and 67 s during S-FS-1.

During the transient, primary-to-secondary heat 
transfer was found to be limited by conduction 
through the tube walls rather than the secondary 
convective heat transfer. Calculation o f the local 
secondary side convective heat transfer coefficients 
from temperature triplet data indicates that at any 
location  the secondary convection was first 
enhanced by the rapid blowdown then degraded as 
the secondary lost inventory (Figure 59). During 
the period o f enhanced secondary convective heat 
transfer coefficients, the primary-to-secondary 
heat transfer continued to increase, increasing the 
primary-to-secondary temperature difference. This 
indicates that the heat transfer was limited by the 
conduction through the tube walls rather than the 
secondary convective heat transfer. The process 
appears to have been conduction limited prior to 
the loss o f power, and primary fluid convection lim
ited during the loop flow reduction, with some sec
ondary convection  lim iting observed during  
S-FS-2.

During the Semiscale steam line break transients 
the pressurized thermal shock (PTS) minimum pri
mary temperature limit o f 450 K was not reached. 
The increased primary-to-secondary heat transfer 
during both tests cooled the primary fluid as shown 
on Figure 60. The minimum cold leg temperatures 
reached were about 554 K (538°F) during S-FS-2 
and about 536 K (506°F) during S-FS-1. These 
temperatures were well above the PTS minimum  
temperature limit.
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Figure 60. Cold leg temperature for Tests S-FS-1 and S-FS-2.

Test S-FS-1 (break downstream o f  the flow  
restrictor) was a much more severe transient as 
judged by primary system overcooling. The results 
from the tests indicate that a severe potential for 
PTS occurrence does not exist for these events in 
Semiscale. However, the reduction in heat transfer 
following the reduction in loop flow (due to loss o f  
power) limited the overcooling to some degree.

4.3.S.2 F eedw ater Line Break. Tests S-FS-6, 
S-FS-11 and S-FS-7 simulated transients initiated 
by a 100%, 50% and 14.3% break, respectively, in 
a steam generator bottom main feedwater line 
downstream o f the check valve.

The occurrence o f a break in a steam generator 
bottom feedwater line downstream o f  the check 
valve rapidly reduces affected loop  secondary 
inventory. The unaffected loop steam generator 
also experienced a reduction in inventory because 
there was continued steam flow prior to closure o f  
the normal main steam flow control valves (turbine 
stop valve simulators) at SCRAM. This was com 
pounded by the loss o f all main feedwater at tran
sient initiation. With the failure o f  the affected 
loop steam line check valve, the unaffected and 
affected loop steam generators remain coupled

with inventory being transferred from the unaf
fected loop to the affected loop steam generator 
and then to the break. This transfer o f  inventory 
was maintained until MSIV closure. As shown in 
Figure 61 the loss o f  mass from the secondaries ini
tially produced essentially no change in pressure. 
The pressures remained near the initial values as 
vapor generation in the secondaries, due to the 
primary-to-secondary heat transfer, continued.

For all break sizes, depletion o f  the liquid inven
tory (Figure 62) caused a rapid reduction in the 
affected  lo o p  steam  generator prim ary-to- 
secondary heat transfer (Figure 63). The normal
ized heat transfer versus normalized liquid mass 
(normalized to initial values) for the three tests are 
shown in Figure 64. For the 100% and 50% break 
test (S-FS-6 and S -F S-11), the heat transfer 
remained at 100% until the liquid mass reached 
about 5 to 10%. The heat transfer then reduced to 
about 90% over the next 5% reduction in liquid 
mass followed by a rapid reduction to 0% heat 
transfer. For the 14.3% break test (S-FS-7), the heat 
transfer remained at 100% until the liquid mass 
reached about 20% followed by a rapid reduction 
to 0% heat transfer starting at 8% liquid inventory. 
A lthough a slight break size dependency is
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indicated by these results, the basic trend is very 
similar: the heat transfer remains at nearly 100% 
until the liquid inventory is nearly depleted. This is 
followed by a rapid reduction to 0% heat transfer 
with little further reduction in mass. The Combus
tion Engineering (CE) FSAR Appendix ISB^^^ 
assumes for a feed line break that there is 100% 
heat transfer until the liquid inventory is depleted, 
followed by a step change reduction in the heat 
transfer to 0%, which is nonconservative based on 
Semiscale scaled results.

Due to the flow path between intact and broken 
loop generators via the crossover line, the unaf
fected loop generator also lost mass inventory to 
the affected loop generator and then to the feed
water line break. The energy removal in the unaf
fected loop generator was slightly increased due to 
the turbulence on the secondary side caused by the 
flow from the unaffected loop to the affected loop 
generator (Figure 65). Similar to the affected loop 
generator, the primary-to-secondary heat transfer 
dropped as the inventory was reduced to the lower 
levels, however, in a different manner than the 
affected loop generator. The rapid drop in energy 
removal in the unaffected loop generator observed 
on Figure 65 corresponds more to a rapid drop in 
primary pressure, which is discussed next.

The reduction in primary-to-secondary heat 
transfer during the tests caused the primary fluid to 
be heated, which caused a primary pressurization 
as shown on Figure 66. The peak primary pressures 
for Tests S -F S-6, S -F S-11 , and S-SF-7 were 
16.37 MPa, 16.41 MPa, and 16.42 MPa, respec
tively. These pressures represent differences o f  
about 0.51 M Pa, 0 .55  M Pa, and 0 .5 6  MPa 
between the high pressure trip set point and peak 
system pressure. These results can be extrapolated 
to a CF System 80 plant as follows: The full flow 
pump heads are about the same for the CF 
System 80 plant and Semiscale; the loss o f  the 
Semiscale affected loop steam generator heat sink 
represents only half the loss associated with a CF 
System 80 steam generator; therefore, the pre
dicted differences between the high pressure trip set 
point and the peak system pressure for a CF 
System 80 plant are about 1.01 MPa, 1.17 MPa, 
and 1.20 MPa, respectively. Based on this simplis
tic analysis and the CF high pressure trip set point 
o f 17.06 MPa, the peak system pressures predicted 
for the CF System  80 plant are 18.07 M Pa, 
18.23 MPa, and 18.26 MPa for a 100%, 50% and 
14.3%, respectively, bottom feedwater line break. 
These pressures correspond to 104.8%, 105.8% 
and 106.0% of the system design pressure, all o f

which are below the 110% o f design pressure high 
pressure limit.

Based on the Semiscale results and analysis during 
steam line breaks on either side o f the flow restrictor 
the pressurized thermal shock temperature lower limit 
should not occur. During Semiscale feed line break 
experiments analysis on primary pressurization due to 
loss o f heat sink should be below the 110% o f design 
pressure limit. In addition, CF FSAR heat transfer 
assumptions in the secondary may be nonconservative 
because Semiscale shows degradation beginning at 
about 10% inventory.

4.3.4 Station Blackout. In the event o f  a total 
loss o f  onsite and offsite power in a PWR, primary 
pumps lose power, secondaries lose feedwater and 
main steam isolation valves on the secondary are 
closed. The PWR safety issue is that with contin
ued decay heat, the secondaries boil dry through 
relief valves and core decay heat causes a pressur
ization o f the primary system resulting in pressur
izer safety relief valve (SRV) opening and a loss o f  
primary mass. Without operator intervention a sta
tion blackout could lead to core uncovery and 
severe core damage as primary inventory leaves the 
system. Semiscale investigated station blackout sce
narios in the Mod-2B facility with and without 
operator intervention. What follows is a brief 
description o f the signature response and phenom
ena associated with station blackout, and then by 
specific safety issues associated with station black
out transients.

The signature response o f Semiscale to the sta
tio n  b lackout is characterized  as an over- 
pressurization transient in the steam generator 
secondaries and the primary system. The over- 
pressurization in both systems results in a loss o f  
both secondary heat sink (secondary inventory) 
and primary inventory. Figure 67 shows the pri
mary pressure response for a Semiscale experiment 
with a power loss scenario. The initial primary 
pressurization occurred because upon power loss 
the secondary steam isolation values were closed 
concurrent with loss o f feedwater. This caused a 
perturbation in normal primary to secondary heat 
transfer (reduction) which led to some expansion o f  
the primary fluid. More importantly during this 
early period (2.6 s) the primary pumps tripped 
which caused the resident time o f fluid in the core 
to increase which further expanded the primary 
fluid resulting in a primary pressure increase. This 
early period o f  primary pressure increase and core 
scram was followed by a long period o f natural cir
culation cooling o f  primary fluid as primary to
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secondary heat transfer continued due to a blow
down and boiloff o f the steam generator second
aries through the secondary relief valves. During 
this period (1600 to 4680 s, Figure 67), the primary 
pressure decreased. Once the steam generator 
primary-to-secondary heat transfer went to 0 (sec
ondary boiled dry), the primary pressure again 
increased to the safety relief valve set point. This 
was accompanied by an increase in pressurizer level 
(Figure 68) as primary mass expanded into the 
steam space o f  the pressurizer. Eventually, the 
degraded heat sink was overcome by decay heat and 
further expansion o f fluid caused the primary pres
surizer SRV to open allowing a release o f  primary 
mass inventory. Without a significant heat sink the 
continued primary mass release through the SRV 
caused a primary inventory reduction as shown on 
Figures 69a and 69b. A steam bubble formed in the 
vessel upperhead as fluid there became saturated at 
about 8580 s. Next, the broken loop and intact 
loop primary tube levels began to decrease concur
rent with further decreases in the vessel level. Dur
ing power loss then, the system does not follow a 
general top down drain o f  components. Rather, the 
vessel forms a steam bubble first, followed by the 
draining o f  steam generator primary tubes.

Throughout this period o f  primary mass reduction 
the pressurizer remains full (Figure 68). With the 
vessel fluid saturated and the loops steam filled by 
10 000 s, the core decay heat simply caused a 
boiloff o f remaining vessel liquid. The pressurizer 
remained full due to flooding in the pressurizer 
surge line. The experiment was terminated at 
10,800 s (on a maximum specified time basis), 
while core rod temperature excursions were in pro
gress. Although Semiscale event timing may be in 
error due to scaling distortions, such as heat loss 
and primary-to-secondary heat transfer, the severe 
consequences o f  a power loss (core rod heatup) 
should occur on the order 10 000 s following power 
loss in a PWR.

Specific safety issues associated with the power 
loss transient in Semiscale were:

•  What is the relationship between superheated 
fluid temperature measurements in the upper 
plenum and hot legs and core dryouts?

• What is the relationship between the pres
surizer liquid level and primary inventory?

• What are the conditions o f the primary 
system that indicate some plant recovery 
must be started?
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•  What is the relationship between second
ary liquid level and primary to secondary 
heat transfer?

Each o f these issues is presented in the following 
sections.

4.3 .4 .1  S u p e rh e a t M ea su re m e n ts  a s  an  
Indication o f  Core Dry Out During a  S ta tion  
B lackout Transient. During a core temperature 
excursion, the hot leg and upper plenum fluid tem
perature measurements were a poor indication o f  
core thermal response. Both the upper plenum and 
the hot leg fluid temperature measurements lagged 
the heater rod response and the fluid was considera
bly cooler than the heater rods. (See Figures 70a 
and 70b.) In most tests, the hot leg fluid tempera
ture was independent o f  the heater rod response. 
The superheated fluid comes in contact with cooler 
saturated structures, which removes the superheat 
in the fluid. Therefore, the upper plenum and hot 
leg fluid temperature measurements lag the core 
thermal response.

4.5.4.2 Pressurizer Liquid Levei. The pressur
izer liquid level was not a good indicator o f  the pri

mary inventory after the pressurizer SRV opened. 
During most o f the power loss and station blackout 
transients, the pressurizer liquid level was indepen
dent o f  the primary inventory. An example o f this 
was seen in S-PL-2 when the level in the vessel was 
low enough that the heater rods were drying out, 
and yet the pressurizer liquid level was at the top o f  
the pressurizer (Figures 68 and 69).

4.3.4.3 R ecovery  Time in a S ta tion  Biack- 
out. The latest time following a loss-of-power tran
sient in which a recovery scenario might work is 
plant dependent and not answered directly by Semi
scale scaled data where event timing may be dis
torted. However, Semiscale was able to follow a 
reasonable recovery procedure involving PORV, 
and charging and HPIS flow. Even though the sys
tem recovered, there was core uncovery and 5 core 
rod temperature excursions (Figure 70b). The 
energy and mass removed through the PORV must 
be balanced by the core decay energy and the charg
ing and HPIS flows. Semiscale results indicate that 
the capability o f  HPIS/PORV operation in miti
gating power loss accidents was dependent on pri
mary mass inventory at the time o f  recovery
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initiation. Therefore, early identification o f power 
loss scenario is mandatory for the operator.

4.3.4.4 Secondary Energy Rem oval During a  
Station Blackout. Energy removal from the steam 
generators was not linear with secondary level (as dem
onstrated in the preceding section on feed and steam 
line breaks), and should be factored into safety analysis 
calculations and analysis. With secondary relief valves 
open, core decay heat is dissipated in the secondaries 
with natural circulation in the primary and a decreas
ing inventory in the secondary. This operation could be 
an important buffer for operator identification and 
mitigating action.

4.3.5 Relative Effectiveness of Operator Action 
During SBLOCAs. During SBLOCAs there are a 
number o f tools available to the PWR operators to 
mitigate accident severity or simply turn a poten
tially dangerous transient with costly cleanup into a 
benign event. Courses o f  action at an operator’s 
disposal include: secondary feed and steam to 
reduce primary pressure and increase primary sub
cooling, primary feed and bleed to reduce primary 
pressure and increase primary subcooling, primary 
power operated relief valve (PORV) operation to 
reduce primary pressure, pump restart to redistrib
ute fluid mass in the system, increase core heat 
transfer, and decrease primary pressure, pressurizer 
heaters to pressurize the system and increase hot leg 
subcooling, pressurizer auxiliary spray for reducing 
primary pressure and controlling system mass 
inventory. The PWR safety issue is the effectiveness 
o f these operator actions to control the plant with
out significant core uncovery.

Operator recovery procedures were investigated 
during steam generator tube rupture transients as 
the initiating event. A  tube rupture is like a very 
small break (on the order o f 0.4%) in the primary 
loop piping.

During the Semiscale tube rupture experiments 
conditions changed from subcooled conditions 
(prior to the break) to saturation conditions and 
then back to subcooled conditions as the operator 
used the various techniques to control mass inven
tory and subcooling. This type o f  behavior can be 
observed on ATOG (Abnormal Transient Opera
tion Guidelines) plots. Figure 71a shows a typical 
ATOG plot with the transition from subcooled con
ditions at full power, full flow, through the tran
sient, back to subcooled conditions at natural 
circulation and pumps off.

Starting from subcooled primary system fluid 
conditions [approximately 22 K (40°F)], the tube 
rupture event occurred, resulting in a rapid depres- 
surization to saturation conditions. For this experi
ment, it was assumed that the operator identified 
that a tube rupture had occurred early (about the 
time the system fluid achieved saturation condi
tions). Following normal emergency procedures, 
feed and steam o f the unaffected loop steam gener
ator was initiated while SI and tube rupture break 
flow continued. Eventually, SI flow was greater 
than break flow, allowing a net positive influx o f  
system mass that caused a compression o f  voids in 
the system. The operator would observe this on an 
ATOG plot (Figure 71a) as an increase in loop sub
cooling, as the void compression increased loop  
pressure but not temperature. Since the primary 
system loop and affected loop secondary were 
hydraulically coupled by way o f the break and, fur
ther, since SI had increased primary system pres
sure, the affected loop steam generator ADV cycled 
several times, maintaining primary pressure at the 
affected loop ADV set point. Meanwhile, contin
ued feed and steam in the intact loop increased pri
mary fluid subcooling. To eliminate excessive 
affected  lo o p  ADV cycling and p oten tia l 
atmospheric release o f  secondary fluid, SI was ter
minated, thus removing the compressing effects on  
system voids. The primary system pressure then 
dropped, decreasing primary fluid subcooling, 
which remained above 22 K (40°F). Since primary 
system pressure was below the affected loop ADV 
set point, potential affected loop secondary fluid 
release to atmosphere was no longer a problem. An 
operator could plot progress during a transient on 
similar ATOG plots and immediately ascertain its 
effect on primary system pressure control and pri
mary fluid subcooling.

The effectiveness o f  various recovery techniques 
were assessed using the Semiscale Mod-2B tube 
rupture transients and are discussed below.

4.3.5.1 E ffectiven ess o f  S tea m  G enerator  
F eed a n d  S tea m .  The Semiscale experimental 
results show that the effectiveness o f  pressure con
trol and loop cooling due to unaffected loop feed 
and steam is dependent on the hydraulic state o f  the 
loop, which is dependent on the number o f tubes 
ruptured and the natural circulation mode. For 
instance, a single-tube rupture leaves the system in 
single-phase natural circulation at the end o f the 
operator diagnostic period, whereas the five- and 
ten-tube rupture cases with more system voiding 
causes the svstem to be in the reflux mode. The feed
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Figure 71a. ATOG plot for a Setniscale five-tube rupture, with early feed and steam.

and steam operation has a greater effect on primary 
system pressure if  the primary system is in a more 
voided state. The rate o f pressure decrease due to 
feed and steam is slower, as shown in Figure 71b, 
for a five-tube rupture event than for a single-tube 
rupture. For the single-tube rupture case, the large 
steam generator heat sink increases primary-to- 
secondary system heat transfer by increasing the 
differential temperature across the tubes. The 
increased heat transfer caused a primary system 
flu id  tem perature reduction w hich increased  
shrinkage o f  fluid in the system. For the five- and 
ten-tube rupture cases, the initiation o f  unaffected 
loop feed and steam increases the condensation in 
the primary side o f  the steam generator tubes. The 
mass rate o f  condensation is proportional to the 
differential temperature across the tubes, and the 
system pressure is proportional to the mass rate o f  
condensation; therefore, the increase in differential 
temperature caused by the feed and steam opera
tion increased the depressurization rate.

4.3.S.2 E ffectiven ess o f  PORV Operation.
PORV operation along with SI (primary feed and 
bleed) is effective in reducing primary system pres
sure below affected loop steam generator relief

valve set points; however, there was a significant 
system mass inventory redistribution as shown on  
Figure 72. Upon initiation o f  PORV operation, 
primary system fluid was transported to the pres
surizer from other parts o f  the system and eventu
ally filled the pressurizer. The primary source o f  the 
fluid filling the pressurizer was the vessel. This is a 
similar response as was discussed for the TMI-2 
stuck open PORV accident. The effectiveness o f  
PORV operation for reducing primary system pres
sure decreased as the liquid level in the pressurizer 
increased. Once the pressurizer filled, the open 
PORV had only a small effect on primary pressure 
control. This is because the primary fluid volume 
reduction due to PORV liquid flow is much less 
than the volume reduction from steam flow that 
occurred during early PORV operation.

4.3.5.3 E ffectiven ess o f  P ressurizer Auxil
iary Spray. Pressurizer auxiliary spray is effective 
in reducing primary pressure as long as the pressur
izer maintains a steam space. The relationship 
between pressurizer level and pressure is shown on  
Figure 73. As the pressurizer liquid level increases 
with condensed steam and the inflow o f  primary 
loop liquid mass, the effectiveness for pressure
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Figure 73. Primary system pressure and pressurizer collapsed liquid level during pressurizer auxiliary spray for a 
one-tube rupture transient.

reduction is reduced. This is because a droplet o f  
auxiliary spray water is more likely to reach the 
pressurizer liquid pool without reaching saturation 
temperature by steam condensation if  the pool level 
is higher. The initial increase in pressure upon spray 
initiation is attributed to steam generation as the 
subcooled spray drops evaporate upon contact with 
the super heated fluid and walls. The evaporation 
o f  drops causes a pressure increase due to the volu
metric increase o f  steam involved. Once the super
heat is removed continued spray causes an effective 
primary pressure reduction as saturated steam con
denses on the droplets.

4.3.5.4 Effectiveness o f  Pressurizer internai 
Heaters. Pressurizer internal heaters are ineffective for 
increasing primary system pressure during a single
tube rupture in Semiscale, as shown in Figure 74. As 
long as SI was off, bubble formation in the pressurizer 
due to heater operation could not offset the fluid vol
ume lost due to tube rupture break flow. The net result 
was no compression o f the primary fluid and thus no 
net rise in primary pressure.

4.3.5.5 E ffectiven ess o f  Si. The use o f SI in a
nearly full system causes a compression o f steam

spaces and a primary system pressurization. The 
primary system pressurization due to SI increases 
the subcooling in the hot leg. Termination o f SI 
during a tube rupture causes a lowering o f  primary 
system pressure because o f the continued break 
flow. Figure 75 shows that the pressure decrease 
accompanying the SI termination followed the per
fect gas assumption.

In all o f the above mentioned operator actions 
the primary mass inventory remained above the top 
o f the core and thus precluded any core rod heatup. 
References 183 and 184 give details o f  the system 
mass distribution during these operator actions.

4.3.6 Effectiveness of Natural Circulation Heat 
Removal During SBLOCA. During a SBLOCA 
the primary pumps are usually turned o ff  and any 
core heat removal occurs by either natural circula
tion or reflux cooling with system heat losses and/ 
or steam generators providing the heat sink. The 
PWR safety issue is how effective are the various 
natural c ircu la tion  co o lin g  m odes during a 
SBLOCA. Semiscale has investigated the effective
ness o f  these cooling modes in both separate effects 
and integral experiments. This discussion
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identifies and characterizes natural circulation 
modes during a 0.4%  SBLOCA transient.

Natural circulation is an important heat removal 
mechanism during a SBLOCA. Power to the primary 
pumps is terminated on a low pressurizer pressure trip 
and the pumps quickly coast down (on the order of  
30 to 50 s) to zero speed. When the primary pump 
speed is zero, any core heat removal from the system is 
accomplished by natural circulation. Therefore cor
rectly modeling this behavior is important to calculat
ing the overall severity of a SBLOCA.

Separate effects steady state testing in the Semiscale 
facility indicated that the loop natural circulation mode 
was largely dependent on system mass inventory and 
only slightly dependent on secondary mass inventory. 
This trend was also observed during SBLOCAs in the 
Semiscale system. During a very small break experi
ment (0.4% cold leg pipe break) all of the major modes 
o f natural circulation were observed, single-phase, two- 
phase, and reflux as the system mass inventory 
decreased because o f break flow. For this experiment 
no HPIS was used resulting in a continual decrease in 
system mass inventory. Figure 76 shows the character
istic primary pressure response associated with a 0.4% 
SBLOCA; a rapid depressurization associated with 
core scram, and an overall decrease in depressurization 
associated with the entire system reaching saturation 
conditions. Due to the very small break a natural circu
lation phenomena not usually observed during a small 
break was the sudden increase in depressurization rate 
(at 300 s) as the hot legs uncovered (Figure 76). This 
increase in depressurization corresponds in time with 
the change from single-phase natural circulation to 
two-phase natural circulation as evidenced by the 
downcomer flow increase, shown in Figure 77. With 
two-phase natural circulation, steam bubbles are con
densed in the steam generator causing an increase in 
depressurization rate. The condensation process is sup
ported by a lower secondary pressure than primary, as 
shown in Figure 78. Referring to the downcomer flow 
(Figure 77) there was a temporary increase flow start
ing at about 120 s. This corresponds to the point in 
time when the pressurizer empties o f liquid. Steam 
from the pressurizer entered the hot leg where it mixed 
with the ongoing two-phase mixture inducing a tempo
rary larger density gradient in the loop. The increased 
density gradient momentarily increased in downcomer 
flow.

As more coolant left the system by way o f the 
break, the density gradient between fluid in the 
upflow side o f the steam generator, hot leg, (core) 
and fluid in the downflow side o f  the steam  
generator, pump suction, cold leg, and downcomer 
increased, leading to increased primary loop flow.

As the voiding became more pronounced, the loop  
flow rate increased and eventually peaked. As fur
ther mass was expelled, the loop mass flow rate 
decreased due to voids over the top o f the steam 
generator tubes, thus reducing the overall density 
gradient in the loop. Eventually, enough mass was 
expelled from the system that fluid in the intact- 
loop steam generator depleted (see Figure 79), 
leading to a reflux condition in the intact-loop 
steam generator. Reflux was visually observed^ to 
begin about 825 s in the intact loop, but did not 
occur in the broken-loop steam generator until 
much later (1900 s). Natural circulation in the 
broken-loop was generally decoupled from natural 
circulation in the intact-loop (which represents 
three unbroken loops o f  a four-loop  PW R). 
Figure 80 compares mass flow rate in the intact 
loop, broken loop, and downcomer, showing that 
the two-phase peaking in the intact loop occurred 
at about 390 s while the broken-loop peaking did 
not occur until about 650 s. The downcomer mass 
flow rate as a function o f  system mass inventory for 
the transient blowdown case and the steady state 
two loop case is similar, as shown in Figure 81. 
Besides the nature o f the experiment (steady state 
versus transient), the main difference in these two 
systems was the normal use o f  the pressurizer mass 
for the transient case and a valved out pressurizer 
for the steady-state case. Inclusion o f the pressur
izer mass resulted in a departure from single-phase 
type values at a lower system mass inventory 
because the hot leg uncovered at a lower percentage 
o f total system mass inventory.

The main heat rejection mechanism in the system 
during the first 1000 s o f  the 0.4% small break 
transient was tw o-phase natural circu lation . 
Although the feedwater line and steam line in the 
steam generator secondary were both closed at 
blowdown initiation, the secondary remained a 
heat sink for the first 2000 s o f  the transient as 
shown on Figure 78.

4.3.7 Alternate Forms of ECCS Injection. Nor
mal ECCS injection is into the cold legs for most 
commercial PW Rs. Alternate forms o f  ECCS 
injection have been proposed. Semiscale investi
gated the safety aspects or benefits derived from 
these alternate forms o f ECCS compared to the 
nominal cold leg injection for both small and large

a. Visual observations were made with optical probes near the 
bottom  of the steam generator tube sheet.
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break LOCA. The PWR safety issue, then, is which 
concept provides the best core cooling.

4 .3 .7 .1  U p p e r  H ea d  In je c tio n  D u ring  
SBLOCA. Westinghouse inverted top hat upper 
head injection (UHI) techniques were investigated 
in the Semiscale Mod-2A system for SBLOCA 
response.

For a variety o f  break sizes (2.5, 5, and 10%) it 
was found that the effect o f UHI on the transient 
signature response was minimal. The extra coolant 
mass injected, during the UHI experiments was 
almost exactly offset by an increased break dis
charge. Basically UHI involves accumulator injec
tion at 8.6 MPa primary pressure with a total 
volume o f water injected equal to approximately 
the vessel upperhead and 2.8 MPa accumulator 
injection into the cold leg.^

The overall depressurization signature was only 
slightly affected by the presence o f UHI as shown 
on Figure 82. This was because all the usual small 
break phenomena, such as pump seal clearing and 
break uncovery, occur also for tests involving UHI. 
For all break sizes, there was a slightly higher 
depressurization rate during the period o f UHI. 
This higher rate resulted from the condensation o f  
vapor by the cold accumulator water (injected at 
8.6 MPa). The vessel upper head remained at a 
higher collapsed liquid level during the period o f  
UHI as shown in Figure 83. The refilling o f  the 
upper head starting at about 220 s for the 5% break 
case is associated with pump seal clearing and the 
rapid decrease in primary pressure. The rapid 
decrease in primary pressure caused an increase in 
the differential pressure between the upper head 
accumulator tank and the vessel upper head rapidly 
increasing the flow into the upper head until accu
mulator depletion. Even though the upper head 
drain characteristics were different for UHI and 
non-UHI experiments the overall system inventory 
was similar at any point in time. Break flow was 
increased by an amount equal to the UHI, resulting 
in similar mass inventories for the two cases. 
Figure 84 compares the integrated break mass flow 
showing an increased break flow for the UHI cases. 
Also shown in Figure 84 is the total mass o f  UHI

a. The UHI injection concept involved cold leg accumulator 
injection at 2.8 MPa. Comparisons between “ U H I” and “ non- 
U H I” Semiscale tests both used 2.8 MPa cold leg injection. 
Because normal Westinghouse “ non-U H I” uses 4.2 MPa cold 
leg accumulator injection, these comparisons do not reflect the 
relative severity o f UHI versus real non-UHI plants, rather the 
comparison reflects the effect on system response due to UHI.

that about equals the differential in integrated mass 
flow for UHI and non-UHI experiments. The rea
son for the increased break flow was a longer time 
to break uncovery and increased subcooling at the 
break. Figure 82 showed that break uncovery was 
delayed for the UHI experiments (increased depres
surization  associated  with break uncovery). 
Figure 85 indicates that the vessel collapsed liquid 
levels are essentially identical following vessel accu
mulator injection for all break sizes. It is signifi
cant to point out that during the period o f  
minimum core level for the worst case break (5% 
case), UHI caused a higher core liquid level, as 
shown in Figure 85 even though the overall mass in 
the system was identical as indicated in Figure 84.

4.S.7.2 A ltern a te  ECCS C o n c ep ts  During  
Large Break LOCA. The potential benefit and relative 
merits o f four alternate emergency core coolant ECC 
injection concepts were investigated in the Semiscale 
Mod-1 system for large break LOCA.^^'^^ The four 
concepts were lower plenum injection, upper plenum 
accumulator injection, upper plenum LPIS injection, 
and cold leg injection with upper plenum venting 
through a bypass line. Of the four concepts investi
gated lower plenum injection provided the best means 
o f introducing ECC. Each o f these concepts is briefly 
discussed below and represent one of the best examples 
of exploratory research performed by Semiscale.

4.3 .7 .2 .1  L ow er P lenum  In jec tio n —
Injection o f ECC into the lower plenum region o f  
the Semiscale test system resulted in an early and 
rapid quenching o f the entire core by 51 s after 
rupture (see Figure 86). The rod c ladd ing  
tem peratures decreased to  below  the system  
saturation temperature indicating most o f  the core 
was filled with subcooled liquid immediately after 
the core quenching process was completed. In 
contrast, during cold leg injection alone, the core 
hot spot did not quench until 242 s after rupture, 
and one measurement location above the core hot 
spot had not quenched by 300 s after rupture.

4 .3 .7 .3 .2  U p p er P ien u m  A c c u m u ia to r  
In jection—Simultaneous upper plenum and cold 
leg accum ulator ECC in jection  proved very 
effective in the Semiscale Mod-1 system as shown 
on Figure 87. This injection concept resulted in 
significantly better core cooling and earlier core 
quenching than was observed with cold  leg  
injection alone where quenching was finished on  
the order o f 242 s-300 s. A  disadvantage o f  this 
particular concept in Semiscale, however, lies in the
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fact that the top down cooling caused the lower 
elevations o f  the core to be the last to quench. Since 
the axial power profile had the peak power density 
skewed toward the bottom o f the core, the concept 
resulted in the least effective cooling being applied 
to the maximum power regions. Nevertheless, the 
co o lin g  o f  the high power region was still 
significantly better than that obtained with cold leg 
injection.

4.3.7.2.3 Upper Plenum LPIS Injection—
Upper plenum  LPIS in jection  proved to be 
effective in quenching a particular sector o f  the 
Semiscale core immediately below the injection 
point faster than with cold leg injection alone. 
Figure 88 shows early quenching for that portion 
o f the core immediately under the injection point 
(cold leg injection alone quenches that part o f  the 
core at 342 to 300 s after rupture). However, other 
portions o f  the core quenched later, also shown on 
Figure 88. The upper plenum injection rate used 
was sufficient to allow steam generation, which 
contributed to the countercurrent steam flow in the 
core, which resulted in a significant portion o f the 
Semiscale core experiencing ineffective cooling.

4.3.V.2.4 Inclusion o f  U pper H ead Vent 
Line—Employing cold leg injection with a vent line 
between the broken loop hot and cold legs was 
demonstrated to produce enhanced core cooling. 
During reflood, the vent line provides the potential 
for an increase in the core reflooding rate by 
reducing the resistance to steam flow out the upper 
plenum  region, thereby reducing the adverse 
pressure differential between the upper plenum  
region and the downcomer inlet annulus, which 
can exist during this period (steam binding). The 
vent line concept is unique, however, in that it also 
has the potential for altering core hydraulic 
behavior during the blowdown and refill periods by 
providing a low-resistance parallel flow path to the 
cold leg break during the negative core flow period. 
Therefore, the total effect o f  the com bined  
blowdown, refill, and reflood system behavior and 
core thermal response was o f  interest in the 
evaluation o f this concept. Figure 89 compares the 
core collapsed liquid level for experiments with and 
without the vent-line showing more core liquid with 
the vent line. Despite somewhat higher blowdown 
peak temperatures at some locations (Figure 90) 
this concept allowed a rapid core reflood and 
earlier core quenching relative to cold leg injection 
alone. The higher peak clad temperature shown in

Figure 90 resulted from a change in core flow  
characteristics early in the transient as an 
additional path for core fluid was provided to the 
break via the vent line. On this basis the vent line 
appears to warrant further investigation as an 
alternate ECC concept.

As a safety issue Semiscale demonstrated that 
alternate concepts o f  ECC injection can be more 
effective than normal cold leg injection. However, 
drawbacks do exist. For instance, lower plenum 
injection, while providing superior core cooling, 
could cause another safety issue in a broken ECC 
line to the lower plenum. While thfse alternate 
concepts were demonstrated to provide a better 
cooling m argin, it must be remembered that 
nominal cold leg injection alone also has been 
demonstrated to be effective in maintaining core 
cooling. Therefore any change from existing  
techniques would have to be weighed carefully from 
a cost-benefit standpoint.

4.3.8 Steam  Generator Tube Rupture Concur
rent With Large Break LOCA. Tube ruptures as a 
compounding failure during a large break LOCA were 
considered likely because structural weakening of the 
U-tubes is an inevitable occurrence during the nominal 
lifetime of a plant. Therefore, as a safety issue Semi
scale investigated steam generator tube rupture during 
a large break LOCA. Two times were considered as the 
initiation o f the tube rupture; (a) at the initiation of 
downcomer refill and (b) at the initiation o f reflood. 
For these transients, the PWR safety issue is the steam 
binding caused by the secondary to primary flow 
through the tube rupture, which impedes normal 
steam flow and the possibility of higher peak clad tem
peratures.

Semiscale results for tube rupture initiated at 
refill show that for a large number of tubes rup
tured (more than 20), the secondary-to-primary 
steam flow from the tube rupture actually caused a 
top down core cooling trend and that peak clad 
temperatures were below 1208 K at 20 tubes rup
tured as shown on Figure 91. For less than 20 tubes 
ruptured at the initiation o f refill there was a 
narrow band (between 12 and 20 tubes) that 
resulted in significantly higher peak clad tempera
tures as shown on Figure 91. The peak occurred at 
16 tubes ruptured (1258 K) these higher peak clad 
temperatures are attributed to a retardation o f refill 
and eventually reflood due to increased steam bind
ing in the intact loop hot leg. Figure 91 also shows a 
similar trend for tube rupture initiated at the start 
o f reflood however the peak clad temperature was 
slightly higher (1320 K for the 14 tube rupture
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case). The peak values were estimated using the 
FLOOD-41^  computer code, which was designed 
to calculate reflood core thermal response coupled 
to the system thermal hydraulics response.

In summary, for a lower number o f tubes rup
tured (less than 20) the Semiscale data shows a ten
dency for higher peak clad temperatures caused by 
steam binding in the hot leg. For more than 
20 tubes ruptured the steam flow (from secondary 
to primary) overwhelms the nominal steam relief 
path and initiates forced convection steam cooling 
in the upper regions causing lower peak clad tem
peratures. Regardless o f number o f tubes ruptured, 
peak clad temperatures are below the 1478 K 
(2200°F) limit suggested in Appendix K 10 CFR 
Part 50. These trends are followed for tube rupture 
initiated at refill and reflood during a large break 
LOCA. These Semiscale results should be used 
only to stimulate thinking about windows o f num
ber o f tubes ruptured where peak clad temperatures 
are increased, since elevation scaling distortions in 
the Mod-1 1.68 m core preclude a good compari
son to a PWR response.

4.3.9 Small Break Loss-of-Coolant Accident 
Safety Issues. Since 1979, the bulk o f Semiscale 
experiments examined PW R SBLOCA safety  
issues. Issues examined by Semiscale included tran
sient severity relative to break size, transient sever
ity relative to break location, liquid seal formation, 
liquid holdup and seal clearing during SBLOCA, 
effect o f  upper head to downcomer core bypass 
flow on SBLOCA transient severity, ultra small 
breaks with degraded ECC and finally, primary 
depressurization to LPIS set points during a 
SBLOCA. The Semiscale results relative to each o f  
these issues are discussed below.

4.3.9.1 S e v e r ity  o f  Transient R eia tive  to  
Sm aii B reak S ize. The severity o f a small break 
loss-of-coolant accident can be measured by exam
ining the amount o f  liquid uncovery in the core 
associated with a small pipe break. The central 
problem is how much core fluid uncovery occurs 
prior to accumulator injection. Small breaks at the 
high end o f  the spectrum ('vlO'Vo) do allow more 
system fluid out the break; however, the time to 
depressurize the primary system to accumulator set 
points is quicker resulting in an earlier core reflood. 
During very small breaks the break flow can be on 
the same order as the HPIS flow resulting in only a 
small net loss o f  mass inventory. There is a range o f  
break size however, where the combination of break

flow and HPIS flow result in core uncovery. This 
range was determined to be 2.5 to 10%; therefore, 
th ese breaks were exam ined in the bulk o f  
Semiscale testing.

The severity o f  a SBLOCA is directly related to 
the depressurization rate. The sooner accumulator 
and LPIS pressure set points are reached the sooner 
a mass inventory increase can occur. The pressure 
response is directly related to break uncovery, 
which is coupled to pump suction seal clearing (dis
cussed in Section 4.3.9.3). Figure 92 compares the 
depressurization rate for 2.5, 5, and 10% small 
break LOCAs perform ed, in the S em iscale  
M od-2B.l^^ All experiments achieve saturation 
conditions within a few seconds o f  each other; 
however, major differences in time to accumulator 
set point occur largely because o f  different times 
for pump suction seal clearing (at 60, 200 and 
425 s, respectively for the 10, 5, and 2.5% break). 
Removing the liquid seals leads to a break uncovery 
and faster rate o f  depressurization as primary 
steam rushes out the loop. HPIS flow was less than 
break flow for the examples shown in Figure 92; 
however, HPIS flow has a greater effect in main
taining loop mass inventory for the 2.5 and 5% 
break than for the 10% break. For instance, the 
HPIS about equaled break flow for the 2.5 and 5% 
break cases at 1300 and 1500 s, respectively while 
the 10% break flow was always higher than HPIS 
flow.

The relationship between H PIS flow , core 
boiloff, and break flow resulted in a break size o f  
^^5% having the most severe core liquid level 
depression, as shown in Figure 93. For the 5% 
break size, a core temperature excursion [maximum 
core temperature 660 K (728°F)] occurred during 
core boil o ff and was mitigated by the introduction 
o f accumulator ECC flow, as shown in Figure 94. 
The shape o f  core liquid level versus a break size on 
Figure 93 suggests that a 6 to 7% break might pro
duce slightly lower vessel collapsed levels.

4.3 .9 .2  S e v e r ity  o f  Transient R e ia tive  to  
S m aii B reak Location. Severity o f  the transient 
relative to  break lo ca tio n  was exam ined in 
Semiscale experiments. Three basic locations for a 
pipe break were examined in the Semiscale experi
ments, cold leg (between the pump discharge and 
the vessel), hot leg (between the vessel and the 
steam generator), and the pump suction.

Most small break transients experiments concentrate 
on cold leg breaks. This logic was based on the obser
vation that the highest break flow occurs during the 
subcooled decompression and any phenomena
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lengthening the duration o f the subcooled break flow 
should result in a maximum expulsion o f system liquid 
inventory. During a cold leg break transient the cold leg 
fluid is initially about 37 K (67°F) cooler than the hot 
leg. The break flow in the cold leg remains subcooled 
liquid until the cold leg saturates. This occurs a signifi
cant time period after the hot leg saturates. In the hot 
leg break, the hot leg is one of the first components to 
saturate thereby changing the break flow from a high 
density subcooled flow to a relatively low density satu
rated flow, thereby keeping more fluid in the system 
longer. Figure 95 compares the system mass inventory 
as a function o f time for hot leg and cold leg breaks 
(2.5% break experiments)l^®>^^^ confirming that the 
hot leg breaks allow more mass to remain in the sys
tem. In addition, with a hot leg break the steam bind
ing problem and resulting manometric core liquid level 
depression do not occur as there is a direct relief path 
for steam flow from the core to the break.

The response o f  a 5% pump suction break^^^ 
was found to be very similar to the response o f  a 
5% cold leg break. ̂ S u c h  phenomena as depres
surization rate (Figure 96), seal formation, and 
break uncovery are similar for pump suction breaks 
and cold leg breaks. Figure 97 compares the vessel 
collapsed liquid level for pump suction breaks and

cold leg breaks, showing almost identical liquid lev
els for the two cases. The fluid density in the pump 
suction and cold leg are sufficiently similar to allow  
similar break mass flow.

4.3.9.3 Liquid Seal Formation, Hoidup and  
Seal Clearing During SBLOCA. During a SBLX)CA 
there is a general top down drain o f loop components 
with liquid pools forming in the lower portions of the 
system including the pump suction and lower vessel. 
These liquid seals cause a blockage o f  flow to the break 
or steam boundary as steam created in the core pushes 
against the fluid heads. As a result, the vessel upper 
plenum and hot legs become pressurized, causing man
ometric depressions in both the liquid level in the 
downflow side o f pump suction seals and the vessel 
liquid level. Two things greatly affect the amount o f  
core liquid level depression during these seal forma
tions: (a) the amount of bypass steam flow from the 
vessel upperhead to the downcomer (and then to the 
break) and (b) the net head o f liquid in the system 
components above the cold leg prior to the seal forma
tion. This net head o f liquid in the system components 
and specifically the steam generator is referred to as 
“liquid hold up” and has been examined in the 
Semiscale Mod-2C as a safety issue. The safety issue is
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the degree to which liquid hold up influences the over
all manometric balance o f heads in the loop and espe
cially the core collapsed liquid level.

During a SBLOCA the loop seal eventually clears 
o f liquid, allowing a steam relief path to the break 
and a relaxation o f the manometric balance o f  pres
sure heads throughout the loop. The consequence 
and significance o f  this relaxation o f heads is that 
the vessel liquid level increases, thus mitigating any 
ongoing core heatup.^

In the Semiscale simulation o f a 5% SBLOCA 
(S-LH-1)^^  ̂ the clearing o f the pump suction hquid 
seals in both loops occurred in a very steady 
manner: The downflow side emptied first, followed 
by a more rapid draining o f the upflow side fluid. The 
intact loop seal cleared at about 180 s; and the broken 
loop seal cleared at about 280 s, as shown in Figures 98 
and 99, respectively. This flushing action can be envi
sioned as a vapor/liquid interface simply moving down 
the downflow side, around the Lf-bend, and on up the 
upflow side. Once the liquid interface is in the upflow 
side o f the steam, bubbles can rise up through the liq-

a . For the very sm allest breaks ('\-0 .5% ), w ith high upper head 
to  downcom er, bypass flows m ay no t require seal clearing to 
relieve core steam .

uid plug. The major effect o f  this seal clearing on vessel 
liquid level is shown in Figure 100. During S-LH-1 the 
vessel liquid level was depressed below the level associ
ated with the bottom o f the suctions during the mano
metric balance period prior to intact loop pump 
suction clearing. This extension of the vessel liquid level 
below the level associated with the suction can be 
understood by examining the overall head balance 
around the loop. Figure 101 demonstrates the col
lapsed liquid level head balance around the loop just 
prior to intact loop seal clearing (170 s), with arrows 
indicating the tendency to either push vessel fluid up or 
down. The fluid heads shown on Figure 101 represent 
a collapsed hquid level, although the head may be a 
frictional pressure drop. Heads are used for demon
stration purposes only. There are basically three paral
lel loops shown on Figure 101 (intact, broken, or 
upperhead bypass line). The loops are not independent 
of each other but are interconnected through the upper 
plenum and downcomer inlet annulus. However, any 
one loop can be used to determine the overall head 
balance and the effect of this head balance on core 
hquid level. The net head in the steam generator pri
mary tubes is simply a natural part of the ongoing 
reflux mode (discussed later in Section 5.6). It is this 
head of fluid commonly referred to as “holdup” that
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Figure 100. Vessel and downcomer liquid levels during 5% SBLOCA Experiment S-LH-1.

allows a core liquid level depression below the level 
associated with the bottom of the sections. Without 
the net head of fluid in the primary tubes, a core level 
depression below the bottom o f the suction would not 
be possible; the downcomer head would simply parti
ally reflood the core due to an imbalance. On 
Figure 101, at 170 s, the heads (either subtractive or 
additive) in the system balanced to cause a core level 
depression about 100 cm (39 in.) below the elevation 
corresponding to the bottom o f the pump suction.

Following intact loop seal clearing at about 
180 s, the core level increased to near the level o f  
the suctions. The intact loop seal clearing was not 
able to cause the com plete relaxation o f  the 
downcomer-to-core head difference, as depicted on 
Figure 100, because core steam generation was 
sufficient to maintain a depressed core level even 
with the intact loop clear. Following clearing o f  the 
intact loop seal, continued steam generation in the 
core, coupled with continued break flow, caused 
the broken loop seal to clear in the same manner 
(first the downflow side, then the upflow side, see 
Figure 99). After the broken loop seal cleared, the 
liquid level in the downcomer was still higher than 
in the core, as continued steam generation in the 
core depressed the vessel liquid level.

The preferential clearing o f  the intact loop before 
the broken loop in Semiscale is due to the 9-to-l 
hydraulic resistance split between the broken and 
intact loops. With a 9-to-l hydraulic resistance 
split, following pump coastdown, break flow will 
be supplied from the less resistive intact loop suc
tion rather than the more resistive broken loop suc
tion. It is not clear which loop would clear first in a 
symmetrical four-loop PWR; however, the proxim
ity to the break favors the broken loop.

4.3 .9 .4  E ffec t o f  U pper H ead  to  D o w n 
c o m er  Core B yp a ss F low on SBLOCA Tran
s ie n t Severity. In a PWR there is a bypass o f  core 
flow from the upper downcomer annulus to the 
upperhead due to a leakage flow path. During the 
manometric core level depression discussed in the 
preceding section the relative hydraulic resistance 
o f this flow path could affect the overall manomet
ric balance by relieving the steam binding caused by 
the seal formation. The steam generated in the core 
could simply vent through the upperhead and then 
to the downcomer and break via the leakage flow 
path. The PWR safety issue then, is the relation
ship between this allowed bypass flow and the
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amount o f core level depression that occurs during 
a SBLOCA.

The amount o f core bypass flow had a strong effect 
during a Semiscale 5% SBLOCA simulation^ as 
measured by core liquid level depressions during the 
manometric period. Semiscale experiments S-LH-1, 
with 0.9%, and S-LH-2, with 3.0% of initial core flow 
bypassed, approximately covered the range o f bypass 
flow existing in commercial PWRs (0.5% to 4%) and 
showed that the core liquid level depression during the 
manometric depression period was greater for lower 
bypass flow.

The drain o f  upperhead liquid was considerably 
enhanced during S-LH-2. Figure 102 compares 
upperhead liquid level, showing that the upperhead 
drained to the top level o f the bypass line about 
twice as fast for the 3.0% bypass case as for the 
0.9% bypass case. This is attributed to the larger 
bypass line area for the 3.0% case.

In terms o f severity, the 3.0% core bypass case 
resulted in a less severe core liquid level depression than 
for the 0.9% case. Figure 103 compares the vessel lev
els for the 0.9% and 3.0% core bypass cases, showing 
the same basic level response but with reduced core 
level depression during the manometric balance period 
for the 3.0% case. With the increased bypass flow for 
the 3.0% case and the resulting earlier upperhead drain 
o f liquid to the top level o f the bypass line, more steam 
was relieved from the core, causing a general relaxation 
o f the core level depression. The core liquid level 
depressed only to near the level o f the bottom o f the 
suctions for the 3.0% case. It is essential to note that 
the net heads of fluid in the steam generator primary 
tubes in both the broken and intact loops are similar at 
the time of minimum core level depression for the high 
and low bypass flow cases (Figures 104 and 105). In 
both S-LH-1 and S-LH-2, where only the bypass flow 
was changed, the net head across the steam generator is 
simply the heads associated with the ongoing reflux 
mode in each loop. The implication of a similar head 
across the steam generator tubes, but with an enhanced 
core level depression for the lower bypass flow case, is 
that the earlier drain o f the upperhead fluid alone 
caused the less severe core level depression seen for the 
higher bypass flow case.

Unlike the 0.9% core bypass case, no core rod 
heat-ups were observed during the manometric 
core liquid depression for the 3.0% core bypass 
case. Figure 106 compares cladding temperature 
responses for the 0.9% and 3.0% case; there is no 
heatup during the first level depression and a less 
extensive heatup during the core boiloff phase for 
the 3.0% case.

4 .3 .9 .5  U ltra SB L O C A s W ith  D e g ra d e d  
ECC. Very small breaks become a safety issue when 
HPI is unavailable. These types o f  accidents are 
considered relatively probable in a plant operating 
lifetime due to instrument line shears or the crack
ing o f  a primary coolant pipe. Normally, a very 
small break with HPI is a trivial problem because 
HPI can offset break flow. However, the case with
out HPI leads to a potentially severe core uncovery 
requiring operator action to mitigate the conse
quences and therefore is a PWR safety issue. 
Semiscale investigated SBLOCAs (0.5 to 2.1%) 
with typical operator recovery procedures including 
secondary feed and steam and primary coolant 
pump restart.

For the range o f  break sizes from 0.5% to 2.1 %, 
SBLOCA transients without HPI result in core 
uncovery and core rod heatup prior to accumulator 
injection. In these Semiscale simulations, there is a 
monotonic decrease in mass inventory until accu
mulator injection. This decrease in mass inventory 
results in core rod heat-up, but this initial heatup is 
mitigated by the reflood accompanying accumula
tor injection as shown on Figures 107 and 108 
respectively for 0.5% and 2.1% breaks. The mass 
inventory at which heatup occurs is about 35% of  
initial for 0.5% break and 25% o f initial for a 2.1 % 
break implying a different overall system mass dis
tribution as a function o f break size because the 
vessel mass distribution was identical at the time o f  
heatup initiation. Figures 107 and 108 for the
0.5% and 2.1% break cases show an increase in 
mass inventory following accumulator injection 
initiation, which lead to a reflood o f the core and a 
mitigation o f the core rod temperature excursion. 
For both o f these cases, the accumulator injection 
was stimulated by a secondary feed and steam 
recovery procedure to reduce primary pressure to 
the accumulator pressure set point. Had this opera
tion not occurred, the PCT (peak clad temperature) 
would have exceeded the 1478 K (2200°F) limit as 
shown on Figures 109 and 110, which compare pri
mary pressure and PCT response for the 0.5% and 
2.1% breaks respectively. Comparing the ordinary 
rate o f  pressure decay and PCT temperature excur
sion prior to achieving the accumulator set point 
shows the core would have been at temperatures in 
excess o f 1478 K (2200°F) before reflood occurred 
had the operator induced recovery scenario not 
been fo llow ed . The 0.5%  break show n on  
Figure 109 appears to be more severe than the 2.1%  
break because o f (1) the reduced depressurization 
rate (due to a lower break flow) and (2) broken loop  
dynamics, which allows core uncovery at higher
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mass inventories (more o f the fluid is in the loops). 
The operators initiated the feed and steam opera
tion when the vessel collapsed liquid level was near 
the top o f the core. These operator actions are dis
cussed in more detail in the following paragraphs.

Recovery procedures are used first to reduce pri
mary pressure to the accumulator set point and 
then reduce primary pressure to the LPIS set point 
once accumulator fluid is depleted. This is neces
sary because following accumulator injection, the 
primary pressure is above the LPIS set point. (The 
importance o f the time period o f depressurization 
to LPIS set points is discussed Section 4 .3 .9 .6 .)

Three different recovery procedures were fol
lowed for a 0.5% break. Two o f the recovery proce
dures involved steam generator secondary feed and 
steam; one case initiated at a vessel collapsed liquid 
level corresponding to the top o f the core and the 
other case initiated at a PCT o f 811 K. The third 
technique involved a pump restart when the PCT 
reached 811 K.

In the absence o f HPI, early identification o f a 
SBLOCA and early initiation o f  feed and steam 
could preclude excessive core heater rod heat-ups. 
Semiscale experiments were performed which com

pared PCT’s for an early and delayed feed and 
steam recovery scenario (early means when the ves
sel collapsed level reached the top o f the core and 
delayed means until the PCT reached 811 K). Fig
ure 111 compares the PCT response for these two 
cases showing essentially no significant core rod 
heatup if early feed and steam occurred (S-NH-5).

Using a pump restart action can maintain a 
slower than adiabatic heat-up in the core with core 
rod temperature below Appendix K limits at the 
point where LPIS set points are reached. The pump 
restart action in the core caused an immediate 
redistribution o f mass as liquid seals in the pump 
suction and downcomer were forced into the vessel 
core causing an immediate quench as shown on 
Figure 112. However, due to continued core decay 
heat a second boiloff occurred but at a slower 
heatup rate than the first. This slower heat-up is 
attributed directly to the forced convection pro
vided by the pump flow that was not present during 
the first heat-up. The pump power was turned o ff  
at the end o f the experiment (when LPIS set points 
were reached), which allowed the core rods to expe
rience a brief adiabatic heat-up. This occurred 
because no LPIS was injected into the system.
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restart Experiment S-NH-3.

4.3.9.6 Prim ary D epressurization  to  LPIS 
S e t  Points During a SBLOCA. There is a possible 
PW R safety issue involving a primary pressure 
holdup during a SBLOCA following accumulator 
injection. The pressure hold up may preclude 
reaching LPIS set points before an extensive core 
heat up occurs. This issue was identified  in 
Semiscale SBLOCA experiments.

Most SBLOCA scenarios determined by either 
computer codes or integral data such as Semiscale 
display a pressure response that follows:

1. A rapid (on the order o f a few seconds) 
subcooled blowdown followed by a long 
period (up to several hundred seconds 
depending on break size) o f  saturated 
blowdown during which the depressuriza
tion rate is slow.

2. A rapid increase in depressurization  
accompanying either break uncovery (a 
centerline pipe tear or crack where a strati
fied pipe liquid level reaches the break) or 
an operator induced action such as feed 
and steam in the secondaries, which stimu
lates condensation o f primary steam.

3. As pressure decreases to the accumulator

set point pressure (usually 4 .2  MPa in 
Westinghouse PWRs) there is a decrease in 
depressurization due to: compression o f  
water, the prim ary-to-secondary heat 
transfer, and increased steam production 
due to reflood o f the core.

Semiscale data and codes show this same basic 
pressure response for a wide variety o f  SBLOCA simu
lations. However, a possible safety issue was identified 
during the period following accumulator injection. 
When comparing Semiscale data to code calculations 
there is a much slower average depressurization follow
ing break uncovery or feed and steam operator action 
in the Semiscale data. Even after accumulator injection 
in Semiscale the pressure remains above LPIS set 
points. This is in contrast to the computer codes which 
show the pressure near the LPIS set points at this con
dition. Because o f the pressure “hangup” in the 
Semiscale data following accumulator depletion, there 
would be a period o f core boil o ff and potential severe 
core rod temperature eccursions. In short, there is a 
race between the depressurization rate and the core 
boiloff rate. Parameters that effect this “race” are 
availability o f HPIS, size o f small break and feed and 
steam operation and timing o f operator intervention.
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Many examples o f  this pressure “ hold-up” 
and race between depressurization to the LPIS set 
point are found in a wide range o f  Semiscale 
SBLOCA experiments. For most o f  these experi
ments this later period was not recognized as a 
safety problem and many o f the experiments were 
terminated with a stable core liquid level and a cool 
core; however, the accum ulators were either 
depleted or about to be depleted and the depressur
ization rate was slow and well above the LPIS set 
point pressure (normally 1.38 MPa in most Wes
tinghouse PW R’s). The following examples o f  
Semiscale data cover the range o f  break size 0.5%  
to 10% with a variety o f HPIS availability and 
operator recovery procedures. In all cases, there is 
evidence o f the pressure holdup following accumu
lator injection.

Figure 113 is a good example o f  a Semiscale 
SBLOCA during which there is a pressure 
“holdup” and a core heater rod temperature excur
sion following depletion o f accumulator water. For 
this case the break size was 2.1% and HPIS was 
assumed disabled. For this severe case an operator 
secondary feed and steam operation was required 
to bring the primary pressure down to the accumu

lator set point pressure, which lead to a core reflood 
and turnaround in the temperature excursion. 
However, the primary pressure remained well above 
the LPIS set point pressure o f  1.38 MPa. Eventu
ally the accumulator was depleted and the core 
boiloff lead to another extensive core rod tempera
ture excursion. Once the LPIS set point pressure 
was reached, no LPIS was injected and the test was 
terminated by cutting core power to zero.

A nother Sem iscale exam ple o f  a pressure 
holdup fo llo w in g  accum ulator in jection  (at
4.2 MPa) is seen on Figure 114 for a 5% break 
experiment without any operator intervention 
but with normal H PI. Accumulator injection miti
gated a core heatup but the resulting reflood caused 
the primary depressurization rate to be extremely 
low at 900 s when the experiment was terminated. 
Based on the final depressurization rate, break 
flow, core power, and remaining accumulator water 
at 900 s another core rod temperature excursion 
would have occurred prior to achieving the LPIS 
set point.

An example at the extreme end o f small break 
testing, a 10% break experiment, is shown on 
Figure 115. Although no core rod heatup occurred
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during the accumulator injection period (initiated 
at 2.8 MPa) the primary pressure was almost stable 
at a point well above the LPIS set point when the 
experiment was terminated at 1000 s. The vessel 
collapsed liquid level was below the top o f the core 
as shown on Figure 116. In fact, for this 10% break 
case the vessel level was only 150 cm above a condi
tion o f incipient core rod h e a t u p . T h i s  150 cm 
o f liquid could be boiled o ff in about 175 s at a 
decay heat level o f 1.5%. Based on the rate o f  
depressurization at test termination, the pressure 
shown on Figure 115 would drop about .05 MPa 
(7 psi) during a 175 s time period. Therefore, it is a 
close race between core boiloff and primary depres
surization. Since this 10% break case was termi
nated before depletion o f accumulator water, it is 
not clear whether pressure holdup is an important 
phenomena for the 10% break case.

At the other extreme end o f SBLOCA testing 
(0.5% break without HPl^) there is evidence o f  
pressure holdup following accumulator injection 
but the pressure holdup was not severe enough to 
cause a core rod heatup before the LPIS set point

a. Note that the case of a 0.5%  break with HPIS is trivial 
because HPIS simply makes up break flow.

pressure was achieved. Figure 117 compares the 
primary pressure and core thermal response for a
0.5% break without HPIS. For this very severe 
case, the operator action o f initiating a secondary 
feed and steam operation was necessary to reduce 
the primary pressure to the accumulator set point 
thus mitigating the first temperature excursion. 
Fortuitously, the primary pressure was reduced to 
the LPIS set point at the same moment that the 
depressurization rate became zero with a pressure 
holdup condition. The second heatup shown on 
Figure 117 at 4900 s was caused by continued core 
power with no LPIS (LPIS was inoperable for this 
experiment) and seemed to demonstrate how close 
the core was to incipient heatup when the primary 
pressure reached the LPIS set point.

Other facilities have demonstrated this pres
sure holdup phenomena, most notably the ROSA- 
IV facility in J a p a n .R O S A - I V  performed a 
companion experiment to the Semiscale 5% break 
case (Figure 114) in which a similar pressure 
holdup occurred following depletion o f accumula
tor water. Operator action in the form o f secondary 
feed and steam was initiated to mitigate a possible 
core rod heatup following accumulator injection. 
The secondary feed and steam  reduced the
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“holdup” primary pressure to the LPIS set point, 
which caused a core reflood.

Pressure “ hold-up” follow ing accum ulator 
injection in a PWR is difficult to determine based 
on Semiscale results because o f the question o f heat 
loss make-up techniques, which involves a nearly 
uniform wrapping o f heater tape and augmented 
core power on some experiments. Once vessel liq
uid inventory is reduced, heat loss make-up is 
reduced correspondingly eliminating any vessel 
pressurization effect from external heaters. For the 
5% break case shown on Figure 114 no core power 
augmentation was used. Since the power applied to 
the external heater tape does not make up the entire 
heat loss o f  the Semiscale Mod-2C and no core 
power augmentation was used, it is expected that 
heat loss makeup did not hold the pressure up fol
lowing accumulator injection. Therefore, based on 
the fact that the Semiscale 5% break case indicated 
a pressure “holdup” with a low heat loss makeup 
and additionally that the much larger scaled  
ROSA-1 V (1/50 scale) showed a similar pressure 
“holdup,” the phenomena o f  pressure holdup  
appears possible in a PWR.

In summary, it is not valid to assume adequate 
core cooling following initiation o f accumulator 
injection for a range o f  SBLOCA break sizes 
between 0.5% to 10%. Initial or additional opera
tor action may be required to further reduce the 
primary pressure to the LPIS set point pressure 
where long term cooling can be applied. A second
ary feed and steam appears to be an effective 
method to reduce pressure to the LPIS set point.

4.3.10 Vessel Void Formation and Removal Dur
ing Secondary Side Breaks. During secondary 
side breaks, HOP guidelines define primary 
cooldown procedures designed to bring the primary 
pressure down and maintain subcooling in the pri
mary fluid. A possible PWR safety issue during 
secondary side breaks is that subcooling may not be 
maintained in the vessel upperhead and void for
mation accompanying further reduction in pressure 
could create an upper head steam bubble. This 
steam bubble might become extensive enough to 
eventually cause core uncovery and core rod 
heatup. Semiscale investigated two methods of 
upperhead void removal, a fill and drain method 
and a pump restart m e t h o d .  xhe fill and
drain method used normal charging flow aided by 
pressurizer internal heater operation to fill the 
upperhead with cooler fluid and collapse the 
upperhead void. The pump restart method involved 
restarting the primary coolant pumps in each loop

at half their initial speed causing a mixing o f  cooler 
cold leg fluid with the upperhead fluid and thus 
stimulate a collapse o f  the upperhead void.

4.3.10.1 Fill a n d  Drain M ethod. Using the 
combination o f pressurizer internal heaters and 
charging flow was found to be an effective tech
nique for removing the vessel upperhead void and 
restoring vessel upperhead fluid subcooling. At 
10 600 s into a feedwater line break transient, the 
vessel upperhead fluid was subcooled but within 
about 2 K o f saturation conditions with no voids. 
The pressurizer was approximately 65% full and 
upperhead saturation conditions and void forma
tion were expected shortly following the normal 
EOF cooldown procedures. For experimental expe
diency to stimulate a faster upperhead void forma
tion, pressurizer auxiliary spray was initiated at 
10 736 s. This reduced the primary pressure and 
started void formation in the upperhead as shown 
on Figure 118. The auxiliary spray operation also 
initiated a pressurizer liquid fill caused by an 
insurge o f  fluid from the loop as pressurizer steam 
was condensed and additionally spray fluid added 
mass. This can be viewed as a bubble transfer from 
the pressurizer to the vessel upperhead, thus estab
lishing the desired condition o f  an upper head void. 
At 10 950 s the fill and drain method o f vessel 
upperhead void reduction was initiated at the mini
mum vessel upperhead level [262 cm above the cold 
leg centerline (the top o f the upperhead is 421 cm 
above the cold leg centerline)]. This involved an 
operation o f pressurizer internal heaters and charg
ing flow controlled by the pressurizer level limits. 
As indicated on Figure 118 the charging flow was 
initiated about 11,045 s when the pressurizer lower 
level limit o f  395 cm was achieved. The main affect 
on the system o f this charging flow and pressurizer 
internal heater operation was to cause a decrease in 
pressurizer liquid level from about 424 cm to 
300 cm and to collapse the vessel upperhead void 
(change the level from 262 cm to full 421 cm). In 
other words the void in the vessel upperhead was 
moved to the pressurizer. The pressurizer internal 
heater power created voids in the pressurizer which 
pushed fluid from pressurizer and the charging 
flow enhanced the vessel upperhead fill rate. The 
net effect on prim ary pressure and vessel 
upperhead fluid subcooling was an increase in pri
mary pressure, which is undesirable; however, the 
vessel upperhead void was collapsed and the sub
cooling margin increased from saturated condition 
at 10 950 s to about 10 K subcooled at 11 300 s as 
shown on Figure 119.
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4.3.10.2 Pum p R estart M eth od. The previous 
fill and drain technique left the system with a 10 K 
subcooling margin in the vessel upperhead and a 
reduced pressurizer level (245 cm). The vessel 
upperhead void was reestablished in the same man
ner as before by initiating a pressurizer auxiliary 
spray at 11 730 s. This dramatically reduced the 
pressure (Figure 119) and vessel upperhead suh- 
cooling margin (Figure 118) as desired and estab
lished a void in the vessel upperhead approximately 
292 cm above the cold leg. The loop pumps were 
gradually brought to half speed (simulating restart
ing a single pump in each loop o f  a CE system 80 
plant). The effect o f  the pumped flow forced rela
tively cold single phase fluid into the upperhead. 
This fluid came from the cold leg via the bypass line 
connecting the downcomer to the upperhead. This 
cold subcooled fluid condensed steam in the 
upperhead causing an insurge o f fluid from the 
pressurizer as shown on Figure 118.

There was a marked reduction in the rate o f  level 
increase about 12 100 s partly due to an area 
change in the upperhead but mostly due to a fluid 
density change in the vessel upperhead. Initially the 
pump restart forced highly subcooled cold leg fluid 
into the upperhead. Since the level shown on

Figure 118 is a collapsed level based on saturated 
conditions, the subcooled liquid in the upperhead 
would cause a higher level reading or a higher rela
tive fill rate than saturated fluid. Once mixing 
occurred between hot leg and cold leg fluid, the 
average fluid entering the upperhead was less sub
cooled and was manifested as a slower rate o f  col
lapsed level increase. The second change in level 
increase at about 12 700 s was attributed to initia
tion o f  charging flow on a low pressure level trip.

The primary pressure during this pump restart 
operation remained relatively stable, which is a 
more desirable affect than the fill and drain method 
during which the primary pressure increased. Fig
ure 119 shows that the increase in subcooling mar
gins in the upperhead for this method was slower 
than for the fill and drain method, but again, 
resulted in a lower primary pressure.

Both upper head void reduction methods proved 
to be effective in cooling the upper head and col
lapsing the void. Two major differences were noted. 
The “ fill and drain” method collapsed the vessel 
upper head void more rapidly than the pump restart 
method (530 s versus 1280 s). However, the pump 
restart method cooled the vessel upper head fluid 
and metal much more than the “ fill and drain”
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method [a maximum of 40 K (72°F) versus a maxi
mum o f 8 K (14.4°F)] and resulted in no net 
increase in primary pressure.

4.3.11 Usefulness of Emergency Operating Pro
cedures for Determining Core Dry Out. Emer
gency operating procedures for the Zion Nuclear 
Power Generating Station (EOF-11) required oper
ator initiated activities based on core exit thermo
couples reaching 922 K under the assumption that 
a superheated fluid at this position could imply a 
degraded core cooling situation that could be miti
gated rapidly enough to preclude excessive core 
heatup. Semiscale experiments have indicated that 
core exit fluid thermocouples as well as hot leg fluid 
thermocouples are poor indicators o f core uncov
ery. During the 0.5%  SBLOCA with no HPI 
(S-NH-1) the core exit fluid thermocouple was 
about 110 K lower than heater rod PCT as shown 
on Figure 120. Figure 120 represents a case where

the recovery procedures started early, i.e ., when the 
vessel liquid level was near the top o f the core. 
Based on the trends in PCT data on Figure 120, 
starting recovery procedures when the core exit 
thermocouple reached 922 K would have resulted 
in PCT around 1285 K before the operator action 
was effective in turning around the temperature 
excursion. This hand calculation included an esti
mate o f  the PCT rise due to the delay in operator 
action and an additional rise in PCT due to a delay 
in effectiveness o f the operator action. The Semi
scale results substantiate LOFT results^ which state 
that core exit temperatures tend to follow upper 
core rod temperature responses rather than PCT.

In conclusion, fuel rod damage may occur if 
recovery operations are based on core exit thermo
couple response. The core exit therm ocouple

a. Personal com m unication  V. B erta (LOFT Program  - 
INEL), February, 1987.
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response or hot leg fluid temperature response con
siderably lags PCT response.

4.4 Safety Technology

One o f the important lessons learned from the 
TM l-2 accident was the need for better systems 
monitoring devices in PW R’s. A  special challenge 
for these devices is the high temperature-high pres
sure environment in addition to the high radiation 
fields involved. While Semiscale, a non-nuclear 
facility, could not provide the radiation environ
ment it did provide much experience in using high 
temperature-high pressure measurement devices. 
These devices are listed under subsection 4.4.4, 
Semiscale Instrument Development.

Several special applications for possible use in 
PW R’s were: a vessel liquid level probe designed by 
Westinghouse and tested in Semiscale; a primary- 
to-secondary heat transfer inference technique 
involving triplet thermocouples; and a differential 
pressure transducer to infer actual mass inventory 
in a steam generator secondary during steaming 
conditions. In addition to measurement tech
niques, Semiscale contributed to safety technology 
by developing honeycomb insulator inserts to

refine metal wall to fluid heat transfer. This tech
nique can be used by other scaled facilities to 
improve data quality by reducing boundary condi
tion uncertainties. Several noteworthy applications 
o f safety technology follow.

4.4.1 W e s t in g h o u se  R eac to r  V essel Level Indi- 
c a t in g  S y s te m  (RVLIS). In a series o f  small 
break LOCA simulations,^^^'^^^’^^  ̂ Semiscale 
provided a test bed and reference experimental 
detail for investigating the validity o f the perform
ance o f  the Westinghouse Reactor Vessel Level 
Indicating System (RVLIS). In these experiments 
the actual Westinghouse apparatus, sense line 
lengths, sensors, isolators, and differential pressure 
cells were used as shown in Figure 121. Basically 
the RVLIS employs a series o f  isolation techniques 
and pressure transmission lines to isolate the radio
active primary fluid from the electronic differential 
pressure transducers. Therefore, operation o f the 
plant is independent o f operation o f the differential 
pressure transducers, which are outside o f  the con
tainment. The sensors shown on Figure 121 are sin
gle bellows pressure transmitting devices and 
provide a first isolation o f primary “hot” fluid. 
Most isolators are dual bellow devices, providing a
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second line o f  protection from containm ent. 
Finally the pressure is transmitted to conventional 
differential pressure cells from which routine mea
surements are taken sim ilar to the Sem iscale 
devices.

During experiment S-UT-8 (5% SBLOCA)^^^ 
the Semiscale experiment vessel liquid level^ com
pared well with the Westinghouse RVLIS response 
as shown on Figure 122, which shows early and late 
response time scales. The Semiscale and Wes
tinghouse data are nearly identical in response to 
the SBLOCA. There was a continuous loss o f  sys
tem mass then gain, when accumulator injection 
started about 500 s. Prior to 144 s, the primary 
pumps caused flow induced pressure drops, which 
perturbs both the Westinghouse RVLIS and Semi
scale data. Perturbations on the differential pres
sure taps cannot be accounted for because the flow 
is a two-phase mixture o f  unknown mass and qual
ity. Therefore, until the pumps coast down to zero 
speed (approximately 144 s) the level information is 
not u sefu l. A n oth er  perturbation  to  the 
Westinghouse RVLIS as well as the Semiscale level 
measurement is a flow between the upper plenum 
to inlet annulus through the upperhead to down
comer bypass line (this simulates leakage between 
these components in a PW R). This flow path 
actively relieves pressure from the core region when 
the pump suction seals have a plug o f water. Once 
the seals clear a less hydraulically resistive path to 
the break exists through the loop, causing the flow 
through the bypass line to become insignificant, 
thus reducing the flow error for any differential 
pressure measurement near that flow path. Follow
ing zero pump speed and prior to pump suction seal 
clearing the flow error on both the Semiscale level 
measurement and the Westinghouse RVLIS was 
about 37 cm. However, once the seals have cleared 
both the Semiscale and Westinghouse techniques 
provide a good estimate o f  the collapsed liquid level 
as shown on the bottom curve o f Figure 122.

In summary, the Westinghouse RVLIS subjected 
to a high temperature-high pressure SBLOCA sce
nario in the Semiscale facility, provided data in 
good agreement with the well-proven Semiscale 
techniques to infer vessel level. Neither Semiscale 
nor Westinghouse systems performed well until the 
loop flow approached 0 . In addition there is a 
37 cm error prior to loop seal clearing associated

with upperhead to downcomer bypass flow, but 
following loop seal clearing both systems provide 
an accurate collapsed liquid level.

4.4.2 Primary-to-Secondary Heat Transfer. A
technique developed by the Semiscale Program229 
to determine primary-to-secondary heat transfer 
using a triplet thermocouple arrangement in the 
steam generator tubes could improve knowledge o f  
PWR primary-to-secondary heat transfer and thus 
PWR performance. This method involves a set o f  
triplet, primary fluid, secondary fluid, and metal 
wall thermocouples (Figure 123). The secondary 
wall heat flux is determined by using a nodalization  
scheme and guessing an inside (primary side) heat 
transfer coefficient, then iterating on the inside 
wall metal temperature, and finally correcting for 
the temperature dependence o f the conductivity o f  
the steam generator tubes.

Using this technique the axial variation in wall 
heat flux (Figure 124) and the axial variation in sec
ondary heat transfer coefficient (Figure 125) were 
determined. The integrated heat flux for the long 
and short tubes (Figure 126) indicates between 65- 
70% o f  the energy removed in the generator 
(primary-to-secondary heat transfer) occurs in the 
upflow side.^ An additional finding o f  the Semi
scale study was that existing correlations o f  second
ary heat transfer coefficients exhibit a different 
trend from the Semiscale data. Therefore, errors 
may exist in computer codes used to assess the 
operation o f PWR steam generators. Table 5 com 
pares the Semiscale calculated/measured second
ary side heat transfer coefficients to several well 
known flow nucleate boiling correlations including 
the Thom and Chen correlations. Evaluation o f the 
Chen correlation was possible because o f  the axial 
distribution o f gamma densitometers in the riser 
section (Figure 127) and an estimate o f  slip based 
on overall mass balance in the riser. The trend o f  
the data is opposite the trend o f the correlations. 
One reason for this trend reversal is that the Chen 
correlation is based on flow inside heated tubes 
rather than for the secondary situation in a PWR, 
which is on the outside surface o f  the tubes. The 
Semiscale data could be used to develop more 
appropriate correlations.

a. The liquid level shown on Figure 122 is a collapsed liquid 
level, which assumes that all o f the fluid between the taps is a 
saturated liquid.

b. As a check on the accuracy of the Semiscale technique the 
total integrated heat flux for both tubes was about 512 kW, 
which compares favorably with the 500 kW dissipated in the 
generator based on primary differential temperature measure
ments and flow rates.
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Table 5. Existing flow film boiling correlations with Semiscale Mod-2C data

Elevation
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Secondary Heat 
Transfer Coefficient 
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Secondary Heat 
Transfer Coefficient 
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404 53,000 44,000 21,833

709 72,500 26,000 14,549

1.0

c  0 .9
0

1 0.8

^ 0.7o  
>

0.60)
O)
CO
L _
0>
>
CO

0.5 X S-FS-7 d a ta  
□  S-FS-6B d a taA verage

2  0 .4
o
o  0 .3
CDW
in 0-2
o
o

0.0
0 100 2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  8 0 0  9 0 0  1 0 0 0  1100 1200

Elevation a b o v e  to p  o f  tube s h e e t  (cm)

Figure 127. Tube bundle cross-sectional average void fraction distributions.

WRR8707-127

124



4.4.3 Indicated and Actual Steam Generator 
Secondary Liquid Level. The secondary side liq
uid mass inventory in an operating PWR is impor
tant to reactor safety  ca lcu la tion s because  
secondary heat sink plays a major role in core decay 
heat removal during LOCAs. This secondary liquid 
mass inventory in an operating PWR must be deter
mined by computer code because o f  flow perturba
tions on the existing level measurements. The 
accuracy o f these computer codes to determine this 
parameter is unknown.

Using Semiscale experiments^^® a technique was 
developed to determine the actual liquid mass 
inventory based on steaming differential pressure 
measurement. This Semiscale technique could be 
applied to a PWR. The technique is o f two forms, 
experimental correlation and analytical. The exper
imental method involved isolating the steam gener
ator secondary during steam ing fu ll power 
condition by simultaneously terminating feed
water, steam flow and core power. This caused a 
redistribution o f mass between the secondary riser 
and downcomer as the fluid in the generator col
lapsed to a pool liquid level. This liquid level could 
be used to accurately determine true mass inven
tory. Figure 128 shows how the indicated steaming 
liquid level changes when bottle-up occurs. This 
change is primarily due to removal o f the two-phase 
frictional pressure drop in the riser. By plotting 
indicated steaming levels versus bottle-up pool lev
els for a variety o f different nominal levels the 
steaming mass inventory can be determined as 
shown in Figure 129 and Figure 130 for the intact 
loop and broken loop steam generators respec
tively. The two steam generators used different 
measurement locations (for the differential pres
sure taps), which results in the different trend o f  
indicated versus actual level (on Figures 129 
and 130).

The main reason there is a difference between 
the indicated and bottle-up values shown on Fig
ure 128-130 is the removal o f  flow effects caused 
by the natural circulation flow path between the 
riser and the downcomer. The natural circulation 
flow is driven by the density difference in the 
mostly single-phase fluid in the secondary down
comer and the two-phase mixture in the riser.

An analytical technique can also be used to 
determine the actual mass inventory. This tech
nique involves knowing or estimating the exit qual
ity and recirculation ratio and measuring the 
indicated steaming level in the downcomer. The 
two-phase mixture in the riser was demonstrated on 
Figure 127 o f  the previous section, which showed

the void distribution based on gamma densitome
ters in the riser. Assuming a slip o f  1 gives a riser 
(tube bundle) exit quality o f  .22, giving a recircula
tion ratio o f  about 3.68, which is typical o f  a PWR 
recirculation ratio. The natural circulation flow is 
driven by the true head difference between the 
downcomer and riser. The true head in the riser is 
comprised o f a two-phase pressure drop, which 
converts to head, as well as a fluid head. The true 
head in the downcomer is comprised o f a liquid 
head plus a single-phase pressure drop converted to 
head. Figure 131 shows the indicated downcomer 
and riser heads corrected for single- and two-phase 
frictional drop in the downcomer and riser respec
tively, which reflects the true level in the riser and 
downcomer. This figure shows the true downcomer 
head is higher than the true riser head and when 
bottle up occurs the natural circulation driving 
force is removed and these two head equilibrate at 
an actual or pool level. In a PWR these true levels 
could be used to calculate the mass inventory. This 
could be done, knowing the indicated level in the 
downcomer (which is the PWR measurement loca
tion), hydraulic resistance in secondary, recircula
tion ratio, and an estimate o f  tube bundle quality, 
as follows: The true downcomer level (shown 
on Figure 131) can be expressed as

^TD ~  ^ID ■ ^ ^ 10(taps)

where H,jj is the indicated downcomer head and
DP is the downcomer single-phase frictional
drop between the DP taps. Also,

DP

where is the true riser head, DP,^p(^ is the 
downcomer single-phase frictional drop converted 
to head and DPj^^ is the two-phase riser frictional 
drop converted to head.^ Combining the above two 
equations gives

H j r  -  H jp - DPj^pf, - D P 2̂ r

Therefore, knowing Ĥ -r and (the true steaming 
head in the riser and downcomer) a comparison to 
mass inventory is straightforward because volume ver
sus elevation is well known in these components.

a. To evaluate the two-phase frictional drop in the riser the 
quality in the riser is used because most two-phase frictional 
pressure drop correlations are based on quality.
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In summary, the indicated steaming secondary 
level measurements do not give a good indication 
o f secondary mass. The difference in steaming indi
cated levels and bottle-up levels is due to natural 
circulation in the secondary, which is driven by den
sity differences between the riser and downcomer 
connected by the recirculation path. Both experi
mental correlations and analytical means were 
developed by Semiscale and could be applied to a 
PW R . The disadvantage o f  the experimental 
approach is it requires full power scrams. The ana
lytical approach can be used if  tube bundle quality, 
hydraulic resistance, recirculation ratio and indi
cated downcomer level are known.

4.4.4 Sem iscale Instrum ent Development.
The Semiscale program sponsored research into 
state-of-the-art high temperature-high pressure 
measurement systems for safety research facilities. 
As a result Semiscale was sought after to provide 
both expertise and instrumentation hardware to 
facilities both nationally and internationally. 
Safety facilities that have utilized Semiscale exper
tise and hardware are LOFT, LOBI, ROSA, FIST, 
MIST, F lecht S easet, U PTF, U n iversity  o f  
Maryland (UMCP), CCTF, SCTF, PKL, THTF. 
Specific high temperature-high pressure devices 
developed by Semiscale were:

1. Drag disks to measure momentum flux
2. Turbine meters (probes and full flow) to 

measure volumetric flow
3. Gamma densitometers to measure fluid 

density and flow regime
4. Differential pressure cells to infer level and 

differential pressure
5. Two-phase flow measuring systems con

sisting o f  condensation systems to con
dense two-phase effluent and catch tanks 
to measure level

6 . High response flush mount pressure trans
ducers

7. Core heater rod clad temperature measure
ments

8 . Visual studies using STORZ lens and video 
cameras

9. Laser doppler anemometers to infer phasic 
velocities.

A  brief description o f several special measure
ment device contributions o f Semiscale follow.

4.4.4.1 G am m a D en sitom eters. To infer flow 
regime and measure average density in various

com ponents. Semiscale developed densitometer 
devices that used the principle o f different gamma 
ray attenuation for different density fluids. For 
instance, water attenuated more o f the initial beam 
than steam. The Sem iscale devices were non- 
obtrusive because they were mounted on the out
side o f components. This necessitated a beam o f  
high enough intensity and energy to penetrate the 
component walls. Figure 132 is a schematic o f the 
gamma beam densitometer system concept. The 
sources were varied depending on the attenuation 
requirement o f  the medium being traversed. The 
high energy source, Cs'^’ , was used for larger pipes 
and the vessel while a lower energy source, Am^^' 
was used for shorter traverses such as a chordal 
length in a smaller pipe. Densitometers were used in 
loop piping, at various axial positions in the down
comer; at various axial positions in the vessel lower 
plenum, core, upper plenum and upper head; and 
on the last Semiscale experiments in the Type III 
steam generator at various axial positions in both 
the riser and downcomer.

To infer flow regime in loop piping 2 and 3 beam 
systems were employed as represented schemati
cally on Figure 133 (a 3 beam system). From these 
multiple beam systems, average channel density, 
flow regime and void fraction could be determined. 
With the single beam system average channel den
sity and void fraction can be determined. A good  
example o f  the usefulness o f  the Semiscale gamma 
densitometer results is shown on Figure 134, which 
shows the axial void fraction distribution during a 
SBLOCA quantifying the stratification o f fluid 
during core level depressions. These densitometers 
directly measured the local axial average density 
then was converted to void fraction using the ther
modynamic definition. This information is critical 
for assessing computer codes used to calculate tran
sient therm al hydraulic response during  
SBLOCA. Another example is flow regime in a 
pipe (Figure 135). A  change from a stratified flow  
condition to a steam filled pipe is demonstrated by 
using a three beam 7 -densitometer. The top beam  
and middle beam show steam filled condition  
throughout this time period and the bottom beam 
shows a two-phase mixture.

4.4 .4 .2  H ea ter R o d  T h erm ocou ples. The
nuclear core was simulated in Semiscale M od’s 
using an electrically heated rod that was specially 
designed to allow measurement o f  clad temperature 
at a variety o f  azintuthal and axial positions. The 
rod had the same OD (1.07 cm) and was placed in 
the same pitch 1.43 cm as the PWR counterpart.
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The rod heating element was constructed o f con- 
stantan wire (55% copper, 45% nickel) coiled with 
a varying pitch to produce a chopped cosine axial 
power profile with an axial peaking factor o f 1.65 
and a radial factor o f 1.0. Compacted boron nitride 
surrounds the element and insulates it from a com
posite sheath. The composite sheath is manufac
tured from Type 316L stainless steel. The inner 
sheath is creased concavely along the total rod 
length at six locations spaced azimuthally around 
the rod circumference to accept 0.0635-cm-diam. 
Chrom el-Alum el therm ocouple assem blies as 
shown on Figure 136. The outer sheath was posi
tioned over the inner sheath after installation o f the 
thermocouples, and the composite assembly is 
redrawn. The thermocouples provide rod cladding 
temperature measurements at various axial loca
tions along the heated length o f the rods as shown 
on Figure 137.

Semiscale was an early leader in measuring core rod 
thermal response. The Flecht program and the THTF 
also recognized the importance of using internal type 
thermocouples but did not use the iimer and outer 
sheath arrangement. The thermocouple wire was posi
tioned inside the cladding tube then filled with com
pacted Boron Nitride. The Semiscale design allowed 
more control over thermocouple junction position for 
modeling purposes. The MIST Program uses the 
Semiscale rod design.

The early LOFT experiments used externally 
mounted core rod thermocouples. A  study by 
LOFT (Reference 214) compared external and 
internal type heater rod clad temperature measure
m ent techniques and found that in ternally  
mounted thermocouples gave the best estimate o f  
clad therm al response during uncovery and 
quenching. Later LOFT experiments (Footnote 
page 76) recognized the importance o f using inter
nal clad thermocouples although o f a different 
design than Semiscale. Foreign safety research 
facilities (LOBI, ROSA) have opted for externally 
mounted clad thermocouples in grooves on the OD 
o f the rods, which should give good overall core 
thermal response but compromises the quality o f  
core thermal response during quenching and dry- 
out. The main problem with externally mounted 
thermocouples o f  this type is that the braze mate
rial used to attach the thermocouple to the groove 
in the OD is o f a different composition than the 
clad. In addition, a groove running down the OD o f  
the core heater rod could have some local perturba
tion on the core heater rod thermocouple response 
due to preferential channeling.

The main drawback to the Semiscale design is the 
high cost because o f  fabrication difficulties. The 
cost o f  each Semiscale rod is on the order o f  $1000 
in 1980 dollars. However, if during integral system 
experiments accurate local core heat transfer infor
mation is required, the Semiscale rods and thermo
couple arrangement are recommended.

In conjunction with the local core axial void frac
tion information (density locations see Figure 137) 
it was possible with inversion techniques^^^ to 
develop both a transition boiling curve fit and a 
dispersed phase film boiling correlation (Refer
ences 137 and 138 respectively).

4.4.4.3 Drag D evices. Semiscale was one o f  
the first test facilities to develop and use drag 
devices to measure momentum flux. In fact, the 
beginning o f Semiscale involved drag device testing 
for use in the larger LOFT system. This section 
summarizes some o f the development efforts on 
such drag devices as drag disks, drag screens, drag 
plates, and drag lattices, pictured schematically on 
Figure 138.233

These drag bodies were used in Semiscale piping 
and at break locations to measure momentum flux 
which, when combined with the densitometer, were 
used to calculate mass flow rate. As an example of 
the utility o f  the drag devices, a drag plate in con
junction with a gamma densitometer was used to 
measure mass flow rate as shown in Figure 139 for 
a large break partial blowdown o f  a test facility 
similar to Semiscale. Table 6 summarizes the accu
racy o f  the measurement based on a comparison of 
actual mass expelled (accurately measured by DP  
cells) and the measured integrated mass flow rate 
(Figure 139). The drag plate measured the inte
grated blowdown within 10% for a series o f  blow
downs and thus gives confidence in using these 
devices for actual testing.

A series o f  air-water two-phase experiments234 
were also performed for a variety o f  flow devices 
and the standard deviation from the reference mass 
velocity was determined as shown on Table 7. 
These experiments were performed and the stand
ard deviation calculated for a variety o f  flow  
regimes including solid liquid, dispersed, bubble, 
slug, annular mist stratified and wavy (assuming a 
slip o f  I). In all cases the standard deviation from 
the reference mass velocity was less than 11.2%.

4 .4 .4 .4  L aser D o p p le r  A n e m o m e te r s .  A
laser doppler anemometer (LDA) system^34 ŷ̂ s
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Table 6. Total s y s te m  m a ss  for th e  partial b lo w d o w n  co n figu ra tion  and  m ea su red  m a ss  
flow  values

Time Integrated Mass Flow 
____________(kg)____________

Blowdown

a. Mass expelled during blowdown:

Maximum = 30.03 kg 
Minimum = 27.69 kg.

Measured Value
Upper Limit Error 

(%)3

1 27.7 7.7

2 27.38 8.8

3 27.8 7.4

4 26.9 10.4
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Table 7. Results from air-water tests of drag devices

Drag Device

Drag disc

Drag screen

Large multihole plate

Three-point 
LOFT prototype

Small multihole plate

Hinged multihole plate

6.67 cm piping

3.40 cm piping

Homogeneous model 
Slip model
Model with S&Cq  correlations 

Drag lattice

Normalized
Standard
Deviation

(%)

11.2

4.7

2.6
2.5

5.8

3.8

4.2
3.3 
0.5

1.2

Flow Blockage
m

11

19

23
23

33

34

18

34

tested in the Semiscale high temperature and pres
sure M od-A  fa c ility  during a SBLO CA  
S-NC-8B.^^^ The LDA uses the doppler effect to 
measure the velocity o f  particles moving in a fluid. 
The LDA system consists o f  a laser, focusing 
optics, detector, signal processing equipment, and 
a data acquisition system (Figure 139a). Small par
ticles (on the order o f  1 to 10 microns) scatter the 
incident laser beam into the detector. Due to the 
motion o f  the particles in the fluid, the beam 
becomes doppler shifted with respect to the inci
dent beam. This frequency change can be detected 
and is directly proportional to the fluid velocity.

Basically, the incident beam is split and focussed 
near the center o f  the pipe. The interaction o f the 
two beams comes and interference pattern with a 
finite spacing between fringes. As a particle mass 
through the interference pattern, it will scatter light 
more strongly as it passes through bright fringes 
than through dark fringes. The time between maxi
mum scattered light frequencies can be measured 
and this time is inversely proportional to the veloc
ity o f the particle and directly proportional to the 
spacing o f  the light fringe. The experimental data 
was processed and analyzed in terms o f  a probabil

ity density functions (PDF). It was found that 
steam bubbles and the liquid stream produced dif
ferent PDF values and that these values corre
sponded to d ifferen t v e loc ities o f  these  
components. Figure 139b compares the PDF val
ues converted to fluid velocity compared to Semi
scale turbine meter data for cold leg flow during 
S-NC-8D (a 0.4% cold leg break experiment). The 
turbine data (reference turbine) agrees well with the 
LDA response especially during the two-phase 
peaking in flow observed at about 400 s (refer to 
Section 4.3.6). Disagreement between the turbine 
and LDA is primarily due to a dead band on the 
turbine while the LDA continues to indicate veloc
ity. Figure 10 does not indicate slip (phasic veloc
ity); however, the capability to measure phasic 
velocities has been demonstrated in separate effects 
air water tests. Any future applications o f  LDA 
velocity measurements could extend to measuring 
phasic velocity in high temperature/high pressure 
environments.

4.4.5 Honeycomb Insulator Design. Because 
o f  the high pressure environment. Semiscale piping 
had a high metal mass to liquid volume ratio and
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high surface area per liquid volume relative to a 
PWR. In fact, the surface area to volume ratio was 
a factor o f  24 times higher than the PWR counter
part. This resulted in a higher total energy transfer 
than the PWR counterpart. Therefore, an insulator 
was designed by the Semiscale program to limit 
struetural heat transfer.^^'^^ This design was called 
the honeycomb insulator (Figure 139c) for the ves
sel external downcomer (Mod-3 system). The insu
lator design is basically a thermos bottle with 
honeycomb lining. A  water gap is allowed between 
the OD o f the honeycomb and ID o f the down
comer pipe wall. Analytical calculations using 
expected LBLOCA blowdown boundary condi

tions show that the honeycomb design so reduced 
the heat flux that the total scaled energy transfer to 
the fluid volume was correct. Figure 139d shows 
the calculated scaled heat flux using the honey
comb and the estimated PWR (conduction limited) 
heat flux for a given blowdown boundary condi
tion.

There is good scaled agreement between the two 
calculations indicating the honeycomb insulator 
can effectively reduce heat flux enough to over
come scaling deficiencies. Similar designs could be 
developed in future safety experiments to reduce 
heat flux from small pipes to the fluid and thus 
improve the simulation o f  actual PWR events.
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Figure 139c. Semiscale honeycomb-insulated downcomer.
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5. PHENOMENA OBSERVED DURING SEMISCALE EXPERIMENTS

The Semiscale Experimental Program created a 
data base with a great variety o f  high/pressure-high 
temperature thermal hydraulic phenomena repre
sented. This section presents a description o f  the 
major phenomena observed during Semiscale test
ing. Phenomena examined includes:

1. Countercurrent flow

2. Blowdown phenomena

3. Reflood thermal and hydraulic phenomena

4. Core thermal and hydraulic phenomena 
during high pressure boil o ff

5. Condensation effects

6 . Two-phase flow regime mapping

7. Critical flow in nozzles and tees

8. Flooding in the pressurizer surge line dur
ing PORV operation.

5.1 Countercurrent Flow 
Phenomena

D uring separate e ffects  experim ents in 
Semiscale, countercurrent flooding phenomena 
associated with the bypass o f  ECC in the down
comer and downcomer annulus was investigated. 
Both air-water and steam-water experiments were 
performed. The basic problem was to determine 
correlations that describe the countercurrent flow 
of ECC water from the downcomer against a flow 
o f steam up the downcomer. These types o f  experi
ments were performed in the Semiscale geometry 
(annular downcomer) with various annular gap 
sizes, system pressures, downcomer lengths, ECC 
subcooling, and various mixtures o f  ECC and 
steam at the top o f the downcomer.^

The basic form o f the correlating parameter is to 
use the Wallis^^^ technique, which is o f the form

t * 1 / 2  * 1 / 2
•’g -I- m J. = C

where

j :

j ; =
v g D  P

and

P (

gas density 

liquid density

volumetric flow o f the gas divided by 
the total flow area

Jf =  volumetric flow o f the liquid divided 
by the total flow area

D = hydraulic diameter o f  annulus.

m, C are slope and intercept on a rectilinear plot o f

vs

Another formulation, which removes a depen
dence on annulus gap size, can be correlated by 
plotting

J * l / 2  £ ) 1 / 4  v s  J * / / 2  £ ) 1 / 4  _

The problem with this formulation (although use
ful) is it is not-dimensionless. Another formulation 
o f the form

m = C

where

j:  =
P f P e

1 /5

Pi

'/2

P (  -  P g

J+ = superficial phase velocity (ft/sec)

H = viscosity (Ibj sec/ft^)

a =  surface tension (Ibf/ft)
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creates a dimensionless parameter independent o f  
diameter.

Regardless o f correlation type, when either

j; O'" jt  or d '̂ 4

becomes 0, the onset o f flooding occurs and at this 
condition = Ĉ . From this, the steam velocity to 
cause the flooding condition can be determined. Air 
water data from the Semiscale system for a range of 
annular gap sizes from 0.35 in. to 1.58 in. is shown on 
Figures 140 and 141 for J* and J+ correlating tech
niques respectively. Figure 140 shows the effect of gap 
size is to have a decreasing ordinate intercept (C) with 
increasing annular gap size (the 0.49 in. gap data uti
lized a different inlet annulus geometry and is therefore 
out of sequence on the plot). Figure 141 shows that the 
J + correlating technique removes the dependence on 
the hydraulic diameter term as the various gap size 
curves of Figure 140 are reduced to a single curve. 
From the air-water experiments parameters such as 
pressure, downcomer length and various two-phase 
mixtures for the fluid entering the downcomer from

the top were second order effects compared to the 
effect o f annular gap size.

From Semiscale steam-water experiments, steam 
flowed up the annulus and water penetrated from the 
top. For this case condensation and evaporation effects 
on the countercurrent flow greatly complicate the 
flooding characteristics. Figure 142 compares steam- 
water data and comparable air-water data (comparable 
in flow rate) for two different gap sizes using the 
j *'/2 q '/4 correlation technique. Figure 142 indicates 
that at smaller steam flow rates (below  
j *'/2 £)'/4 _  effects o f condensation over
whelm the effects of countercurrent flow. At the lower 
steam flow rates (J*'"̂  0), all the steam is con
densed allowing all the liquid that entered the vessel 
inlet to reach the lower plenum. At values o f  
j *'/2 j)'/4 >  11 iijg steam/water data agrees with the 
air/water data meaning that condensation effects 
become secondary to the flow effects.

In summary. Semiscale characterized the flooding 
characteristics o f the downcomer annulus for a range 
of gap sizes from 0.35 in. to 1.58 in. for air-water and 
compared these results to steam-water. It was found 
that steam-water data deviates considerably from 
air-water correlations at low gas velocities because 
condensation dominates the entrainment of liquid
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Figure 140. Comparison of Wallis-type countercurrent flow correlation least squares fit to data for annular gaps 
considered.
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caused by the upflow of steam. Although Semiscale 
countercurrent flow bypass data does not apply 
directly to PWR response, it first helped characterize 
the Semiscale facility (Mod-1) for code development 
purposes and secondly added to the world data base on 
countercurrent flow and flooding phenomena.

5.2 Blowdown Phenomena

The signature response to blowdown has been 
characterized for a break spectrum from the small
est to the largest breaks in the various Semiscale 
mods. Even though Semiscale is mainly a one
dimensional representation o f a PWR the blow
down phenomena is considered representative, 
only the timing o f events may be somewhat differ
ent. This section examines the signature response 
for three separate spectrums: small breaks 0.5- 
10%^, intermediate breaks 10-50%, and large 
breaks 50-200%. Small breaks are discussed first 
followed by large breaks and finally intermediate 
breaks, because they exhibit characteristics o f both 
large and small breaks.

5.2.1 Small Breaks (Pipe Breaks). Small breaks 
can occur in PWRs in the form o f tears or cracks in 
piping or shearing o f  small piping leading to the 
main coolant piping. For most o f  Semiscale experi
ments small breaks were assumed to occur in the 
plane o f  the centerline o f the cold leg piping. How
ever, pump suction and hot leg breaks were also 
performed. This section discusses the major phe
nomena characterizing a pipe break from initiation 
o f the break to the injection o f accumulator water 
and LPIS.

A great variety o f centerline pipe break experi
ments were performed in the Semiscale system cov
ering a large spectrum o f break size, location, and 
operation scenario. However, the system signature 
response was similar for all these experiments. The 
response for a typical 2.5%^^ small break and a 
0.4%30 small break are used for discussion pur
poses.

Following the initiation o f  break, the primary 
system depressurization is continuous and repre
sented by several definite inflection points in 
depressurization rate. Figure 143 shows the pri
mary pressure response for a 2-1/ 2% centerline 
small pipe break. On an overall basis the major 
inflection points in depressurization are caused by

achievement o f saturation conditions for the loop 
fluid, pump suction liquid seal clearing and break 
uncovery, and introduction o f accumulator flow. 
The causes o f  each o f these inflection points are 
discussed below.

During a small break, as the primary system 
loses mass out the break, the pressure reduces and 
the loop fluid changes from subcooled to satura
tion conditions. This change causes a large change 
in the loop depressurization rate because o f the 
start o f  flashing whenever saturation conditions are 
achieved. Figure 144 shows the system depressuri
zation for a 0.4% SBLOCA^ (the 0.4% break is a 
very small break that accentuates the effect o f  
reaching saturation conditions on depressuriza
tion). The first major inflection in pressure was 
caused by the reduction in core power associated 
with core scram to the American Nuclear Society 
(ANS) decay curve. The temperature rise across the 
core (due to full core power) was suddenly reduced 
upon scram, resulting in a net decrease in density o f  
the loop fluid. The main result was a rapid increase 
in depressurization corresponding to the reduction 
in density o f  the loop fluid. Primary pressure con
tinued to decrease rapidly as subcooled fluid 
flowed out the break until about 130 s, at which 
time fluid saturation conditions were achieved in 
the vessel upper plenum and hot leg. The depres
surization rate decreased at this point because 
flashing o f hot leg fluid caused the available fluid 
to occupy more volume, thus retarding the depres
surization rate.

The next inflection point in depressurization rate 
occurs when the vessel liquid level reaches the hot 
leg. There is a temporary increase in depressuriza
tion rate due to the two-phase natural circulation 
flow rate increase and resulting increased conden
sation o f steam in the steam generator. This tempo
rary increase in depressurization  rate is not 
sustained because the system pressure soon reaches 
the saturation pressure corresponding to the cold 
leg, accompanied by additional flashing, that again 
retards the depressurization rate. Figure 145 com
pares the saturation temperature (based on primary 
pressure) to both the hot leg and cold leg fluid tem
peratures and shows that the timing o f saturation 
conditions in the various parts o f  the loop corres
pond with the major inflection points in pressure.

a . A  200%  break is the scaled break area associated  w ith a 
double-ended offset shear o f  a  large cold leg pipe in a  PW R .

b . For the  experim ent show n in Figure 144 core power was 
scram m ed a t 105 s on a  low pressure trip  an d  H P IS  was started 
ab o u t 120 s. T he steam  generators were isolated by 115 s and 
pum ps were o ff  a t blow dow n in itia tion .
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Referring to Figure 143, the break uncovery can 
have a large effect on system depressurization rate 
during a small break LOCA. Break uncovery is 
related to clearing o f the pump suction seals that is 
discussed later. Figure 143 (typical 2-1/2%  small 
break experiment with normal ECC parameters) 
shows a large increase in depressurization corres
ponding to break uncovery. During a small pipe 
break experiment in Semiscale a centerline pipe tear 
or rupture was assumed. Thus, the centerline o f the 
break nozzle was placed even with the centerline o f  
the broken loop piping. Basically, the fluid in the 
broken loop behaves in a stratified manner during 
small breaks.^ The fluid looks like a pool o f  liquid 
with steam on top. When the level o f  the fluid 
reaches the level o f the break nozzle, the break flow  
becomes almost single-phase steam that greatly 
enhances the depressurization rate. Visual observa
tions also show that liquid phase can be entrained 
into the nozzle even after the stratified steam/water 
interface has passed the centerline o f the nozzle 
(this is discussed in greater detail in Section 5.8).

a. This observation is supported by visual data. The visual 
observations were made with an optical probe and video camera 
on the centerline o f the break.

Figure 143 also shows the effects o f  accumulator 
injection on system depressurization rate. Injection 
o f accumulator fluid (beginning when the system 
pressure was 4.2 MPa) caused a vessel reflood o f  
hot structures and core. The resultant steam gener
ation tends to retard the depressurization process. 
The depressurization rate following termination o f  
accumulator injection was fairly slow and steady, 
governed by an energy and mass balance involving, 
break flow, core decay heat, HPIS, and primary to 
secondary heat transfer.

The slow steady depressurization period follow
ing accumulator injection is characterized as a per
iod o f boiloff in the core and two-phase flow out 
the break, balanced by an inflow o f  fluid from the 
HPIS systems. As long as HPIS flow is greater than 
break flow during this period, core uncovery and 
rod heatup did not occur prior to system pressure 
reaching LPIS set points. However, in the absence 
o f HPIS flow with degraded HPI flow, core rod 
uncovery and heatup can occur before system pres
sure reaches LPIS set points. Maintaining HPIS 
flow is critical to vessel liquid inventories during 
small break transients. For the small break example 
(Figure 143) the HPIS rate about equaled the break 
flow rate at about 1300 s, as shown in Figure 146.
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Figure 146. Comparison of break flow to HPIS flow (2-1/2% break).

HPIS flow combined with accumulator flow at 
about the same time resulted in a general filling o f  
the system, as shown in Figure 147. Also shown in 
Figure 147 is the general filling trend o f the vessel 
and downcomer.

5.2.2 Large Breaks. Relative to small breaks, 
large breaks are o f  short duration and exhibit very 
different behavior. System decompression to con
tainment pressure lasts on the order o f  30 to 60 s 
(Figure 148). As an example o f  the difference 
between large and small breaks, the break flow in 
the LBLOCA is high enough that flashing in the 
system only slightly retards depressurization  
whereas, in a small break flashing almost stops the 
depressurization process. The central issue to large 
break behavior is the inertially driven core rod dry- 
out that occurs in the first seconds o f the transient 
w hile at relatively  high decay heat power. 
Figure 149, a typical core decay heat plot, shows 
that core decay heat is above 10% o f initial values 
for at least 10 seconds into the transient. The core 
rod dryout is very different from the top down core 
uncovery observed for small breaks. After rupture 
o f the pressure boundary, the flow at the inlet to the 
core reverses while the positive flow at the core out

let is maintained by the inertia o f  the pumped fluid 
and by the break flow through the hot leg to the 
pump side o f  the break. This causes a flow split to 
occur in the core, which leads to rapid voiding o f  
the core fluid as shown on Figure 150. Figure 150 
shows a rapid decrease in core wide density follow
ing core flow reversal and stagnation. The top 
regions o f the core show earlier voiding than the 
bottom regions primarily because the top regions 
are hotter. Because the phenomena is inertially 
driven, the resistance distribution in the system 
affects the flow split in the core. The effect o f  the 
pumps on the hydraulic response is minimal due to 
the rapid degradation o f the Semiscale pump heads 
with increasing void fraction. As the system depres- 
surizes, the actuation pressure o f  the emergency 
core coolant accumulator is reached and accumula
tor injection is initiated. Following a period o f flow  
bypass, the accumulator liquid is able to penetrate 
the downcomer and rapidly refill the lower plenum 
o f the vessel, thus initiating reflooding o f  the core, 
which is continued by the low pressure injection 
system.

Immediately following a large break, the high 
voiding rate and low quality conditions in the core 
lead to a departure from nucleate boiling (DNB) on
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the surface o f  the heater rods. At the time o f DNB, 
the heater rods are still at stored energy levels and 
prompt fission power is still ongoing, which results 
in severe temperature excursions as shown in 
Figure 151. Due to the rapid depressurization, 
accumulator set points are reached early starting a 
core reflood. Elevated temperatures generally con
tinue to exist in the core until the vessel has 
reflooded to a level sufficient to allow low quality 
steam and water droplets to reach and rewet the 
surface of the heater rods. Due to the rapid voiding 
o f the primary side o f  the system, the primary-to- 
secondary heat transfer is minimal and the steam 
generators have very little effect on the transient. 
Phenomena associated with the reflood phase o f a 
large break LOCA is described in detail in 
Section 5.3.

5.2.3 Intermediate Breaks. Intermediate breaks 
exhibit characteristics o f  both large and small 
breaks phenomena depending on break size. Large 
break hydraulic behavior appears to persist down 
to break sizes o f 50%. For these cases, inertially 
dominated flows, ECC bypass and post-critical 
heat flux and reflood heat transfer, are important 
issues. Below 50% break size a more gravity domi

nated top down drain behavior is exhibited with 
pump seal formation, core level depressions influ
enced by fluid head formation in loop components 
and natural circulation cooling modes.

The trends of the primary system depressurizations 
during the 200%, 100%, and 50% break tests are very 
similar, as shown in Figure 152. The upper plenum 
fluid reached saturation conditions almost immedi
ately after rupture o f the pressure boundary in all three 
tests. For all three cases, there is a retardation of 
depressurization due to flashing when saturation con
ditions are achieved. The depressurizations continued 
to be rapid, due to the large break flow rates, and the 
system was voided rapidly during the transients. The 
system pressure reached containment simulator pres
sure within 105 s after rupture of the pressure bound
ary in all three tests. This rapid depressurization of the 
primary system caused early decoupling of the primary 
and secondaries. Hence, primary-to-secondary heat 
transfer was of secondary importance to system energy 
balances.

The trends observed during the depressurization 
o f the primary system during a 21.7% intermediate 
break and 10% SBLOCA are very similar. As 
shown in Figure 153, the changes in the depressuri
zation rates due to the occurrence o f  saturation
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conditions are quite similar and more pronounced 
than for the larger breaks shown on Figure 152. 
After reaching system saturation, the depressuriza
tions proceed at a substantially reduced rate and at 
a pressure somewhat above secondary pressures. 
During both tests, containment simulator pressures 
were not reached until at least 240 s after rupture o f  
the pressure boundary. The slow depressurization 
o f  the primary system after system saturation 
allowed primary-to-secondary heat transfer to con
tribute to system energy removal until 150 to 160 s 
after rupture o f  the pressure boundary.

In summary, the hydraulic responses o f  the 100 
and 50% intermediate break tests were very similar 
to that o f the 200% large break test. A lso, the 
hydraulic response o f  the 21.7%  intermediate 
break test was very similar to that o f  the 10% small 
break test.

The early (0-50 s) core thermal response follow
ing rupture was very similar during the 200% and 
100% break tests, as shown on Figure 154. The 
heater rods experienced very severe temperature 
excursions due to departure from nucleate boiling 
while the rods had a high level o f stored energy. The 
elevated temperatures continued as voiding in the 
core increased while the stored energy in the rods 
was being dissipated. As the rods reached decay 
heat power levels at about 20 s, the heater rod tem
peratures started to decrease for the 200% break 
case. Also at 20 s, accumulator injection begins, 
eventually resulting in core reflood as indicated 
about 140 s on Figure 154. The 100% break case 
had an atypically high bypass o f  accumulator water 
resulting in a considerably delayed reflood . 
Although a quench is not indicated on Figure 154 
for the 100% break case, the core level was increas
ing and the core rod temperature was decreasing.

The thermal response in the core immediately 
after rupture o f the pressure boundary was similar 
during the 50%, 21.7% , and 10% break tests, as 
shown on Figure 155. The heater rods did not expe
rience temperature excursions until the rods were at 
decay heat levels. The elevated temperatures were 
caused by the existence o f low velocity, high quality 
conditions in the core, which lead to dryout o f  the 
heater rod surfaces.

The existence o f  intact loop pump suction and 
steam generator U-tube liquid seals caused a level 
depression in the vessel during both the 21.7%

break test and the 10% SBLOCA experiments. In 
the 21.7% break case, this depressed level in the 
vessel caused low flow, high quality conditions to 
exist in the core and led to the temperature excur
sion at about 50 s, shown on Figure 155. The tem
perature excursion continued until the intact loop  
pump suction and steam generator U-tubes had 
cleared enough to allow the vessel level to recover, 
and increased flow o f  lower quality steam reached 
and rewet the surfaces o f  the heater rods. After the 
level in the vessel recovered, a slow boiloff o f  cool
ant caused the level in the vessel to decrease. As the 
level neared the bottom o f the core, low flow, high 
quality conditions reoccurred and dryout o f  the 
heater rods led to a second temperature excursion. 
This second temperature excursion continued until 
the core was sufficiently reflooded from accumula
tor injection. During the first temperature excur
sion for the 10% break case (due to pump suction 
seals) the intact loop pump suction and steam gen
erator U-tubes partially cleared and allowed the 
level in the vessel to partially recover, thus, allowing 
low quality steam and water droplets to reach and 
rewet the surface o f the rods. After the partial level 
recovery in the vessel, the level depressed again, 
although less severely, due to the broken loop pump 
suction and steam generator U-tube liquid seals. 
The peak heater rod tem perature, show n in 
Figure 155, did not indicate another dryout 
because the continued level depression was less 
severe than that which occurred before partial 
recovery. However, higher rod elevations experi
enced a second, small temperature excursion which 
continued until the broken loop pump suctions and 
steam generator U-tubes cleared enough to allow 
the vessel level to recover, thus rewetting the sur
faces o f  the heater rods. Following partial pump 
seal clearing, a slow boiloff o f  core coolant, tran
spired; however, a third temperature excursion did 
not occur before vessel reflooding was initiated.

In summary, the core thermal responses during 
the 100% intermediate break test and the 200% 
large break test were very similar, as were the 
responses during the 21.7% intermediate break test 
and the 10% small break test. Although the ther
mal response during the 50% intermediate break 
test was similar to those during the 21.7 and 10% 
break test up to 40 s after rupture, the response 
after that time was similar to the 200% break test.
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5.3 Reflood Phenomena

During the reflood process associated with large 
break LOCAs, a rod position experiences a variety 
of heat transfer regimes as a quench front moves in 
an oscillatory manner. Semiscale experiments have 
investigated the thermal hydraulic phenomena 
associated with the reflood process at typical PWR 
conditions. In addition, in separate effects studies 
the effect o f  various parameters on the reflood 
process were examined including the effect o f  grid 
spacers, pressure, flooding rate, power distribu
tion, ECC subcooling.

5.3.1 Reflood Heat Transfer. Semiscale investi
gated reflood heat transfer regimes at typical PWR 
conditions. A brief description o f the reflood proc
ess is followed by experimental details o f the impor
tant reflood heat transfer regimes o f  film boiling, 
transition boiling and the importance o f  axial con
duction near the quench front. As reflood o f ini
tially hot dry rods progresses, there exists in the 
core a saturated pool o f  liquid below the quench 
front, a region o f relatively low-quality fluid near 
the quench front, and at positions above the 
quench front, the fluid condition is characterized 
as a two-phase mixture o f  steam and water. For the 
reflood experiments conducted in the Semiscale 
facility, core reflood proceeded in an oscillatory 
manner driven by a manometric balance between 
the gravity head o f fluid in the downcomer and 
steam generation in the core as described in Refer
ence 70. In the region below the quench front, the 
core rod surface is wetted and a nucleate-boiling- 
type heat transfer coefficient exists. Between the 
film  and nucleate boiling region there is an 
-vQ.S-cm length o f transition zone with some wet
ting o f the rods, and the heat transfer regime is 
known as transition boiling. Above the quench 
front, the rod surface is blanketed by steam with 
forced convection film boiling heat transfer. A  
given rod position experiences an entire spectrum 
of heat transfer modes during the reflood process 
as shown on Figure 156 (a boiling curve o f  Semi
scale heat transfer coefficient versus the wall tem
perature minus the saturation temperature during a 
typical Semiscale reflood test). During reflood a 
rod position starts in a heating mode as the decay 
heat is higher than the removal rate allowed by con
vection to steam. As ECC liquid enters the bottom  
of the core rods, evaporation o f liquid causes an 
entrainment o f liquid to higher positions and the 
heat transfer regime changes to dispersed phase

film boiling above the pool o f  liquid. When in dis
persed phase film boiling, no liquid can wet the rod 
clad surface and the rod is blanketed by steam. The 
presence o f liquid drops in the upward steam flow  
causes an increase in heat transfer coefficient, 
which results in a turnaround and slow decrease in 
core rod clad temperature. Eventually, the rod clad 
surface temperature decreases enough and the 
availability o f liquid is sufficient to locally start 
sporadically wetting the rod clad position. This 
normally occurs within a few centimeters o f the 
quench front below which is a liquid pool but pre
cursory cooling can create this condition far 
removed from the quench front.

The temperature of the rod clad surface where wet
ting just begins is called the minimum film boiling tem
perature and marks the begiiming o f transition boiling, 
shown as Figure 156. The regim.e is characterized as 
having sporadic wetting and unwetting and is distin
guished by a drastic increase in heat transfer coefficient 
and a drastic decrease in rod clad temperature. For 
instance, the temperature gradient between positions 
above and below a point in transition boiling can be as 
high as 644 K. The point at which the rod becomes 
completely wetted is the CHF point (critical heat flux)^ 
and the temperature o f the rod clad decrease quickly to 
just above saturation condition, which is the nucleate 
boiling regime. The next sections concentrate on the 
transition boiling and the film boiling region. Core rod 
positions below the transition region are in nucleate 
boiling or subcooled nucleate boiling and are better 
understood than regions above the transition region. 
First, the film boiling region is discussed.

5.3.2 Film Boiling. Reflood film boiling heat 
transfer was investigated in Semiscale experi
m e n t s .  ^38 j h e  calculated rod heat transfer coeffi
cient for positions above the quench front was 
found to decrease as axial position from the quench 
front increased, as shown in Figure 157.^ This vari
ation in the heat transfer coefficient is in part due 
to a void fraction gradient extending from the 
quench front (nearly 0 void fraction) to the top o f  
the core (nearly 1.0 void fraction) as shown in Fig
ure 158. Oscillations in the heat transfer coefficient

a. W hen quenching, this point is called return to nucleate boil
ing (RNB).

b . The time period 40 to 60 s after the start o f reflood is used as 
a time period involving no quenching above the 115-cm eleva
tion. Therefore, the region above 115 cm was primarily in the 
film boiling regime. It was also a period o f a very small increase 
in mass in the vessel as measured by core differential pressure 
cells, thus making mass balances easier.
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and void fraction are caused by the manometric 
oscillations from the net gravity head o f fluid 
between the core and downcomer, and flow pres
sure drops from steam generated in the core 
because o f  reflood. The variation in heat transfer 
coefficient during the oscillations corresponds 
directly to variations in both the local void fraction 
and exit flow rate as shown in Figures 159 and 160, 
respectively.

Although not directly measured, the local liquid 
and vapor mass flow rates can be estimated from 
mass and energy balances in the core, assuming no 
storage of mass above the quench front and that the 
entire heat flux from the rods goes toward steam gen
eration (equilibrium conditions). In making these 
mass and energy balances, the steam generation rate 
was calculated from three different sources: (a) below 
the quench front, nucleate boiling produced steam at 
a rate equal to the internal rod heat generation rate; 
(b) at the quench front, transition boiling produced 
steam; and (c) above the quench front, local heat 
fluxes calculated from the inverse heat conduction 
solutions were used to calculate the steam generation 
rate. The transition boiling component was deter
mined from an average heat flux during the quench
ing period. Although only lasting a few seconds and

occurring over a small area, the heat flux is high in 
this transition region (1000 kW/m^) and therefore 
can contribute a significant amount o f steam genera
tion. Figure 161 compares the calculated vapor mass 
flow rate at three elevations^ to the total mass flow 
rate out the top o f the core. The total mass flow rate 
out the top o f the core was calculated from a mass 
balance involving inlet flow rate, and estimated vessel 
and downcomer mass storage rates determined from 
differential pressure cells. The calculated steam mass 
flow rate approaches the exit mass flow rate near the 
top o f the core as expected. This calculation repre
sents an upper bound o f steam generation because all 
of the core power and stored energy is assumed to 
produce steam.

There was no reliable direct measurement o f the 
fluid temperature in the core; therefore, the calcu
lated heat transfer coefficients are based on the

a. The three elevations (115, 184, and 277 cm) above the bot
tom of the core represent positions in the core where both 
gamma densitometers (void fraction) and core rod therm ocou
ples (heat transfer coefficient) exist. These elevations also cover 
a wide range of thermal-hydraulic conditions including a void 
fraction range o f 10 to  1(X)%. Therefore, simultaneously, each 
of these elevations represents a unique set o f hydraulic condi
tions.
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saturation temperature.^ Using a core energy bal
ance, an estimate was made o f the superheat tem
perature for the upper region o f  the core  
(specifically 277 cm measured from the bottom o f  
the core). The resultant calculated enthalpy o f the 
steam out the top o f the control volume is com 
pared to the saturation enthalpy in Figure 162. The 
saturated steam enthalpy agrees with the enthalpy 
estimated from the mass and energy balance within 
uncertainties.

Semiscale experimental reflood heat transfer results 
in the film boiling region were compared to existing 
correlation and found that the existing correlations 
could not simultaneously calculate the local heat trans
fer correctly at all positions above the quench front.
For example, an existing correlation may calculate cor
rectly the heat transfer for a lower region in a lower 
quality film but not in upper regions at a higher qual
ity. Reference 138 discusses the adequacy o f these cor
relations in detail. Semiscale developed a correlation 
based on correlating parameters o f wall temperature.

a. The fluid thermocouples on the grid spacer all read fluid 
saturation conditions throughout the reflood, indicating either a 
bulk saturation condition or wetting of the thermocouple probe 
while a non-equilibrium mixture of steam and water existed in 
the core.

bulk vapor temperature, local void fraction, total over
all mass flux in the core; and pressure sensitive parame
ters such as conductivity o f  the gas phase, the 
saturation density of the gas and hquid, the surface 
tension, heat o f vaporization, viscosity of the fluid, 
and the specific heat o f the gas. Reference 138 gives 
details o f the correlation. The agreement of the corre
lating method with Semiscale data at the three eleva
tions is good, as shown in Figure 163a, b, c. Not only is 
the magnitude o f the heat transfer coefficient at all 
three elevations calculated within uncertainties, the 
character of the oscillation is also correctly calculated.

5.3.3 Transition Boiling. Transition boiling heat 
transfer on core rods was also investigated in Semiscale 
reflood experiments. During the reflood phase, the 
hydraulic conditions on a particular heated rod surface 
change from completely unwetted to completely wetted 
within a few seconds. The transition boiling heat trans
fer regime exists during these few seconds as is charac
terized by large increases in heat flux with decreasing 
rod surface temperature. Even though the time 
involved in transition boiling is short, the amount of 
stored energy removal from the rod surface is high. 
Therefore, correct modeling o f the heat transfer mech
anisms during transition boiling is important to
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accurately predict overall core reflood behavior such as 
quench front progression and cooling above the 
quench front.

Previous work on transition boiling has pro
duced several empirical correlations. However, 
comparison o f these correlations to Semiscale data 
shows only qualitative agreement. Examples o f  
these correlations are the Ellion,235 Berenson,^^^ 
and Hsu.^^^ These correlations are plotted along 
with typical transition boiling heat transfer results 
from a Mod-3 reflood experiment at 414-kPa sys
tem pressure in Figure 164. Figure 164 compares 
the above-mentioned correlations and the range o f  
Semiscale data on a boiling curve. The envelope o f  
Semiscale data is large because the different rod 
positions quenched at different temperatures, yet 
all positions eventually entered a similar nucleate 
b o ilin g  heat transfer regim e. The H su and  
Berenson correlations are within the range o f  Semi
scale data for lower AT values but fail to predict the 
Semiscale data for the higher AT values, which are 
near the minimum film boiling temperature or 
quench temperature. The Ellion correlation has 
proper trends; however, it is outside the data range. 
Clearly, the Hsu, Berenson,and Ellion correlations 
do not adequately describe Semiscale reflood tran
sition boiling results. Poor agreement between 
Semiscale results and existing correlations could be 
due to axial conduction effects that were not 
accounted for in calculating the Semiscale heat 
transfer coefficients. However, overall axial con
duction effects are not dominant for most o f  the 
transient and do not account for the poor agree
ment, as will be shown in a subsequent section.

It was proposed that a curve fit o f  the Semiscale 
data would offer a calculational technique for pre
dicting transition boiling heat transfer in the 
absence o f  a mechanistic model. The data trend 
suggested  that a curve fit o f  the form  
h =  a -I- b In AT be used. A  linear regression 
curve fit was made to selected transition boiling 
data from Sem iscale reflood experiments for 
138 and 414 kPa. For a data base, several typical 
therm ocouples were selected, representing the 
range o f  axial positions from 115 to 277 cm from 
the bottom o f the core. This data base represents 
the range o f  Semiscale transition boiling data. 
From these therm ocouples, 51 heat transfer 
coefficient/AT pairs at 138 kPa and 41 pairs at 
414 kPa were used in the fit. The final form o f  the 
curve fit is

h = (62.36 -t- 0.08804P) -  (11.3 -F 0.0159P) In AT.

where

P = pressure in kPa, 

AT differential temperature K (wall tem
perature minus saturation tempera
ture).

The coefficient o f  determination o f the linear 
regression was 0.96. Figure 165 compares the curve 
fit to the Semiscale data base.

5.3.4 Axial C onduction  N ear th e  Q uench  
Front. Axial conduction in the rod cladding 
material near the quench front may reduce the local 
radial conduction and therefore may require special 
modeling. This section presents an estimation o f  
the effect o f  axial conduction near the quench front 
on the one-dimensional inversion calculation for 
Semiscale rod heat transfer. When including axial 
conduction effects on the calculated heat flux dur
ing reflood, heat conduction from above and below 
must be considered. The direction o f  the flux com
ponent from below would be away from the point 
in question and the direction o f the flux component 
from above is toward the point in question. The 
subtraction o f these two components result in a net 
axial heat flux component. An attempt was made 
to evaluate the axial components using the follow
ing scheme.

The scheme basically used the one-dimensional 
heat conduction equation in the axial direction

for the axial component from below 

where

AXb = (t  ̂ -  t,)V^ ,

and

q" = -  T,)
AX, ' “

for the axial component from above 

where

A X, = (t, -  t,)V^ .
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Figure 166 defines the terms t ,̂ t2, tj, T̂ , Tj, and 
T ,. Figure 166 eompares the rod cladding tempera
ture response and the calculated heat flux (q”) 
based on the temperature response for a 138-kPa 
reflood experiment.

The temperature difference term for axial con
duction from below used the rod temperature (Tj) 
at a time when the one-dimensional solution indi
cated the maximum heat flux was obtained. For 
axial conduction from above, the wall temperature 
in the temperature difference term was taken as the 
quench temperature (T,). The AX term was then 
defined using the time o f occurrence o f the various 
temperatures T ,̂ T ,, and Tj (see Figure 166) and 
knowledge o f  the quench front velocity v^. In 
Semiscale reflood tests, the quench front velocity is 
easily determined by calculating the slope o f  eleva
tion versus quench time. The net axial component 
is established by subtracting o f  the two components 
and is then subtracted from the one-dimensional 
heat flux calculated from INVERT, an inversion 
heat transfer p r o g r a m .T h e  resultant heat flux is 
an approximation o f the actual heat flux from the 
rod to the fluid.

By applying the above scheme to account for 
axial conduction near the quench front, it was 
found that overall inclusion o f  axial conduction 
does not change the order o f magnitude o f  the heat 
flux. The one-dimensional solution is in considera
ble error at the onset o f  transition boiling, but, as 
the quench front progresses further up the rod past 
the point in question, the error becomes negligible. 
Figure 167 compares the two axial components o f  
heat flux (from above and below) to the one
dimensional heat flux for the 115-cm elevation for 
a 138-kPa reflood. The axial component o f  heat 
flux from below is greater than the axial com po
nent from above and both are less than the one
dimensional heat flux calculated from INVERT. 
The heat flux that results when the net axial com
ponent o f  heat flux is subtracted from the one
d im en sion a l so lu tio n  is p lo tted  versus the 
one-dimensional INVERT heat flux on Figure 168. 
There is considerable difference between the one
dimensional solution and the one-dimensional 
solution compensated for axial conduction during 
the initiation o f transition boiling; however, as 
transition boiling progresses, the two solutions 
come closer together. For example, two time steps 
(0.2 s) after the initiation o f transition boiling, the 
one-dimensional solution is higher than the
one-dimensional solution with axial conduction. 
However, several tim e steps later, the o n e 
dimensional solution is only higher. There

fore, on an overall basis, inclusion o f  axial 
conduction does not improve the calculational abil
ity o f codes except in the first few tenths o f  sec
onds.

5.3.5 Reflood C h arac te ris tic s . In separate 
effects reflood experiments in Semiscale (1.68 m 
core)^* the effect o f  various parameters such as 
pressure, core inlet flooding rate, initial maximum 
temperature, and peak power on the reflood proc
ess was examined. This section briefly describes the 
effects o f  these parameters.

5.3 .5 .1  E ffec t o f  P ressu re. Increasing the 
pressure during reflood enhances the reflood proc
ess. The heat flux on the rod surface at positions 
above the quench front is reduced (Figure 169) for 
lower pressure primarily because o f the physical 
properties o f  steam. The specific volume o f steam 
for higher pressures is lower such that for every 
mass increment o f  steam generated there is a lower 
volumetric generation rate, which tends to cause 
lower steam velocities. With higher steam veloeities 
for the lower pressure case, liquid is entrained out 
the core at a much higher rate than for the high 
pressure case. Therefore, for the high pressure case 
the average resident time o f a liquid drop for a vol
ume in the core is increased which enhances the 
interfacial heat transfer between the steam and the 
drops. An increased interfacial heat transfer causes 
a cooler steam blanket around the rod which leads 
to enhanced film boiling heat transfer as shown in 
Figure 169.

5.3.5.2 E ffect o f  Core In let Flooding Rate.
Increasing the core inlet cold water flooding rate 
enhances the core heat transfer by increasing the 
amount o f  entrained liquid. Figure 170 compares 
the core thermal response for several different 
flooding rates between 0.59 in ./s  to 1.8 in ./s . A  
mass balance on the core region indicates that a 
significantly larger amount o f  liquid was entrained 
as the flooding rate was increased. The larger 
amounts o f  entrained liquid caused the quality 
above the quench front to be lower for the higher 
flooding rate tests, which improved the heat trans
fer from the rod surface for these tests. The degree 
o f improvement in heat transfer for tests with larger 
core inlet flooding rates can be shown by compar
ing heat fluxes calculated from the temperature 
measurements (Figure 171).
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5.3.5.3 E ffect o f  M axim um  Initial R od  Tem
perature. The effect o f  increasing the maximum 
initial rod temperature was a lower temperature rise 
in the core rod thermal response and only a slightly 
delayed quench time as shown on Figure 172. The 
lower temperature rise from the higher initial tem
perature was attributed to increased steam genera
tion and entrainment o f  liquid to upper positions 
where there is generally hotter rods. The quench 
time occurred at nearly the same time for the two 
cases because the temperature rise was lower from 
the higher initial temperature case ('vlOO°F for the 
1400°F initial temperature case and '\/180°F from 
the 1100°F initial temperature case) resulting in a 
peak temperature that was closer between the two 
cases than the initial temperature difference. This 
resulted in a fairly close comparison o f core rod 
temperatures throughout the core. The tempera
tures were close enough that the heat transfer fol
lowing 50 s (Figure 173) was essentially identical 
and the higher initial peak temperature case 
quenched within 5 s o f  the lower initial peak tem
perature case.

5.3.5.4 E ffect o f  f^ a k  Power. The effect o f  
increasing peak power on reflood is a larger tempera
ture rise, a higher maximum temperature, a longer 
turnaround time, and a longer quench time as shown 
on Figure 174 (1.2 kW /ft and 0.69 kW /ft cases). 
With similar heat transfer (Figure 175) and an almost 
doubled heat flux, there was a higher temperature rise. 
Eventually under these conditions the core rod surface 
temperature was significantly higher for the higher 
peak power case and the heat flux then became larger 
because o f  increased entrainment (similar to earlier dis
cussions on higher initial peak temperature).

The temperature at which the rods began to 
quench was higher for the test at the higher power 
level. The time o f quench should depend on the 
temperature o f  the rod surface and the void frac
tion (amount o f  liquid present and available to wet 
the surface). The fact that the rods tended to 
quench from a higher temperature when at higher 
power could result from the void fraction at the 
quench front being lower. The lower void fraction 
at the quench front could result from a slower 
advance o f  the quench front, which results in a
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Figure 172. Comparison of rod cladding temperature response showing the effect of the initial maximum cladding 
temperature - Tests S-03-2 and S-03-C.
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shorter axial distance between the level o f  the liquid 
in the core and the quench front.

5.4 High Pressure Core Uncovery 
Thermal Response, 
Hydraulics, and Heat Transfer 
During a SBLOCA

There are two distinct core uncovery periods dur
ing a SBLOCA as discussed in Section 4.3.9. This 
section discusses the detailed thermal hydraulic 
phenomena during these periods. The first core liq
uid level depression is rapid and is caused by loop  
seal formation and a manometric balance o f fluid 
heads throughout the loop. The second core uncov
ery is a high pressure core boil o ff. First, the 
hydraulic response is discussed followed by the core 
thermal response including heat transfer informa
tion. These results are based on a Semiscale 5% 
SBLOCA experiment S-LH-1.^^^’^^̂

5.4.1 Hydraulic Phenomena. The rate o f liquid 
level depression in the core causes different core 
hydraulics. Figure 176 shows the core collapsed liq

uid level^ for the subject 5% SBLOCA with two 
fluid level depressions. The first one is caused by a 
complicated manometric balance o f  fluid heads 
around the loop and the second one is boiloff 
induced. The first level depression is relatively 
short lived (25 s duration) and was mitigated by 
naturally occurring phenomena (clearing o f the 
pump suction seal in the intact loop). The second 
level depression (250 s duration) was mitigated by 
accum ulator in jec tio n . A lso  depicted  on  
Figure 176 is the froth^ level as determined by the 
in-core gamma densitometers. Basically the froth 
level is the upper limit o f a two-phase mixture level 
above which is steam and below, a single phase liq
uid pool or two-phase mixture. The froth level is a 
more physical representation o f actual hydraulic 
conditions in the core than the collapsed level, 
which gives only a relative guide to fluid inventory.

a. Collapsed liquid level is measured with a differential pressure 
(DP) transducer and assumes all the fluid between the DP taps is 
a saturated liquid.

b. The froth level was determined by using the elevation of the 
densitometer and the time the density showed a sudden drop 
from two-phase conditions to steam conditions.
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Figure 176. Froth level versus collapsed level during a SBLOCA.
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The froth level and collapsed level are nearly the 
same for the first rapid manometrically-induced 
core level depression; however, for the second 
slower boiloff induced depression there is con
stantly higher froth level than collapsed level. This 
difference is attributed to the mechanism o f deple
tion. With the rapid first depression, steam created 
in the core is bound by the space created by the 
water plug in the pump suction and the fluid plug in 
the vessel downcomer and core, with a resultant 
depression o f the core froth level. Following pump 
suction seal clearing, steam created in the core has a 
path to the break, which allows a higher froth level 
than collapsed level due to boiling and bubble rise.

Using the gamma densitometers, a void fraction^ 
distribution map is given on Figure 177 and 
Figure 178 showing a definite axial stratification o f  
void fractions through the core prior to, during, 
and after the liquid level depressions. This stratifi
cation was supported by saturated nucleate and 
film boiling, and bubble rise, as the core power was 
on decay heat (averaging about 50 kW during this

period) the quantity o f steam being higher for 
higher regions o f  the core.

5 .4 .2  C o re  T h e rm a l R e s p o n s e .  Core rod 
heatups were observed during both level depres
sions. During the first level depression, the multi
dimensional heatups occurred whereas during the 
second level depression the heatups occurred in a 
uniform top-down manner following the froth 
level. As an example o f  the multi-dimensional nat
ure o f  the heatups during the first level depression. 
Figure 179 shows the core rod therm ocouple  
response at two different azimuthal positions, but 
essentially the same axial positions, and the local 
average void fraction at a similar axial position. 
The void fraction remains 1.0 -0.02^ throughout 
the period indicating steam. One thermocouple 
(Rod B2) shows a heatup (film boiling-forced con
vection to steam) while the other thermocouple on 
Rod D2 shows no heatup (nucleate boiling). These 
thermocouples are within a few centimeters o f  each

a. The void fraction (a) was determined by a  = (p,. - p„,)/(Pf - 
p ) where pf =  saturated liquid density; p = saturated gas 
density; and p = measured average channel density.

b. The 2% uncertainty on the void fraction refers to the low 
density case (steam). For higher fluid densities (lower void frac
tions [on the order o f 0.4]) the uncertainty is more on the order 
o f ± 10%.
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Figure 179. Comparison of upper core void fraction and the core rod temperature response for a thermocouple 
position that showed heatup and one that did not during the first vessel liquid level depression.

other and are both immersed in a steam environ
ment (void fraction 1.0 -0.02). This behavior sug
gests falling films o f  liquid or drops o f  liquid 
attached to the rod surface o f some rods but not 
others. With a film o f liquid on the rod wall, nucle
ate boiling would remove the decay heat and 
preclude a rod heatup. Another example o f  core 
thermal response during the first rapid level depres
sion and further evidence o f  the presence o f water 
film s or drops on rod surfaces is shown on  
Figure 180. Two rod positions at the same elevation 
(top o f the core) but at difference azimuthal posi
tions show no heatup even though the local void 
fraction shows steam. It is possible that the orienta
tion o f upper plenum and upper core support plate 
structures affect the multidimensional nature o f  the 
core rod heatups. The upper vessel structures con
sist o f  two simulated support columns and one sim
ulated guide tube. Water from the upper head o f  
the vessel can drain countercurrent to core steam 
flow through only the guide tube as the support 
columns are blocked to flow in the upper head. 
However, through a complicated orifice and slot
ting arrangement near the bottom o f the guide tube 
(near the core support plate), any water draining 
from above tends to be pushed out the slots to the 
top o f the core support plate. The holes through the

core support plate that allow draining o f  the upper 
plenum are aligned with the support columns. 
Therefore, any draining o f liquid from upper head 
structures would expect to be preferential near the 
support columns. Figure 181 shows the core rod 
orientation relative to the guide tube and support 
columns along with the response o f  core rod ther
m ocouples. There is a propensity o f  core rod 
heatups (regardless o f  elevation) for positions away 
from the support columns. Rod positions directly 
under the support colum ns display very few 
heatups. Therefore, water entering the upper core 
apparently flows through the holes through the 
upper core support plate, which are directly in line 
w ith  the support co lu m n s. These m u lti
dimensional effects present an impractical chal
lenge to one-dimensional code calculations o f  core 
thermal response because o f the multi-dimensional 
distribution o f the positions that show heatups ver
sus positions that show no heatups. To adequately 
calculate this type o f  behavior, two- or three- 
dimensional codes would be required for the first 
rapid level depression.

During the second boiloff induced level deple
tion, the heatups for all rod positions are consist
ent. N o heatups o f  a rod position occurred until the 
local void fraction reaches 1 .0 -0 .02 . If the rod
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remains immersed in a froth mixture (void fraction 
less than 1.0), no heatup occurs. As an example, 
Figure 182 shows a mid-core rod thermocouple 
response and the local void fraction at the same 
elevation. As the void fraction becomes 1.0 -0.02 
the heatup begins (indicating a heat transfer mode 
change from nucleate boiling to convection to 
steam). Figure 183 presents two rod thermocouple 
responses at identical axial positions but different 
azimuthal locations and the local void fraction. No 
multi-dimensional effects were observed. Both 
positions show heatup when the void fraction 
changes to 1.0 -0.02. Figure 184 shows a rod ther
mocouple response for a position immersed in a 
froth level during this second slow boiloff indica
ting no heatup.

Figure 185 compares the local heat flux, core rod 
temperature response, and local void fraction at the 
midcore elevation showing that the heat flux during 
boiloff is higher than the adiabatic assumption. 
The void fraction must be 1.0 (-0.02) for a heatup 
to occur. The heat flux shows a rapid degradation 
from about 30 kW/m^ to 10 kW/m^ upon dryout. 
During the rewet, because o f  accumulator injec
tion, there is a rapid increase in heat flux similar to 
those observed during reflood quenching described 
for low pressure reflood in Section 5.3.

5.5 Single- and Two-Phase Pump 
Phenomena

Single and two-phase pump phenomena for a 
horizontally mounted centrifugal pump were exam
ined by the Semiscale program. The pump
was the “ Lawrence” pump described in Section 2 
o f this report. The phenomena examined are single 
phase and two phase characteristics and a model to 
describe these characteristics, and transient 
response during blowdown.

different speeds and allow continuous curves for 
code use. Figure 186 presents the single-phase 
homologous curve determined for the Semiscale 
“Lawrence” pump. The figure defines operation in 
all pump operation modes. Knowing the rated con
ditions [head (Hr), flow (Qr), and space (Nr)] the 
entire family o f  H ead/Flow  curves for different 
speeds can be determined from this one curve.

5.5.2 Two-Phase Characteristics. Steam and 
water two-phase pump characteristics were deter
mined for the Semiscale Lawrence Pump.^^^"^^^ 
The nominal pressure range for these experiments 
was 1.38-6.2 MPa and the void fraction range at 
the inlet to the pump varied between 0 and 0.99. 
Steam and water were mixed upstream o f  the pump 
and the void fraction was estimated by both mass 
balance based on the individually metered phases 
and direct measurement using a gamma densitome
ter system upstream o f the pump (homogeneous 
flow was assumed). The data was formulated based 
on upstream conditions. This means the volumetric 
flow and head are based on the upstream two-phase 
condition. Figure 187 is a plot o f  the two-phase 
hom ologous data points compared to the single 
phase data points showing considerable scatter. 
From this two-phase data then a pump model 
defining two-phase pump performance was devel
o p e d . T h i s  technique involved “ difference 
curves” . These difference curves were the single 
phase curves minus a statistical fit o f the extremely 
scattered two-phase data shown on Figure 187. The 
basic idea o f  this model is that the single-phase 
head is degraded as the fluid void fraction at the 
pump inlet becomes greater than 0. The form o f  
the equation is

H = Hi -  M (a)(H, -  Hj)

5.5.1 Single-Phase Characteristics. The flow  
o f fluid through a pump can be described in terms 
of homologous curves (a normalization procedure, 
which include such characteristics as head, flow  
and speed normalized to the rated conditions o f  the 
pump). A  pump can operate in several modes 
including forward flow forward speed, reverse 
flow-forward speed, etc., and the hom ologous 
curves allow summarizing all operating characteris
tics on one plot. In short, homologous curve(s) 
allow simplification o f the presentation o f the 
many families o f  curves o f  head versus flow for

where H is the calculated head across the pump for 
any condition, H , is the single-phase head as deter
m ined from  the h o m o lo g o u s curves (see  
Figure 186) as if  the volumetric flow were liquid, 
and H, - H j  is the single-phase head minus the 
two-phase head based on a statistical fit o f  the two- 
phase data, and M (a) is a degradation multiplier 
and a  is the upstream void fraction. This formula
tion was deemed necessary because o f  the large 
scatter in the two-phase homologous curve shown 
in Figure 187. Use o f  the “difference curve” simply 
interjected the two-phase data into the overall head
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equation. The development o f  the multiplier M(a) 
is discussed in the next section.

5.5.3 Transient Pump Response. W hen the 
pump coasts down during a large break LOCA, the 
head across the pump degrades considerably differ
ent than if  in single-phase liquid due to the presence 
o f steam bubbles at the pump entrance. Correctly 
calculating pump head during this phase o f a large 
break LOCA is mandatory for correct calculation 
o f  core flow  and thus core rod temperature 
response. Additionally, during certain small break 
LOCA situ a tion s know ledge o f  pum p head  
response is necessary to correctly calculate flow 
effects throughout the loop.

During large break blowdown, the “Lawrence” 
pump was found to pass through a variety o f oper
ating zones on a normalized pump curve as shown 
on Figures 188 through 1 9 0 . Fi gures 188 
through 190 show  three separate tim e  
intervals: 0 to 10 seconds (Figure 188), 10 to  
20 seconds (Figure 189), and 20 to 30 seconds 
(Figure 190). Two numbers are in parentheses by

each normalized data point for Test S-01-3. The 
first number refers to the time after rupture in sec
onds, and the second number is the pump inlet void 
fraction in percent. As blowdown progressed, the 
void fraction at the pump inlet changes from 0 to 
higher values as flashing occurs in the loop. In 
addition, the pump power is tripped and the pump 
is on a coast down governed by pump inertia and 
hydraulic torque. Eventually the pump head fully 
degrades and the negative head show n on  
Figure 190 reflects a locked rotor hydraulic resist
ance. Comparison o f the steady-state bands o f  
operation and the transient bands show that pump 
head degradation was more complete at a given 
void fraction than steady state experiments would 
indicate.

B ecause o f  the som ew hat poor agreem ent 
between steady state and transient data shown in 
Figures 188-190, the transient data was used to 
determine a multiplier M (a) for use in calculating 
head degradation based on the model shown in the 
preceding s e c t i o n . 43 Previous multipliers were 
based on the highly scattered separate effects pump 
data that created Figure 187 and better multipliers
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were developed. Figure 191 compares three differ
ent multipliers, two based on steady state data 
M jfa) Mjfcr) and one based on transient data 
M m(a). The two steady state multipliers show a 
delayed degradation with increasing void fraction 
which would result in an over-prediction o f head 
for a given void fraction, while Mm(a) appears to 
follow the transient data shown on Figure 191. Use 
of Mm(cr) results in a better calculation o f pump 
differential pressure as shown on Figure 192.

5.6 Condensation Phenomena in 
the Semiscale System

Two basic types o f  condensation phenomena 
occurred during Sem iscale experim ents; one  
involved bulk condensation o f  steam by injected 
subcooled liquid, and the other involved film con
densation on the inside o f  the steam generator tube 
walls due to the presence o f a heat sink in the steam 
generator secondary. A  discussion of the condensa
tion phenomena observed follows.

5.6.1 Condensation Phenom ena During Cold 
Water Injection. During loss-of-coolant acci
dent simulations in Semiscale, condensation phe
nomena greatly affected the system response as

injected cold water interacted with system fluid. 
Three major areas were examined: (a) condensa
tion phenomena during cold leg ECC injection, 
(b) condensation phenomena during simultaneous 
cold leg injection and upper plenum ECC injec
tion, and (c) condensation phenomena in the pres- 
surizer due to auxiliary spray operations.

5.6.1.1 C ondensation  During Coid Leg ECC 
in jection  (LBLOCA). During a LBLOCA, ECC is 
injected into the cold legs o f  the loops. During this 
ECC injection, steam condensation within the cold 
leg can amplify local pressure and flow oscillations, 
which in turn can influence the temperature and 
flow rate o f  the mixture that is delivered to the ves
sel inlet annulus. The condensation that occurs in 
the inlet annulus and broken loop cold leg can 
cause local low pressure areas within the system, 
which in turn can affect strongly the core flow 
direction and magnitude. A low pressure area, if o f  
sufficient magnitude, can also cause backflow to 
occur from the containment into the system.

During ECC injection, pressure and flow oscilla
tions were observed in the cold leg, which were 
direct functions o f  the condensation phenomena 
occurring in these regions. An example o f  these 
flow oscillations is illustrated in Figure 193, which
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compares the fluid density upstream and down
stream o f the injection position in the cold leg (the 
densitometers are essentially located at the pump 
outlet and vessel inlet). The vessel inlet density 
shows a solid plug o f liquid while cyclic plugs o f  
water are formed at the pump outlet. (The pump 
had coasted down early in the LBLOCA.)

The frequency o f the oscillation about the injec
tion port appear quite high (as high as 1.2 Hz). Fig
ures 194 and 195 present the intact loop cold leg 
fluid temperature histories and intact loop cold leg 
differential pressures respectively. The fluid tem
perature measurements are located about 8 cm 
upstream and downstream o f the injection port and 
the differential pressure is across the cold leg. The 
fluid temperatures, (Figure 194), indicate that sig
nificant condensation occurs around the immedi
ate injection area. At times the fluid appears 72 K 
cooler downstream than upstream and at other 
times cooler upstream than the measurement 
downstream. Frequencies o f  oscillation appear as 
high as about 1 Hz. The intact loop cold leg differ
ential pressure data shown in Figure 195 indicate 
the oscillatory flow pattern was not established 
until 8 seconds after ECC injection initiation  
(41 seconds after rupture). The flow oscillated at a

frequency o f about 1.2 Hz with a maximum peak 
to peak amplitude o f  10.3 kPad. The steam con
densation process during this large break LOCA 
simulation caused system pressure fluctuations o f  
± 14 kPa at a frequency o f about 1 Hz. The fluid 
temperature oscillations suggest the presence o f a 
saturated interface forming due to condensation o f  
steam followed by renewing a subcooled interface 
with continued ECC injection. Steam from the 
loop appears to rush to the subcooled interface 
where it is condensed, forming a saturated plug 
that is then replaced by subcooled fluid from con
tinued ECC injection, which starts the cycle over 
again.

The Semiscale results agree with data taken in 
larger scale separate effects experiments performed 
by Combustion Engineering, Inc. (CE)^^^ and 
analyzed by CREARE, Inc.^^® The CE experi
ments were separate effect steam-water mixing 
studies in 1/3- and 1/5-PW R scale cold leg piping. 
Data were obtained for a range o f steady state 
steam and water flow rates and for different ECC 
injection port geometries. These data indicated the 
flow and condensation phenomena in the CE sys
tem caused the system pressure to fluctuate as 
much as ±  14 kPa at frequencies as high as 2 Hz,
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which is in agreement with Semiscale results. For a 
90-degree injection angle, the CE data indicated 
that the differential pressure at the injection port 
oscillated and that the average pressure drop ranged 
from zero to 8 kpa. The Semiscale Mod-1 injection 
angle during the isothermal tests was 90°.

The CE data were utilized by Wallis et al.,^^® at 
CREARE Inc. to develop a first-order analysis to 
describe the steam-water mixing phenomena in the 
cold leg during ECC injection. The effort culmi
nated in the development o f a mathematical model 
capable o f  describing, in terms o f amplitude and 
frequency, some o f the oscillatory cold leg pressure 
and flow rate phenomena observed in the CE data. 
Wallis postulated that the oscillatory flow pattern 
established in the cold leg during injection resulted 
from the purely hydrodynamic phenomena o f the 
formation o f a “liquid plug” near the injection sec
tion. Steam condensation results in amplification 
o f the oscillatory phenomena. Further, a high ECC 
injection rate is required to initiate plug formation, 
but once established oscillations will persist to a 
very low ECC flow rate. Four oscillatory flow 
regimes were postulated at CREARE and are:

1. ECC fluid-steam interface oscillates about 
the injection point at high frequency and 
low amplitude

2. ECC fluid-steam  interface is periodic 
about the injection point. Amplitudes may 
be as high as a meter at frequencies o f  
about 1 Hz

3. ECC flu id -steam  interface slow ly
approaches the vessel inlet and is eventu
ally blown out o f  the cold leg completely

4. ECC flu id -steam  interface m oves
upstream until bypassed.

The Semiscale Mod-1 data appear to support the 
postulation that a liquid plug forms at the injection 
port. The previously mentioned oscillatory flow  
regimes 2, 3, and 4, as proposed by W allis, 
appeared to exist to varying degrees in all cold leg 
ECC injection tests. Flow regime 1 may also have 
been present; however, the fluid temperature and 
density instrumentation was not located close 
enough to the injection point to have shown the 
presence o f  a high frequency low amplitude wave if 
it did occur. A sim ple analysis based on the
CREARE formulation for a Semiscale LBLOCA 
with cold leg injection estimates that for an average 
ECC injection rate o f  1.38 L /s, the maximum  
steam condensation rate could be 46 L /s and the

maximum ECC fluid temperature increase could be 
37 K, which is in the range o f  Semiscale results.

The effects o f condensation on downcomer flow  
rate are to increase flow up the downcomer toward 
the condensation site as shown in Figure 196 for a 
200% cold leg break and a 100% hot leg break. The 
condensation affect is considerably enhanced for 
the 200% break core primarily because the conden
sation center is different for these two cases 
(described in Reference 203). The important point 
is that steam rushes to the condensation center in 
an oscillating manner, which tends to bypass the 
ECC fluid to the break.

5 .6 .1 .2  C o n d e n sa tio n  E f f e c t s  D u ring  
S im uitaneous C oid Leg in jection  an d  U pper 
Plenum  injection. The concept o f  simultaneous 
upper plenum and cold leg ECC injection was 
investigated during a LBLOCA by employing an 
accumulator injection system to inject ECC into 
the upper plenum, and accumulator and low pres
sure pumped ECC injection systems to inject ECC 
into the cold legs. For this investigation, upper 
plenum accumulator injection was initiated when 
the system pressure reached 2070 kPa. The cold leg 
intact loop accumulator injection was initiated 
when the system pressure reached 4140 kPa. At the 
depletion o f cold leg intact loop accumulator liquid 
injection, nitrogen from the accumulator tank was 
allowed to flow into the system; however, no nitro
gen was allowed to flow into the vessel upper 
plenum from the upper plenum injection system. It 
was believed that this concept offered the possibil
ity that ECC injected into the upper plenum would 
provide additional coolant to the core and possibly 
act as a condensation sink in the upper plenum to 
reduce steam binding effects associated with bot
tom reflooding. In the Semiscale geometry, con
d en sa tion  phenom ena in the co ld  leg and 
downcomer inlet annulus, caused by the injection 
of subcooled ECC into the intact-loop cold leg, 
proved to have a far greater influence on system 
hydraulic behavior and core cooling than any 
potential condensation effects in the upper plenum 
region.

When intact loop cold leg accumulator injection 
was initiated between 17 and 19 seconds after rup
ture (corresponding to 4140 kPa system pressure), 
subcooled water from the intact loop accumulator 
entered the cold leg and downcomer inlet annulus. 
This subcooled water provided a condensation sink 
for the already established negative core steam 
flow. Therefore, when ECC injection into the 
upper plenum started about 22 seconds after
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rupture (corresponding to a system pressure of 
2070 kPa), the negative intact loop and core flows, 
aided by condensation in the downcomer inlet 
annulus, swept upper plenum ECC into the core, 
and resulted in a fast and uniform quenching o f the 
upper core portions. The penetration o f the core by 
ECC injected into the upper plenum resulted in 
large volumes o f steam being generated within the 
core, which in turn increased negative flows (as 
indicated in Figure 197) out the core inlet and up 
the downcomer. This large negative flow caused 
significant bypass o f  the intact loop ECC out o f  the 
broken loop cold leg and delayed penetration o f the 
cold leg ECC to the lower plenum, thereby mini
mizing the potential for core reflood from the bot
tom.

The initial negative surge in core flow was not 
sustained, but was followed by the development o f  
periodie flow surges, which corresponded closely 
with the penetration o f subcooled ECC into the 
downeomer inlet annulus. The relation between the 
negative surges in steam flow and the subcooled 
water in the inlet annulus is demonstrated in 
Figure 198 where the negative steam flow surges are 
shown to correspond with periods when subcooled 
water existed in the inlet annulus. The strong nega

tive flow surges held up ECC water in the inlet 
annulus causing substantial bypass. However, these 
condensation-induced flow surges up the down
comer could not be sustained because a saturated 
layer o f fluid between the subcooled water and the 
steam developed in the confined area o f  the down
comer. This saturated layer o f fluid stopped the 
condensation process, and the continued, but low, 
negative steam flow forced the collected liquid out 
the top o f the downcomer, causing the intact loop 
ECC to be bypassed out the cold leg break. After 
the saturated fluid plug was removed by negative 
core flow (which flowed upward into the down
comer), subcooled water reentered the inlet annu
lus, and the condensation process was repeated. 
Oscillating core and bypass flows ensued, which 
continued until the intact loop accumulator water 
was exhausted.241

Two calculations were performed to provide 
checks on the condensation-induced phenomena 
observed in the experiments. First, a calculation o f  
the potential condensation rate in the downeomer 
was performed to see if condensation in the inlet 
annulus was suffieient to produce the large negative 
core flows at the core inlet. A  second calculation 
was then performed using a flooding correlation to
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determine if the magnitude o f the negative flow  
velocities up the downcomer was sufficient to pre
vent ECC penetration into the downcomer in the 
Semiscale geometry, and therefore, cause the 
observed ECC bypass out the cold leg break.

The calculations to approximate the magnitude 
o f the condensation-induced core flow surges were 
derived from simple kinetic theory o f  condensing 
and evaporating mass f l u x e s . T h e  calculated 
value resulted in volumetric flows within 30% of  
the measured peaks shown in Figure 198. Rela
tively low downcomer velocities were measured 
during the test (between 6 and 15 m /s), which are 
representative o f relatively low condensation rates.

Another calculation was performed to predict 
the holdup and potential bypass o f ECC out the 
cold leg break when a saturated plug o f  liquid 
formed in the downcomer. This calculation used 
results from air-water countercurrent flow experi
ments in a Semiscale-sized annulus,^®^ which is 
presented in a form similar to the flooding correla
tion developed by Wallis.

The range o f values for the coefficient “ C ” from 
the Wallis formulation was 0.75 to 0.90 (based on 
Semiscale air/water data).^®^ Using this range, 
calculated minimum steam velocities required to 
prevent ECC from penetrating the downcomer 
ranged from 10 to 12 m /s. This range o f  velocities 
is well within the range o f  velocities measured in the 
downcomer inlet annulus, the peak measured 
velocity being approximately 15.2 m /s . These 
results indicate a strong potential for forcing satu
rated liquid out o f  the downcomer once the con
densation process is diminished or stopped by the 
formation o f a saturated liquid plug.

Overall, the results o f  the simultaneous upper 
plenum and cold leg ECC injection experiment 
show that good core cooling effectiveness was pri
marily the result o f  upper plenum ECC fluid being 
swept into the core by large negative core flows. 
The negative flows were strongly related to conden
sation in the downcomer inlet annulus due to the 
presence o f subcooled ECC fluid injected into the 
cold leg. This cooling mechanism caused the 
observed rapid top downward quenching o f the 
upper portions o f the core. However, the elimina
tion o f  the condensation front in the downcomer 
inlet annulus and fluid blocking o f the core inlet 
caused by the injection o f nitrogen into the intact 
loop cold leg resulted in a reduction in the negative 
core flow rate in the transient and a slower, more 
scattered quenching o f the lower core regions.

5.6.1.3 C on den sa tion  During P ressu rizer  
Auxiliary Spray. Pressurizer auxiliary spray was 
used in the Semiscale facility to simulate an opera
tor action to control system pressure and mass 
inventory. The condensation o f steam in the pres
surizer, due to injecting subcooled auxiliary spray, 
was to reduce primary pressure and add mass inven
tory to the primary system. A  separate effects and 
transient experimental study were performed to 
examine the condensation phenomena occurring 
during pressurizer auxiliary spray.

5.6.1.3.1 Separate-E ffects E xperim ents—
The separate-effects experiments were designed to 
establish  a relationship  between pressurizer 
auxiliary spray rate and primary depressurization 
rate. A n experim ental param etric study was 
performed involving various auxiliary spray rates, 
system pressures, and pressurizer liquid volumes. 
Figure 199 sum m arizes the results o f  the 
separate-effects param etric studies, show ing  
depressurization rate versus spray rate for a variety 
o f absolute pressures and pressurizer levels. The 
following observations are made.

As expected, for all absolute pressures and 
pressurizer levels studied (4-8 MPa, pressurizer 
1/3 to 2 /3  full o f  liquid), the depressurization rate 
monotonically increased with increasing auxiliary 
spray rate (4 to 14 g /s). Regardless o f  the pressure, 
increased spray increased the m ass rate o f  
condensation, which is directly proportional to the 
depressurization rate.

For a given spray rate and absolute pressure, the 
larger the initial steam space in the pressurizer, the 
more enhanced the depressurization rate due to 
spray. For example, at 8.32-MPa base pressure and 
6.6-g /s  spray rate, tbe depressurization rates for the 
1/3 and 2/3-full cases were -v5.24 and 3.7 kPa/s, 
respectively. One possible explanation is that for a 
lower initial liquid inventory, a drop o f spray water 
is involved in condensation o f steam for a longer 
time as it falls with gravity to the pool o f  liquid.

For a given spray rate, increasing the system 
ab so lu te  pressure increases the resultant 
depressurization rate. This pressure effect was 
observed for all spray rates and pressurizer liquid 
inventories encountered in the separate-effects 
experiments. The explanation for this phenomena 
can be found by taking the total derivative o f  the 
perfect gas law and show ing that the 
depressurization rate is directly proportional to the 
system pressure.

The primary purpose o f  this data was to fix the 
pressurizer auxiliary spray flow rate during the
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transient tube rupture experiments to yield a
6.9-kPa/s primary depressurization at nominally
6.9-MPa primary pressure, which is an operator 
guideline for depressurization rate using auxiliary 
spray. This setting resulted in a pressurizer auxiliary 
mass flow o f about 13.75 g /s .

5.6.1.3.2 Transient E xperim ents—During 
steam  generator tube rupture transient 
experiments, the effectiveness o f  pressurizer 
spray in reducing primary system pressure was first 
dependent on superheat removal from pressurizer 
fluid walls. In fact, the introduction o f  cold  
pressurizer spray initially caused a primary system 
pressurization, as shown on Figure 200, which 
com pares the primary pressure response and 
pressurizer level. The pressurization is attributed to 
the in terfacia l heat transfer betw een the 
superheated steam and walls and the subcooled 
spray. The net result is steam production that has a 
pressurization  effect in the primary system . 
Figure 201 gives the axial flu id  tem perature 
gradient in the pressurizer and shows the change 
from superheated to saturated fluid conditions 
(from top to bottom). By 660 s, all o f  the fluid in 
the pressurizer is saturated, at which time the

prim ary system  pressure starts decreasing  
(Figure 200). The decrease in pressure starting at 
660 s is attributed to condensation o f saturated 
steam in the pressurizer by the continued subcooled 
spray. Figures 200 and 201 confirm  that the  
pressurizer was essentially filled with saturated 
steam at 660 s; so the pressure decrease is due to the 
condensation o f saturated steam tempered by the 
evaporation o f liquid as spray comes in contact 
with the superheated pressurizer walls. Figure 202 
shows the axial pressurizer wall temperature 
gradient (on the outer diameter o f  the pressurizer). 
The superheated walls were not entirely quenched 
(to saturated conditions) until about 900 s. The 
quench pattern was from top to bottom.

A  significant portion o f  the pressurizer liquid 
level increase shown on Figure 200 is attributed to 
pressurizer spray. Figure 203 com pares the 
integrated pressurizer fill mass flow rate to the 
integrated auxiliary spray mass flow rate and shows 
that the spray contributed about half o f  the total 
pressurizer fluid mass during the initial spray 
operation. The other half o f  the mass came from 
other parts o f  the system as the condensation  
process created a low-pressure region in the 
pressurizer. The rapid increase in mass in the
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pressurizer at about 760 s corresponds  
approximately to the rapid decrease in liquid level 
in the unaffected loop pump suction on the steam 
generator side (Figure 204). There was essentially 
no change in vessel level during this spray period, as 
the collapsed level remained near the top o f the 
core. In addition, liquid levels in other parts o f  the 
loop remained about the same during the spray 
period. The most probable mechanism for the mass 
transport from the steam generator side o f the 
pump suction is flashing o f liquid and the resulting 
mass redistribution. The flashing caused a net mass 
transport out o f the steam generator side o f  the 
pump suction. Flashed steam, with some entrained 
water, rose toward the steam generator and to the 
condensation site in the pressurizer. Some o f the 
water went to replenish liquid that had flashed in 
the pump side o f the suction, since the pump side 
remained nearly full o f  liquid throughout the spray 
period.

5.6.2 Reflux C ondensation Phenom ena.
Reflux condensation is a prominent core heat rejec
tion mechanism during SBLOCAs, therefore, 
understanding the phenomena associated with the

reflux cooling mode is necessary to correctly pre
dict SBLOCA response. The reflux cooling mode 
concerns reduced mass inventories with the hot leg 
nearly voided o f liquid (less than 65% inventory). 
Basically, reflux is when steam created in the core is 
condensed in the steam generator and a portion of 
the condensate falls out o f  the steam generator 
tubes, countercurrent to the steam flow , and 
returns to the core through the hot leg. Some o f the 
steam travels over the top o f the tubes to the down- 
flow side o f the tube bundle where further conden
sation occurs and condensed liquid falls out o f  the 
downflow side into the pump suction. If the pump 
suction is full, this liquid can also replenish the liq
uid level o f  the core via the cold leg and downcomer 
by a manometric head balance.

Num erous steady-state reflux condensation  
modes were established in the Semiscale system. 
Visual observations at the steam generator entrance 
and exit regions verified the occurrence o f  reflux. 
During the reflux mode copious drops and rivulets 
of liquid were observed falling from the inside walls 
o f the steam generator tubes at both the inlet and 
outlet side. These visual observations confirmed 
that the steam created in the core was condensed
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not just in the upflow side o f  the steam generator, 
but in the downflow side as well.^

The ratio o f  the mass flow o f liquid dropping out 
o f the upflow side o f  the tubes to the total conden
sate flow was approximately 0.5. This 1:1 reflux/ 
over-the-top flow split was measured using a special 
reflux meter to measure reflux rate, and by closing a 
valve in the cold leg and measuring the fill rate o f  
the pump suction piping to measure the over-the- 
top flow rate. The effect o f  core power on the 
reflux/over-the-top flow split was minimal for the 
1.5 to 3% decay power range. Higher core power 
produced higher steam flow rates into the steam 
generator, however, the reflux/over-the-top flow 
ratio remained nearly the same.

A  typical fluid temperature and mass distribu
tion during reflux is shown in Figure 205. Fluid at 
the top o f the core and hot leg is at saturation tem
perature while fluid in the steam generator is sub
cooled. The saturation temperature for the case 
presented in Figure 205 was approximately 551 K 
and all the temperatures in the primary tubes were 
subcooled (near the secondary saturation tempera
ture o f  546 K). This subcooling indicates effective 
steam condensation and conduction to the second
ary side liquid as the rivulets o f  water run down the 
inside surface o f  the tubes. This subcooling o f  the 
core entrance was accounted for in estimating the 
net steam generation rate and the resulting 1:1 
reflux/over-the-top flow split.

5.6.2.1 D iscu ssion  o f  th e  R eflux M echa
nism . Evidence has been presented showing that 
both reflux and over-the-top flow occurs for core 
powers ranging from 1.5 to 3% decay power (in a 
1:1 flow split) and furthermore, that both reflux 
and over-the-top flow occurs in about the same 
proportion regardless o f  secondary inventory. 
These observations suggest several possible mecha
nisms for the reflux over-the-top flow split; (a) con
densation is fairly uniformly distributed between 
the upflow and downflow sides o f  the tubes, or 
(b) intense condensation occurs in the upflow side 
o f the tubes and some condensed liquid is entrained 
over the top o f the tubes in a steam flow (flooding) 
where further condensation occurs. Each o f these 
possibilities is discussed, followed by a summary o f  
the most probable mechanisms involved during 
reflux in the Semiscale system.

5 .6 .2 .1 .1  Q u a lita tiv e  E x p la n a tio n  fo r  
Uniform  C on den sa tion — Since the 1:1 reflux 
over-the-top flow split remained unchanged for 
core power levels ranging from 1.5 to 3% decay 
power and for steam  generator secondary  
inventories as low as 24% tube coverage, the 
co n d en sa tio n  process appears to  occur  
sym m etrically in the tubes. In other words, 
approximately half the steam is condensed in the 
upflow part o f  the tubes and half is condensed in 
the downflow part o f  the tubes independent o f  such 
factors as core power and secondary level. The 
upflow and downflow portions o f the tubes are 
geom etrically identical and exist in the same 
secondary pool o f  liquid (same elevation o f liquid) 
which could lead to symmetrical condensation. 
Physically, equal condensation potential exists in 
the downflow side o f  the tubes as the upflow side. 
The downflow side o f  the tubes demands a certain 
steam flow to maintain system pressure in the 
downflow side. If no steam existed in the downflow  
side, a non-stable partial vacuum would be formed, 
which would self-dissipate as steam rushed into the 
downflow side to equalize pressures between the 
two. This suggests that equal amounts o f  steam 
must be undergoing the same condensation process 
in the upflow and downflow side at all times.

5.6.2.1.2 D iscussion  o f  F looding in th e  
S e m is c a ie  T ubes D u rin g  R e flu x — D uring  
annular flow, flooding occurs when the upward 
vapor velocity is o f sufficient magnitude to cause 
an upward motion o f the liquid that has been 
falling down the tube as a film. The potential for 
flooding in annular flow exists in the Semiscale 
tubes during reflux because the condensation  
process is filmwise on the walls, creating a falling 
annular film with the steam flow countercurrent to 
the film  o f  liqu id  on the w alls. The exact 
mechanism for the flooding phenomena is not 
com pletely understood, but has been widely  
studied.^

Several correlations for flooding in tubes have 
been developed for air-water flow in tubes. These 
include the W a llis ,T a ite l-D u k le r ,^ ^ ^  and 
Kutateladze.^^^ Using these correlations, and a

a. Another potential mechanism was that some of the liquid at 
the downflow-side exit was entrained over the top o f the bundle. 
The next section contains a discussion o f possible reflux mecha
nisms.

b. Taitel and Dukler^'*^ summarized the various mechanisms 
for flooding, including: (a) the form ation of an unstable wave 
in the annular film, which eventually bridges the tube, at which 
point the bridged slug is entrained out the tube, (b) the vapor 
flow rate is sufficient to hold up the largest liquid drop against 
gravity, and (c) the shear stress between a smooth annular film 
and the vapor is simply balanced with gravity.
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Figure 205. Fluid temperature and mass distribution in the system during reflux natural circulation.
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given vapor flow, it is possible to calculate the 
theoretical maximum liquid mass flow rate down 
the tube. Figure 206 compares the calculated  
m axim um  liquid mass flow  rate from  these  
correlations with the measured reflux liquid flow  
rate for various core power levels (assuming 1:1 
re flu x /o v er-th e -to p  flow  sp lit). There is 
considerable spread in the existing correlations, 
making it difficult to form conclusions about 
flooding. For a given core power level, if  the 
correlation lies above the reflux rate line, more 
liquid could flow down the tube than was actually 
observed and no flooding would be expected. If the 
correlation is below the reflux line, there is 
potential for entrainment because an amount o f  
liquid less than that observed is allowed downward 
and the rest must be entrained upward either as 
drops picked o ff the waves o f the falling film or by 
an upward flow component o f  the entire film. The 
Kutateladze correlation predicts that no upward 
flow component will occur for a range o f  core 
power between 0 and 3% decay heat, as does the 
Taitel-Dukler (assum ing a film  th ickness o f  
7.8 X 10'  ̂cm as calculated from Nusselt analysis). 
Wallis (c = 1.0) predicts that no entrainment will 
occur for core powers below 3% decay heat and 
Wallis (c = 0.775) predicts that entrainment only 
occurs above 1.5% power. Kutateladze contains a 
surface tension term but no tube diameter term; 
Taitel-Dukler contains a tube diameter term and a 
liquid viscosity term but requires a detailed  
knowledge o f  the film thickness, which is difficult 
to estimate in a condensing tube. Wallis includes a 
diameter term but no surface tension effects. 
Considering the inconsistency between existing 
correlations, no defin ite con clu sion s can be 
reached about the mechanisms o f flooding based 
on Figure 206. Therefore, another approach is 
offered.

In separate effects tests^^^ the onset o f  flooding 
was accom panied by a rapid increase in tube 
pressure drop. Figure 207 is a schematic showing 
the pressure drop across the tube during an 
onset-of-flooding situation. At lower steam flow  
rates (Point A), the pressure drop remains fairly 
stable, and, at a certain steam flow rate (Point B), 
the pressure drop increases dramatically, which 
corresponds to the onset o f flooding. Physically, 
what happens during the large pressure drop 
increase is a thickening o f  the annular film region, 
which increases the frictional pressure drop. As the 
steam velocity is further increased it is possible to 
“blow out” the condensed water, which would tend 
to decrease the pressure drop (Points C and D). As

the gas velocity increases further, the simple 
frictional pressure drop increases (Region E).

Tube pressure drop increases (beyond that 
attributable to frictional pressure drop increases) 
were observed in the Semiscale reflux experiments 
when the core power was increased from 1.5 to 3% 
decay power. Figure 208 presents the pressure drop 
in the upflow and downflow sides o f a long tube 
during tw o separate stab le reflux periods  
corresponding to 1.5% decay power and 3% decay 
power. At 1.5% decay power, the pressure drop 
across both the upflow and downflow side o f the 
long tube is essentially zero indicating very little 
constriction o f  the steam flow due to the condensed 
liquid on the walls. (The calculated frictional 
pressure drop alone is on the order o f 0.002 kPa, 
w hich is below  m easurem ent cap ab ility .)  
Therefore, when the core power was doubled, 
based on frictional drop alone the pressure drop 
should have increased by only a factor o f  four to 
0.008 kPa, which is still below measurement 
capability. Figure 208 shows that the measured 
pressure drop increased sharply to a much higher 
value (260 cm o f  water) than frictional drop alone 
could account for when increasing from 1.5 to 3% 
core power. This increase in pressure drop is the 
sam e behavior associated  with flo o d in g , as 
demonstrated in Figure 207. However, it is not 
clear that liquid entrainment over the top o f the 
tubes occurred during the 3% core power case. The 
increased pressure drop could have occurred  
without an upward flow o f liquid. Figure 208 also 
shows the differential pressure across the downflow  
side o f  the tubes, indicating essentially zero 
pressure drop across the tubes for both the 1.5 and 
3% power cases. A  near-zero pressure drop across 
the downflow side is not surprising in that the 
steam downflow rate eventually goes to zero in the 
downflow-side tubes through condensation, and 
no flooding is expected in countercurrent vertical 
downward flow.

An interesting periodic increase and decrease o f  
differential pressure occurred during steady-state 
reflux at 3% decay power (Figure 208), possibly 
due to a constricting and swelling o f  the annular 
film accompanying the condensation process. The 
periodic differential pressure oscillation was about 
180 s peak-to-peak. Again, it is not clear whether 
the oscillatory increases in differential pressure 
were accompanied by actual entrainment o f  liquid 
over the top o f the tubes or simply constriction o f  
the flow channel. The upflow side o f the short tube 
and middle tube were similarly instrumented and 
the sam e d ifferen tia l pressure increase
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Figure 208. Comparison of steam generator upflow and downflow differential pressure for 30 and 60-kW core power.

corresponding to the increase in core power 
occurred, indicating symmetry between the tubes. 
Furthermore, the short tube had several differential 
pressure measurements spanning the length o f  the 
tube and most o f  the frictional drop was observed 
to occur in the lower regions o f  the tube, indicating 
that the constriction in the annular film occurred 
close to the entrance region.

5.6.2.1.3 S pecu la tion  on th e  M echanism  
fo r  R e fiu x  B e h a v io r  in th e  S e m is c a ie  
S y s te m —Based on the above observations, it is 
speculated that flooding in the steam generator 
tubes did not occur for the 1.5% decay power case 
during reflux. The pressure drop for both the 
upflow  and dow nflow  part o f  the tubes was 
essentially a very small frictional drop that does not 
correspond to flo o d in g  behavior. The 1:1 
reflu x /over-th e-top  flow  split was therefore 
attributed to the symmetry o f the secondary water 
level that surrounds the tubes.

Even though the 1:1 reflux/over-the-top flow 
split persisted when the core power was increased to 
3% decay power, the phenomena governing the 
flow split appear to be slightly different than for the 
1.5% core power case. When the core power was

increased to 3%, the up flow-side tube differential 
pressure was much higher than that expected for 
fr iction a l drop a lon e. This suggested  a 
flooding-type behavior. However, the increased 
pressure drop could have been attributed to a 
construction o f the tube flow area due to increased 
condensation. Most o f  the pressure drop occurred 
in the lower part o f  the tubes, as measured by a 
staggered differential pressure m easurem ent, 
suggesting a buildup o f the annular film toward the 
bottom o f the tubes. The reflux/over-the-top flow 
split remained 1:1 again due to a similar overall 
con d en sa tion  p otentia l for the u p flow  and  
downflow sides.

5.6.2.2 Effect o f  Nitrogen Gas injection on  
Refiux Condensation. Injection o f nitrogen gas into 
the system during reflux caused the system pressure to 
increase, and more importantly, caused a redistribution 
o f the condensation phenomena in the steam genera
tor. Small amounts o f nitrogen had a large effect on the 
steady-state reflux/over-the-top flow split. In fact, a 
small amount o f nitrogen was sufficient to cause a 
complete cessation o f the observed over-the-top flow. 
Discrete amounts o f nitrogen gas were injected into the 
steam generator inlet plenum and the system was
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allowed to regain steady state. Reflux measurements 
were then made at the steam generator inlet. 
Figure 209 presents the measured reflux rate for the 
various nitrogen injections, showing that the first nitro
gen injection (0.054 kg or 0.86% of system volume at 
temperature and pressure) was sufficient to increase the 
measured reflux mass flow rate from a value equal to 
half the core steam mass flow rate to a value equal to 
the entire core steam mass flow rate. Visual observa
tions support this. After nitrogen injection on the inlet 
side, rivulets of liquid coming out of the downflow side 
tubes eventually stopped, and no condensed water 
came out of the downflow side again after subsequent 
nitrogen injections.

Previous studies have shown that nitrogen injec
tion during reflux partitions the steam generator 
tubes into active and passive r e g i o n s . I n  the 
Semiscale experiments the first nitrogen injection 
created a passive zone that included the entire 
downflow side o f the steam generator, evidenced by 
the complete cessation o f condensate at the steam 
generator exit. A mixture o f steam and nitrogen 
existed in this passive zone, at a temperature equal 
to the secondary temperature (the secondary pres
sure was kept constant at about 5.9 MPa through
out the experiment). The total pressure in the 
passive zone (system pressure) equaled the sum o f  
the partial pressure o f the nitrogen and the partial 
pressure o f the steam (secondary pressure).

The active zone, where all condensation takes place, 
is thought to be relatively free of nitrogen. The total 
tube length required for the active and passive zones 
and the system pressure can be calculated as a function 
of the amount of injected nitrogen in a manner similar 
to that proposed in Reference 242. Figure 210 depicts 
the active and passive zones in the steam generator that 
develop when nitrogen is injected. Using an energy bal
ance across the steam generator and Daltons law, the 
passive length and system pressure can be calculated.

Figure 211 compares the calculated active length 
and system pressure (as a function o f the amount of 
injected nitrogen) with the Semiscale data. The 
active length in the Semiscale system was estimated 
using the fluid thermocouples in the steam genera
tor tubes. The transition region is marked by a large 
drop in temperature from the active region to the 
passive region. In the Semiscale system, for a given 
steady-state reflux case with nitrogen present, 
examination o f the primary tube fluid temperatures 
resulted in the active tube length ranges shown in 
Figure 211. [The uncertainty in the Semiscale esti
mate (band) results from the limited axial distribu
tion o f the thermocouples.] Both the pressure and 
active length are well calculated by the analytical

method. The first nitrogen injection caused the 
active length o f  the steam generator tubes to be 
approximately equal to the height o f the upflow  
side tubes (1000 cm), which would make the pas
sive zone equal to the downflow-side tubes. This 
explains the cessation o f downflow-side condensa
tion accompanying the first small nitrogen injec
tion. Had a smaller amount been injected, some 
downflow-side condensation might have contin
ued.

Aside from redistributing the condensation phe
nomena in the steam generator during reflux, the 
main effect o f  nitrogen injection  on system  
response was to raise the system pressure. Higher 
steady-state pressures accompanied each nitrogen 
injection. The higher system pressure was primarily 
due to the additional partial pressure o f  the nitro
gen as the steam generator secondary pressure 
remained constant. For the amount o f  nitrogen 
injected during the Semiscale experiments, the sys
tem pressure never rose about 7.7 MPa. The esti
mated amount o f  injected nitrogen needed to cause 
a system pressure relief valve trip (-^16.2 MPa) 
would be about 2.5 kg in Semiscale.

Thus, introduction o f nitrogen gas during reflux 
caused complete redistribution o f the condensation 
phenomena; however, core coolability remained 
intact. For each injection o f nitrogen gas the system 
pressure increased to a higher stable value. For a 
plausible amount o f  nitrogen injection the system 
pressure remained at acceptable steady-state levels 
(well below relief valve set points) and the core level 
was maintained by condensed water flowing back 
into the vessel.

5.7 Flow Regime Mapping

Flow regimes in loop piping have been examined 
for both large break LOCAs and small break 
LOCAs in Semiscale using the gamma densitome
ter measuring systems. The following will discuss 
flow regime mapping and the transition from one 
flow regime to another for both large and small 
break LOCAs.

5.7.1 Flow Regim e During Large Break 
LOCA. During LBLOCAs, knowledge o f flow  
regimes in the piping greatly aids in calculating 
early DNB behavior and core thermal response. 
Since loop flows are coupled to core flows, this sec
tion presents flow regime phenomena observed 
during Mod-1 LBLOCA using gamma densitome
ter information. The gamma densitometer systems
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employed for this study were a paired horizontal 
and vertical beam systems in the loops.

Flow regime maps have been developed for a variety 
of multi-phase loop systems to identify flow regime in 
pipes. The common flow regime groupings include 
elongated bubble, annular mist, slug, stratified, and 
wavy.̂ 2̂ xhese flow regime maps plot gas and liquid 
superficial phase velocity as the axis. A good example 
of a flow regime map is shown in Figure 212, which is 
by Mandhane, et al.^^^ A  technique developed by 
Govier and Aziz^^^ suggested using an iterative 
approach to determining flow regime (superficial 
velocities shown in Figure 212), starting with the void 
fraction determined from the multi-beam gamma den
sitometers.

First, knowing the void fraction, a flow regime 
and slip ratio was assumed as described in Refer
ence 42. Using this information superficial veloci
ties are calculated and using a flow regime map o f  
Govier and Aziz (Reference 247), the original guess 
o f slip is compared with the value on the flow 
regime map. If not in agreement with the slip, the 
original guess is adjusted, new superficial velocities 
are calculated, and again compared to the slip on 
the flow regime map until there is convergence o f  
both flow regime and slip.

The above technique was plotted on flow regime 
maps suggested by Mandhane^'^^ for LBLOCA 
experim ents perform ed in Sem iscale  M od-1 
(Test S-01-4A and S-Ol-IB a 100% hot leg break 
and 200% cold leg break, respectively).

In Figures 213, 214, and 215, the flow regime at 
a given location for a given test was calculated two 
seconds into the transient and at each two-second 
interval thereafter. The resulting points were con
nected by a dotted line. The total time into the tran
sient is indicated in parenthesis beside each point.

The calculated flow regimes in the intact loop hot 
leg vessel outlet during Tests S-Ol-IB and S-01-4A 
are shown in Figure 213. The same flow regimes, 
including order o f transition, were calculated for 
both tests with the exception that slug flow is indi
cated at one point during Test S-0I-4A and not 
indicated during Test S-OI-IB. The flow regime his
tory calculated for the 200% cold  leg break 
(Test S-0I-4A) did significantly lead, in terms o f  
time into transient, that calculated for the 100% 
hot leg break (Test S-OI-IB). This difference 
between the two flow patterns was expected  
because the larger 200% break allows a faster sys
tem depressurization resulting in higher qualities, 
larger veloeities, and hence faster flow regime
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transition. The vertical and horizontal densitome
ter measurements obtained at the intact loop hot 
leg vessel outlet (Spool 1) during Tests S-01-4Aand  
S-Ol-IB are shown in Figures 214 and 215 respec
tively. The vertical and horizontal density measure
ments were subjectively evaluated against each 
other in conjunction with mass flow rate and fluid 
velocity data to determine the flow regimes. The 
subjective requirements for specifying the possible 
flow regimes were as follows: (a) dispersed bubble 
flow was assumed early in the transient because 
both densitometers measured approximately the 
sam e value; (b) elongated  bubble flow  was 
assumed when the horizontal density measurement 
was significantly higher than the vertical measure
ment because only oscillations o f minor magnitude 
were occurring in the horizontal density measure
ments; (c) slug flow was assumed because oscilla
tions in both horizontal and vertical density  
measurements were o f  fairly large magnitude; 
(d) stratified flow was assumed when the vertical 
density measurement was higher than that recorded 
by the horizontal density measurements and both 
measurements were non-oscillatory; (e) annular- 
mist flow was assumed late in the transient when 
both density measurements recorded essentially the 
same value that was generally less than 80 kg/mT

No differentiation was made between wavy flow 
and stratified flow. The preceding assumptions 
regarding interpretation o f the horizontal and verti
cal density m easurem ents were m od ified , if  
required, on the basis o f  measured fluid velocity 
data. For example, if the density measurements 
indicated elongated bubble flow, the velocity data 
were checked and if the velocity was zero or near 
zero, a stratified flow regime was assumed.

Three flow  regim es are clearly  show n in 
Figure 214 to occur at the intact loop hot leg vessel 
outlet during Test S-01-4A. Elongated bubble flow 
occurs for about the first 6 seconds into the tran
sient. Stratified flow exists from 6 to 48 seconds 
into the transient after which time the annular mist 
pattern is established. This evaluation agrees with 
the calculated flow regimes presented in Figure 213 
quite well with the exception o f the point calculated 
10 seconds into the transient when slug flow is indi
cated. In general, the calculated flow regime results 
are in good agreement with the density data (shown 
in Figures 214 and 215) ob ta in ed  during  
Test S-Ol-IB at the intact loop hot leg vessel outlet. 
Reference 42 contains details o f  flow regimes for 
the cold leg, pump suction and near the break for 
LBLOCA experiments.

5.7.2 Flow R egim es During Sm all Break 
LOCAs. Flow regimes in the Semiscale piping 
during SBLOCA remain in a predominantly strati
fied condition throughout the blowdown. Using 
the same techniques for tracking flow regime as dis
cussed in the preceding section a Mandhane plot 
was made for a Semiscale 2.1% cold leg break as 
shown in Figure 216. Also in Figure 216 is the esti
mated flow regime from a PWR based on a 
RELAP4 calculation showing that the flow regime 
is predominantly stratified.

This map tends to indicate an extended period o f  
elongated bubble flow for the PWR case whereas 
the Semiscale results show primarily separated 
flow. As a point o f  interest, note that on the 
Mandhane map the gas superficial velocity could 
be increased significantly (up to a factor o f 70) and 
the flow regime would still be o f  a separated flow  
type.

The flow regime comparisons done for the PWR 
and Semiscale pipes tend to indicate similar flow  
regimes at respective points throughout the systems 
for the boundary conditions investigated (2.1 per
cent cold leg break). Qualitatively, one would con
clude that for the most part, separated flow will 
exist in both the Semiscale pipes and the PWR 
pipes for the conditions examined. This agreement 
was anticipated in light o f  the fact that the Semi
scale pipes are large in diameter from a scaling 
standpoint relative to the PWR. It is also expected 
that separated flow will predominate for breaks less 
than the 2.1 percent size because loop superficial 
velocities decrease as break size diminishes.

5.8 Tee/Critical Flow Phenomena

Tee/critical flow experiments^®^ were performed 
in a high temperature and pressure steam/water 
two-phase flooding (TPFL) system to examine 
vapor pull through and liquid entrainment as fluid 
leaves a main line to a tee connection such as might 
occur during a SBLOCA. This type o f  accident 
could result from the rupture o f  an instrument line 
or a safety injection line o ff  the main coolant pipe 
o f a PWR and hence the name tee/critical flow. 
Previous sections have described the SBLOCA sig
nature response as a slow, top-down drain o f loop 
compounds resulting in a stratified flow regime in 
piping leading to the break. This stratified flow  
regime supports liquid entrainment or vapor pull- 
through phenomena near a tee connection o ff  a 
main line as shown in Figure 217.
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Vapor pull-through is a phenomena that occurs 
when the liquid level is above the entrance to the 
branchline and vapor is pulled through the liquid 
from the vapor space above the interface. The liq
uid entrainment phenomena can occur when the 
liquid interface level is below  the branchline 
entrance. If the level is high enough, a liquid film in 
the vicinity o f  the branchline may flow up to the 
entrance or, if the vapor velocity in the mainline is 
large enough, liquid may be entrained from roll 
waves and carried into the branchline.

In the case o f  a broken branchline, the flow at the 
entrance from the mainline may be critical if the 
line was sheared off, or subcritical if the branchline 
was only partially fractured somewhere down
stream. In either case, the critical flow rate at the 
break is a function o f two-phase flow quality. This 
flow quality is, in turn, a function o f the liquid 
entrainment/vapor pull-through rates from the 
mainline into the branchline. Since the depressuri- 
zation rate o f  a PWR system under a SBLOCA, in 
addition to the total system inventory, is dependent 
upon the critical break flow rate, the ability to 
accurately predict entrainment/pull-through rates 
and timing are important for the nuclear safety 
codes to predict system response with an acceptable 
accuracy.

The parameters o f  interest for tee/critical flow 
are: the height o f  stratified liquid at which the onset 
of either vapor pull through or liquid entrainment 
occurs, the mass flow rate o f  the pull through vapor 
or entrained liquid, the diameter o f the main line 
(28.4 cm) and branch line (3.4 cm), the flow qual
ity or void fraction and pressure dependent physical 
properties. The data is plotted in terms o f the bran
chline mass flow rate and branchline flow quality 
versus non-dimensional height (h /D ) where h is the 
height o f  the stratified liquid and D is the diameter 
o f the main line. On such a plot at the onset o f  
vapor pull through the void fraction approached 
0.0 and the onset o f  liquid entrainment the void 
fraction approaches 1.0. What follows is a sum
mary o f horizontal branch data (branch out the 
side o f  a pipe) and vertical branch data (branch out 
the bottom o f the mainline pipe).

5.8.1 Horizontal Data. For horizontal break 
lines, the branchline mass flow rate was found to be 
a linear function o f mainline liquid level, as shown 
in Figure 218, for three different pressures. As 
would be expected, there is a direct dependency o f  
the branchline flow rate on pressure. The slope o f  
the data (as a function o f liquid level) is essentially 
the same for all three pressures, with an apparent

change in slope for the 6.2 and 3.4 MPa data at a 
level corresponding to the top o f the branchline 
(15.9 cm). In addition to the mean data for the 
three pressures, data averages for steady-state por
tions o f all the horizontal data points are included 
in Figure 218. The trends in the steady-state data 
match those o f the transient means o f  the data 
points.

The quality in the branch line was found to be an 
exponential function o f the mainline liquid level, as 
shown in Figure 219, for various pressures. In this 
case, there appears to be a dependency on pressure 
for levels above the branch line centerline in which 
increasing pressure results in increasing flow qual
ity. The steady-state data. Figure 219, has the same 
trends as the transient data and the magnitude o f  
the flow quality is very close to the transient means. 
There also appears to be a dependency o f the onset 
o f pull-through level on pressure, with increasing 
pressure resulting in vapor pull-through occurring 
at higher levels. The point o f  liquid entrainment 
occurs for a water level o f  about 8 cm (non- 
dimensional level o f 0.3).

5.8.2 Vertical Data. For a variety o f pressures, the 
vertically oriented branchline mass flow appears to be a 
linear function of mainline liquid level. The branchline 
mass flow rates as functions of the liquid levels are 
presented in Figure 220. As expected, decreasing the 
mainline pressure resulted in a decrease in the critical 
flow rate out the branchline. The flow rate appears to 
be a linear function of liquid level from the onset of 
continuous pull-through (8-9.5 cm) down to a level of 
about 2.7 cm. At this level, the flow rates had dropped 
to near the all steam flow rate. Unfortunately, no data 
was obtained below this level to verify an abrupt 
change in slope. The slope o f the linear relationship 
appears to be same for the data from the three different 
pressures.

The branchline flow quality for the vertical down 
flow orientation was observed to follow the same 
type o f experimental relationship as observed for 
the horizontal orientation.

The flow quality for the data at the three pres
sures is shown in Figure 221. Although the steady- 
state data averages for the 6.2 and 3.45 MPa data 
both indicate an exponential relationship between 
flow quality and mainline liquid level, the slope o f  
these relationships appear to be a function o f the 
mainline pressure. This is contrary to the observa
tions from the horizontal configuration data. How
ever, since the level for onset o f pull-through is a 
function o f pressure, this observation is not sur
prising. An anomaly in this flow quality data is the
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Figure 218. Comparison of steady-state and mean of transient branchline mass flow rate data for the three test 
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observation that a flow quality o f  1.0 would be 
reached at a liquid level o f  about 1.7 cm. This 
would be consistent with the observations from the 
branchline mass flow rate data. It is possible that 
there is an offset unaccounted for in the liquid level 
measurement. Although it is not likely that an o ff
set due to the densitometer measurement would 
persist each day o f testing over the two-week period 
in which this data was acquired.

void fraction for levels above the top o f  the 
branchline, approaching the level for onset o f  pull- 
through. This is partially due to the observed 
change in the flow quality relationship in this range 
and the fact that the correlation does not go to zero 
at the onset o f  pull-through. The correlation results 
lie within the S = 1 and S = 2 range and has the 
advantage o f  going to zero at the pull through level 
o f 22 cm.

5.8.3 Comparison of TPFL Data and Existing 
Correlation. Previous studies^"^  ̂ involving air/ 
water data in a tee and correlations were developed 
for the branch line quality as a function o f the 
vapor pull through and liquid entrainment levels. 
Both the correlation and data can be transformed 
into void fraction by assuming a slip ratio. The void 
fraction formulation is a more useful parameter for 
code application.

Comparison o f correlation and data for an 
assumed slip(s) o f  1 and 2 is shown in Figure 222. 
The model correctly predicts the observed S shape 
o f the void fraction relationship to liquid level, and 
the void fraction o f 1.0 at the onset level for 
entrainment. However, the model over-predicts the

5.9 Flooding in the Pressurizer 
Surge Line

During the TMI transient, the pressurizer PORV 
was stuck open, resulting in a rapid filling o f the 
pressurizer with liquid. With a full indicated level 
in the pressurizer, operators misinterpreted system 
mass inventory as being full and did not allow H Pl 
to flow into the system, which eventually contrib
uted to core uncovery. The unique condition that 
existed in the pressurizer during most o f  the TMI 
transient was the liquid full condition with a voided 
system. The phenomena involved in keeping liquid 
in the pressurizer appears to be entrainment o f a
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Figure 222. Comparison o f branchline void fraction predictions with horizontal configuration 6.2 MPa data.
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two-phase mixture in the pressurizer surge line 
caused by flooding.

Sem iscale has performed many experiments 
where the pressurizer PORV is opened and the pres
surizer fills with fluid (examples o f  Semiscale 
PORV operation found in References 145, 178, 
179, 182, 183, 184). A good example o f  this phe
nomena occurred during a feed and bleed experi- 

' ment S-SR-2.1^®>^^^ For Test S-SR-2, Figure 223 
compares the pressurizer collapsed liquid level and 
primary pressure. Opening the PORV first caused a 
rapid reduction in primary pressure and an actual 
reduction in pressurizer liquid level. The initial level 
reduction is a result o f flashing o f  the pressurizer 
liquid. As the steam bubbles are vented through the 
PORV, the pressurizer inventory depletes and 
cooler hot leg liquid flows into and fills the pressur
izer. The mass loss from the primary due to contin
ued PORV operation causes loop cooling; however, 
the pressurizer remains liquid full. This is the same 
condition as observed during the TMI transient.

Figure 224 shows both the measured and the cal
culated (assuming 100®7o quality steam) PORV flow 
compared to the hot leg density. The PORV mass 
flow rate remains high (indicating low quality fluid 
upstream o f the PORV) until the hot leg substan
tially voids. After the hot leg had voided the PORV 
flow rate indicated that high quality steam was 
being discharged even though the pressurizer still 
remained nearly full o f liquid throughout the per

iod o f PORV flow (Figure 223). A mass balance on 
the pressurizer suggests that the steam leaving the 
PORV comes from the voided hot leg travels up the 
surge line, bubbles up through the pressurizer fluid 
and is discharged. What levitates the liquid in the 
pressurizer then is the counter-current flow o f  
steam in the surge line at a flooded condition.

Flooding calculations^ predict that the steam 
velocities in the surge line were high enough to pre
vent countercurrent draining o f  pressurizer liquid 
into the voided hot leg. Figure 225 shows the veloc
ity for 100% quality steam flow through the 
Semiscale surge line as a function o f time for the 
transient depressurization o f Test S-SR-2, com
pared to the calculated flooding velocity. Also 
shown is the scaled flooding velocity for a range o f  
typical PWR surge line sizes. As seen from these 
curves the velocities expected in the surge line are 
significantly above the flooding limit. From these 
calculations, supplemented by the fact that such 
apparent flooding behavior has been observed in 
actual reactor transients it would appear that 
this phenomena was not significantly distorted by 
any Semiscale geometrical atypicalities.

a. The flooding curves were calculated with the correlation 
from Reference 249, which unifies the Wallis and Kutateladze 
correlations and appears very useful for scaling the effect o f pipe 
size.
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6. IMPACT OF SEMiSCALE PROGRAM ON CODE DEVELOPMENT
AND ASSESSMENT

The main charter o f the Semiscale Program has 
been to produce integral system effects data for use 
in code assessm ent and developm ent efforts. 
Semiscale has contributed to those efforts in the 
follow ing areas: standard problem; “ double
blind” pretest prediction; pretest scoping calcula
tion; and m ost im portantly, in the area o f  
benchmarking codes for a given transient type. 
Codes that were benefited by the Semiscale data 
base include RELAP5, TRAC, FLOOD4, and ven
dor codes. What follows is a discussion o f the 
impact o f Semiscale data on the development and 
assessment o f  these codes.

6.1 Semiscale Contribution to 
Code Development Efforts

The Semiscale experimental program maintained 
direct contact with the developers o f  the RELAP5 
code throughout the test program. This unique 
relationship existed because Semiscale used experi
mental versions o f the code to perform pre-series 
scoping calculations and pretest predictions for 
each experiment. These pretest predictions were 
documented in informal reports issued prior to 
each experiment. Later examples o f pretest predic
tions can be found in References 250 through 252. 
There was constant interaction between Semiscale 
personnel and RELAP5 development personnel as 
Semiscale used experimental versions o f R ELAP5/ 
MODI and RELAP5/M OD2 to perform the pre
test calculations. Many undocumented minor 
coding errors and modeling problems were solved 
through this interaction. One o f the unique features 
o f this arrangement between Semiscale and code 
development was that the calculations were double
blind, similar to the standard pretest problems. 
Therefore, for a variety o f safety issues the code 
was continually challenged in a double-blind, pre
test fashion. Specific examples o f Semiscale’s con
tribution to code development follows.

6.1.1 Two-Phase Pump Degradation Model. As
mentioned in Section 5.5, pump single and two-phase 
flow phenomena was studied as part of the Semiscale 
program. A pump model was developed^^^ involving 
homologous curves, which allow a continuous defini
tion o f head, flow, torque, and speed needed in code

calculations. These homologous curves are a form of 
normalization to the rated conditions of a pump such 
that the Semiscale model can be applied to other 
pumps. The Semiscale pump model is used by all 
major transient analysis codes. These are: 
RELAP4,238 r e l A P 5,253, TRAC-PF1,254  
RETRAN,255 and TRAC-BDl .256

6.1.2 Transition Boiling. Section 5 . 3 . 3  described 
Semiscale studies on transition b o i l i n g ,  ^  3 7  which 
resulted in a correlation o f local rod heat transfer coef
ficient as a function of primary pressure and the differ
ential temperature between the rod surface and the 
fluid. This correlation, or more precisely a curve fit, 
was incorporated as an option for use in the transition 
boiling regime in T R A C - B D 1 . 2 5 6

6.1.3 Pressurizer Modeling - Vertical Stratifica
tion (Developmental Assessment). R ELAP5/ 
MOD2 developers used the Semiscale pressurizer 
insurge data to verify correct modeling o f  the pres
surizer liquid thermal stratification and wall con
d e n s a t i o n . 257 x h e  S em iscale pressurizer  
experiment used the Semiscale half length, volume- 
scaled pressurizer. The primary coolant system was 
completely filled with subcooled water and a high 
pressure injection (HPI) system provided the cool
ant source for insurge. Subcooled water was 
injected from the HPI system into the liquid filled 
primary system to refill the pressurizer through the 
surge line. The tests were conducted at high pres
sure (0.41 to 8.6 MPa). For a model check, a high 
pressure experiment (8.6 MPa) was chosen for 
comparison. Figure 226 shows the pressurizer pres
sure in response to the insurge o f subcooled liquid 
compared to RELAP5/M O D2 calculation. The 
calculation involved a pressurizer model and a time 
dependent control volume to model system pres
sure. The RELAP5/M O D2 calculated pressure is 
in good agreement with the data, which supports 
the m odeling concept used in the pressurizer 
model.

6.1.4 Developmental A ssessm ent of RELAP5/ 
M0D2 and RELAP5/MOD1. When a new code is 
developed, the code is compared to some 50 
existing separate effects and integral data bases for 
consistency. This comparison is a developmental
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Figure 226. Comparison of pressurizer pressure measured from the Semiscale experiment with that calculated by 
RELAP5/MOD2.

assessment that helps developers gain confidence in 
releasing the code for general or detailed assess
m ent ca lcu la tio n s. S em iscale Tests S -N C -1 , 
S-NC-2, S-NC-3, S-NC-10, S-SF-3C, and S-SG-1, 
were compared to RELAP5/M O D2 results. These 
comparisons helped show the capability o f  the 
RELAP5/M OD2 code to world users. A  similar 
developm ental assessm ent was perform ed for 
RELA P5/M O D 1 using Semiscale experiments 
S-01-4A, S-02-6 and S-07-6.

6.1.5 Small Break Vapor Pull Through and Liq
uid Entrainm ent a t a Tee Junc tion . Early 
Semiscale SBLOCAs employed STORZ lens sys
tems with video cameras in line with the break 
plane that simulated a center line break. The results 
o f these studies confirmed the presence o f  both 
stratified flow in the broken loop piping and the 
presence o f  vapor pull through and liquid entrain
ment during a SBLOCA. As a result o f  these visual 
studies and other studies, code development recog
nized the need for separate effects experimental 
work on the phenomena that resulted in the experi
mental data base described in Section 5.8 for Tee 
critical flow data.

6.1.6 Small Break LOCA Problems In the Code: 
Depressurization Following Break Uncovery, 
Interfacial Drag, and Core Heat Transfer. Com
parison between RELAP5/M O D2 posttest calcula
tions and data for the state-of-the-art simulation o f  
a SBLOCA (Test S-LH-1) revealed several prob
lems in RELAP m o d e l i n g . P r i o r  to S-LH-1 
experiments, experimental details were lacking 
including su ffic ien tly  accurate experim ental 
boundary conditions such as break flow, HPI flow, 
heat loss m ake up, system  leak rate, etc. 
Test S-LH-1, performed in Semiscale—Mod-2C— 
produced an accurate and detailed data set. Prob
lems in code models were observed during break 
uncovery and vessel liquid level depression as dis
cussed below. A s a result o f  these problems, 
updates to the code were made and future versions 
to the code RELAP5/M OD3 will address these 
problems.

A basic problem uncovered by the comparison o f  
code and data is the primary depressurization fol
lowing break uncovery as shown in Figure 227. The 
code calculates a too high depressurization rate, 
which leads to early accumulator injection and no 
indication o f core rod heatups. During the time o f
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break uncovery, the fluid break mass flow, piping 
density near the break, and pressure are about the 
same for code and data, which should have resulted 
in a good primary depressurization calculation. 
Improvements in modeling o f break flow, primary- 
to-secondary heat transfer and fluid-to-piping heat 
transfer could result in a better calculation o f pri
mary pressure response. The Semiscale tee-critical 
flow data base,^®^ Section 6.1.5, could improve 
liquid entrainment and vapor pull through models, 
which should help this problem.

Another area in which the code has problems is 
in core uncovery thermal-hydraulics. RELAP5/ 
MOD2 failed to calculate a core rod heatup even 
though it correctly calculated a core level depres
sion, as shown in Figures 228 and 229 respectively. 
This poor calculation o f core thermal response is 
attributed to inappropriate calculation o f  the strati
fication o f fluid density in the core and dryout heat 
transfer. Figure 230, a comparison o f data and 
code calculation, indicates that the fluid density 
was stratified in the data but not stratified in the 
code calculation.

To examine the effects o f interfacial drag and 
dryout heat transfer, two updates o f R ELAP5/ 
M 0D 2 were performed. The first arbitrarily set the

interfacial drag terms in the core to one-tenth of 
their calculated values and the other lowered the 
void fraction for dryout to 0.94 from the original 
0.9999. The updates resulted in improved calcula
tions o f the vertical fluid density stratification (Fig
ure 231) and the new void fraction dryout criteria 
allowed a core rod heatup to be calculated  
(Figure 232). These problem areas are to be 
addressed by future models o f  RELAP5 and were 
identified because o f  the experimental detail 
present in the Semiscale data base.

6.2 Semiscale Contributions to 
Code Assessment Efforts

Early contributions o f Semiscale to code assess
ment involved participation in the international 
standard problem program. Two Semiscale experi
ments, S-02-6^^ and S-02-8^  ̂were deemed double
blind standard problems to be computed by existing 
codes. These standard problems were used as a 
gauge to establish state-of-the-art capabilities as 
the codes developed. From the INEL, R ELA P4/ 
MODS calculations were submitted.

The bulk o f  integral data used for RELAP4, 
RELAP5, and TRAC-PFl assessment purposes
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came from the Semiscale facility. References 259 
through 264 give a good representation o f major 
assessment efforts. Other labs (Sandia Laborato
ries, Los Alamos National Laboratory), also have 
chosen Semiscale experiments for code assessment. 
Experim ents represented by these assessm ent 
efforts are listed on Table 8 .

Future uses o f  Semiscale data figure strongly into 
the International Code A ssessm ent Program. 
Experiments to be used in the near future for this 
code assessment effort include: S-06-3, S-IB-3, 
S-UT-1, and S-PL-3E.

Table 8. Semiscale experiments used in assessm ent efforts

Large Break LOCA’s Power Loss

S-01-4A S-PL-4
S-02-9
2-04-4 Reflood
S-04-5
S-04-6 S-03-A
S-06-1 S-03-D
S-06-2 S-03-2
S-06-5 S-03-5
S-07-1 S-03-6

S-03-8
Small Break LOCA’s S-07-4

Natural Circulation
S-SB-1
S-SB-P3 S-NC-2
S-SB-P4 S-NC-3
S-SB-P7 S-NC-4
S-UT-1 S-NC-7
S-UT-2 S-NC-8
S-UT-6
S-UT-7 Steam Generator Tube Rupture
S-UT-8
S-NH-3 S-SG-1
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7. APPLICABILITY OF SEMISCALE EXPERIMENTS FOR CODE 
DEVELOPMENT AND ASSESSMENT

This section presents tables summarizing the 
applicability o f  Semiscale data for code develop
ment and assessment. Table 9 is a list o f  issues 
important to small break analysis along with the 
recommended Semiscale experiment or experi
ments that best satisfy that issue and Table 10 is a 
list o f issues important for large and intermediate 
breaks. Also listed is the adequacy o f system docu
mentation (used for modeling information) as well 
as the adequacy o f the data to examine the issue. A  
rating o f  poor, fair, good or excellent has been 
assigned to each o f the issues as to adequacy o f  
data and location. An excellent rating o f  documen
tation means the system configuration is docu
mented in a referenced document (suitable for 
model construction). A poor, fair, good rating for 
documentation means the information is available; 
however, such information can be obtained only 
through interaction with Semiscale personnel. This 
information is contained in internal documenta
tion, operator logs, and test procedures. The poor, 
fair, or good rating was assigned based on how 
recent and which system was used for the testing. 
An excellent rating for data m eans there is 
sufficient data to get both qualitative and quantita
tive information about an issue. An excellent data 
rating implies excellent control o f  initial and 
boundary conditions. A rating o f good means that 
quantitative data is available with a higher uncer
tainty than the excellent rating. Also control o f  
boundary and initial conditions is adequate for 
assessment purposes even though some boundary 
conditions o f  second order importance may be 
lacking. A fair rating for data implies missing 
boundary conditions and a high uncertainty on key 
initial conditions (e.g ., steam generator secondary

level) however, overall trends such as pressure and 
vessel level are adequately measured.

Most o f  the issues listed in Tables 9 and 10 apply 
only to code assessment involving overall integral 
system effects. However, some o f the data is appli
cable for model development most notably in the 
field o f core hydraulics/heat transfer. Special care 
was given to placing core rod thermocouples at the 
same axial and azimuthal orientation as the gamma 
densitometer beam. The advantage o f  using the 
Semiscale data for core heat transfer model devel
opment is the estimation o f local void fraction 
offered by the gamma densitometers. The disad
vantage o f  the Semiscale data for core heat transfer 
model development is the lack o f super-heated 
steam probes. Another area o f  promise for model 
development is the use o f  triplet thermocouples in 
the broken loop steam generator. A  triplet includes 
a matched set o f  primary fluid, wall, and secondary 
fluid thermocouples that can be used for primary 
to secondary heat transfer studies especially in the 
field o f  condensation heat transfer. A lso o f  possi
ble model development application is in the field o f  
countercurrent two-phase flow in vertical and hori
zontal tubes. Semiscale has two and three beam 
gamma densitometers to determine flow regime as 
well as an optical probe at the steam generator inlet 
plenum. Although such parameters as slip are not 
determined the data gives qualitative support for 
models.

References 265-268 document the system config
uration for the last four Semiscale test series, 
(S-LH, S-SG, S-FS, and S-NH). This documenta
tion, for the MOD-2B and MOD-2C versions o f  
Semiscale, are considered excellent for obtaining 
detailed model information.
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Table 9. Applicability of Semiscale small break experiments for analysis

K>
VO

Issues

Overall SBLOCA blowdown data

Recommended
Experiment(s)

S-LH-1

Effect o f  downcomer to upperhead bypass 
flow on SBLOCA severity

Manometric core liquid level depression 
(steam binding)

Core thermal hydraulics (pre- and post- 
CHF and liquid distribution in the core 
during heat up)

Countercurrent two-phase flow in 
vertical tubes and horizontal pipes 
(flow regime studies)

Condensation effects in primary tubes 
(primary to secondary heat transfer)

S-LH-1; S-LH-2 

S-LH-1

S-LH-1; S-LH-2

S-LH-1; S-LH-2

S-LH-1; S-LH-2

Adequacy of 
Configuration 

Documentation

Excellent^^^

Excellent^^^

Excellent^^^

Excellent^^^

Excellent^^^

Excellent^^^

Adequacy o f Data

Excellent; two-phase flow data is inadequate after 
saturation conditions achieved in loop (40 s in 
cold leg); however, liquid level measurements were 
maximized especially in the steam generator 
primary tubes; excellent measurement o f  
boundary conditions including break flow and 
HPIS injection.

Excellent (see 1 above); initial core bypass 
flow measured within 10%.

Excellent (see 1); liquid levels in all 
components accurately measured.

Excellent; core gamma densitometers were 
specially matched to core rod thermocouples; 
void distribution in the core was accurately 
measured. A  good sample o f both axial and 
azimuthal thermocouples were matched to gamma 
densitometer locations.

Good; optical probes gave a view o f steam 
generator inlet plenum during SBLOCA; extensive 
level measurements in tubes; hot leg gamma 
densitometers and turbine meters also give 
evidence o f  countercurrent flow; densitometers 
give good insight into flow regime.

Good; matched/calibrated triplet thermocouples 
in steam generator tube can give good primary to 
secondary heat transfer information.



Table 9. (continued)

Issues
Recommended
Experiment(s)

Adequacy o f  
Configuration 

Documentation Adequacy o f Data

Steam generator tube rupture signature 
response

Recovery during tube rupture: 
Primary feed and bleed 
Pressurizer internal heater operation 
Secondary feed and bleed

S-SG-1 (1-tube) 
S-SG-2 (5-tube) 
S-SG-3 (10-tube)

S-SG-2; S-SG-8 
S-SG-3; S-SG-4 
S-SG-2; S-SG-7; 
S-SG-5

Excellent^^^

Excellent^

Good-excellent; good control o f all boundary 
conditions; extensive measurement o f  all 
effluent from the system including steam 
generator relief valve flow.

Good-excellent; excellent control and 
measurement o f  boundary conditions; especially 
safety injection, PORV flow and pressurizer 
auxiliary spray.

K>too
Pressurizer auxiliary spray 
Safety injection

Natural circulation during a SBLOCA 
(single-phase, two-phase; reflux)

Effect o f  upper head injection on 
system response 
2.5% break 
5.0% break 
10.0 % break

S-SG-3; S-SG-4; 
S-SG-1

S-NH-1

S-UT-4; S-UT-5 
S-UT-6; S-UT-7 
S-UT-1; S-UT-2

Excellent

Good^

Excellent; steam generator extensively 
instrumented with differential pressure cells; 
details o f transition from forced circulation to 
single-phase to two-phase natural circulation to 
reflux clearly measured. Oscillations in loop flow 
during reflux and two-phase natural circulation 
clearly measured.

Fair-good; occasional inaccuracies in key 
boundary conditions such as HPIS flow; however 
overall effect on system response due to UH l 
versus non-UH l can be assessed.



Table 9. (continued)

Issues
Recommended
Experiment(s)

Adequacy o f  
Configuration 

Documentation Adequacy o f Data

K)K)

Effect o f break size on severity 
2.5%
5.0%
10.0 %

Good^

Effect on pump operation on severity

Scaling issues (comparison o f LOFT 
Test L3-1 provides comparison o f scale)

Multidimensional affects: loop-to- 
loop; within the steam generator 
tubes; core thermal-hydraulics

ECC mixing and condensation

S-UT-4
S-UT-6
S-UT-1

S-SB-P1;S-SB-P2;
S-SB-P3;S-SB-P4;
S-SB-P7

S-SB-4; S-SB-4A

S-LH-1; S-LH-2

Fair^

Fair^

Excellent^^^

S-UT-1; S-UT-4; 
S-UT-6

Fair^

Good-important boundary conditions generally 
available; data sufficient to assess break size 
effect on accident severity especially fluid 
mass distribution during a blowdown. 
Accumulator injection at 2.8 MPa rather than 4.2 
MPa (to compare to UHI plant data); therefore 
affect on transient severity only good until 4.2 
MPa and does not include accumulator injection.

Fair; break flow data poor; however overall 
pressure and mass distribution adequate; pump 
is small scale, low specific speed with poor 
two-phase degradation data.

Fair; break flow measurement poor; overall 
pressure and mass distribution good.

Good-Excellent; steam generator tubes in broken 
loop extensively instrumented with differential 
pressure cells; core extensively instrumented both 
axially and azimuthally with core rod 
thermocouples.

Good; temperature at ECC injection location 
limited to one thermocouple.



Table 9. (continued)

Issues
Recommended
Experiment(s)

Adequacy of 
Configuration 

Documentation Adequacy o f Data

Break flow

K)K)

Analysis o f  pressurized thermal shock 
to steamline breaks

Analysis o f  feedline breaks

SBLOCA with degraded ECC

S-LH-1 
UT test series

Excellent^^^
Fair^

S-FS-1
S-FS-2

S-FS-6 
S-FS-6B 
S-FS-7 
S-FS-11

S-NH-1
S-NH-2
S-NH-3
S-NH-5

Excellent^^^

Excellent^^^

Excellent^^^

Good-excellent; break flow measured accurately 
with condensing/catch tank system; however, 
staggered DP cells across break are lacking; good 
gamma densitometer information either side of  
the break allow flow regime estimation; during the 
UT test series, optical probes were used to obtain 
films o f  a centerline view o f  the break showing 
stratification and liquid phase being pulled into 
the break nozzle.

Excellent; Steam line break flow and primary 
secondary side heat transfer coefficients accurately 
measured; primary system remains mostly single 
phase water and therefore has excellent 
measurements; EOF recovery operation examined.

Excellent; Primary-to-secondary heat transfer 
accurately measured for different secondary 
conditions; primary pressurization examined;
EOF recovery operations examined.

Excellent; Core heatups due to boil off; 
primary depressurization stimulated by 
secondary feed and steam and pump restart.

a. Adequate information on configuration is available but would require extensive interaction with Semiscale analysis and operation personnel using internal documentation. Mod-3 and 
Mod-2A fair to good documentation availability.



Table 10. Applicability of Semiscale large and intermediate breaks for analysis

Issues
Recommended
Experiment(s)

Adequacy of 
Configuration 

Documentation Adequacy o f Data

General large break blowdown phenomena; 
system depressurization; break flow; 
refill early and delayed DNB and rewet

Effect o f scale on phenomena associated 
with large break LOCA

K)
NJU>

S-07-1; S-07-2; 
S-07-3; S-07-6 
S-04-6

S-01-1 (Ll-1) 
S-01-2 (Ll-2) 
S-01-3 (Ll-3, 
L1-3A) 

S-01-4 (Ll-4) 
S-01-6 (Ll-5) 
S-06-2 (L2-2) 
S-06-3 (L2-3) 
S-06-6 (L2-3)

Good

Fair^

Fair

Excellent; For S-07 experiments Mod-3 system 
included in-core gamma densitometers, a 
3.66 m core; external downcomer; well 
instrumented core rods excellent data on DNB and 
rewet during early blowdown for electrically 
heated rods; for S-04-6 experiment, 1.68 m core 
and no gamma densitometer in the core.

Good; system differences between LOFT and 
Semiscale Mod-1 cause explainable differences 
in results.

Large break reflood phenomena (12 ft 
core)

S-07-4
S-07-5
S-07-5A

Good Excellent; In-core data includes local heat 
flux and void fraction; variation o f system 
pressure (20-60 psi) and flooding rate; separate 
effects tests with gravity feed reflood for a 3.66 m 
core.

Large break reflood phenomena 
(5.5 ft core)

S-03-A; S-03-B; 
S-03-C; S-03-D; 
S-03-1; S-03-2 
S-03-3; S-03-4; 
S-03-5; S-03-6; 
S-03-7

Fair Good; data characterized the important 
parameters associated with reflood including 
pressure, inlet flooding rate, peak rod power, 
and initial rod temperatures; data includes 
core rod heat flux but no local void fraction. 
Data includes both separate effects forced feed 
reflood and gravity feed reflood for a 1.68 m . 
core.



Table 10. (continued)

Issues
Recommended
Experiment(s)

Adequacy of 
Configuration 

Documentation Adequacy o f Data

K)NJ

Large break ECC bypass/hot wall effects

Intermediate break signature response; 
scaling for intermediate break tests

Effect o f initial conditions on
blowdown phenomena such as DNB during
LBLOCA

Alternate ECC injection during LBLOCA

Steam generator tube rupture during 
LBLOCA

S-04-6

S-IB-1; S-IB-2
S-IB-3

S-29-1
S-29-2
S-29-3

S-05-1; S-05-2
S-05-3; S-05-4
S-05-5; S-05-6
S-05-7

S-28-I; S-28-2
S-28-3; S-28-4
S-28-5; S-28-6
S-28-7; S-28-8
S-28-9

Fair

Good

Fair

Fair

Fair

Good; Semiscale had an atypically high hot wall 
delay time and more extensive bypass than would 
occur in a PWR; however, data is modelable and 
complete enough to identify phenomena.

Excellent; Intermediate data base used Mod-2A  
system, which was scaled 1:1 on most major 
components on elevation. Also comparison to 
LOFT (L5-1) and LOBI (B-RIM) data aids in the 
study o f scaling small scale systems such as 
Semiscale to a large PWR response.

Good; sufficient data exists to characterize 
effect o f  initial pressure on DNB behavior 
during early blowdown and effect o f  accumulator 
nitrogen.

Good; no in-core density; however DP cells 
and core rod thermocouples track ECC fluid 
distribution.

Good; no in-core density; however DP cell and 
core rod thermocouples track transient severity 
sufficiently.

a. Adequate information on configuration is available but would require extensive interaction with Semiscale analysis and operation personnel using internal documentation.

b. Test in parenthesis is the LOFT counterpart test.



8. MAJOR CONCLUSIONS AND ACCOMPLISHMENTS FROM THE
SEMISCALE PROGRAM

The Semiscale program has addressed nearly 
every issue concerning water reactor safety during 
the time period 1965 to 1986. In none o f  the cases 
studied in the Semiscale facilities did the data indi
cate the possibility o f excessive core rod tempera
tures given normal automatic safety functions and 
existing operator guidelines for accident manage
m ent. O nly where degraded safety  features 
occurred and/or failure o f operator actions did 
excessive core heatups occur. The following is a list
ing o f  the major accomplishments and conclusions 
o f  the Semiscale program.

8.1 Accomplishments

The Semiscale Program created an extensive 
transient integral, and separate effects-steady-state 
data base for code development and assessment 
use. The data base includes the entire break size 
spectrum and location and probable operator sce
narios as well as probable multiple failure mecha
nisms during both loss-of-coolant accidents and 
operational transients. This data base has been 
used to help develop and assess such major codes as 
R E L A P 4, R E L A P 5, T R A C -P F l, and 
TRAC-BDl. The Semiscale data base will continue 
to be used long after the operational lifetime o f the 
test program by both domestic and foreign users. 
These users include national laboratories, universi
ties, vendors, and utilities.

Semiscale was used as a tool by the NRC for 
exploratory research into new concepts or issues as 
they arose. Specifically, Semiscale was used in a sit
uation in which the codes could not be relied on to 
establish order of magnitude of severity for a given 
exploratory research item . Exam ples o f  this 
research are:

1. General LBLOCA phenomena
2. General SBLOCA phenomena including 

effect o f bypass flow and severity o f  liquid 
level depression with liquid hold-up

3. Steam generator tube rupture during 
LBLOCA

4. Effectiveness o f  alternate ECC injection 
concepts

5. Primary feed and bleed

6 . Effect o f  initial conditions on LBLOCA 
severity

7. Operator response to LOCA and opera
tional transients

8 . Effect on severity due to degraded ECC 
during SBLOCA.

This exploratory research was factored into 
licensing decisions relative to the above issues, 
specifically where there was no existing data base 
for which to benchmark the codes for a given 
issue.

Semiscale identified and quantified many phe
nomena associated with LBLOCA and SBLOCA. 
The main advantage o f  the Semiscale data was 
that it was obtained at actual PWR conditions 
(high pressure/high temperature). Phenomena 
observed included: during natural circulation, the 
reflux condensation mode was photographed and 
the flow split between upflow and downflow side 
o f the steam generator tubes was measured to be 
1:1; the mass distribution in the core during a 
SBLOCA was quantized using the in-core gamma 
densitometer and was shown to follow a continu
ous increase in void fraction from the bottom to 
the top. In addition, the void fraction associated 
with core rod heatup initiation (dryout) was found 
to be 1.0 (-0 .02); the effectiveness o f  auxiliary 
spray in the pressurizer to reduce primary pressure 
first required removal o f  superheat in the pressur
izer fluid and walls. Separate effects experiments 
show a correlation between primary depressuriza
tion and auxiliary spray rate, the pressurizer pool 
level and absolute primary pressure; the phenom
ena o f flooding in the pressurizer surge line when 
the pressurizer PORV is opened was demonstrated 
in Semiscale as PORV operation normally caused 
a liquid filling o f  the pressurizer; transition boil
ing and film boiling heat transfer coefficient cor
relations were developed for use during the 
reflood portion o f a LBLOCA. The advantage o f  
these correlations is that they were based on PWR  
conditions, and involved use o f  in-core gamma 
densitometer systems that gave good experimental 
detail; steaming secondary heat transfer coeffi
cients were measured and were found to disagree 
significantly with existing correlations for flow  
n u cleate  b o ilin g . T he m ain reason  for the
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disagreement is that the existing correlations were 
made for flow inside the tubes whereas they are 
applied to situations where there is flow outside o f  
the tubes. These results might be extended to in- 
core heat transfer coefficients given the existing 
data base.

Semiscale operated in a mode that allowed fast 
turnaround from a suspected safety issue to actual 
qualified data on the issue. This fast turnaround 
allowed the NRC to get a rapid “ feel” regarding 
licensing issues as to whether there were surprises in 
expected phenomena and how well the codes han
dled the calculation o f  the Semiscale data set. A 
good example o f  the immediate turnaround capa
bility was the Semiscale simulation o f the TMI-2 
transient. During the TM l-2 accident (in the first 
day) there was concern that a hydrogen bubble 
existed in the vessel upper head. Removal o f  this 
bubble was deemed necessary. Semiscale confi
gured a PORV valve on the pressurizer and recre
ated a similar TMI condition and investigated 
various means o f  removing the bubble (pump 
restart, etc.). The results o f this experiment were 
transmitted to the NRC within hours o f completing 
the experiment.

8.2 Conclusions

The results o f the major scaling studies sponsored by 
Semiscale concluded that the Semiscale Mods were in a 
class of experiments (full height volume scaled) that 
replicate the largest number o f phenomena expected in 
a PWR during transient conditions. The various Mods 
o f Semiscale represented a steady evolution o f answer
ing scaling compromises culminating in the Mod-3 sys
tem for large break research and Mod-2C for small 
break research.

Semiscale data supported the conservatism o f  
10 CFR Part 50 Appendix K assumptions. Areas 
where Semiscale data supported these assumptions 
were in pump operation, DNB and post-CHF heat 
transfer, two-phase flow modeling reflood phe
nomena, and ECC bypass.

Semiscale simulated an entire range of break 
sizes and represented many different operational 
conditions and in no case where nominal ECCS 
was assumed were excessive core rod temperatures 
indicated. Only with severely degraded ECCS or 
during station blackout was there an indication o f  a 
possibility o f core rod temperatures in excess o f  
Appendix K limits.
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