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PREFACE

M-RELAP5, which is applied to US-APWR Small Break LOCA (SBLOCA) analyses, has
been developed in conformance to the regulatory guide 1.203, "Transient and Accident
Analysis Methods." In the process of the code development, the regulatory guide requires
to ensure the adequacy of the experimental test used for the code assessment. In
particular, scalability of the experimental test facility to the actual plant shall be adequately
examined, if the facility is a scaled one.

The report of 'Scaling Analysis for US-APWR SBLOCAs' addresses evaluations for the
scalability of the experimental test facilities which are adopted for the M-RELAP5 code
assessment in its application to US-APWR SBLOCA analyses. In addition, scaleup
capabilities of the code governing equations, models and correlations are also
investigated in the framework of this study.

The scaling analysis report for US-APWR SBLOCAs consists of three parts. Part I of the
report describes scaling analysis methodologies applied and a part of scaling analysis
results. The remaining scaling analysis results are to be present in Part 2, and discussions
for the code scaleup capabilities and the overall evaluations are given in Part 3.
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Nomenclature

Cp specific heat

d diameter
e energy per unit mass
f friction factor
g gravitational acceleration
h specific enthalpy
1 length or characteristic dimension
m mass flow
p pressure
q decay heat
r radius
t time
u orv velocity
x quality
A area
C coeffient for Intermediate Phase
CP specific heat

D diameter or characteristic dimension
G mass flux
H height or elevation
K loss coefficient
L pipe length or level(tanks)
LHS left hand side
Morm mass
P pressure
Q volumetric flow
R ideal gas constant or radius
R line resistance parameter
RHS Right hand side
T temperature
V volume
Y elevation or elevation difference
Z elevation difference
Greek symbols
a void fraction
18 thermal expansion coefficient
y specific heat ratio
C specific energy
(P nondimensional coefficient
A difference(as in AT)
p density
v specific volume
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1. INTRODUCTION

1.1 Background

US-APWR 1-1 is an advanced pressurized water reactor with the rated thermal output of
4451 MWt. The most important aspect of the US-APWR design philosophy is utilization of
proven technologies accompany with well-balanced safety systems. Significant
experience in the design, fabrication, installation, construction, and operation of 4-loop
PWRs has resulted in proven technologies being developed by MHI, which have been
incorporated into the design of US-APWR. Therefore, the system configurations of the
reactor internals, components, piping system and engineered safety features (ESFs) are
mostly identical between the US-APWR and the 4-loop PWR, while thermal-hydraulic
volume, flow area, and diameter of each reactor component are appropriately enlarged
from the 4-loop PWR so as to accommodate the larger thermal output of US-APWR.

The M-RELAP5 code 1-2 has been developed to evaluate adequacy of the US-APWR
safety design against the postulated small break loss-of-coolant accidents (SBLOCAs) in
conformance to Appendix K to 10 CFR 50 specified by USNRC 1 3 . The basis of
M-RELAP5 is the best-estimate thermal-hydraulic system analysis code RELAP5-3D1 -4

which has been used extensively for safety analyses including SBLOCAs, and differences
between these two codes appear only in several evaluation models required for the
licensing safety analysis.1-2 Although the thermal-hydraulic models, correlations, numerical
solution methods, and code structure have been sufficiently validated and assessed using
the various experimental test data in past few decades, MHI independently evaluated their
adequacy in M-RELAP5 application to US-APWR SBLOCAs according to the Evaluation
Model Development and Assessment Process (EMDAP) specified in Regulatory Guide
1.2031-. In the process of M-RELAP5 code assessment, important phenomena and
processes occurring under US-APWR SBLOCA were identified and summarized in a
Phenomena Identification and Ranking Table (PIRT). Then, a code assessment matrix
was established to validate the code, particularly for the identified important phenomena
and processes, based on the various experimental test data obtained in several Separate
Effects Test (SET) and Integral Effects Test (lET) facilities. The code validation using the
test data demonstrated that M-RELAP5 is sufficiently applicable to US-APWR
SBLOCAs.1-2

A feature of the M-RELAP5 code assessment matrix is that many of the SET and lET
facilities providing the experimental test data were designed by referring to the existent
Westinghouse-designed 4-loop PWRs. No test facility has been newly constructed to
obtain experimental data simulating US-APWR SBLOCAs except for the advanced
accumulator"6 , since the US-APWR design is very similar to the existing 4-loop PWR. In
fact, the primary plant transient behaviors and the identified important phenomena and
processes occurring under SBLOCAs are almost identical between the US-APWR and the
4-loop PWR. However, any quantitative evaluation with respect to the scalability of these
test facilities has not been explicitly addressed, although some scaling investigations were
given in the topical report' 2 . In addition, it is also necessary to examine the code scaleup
capabilities based upon the code validations using the experimental data to complete the
code development -and assessment process required in the regulatory guide.
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1.2 Objectives

In this report, quantitative scaling analyses based on the hierarchical two-tiered scaling
(H2TS) methodologyl-7 are to be performed to complete the M-RELAP5 development and
assessment which is required in EMDAP. Specifically, the lET and SET facilities and
experimental data are evaluated by the top-down and bottom-up approaches to respond
to Step 6 in Element 2 of EMDAP "Perform Scaling Analysis and Identify Similarity
Criteria", which demonstrates whether similar thermal-hydraulic behaviors expected in
US-APWR are also observed in the scaled test facilities. Here, the top-down scaling
approach evaluates the global system behaviors and system interactions from IETs, and
addresses the similarity between the lETs and US-APWR as was done for AP6001 8 . On
the other hand, the bottom-up scaling analyses address the issues raised in the plant- and
transient-specific PIRT related to localized behaviors, where SETs in the code assessment
matrix are examined.

When any scale distortion is recognized due to differences for the configuration and/or
initial/boundary conditions between the lET and US-APWR, the effects will be evaluated
according to Step 8(a) in Element 2 of EMDAP "Evaluate Effects of lET Distortions and
SET Scaleup Capability'. Furthermore, the scalability of local important phenomena and
processes which are lost through identifying the global behavior in the top-down scaling
will be examined by the bottom-up scaling analyses to the SETs (Step 8(b) in Element 2 of
EMDAP).

In assessing the evaluation model adequacy, the code scaleup capability is also to be
examined by the bottom-up and top-down approaches. The scalability of the model or
correlation specific to the local important phenomena and processes will be evaluated
based on the applicable range of SET database. This scalability evaluation is limited to
whether the specific model or correlation is appropriate for application to the configuration
and conditions of the US-APWR SBLOCAs (Step 15 of Element 4 of EMDAP "Assess
Scalability of Models"). Simultaneously, scalability of the integrated code predictability both
for the US-APWR SBLOCAs and lETs is to be assessed from the top-down point of view.
This evaluation is performed to confirm whether the code calculations for the US-APWR
SBLOCA and the lET experiment exhibit otherwise unexplainable differences which may
indicate experimental or code scaling distortions (Step 19 in Element 4 of EMDAP "Assess
Scalability of Integrated Calculations and Data for Distortions"). These code scaleup
evaluations were previously conducted for RELAP5 in its application to AP600 SBLOCA
analyses.1 9

Chapter 2 of the present report describes outlines for the methodology applied to the
scaling analyses. The US-APWR system, SBLOCA scenarios, PIRT and code
assessment matrix developed for M-RELAP5 application to US-APWR SBLOCAs are
briefly described in Chapters 3, 4 and 5, respectively. The scaling analyses are given in
Chapter 6 and scalability of the selected experimental test facilities and data are
examined. In Chapter 7, M-RELAP5 code scaleup capability is evaluated with respect to
the specific model or correlation, and the code integral predictability for the specific
transient is also assessed. Overall evaluation results gained through the present scaling
analyses are described in Chapter 8, where the adequacy of the US-APWR SBLOCA
PIRT, code assessment matrix, and M-RELAP5 code scaleup capability are judged. In
Chapter 9 the results of the analyses are summarized.
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2. SCALING ANALYSIS METHODOLOGIES

The scaling analysis methodologies used for the US-APWR SBLOCA follows the
hierarchical two-tiered scaling (H2TS) methodology 2-1 composed of the top-down scaling
which identifies integral processes important to the system behavior, and the bottom-up
scaling to qualify individual phenomena identified as important from the top-down
approach. The top-down and bottom-up scaling are briefly described below.

2.1 Top-down Scaling

The top-down approach starts with scaling the entire system as a whole. Since no active
part of the system is excluded, the top-down scaling is able to provide a comprehensive
understanding of the integral system response occurring during the accident scenario. As
pointed out by Zuber2-1, the top-down scaling approach in the H2TS methodology
proceeds from the whole system (reactor and/or plant) to the system components (reactor
core, pressurizer, SG, RCP, ECCS, piping and so on), to constituents (fluid), to phases
(liquid and vapor), and fields (continuous and dispersed fields). It yields one scaling group
for every transfer process between media at every level in the system's hierarchy.

The top-down approach applied here is based on the method embodied by Banerjee et
al.22 in the quantitative scaling analysis for AP600 SBLOCA tests. Prior to the quantitative
evaluation, the method identifies the system to be addressed, and divides the transient
and accident progression into several phases, and further into sub-phases if necessary. A
system response of interest in each phase is represented by the governing conservation
equations, which account for the primary nature of physics with a (few) simplified and
lumped volume(s). Then, the equations are mathematically nondimensionalized and the
nondimensional group, a set of nondimensionalized coefficients characterizing the system
response, is defined. In the final step, data from the plant and from the experimental test
facilities are used to evaluate the nondimensional groups, which are compared each other
to evaluate the scalability of the test data to the plant behavior quantitatively.

Another aspect of the top-down scaling is that its evaluation results can be used for
assessing adequacy and validity of the phenomena identified ranking table (PIRT)
established for code development. Since the top-down scaling quantitatively evaluates the
importance of phenomena of interest, it can be used to review the ranking for each
phenomenon identified in the PIRT.

2.2 Bottom-up Scaling

The bottom-up scaling is the traditional approach to evaluate the similitude for the
processes and phenomena of interest between the test facilities and the plant. In many
occasions, this scaling has been applied to assess the applicability of models and
correlations implemented to a code, namely the bottom-up scaling is used for the local
and/or component levels, not for the system level. Zuber gave comprehensive
descriptions with regard to the several bottom-up scaling techniques, linear scaling,
power-to-volume scaling, Ishii-Kataoka scaling and so on, in establishment of the Code
Scaling, Applicability, and Uncertainty (CSAU) methodology.23
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One of the techniques used for the present scaling study is the power-to-volume scaling, a
well-known geometrical scaling approach, where the most important consideration is to
preserve power and flow distribution as well as time scale of thermal-hydraulic behaviors.
Each component of the system is evaluated with a fluid volume ratio between the test
facility and plant, and agreement of the volume ratio with the facility-to-plant power ratio
shows a well scalability from the viewpoints of time scale, fluid mass and energy
distributions, velocities, acceleration, and length. This technique was conceived and
developed in the LOFT (Loss of Fluid Test) program in the early 1 9 7 0 S2-4, and a lot of test
facilities have been designed and constructed based on the power-to-volume scaling
criterion.

However, in application of the power-to-volume scaling, it is necessary to consider several
scaling effects and inherent deficiencies of the scaling criterion. In practice, it is generally
impossible to simultaneously preserve length, elevation, area, volume, and pressure drop
between the test facility and plant. For example, even if the test facility piping is well
scaled based on the power-to-volume ratio concurrently with the full length and elevation,
the hydraulic diameter differs from the actual plant, resulting in the different hydraulic
resistance, and in the different flow regime characteristics.

Therefore, scaling techniques based on the nondimensional parameters representing flow
characteristics shall be occasionally applied for the bottom-up approach. For example,
similitude of the counter-current flow limitation (CCFL) occurring in SG U-tubes between
the test facility and plant is to be scaled with the nondimensional volumetric flow rate. 2-

Similitude of the flow regime transition from the bubbly to stratified flow occurring in the
horizontal piping can be evaluated based on the bottom-up scaling by using the Froude
number26. These nondimensional parameters are suitable to evaluate the scalability in
terms of the local thermal-hydraulic phenomena and processes. A more comprehensive
scaling laws using the nondimensional parameters was derived by Ishii and Kataoka
based on different formulations of the conservation equations. 2-7

In the H2TS methodology, the results obtained by the top-down scaling provide the
rational framework for the bottom-up scaling by directing it toward a component where the
most important phenomenological processes evolve. The bottom-up scaling addresses
the details lost in the averaging to the component level in the top-down scaling, thereby, it
provides insight into qualitatively different responses between the test facility and plant,
and sometime explains disagreement between the test facility and plant in terms of the
numerical values for nondimensional groups by the top down scaling.
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3. US-APWR DESIGN OVERVIEW

3.1 Reactor Coolant System

The general system configuration of US-APWR is identical to that of the
Westinghouse-designed 4-loop PWR, while thermal-hydraulic volume, flow area, and
diameter of reactor components and their piping are appropriately enlarged from the
4-loop PWR so as to accommodate the large thermal output of US-APWR. Table 3.1-1
summarizes various scale ratios of the primary plant parameters between the US-APWR
and a representative Westinghouse-designed 4-loop PWR. It is noted that the operational
data for US-APWR are corresponding to the initial conditions postulated for the safety
analysis.

The reactor core consists of 257 17X17 fuel assemblies, surrounded by the neutron
reflector which is located between the core barrel and the core. Relative to conventional
PWR baffle designs, the US-APWR neutron reflector improves neutron utilization and
significantly reduces vessel irradiation. The reactor internals provide support and
alignment of the core, and direct the amount of coolant flow and its distribution within the
reactor vessel. The upper reactor internals consist of the upper core support, upper core
plate, upper support columns and control rod guide tubes. The lower core support plate is
welded to the bottom of the core barrel, and supports all fuel assemblies, the neutron
reflector, the flow diffuser plate and the energy absorber. The reactor internal structure is
illustrated in Figure 3.1-1.

The US-APWR fuel assembly utilizes a 17x1 7 array of 264 fuel rods, 24 control rod guide
thimbles and one in-core instrumentation guide tube, as shown in Figure 3.1-2. The fuel
rod and thimble components are bundled by grid spacers. The fuel design uses 11 grid
spacers that span the 14-ft active fuel length. The grid-to-grid distance for the US-APWR
design is basically the same as that for the 12-ft Mitsubishi fuel with a nine grid spacer
design, thus ensuring a similar resistance to failures due to fretting wear, the same proven
coolant mixing and DNB performance as the 12-ft fuel design. The fuel assembly top and
bottom nozzles provide structural support and alignment within the core. The top nozzle
has a function to prevent fuel assembly .lift during normal operation and transients, and
also to provide alignment for insertion of control and instrumentation components. The
bottom nozzle is designed to provide adequate flow and prevent debris from entering the
fuel assembly.

The reactor coolant system (RCS) and related piping configuration is basically identical to
that of the existing MHI 4-loop PWRs. The RCS provides reactor cooling by transferring
the heat from the core to the secondary system to produce steam for the turbine. The
major components of the RCS are the reactor vessel (RV), the steam generators (SGs),
the reactor coolant pumps (RCPs), the pressurizer, and the reactor coolant pipes and
valves. The flow diagram is illustrated in Figure 3.1-3.

The SGs are vertical shell and U-tube heat exchangers with integral moisture separator
on the secondary side. The channel head is of hemispherical shape and divided into the
inlet and outlet parts separated by a divider plate. The RCPs are vertical single-stage
centrifugal pumps, each driven by a three-phase induction motor mounted above the
pump. A flywheel attached to the motor provides additional inertia, thereby, preventing a
rapid reduction in the reactor coolant flow during a loss of offsite power (LOOP). The
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pressurizer, which is a vertical cylindrical vessel with a hemispherical top and bottom head,
provides a point in the RCS where liquid and vapor can be maintained in equilibrium
under saturated conditions for pressure control purposes. The coolant re-circulates
through the hot leg (piping between RV and SG), crossover leg (piping between the SG
and RCP suction), and cold leg (piping between the RCP and the RV).

Table 3.1-1 US-APWR Primary Design Parameters

US-APWR/
Characteristics PWR* US-APWR PWR

Pressure (MPa) 15.5 15.5 1.00
Fluid temp. at hot leg (K) 598 601 1.01

Fluid temp. at cold leg (K) 562 564 1.00
Core
Core power (MW) 3423 4540 1.33
Number of fuel rods 50952 67848 1.33
Number of unheated rods 4825 6425 1.33
Diameter of fuel rod (mm) 9.5 9.5 1.00
Diameter of unheated rod (mm) 12.2 9.7 0.80
Rod pitch (mm) 12.6 12.6 1.00
Hydraulic diameter of core (mm) 10.9 r
Core height (m) 3.66
Power density (MW/m 3) 9.9
Core flow area (M2

) 4.75
Core inlet flow rate (ton/s) 16.7,
Pressurizer

Volume (M
3

) 51
Downcomer
Downcomer flow area (M 2

) 3.38
Downcomer gap (m) 0.26

Hot leg

Diameter (m) 0.737
Flow area (M

2
) 0.427

Cold leg
Diameter (m) 0.699
Flow area (M2) 0.384

Steam Generator (SG)
Number of Tubes per one SG 3382
Tube inner diameter (mm) 19.6

Flow area per one SG (M
2

) 1.02
Length of SG tube (average) (m) 20.2
Height from the top of heated part of core
to the top of SG U-tube (m) 14.921
* W-type 4-loop PWR in JAERI-M84-237 (ROSA-IV System description)
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3.2 Secondary System

The secondary system consists of the main feedwater system, the main steam system,
the emergency feedwater system, and the power conversion system.

The main steam system includes the main steam pipes from the steam generator outlets
to the turbine inlet steam chests and equipment and piping connected to the main steam
pipes. The main steam relief and safety valves are installed upstream of the main steam
isolation valve. They prevent excessive steam pressure and maintain cooling of RCS if the
turbine bypass is not available. The total capacity of the main steam safety valves
exceeds 100% of the rated main steam flow rate. Branch pipes for driving the
turbine-driven emergency feedwater pumps are connected upstream of the main steam
isolation valves.

The main feedwater system supplies the steam generators with heated feedwater in a
closed steam cycle using regenerative feedwater heating. The system is composed of the
condensate subsystem, the feedwater subsystem, and a portion of the steam generator
feedwater piping. The feedwater control valves, the feedwater bypass control valves, the
steam generator water filling control valves, and the feedwater isolation valves are
installed on the feedwater lines.

The emergency feedwater system (EFWS) consists of two motor-driven pumps, two
steam turbine-driven pumps, two emergency feedwater pits, and associated piping and
valves. The four emergency feedwater pumps take suction from two emergency feedwater
pits.
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3.3 Emergency Core Cooling System

The emergency core cooling system (ECCS), shown in Figure 3.3-1, includes the
accumulator system3 1, the high-head safety injection system, and the emergency letdown
system. Following a LOCA, the ECCS injects borated water into the reactor coolant
system following a postulated accident, and cools the reactor core, prevents the fuel and
fuel cladding from serious damage, and limits the zirconium-water reaction of the fuel
cladding to a very small amount.

The ECCS design is based on the followings:
In combination with control rod insertion, the ECCS is designed to shutdown and
cool the reactor during the following accidents:
- SBLOCA of the primary piping,
- Control rod ejection,
- Main steam line break,
- Steam generator tube rupture
The ECCS is designed with sufficient redundancy (four trains) to accomplish the
specified safety functions assuming a single failure of an active component in the
short term following an accident with one train out of service for maintenance, or a
single failure of an active component or passive component for the long term
following an accident with one train out of service.

* The ECCS is automatically initiated by a safety injection signal.
* The emergency electrical power to the essential components is provided so that the

design functions can be maintained during a loss of offsite power.

The accumulator system, which is a passive safety component, consists of four
accumulators, and the associated valves and piping, for each RCS loop. The system is
connected to the cold legs of the reactor coolant piping and injects borated water when
the RCS pressure falls below the accumulator operating pressure. Pressurized nitrogen
gas forces borated water from the tanks into the RCS. The accumulator performs the
large flow injection to refill the reactor vessel, and then provides a smaller injection flow
during core reflooding in association with the high-head safety injection pumps. The
high-head safety injection system provides long term core cooling.

The high-head injection system (HHIS), which is an active safety component, consists of
four independent trains, each containing a safety injection pump and the associated
valves and piping. The safety coolant is directly injected into the downcomer (Direct
Vessel Injection (DVI)). The safety injection pumps start automatically upon receipt of the
safety injection signal. One of four independent safety electrical buses is available to each
safety injection pump. The safety injection pumps are aligned to take suction from the
refueling water storage pit (RWSP) and to deliver borated water to the safety injection
nozzles on the reactor vessel. Two safety injection trains are capable of meeting the
design cooling function for a large break LOCA, assuming a single failure in one train and
a second train is out of service for maintenance.

The RWSP in the containment provides a continuous borated water source for the safety
injection pumps. This configuration eliminates the need for realignment from the refueling
water storage tank to the containment sump, which is employed in the existing PWR
plants.
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following an accident with one train out of service. 
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4. US-APWR SBLOCA SCENARIOS AND PHASE DESCRIPTION

4.1 Accident Scenario

Here, a small break in the RCS piping is postulated at the normal reactor power operation.
During the SBLOCA transient, the RCS primary side rapidly depressurizes upon initiation
of the break, and the reactor trip and ECCS actuation signals are generated when
pressurizer pressure falls below each setpoint. In the scenario assuming the loss of offsite
power (LOOP), all RCPs trip following the reactor trip. Decrease of the RCS coolant
inventory induces the core uncovery, resulting in the fuel cladding heat-up. After RCS
pressure falls below the accumulator operating pressure or emergency electrical power is
established for the active safety trains, the ECCS starts injecting the safety coolant into
the RCS, and then the core is refilled and recovered.

Compared with the LBLOCA, the phases of the SBLOCA prior to the core recovery occur
over a longer time period. Therefore, various thermal-hydraulic phenomena can be
observed during the duration, which affect the progression of the accident. In order to
identify the important phenomena, a typical US-APWR SBLOCA is divided into five
phases: blowdown, natural circulation, loop seal clearance, boil-off, and core recovery, as
illustrated in Figure 4.1-1. The duration of each phase depends on the break size and the
performance of the ECCS.

A number of sensitivity calculations for the US-APWR SBLOCA4-1 reveal that the limiting
PCT occurs during the loop seal clearance phase when a break size of 7.5-in is assumed
at the top of the cold leg, while a break size of 1.0-ft2 at the top of the cold leg results in
the limiting PCT during the boil-off phase. Since the loop seal PCT involves more
complicated transient behavior with more significant local phenomena and processes in
comparison with the boil-off PCT, the present scaling analysis primarily addresses the
7.5-in cold leg break (CLB) scenario as a representative US-APWR SBLOCA.

In the scenario, a single failure of the electrical power to one HHIS train is postulated with
the assumption that another HHIS is out of service for maintenance, and that LOOP
occurs concurrently with the reactor trip, resulting in the severest PCT during the
US-APWR SBLOCA.4 1
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4.2 Phase Definitions

The typical scenario of the US-APWR SBLOCA can be divided into the five progressive
phases, and primary plant transient behaviors are described for each phase.

4.2.1 Blowdown

Upon initiation of the break, the RCS primary side rapidly depressurizes until flashing of
the hot coolant into steam begins. Reactor trip is initiated on the low pressurizer pressure
setpoint of 1860 psia. Closure of the condenser steam dump valves isolates the SG
secondary side. As a result, the SG secondary side pressure rises to the safety valve set
point of 1296 psia, and steam is released through the safety valves. The ECCS actuation
signal is generated at the time the pressurizer pressure decreases to the low pressurizer
pressure setpoint of 1760 psia and safety injection initiates, after a time delay. Then the
RCPs trip, after a 3 second delay, upon the reactor trip resulting from the low pressurizer
pressure.

The coolant in the RCS remains in the liquid phase throughout most of the blowdown
period, although toward the end of the period, steam begins to form in the upper head,
upper plenum, and hot legs. The rapid depressurization ends when the pressure falls to
just above the saturation pressure of the SG secondary side, which is at the safety valve
set point. The break flow in the RCS is single-phase liquid throughout the blowdown
period. When the break size is larger, the RCS pressure continues to decrease to the level
of the accumulator operation pressure, which results in disappearance of the succeeding
natural circulation and loop seal clearance phases described below.

4.2.2 Natural Circulation

When the blowdown phase ends, two-phase natural circulation is established in the RCS
loops with the decay heat being removed by boiling in the core and condensation in the
SG tubes. The EFW is initiated to maintain the secondary side inventory. As more coolant
is lost from the RCS through the break, steam accumulates in the up-flow side of the SG
tubes. The natural circulation phase will continue until there is insufficient driving head on
the cold leg side of the loops, due to the accumulation of steam in the loops between the
top of the steam generator tubes and the loop seals. Specifically, the natural circulation
phase ends when the liquid mass flow at the top of the U-tubes becomes zero.

4.2.3 Loop Seal Clearance

The third phase is the loop seal clearance period. With the loop seals present, the break
remains covered with water. The RCS water inventory continues to decrease while the
steam volume increases. Therefore, pressure in the core increases and, with the
continued loss of coolant inventory through the break, the liquid level in the core continues
to decrease. If the core mixture level drops below the top of the core during this process,
the cladding will experience a dryout and the cladding temperature in the uncovered
potion will begin to rise. When the liquid level of the downhill side of the SG is depressed
to the elevation of the loop seals, the seals clear and steam in the hot side of the RCS is
vented to the cold legs. Break flow changes from a low-quality mixture to primarily steam.
This relieves the back-pressure in the core and the core liquid level is re-equalized with
the downcomer.
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4.2.4 Boil-Off

After the loop seals clear, the RCS primary side pressure falls below that of the secondary
side due to the increase of the break flow quality, resulting in a lower mass flowrate but a
higher volumetric flow through the break. The vessel mixture level may decrease as a
result of the core boiling in this phase if the RCS pressure is too high for the injection
system to make up for the boil-off rate. The core might uncover and fuel cladding heat-up
may occur before the RCS depressurizes to the point where the SI pumps (and
accumulator when the RCS pressure drops to a sufficiently low value) deliver ECCS water
to the RCS at a rate higher than the break flow.

4.2.5 Core Recovery

As the RCS pressure continues to fall, the ECCS flowrates eventually exceed the break
flow. The vessel mass inventory then increases, and core recovery is established,
resulting in rewetting and quench of the high temperature cladding. The accumulator
injection to the core begins long before the reactor coolant is significantly discharged into
the containment vessel, and the RCS pressure is still above the containment pressure.
Therefore, the containment pressure in the small break LOCA does not affect the PCT.

4.3 References

4-1 Mitsubishi Heavy Industry, Ltd., "Small Break LOCA Sensitivity Analyses for
US-APWR," MUAP-07025-P (RO), December 2007.
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5. PHENOMENA IDENTIFICATION RANKING TABLE AND ASSESSMENT MATRIX

5.1 Phenomena Identification Ranking Table (PIRT)

The major plant responses and behaviors during US-APWR SBLOCAs are described in
the preceding chapter. Each of these major plant behaviors can be decomposed into
several fundamental thermal-hydraulic phenomena and processes. Therefore, one of the
most important steps in developing an analysis methodology is to identify the phenomena
and processes providing the most dominant influence on the specific transient and plant
behavior of interest and ultimately on PCT. These significant phenomena and processes
are listed and summarized in a Phenomena Identification and Ranking Table (PIRT).

The US-APWR SBLOCA PIRT is specifically developed in the topical report for the
US-APWR SBLOCA methodology51 . Important (high-ranked) phenomena and processes
are presented in the current scaling study in Table 5.1-1. [

The PIRT is a useful tool in developing the code assessment matrix described in the
succeeding section, since it provides a clear understanding of the phenomena and
processes which will be modeled and validated in the code assessment. Similarly, the
PIRT supports investigations from the scaling consideration, particularly from bottom-up
scaling. It is possible to conclude the adequacy and validity of the test facilities for code
assessment purposes, e.g., if they provide useful and scalable experimental data in terms
of the important phenomena and processes identified in the PIRT.
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Table 5.1-1 Important Processes and Phenomena for US-APWR SBLOCAs

SBLOCA Phase
Location
Processes/Phenomenon Blowdown Natural Loop Seal Boil-off Recovery

Circulation Clearance
Core

CHF/Dryout
Uncovered Heat Transfer
Rewet
Mixture Level

Steam Generator
Water Hold-up in SG Inlet Plenum
Water Hold-up in U-Tube Uphill Side
Primary Side Heat Transfer
Secondary Side Heat Transfer

Crossover Leg
Water Level in SG Outlet Piping
Loop Seal Formation/Clearance

Downcomer/Lower Plenum
Mixture LevelNoid Distribution

Asterisk (*) denotes that the ranking is "break size dependent."
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5.2 Code Assessment Matrix

Table 5.2-1 lists the experiments to be used for the M-RELAP5 code assessment. This
assessment matrix is basically identical to that in the topical report (Table 4.4.2-1) 5-1

except that two experiments, [

In M-RELAP5 code assessment, the ROSA/LSTF facility provides the integral effects test
(lET) data, which represent the major plant responses and behaviors during the typical
US-APWR SBLOCA. Therefore, the scalability of the ROSA/LSTF facility is to be primarily
addressed by the top-down approach, and adequacy of the test data obtained in the test
facility will be investigated. The separate effect test (SET) data were obtained in the other
test facilities listed in Table 5.2-1. Each of the experiments is related to the important
phenomena and processes identified in the US-APWR SBLOCA PIRT. The SET data
represent the phenomena and processes appearing in some local portions of the plant, of
which scalability is to be primarily evaluated based on the bottom-up approach in the
present scaling analysis.
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Table 5.2-1 M-RELAP5 Assessment Matrix for US-APWR SBLOCAs

ROSA/LSTF Void Profile Test

ORNL/THTF Void Profile Test

ORNL/THTF Uncovered Heat Transfer
Test

ORNL/THTF Reflood Test

I I I I I I I I J

UPTF SG plenum CCFL Test X

Dukler Air-Water Flooding Test X

CCROSA-IV/LSTF small break (5%) LOCA X X XX X X X X
testX
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6. SCALING ANALYSIS FOR TEST FACILITIES

As described in Chapter 5, in the M-RELAP5 code assessment matrix, the lET data are
limited to the ROSA/LSTF SBLOCA test, for which scalability is evaluated by the top-down
approach for each transient phase defined in Chapter 4. When any significant scaling
distortion occurs due to differences in the configuration and/or initial/boundary conditions
between the US-APWR and ROSA/LSTF, the effect is to be evaluated based on the
bottom-up scaling approach. Similarly, the bottom-up scaling will support the top-down
scaling when the local phenomena and processes significantly affect the global behavior.

The eight SET data are supplied from the 6 test facilities to assess the M-RELAP5
applicability to the important thermal-hydraulic phenomena and processes. The scalability
of each SET facility is evaluated by the bottom-up approach, and the results are to be
used not only in assessing the code scaleup capability, but also in completing the
quantitative scaling evaluation associated with the top-down approach.

Design specifications of the lET and SET facilities are described in the topical report for
the US-APWR SBLOCA methodology 6-1.

6.1 Blowdown

6.1.1 Phenomena and Applied Test Facilities

The blowdown phase starts from the break initiation, and ends when the RCS pressure
decreases to just above the saturation pressure of the SG secondary side, which is at the
safety valve set point.

The RCS depressurization initiated by the break is a dominant global behavior during the
blowdown phases. The discharge flow out the break determines the initial decrease of
RCS inventory, which affects the depressurization rate and the duration of blowdown. In
the US-APWR system, particularly, transient behavior of the pressurizer pressure
determines the timing for the reactor trip (scram) and the safety injection. Therefore, the
pressurizer depressurization is addressed as a significant parameter of interest for the
blowdown phase. In the M-RELAP5 code assessment, the ROSA/LSTF test facility6-2

provides the lET data (SB-CL-18 test 6-3) in terms of the blowdown transient including rapid
depressurization, of which scalability is to be evaluated by comparing the system
behaviors between the ROSA/LSTF and US-APWR, based on the top-down approach.

ROSA/LSTF is an integral test facility which is a volumetrically 1/48-scaled and full height
model of the Westinghouse-type 3423 MWt 4-loop PWR. The test facility was designed to
reproduce thermal-hydraulic phenomena peculiar to SBLOCAs and operational transients
in the reference plant. The ROSA/LSTF is reasonably applicable for investigation of the
SBLOCA behavior occurring in US-APWR, since the US-APWR design is very similar to
the Westinghouse 4-loop PWR as mentioned in Section 3.1. Appendix A of the present
report provides a comparison of the primary design parameters between US-APWR and
ROSA/LSTF. The SB-CL-18 test simulated a 5% cold leg break (CLB) in the reference
PWR which is close to the case of US-APWR 7.5-in CLB ([ ] in a precise sense
from the volumetric scaling ratio). Therefore, all the major plant behaviors, and important
phenomena and processes occurring during the representative US-APWR SBLOCA
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scenario can be observed in the test data.

6.1.2 Top-Down Scaling Analysis

6.1.2.1 Transient Behavior of Interest

Figure 6.1-1 shows the calculated pressure transient in the pressurizer during the
US-APWR 7.5-in CLB. The pressure monotonically decreases until the pressurizer
becomes empty. The timing of important events related to the safety system are included
in the figure. After about 30 seconds, the pressure stabilizes slightly above the SG
secondary pressure level, which indicates the beginning of the natural circulation phase
as discussed in Section 6.2.

The pressurizer pressure transient during ROSA/LSTF SB-CL-18 test is shown in Figure
6.1-2, where the time of pressurizer emptying is almost the same as calculated in the
US-APWR. Rapid depressurization ends at about 30 seconds, and then the pressure
decreases much more slowly. This slow depressurization continues until about 80
seconds after the break initiation when primary pressure equalizes with the secondary
system pressure. Both transients are compared in Figure 6.1-3. By taking account of the
slightly larger break size in US-APWR under the volumetric scaling, it can be concluded
that the two depressurization behaviors look similar to each other until about 30 seconds,
corresponding to the end of blowdown phase for the US-APWR 7.5-in CLB.

The pressure behavior during the blowdown phase is represented only in the control
volume of the pressurizer for the top-down scaling analysis, as discussed in the
subsequent section. The primary system except for the pressurizer is subcooled, and the
break flow is considered related to the liquid mass outflow from the pressurizer. To
examine validity and applicability of the modeling, the status of transient behaviors in the
US-APWR and ROSA/LSTF are verified as follows.

The break flowrate is compared with the flowrate of the pressurizer surge line in Figure
6.1-4. The surge line flowrate is less than [ ] Similarly, the
experimental results from the ROSA/LSTF test are shown in Figure 6.1-5, where the
surge line flowrate was estimated from the change of pressurizer liquid level. As the
measured break flowrate was based on the change of liquid level in a huge storage tank
located far from the break location, the early transient of break flow is expected to be
smoothed in time, inducing deviation in comparison between the break and surge line
flowrates. After 5 seconds, however, the surge line flowrate becomes lower than the break
flowrate as well as US-APWR. The inner diameters of surge line are [ ] for
US-APWR, and 66.9 mm for ROSA/LSTF, respectively, and each of them is significantly
larger than the break diameter ([ ] for US-APWR 7.5-in CLB and 22.5 mm for
ROSA/LSTF SB-CL-1 8). Therefore, flow restriction due to the geometrical configuration is
unlikely to be a cause of the reduced flowrate through the surge line.

Therefore, the void generation in the hot region (core, upper plenum, hot legs and steam
generators uphill side) can be a potential source to suppress the outflow from pressurizer.
The void fractions at various locations are compared in Figure 6.1-6 through Figure 6.1-9.
The void generation occurs in US-APWR just after the break initiation, which is due to the
steam production in core and to flashing following depressurization. The ROSA/LSTF
results were also obtained by M-RELAP5, showing the similar void behaviors except for
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the delay in void generation timing compared with US-APWR. (As indicated in the topical
report6-1, M-RELAP5 can accurately predict the liquid level transients in core and loops for
ROSA/LSTF, so that the void fraction predicted by M-RELAP5 is considered to be
reasonable.) In fact, the difference between the break and surge line flowrates becomes
large, namely, the surge line flowrate is significantly suppressed after the void generation
becomes significant in the hot region. This indicates that the pressurizer surge line
flowrate is difficult to relate to the break flowrate directly, and that the assumption of the
subcooled fluid in the primary system except for pressurizer is no longer valid in the latter
portion of the blowdown phase.

In addition, void behavior in the upper head region is compared for the US-APWR 7.5-in
CLB and ROSA/LSTF SB-CL-18 test in Figure 6.1-10. Void generation starts at [

] together with the void generation in other hot regions for the ROSA/LSTF,
whereas void generation slowly occurs at [ ] in the upper head of
US-APWR. The difference occurred because the upper head fluid temperature was kept
at nearly the hot leg fluid temperature (THOT) in the ROSA/LSTF while the cold leg fluid
temperature (TcoLo) is specified for the initial upper head temperature in the US-APWR
design. Furthermore, the timing of void generation in the upper head of ROSA/LSTF
almost agrees with the time when the depressurization is considerably moderated. Impact
of the upper head voiding to the depressurization behavior is discussed in Section 6.1.2.6.
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Figure 6.1-1 Pressurizer Pressure for US-APWR 7.5-in CLB (Calculation)
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Figure 6.1-2 Pressurizer Pressure for ROSA/LSTF SB-CL-18 (Measurement)

Mitsubishi Heavy Industries, LTD.
6-4

Scaling Analysis for US-APWR SBLOCAs - Part 1 - UAP-HF-09472-NP (RO) 

Figure 6.1-1 Pressurizer Pressure for US-APWR 7.S-in CLB (Calculation) 

16 

14 

12 _ PRZ empty time._ 

~ 
10 

Q) 8 ... 
~ 
:3 
£t 6 ...... . ... - .. 

4 

2 

00 20 40 60 80 100 
time (sec) 

Figure 6.1-2 Pressurizer Pressure for ROSA/LSTF SB-CL-18 (Measurement) 

Mitsubishi Heavy Industries, LTD. 
6-4 



Scaling Analysis for US-APWR SBLOCAs - Part 1 - UAP-HF-09472-NP (R0)

Scaling Analysis for US-APWR SBLOCAs - Part 1 - UAP-HF-09472-NP (RO)

0-

0-

100

time (s)

Figure 6.1-3 Comparison of Pressurizer Pressure between US-APWR 7.5-in CLB
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Figure 6.1-4 Comparison of Mass Flowrates at Break and Pressurizer Surge Line for
US-APWR 7.5-in CLB (Calculation)
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Figure 6.1-6 Comparison of Core Void Fractions between US-APWR 7.5-in CLB and
ROSA/LSTF SB-CL-18 (Calculations)
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Figure 6.1-6 Comparison of Core Void Fractions between US-APWR 7.5-in CLB and 
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Figure 6.1-7 Comparison of Upper Plenum Void Fractions between US-APWR 7.5-in
CLB and ROSA/LSTF SB-CL-18 (Calculations)

Figure 6.1-8 Comparison of Hot Leg Void Fractions between US-APWR 7.5-in CLB
and ROSA/LSTF SB-CL-18 (Calculations)

Mitsubishi Heavy Industries, LTD.
6-7

Scaling Analysis for US-APWR SBLOCAs - Part 1 - UAP-HF-09472-NP (RO) 
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Figure 6.1-9 Comparison of SG (Inlet Plenum to U-Tube Uphill Side) Void Fractions
between US-APWR 7.5-in CLB and ROSA/LSTF SB-CL-18 (Calculations)

Figure 6.1-10 Comparison of Upper Head Void Fractions between US-APWR 7.5-in
CLB and ROSA/LSTF SB-CL-18 (Calculations)
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6.1.2.2 Governing Conservation Equations

In evaluating the global transient behavior of interest, the method developed by S.
Banerjee et al. for the AP600 SBLOCA6 4 is employed for the basis of the present
top-down scaling analysis.

It is assumed that the reactor system is running at rated power and at a pressure of
approximately 15.5 MPa before the transient starts. Under the operational condition, the
system pressure, namely pressurizer pressure, is regulated by the pressurizer control
system to maintain the pressurizer fluid at saturation condition, while the primary coolant
system except for the pressurizer contains subcooled fluid. When a small break is
postulated to occur in the cold leg, the system pressure will immediately start decreasing
in response to the mass and energy loss out the break, inducing liquid flashing in the
pressurizer. During the initial portion of the blowdown phase, the break flow is subcooled
and the majority of the RCS remains subcooled. In the US-APWR 7.5-in CLB and/or
ROSA/LSTF SB-CL-18 test, however, the break size is relatively larger so that the RCS
fluid reaches the saturation condition and starts flashing in the latter portion of the
blowdown phase as discussed in the preceding section, while the subcooled RCS fluid is
assumed throughout the blowdown phase in the AP600 SBLOCA with smaller CLB (1.0-in
break size).

The configuration of the system can be basically represented by a tank of saturated liquid
and vapor (pressurizer) connected to a large volume of subcooled liquid (RCS except for
the pressurizer) as shown in Figure 6.1-11. Here, the void generation and accumulation in
the primary system is considered to affect the pressure transients and mass distributions.
In addition, the surge line flowrate from the pressurizer is no longer equal to the discharge
flowrate out the break as discussed in the previous section, while this equality is
approximately employed in the top-down scaling evaluation for the AP600 SBLOCA
blowdown. In the present evaluation, therefore, the surge line flowrate behavior is taken
directly from the M-RELAP5 calculation for US-APWR and from the measured data for
ROSA/LSTF such that the evaluation can be achieved including the primary system
response implicitly.

From the energy balance point of view, the contribution of the pressurizer heater to the
system is negligible in comparison with vaporization due to rapid depressurization during
the US-APWR SBLOCA with 7.5-in CLB as well as during the ROSA/LSTF SB-CL-1 8 test.
In modeling the governing conservation equations, the energy release to vaporize the
liquid is accounted for in the pressurizer control volume as illustrated in Figure 6.1-11.
Contribution of the net heat generation in RCS to the pressurizer is implicitly accounted for
through the pressurizer surge line flow behavior. It is noted that the energy loss out the
break is negligible because the discharge flow remains liquid during the blowdown phase.

Based upon the system configuration and the assumptions described above, the pressure
behavior is represented by the following global mass and energy conservations for the
pressurizer control volume, which are the governing conservation equations used in
scaling evaluations by the top-down approach.

Mass conservation equation:
dt.- =PRZ = VO (P, +(1-a)p,) (6.1-1)
dt dt
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top-down scaling analysis. 

It is assumed that the reactor system is running at rated power and at a pressure of 
approximately 15.5 MPa before the transient starts. Under the operational condition, the 
system pressure, namely pressurizer pressure, is regulated by the pressurizer control 
system to maintain the pressurizer fluid at saturation condition, while the primary coolant 
system except for the pressurizer contains subcooled fluid. When a small break is 
postulated to occur in the cold leg, the system pressure will immediately start decreasing 
in response to the mass and energy loss out the break, inducing liquid flashing in the 
pressurizer. During the initial portion of the blowdown phase, the break flow is subcool~d 
and the majority of the RCS remains subcooled. In the US-APWR 7.5-in CLB and/or 
ROSAILSTF SB-CL-18 test, however, the break size is relatively larger so that the RCS 
fluid reaches the saturation condition and starts flashing in the latter portion of the 
blowdown phase as discussed in the preceding section, while the subcooled RCS fluid is 
assumed throughout the blowdown phase in the AP600 SBLOCA with smaller CLB (1.0-in 
break size). 

The configuration of the system can be basically represented by a tank of saturated liquid 
and vapor (pressurizer) connected to a large volume of subcooled liquid (RCS except for 
the pressurizer) as shown in Figure 6.1-11. Here, the void generation and accumulation in 
the primary system is considered to affect the pressure transients and mass distributions. 
In addition, the surge line f10wrate from the pressurizer is no longer equal to the discharge 
f10wrate out the break as discussed in the previous section, while this equality is 
approximately employed in the top-down scaling evaluation for the AP600 SBLOCA 
blowdown. In the present evaluation, therefore, the surge line f10wrate behavior is taken 
directly from the M-RELAP5 calculation for US-APWR and from the measured data for 
ROSAILSTF such that the evaluation can be achieved including the primary system 
response implicitly. 

From the energy balance point of view, the contribution of the pressurizer heater to the 
system is negligible in comparison with vaporization due to rapid depressurization during 
the US-APWR SBLOCAwith 7.5-in CLB as well as during the ROSAILSTF SB-CL-18 test. 
In modeling the governing conservation equations, the energy release to vaporize the 
liquid is accounted for in the pressurizer control volume as illustrated in Figure 6.1-11. 
Contribution of the net heat generation in RCS to the pressurizer is implicitly accounted for 
through the pressurizer surge line flow behavior. It is noted that the energy loss out the 
break is negligible because the discharge flow remains liquid during the blowdown phase. 

Based upon the system configuration and the assumptions described above, the pressure 
behavior is represented by the following global mass and energy conservations for the 
pressurizer control volume, which are the governing conservation equations used in 
scaling evaluations by the top-down approach. 

Mass conservation equation: 

dM = -mpRZ = Vo !!.... (apg + (1- a )Pf ) 
dt dt 

(6.1-1) 
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Energy conservation equation:
dP 1 (-' P.Rz (ho., -•u)+ 4,,eti+ V "nPRZ

dt - M ?p M avý
(6.1-2)

The details in deriving the above equations including nomenclatures are described in
Appendix A of Reference 6-4. The equations are basically identical to those in the AP600
SBLOCA scaling analysis report, however, the net heat generation in the pressurizer is
defined as follows so that the heat release from fluid due to change of the saturation
temperature following the rapid depressurization is accounted:

q netl = qheater

Mk

Cpk

Tsat

+ (Mfcp, + M gCPg ). ,at
Mass for phase k (k=forg)

Specific heat for phase k

Change rate of saturation temperature

(6.1-3)

PRZ Control volume

Vapor

qnetl
(Heater, Heat release)

q net2
(q Core - q SG)

mout
(Break flow)

Figure 6.1-11 Schematic of Control Volume and Related Variables for Blowdown
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Energy conservation equation: 

dp 1 op I ( . ( ).) 1 op I . - = -- - mpRZ hout - Il + qnetl + -- v· mpRZ 
dt M all v M ov I' 

(6.1-2) 

The details in deriving the above equations including nomenclatures are described in 
Appendix A of Reference 6-4. The equations are basically identical to those in the AP600 
SBLOCA scaling analysis report, however, the net heat generation in the pressurizer is 
defined as follows so that the heat release from fluid due to change of the saturation 
temperature following the rapid depressurization is accounted: 

qnetl = qheater + (M,CPf + MgCPg)' Tsat 

M k : Mass for phase k (k=f or g) 

C Pk : Specific heat for phase k 

Tsat : Change rate of saturation temperature 

,- - - - - - - - - - - - - - - - - --
PRZ : Control volume , , 

: Vapor , 

qnet1-...... ~~ 
(Heater, Heat release) 

Vapor 
Primary 
system 

mout 
(Break flow) 

(6.1-3) 

Figure 6.1-11 Schematic of Control Volume and Related Variables for Blowdown 
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6.1.2.3 Nondimensional Equations and Groups

Each of the physical parameters in the governing conservation equations, (6.1-1) and
(6.1-2), is nondimensionalized by dividing by the reference quantity of the parameter, e.g.
the initial value. Then, the equations are mathematically solved to obtain the temporal
derivatives of the pressurizer pressure and liquid level. The resulting nondimensionalized
equations that include all the relevant terms for this phase are as follows.

Nondimensionalized pressure equation:
dP* (Dt •3r" *PRZ(hf + xhfg - (pf + x/pf)) -p i l•M

- 4frhP*RZ(Vf + XVg). --g aP (6.1-4)

+ sq mM ayp 1

Nondimensionalized liquid level equation:
dL- m PRZ O( ; dp (6.1-5)

where
h : Enthalpy
p : Internal energy
v : Specific volume
L : Liquid level in pressurizer
hf = hg - h,

Vf9 = Vg - Vf ,

l-L
X-+LiCIV9 -1ij

The quantities with an asterisk represent normalized variables, whereas the subscript of
zero (0) indicates the reference state of the quantity. Equations (6.1-4) and (6.1-5)
represent a closed set of equations with unknowns p* and L, where C is normalized by
dividing by the height of the pressurizer. The reference time to was selected such that 06
equals to unity.

The coefficients 03, 0 4, 0D5 and 06 are the parameters characterizing the system response,
e.g. p* and L*. 0D3 is ratio of pressure change, due to the net energy removed from the
system, to the reference pressure; (04 represents the ratio of pressure change, due to
volumetric outflow, to the reference pressure; 05 is the ratio of pressure change, due to
generation rate of pressurizer heater and flashing rate in pressurizer, to the reference
pressure; and 06) represents a ratio of mass loss from the control volume in time to to the
total mass in the volume. These nondimensional groups are defined as follows, each of
which represents its magnitude of contribution to the system response:
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.• ( ). f.i~ apl' 1 -CD 4 mpRZ v, +xvfg -. - --. 
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(6.1-4) 

. 8pl 1 + CD s Qnetla M' 
f.i. 

Nondimensionalized liquid level equation: 

dC _ -CD ri1~RZ ~1-C dp~ dp' 
d( - 6 (p' - .) . - . d . d( ,Pg ,Pg P 

(6.1-5) 
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tOrPRZO (h -p)O Dp (6.1-6)
PoM 0o a/i VO

VO(14 =tOrhpRZOVO Izfg° a-P(617

P5M0 -q f p

v0-6 Mol•~z (6.1-9)

Detailed derivations for the nondimensionalized equations and groups are described in
Appendix A of Reference 6-4.

6.1.2.4 Scaling Analysis Results

In the top-down approach, the scalability between the test facility and plant in terms of the
transient behaviors of interest can be evaluated by quantifying and comparing the
nondimensional groups for each test facility and plant.

Physical parameters used to quantify the nondimensional groups and the resultant
nondimensional groups D are summarized in Table 6.1-1. The order of magnitude analysis
is performed by comparing the numerically evaluated nondimensional groups. The
analysis shows that the most significant nondimensional group for the pressure behavior
is (0)4 relating to the outflow both for the US-APWR and ROSA/LSTF. The scaling criteria
are defined by the ratio of nondimensional groups between US-APWR and ROSA/LSTF.
As discussed in the order of magnitude analysis, the ratio of 04 is the most significant
scaling criterion for the. blowdown phase. In the scaling analysis for AP1000, it is shown
that an acceptable range for the facility/plant scaling ratios is from 0.5 to 2.0.65 As shown
in Table 6.1-2, the ratio of 04 between US-APWR and ROSAILSTF is about [ 1]
indicating the ROSA/LSTF is sufficiently scalable to the US-APWR from the quantitative
point of view.

In quantifying the nondimensional groups, the reference time is specified so that 06
equals unity, as described in the previous section. This means that the time period
addressed in the evaluation above is limited from the break initiation to the reference time,
because the governing equations modeled are no longer meaningful after the pressurizer
volume becomes empty. The reference time selected for US-APWR is [ ]seconds
(I ] seconds for ROSA/LSTF), while the blowdown phase in the representative
US-APWR SBLOCA continues until about 30 seconds after the break initiation. Namely,
the evaluation result indicates scalability only for the early portion of the blowdown phase.
However, all the primary events affecting the plant behaviors following the blowdown
phase, generation of the reactor trip and SI actuation signals, occur [

] under the representative US-APWR SBLOCA. Consequently, the scaling
evaluation result obtained here demonstrates that the ROSAILSTF is sufficiently scalable
to US-APWR at least during the important time period of the blowdown phase which
affects the transient evolution and the resultant PCT. US-APWR and ROSA/LSTF
responses during the latter portion of the blowdown phase is discussed in Section 6.1.2.6.
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Table 6.1-1 Comparison of Physical Values and Nondimensional Groups between
US-APWR 7.5-in CLB and ROSA/LSTF SB-CL-18 for Blowdown Phase

Reference IR US-APWR ROSA/LSTF Notes
Parameters

Break diameter (mm)

Break area (mm 2)

System pressure
(MPa)

Tsat(To) (K)

Liquid enthalpy
(kJ/kg)
Liquid density
(kg/m 3)
Maximum surge line
flow rate (kg/s)
Pressurizer volume
(m3)
Pressurizer length
(m)
Pressurizer area
(M2)
Initial pressurizer
level (%)
Initial liquid mass
(kg)
Initial liquid volume
(M 3)

Pressurizer heater
power (kW): qo
ap/ap
v0fo (kJ/kg)
Vo (m3 /kg)
Vfgo0 (m3/g)

(h-pj)o (kJ/kg)
to
03
0l) 4

05)5
06

Reference pressure when blowdown
initiates

Reference saturated fluid temp

Approximately ignored for US-APWR
SBLOCA analysis model

Reference specific internal energy
Reference specific volume
=(Vg-vf)o
Reference net energy
Reference time
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Table 6.1-1 Comparison of Physical Values and Nondimensional Groups between 
US-APWR 7.5-in CLB and ROSA/LSTF SB-CL-18 for Blowdown Phase 

Reference US-APWR I ROSA/LSTF Notes Parameters 

-- ...., 
Break diameter (mm) 

Break area (mm2
) 

System pressure Reference pressure when blowdown 
(MPa) initiates 

T sat(T 0) (K) Reference saturated fluid temp 

Liquid enthalpy 
(kJ/kg) 
Liquid density 
(kg/m3) 
Maximum surge line 
flow rate (kg/s) 
Pressurizer volume 
(m3) 
Pressurizer length 
(m) 
Pressurizer area 
(m2

) 

Initial pressurizer 
level (%) 
Initial liquid mass 
(kg) 
Initial liquid volume 

'. 

(m3) 
Pressurizer heater Approximately ignored for US-APWR 
power (kW): qo SBLOCA analysis model 
apJap 
PfQO (kJ/kg) Reference specific internal energy 
Vo (m3/kg) Reference specific volume 
VfQO (m'/kg) =(vg-Vt)o 
(h-p)o (kJ/kg) Reference net energy 

to Reference time 

ct>3 

ct>4 

ct>s 

ct>s 
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Table 6.1-2 Scaling Criteria between US-APWR 7.5-in CLB and ROSA/LSTF
SB-CL-18 for Blowdown Phase

Scaling T'4,ROSA

Parameters O,US-APWRD

(D3,ROSA Ratio of pressure change, due to net
energy removed from the system, to

(D3,US-APWR reference pressure

q)4,ROSA Ratio of pressure change, due to

(D4,US-APWR volumetric outflow, to reference pressure

(D5,ROSA Ratio of pressure change, due to
generation rate of pressurizer heater, to

(D5,US-APWR reference pressure

(D6,ROSA Ratio of integrated mass flow to reference

()6,US-APWR mass
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Table 6.1-2 Scaling Criteria between US-APWR 7.5-in CLB and ROSA/LSTF 
SB-CL-18 for Blowdown Phase 

Scaling \f'#,ROSA 
Definitions 

Parameters \f'#,US-APWR 

Cl>3,ROSA r """ Ratio of pressure change, due to net 

Cl>3,US-APWR 
energy removed from the system, to 
reference pressure 

Cl>4,ROSA Ratio of pressure change, due to 

CI> 4,US-APWR 
volumetric outflow, to reference pressure 

Cl>5,ROSA Ratio of pressure change, due to 

Cl>5,US-APWR 
generation rate of pressurizer heater, to 
reference pressure 

Cl>6,ROSA Ratio of integrated mass flow to reference 

Cl>6,US-APWR 
mass 

'- J 
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6.1.2.5 Validation of Scaling Results

In order to validate the developed nondimensional equations, (6.1-4) and (6.1-5), the
normalized pressurizer pressure (p) and liquid level (L) computed by the equations are
compared with those obtained based on the measurements in ROSA/LSTF. Figure 6.1-12
and Figure 6.1-13 show the p vs. t and L vs. t plots, respectively. The temporal changes
of p and L agree well within the reference time scale between the reduced model and the
measurement for ROSA/LSTF, indicating the reduced model sufficiently characterize the
transient behaviors of interest.

Next, the temporal changes of p* and C in the US-APWR and ROSA/LSTF transients are
compared in the same region as shown in Figure 6.1-12 and Figure 6.1-13, respectively.
Regarding the pressurizer pressure behavior (p* vs. t), a good agreement is found
between the US-APWR and the ROSA/LSTF (Figure 6.1-12). This leads to the conclusion
that the ROSA/LSTF is well scaled to the US-APWR in terms of the depressurization
throughout the reference time period of the blowdown phase. Whereas, a significant
difference is noticed for the normalized liquid level in Figure 6.1-13, which is due to the
difference in the initial liquid level between the US-APWR and ROSA/LSTF. However, a
monotonic decrease is observed in the level changes for both the US-APWR and
ROSA/LSTF transients. Furthermore, the difference has a negligible affect on the
pressure behavior, which is the most significant parameter of interest during the blowdown
phase.
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Figure 6.1-12 Comparison of p* vs. f between US-APWR 7.5-in CLB and ROSA/LSTF
SB-CL-18

Figure 6.1-13 Comparison of L vs. f between US-APWR 7.5-in CLB and ROSA/LSTF
SB-CL-1 8
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Figure 6.1-12 Comparison of p. vs. f between US-APWR 7.S-in CLB and ROSA/LSTF 
SB-CL-18 

Figure 6.1-13 Comparison of L· vs. f between US-APWR 7.S-in CLB and ROSA/LSTF 
SB-CL-18 
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6.1.2.6 Evaluation of Scaling Distortions

As discussed in Section 6.1.2.4, no significant distortion is found in the ROSA/LSTF
scalability to the US-APWR during the blowdown phase. However, several differences are
found between the US-APWR and ROSA/LSTF transient regarding the void behavior at
various locations, and their impact on depressurization behavior is discussed below.

As indicated in Figure 6.1-6 to Figure 6.1-9, voids in the hot regions are generated earlier
in the US-APWR than in ROSA/LSTF. For ROSA/LSTF, the maximum core power density
is lower than that of the operational power density of the US-APWR and/or 4-loop PWR
due to limitation in the supplied electric power source. To compensate for lower core
power the initial core coolant mass flux was suppressed relative to that of US-APWR or
4-loop PWR so that the initial core fluid properties in ROSA/LSTF closely match the fluid
conditions in the actual plants. Just after transient started in ROSA/LSTF, the reactor
coolant pump (RCP) speed was increased up and then RCP coastdown was initiated to
simulate the loop flowrate in the plant. This unrepresentative operational procedure in the
early portion of the transient induced void occurrence slower even in the hot region.

The difference in void generation possibly affected the surge line flow out the pressurizer
between the US-APWR 7.5-in CLB and the ROSA/LSTF SB-CL-18 test. However, the
resultant pressurizer pressure behavior is similar between the two cases even during the
early portion of blowdown phase as demonstrated in the preceding sections, leading to a
conclusion that the unrepresentative operation in the ROSA/LSTF test did not result in a
significant scaling distortion during the transient.

Next, the latter portion of depressurization behavior in the ROSA/LSTF slightly differs from
that in the US-APWR as compared in Figure 6.1-3, where the rapid depressurization was
moderated after about 30 seconds in the ROSA/LSTF. As discussed in Section 6.1.2.1, a
primary reason is early voiding in the upper head during the blowdown, since the initial
fluid temperature in the upper head of ROSA/LSTF reached approximately THoT while
TcOLD is assumed for the US-APWR. In addition, hydraulic resistance at the spray nozzle
between upper head and downcomer is significantly larger in the ROSA/LSTF facility in
comparison with the US-APWR. This difference mitigated the depressurization of the hot
region in the ROSA/LSTF after voiding onset in the upper head. It can be shown that the
voiding started at [ ] in the ROSA/LSTF test and immediately suppressed
the depressurization of the reactor system, as well as in the pressurizer. In other words,
the early voiding due to differences in initial upper plenum fluid temperatures induced a
distortion in the transient behavior of pressurizer pressure in the ROSA/LSTF test.

However, this distortion does not become significant until [ ] after the
break initiation, when the transient evolution approaches the end of blowdown phase.
Hence, there is no need to quantitatively evaluate this scaling distortion at least for the
major portion of blowdown phase.
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However, this distortion does not become significant until [ ] after the 
break initiation, when the transient evolution approaches the end of blowdown phase. 
Hence, there is no need to quantitatively evaluate this scaling distortion at least for the 
major portion of blowdown phase. 

Mitsubishi Heavy Industries, LTD. 
6-17 



Scaling Analysis for US-APWR SBLOCAs - Part 1 - UAP-HF-09472-NP (R0)

6.1.3 Bottom-up Scaling Analysis

From the viewpoint of the bottom-up approach, the discharge flow characteristic out the
break is important in determining the initial plant response. Since the US-APWR SBLOCA
methodology employs a break flow model approved in Appendix K to 10 CFR 50 for its
application to the licensing safety analysis, the break flow model in M-RELAP5 was not
been explicitly assessed using experimental test data. In addition, occurrence of dryout
(DNB) is not expected during the blowdown phase in the spectrum of US-APWR
SBLOCAs.66 Therefore, there is no need to evaluate the break flow model and relevant
experimental data by using the bottom-up scaling approach.

Otherwise, the heat transfer between the primary and secondary sides of the SG can be
one of the important phenomena during the blowdown phase. In the top-down scaling
analysis, however, the heat transfer was not explicitly addressed and concluded that the
outflow from the pressurizer is a most dominant factor during the blowdown phase, as
discussed in Section 6.1.2. Taking account of this conclusion, the heat transfer in the SG
is not directly addressed by the bottom-up approach for the present study.

6.1.4 Summary

The depressurization characteristic during blowdown is important because that
determines the signal timing for the scram and the safety injection and the timing of the
transition to the natural circulation phase. The ROSA/LSTF facility is a major lET providing
integral system responses including the blowdown phase, for which it is necessary to
evaluate the scalability to US-APWR.

This section investigated the depressurization behavior in the US-APWR SBLOCA 7.5-in
CLB and also in the ROSA/LSTF SB-CL-18 test, and characterized them by the
nondimensional equations to examine the scalability quantitatively. The study revealed
that the US-APWR depressurization is primarily controlled by outflow from the pressurizer
and the same mechanism is dominant in the ROSA/LSTF test. This similitude is quantified
by defining a scaling criterion in terms of the relevant nondimensional group, resulting in
that the ROSA/LSTF is sufficiently scalable to the US-APWR during the blowdown phase.
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6.2 Natural Circulation

6.2.1 Phenomena and Applied Test Facility

For the US-APWR, in a postulated SBLOCA, the natural circulation phase starts at the
end of blowdown phase. For the 7.5-in CLB, the primary conditions that shall exist to
identify a natural circulation are as follows: the pressurizer should be empty, the primary
system pressure approaches that of secondary system pressure, and most importantly,
the RCP has fully coasted down. The natural circulation phase ends when there is no
substantial net liquid flow at the top of steam generators' (SG) U-tubes. From mass and
energy balances point of view, when the steam quality is high enough, the liquid flowrate
at the top of SG U-tubes decreases to zero. The decay heat is removed by heat transfer
(condensation and convection) to the SG secondary side. The emergency feedwater
system is initiated to maintain the secondary side inventory. Vapor generated in the core is
trapped within the RCS by the loop seal. As more low quality coolant flow exits the break,
the vapor accumulates in the downhill side of the SG U-tubes and the crossover leg. The
natural circulation will continue until driving-head on the cold leg side of the loops is no
longer sufficient, due to the accumulation of steam in loops between the top of the SG
U-tubes and the loop seals. Hence, the liquid mass flowrate at the top of SG U-tubes shall
approach zero to indicate the end of natural circulation phase.

The natural circulation phase in a postulated SBLOCA of the US-APWR is characterized
by constant RCS pressure, or the depressurization rate approaches zero. In general,
there is no complex phenomenon during the natural circulation phase, except for the
outflow from the continuous discharge from the break location. There is no mass and
energy inflow to the system that implies the ECCS has not been put in operation during
natural circulation. Core power is at a decay heat level of -4% from the rated thermal
power. The steam generators' secondary side serves as the heat sink. Break flow is
initially subcooled then reaches saturation. Based on the M-RELAP5 analysis, the RCS
pressure is assumed constant at -1300 psia. Initially, the RCS has zero static steam
quality, except for the pressurizer, that contains vapor at the beginning of phase. The
steam quality in the RCS is growing monotonically due to break flow that decreases the
system mass inventory. Steam quality is considered only in the hot region, consisting of
core, upper plenum, hot legs, SG inlet plenums, and upflow-side of SG U-tubes. The
ECCS that is comprised of the advanced accumulators and high-head injection system
(HHIS) are not yet in operation during the natural circulation period. The RCS pressure is
still above the actuation set point of the advanced accumulator, while the safety injection
pumps have not injected any coolant due to the loss-of-offsite power (LOOP) assumption.

As was done for the blowdown phase, this section studies the US-APWR response to a
7.5-in CLB where the limiting PCT occurs during loop seal period. This section also
identifies the scalability of the ROSA/LSTF SB-CL-1 8 test with a volume-scaled break size
near that of the US-APWR 7.5-in CLB (5% break corresponds to [ D.

The US-APWR SBLOCA PIRT identifies heat transfer in the steam generators and void
distribution in the downcomer and lower plenum as the important phenomena and
processes during this phase. In the present study, natural circulation is to be investigated
first from the global mass and energy balances in the system, since the flow out the break
and the net heat transfer to coolant (heat generation from the core and heat removal to
the SG secondary side) increases steam quality in the system, affecting the natural
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circulation behavior, particularly the termination of natural circulation as identified in the
PIRT. Scalability of the system response regarding the mass inventory is quantified in this
evaluation. This approach allows implicit scalability evaluation of the steam quality
behavior under the natural circulation phase. Second, the scalability between US-APWR
and ROSA/LSTF will be addressed based on the integral momentum effect through the
reactor system. The steam quality behavior clarified in the aforementioned evaluation will
be reflected to conclude the overall scalability of the ROSA/LSTF test to the US-APWR
during the natural circulation phase in a postulated SBLOCA.

6.2.2 Top-Down Scaling Analysis

6.2.2.1 Transient Behavior of Interest

For the natural circulation phase, the transient behaviors of interest are the
depressurization rate and the mass inventory of the RCS from the beginning to the end of
the phase. The decay power at the end of natural circulation affects fuel cladding heatup
behavior during the subsequent loop seal clearing phase.

In order to determine the various reference parameters required to perform the top-down
scaling analysis for the natural circulation phase, the start and end times of natural
circulation phase shall be first defined, by setting up some arbitrary criteria that would
depend on break size. The start of the natural circulation phase can be defined as the
time when the RCS depressurizes to a value near the secondary system pressure, the
pressurizer liquid level has been virtually empty, and to confirm that the flow is purely
natural circulation, the RCP has been fully coasted down and the head pressure is
sufficiently low, as not to affect the natural circulation. Figure 6.2-1 shows time variation of
primary and secondary pressures for US-APWR. The figure shows that following the
blowdown depressurization, the RCS pressure stabilizes. The inclination point signifies
the beginning of the natural circulation. Figure 6.2-2 displays the reduction of liquid
volume in the pressurizer during the preceding blowdown period. The pressurizer is
considered empty at [ ]. Figure 6.2-3 presents the transient liquid mass
flowrate at the top of the U-tubes and the RCP pressure head plotted as a function of time.
This figure confirms that there is no effect of RCP head to the decrement of natural
circulation rate due to the continued vapor generation in the core. The RCPs head
pressure is too low to cause any effect to the natural circulation flow. Combining the above
three conditions, it is judged that the natural circulation has taken place from [

The end time of natural circulation phase is simply defined as the time when the liquid
mass flowrate at the top of the SG U-tubes becomes very small or approaches zero, or no
net liquid flow at the top of U-tubes. Figure 6.2-4 illustrates that the liquid mass flowrate at
the top of U-tubes reaches the lowest value, almost zero, at 96 seconds. The figure also
shows the transient static steam quality behavior at the same location. The natural
circulation begins when the steam quality is still low and gradually increases.

As for the ROSA/LSTF, defining the start of natural circulation phase is rather difficult. The
natural circulation phase in the US-APWR takes place under constant pressure (dP/dt
nears zero) [ ]. In ROSA/LSTF this
constant pressure characteristic does not exist. This is supposedly caused by the
difference in the initial upper head fluid temperature between the US-APWR and
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ROSA/LSTF as described in Section 6.1.2.6. The dP/dt characteristic in the ROSA/LSTF
is shown in Figure 6.2-5. The liquid level in the pressurizer is already low enough or
almost empty as early as 30 seconds. It implies that the natural circulation phase in
ROSA/LSTF shall be assumed to take place after 30 seconds. Figure 6.2-6 displays the
difference in the pressure transient characteristics during natural circulation phase for
US-APWR and ROSA/LSTF test. During the natural circulation phase, the pressure keeps
decreasing probably due to the boiling in the upper plenum in the ROSA-LSTF which is
strengthened by the effect of fluid condition. For the full-sized US-APWR calculation, the
pressure stabilizes during the natural circulation phase. Figure 6.2-7 shows the measured
pressurizer liquid level of ROSA/LSTF. It confirms that the pressurizer was empty at
around 25 seconds.

To investigate the impact of RCP head to the natural circulation, Figure 6.2-8
demonstrates that although the operation of RCP in ROSA/LSTF is unique in the
beginning of blowdown phase, however, even from about 30 seconds, the RCP pump
head goes down to zero. The figure shows the time variation of liquid mass flowrate at
U-tube top and RCP head in ROSA/LSTF. It clarifies that the RCP head pressure gives
impact in to the flowrate since the beginning of blowdown phase up to about 30 seconds.

Hence, the pure natural circulation phase cannot take place before 30 seconds. This
figure also shows that the liquid mass flowrate has ceased at about 96 seconds.
Considering the above complex aspects, the difficult point is on the steep curvature of
dP/dt shown in Figure 6.2-5. Because the RCS pressure reaches or equalizes the
secondary pressure at around 150 seconds, which is way beyond the natural circulation
phase in US-APWR, this criterion cannot be used to determine the start of natural
circulation phase in ROSA. Finally, a compromise value based on engineering judgment is
determined that the natural circulation phase in ROSA has already started at least at 35
seconds. Figure 6.2-9 also indicates that the natural circulation phase in ROSA/LSTF
ends at 96 seconds. It demonstrates the relation between the liquid mass flowrate and
static quality at U-tube top in ROSA/LSTF that implies complex phenomenon in steam
quality. At about 92 seconds, when the liquid mass flowrate has not reached zero, the
steam quality suddenly jumps up within 3-4 seconds to a high value of 0.6. This kind of
apparent distortion in phenomenon will be investigated accordingly. The figures show that
the continuous vapor generation in the core by decay heat plays an important role in the
continuous decrease of liquid mass flowrate at the top of U-tubes.
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Figure 6.2-1 Primary and Secondary Pressures for US-APWR 7.5-in CLB
(Calculation)

r

Figure 6.2-2 Pressurizer Inventory for US-APWR 7.5-in CLB (Calculation)
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Figure 6.2-1 Primary and Secondary Pressures for US-APWR 7.S-in CLB 
(Calculation) 

Figure 6.2-2 Pressurizer Inventory for US-APWR 7.S-in CLB (Calculation) 
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Figure 6.2-3 Liquid Mass Flowrate at U-Tube Top and RCP Pressure Head for
US-APWR 7.5-in CLB (Calculation)

r

Figure 6.2-4 Liquid Mass Flowrate and Static Quality at U-Tube Top for US-APWR
7.5-in CLB (Calculation)
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Figure 6.2-3 Liquid Mass Flowrate at U-Tube Top and RCP Pressure Head for 
US-APWR 7.5-in CLB (Calculation) 

Figure 6.2-4 Liquid Mass Flowrate and Static Quality at U-Tube Top for US-APWR 
7.5-in CLB (Calculation) 
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(Calculation) and ROSA/LSTF SB-CL-18 (Measurement)
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Figure 6.2-7 Pressurizer Liquid Level for ROSAILSTF SB-CL-18 (Measurement)
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6.2.2.2 Mass and Energy Balances

6.2.2.2.1 Governing Conservation Equations

As the initial approach, the natural circulation phase is evaluated from the viewpoint of
mass and energy balances. Given a certain depressurization rate during the phase, the
rate of natural circulation, represented by the mass flow rate at the top of SG U-tube has a
direct correlation with the RCS mass inventory. It will be shown that the rate of natural
circulation will gradually decrease with the continued mass and energy discharges from
the break and the impact of continued vapor generation in the core. The following figure is
the system flow diagram for the global representation of the natural-circulation phase:

Control volume

qnet Vpr P/ste Primary

(qcore - qSG) sy

Liquid-Vapor
Mixture mout

(Break flow)

Mo (RCS inventory)

Figure 6.2-10 Schematic of Control Volume and Related Variables for Natural
Circulation (Mass and Energy Balances)

The purpose of the analysis is to evaluate the scalability of ROSA/LSTF test data to the
natural circulation during an SBLOCA in the US-APWR, as compared to the US-APWR
plant analysis performed using M-RELAP5. The objective of this analysis is to identify the
dominating nondimensional groups applicable both for, the US-APWR and ROSA/LSTF.
Then the ratios will be presented to judge the scalability and/or applicability of the
ROSA/LSTF to represent the US-APWR natural circulation.

The governing mass and energy equations for the two-phase system are given as follows;

Mass conservation equation:

dP - I [Zrhin,k -rhout,k] (6.2-1)

Energy conservation equation:
ePkkVkEn, k - rhout,keout,k + lnet,k (6.2-2)
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The governing mass and energy equations for the two-phase system are given as follows; 

Mass conservation equation: 

dPkVk "r". ". ] 
dt = L..lLmin,k - L..mout,k 

k 
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The mass conservation equation is substituted into the energy conservation equation, and
the following pressure equation can be obtained;

Depressurization equation:

dP 1 Min~ h
dt- •" (pOkVk )/ cm/"lu k) (hik" k hn k-

dt I k1 k' (6.2-3)

-- rnout,k (hout,k - lk ) + q net,k Vk rIlfin,k -- rout,k
k J

In the reactor system during the natural circulation, no mass and energy enters into the
system, therefore, the above mass and pressure equations become as follows:

dM [ 1dt = [- mOutk (6.2-4)
kP 1 ((C P/ I v ))k

-P _--,k P _))k [-rin'k(hin'k -- lk)

dt ((Pk Vk )/a'/~ k kk\\Iu/I(6.2-5)

- r•. rout*k (hout,k - Ilk )+ 4net,k - I Vk ( rnlln,k - i.ilout,k

k

In the above mass equation, the mixture mass M is defined as a sum of the liquid and
vapor masses. Details of the system conservation equations for the two-phase system are
referred to Appendix C of Reference 6-4.

6.2.2.2.2 Nondimensional Equations and Groups

Each of the physical parameters in the governing conservation equations, (6.2-4) and
(6.2-13), are normalized to the reference value, and the equations are represented by the
following nondimensionalized form as well as done in the blowdown top-down scaling:

Nondimensionalized mass equation:

dM* =13 [- i nOut,k] (6.2-6)

dt k

The SI pumps and accumulators were not yet operating during the natural circulation
phase in the 7.5 inch break; therefore, the inflow mass term in the above equation was
dropped.

Nondimensionalized pressure equation:
dp* _ '2•,bi + 'I'6 Clm1"c~m + 'IoC 2 ,llii (6.2-7)
dt

where
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b,1 rout,i (hout,, - u) (6.2-8)

Ic,m = qnet,m (6.2-9)

I1; V/ I rhout (6.2-10)

The quantities with an asterisk represent normalized variables. The coefficients C1,1, C1,
and C2 are defined as follows, based on Reference 6-4:

C 1,d = P1 'V ' /,P vOV v ,

p/V + (6.2-11)

/1V '1 VV/P O v IP

+ pV (6.2-12)

liv /1j

C 2  P / P V
___v, pv~v

( pý'+ ap(6.2-13)

From Table C-1 in Reference 6-4, which shows the physical interpretation of the
nondimensional group, only (u2, q-6, o10 and uJ13 are selected because they are associated
with the terms corresponding to mechanisms that are active in the natural circulation
phase of a SBLOCA in the US-APWR. When evaluating the groups for the
depressurization equation, the 4P13 can be substituted into the tp2, qu6, and q-jo groups.
The resultant nondimensional groups can then be written as follows:

V Cleorho (hout - lout )o to (6.2-14)
P0

V/6 C- qt (6.2-15)
PO

V10 - 2 t (6.2-16)
PO

"'13 -- (6.2-17)M0

'u2 is the ratio of pressure change, due to change in specific energy of the subcooled field
from mass outflows, to the reference pressure. q-16 is the ratio of pressure change, due to
change in specific energy of the saturated field from heat transfer, to the reference
pressure. q-0 is the ratio of pressure change, due to change in specific volume of the
subcooled field from heat transfer, to reference pressure. And finally, u1)3 is defined as the
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ratio of mass flow to reference mass.

The above forms for Wu2, Wu6, and EPiU are easier to understand than the form in Reference
6-4, where Y13 was included. The C values are based on water properties and the relative
amounts of liquid and vapor in the system. The rest of the numerator represents a flow of
energy or volume in or out of the system which is compared to the pressure, which
represents energy per unit volume.

The resulting calculation is then verified by evaluating the static steam quality relation
given as follows:

X. -f MHoT
I - and MH- (6.2.-18)

0 Vfg Vfg VHOT

Since P is constant, vfand vfg can be obtained from the steam tables.

6.2.2.2.3 Scaling Analysis Results

To evaluate the reduced nondimensional equations, (6.2-6) and (6.2-7), a spreadsheet
was developed as a simple tool to calculate the nondimensional groups of (u2, qu6, tpio and
LV13 for both US-APWR and ROSA/LSTF. Table 6.2-1 shows the spreadsheet with
embedded formula to determine the dominating nondimensional groups. In the table,
reference parameters are listed that comprise the break's liquid flowrate, liquid enthalpy
and specific energy, the difference between core power from decay heat as heat input and
the heat removal by SGs, RCS mass inventory at a specified time, reference pressure,
and fluid property. The most important reference parameters are a set of partial derivative
dependent on the steam table. The actual value used for M0 is not too important in this
calculation. Either using the RCS mass or the integral of break flow both produce very
similar values for US-APWR and ROSA. Either definition of M0 shows that ROSA is a
good predictor of US-APWR. The purpose of evaluating W 13 is to address the mass
balance issue. The RCS mass is used as the reference value for M0. By doing this, u 1 3
represents the fraction of system mass lost out the break during the natural circulation
phase.

The scaling criteria are defined as a ratio between US-APWR and ROSA/LSTF in terms of
the dominant nondimensional groups, which are shown in Table 6.2-2. From the viewpoint
of the characterized scaling criteria both for the p* and M*, the q-, values for the
depressurization equation agree reasonably well. The natural circulation phase occurs at
a point when the average quality is about the same in both systems, which provide very
similar initial condition for the important Loop Seal Clearing phase. Since the natural
circulation phase does not strongly affect PCT and nothing too important happens during
the phase the reference values at the end of the phase are used.
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Table 6.2-1 Comparison of Physical Values and Nondimensional Groups between
US-APWR 7.5-in CLB and ROSA/LSTF SB-CL-18 for Natural Circulation Phase

(Mass and Energy Balances)

Reference
Parameters

mn0 (kg/s)

h0 (kJ/kg)

/u0 (kJ/kg)

q0 (MW)

v10 (m3/kg)

M0 (kg)

P.(Pa)

,13

US-APWR ROSA/LSTF
Notes

Break liquid flowrate

Break liquid enthalpy

Break specific energy

q0 = 4CO - 1SGI

Break liquid specific
volume
RCS mass inventory at
a specified time
Ref-pressure where
NC-phase occurs

T13=hoto
M0

Partial derivative from
Steam Table

S- (kg-/3
uI

_l ,(kg-J/m6)

a (kg/ rn)

a/Ap ) k1M3)

po (kg/m 3)

p,,o (kgm/i3)

V~ (M3)

Partial derivative from
Steam Table

Partial derivative from
Steam Table

Partial derivative from
Steam Table

Liquid density

HOT volume of
saturated liquid

Vapor density

HOT volume of
saturated vapor
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Table 6.2-1 Comparison of Physical Values and Nondimensional Groups between 
US-APWR 7.S-in CLB and ROSA/LSTF SB-CL-18 for Natural Circulation Phase 

(Mass and Energy Balances) 

Reference US-APWR I ROSA/LSTF 
Parameters Notes 

mo (kg/s) Break liquid f10wrate 

ho (kJ/kg) Break liquid enthalpy 

Jio (kJ/kg) Break specific energy 

40 (MW) 40 = 4CORE -14sGI 
v,o (m3/kg) Break liquid specific 

volume 

Mo(kg) RCS mass inventory at 
a specified time 

Po (Pa) Ref-pressure where 
NC-phase occurs 

\fII3 \fI - moto 
13 -

Mo 

( 8P) (kg/m') Partial derivative from 

aJi" Steam Table 
UI 

( 8P) (kg-Jim') Partial derivative from 

au, Steam Table 
I' / 

( 8P) (kg'J/m') Partial derivative from 

a v,, Steam Table 
1'" 

( 8P) (kg/m') Partial derivative from 

aJiI' Steam Table 
u" 

P,o (kg/m3
) Liquid density 

~o (m3
) 

HOT volume of 
saturated liquid 

P"o (kg/m3
) Vapor density 

v',o (m3
) 

HOT volume of 
'- ../ saturated vapor 
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Table 6.2-1 Comparison of Physical Values and Nondimensional Groups between
US-APWR 7.5-in CLB and ROSA/LSTF SB-CL-18 for Natural Circulation Phase

(Mass and Energy Balances) (Cont'd)

Reference
Parameters

t. (second)

VHOT (mW)

MHOT (kg)
vf (m3/kg)
vf,= (m 3/kg)

Clio (1/m
C0vo (1/m3)C20 (Jims5)

US-APWR ROSA/LSTF
Notes

t0 = tNCEnd -- tNC-start

Mass balance
verification to evaluate
steam quality at hot leg
entry

T!6

T'3 -1

Table 6.2-2 Scaling Criteria between US-APWR 7.5-in CLB and ROSA/LSTF
SB-CL-18 for Natural Circulation Phase (Mass and Energy Balances)

Scaling 'P#,ROSA
Parameters T#,US-APWR

J2,RoSA •Ratio of pressure change, due to change
in specific energy of the subcooled field

T'2,US-APWR from mass outflows, to reference pressure

P6, ROSA Ratio of pressure change, due to change
in specific energy of the saturated field

T'
1

6,US-APWR from heat transfer, to reference pressure

TOlROSA Ratio of pressure change, due to change
in specific volume of the subcooled field

T'
1

O,US-APWR from heat transfer, to reference pressure

T'
1
3,ROSA Ratio of integrated mass flow to reference

"'13,US-APWI? mass
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Table 6.2-1 Comparison of Physical Values and Nondimensional Groups between 
US-APWR 7.S-in CLB and ROSA/LSTF SB-CL-18 for Natural Circulation Phase 

(Mass and Energy Balances) (Cont'd) 

Reference US-APWR I ROSA/LSTF 
Parameters v 

"'"'" 
Notes 

to (second) to = t NC-End - t NC-Slarl 

VHOT (m
3) 

MHOT (kg) Mass balance 
verification to evaluate 

v, (m3/kg) steam quality at hot leg 
V'a= (m;;/kg) entry 

Xs 1 (-) 

C110 (11m;)) 
C1vO (11m;)) 
C20 (J/mb) 

~2 

~6 

~IO 

~13 ['. -" 

Table 6.2-2 Scaling Criteria between US-APWR 7.S-in CLB and ROSA/LSTF 
SB-CL-18 for Natural Circulation Phase (Mass and Energy Balances) 

Scaling \f#,ROSA 
Definitions Parameters \f#,US-APWR 

~2,RO&4 r ""'" Ratio of pressure change, due to change 

~2,US-Ai'WR 
in specific energy of the subcooled field 
from mass outflows, to reference pressure 

~6,ROSA Ratio of pressure change, due to change 

~6,US-Ai'WR 
in specific energy of the saturated field 
from heat transfer, to reference pressure 

~IO,ROSA Ratio of pressure change, due to change 

~1O,US-Ai'WR 
in specific volume of the subcooled field 
from heat transfer, to reference pressure 

~13,lIOSA Ratio of integrated mass flow to reference 

~13,US-Ai'WR mass 
" 
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6.2.2.2.4 Validation of Scaling Results

Figure 6.2-11 shows the comparison of nondimensional depressurization rate (dp/dt)
among US-APWR (calculation), ROSA/LSTF (calculation) and ROSA/LSTF
(measurement). The figure demonstrates that for the US-APWR, the natural circulation
phase in post SBLOCA occurs at virtually constant pressure. However, the gradually
decreasing RCS pressure takes place during the natural circulation phase in ROSA/LSTF.
However, the magnitude of the distortion until the end of natural circulation is not
significant.

Figure 6.2-12 displays the comparison of nondimensional mass inventory reduction rate
(dM*/dt*) between US-APWR and ROSA/LSTF. The figure demonstrates that from the
viewpoint of mass and energy balances, the loss of inventory during natural circulation
phase both in the US-APWR and ROSA/LSTF are in good agreement. Both of the system
losses are about 10% of the initial inventory.

Figure 6.2-13 presents the comparison between US-APWR and ROSA/LSTF on the
relationship between RCS mass inventory and natural-circulation rate (the mass flow rate
at SG U-tubes top). To be read from right-to-left, the figure clearly demonstrates that the
natural circulation rate gradually decreases with the continual decrease in RCS mass
inventory. Both for the US-APWR and ROSA/LSTF, the natural circulation phase
terminates when the RCS has lost about 10% of the initial inventory. This also shows that
the effect of break mass flow on the system mass and the quality at the end of the natural
circulation phase is the same.

Figure 6.2-14 displays the comparison of static quality at the top of SG U-tubes between
US-APWR and ROSA/LSTF. Due to the difference in system volume, the characteristic of
change in various parameters between the two systems is also different. For US-APWR,
the natural circulation phase starts at a higher static quality than that of ROSA/LSTF and
however the quality becomes higher in ROSA/LSTF after about t*=0.5.

Figure 6.2-15 presents the comparison of the ratio of integrated mass flow to reference
mass (N13) as a function of mass inventory between US-APWR (calculation) and
ROSA/LSTF (measurement/break flow rate), respectively. Again, this figure shows that
throughout the natural circulation phase both systems lose about 10% of the initial mass
inventory. Because the natural circulation phase does not give a strong effect on PCT, the
roughly equal values of qu1 3 shows that there is no significant distortion between ROSA
and US-APWR.
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phase both in the US-APWR and ROSAILSTF are in good agreement. Both of the system 
losses are about 10% of the initial inventory. 

Figure 6.2-13 presents the comparison between US-APWR and ROSAILSTF on the 
relationship between RCS mass inventory and natural-circulation rate (the mass flow rate 
at SG U-tubes top). To be read from right-to-Ieft, the figure clearly demonstrates that the 
natural circulation rate gradually decreases with the continual decrease in RCS mass 
inventory. Both for the US-APWR and ROSAILSTF, the natural circulation phase 
terminates when the RCS has lost about 10% of the initial inventory. This also shows that 
the effect of break mass flow on the system mass and the quality at the end of the natural 
circulation phase is the same. 

Figure 6.2-14 displays the comparison of static quality at the top of SG U-tubes between 
US-APWR and ROSAILSTF. Due to the difference in system volume, the characteristic of 
change in various parameters between the two systems is also different. For US-APWR, 
the natural circulation phase starts at a higher static quality than that of ROSAILSTF and 
however the quality becomes higher in ROSAILSTF after about t*=0.5. 

Figure 6.2-15 presents the comparison of the ratio of integrated mass flow to reference 
mass (4J 13) as a function of mass inventory between US-APWR (calculation) and 
ROSAILSTF (measurement/break flow rate), respectively. Again, this figure shows that 
throughout the natural circulation phase both systems lose about 10% of the initial mass 
inventory. Because the natural circulation phase does not give a strong effect on PCT, the 
roughly equal values of 4J 13 shows that there is no significant distortion between ROSA 
and US-APWR. 
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Figure 6.2-11 Comparison of Nondimensional Depressurization Rate (dp*/dt)
between US-APWR 7.5-in CLB and ROSA/LSTF SB-CL-18

Figure 6.2-12 Comparison of Nondimensional Mass Reduction Rate (dM*/dt*)
between US-APWR 7.5-in CLB and ROSA/LSTF SB-CL-18
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Figure 6.2-13 Comparison between US-APWR 7.5-in CLB and ROSA/LSTF SB-CL-18
on Relationship between RCS Mass Inventory and Natural Circulation Flow (Mass

Flowrate at SG U-Tubes Top)

Figure 6.2-14 Comparison of Static Quality Transient at SG U-Tubes Top
between US-APWR 7.5-in CLB and ROSA/LSTF SB-CL-18
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Figure 6.2-13 Comparison between US-APWR 7.S-in CLB and ROSA/LSTF SB-CL-18 
on Relationship between RCS Mass Inventory and Natural Circulation Flow (Mass 

Flowrate at SG U-Tubes Top) 

Figure 6.2-14 Comparison of Static Quality Transient at SG U-Tubes Top 
between US-APWR 7.S-in CLB and ROSA/LSTF SB-CL-18 
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~j

Figure 6.2-15 Comparison of Ratio of Integrated Mass flow to Reference Mass (4) 13)
as Function of Mass Inventory between US-APWR 7.5-in CLB and ROSA/LSTF

SB-CL-1 8
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Figure 6.2-15 Comparison of Ratio of Integrated Mass flow to Reference Mass ('fJ13) 

as Function of Mass Inventory between US-APWR 7.S-in CLB and ROSA/LSTF 
SB-CL-18 
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6.2.2.3 Momentum Balance

6.2.2.3.1 Governing Conservation Equations

The top-down scaling to the system momentum balance is based on the methodology
developed by M. Ishii and I. Kataoka for the two-phase natural circulation system67-, and
further on the methodology applied to the AP600 scaling analysis by J. N. Reyes, Jr. and L.
Hochreiter 68 .

In the present scaling analysis, the momentum conservation is solely considered by
decoupling from the mass and energy conservations for its simplification, even though the
two-phase flow exists in several portions of the reactor system. Instead, the steam quality
of the two-phase region is appropriately accounted for in evaluating scalability of mass
flowrate behavior between US-APWR and ROSA/LSTF. This approach is reasonable
because the preceded analysis demonstrated that the mass inventory behavior and
resultant global steam quality in the system are scalable between the plant and test
facility.

During the US-APWR natural circulation phase, approximately saturated water enters the
core heated section, and then some parts of it will be evaporated by the decay heat. All
vapor bubbles will be condensed back to saturated water after it passes the steam
generator. Thus, a similar steady state natural circulation driven by density difference
between the saturated liquid in the SG downwards flow side, cold leg and downcomer with
the two-phase fluid in the core, upper plenum, hot leg and the SG upper flow side. Here,
the reactor coolant system is represented as a closed loop system as shown in Figure
6.2-16, and the mass flowrate running through the system is mathematically expressed
with the momentum conservation integrated over the closed loop as follow:

Momentum conservation equation:

-- PmoUmo 0 (f + K j _ 1) = •-•[(Pesat -Pm)' g' AH] (6.2-18)

The subscript 0 and i represent the reference component (core section) and i-th
component in the system, respectively. In deriving the above equation, the dynamic effect
on the momentum balance is approximately ignored since the mass flowrate gradually
and slowly decreases during the natural circulation phase. In addition, core inlet
subcooling is also neglected to simplify the equation, which is a valid assumption for the
US-APWR SBLOCA natural circulation phase.
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Figure 6.2-16 Schematic of Closed Loop System for Natural Circulation
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6.2.2.3.2 Nondimensional Parameters

In evaluating the two-phase flow system, the integrated momentum equation (6.2-18) shall
be represented by a combination of the single-phase and two-phase components. Ishii
and Kataoka provided the following expression to account the two-phase multiplication
effect on the frictional and local pressure drops 6-7 :

122 ,moUmo-(Nfi N+ ) 1o = 1-I(Pe,sat-Pmjig"AH (6.2-19)
2 1mo~~ P~ ifi+01 'v,& i,

The Nf, and Noi are the friction number and orifice number, respectively, the
nondimensional parameters accounting the two-phase effect in the friction and local
losses as follows:

d (1 + XJ II )0.25 AJi (6.2-20)

No,, = K,(1. + x 5AP/pg (6.2-21)

In evaluating the momentum effect from the top-down approach, integral of Nf,; and Noj for
each of the single-phase and two-phase regions in the system are compared between
US-APWR and ROSA/LSTF, as well as integral of the gravity head component (right hand
side of equation (6.2-19)).

6.2.2.3.3 Scaling Analysis Results

Table 6.2-3 shows a comparison of the nondimensional parameters between US-APWR
and ROSA/LSTF. Simultaneously, the gravity head of each component, which is
normalized to the thermal center length, is integrated over the two-phase region so that
driving force in the two-phase natural circulation system is directly compared between
US-APWR and ROSA/LSTF. In determining the parameter values, the core, upper plenum,
hot leg and uphill side of SG are accounted as the two-phase region, while the downhill
side of SG, crossover leg, cold leg, downcomer and lower plenum as the single-phase
liquid region. Detail of the facility parameters are given in Appendix A to the present
document.

In computing the friction number (Nfj), orifice number (No,,), and the gravity head for each
component, the reference density and steam quality are required. The reference density is
determined based on the reference time, which is consistent with the preceded scaling
analysis for the mass and energy balances. The steam quality at the core exit is
calculated from the core decay power averaged for the natural circulation period
accompany with the core flowrate obtained by the integral momentum equation (6.2-19).
Since the integral momentum equation is a function of the core flowrate and steam quality,
several iterations are necessary to determine the flowrate and steam quality.

Each of the scaling ratios listed in Table 6.2-3 indicates that the ROSA/LSTF natural
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circulation is reasonably scalable from the momentum point of view. For the single-phase
region, there appear slight scaling distortions in the friction and orifice numbers, which are
reversely deviated from the unity. However, integral of the friction and orifice numbers
provide a good scaling ratio to the US-APWR. Similarly, the scaling ratios for the
two-phase region agree between US-APWR and ROSA/LSTF.

To this end, the ROSA/LSTF is scalable to the US-APWR from the viewpoint of the
momentum balance through the closed system as well as from the mass and energy
balances.

Table 6.2-3 Comparison of Nondimensional Parameters between US-APWR and
ROSA/LSTF for Natural Circulation Phase (Momentum Balance)

Nondimensional Number US-APWR ROSA/LSTF ROSA/US-APWR

jNfj in single-phase region

INo0 in single-phase region

ia

-Nf,i in two-phase region

INOj in two-phase region

Nondimensional driving head
I (Dt,sat ,m,) g AHj

i

P esat "g "Lth 7I

Lth: Height difference between the middle of core and the middle of average height of SG
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6.2.2.4 Evaluation for Scaling Distortions

As discussed in Sections 6.2.2.2 and 6.2.2.3, the measurement and analysis results of the
ROSAILSTF do not show significant distortion on the scalability to the US-APWR during
the natural circulation phase. However, a slight difference was apparent on the
depressurization behavior during the phase. Natural circulation phase occurs under
virtually constant pressure in the US-APWR while in the ROSAILSTF, the phase occurs
under a moderate depressurization throughout the transient, as shown in Figure 6.2-11.
The reason for the moderate depressurization in the ROSA/LSTF during the natural
circulation phase can be discussed as follows.

The ROSA/LSTF SB-CL-18 test is characterized by the delay in void generation time
compared to that of US-APWR. The early vapor generation in the US-APWR compared to
that of ROSA/LSTF is caused by difference in initial upper plenum fluid temperature. This
may induce a distortion in the transient behavior of RCS pressure.

Figure 6.1-7 in Section 6.1.2.1 of the blowdown section, presents the comparison of upper
plenum void fractions between US-APWR 7.5-in CLB and ROSA/LSTF SB-CL-18.
Following a delay in void generation up to about 20 seconds, the void fraction is then
steeply increasing from 0.0 to 0.6 within 20 seconds (from 20 to 40 seconds). The steep
increase in void generation may be caused by the reduction of mass inventory due to
break flow, a combination of flashing and core boiling. The difference in void generation
causes the difference in pressure transient behavior between the US-APWR 7.5-in CLB
and the ROSA/LSTF SB-CL-18 test.

However, the magnitude of the distortion until the end of natural circulation is not
significant. The fact that the value of dpf/dt* is not as close to zero in ROSA/LSTF as it is
in US-APWR is not a concern. For the analysis purpose, it is not specifically required that
the dp/dt should be close to zero. The data given Table 6.2-1 show that for US-APWR
where dp*/dt* nears zero, the (P2, (P6, and Wu10 groups are nearly cancel out. Whereas for
ROSA/LSTF, where dp /dt has a non-zero value, the sum of the (u2, %, and tpl0 groups
are not cancel out.
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6.2.3 Bottom-up Scaling Analysis

ROSA/LSTF SB-CI-18 test was examined from the top-down approach in Section 6.2.2,
showing its sufficient scalability to the representative US-APWR SBLOCA natural
circulation even though a slight distortion appears in temporal change of pressure in
ROSA/LSTF. This section supplements the scaling analysis with investigations from the
bottom-up approach for some local portions of the facility.

6.2.3.1 Steam Generation in Core

Effect of the net heat generation, which integrally consists of heat generation in core and
heat removal in SGs, is accounted in the global mass and energy balances in Section
6.2.2.2. The present section investigates local scalability for the steam generation in core.

Ishii and Kataoka proposed the phase change number, which is a nondimensional
parameter defined by a ratio of the flux for phase change to the inlet flux as follows:

Np q°LOLAP (6.2-22)
c Aouf,ilnoAifgPfPg

In the above equation, zero indicates the core component as well as in Section 6.2.2.3.
Npch represents the steam generation in the core, and are determined by using the data
used in Section 6.2.2.3, heat flux, mass flowrate, fluid properties, and geometrical data.
The resultant Npch is compared between US-APWR and ROSA/LSTF in Table 6.2-4. Since
the power density of the US-APWR core is slightly reduced than that of the existing 4-loop
PWR and/or ROSA/LSTF, the phase change number of US-APWR becomes lower than
that of ROSA/LSTF. However, the distortion is not significant, and it can be concluded that
steam generation in ROSA/LSTF is reasonably scalable to that in US-APWR.

6.2.3.2 Two-Phase Flow in Piping

Two-phase transition from bubbly to stratification in the hot leg piping is one of the
phenomena of interest under the natural circulation condition. When the flow regime
significantly differs between the plant and test facility, pressure drop in the piping also
become different, affecting the flowrate under the natural circulation. Zuber2-9 provided
that similarity of the flow transition can be represented by using the Froude number
defined as follow:

NFr - Jg Pg (6.2-23)
g•ApD

Under the natural circulation condition, core inlet fluid is approximately saturated,
therefore steam generated in core is assumed to be proportional to the core power. And,
when fluid properties are identical between plant and test facility like between US-APWR
and ROSA/LSTF, a scaling ratio of the Froude number between plant and test facility can
be obtained by the following relation:
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Fr _ Q
N plant N D2Fr NLoopD2

plant

NLoopD 25
(6.2-24)

Scale ratio of the Froude number between the US-APWR and ROSA/LSTF hot legs is
listed in Table 6.2-4. The ratio for ROSA/LSTF vs. US-APWR is [1.54], which is similar to
the ratio for Semiscale vs. 4-Loop PWR (1.45)2-9. Therefore, it is judged that ROSA/LSTF
is reasonably acceptable from the scaling for the two-phase flow regime in the hot leg
piping.

6.2.3.3 Time Scale in Piping

It is known that when the Froude number scaling is used in conjunction with the
power-to-volume scaling, one cannot satisfy simultaneously, geometric similarity and
equality of the Froude numbers for plant and test facility. This has also an effect on the
time scale. To respond to this contradiction, Zuber proposed that the L/I-D can be
applicable to address the similarity of time scale in piping. 6-9 The ratio of L/FD between
plant and test facility, A ,s, is defined as follows:

tes T/pl;antATS LHL + LCL t LHL + LCL

-J D_ [-5 (6.2-25)

Table 6.2-4 shows the L/T'D ratios, showing the acceptable similarity as well as the
Froude number. Therefore, it is concluded that the ROSA/LSTF is scalable to US-APWR
from the viewpoint of time scale through the primary system piping.

Table 6.2-4 Comparison of Nondimensional Parameters between US-APWR and
ROSA/LSTF for Natural Circulation Phase (Bottom-up Scaling)

Nondimensional US-APWR ROSA/LSTF ROSANotes
Number US-APWR

Npch r Npch by Eq. (6.2-22)
Froude No. ratio by Eq.

NFr, HotLeg (6.2-24)

A ~STime scale ratio by Eq.
_ _ _ _ _ _ _ _ __-_, (6.2-25)
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[ ] 

test /[ ) plant N~st Q Q 
Nplant = N 0 2.5 N 0 2.5 

Fr Loop Loop 

(6.2-24) 

Scale ratio of the Froude number between the US-APWR and ROSAILSTF hot legs is 
listed in Table 6.2-4. The ratio for ROSAILSTF vs. US-APWR is [1.54], which is similar to 
the ratio for Semiscale vs. 4-Loop PWR (1.45)2-9. Therefore, it is judged that ROSAILSTF 
is reasonably acceptable from the scaling for the two-phase flow regime in the hot leg 
piping. 

6.2.3.3 Time Scale in Piping 

It is known that when the Froude number scaling is used in conjunction with the 
power-to-volume scaling, one cannot satisfy simultaneously, geometric similarity and 
equality of the Froude numbers for plant and test facility. This has also an effect on the 
time scale. To respond to this contradiction, Zuber proposed that the LI.[O can be 
applicable to address the similarity of time scale in piping.6

-
9 The ratio of LI.[O between 

plant and test facility, b TS, is defined as follows: 

f1 = LHL + LCL LHL + LCL 
( )

test /( ) plant 

TS Ji5 Ji5 (6.2-25) 

Table 6.2-4 shows the LI.[O ratios, showing the acceptable similarity as well as the 
Froude number. Therefore, it is concluded that the ROSA/LSTF is scalable to US-APWR 
from the viewpoint of time scale through the primary system piping. 

Table 6.2-4 Comparison of Nondimensional Parameters between US-APWR and 
ROSA/LSTF for Natural Circulation Phase (Bottom-up Scaling) 

Nondimensional US-APWR ROSA/LSTF ROSAI Notes 
Number US-APWR 

Npch 
,- ...., 

NPCh by Eq. (6.2-22) 

NFr, HotLeg 
Froude No. ratio by Eq. 
(6.2-24) 

b TS 
Time scale ratio by Eq. 

'- ./ (6.2-25) 
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6.2.4 Summary

Similarity of the natural circulation behaviors between the representative US-APWR
SBLOCA and ROSA/LSTF SB-CL-1 8 test has been investigated by the both top-down and
bottom-up approaches. In the top-down approach, the global behaviors in terms of the
system pressure and mass are represented by using the reduced nondimensional
equations, and the significant nondimensional groups are identified and quantified,
showing the ROSA/LSTF is well scalable to the US-APWR. Similarly, the integral
momentum balance through the system is quantified both for the US-APWR and
ROSA/LSTF, which results in that the similarity is sufficiently acceptable.

The bottom-up approach is simultaneously employed for the present scaling analysis,
since the local thermal-hydraulic phenomena strongly affect the natural circulation
behavior. Here, the steam generation, two-phase flow regime and time scale in piping are
characterized by quantifying the applicable nondimensional parameter both for the
US-APWR and ROSA/LSTF. The bottom-up scaling shows that there appears no
significant scaling distortion between the plant and test facility. This is a reasonable
conclusion, because the ROSA/LSTF was designed so that the test facility is scalable to
the reference plant (Westinghouse-designed 4-loop PWR) which is also scalable to the
US-APWR.

Consequently, it can be judged that the ROSA/LSTF is sufficiently scalable to the
US-APWR even for the natural circulation behavior.
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6.3 Loop Seal Clearance

(To be developed in the Part 2 report.)
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6.4 Boil-off

(To be developed in the Part 2 report.)
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6.5 Core Recovery

(To be developed in the Part 2 report.)
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Appendix A TABELS OF USEFUL US-APWR AND ROSA/LSTF PARAMETERS

Tables of geometric and operational parameters for the US-APWR and the ROSA/LSTF
facility are included in this appendix. Primary design parameters of the plant/test facility
are summarized in Table A-1. Component elevation and component fluid volume are
indicated in Table A-2 and Table A-3, respectively. Table A-4 shows hydraulic resistances
where the value is relatively large.
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Table A-1 Primary Parameters of the Plant/Test Facility

Parameters/Components US-APWR ROSA/LSTF Ratio

Primary volume (mi3) 1 1 6.000

Initial pressurizer pressure (MPa) 15.5 15.5 1.0
Initial hot leg temp (K) 598.15 599 0.999

Initial cold leg temp (K) 561.25 A:563,B:564 A:0.997,B:0 995

Initial RCS flowrate (kg/s) 48.7
Initial core bypass flowrate (kgLs) N/A
Initial core power (MW) 4451 10 445.1

Reactor Vessel
Inside diameter (m) 0.640
Core height (m) 3.66
Lower plenum max height (m) 2.361

avg. height from volume (m) 1.901 _
Upper plenum height (m) 2.126
Upper head max height (m) 2.126

avg. height from volume (m) 1.585
Downcomer gap (m) 0.053

Core heated flow area (M2) 0.1134

Core bypass flow area (m2) N/A
Downcomer flow area (m2 ) 0.09774

Hot Legs
Inner diameter (n 0)0
Length (m) 3.686

Cold Legs

Inner diameter (m) I0207
Lengthm) 1 3.438
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Table A-1 Primary Parameters of the PlantiTest Facility 

Parameters/Components US-APWR ROSA/LSTF Ratio 

Primary volume (m3
) I 6.000 I 

Initial pressurizer pressure (MPa) 15.5 15.5 1.0 
Initial hot leg temp (K) 598.15 599 0.999 

Initial cold leg temp (K) 561.25 A:563,B:564 
A:0.997, 

: 8:0995 J 
Initial RCS flowrate (kg/s) I 48.7 
Initial core bypass flowrate (kg/s) l N/A 
Initial core power (MW) 4451 10 445.1 

Reactor Vessel 
Inside diameter (m) 0.640 

f-
Core height (m) 3.66 -
Lower plenum max height (m) 2.361 -

avg. height from volume (m) 1.901 -
Upper plenum height (m) 2.126 -
Upper head max height (m) 2.126 -

avg. height from volume (m) 1.585 -
Downcomer gap (m) 0.053 -

0.1134 Core heated flow area (m2
) 

(below spacer) -
Core bypass flow area (m£) N/A -
Downcomer flow area (m2

) 0.09774 -
Hot Legs 

f-
Inner diameter (m) 0.207 
Length (m) 

f-
3.686 

r-

Cold Legs 

Inner diameter (m) 0.207 
f-

Length (m) 3.438 
r-
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Table A-1 Primary Parameters of the Plant/Test Facility (Cont'd)

Parameters/Components US-APWR I ROSA/LSTF Ratio

Steam Generators

Total plenum volume (M3)

Plenum height (m)

Tube-sheet thickness (m)
Tube ID (mm)
Tube wall thickness (mm)

4-
Number of tubes

4-
Height of the tallest tube bend
above tube sheet (m)

4-
Height of the shortest tube bend
above tube sheet (m)

4-
Tube volume W)

.9-
Secondary pressure (MPa)
Heat transfer rate (MW)

Pressurizer

0.348
(0.695:incl.
filler block)

0.706
(1.823:incl.
filler block)

0.322
19.6
2.9
141

10.620

9.156

0.8384
A: 7.3,B: 7.4

35.7

0.6
1.147
4.187
66.9
20.15

0.07081
2.7

S N/A
N/A
N/A

4.8
97.1

Tank ID (m!
Volume (mi)
Height (m)
Surge line ID (mm)
Surge line length (m)
Surge line volume (m3 )
Liquid level (m)

DVI/HHIS

Inlet line ID (mm)
Inlet line length (m)
Number

Accumulator

Tank volume (M3)
Discharge line ID (mm)

Discharge line length (m)

Mitsubishi Heavy Industries, LTD.
A-3

Scaling Analysis for US-APWR SBLOCAs - Part 1 - UAP-HF-09472-NP (RO) 

Table A-1 Primary Parameters of the PlantiTest Facility (Cont'd) 

Parameters/Components US-APWR ROSA/LSTF I Ratio 

Steam Generators 

0.348 
Total plenum volume (m3

) (0.695:incl. 
filler block) 

0.706 
Plenum height (m) (1.823:incl. 

filler block) 
Tube-sheet thickness (m) 0.322 
Tube ID (mm) 19.6 
Tube wall thickness (mm) 2.9 
Number of tubes 141 
Height of the tallest tube bend 10.620 
above tube sheet (m) 
Height of the shortest tube bend 

9.156 
above tube sheet (m) 
Tube volume (m3

) 0.8384 
Secondary pressure (MPa) A: 7.3,8: 7.4 
Heat transfer rate (MW) 35.7 

Pressurizer 

Tank ID (m) 0.6 
Volume (m3

) 1.147 
, Height (m) 4.187 

Surge line ID (mm) 66.9 
Surge line length (m) 20.15 
Surge line volume (m3

) 0.07081 
Liquid level (m) 2.7 

DVIIHHIS 

Inlet line ID (mm) N/A 
Inlet line length (m) N/A 
Number N/A 
Accumulator 

Tank volume (m3
) 4.8 

Discharge line ID (mm) 97.1 

Discharge line length (m) 
... 
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Table A-2 Component Elevations of Plant/Test Facility (m)
(Relative to Hot Leg Center Line)

Components US-APWR ROSA/LSTF

Bottom of lower plenum _ - -7.864
Downcomer bottom -5.503
Downcomer top 1.393
Bottom of heated length -5.503
Top of heated length -1.843
Bottom of upper head 0.9712
DVI nozzle centerline N/A
Hot leg centerline 0
Cold leg centerline 0
Pressurizer bottom 11.79
Pressurizer top 15.99
Top of SG tubesheet 2.461
Top of U-tubes (tall) 13.08
Top of U-tubes (short) 11.62
Bottom of accumulator 3.000
Crossover leg centerline -3.718
Top of accumulator 10.04
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Table A-3 Component Fluid Volume Distributions of Plant/Test Facility (M3)

Component US-APWR ROSA/LSTF

Downcomer ____ 0.693
Lower plenum/ 0.580
Core heated part 0.408
Core bypass region (inc. NR) 0

0.484
Upper plenum _0.5472(incl. Endbox)
Upper head 0.510
Hot leg (1/4) 0.124
Crossover leg (1/4) 0.212
Cold leg (1/4) 0.116
RCP(1 /4) 0.024
Accumulator (1/4) 4.8
Accumulator (1/4) (liquid) 3.188
Pressurizer 1.147
Pressurizer(liquid) 0.763
PZR surge line 0.0708
Total (include ACC tank) (+PZR) 12.02
Total (include ACC liquid) (+PZR) 7.981
Total (no ACC) (+PZR) 7.217
Total (include ACC tank) 10.80
Total (include ACC liquid) 6.763
Total (no ACC) _ _ _, 6.000
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Table A-4 Hydraulic Resistances of Plant/Test Facility

Components* US-APWR (m-4) ROSA/LSTF (m4 )

CL nozzles A: 1.755e+2

Downcomer 3.912e+2
Lower plenum 2.618e+2
Core inlet 2.257e+2
Core 1.215e+3
Core outlet 3.043e+2
Upper plenum Small
HL nozzles A: 1.188e+3

B: 8.096e+2

SG U-tubes A: 3.845e+3 (Average)
B: 4.003e+3 (Average)

Crossover leg A: 2.261e+3
___ __ .B: 2.435e+3

*Hydraulic resistance defined below:
AP. p

m
2

AP : Differential pressure (Pa)
p : Density (kg/m 3)
m : Mass flow rate (kg/s)
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Table A-4 Hydraulic Resistances of PlantlTest Facility 

Components· US-APWR (m-4) ROSA/LSTF (m-4) 

CL nozzles A: 1.755e+2 
B: 1.774e+2 

Downcomer 3.912e+2 
Lower plenum 2.618e+2 
Core inlet 2.257e+2 
Core 1.215e+3 
Core outlet 3.043e+2 
Upper plenum Small 

HL nozzles 
A: 1.188e+3 
B: 8.096e+2 

SG U-tubes 
A: 3.845e+3 (Average) 
B: 4.003e+3 (Average) 

Crossover leg 
A: 2.261e+3 
B: 2.435e+3 

*Hydraulic resistance defined below: 

R = I1p. P 

m2 

I1P : Differential pressure (Pa) 
p : Density (kg/m3

) 

m : Mass flow rate (kg/s) 
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