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ABSTRACT

The FULL SPECTRUM™ LOCA (FSLOCA™) evaluation model, which utilized WCOBRA/TRAC-TF2 system
code, is the latest Westinghouse LOCA evaluation model for analyzing both large break LOCA and small break
LOCA in PWR. The ROSA-IV integral effects test (IET) facility is the key facility in validation matrix of the
WCOBRA/TRAC-TF2 code. The ROSA-IV facility is a 1/48 power/volume scaled IET facility to a four loop
Westinghouse PWR, and the scaling factor and scaling distortion have been extensively studied. However, the pilot
PWR in Full Spectrum LOCA evaluation model is a three-loop Westinghouse PWR, which leads to different scaling
factor and distortions.

Top-down scaling approach evaluates the global system behaviors and system interactions from IETs, and addresses
the similarity between the IETs and the prototype PWR. The top-down scaling has been used to investigate scale
distortion between the AP600 PWR and the APEX integral effects test facility and between US-APWR and the
ROSA-IV integral effects test facility. In this work, the scaling distortion between the ROSA-IV integral effects test
facility and a Westinghouse three-loop PWR is investigated using the top-down scaling analysis.

The top-down scaling in the blowdown, natural circulation, loop seal clearing, and boil off phases in a ROSA-IV
SB-CL-02 test was investigated relative to the three-loop PWR SBLOCA transient. The top-down scaling analysis
results indicated that there are minor scale distortions originating from the atypical steady state and transient
initiation of ROSA-IV test. The scale analysis demonstrated that the ROSA-IV tests are well scaled IETs for
examining the behavior of Westinghouse three-loop PWRs under the SBLOCA transient conditions, and are
uniquely suited for the validation of WCOBRA/TRAC-TF?2 for the application to SBLOCA analysis.
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1. INTRODUCTION

The FULL SPECTRUM™ loss-of-coolant accident (FSLOCA™) evaluation model [1], which utilized
WCOBRA/TRAC-TF2 system code, is the latest Westinghouse LOCA evaluation model for analyzing both large
break LOCA and small break LOCA in PWR. The WCOBRA/TRAC-TF2 code consists of a three-dimensional
subchannel module in for simulating the reactor vessel and a one-dimensional two-fluid module that is derived from
the TRAC-P computer code [2] for the reactor coolant loop and the emergency core cooling system. The three-
dimensional sub-channel model is adequate to describe the phenomena expected in the reactor pressure vessel
during a LOCA scenario. The two-fluid, six-equation formulation [1] utilized in the one dimensional module is able
to describe the reactor coolant system loop phenomena, especially when a characterization of stratified flow is
required.

The development of the FSLOCA evaluation model followed the Evaluation Model Development and

Assessment Process (EMDAP) which is outlined in the Regulatory Guide (RG) 1.203 [3] and the

Standard Review Plan (SRP) discussed in the NUREG-0800 [4]. RG 1.203 describes a structured development and
assessment process that is an upgrade from the principles of the CSAU roadmap [5]. There are four elements in
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EMDAP. Element 1 of the EMDAP process focuses on how to establish the requirements for the Evaluation Model
(EM). One key step in the EMDAP process (as well as in the CSAU) is the Phenomena Identification and Ranking
Table (PIRT). The process is used to develop the functional requirements for the new evaluation model as well as to
define the validation data base. Traditionally, separate PIRTs have been developed by focusing on the LBLOCA or
the SBLOCA scenarios as two different entities. An integrated PIRT [1] was developed to span over the full
spectrum of break sizes.

Elements 2, 3 and 4 describe a suitable process for the development and the assessment of the evaluation model
(EM), sometimes referred to as Verification and Validation (V&V). An assessment matrix is established where
Separate Effect Tests (SETs) and Integral Effect Tests (IETs) are selected to validate the code against the important
phenomena identified in the PIRT. The code biases and uncertainties are established and the effect of scale
determined.

SETs are used to develop and assess groups of empirical correlations and other closure models associated to the
important phenomena. The validation in FSLOCA EM [1] includes extensive amount of SETs that covers the major
phenomena such as break flow, post-CHF core heat transfer, core void distribution and mixture level, horizontal
stratified flow, cold leg condensation, ECC bypass, steam binding, loop seal clearance, etc., in either LBLOCA or
SBLOCA.

IETs are used to assess system interactions and global code capability. The LBLOCA assessments of
WCOBRA/TRAC-TF2 were mainly performed using large scale test facilities utilized as part of the

international 2D/3D program. The facilities included in the code assessment include the Upper Plenum Test Facility
(UPTF), and the Cylindrical Core Test Facility (CCTF). LOFT IETs were used to assess the capability of the code to
model large break LOCA events with the nuclear core and with the focus to the blowdown stage. The purpose of
those assessments was to confirm that the code is able to predict the LBLOCA phenomena with performance similar
to the NRC approved code (WCOBRA/TRAC [6]). The integral effect tests assessment for SBLOCA was based on
the ROSA test facility (ROSA IV/LSTF) [7] with additional assessment with the LOFT SBLOCA tests.

The EMDAP emphasize on the scaling analysis of the computer code, the closure models, and the IETs and SETs.
Specifically, the IET and SET facilities and experimental data are evaluated by the scaling analysis to respond to
Step 6 in Element 2 of EMDAP “Perform Scaling Analysis and Identify Similarity Criteria”, to ensure that the test
data, and the models based on those data, will be applicable to the full-scale analysis of the plant transient. When the
distortions in the IETs arise due to the configuration difference or boundary conditions, the effects of the distortions
should be evaluated according to Step 8(a) in Element 2 of EMDAP “Evaluate Effects of IET Distortions and SET
Scale up Capability”. Furthermore, the rationale and techniques associated with evaluating scaleup capability of the
models or correlations in the computer code should be provided as suggested in Step 8(b) in Element 2 of EMDAP.

Step 15 of Element 4 of EMDAP “Assess Scalability of Models” requires scalability analysis on whether the
specific model or correlation is appropriate for application to the configuration and conditions of the plant and
transient under evaluation. Step 19 in Element 4 of EMDAP “Assess Scalability of Integrated Calculations and Data
for Distortions” is to assess scalability of integrated calculation and data for distortion. This scalability evaluation is
limited to whether the assessment calculations and experiments exhibit otherwise unexplainable differences among
facilities, or between calculated and measured data for the same facility, which may indicate experimental or code
scaling distortions.

The scaling analyses in EMDAP include both top-down and bottom-up approaches. The top-down scaling approach

evaluates the global system behavior and systems interactions from integral test facilities that can be shown to

represent the plant-specific design under consideration. A top-down scaling methodology is developed and applied

to achieve the following purposes:

(1) Derive the non-dimensional groups governing similitude between facilities.

(2) Show that these groups scale the results among the experimental facilities.

(3) Determine whether the ranges of group values provided by the experiment set encompass the corresponding
plant- and transient-specific values.

The bottom-up scaling analyses address issues raised in the plant- and transient-specific PIRT related to localized
behavior. These analyses are used to explain differences among tests in different experimental facilities and to use
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these explanations to infer the expected plant behavior and determine whether the experiments provide adequate
plant-specific representation.

The FSLOCA topical report [1] has provided the bottom-up scaling analyses or discussions for the each closure
model, separated effects test and integral effects test. This study provides a top-down scaling analysis to evaluate the
effect of IET distortions for SBLOCA to satisfy the requirements in Step 8(a) and Step 19 of EMDAP.

There were several integral effects test falicity for SBLOCA in PWR, notably, BETHSY, LOBI, LOFT, PKL,
ROSA-IV/LSTF, Semiscale, and SPES. Among them, ROSA-IV /LSTF [7] features the largest scale (1/48 power-
volume), and prototypical configuration for Westinghouse four-loop PWR, a large test matrix, and state-of-the-art
instrumentations. The general structure of the ROSA-IV/LSTF facility is shown in Figure 1. It is a full height test
facility, but the four loops in the prototypical PWRs are simplified to a broken loop and an intact loop. With the
major components such as the reactor pressure vessel and steam generator follows the volumetric scale, the hot leg
and cold legs are scaled to keep the similarity of Froude number.

However, the existing ROSA scaling analysis [7][8] focus on the Westinghouse four-loop PWR, while a three-loop
Westinghouse PWR (Figure 2) is selected as the pilot PWR of the FULL SPECTRUM LOCA evaluation model,
which leads to different scaling factor and distortions. Thus, the development of FSLOCA EM requires a top-down
scaling analysis between the ROSA-IV/LSTF test facility and a Westinghouse three-loop PWR to satisfy the scaling
requirement of EMDAP. Next, the history of scaling analysis for nuclear experimental facility is reviewed.
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Figure 1. General structure of ROSA-IV/LSFT [7].

The IT theorem was established by Buckingham [9] in 1914 and widely used in dimensionless analysis to serve as
guide for systematic experimentation in the fluid mechanics community and heat transfer community. With the
development of nuclear experimental facility, there were numerous scaling analysis methods established for the
nuclear thermal hydraulic analysis. The scaling criteria applied for the design of the reduced height test reactor,
LOFT, have been examined by Rose in 1965 [10]. Carbiener and Cudnik [11] developed linear scaling method that
requires all linear dimensions reduced by the same proportion. Ishii and Kataoka [12] presented scaling criteria
specifically for the cooling loops of pressurized water reactors under single phase and two-phase natural circulation
conditions. The volume scaling method, which is adequate for full height and full pressure experimental facility,
were developed by Nahavandi et al. [13]. The volume scaling method was utilized to design most of integral effects
test facilities, such as ROSA/LSFT, BETHSY, CCTF, and others, that are major validation tests for the development
of the reactor safety analysis computer codes. Note the diameter of cold leg and hot leg of those facilities was scaled
with the similarity of Froude number to preserve the flow regime [14] instead of volume scaling. The hierarchical
two-tiered scaling (H2TS) method was presented by Zuber [15] was recommended for the EMDAP. The H2TS
method and its extension has been applied to develop the testing facility for advance passive PWRs [16][17].
Fractional Scaling Analysis (FSA) [16] as an update from the H2TS method could be applied for EMDAP as well.
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In this study, the scaling distortion in ROSA-IV/LSTF SBLOCA test [19], SB-CL-02, compared to the SBLOCA in
a Westinghouse three-loop PWR was investigated using the top-down scaling method used for AP600 by Banerjee
[20,16] and for US-APWR by MHI [8]. The scaling analysis technique first divides the SBLOCA into phases based
on the components and governing phenomena as the postulated accident evolves. The conservation equations,
resolved to the component level and their interconnections, are derived for the active components in each phase. The
equations are then non-dimensionalized and reference parameters are selected such that the dependent variables and
their time derivatives, other than the system response of interest, are of order 1. Order of magnitude analysis is then
performed for each equation and then between equations, based on the numerical values of the non-dimensional
coefficients for each term, with only the large order terms being retained. The resulting equations then contain terms
whose impact on key system responses are ordered in terms of the magnitude of the non-dimensional groups
multiplying the O[1] dependent variables. The reduced set of equations and non-dimensional groups in the three-
loop Westinghouse PWR SBLOCA transient are compared with the ROSA/LSTF SBLOCA experiment. The scaling
distortion is then quantified and discussed.

Figure 2. General structure of a three-loop PWR (1-reactor pressure vessel; 2-steam generator; 3-reactor
coolant pump; 4-pressurizer).

The scaling factor, D, usually is defined as the ratio of prototype (PWR) to the test facility IT-groups. If the scaling
factor is one, the phenomenon is perfectly scaled. The distortion of each phenomenon in this work is quantified
using the criteria suggested by Wulff et al. [21]:

e [fD=1.0, the phenomenon is scaled perfectly.

e [f1/2<D<2 the phenomenon is well scaled

e If 1/3<D<1/2 or 2<D<3 the phenomenon presents a distortion of the first grade

e [fD<1/3 or D>3 the phenomenon presents a distortion of the second grade

e [f D<0 the phenomenon is completely distorted. The distortion acceptability criteria might be different in

some cases due to the different normalization of the effect metrics.

In subsequent sections, the SBCLOA scenarios and phases expected in the Westinghouse three-loop PWR are
described. Then, the non-dimensional mass and energy equations for the blowdown (BLD), natural circulation (NC),
loop seal clearance (LSC), and boil-off (BO) phases are developed. The non-dimensional coefficients from SB-CL-
02 and the demonstration plant analysis results were compared for identification and discussion of possible scaling
distortions in the ROSA SB-CL-02 experiment.
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2. SBLOCA SCENARIOS AND PHASE DESCRIPTION

During a postulated small break LOCA, a break occurs at the cold leg of a PWR. The RCS depressurizes to the
pressurizer low-pressure setpoint, actuating a reactor trip signal. The ECCS is aligned for delivery following the
generation of a safety signal when the pressurizer low-low pressure setpoint is reached. The ECCS includes
redundant trains of safety inject into the cold legs. The pressurized accumulators provide additional cold borated
water to the RCS in the event of a LOCA. Once sufficient RCS depressurization occurs, accumulator injection
commences, which leads to recovery the reactor core.

During a small break LOCA transient, the reactor coolant system depressurizes and coolant mass is lost out the
break as the RCS drains to the break elevation, while mass is added from the safety injection (SI) pumps and
eventually the accumulators. Water injected by the SI pumps and accumulators must be sufficient so that acceptable
core cooling is provided for the spectrum of small break LOCA transients.

The typical scenario of a PWR SBLOCA can be divided into five phases, blowdown, natural circulation, loop seal
clearance, boil-off, and core recovery. The duration of each period is break size dependent, and each is characterized
as follows:

Blowdown

On initiation of the break, there is a rapid depressurization of the primary side of the RCS. Reactor trip is initiated on
a low pressurizer pressure setpoint. Loss of condenser steam dump effectively isolates the SG secondary side,
causing it to pressurize to the safety valve setpoint and release steam through the safety valves. An SI signal occurs
when the primary pressure decreases below the pressurizer low-low pressure setpoint, and SI begins after some
delay time. The RCS remains nearly liquid solid for most of the blowdown period, with phase separation starting to
occur in the upper head, upper plenum, and hot legs near the end of this period. During the blowdown period, the
break flow is single-phase liquid. Eventually, the entire RCS saturates, the rapid depressurization ends, and the RCS
reaches a pressure just above the SG secondary side pressure.

Natural Circulation

At the end of the blowdown period, the RCS pressure reaches a quasi-equilibrium condition that can last for several
hundred seconds, during which the SG secondary side acts as a heat sink. During this period, the system drains from
the top down with voids beginning to form at the top of the SG tubes and continuing to form in the upper head and
top of the upper plenum regions. There is still adequate liquid to allow significant natural circulation two-phase flow
around the loops; decay heat is removed through condensation in the SGs during this time. Significant coolant mass
depletion continues from the RCS, and vapor generated in the core is trapped within the upper regions by liquid
plugs in the loop seals, while a low quality flow still exits the break. This period is referred to as the natural
circulation period.

Loop Seal Clearance

The third period is the loop seal clearance period. When the liquid level in the downhill side of the pump suction
piping is depressed to the bottom of the loop seal, steam previously trapped in the RCS can be vented to the cold leg
break. The break flow, previously a low quality mixture, transitions to primarily steam. Prior to loop seal venting,
the static head balances within the RCS can cause the vessel collapsed mixture level to depress into the core.
Following the venting, the vessel mixture level recovers to about the cold leg elevation, as the imbalances
throughout the RCS are relieved.

Boil-off

Following loop seal venting, the vessel mixture level continues to decrease due to the boil-off of the remaining
liquid inventory since the RCS pressure is generally still too high to allow sufficient ECCS injection by the high
pressure SI pumps or the low pressure SI pump. The mixture level will reach a minimum, in some cases resulting in
core uncovery, before the RCS has depressurized to the point where the break flow is less than the rate at which
ECCS water is delivered. This phase is typically ended when accumulator injection commences.

Core Recovery
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The vessel mass inventory is replenished from its minimum with ECCS water (Accumulator and low pressure SI)
and the core recovers. The transient is terminated once the entire core is rewetted and the pumped SI flow exceeds
the break flow; operator action may facilitate this process.
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Figure 3. Pressure response and core mixture level in Wesinghouse three-loop PWR SBLOCA.

3. TOP-DOWN SCALING ANALYSIS FOR ROSA-1V LSFT SB-CL-02

The system pressure and mass transients of three-loop Westinghouse PWR and corresponding ROSA-IV/LSTF were
compared for the blowdown, natural circulation, loop seal clearance, and boil-off phases. The limiting cold leg break
of Westinghouse three-loop PWR and 2.5% cold leg break SB-CL-02 [22] were selected for this investigation of
scale distortion since among all ROSA test series, 2.5% is the closest to the three-loop PWR’s limiting break size.
Note, there is no high head safety injection in the SB-CL-02 test, and thus the high head safety injection is not
assumed in PWR for this top-down scaling analysis. Since ROSA is a full pressure full height facility and the power-
volume scaling maintains 1:1 time scale, we can compare the system pressure vs. time directly. The scale distortion
in ROSA can be identified through comparison of non-dimensional parameters.

Next, the scaling analysis based on the non-dimensional mass and energy equations for the blowdown, natural
circulation, loop seal clearance, and boil-off phases are presented. The non-dimensional coefficients derived from
the non-dimensional mass, energy and momentum balance laws were then calculated and compared between the
ROSA SB-CL-02 and the three-loop Westinghouse PWR simulation results for identification and discussion of
possible scaling distortions in SB-CL-02. To compute the non-dimensional coefficients, the SB-CL-02 simulation
and the SBLOCA transient of an equivalent break size are utilized for the parameters not available from the
measurements, since the simulation of SB-CL-02 was found to be equivalent to the test in terms of the global mass
and pressure transient.
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3.1. Blowdown phase

In evaluating the global RCS transient behavior of the blowdown phase, the method developed by Banerjee et al. for
the AP600 SBLOCA is employed for the basis of this scaling analysis. The reference conditions used to evaluate the
dimensionless groups are selected as appropriate for each break size.

The fluid behavior during the blowdown phase in the primary RCS system can be modeled with two fields
consisting of a two-phase mixture field and a subcooled liquid field as shown in Figure 4. The two-phase mixture
occurs in the core, upper plenum, upper head, hot leg, and steam generator uphill side. The subcooled liquid exists in
the steam generator downhill, cross over leg, cold leg, downcomer and lower plenum. The break flow is single-
phase liquid discharged from the cold leg. During the blowdown period, the core supplies heat to the two phase
mixture and the steam generator absorbs heat from the primary side of RCS.

The governing equations for the blowdown phase are the mass conservation equation and the energy conservation
equation. Those equations are non-dimensionalized and a dimensionless pressure rate equation is developed to

describe the performance of blowdown phase.
The conservation of mass for each field of the control volume (Figure 4) is written as

W =D M = O Moy 1)
Where p is density, V is volume, and m,, and M, are the mass flow rate in and out the field, respectively.
Subscript k denotes each field, subcooled, saturated, etc.

The total mass balance equation for the system, which lumps the saturated field and the subcooled field is given as

ddil\:lzzmin _zmout’ 2)

where M is the total mass. The mass exchange in between fields is cancelled out. Eq. (2) can be non-
dimensionalized using the reference values for M, t, and the flow rate. Since there is no in flow and the out flow is
the flow to the break, the non-dimensional mass conservation equation is shown below.

=l ) ®
where

M"=M/M,, (4)

" =t/t, , (5)

M reak = mbreak/ M reako - (6)

The subscript of 0 denotes the reference value. The non-dimensional group Y, , is defined as

m t
\{,13 _ break,0*0 . (7)
M 0
Similar to the mass conservation equation, the energy conservation equation is given:
d(pV,u, ) . . .
% = Zmin,k hin,k - Zmout,khout,k + qnet,k ! (8)

where u is internal energy, h is the enthalpy, and ( is the net heat flux transferred to the field. Note, the kinetic
energy and potential energy are ignored in the energy conservation equation for simplicity. For the blowdown phase,
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the only path for energy convecting out the system is the mass flow to the break and there is no significant inlet
mass flow to the system. The mass conservation equation is given for each field

Vk) :Zmin‘k _zmout,k (9)

The left hand side of Eq. (8) is then expanded as

d(pV, u du d(pV du . .

(l:jtkk):pkvkdt“ruk((ji”:pkvkdtkjLuk(zmi”'k —Zmout’k) (10)
Thus, Eq. (8) is re-arranged to obtain the differentiation of the internal energy,

pk K 1. zmlnk< ink )_zmout,k (hout,k _uk)+Qnet,k' (11)

Per thermodynamics relation of mixture
h=u+Pv, 12)

where v is specific volume. The pressure is assumed as a function of internal energy and specific volume, thus
differentiation of pressure leads to

dP P

ou oP
=] —4—
dt aul,

[ (13)
o O

The continuity equation of Eq. (9) can be written using specific volume rather than density, which leads to

d dv
PVi % =d7'[k_vk( M, Zmoutk) (14)

Multiplying Eq. (13) by p,V, and substituting Eq. (11) and Eq.(14) for the time derivatives of internal energy and
specific volume yields for the pressure rate equation

P P (o -
PAS at = U W(Zmink( nk — ) Zmoulk( outk )+qnet,k) (15)
OoP| (dV, .
+Eu ( ( m Zmout,k )j

The pressure difference among multiple fields is small and can be ignored. For the single system pressure, Eq. (15)
is summated over the k fields. With that the total volume of the control volume is a constant, i.e.,z% —o0 the
ot

following equation for the system pressure is obtained,
6P/6uk\
dP

Zk:al:%avk::(zmink( ink — ) zmoulk( outk )+ qnet,k )_Zk:vk(zmin,k _Zmoul,k)

dt AV
— OP/ov, ‘uk

(16)

For the blowdown in a PWR as shown using control volumes in Figure 4, there are two fields, the subcooled liquid,
which is denoted with the subscript of |, and saturated two-phase mixture, which is which is denoted with the
subscript of m. Since the only break in this SBLOCA transient is assumed to occur at the cold leg and there is no
ECC injection in blowdown, the subcooled fields only discharges flow. Meanwhile, the saturated field has no mass
exchange with outside of RCS, but the heat fluxes from the core and steam generator are applied to the saturated
mixture. The pressure equation for the blowdown phase is

NURETH-16, Chicago, IL, August 30-September 4, 2015 5176



oP/ou|, oP/éu,
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Figure 4. Schematic of control volume in the blowdown phase.
Eqg. (17) can be non-dimensionalized as
=W Ol 1)+ ¥ Gl 1o + W10 C3 1] )

Definition of non-dimensional coefficients in Eq. (3) and Eq. (18) is given in the following table. The reference time
in the analysis is obtained from the transient time of each SBLOCA phase. The reference mass is obtained at the
beginning of the phase, and reference mass flow are averaged over the phase. Thus, unlike reference [16], the non-
dimensional parameter V', is not unit across the experiment and PWR. That helps to identify the scaling distortion

of the mass inventory in the reactor.

Table | contains the derivatives of pressure with specific internal energy at constant specific volume and the
derivative of pressure with specific volume at constant specific internal energy. For the single phase field, it can be
obtained using the steam table for subcooled water or steam, or ideal gas equation for the non-condensable gas
phase. For the saturated two-phase mixture field, the thermodynamic quality is introduced as another variable.
Details of the property calculation refer to references [20] and [23]. A numerical computation can be used to obtain
the values of the property derivatives.

Table I: Definition of Non-dimensional Parameters in the Blowdown Phase

Non-dimensionalized Algebraic form Note
Parameters

M M /M, Non-dimensionalized mass

t" t/t, Non-dimensionalized time
M reak Mpreak/ Mpreak o Non-dimensionalized mass flow

p” P/P, Non-dimensionalized pressure

N L, _ Mgt Mpreasc— ) Non-dimensionalized subcooled field energy
b.l loro Mreaco(Mbrea = U1 )y change due to mass outflow
* I et o

| =t - =0 Non-dimensionalized heat transfer
c,m | q

c,m,0 net,m,0
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™ I _ v (= Mprear) Non-dimensionalized subcooled liquid field
I I, VI,O(_ mbreako) volume flow due to mass outflow
oP/auy, /aP/a\/,\u
* C — | |
Cy) CTRASTR ey (PN JoPIov|,)
K=tm ‘
. c oP/ou,|, [OPIov,],
Cl,m Cim/Cumo e > (kak/GP/t?vk‘uk)
k=l,m
* C — 1
C, Cy/Cyp SN CAACIEAN
k=l,m

The result of scaling analysis for the blowdown phase is summarized in Table Il, which compares the non-
dimensional coefficients in the mass and energy equations for the three-loop Westinghouse PWR and ROSA/LSTF
SB-CL-02. The scaling factor, which is the ratio of non-dimensional parameters between the PWR and the
experiment, is shown in the last column of Table 2. As seen in the table, scaling factor for W, , the ratio of pressure
change due to change in specific energy of the subcooled liquid mass outflow to the reference pressure, is 0.98. The
value of near 1.0 indicates the phenomenon is scaled excellently. In the same token, ratio of pressure change, due to
change in specific volume of the subcooled liquid from mass outflow, to the reference pressure, ‘¥, , is also scaled

excellently. The dimensionless group, ‘¥,,, ratio of integrated mass flow to reference mass, shows a scaling factor
of 1.47, which is in the range of 1/2 to 2. The phenomenon is still well scaled. A scale distortion is seen in the ratio
of pressure change due to change in specific energy of the saturated field from heat transfer, to the reference
pressure (P, ) as the scaling factor reaches 3.6. This distortion is due to the difference in the steady state operation
between the PWR and ROSA. In ROSA, the steady state power is 14% of the scales power due to the power
limitation for the facility (=10 MW). In order to achieve the same loop temperatures, the loop flow was also set at
14% of the scaled PWR value. The transient was initiated by a break opening followed by power transition to decay
heat curve and the acceleration of pump speed until it reaches the expected coast down speed. After that, the pump
follows the coast down curve. The scale distortion from this difference appears to impact marginally as the

magnitude of ¥ is smaller than ¥, , in the analysis. The mass depletion during the blowdown phase is slower in
PWR than in ROSA but is comparable.

Table I1: Summary of Dimensionless Parameters during Blowdown

Dimensionl Algebraic form Physical Meaning PWR ROSA |PWR
ess Group /ROSA
c (h ) ¢ Ratio of pressure change, due to
—um h i ific energy of the
11,0 " break 1 /'"oreak,0to |CNANGE 1IN SPECI ay
R P! P subcooled liquid mass outflow, to 4.52E-03 4.62E-03 | 0.98
0 the reference pressure
C . Ratio of pressure change, due to
N 1,m,0 Unet,0 Lo change in specific energy of the 9.736-02 | 271E-02 | 360
6 PO saturated field from heat transfer, to ) ' '
the reference pressure
C. v t Ratio of pressure change, due to
2,0V1,0'"'break,0‘0 change in specific volume of the
Fio P, subcooled  liquid ~ from  mass -3.08E-02 | -2.97E-02 | 104
outflow, to reference pressure
Mpreakoto Ratio of integrated mass flow to
\Pl3 7'\/' i reference mass 2.11E-01 1.43E-01 1.47
0
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3.2. Natural circulation phase

After the blowdown phase is natural circulation phase, where the RCS pressure is stable and controlled by the heat
transfer to the steam generator secondary side. In this phase, the primary RCS system is saturated and could be
modeled with one field of two-phase mixture as shown in Figure 5. The transient behaviors of interest for the natural
circulation phase are the depressurization rate and the mass inventory of the RCS. Another phenomenon of interest
is the system momentum balance that controls the flow rate in the natural circulation.

Qnet h—

it —>

mbreak

Figure 5. Schematic of control volume in the natural circulation phase.

The mass and energy governing equations are the same as those used for the blowdown phase, but they are further
simplified to one field. The details of derivation are skipped. The final non-dimenstionalized equations governing
the mass and the pressure are presented.

Mass equation:

*

dMm .
—_— = \{113(_ m break) (19)
dt
Pressure equation:
P* * * * * * *
(i?ﬂ’s Cim lom+Ws Coim lem+¥11Co (20)

Definition of non-dimensional coefficients in Eq. (19) and Eq. (20) is given in Table I11. The result of scaling
analysis is summarized in Table IV. As seen in the summary table, dimensionless parameters, ‘¥, \V',,, and ¥, are

well scaled. The dimensionless parameter, ‘P, , the ratio of pressure change due to change in specific energy of the

saturated field from heat transfer to the reference pressure, shows strong distortion. This distortion is due to the
difference in the heat transfer rate from the primary to the secondary side of steam generators. It is believed that two
factors contributed to this distortion. One factor is the hot leg enthalpy at the beginning of natural circulation phase.
Because the reactor coolant pump flow in ROSA operated at the 14% of the scaled rate during the steady state, while
accelerated to the coast down curve following the initiation of the transient, combined with the delayed reactor trip,
the upper plenum and hot leg stays hot for ROSA and the higher pressure in ROSA at the beginning of natural
circulation phase. Second factor is the main steamline safety valve operation in ROSA. When the valve opens, the
release rate is high enough to drop the secondary side so that the valve closes. The valve repeated this cycle which is
in contrast to how Westinghouse three-loop PWR secondary side behaves. The difference then is the heat transfer
rate from the primary to the secondary side. This difference, though notable, ends with the equilibration of the
primary and the secondary pressures. At this point the heat transfer direction reverses as the primary pressure
becomes lower than the secondary pressure. To address the concern of the steam generator heat transfer performance
in ROSA-1V validation, additional validation against integral effects test dedicated to the natural circulation phase,
ROSA ST-NC-02, was performed [24], and satisfactory validation results support the capability of the
WCOBRA/TRAC-TF2 code to simulate the natural circulation phase of SBLOCA in a PWR.
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Table I11: Definition of Non-dimensional Parameters in the Natural Circulation Phase

Non-dimensionalized Algebraic form Note
Parameters
* lom _ mbreak(hout —Um) Non-dimensionalized saturated liquid energy
| =
b.m lomo  Myreaco (Mo = Un )y change due to mass outflow
* I q
lem oM _“nekm Non-dimensionalized heat transfer
' Ic,m,O Unet,m,0
I Hy _ Vm (= Mprear) Non-dimensionalized saturated field volume flow
m Mno  Vm 0(— mbreak,o) due to mass outflow
* P/ ouy|
Crm Cim/Crmo Chm =
PmVm
* C _ 1
Cz,m Cz,m /Cz,m,o 2m pmvm/ap/avm‘u

Table IV: Summary of Dimensionless Parameters during Natural Circulation

Dimension Algebraic form Physical Meaning PWR ROSA [PWR
less Group /ROSA
Clmo(hbreak_um)mbreakoto Ratio of pressure change, due to
— — |change in specific energy of the ) i
lP5 Po saturated field from mass outflow, to 7.96E-03 6.78E-03 L17
the reference pressure
c ) ¢ Ratio of pressure change, due to
1,m,0 Ynet,0 Lo change in specific energy of the
WG P saturated field from heat transfer, to 4.32E-02 | -1.24E-03 | -34.80
0 the reference
C. v t Ratio of pressure change, due to
2m,0Vm,0"" 'break,0"0 change in specific volume of the
Ret! P saturated field from break outflow, to| ~>-085°02 | “4-85E-02 ) 1.17
0 reference pressure
My reakoto Ratio of integrated mass flow to
Y3 M. ’ reference mass 2.92E-01 | 256E-01 | 1.14
0

The top-down scaling of the system momentum balance is based on the methodology developed by Ishii and
Kataoka [12] for the two-phase natural circulation system and the momentum balance analysis for APWR. The
details of the analysis are not provided here. However the results of top-down scaling analysis of system momentum
balance indicate that all dimensionless groups show the scaling factors in between 0.5 and 2.0. Thus, the
ROSA/LSTF is scaled well to the Westinghouse three-loop PWR in term of the momentum balance through the
closed system as well as from the mass and energy balances in the natural circulation phase.

3.3. Loop seal clearance phase

The governing equations for the mass and the pressure in loop seal clearance phase are the same as those of the
natural circulation phase. The final non-dimenstionalized equations governing the mass and the pressure are Eq. (19)
and Eq. (20) and the definition of non-dimensional coefficients is given in Table IlI.
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The non-dimensional coefficients in the mass and energy equations for the PWR and ROSA SB-CL-02 are

compared similarly as Table IV. The ratio of non-dimensional parameters, ¥, ‘¥, ,\V,,,'¥,;, as PWR/ROSA, is

found to be 0.74, 0.51, 0.63, and 0.65, respectively. Thus, no scale distortion of mass and depressurization in the
loop seal clearance phase is found.

The hydrostatic head in the RCS system in the loop seal clearance phase determines the mixture level in the core and
thus the rod cladding temperature. A top-down scaling analysis with the hydrostatic head in the RCS system as the
driving force in loop seal clearance phase has been performed. The details of the analysis are not provided here. The
analysis results show that the parameters regarding hydrostatic head in the RCS system are well scaled.

3.4. Boil-off phase

The boil-off phase is the phase the vessel mixture level continues to decrease due to the boil off the remaining liquid
inventory until the sufficient ECCS injection. The governing equations for the mass the pressure in boil-off phase
are the same as those of the natural circulation and loop seal clearance phases.

The non-dimensional coefficients in the mass and energy equations for the PWR and ROSA SB-CL-02 are

compared similarly as Table IV. The ratio of non-dimensional parameters, ¥y, W, ,V,;,'¥,;, as PWR/ROSA, are

0.78, 1.25, 0.85, and 0.96, respectively. No significant scale distortion is found. The scale distortion of the values of
¥, in the blowdown and natural circulation phases disappeared in this phase, which further indicates that the

distortion is caused by the special pump and steam generator operation in the ROSA test.

3.5. Core recovery phase

The core recovery stage starts when the RCS pressure drops below the accumulator pressure and thus the
accumulator injects the cold water into the RCS. The injection further reduces the RCS pressure and provides
sufficient water to cool the reactor core. The peak cladding temperature has occurred at the end of boil-off phase.
Thus, the core recovery phase is of less interest for the LOCA evaluation model focusing on assessing peak cladding
temperature. No top-down scaling analysis is provided for the core recovery phase.

4. CONCLUSIONS

The top-down scaling in blowdown, natural-circulation, loop seal clearance, and boil-off phases in a ROSA-
IV/LSTF SBLOCA test, SB-CL-02, was investigated relative to an equivalent three-loop Westinghouse PWR
SBLOCA transient. SB-CL-02 has a 2.5% break at the bottom of the cold leg. This test was selected since this break
size is the closest among the available tests to the limiting break size for the three-loop Westinghouse PWR .The
scale distortion was investigated using the top-down scaling method used for AP600 and for US-APWR.

The quantitative top-down scaling analysis result indicated that most of the dimensionless parameters in the
governing equations for the system mass and the pressure are well scaled in the blowdown, natural circulation, loop
seal clearance, and the boil-off stages. There are small scale distortions in the natural circulation originating from the
atypical steady state and transient initiation of ROSA-IV test SB-CL-02 due to the power limitation for the
ROSA/LSTF facility, and the distortion disappears in the later phases of the transient. Additional validation against
ROSA ST-NC-02 test was provided in the FSLOCA topical report to address the natural circulation phase. Further
top-down scaling analysis on the system momentum balance in the natural circulation phase and the hydrostatic
head in the loop seal clearance phase shows the parameter in the governing equations all are well scaled.

The bottom-up scaling analysis examined the pertinent loop geometry and expected flow conditions for the break
flow during the blowdown phase, the counter-current flow limit (CCFL) in the steam generator (SG) U-tube, CCFL
in the SG/hot leg, and the residual liquid in cross-over leg in the loop seal clearance phase were shown in Full
Spectrum LOCA EM topical report. The bottom-up result indicated that there is no significant scale distortion in
ROSA-IV SB-CL-02 test.

Both the top-down and bottom-up scaling analyses demonstrated that the ROSA-IV tests are well scaled IETs for

examining the behavior of Westinghouse three-loop PWRs under the SBLOCA transient conditions, and are
uniquely suited for the validation of WCOBRA/TRAC-TF2 for the application to SBLOCA analysis.
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