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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 scaling analysis results for
the blowdown and natural circulation phases. Results for the loop seal clearance, boil-off
and core recovery phases, which are of interest from the PCT behavior, are reported in
Part 2. Part 3 discusses the M-RELAP5 scale-up capabilities to US-APWR and the overall
evaluations for the present scaling analysis.
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6. SCALING ANALYSIS FOR TEST FACILITIES

6.3 Loop Seal Clearance

6.3.1 Phenomena and Applied Test Facility

After the natural circulation phase terminates, the RCS water inventory continues to
decrease while the steam volume increases. The pressure in the core remains almost
constant because the SG secondary side acts as an effective heat sink for removal of core
decay heat, while the energy outflow from the break is restricted because of the low
quality break flow. As mentioned in Section 4.2.3, the core liquid level is considered a
significant parameter of interest for the loop seal period because of its potential impact on
the core dryout. The core liquid level is closely related to the fluid distribution throughout
the RCS.

Figure 6.3-1 schematically represents a typical water distribution throughout the primary
system after the natural circulation terminates. The amount of water refers to the
M-RELAP5 calculation for the US-APWR 7.5-in CLB. The liquid level in the core and in
the upper plenum is depressing during this period while the liquid level in the SG outlet
plena and the downhill side of the loop seal is decreasing due to a manometer-like
mechanism. Furthermore, the water holdup in the uphill side of SG U-tubes and in the SG
inlet plena also contributes to the depression of the core and the upper plenum liquid
levels. This holdup is governed by the CCFL in the SG U-tubes and at the inlet of the SG
inlet plena.

In the M-RELAP5 code assessment, the ROSAILSTF test facility6 1 provides the lET data
(SB-CL-18 test6 2) in terms of the loop seal period, of which scalability is to be evaluated
by comparing the system behaviors between the ROSAILSTF 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 representative of
SBLOCAs and operational transients in the reference plant. The ROSA/LSTF is
reasonably applicable for investigation of the loop seal behavior occurring in the
US-APWR, since the US-APWR design is very similar to the Westinghouse 4-loop PWR
as mentioned in Section 3.1. However, as described below, relative elevation differences
between ROSA/LSTF and the US-APWR will result in differences in the fluid distribution
between the two systems.

Figure 6.3-2 compares several elevations measured from the hot leg centerline. The
elevation from the top of core to the hot leg centerline is almost the same between the
systems but the bottom of core for US-APWR is deeper due to 14-ft core. On the other
hand, the loop seal bottom centerline is deeper for ROSA/LSTFi than that for US-APWR.
Since the lowest core liquid level depends on the depth of loop seal, the core liquid level
for ROSA/LSTF is likely to be lower than that for the US-APWR. The effect of this
geometrical difference will be discussed more in detail in the top-down scaling section.

Regarding the local phenomena and processes of interest, which support to understand
the above global response, are to be addressed base on the bottom-up approach.

Mitsubishi Heavy Industries, LTD.
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Loop Seal

Figure 6.3-1 Schematic of Typical RCS State under Loop Seal Occurrence

Figure 6.3-2 Schematic of Water Distribution throughout primary system

Mitsubishi Heavy Industries, LTD.
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6.3.2 Top-Down Scaling Analysis

6.3.2.1 Transient Behavior of Interest

First of all, the time period should be defined for the loop seal period. The initiation timing
is considered to be the termination of natural circulation but it is difficult to define the
timing in ROSA/LSTF experiment because of the lack of flow rate measurements at the
top of SG U-tubes. So the transients of head along the downhill side of SG/loop seal were
examined whether any changes of characteristics are recognized. Figure 6.3-3 and Figure
6.3-4 indicate the transients of the value for the ROSA/LSTF SB-CL-1 8 measurement for
the broken loop and for the intact loop, respectively, and also those figures have the head
at the uphill side of loop seal. The head along the downhill side decreases monotonously
with time but a change of slope can be recognized after about [ ] seconds. The timing
of this slope change is defined as the starting time (ti) of loop seal period in this study. If
the timing is different between the broken and intact loops, a latest one is adopted
because a different characteristic is considered to be maintained in either loop until the
time. For the termination of loop seal period (t2), it was determined by a rapid increase of
steam flow rate at the bottom of loop seal. The criterion can be applied to the experiment
since the flow rate was measured at the uphill side of loop seal using venturi flow meter.
The increase timing of the measured flow rate almost corresponded to the timing of a
rapid decrease of liquid level along the uphill side of loop seal judging from the differential
pressure measurements. If the timing is different between the broken and intact loops, a
faster one is adopted because the loop seal is considered to be terminated in either loop
from the time.

Figure 6.3-5 and Figure 6.3-6 indicate the similar transients for the US-APWR 7.5-in CLB
calculation. The timings for t, and t2 were judged by the same criteria as in the
ROSA/LSTF measurements.

Figure 6.3-7 shows the sum of collapsed liquid levels in the core and in the upper plenum
for the US-APWR calculation comparing with that for the ROSA/LSTF measurement &
M-RELAP5 calculation. The timings of initiation of loop seal. (ti) and the loop seal
clearance (t2) are also indicated in the figure. The liquid level is almost the same between
the two systems at ti although a slightly higher level is recognized in the US-APWR when
the liquid levels for both systems decrease at a higher rate. The higher rate of decrease in
liquid levels is similar between the two systems but the duration is longer for ROSA/LSTF.
The longer duration results in the deeper depression. The longer duration is considered to
be related to the deeper loop seal in ROSA/LSTF. After the loop seal clearance, the liquid
level in each system increases but the recovery rate seems to be faster for ROSA/LSTF.

The pressure is almost constant during this period as shown in Figure 6.3-8 and as
described in Section 6.3.1, the liquid levels in the core and in the upper plenum are
governed by the characteristics of water accumulation along the loop seal and the SG
U-tubes. As shown in Figure 6.3-3 through Figure 6.3-6, a time period when the head at
the uphill side is greater is appeared before t2. The higher head contributes to the
reduction of liquid levels in the core and in the upper plenum. The amount seems to be
smaller for US-APWR (Figure 6.3-5 and Figure 6.3-6) than that for ROSA/LSTF (Figure
6.3-3 and Figure 6.3-4).

Figure 6.3-9 and Figure 6.3-10 show the comparison of head along SG inlet plenum and

Mitsubishi Heavy Industries, LTD.
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uphill side of SG U-tubes between the two systems for the broken loop and for the intact
loop, respectively. These values are related to the CCFL phenomena. The head during the
loop seal period for US-APWR is slightly lower for the broken loop and is almost the same
for the intact loop.

From the comparisons up to here, the depression of core liquid level is larger in
ROSA/LSTF than that in US-APWR and the contribution of the head difference at the loop
seal and at the CCFL location is likely to be the reason. More detailed quantitative
investigation will be performed in the next section.

Mitsubishi Heavy Industries, LTD.
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Figure 6.3-3 Comparison of Head between at the Uphill side of Loop Seal and along
the Downhill side of SG and Loop Seal for ROSAILSTF SB-CL-18 Broken Loop

(Measurement)

Figure 6.3-4 Comparison of Head between at the Uphill side of Loop Seal and along
the Downhill side of SG and Loop Seal for ROSA/LSTF SB-CL-18 Intact Loop

(Measurement)

Mitsubishi Heavy Industries, LTD.
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Figure 6.3-5 Comparison of Head between at the Uphill side of Loop Seal and along
the Downhill side of SG and Loop Seal for US-APWR Broken Loop (Calculation)

Figure 6.3-6 Comparison of Head between at the Uphill side of Loop Seal and along
the Downhill side of SG and Loop Seal-for US-APWR Intact Loop (Calculation)

Mitsubishi Heavy Industries, LTD.
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Figure 6.3-7 Comparison of Sum of Collapsed Liquid Levels in Core and in Upper
Plenum between US-APWR (Calculation) and ROSA/LSTF SB-CL-18 (Measurement

& M-RELAP5 Calculation)

Figure 6.3-8 Comparison of Upper Plenum Pressure between US-APWR
(Calculation) and ROSA/LSTF SB-CL-18 (Measurement)

/
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Figure 6.3-9 Comparison of Head along SG inlet plenum and Uphill side of U-tubes
of Broken Loop between US-APWR (Calculation) and ROSA/LSTF SB-CL-18

(Measurement)

Figure 6.3-10 Comparison of Head along SG inlet plenum and Uphill side of U-tubes
of Intact Loop between US-APWR (Calculation) and ROSA/LSTF SB-CL-18

(Measurement)
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Scaling Analysis for US-APWR SBLOCAs - Part 2 - UAP-HF-09541-NP (RO)

6.3.2.2 Governing Conservation Equations

In evaluating the core liquid level transient behavior of interest, the pressure balance is
considered through the RCS. The pressure locations and levels are shown in the Figure
6.3-11.

SG U-tube
S{P HUT

LCCFL LUDS
ECCS pUp - PHL - --- I

(DVI) PcL I IHLS2

Loc .,U, Break LLS Hjjsl ILLSD
S-- P PLSB -I -

Loop Seal

Figure 6.3-11 Schematic of Related Variables for Loop Seal

The relationships are derived in the following equations.

PLsB = PUT + pgg(HUT + HSGP - LJDS)+ Pgg(HLS2 - LLsD)+ pgLLsD + AgLUvs (6.3-1)

PDC = PCL = PLSB - pegALs - Pgg (HLS1 - LLS) (6.3-2)
Pup P7L = PuT + pgg(HuT + HsGp - LccFL)+ pfgLccF (6.3-3)

PP= PDC + pAgL9C = PUP + PgLcUP (6.3-4)

where
PLSB = pressure at the bottom of the loop seal
PUT = pressure at the top of the U-tubes
PDc = pressure at the top of the downcomer
PcL = pressure in the cold leg
Pup = pressure in the upper plenum
PLP = pressure in the lower plenum (bottom of core barrel)
PHL = pressure in the hot leg
HUT = height of the U-tubes
HSGP = height of the steam generator plena
HLsI and HLS2 = depth of the loop seal
LLS = height of liquid in uphill side of loop seal
LLsD = height of liquid in downhill side of loop seal

Mitsubishi Heavy Industries, LTD.
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LccFL height of liquid held up by CCFL in the uphill side of U-tubes and SG inlet plena
LuDs = height of liquid held up in downhill side of U-tubes and the outlet plenum
LDC = depth of liquid in downcomer
Lcup = depth of collapsed liquid level in core and upper plenum

,og = density of vapor

Po = density of liquid

PcuP = density of liquid in core and upper plenum

The expressions for lower plenum pressure in equation (6.3-4) can be rearranged to show
the relationship between the liquid level in the downcomer and the core/upper plenum
region.

LDC - PcupLcuP /p =(PUP - PDC)/1Pg (6.3-5)

Then substituting equations (6.3-1), (6.3-2), and (6.3-3) gives

LDC -- PcUPLcuP1/ = (PUT + Pgg(HuT + HSGP - LCCFL )+ p,1gLccFL -P UT -

pgg(HuT + HSGP - Lus)-Pgg(H.s2 - L.D)-- p gLLD - pgLDs + (6.3-6)

pgLLs + pgg(HLsj-LLs)) / p~g

Removing terms that cancel out and collecting terms gives

LDC -- UPLCUPI/PA =((P- -pgXLCcFL +LLs -LUS -LLsD)+Pg(HLsI -HLS 2 ))/PA (6.3-7)

For the liquid density in the core and lower plenum, downcomer, and loop seal at
saturation, p,, the equation reduces to

LDC - LcUp = ((Pt - Pg XLCCFL + L- LUDs - LLSD ) + Pg (HLs, - HLS2 ))/P, (6.3-8)

This is the liquid level difference approaching to loop seal clearing.
Equations (6.3-7) - (6.3-8) describe the difference in liquid level between the downcomer
and the core and upper plenum. They don't provide information on the absolute liquid
level in the core and upper plenum.

A reactor vessel inventory is necessary to describe the absolute liquid level. The overall
mass balance for the RCS is given by

dm RCS - ?"out (6.3-9)

dt

During the loop seal clearing phase the only flows in and out of the RCS are the break
flow and the ECCS flow. This makes the mass balance

dmRCS -

,It ME 0CS - Mbreak (6.3-10)

Mitsubishi Heavy Industries, LTD.
6-10



Scaling Analysis for US-APWR SBLOCAs; - Part 2 - UAP-HF-09541-NP (R0)

The reactor vessel inventory depends on how the RCS inventory is distributed. If we
assume that the cold legs and the loop seals are initially full of liquid then the reactor
vessel mass can be described as

mRV = mRCS - mLLSD - mL SC mLSU m- - mHL - mCCFL - mUDS (6.3-11)

where the LSD, LSC, and LSU subscripts refer to the down side, crossover, and upside
sections of the loop seal. If we assume that all the liquid in the reactor vessel is in the
downcomer, lower plenum, core, upper plenum, and upper head we can describe the
reactor vessel internal mass distribution as

MRo = mLP + mDC + mcUP + muH (6.3-12)

Substituting the product of area, density and height for the downcomer and core/upper
plenum terms and rearranging gives

L =MRV mUH MLP A~LCUP - m e-muI m)P DCLDc (6.3-13)

Substituting equation (6.3-11) in (6.3-13) gives

= mRCS - mLSD - mLSC - mLSU - mCL - mHL - mCCFL - mU. - mUDS

MLP AAc (6.3-14)
mpA ADC L D

PjAcup Acup

Take the time derivative of equation (6.3-14), and substitute equation (6.3-10) then the
time variation of the core and upper plenum level can be expressed as

dLcUp r•MECS - hbreak - fh LSD - m LSC rhCCFL -- hUH - MUDS - hcL - rh - rh LSU

dt hLP ADC ADC (6.3-15)

P.AcuP ACUP dt

Substituting equation (6.3-8) for the downcomer level gives

dLcup - rhEC - rh -1h 1sc - mhCCFL - rhmH - - MCL - rhHL - rhns(u

dt P, (ADC+ Acup)

(Pe - Pg ADC (dLCFý + dLLs dLUDS~ dLLSD (.-6
Pe(ADC+Acuep) p-(ADC+AcUP) dt dt dt dt

Alternatively equations (6.3-8) and (6.3-13) can be combined to get an expression for the
liquid level in the core and upper plenum at the time when the loop seal clears.

Mitsubishi Heavy Industries, LTD.
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LCUP = - mLP - muH ADC ((p V - P, XLCCrL + LLs - LUDs - LLsD +
pi(ADc + ACUP) Pe(ADc + Acup) (6P3-17)

Pg (HLsl - HLS2 ))

The first term on the right hand side is the liquid level that would be present in the vessel if
there was no loop seal induced pressure differential between the upper plenum and
downcomer. The second term is the height of liquid in the loop seal and the height of liquid
held up in the SG tubes by CCFL. The ratio of areas accounts for the partitioning of liquid
between the downcomer and the core and upper plenum. The product of the area ratio
and the sum of the liquid heights is the distance the core liquid level is depressed relative
to the level defined by the first term.

6.3.2.3 Nondimensional Equations and Groups

Each of the physical parameters in the governing conservation equations, (6.3-16) and
(6.3-17), is nondimensionalized by dividing by a reference quantity of the parameter, e.g.
the initial value. Then, the equations are mathematically solved to obtain the temporal
derivatives of the core and upper plenum liquid levels and the liquid level at the loop seal
clearing. The resulting nondimensionalized equations that include all the relevant terms
for this phase are as follows.

Nondimensionalized core and upper plenum liquid level equation:

d__c_ - moato mEccs - mbreak - mhLSD -- mLSc - MCCFL - muH - MUDS - mCL - l -- msU

dt* pA Lo. P (ADC + Ac

pA+Ap )"' - C ---- * L7L + -- UDS LSD

P*(AD +Acu P;(ADC+ Acup) dt dt dt* dt*

(6.3-18)

Where

,=+,t t- ' ,m ,p [ , ADC (A ADc+ ACUP
LO Lo o o0 oa PA. Ao.

to • Duration time of loop seal phase = t2 - tj
tj: time at end of natural circulation
t2: time at loop seal clearing

Loa " Lcup at tj
moa • Break flow rate at t1
Aoa " Core flow area
pO • Liquid density at saturation

The dimensionless group y, =m represents the ratio of break mass flow during

the reference time to the initial core and upper plenum liquid mass.

Mitsubishi Heavy Industries, LTD.
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Non-dimensionalized liquid level at loop seal clearing:

SmOb mRW -mLp - mu ADC ((P r*LccFL +I-" - +

CUP POLObAOb P,, (ADc + Acup)* P; (ADC+ 4ACU) ( UDS LrLSD

(6.3-19)

where the dimensionless group V/ 2  mOb is the ratio of two masses. It is suggested
poLobAOb

that mob = mRV- muH - m.P at the time of loop seal clearing (t2), po = pt, Lob be the
core height, and Aob = ADC +Ac P. With these reference conditions V 2 becomes the
ratio of mass of liquid above the bottom of the core to the mass of liquid needed to fill the
core; the second term on the right hand side is the fractional depression of core liquid
level, and L~c, is the numerical value for the fractional level in the core and upper
plenum.

6.3.2.4 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 or parameters for the test facility and plant.

Physical parameters to quantify the resultant nondimensional groups V/ are summarized
in Table 6.3-1. First of all, the reference time to is compared in the top of Table 6.3-1. The
period is shorter for US-APWR.

,The dimensionless group V/1 represents the ratio of break mass flow during the
reference time to the initial core and upper plenum liquid mass as shown in Section
6.3.2.3. In the scaling analysis for AP1000, it is shown that an acceptable range for the
facility/plant scaling ratios is from 0.5 to 2.0.6-3 As shown in Table 6.3-1, the ratio of /
between US-APWR and ROSA/LSTF is [ ], indicating the scaling of ROSA/LSTF
should be carefully examined to the US-APWR from the quantitative point of view
regarding mainly to the duration time of this phase.

Next, the dimensionless group V/ 2 and parameters relating to the timing at loop seal

clearance are discussed. V/ 2 is the ratio of mass of liquid above the bottom of core to the
mass of liquid needed to fill the core at t2. The ratio of V/ 2 between the US-APWR and
ROSA/LSTF is [ ]; indicating the ROSA/LSTF is scalable to the US-APWR for this
dimensionless group. However, the dimensionless liquid level in the core and in the upper
plenum expressed by Eq. (6.3-19) at t2 shows a different value between the systems as
shown in Table 6.3-2. The ratio of Lcup between the US-APWR and ROSA/LSTF is
[ ] and the deeper depression in ROSA/LSTF corresponds to the characteristics
shown in Figure 6.3-7. In Table 6.3-2, each term of Eq. (6.3-19) is also compared to
examine which term is dominant and which term gives the difference. The static water

Mitsubishi Heavy Industries, LTD.
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heads regarding the CCFL and at the upflow side of loop seal are dominant and the latter
parameter mainly contributes to the lower L*,, for ROSA/LSTF. Although the ratio for

L7s is within the acceptable range mentioned above, the reason giving the discrepancy

will be discussed in the next section.

Mitsubishi Heavy Industries, LTD.
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Table 6.3-1 Comparison of Physical Values and Nondimensional Groups between
US-APWR 7.5-in CLB and ROSA/LSTF SB-CL-18 (Measured) for Loop Seal

Clearance Phase

Parameter US-APWR ROSA ROSA/US
t1 (seconds)
t2 (seconds)
to (seconds)
mhoa (kg/(m 2s))

Po, (kg/m 3)

Ao. (mi2)

Lo, (m)

mob (kg)

Pob (kg/M 3)

Lob (M)

A40b (in)

V/'2

Table 6.3-2 Scaling Criteria between US-APWR 7.5-in CLB and ROSAILSTF
SB-CL-18 (Measured) for Loop Seal Clearance Phase

Parameter US-APWR ROSA ROSA/US

L*cup (Eq. 6.3-19)

mRV*

mLp*

mUl*

mRV*- mLP*- mUH*

LCCFL*

LLS*

LUDS*

LLSD*

LcCFL*+ LLS*- LUDS*- LLSD*

Mitsubishi Heavy Industries, LTD.
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6.3.2.5 Validation of Scaling Results

In order to validate the developed nondimensional equation, the normalized liquid level
( L*c,) computed by the equation is compared with that obtained based on the

measurements in ROSAILSTF. Figure 6.3-12 shows the LC. vs. tf plot. The temporal

changes of Lc, for the reduced model and the measurement for ROSA/LSTF are in
good agreement, indicating the reduced model reasonably characterizes the transient
behavior of interest.

The temporal change of L~vp in the US-APWR is compared with that by M-RELAP5. The
comparison demonstrates that the reduced model accurately reproduces the
code-calculated liquid level response and the evaluated scaling result is sufficiently
reliable.

6.3.2.6 Evaluation for Scaling Distortion

As shown in Figure 6.3-12, since the temporal changes of L~c, for the two systems are
well reproduced by the reduced model, the physical mechanism during the loop seal
period described in Section 6.3.2.4 is considered to be common for both systems.

While the normalized liquid levels for ROSA/LSTF decrease with a monotonous manner,
the normalized liquid level for the US-APWR is also decreases with the same manner but
the decreasing rate is different. The decreasing rate for the US-APWR is low, resulting in a
higher value for L*CP.

The lower rate for the US-APWR means that the head suppressing the liquid level
changes in a narrow range. As mentioned in Section 6.3.2.4 and shown in Figure 6.3-5
and Figure 6.3-6, LLs for the US-APWR is lower and the difference between the head at
the uphill side and at the downhill side of loop seal is smaller for the US-APWR especially
just before t2, respectively. The reason why the loop seal behavior is different is partly
because the depth of loop seal is low for the US-APWR as mentioned in Figure 6.3-2. The
predictability for CLs is also related to the two-phase flow prediction through the loop seal.
This predictability will be examined further using full-scale UPTF test data in the section
on bottom-up scaling and the predictability is revealed to be reasonable.

Mitsubishi Heavy Industries, LTD.
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Figure 6.3-12 Comparison of Lcup vs. f between US-APWR 7.5-in CLB and
ROSAILSTF SB-CL-18
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6.3.3 Bottom-up Scaling Analysis

ROSA/LSTF SB-CL-18 test was examined from the top-down approach in Section 6.3.2,
showing a scaling distortion appears in temporal change of core liquid level and the
distortion was supposed to be caused by the geometrical difference of loop seal section.
This section supplements the scaling analysis with investigations from the bottom-up
approach for some local portions of the facility.

6.3.3.1 CCFL in Hot Leg

The following Kutateladze correlation is applied to Hot Leg under CCFL condition for the
US-APWR.

[ J (6.3-20)

This correlation was derived by the UPTF CCFL test data6-'. The scaling discussion
between the UPTF CCFL test and the US-APWR was performed in Table 6.3-3 for the
configuration and the fluid combination. Since the Kutateladze number (Ku) has a
tendency giving less sensitivity on the diameter near the full-scale geometry, the
difference of diameter between the UPTF and the US-APWR is considered not to give a
significant distortion. The results in this section support the adequacy for the quantitative
evaluation for LfccL in Section 6.3.2.4.

6.3.3.2 CCFL in SG U-Tubes

The following Wallis correlation is applied to SG U-tubes under CCFL condition for
US-APWR and ROSA/LSTF.

J,;0 + ;0 5 = 0.88 (6.3-21)

The applicability was assessed by the Dukler air-water flooding test64. The scaling
discussion between the Dukler air-water flooding test and the US-APWR was performed
in Table 6.3-4 for the configuration and the fluid combination.

As for the tube diameter, the J* scaling is considered to have a high adaptability for a
small-scale pipe. As shown in Figure 6.3-13 Ku giving zero penetration of water increases
with D*:D(g(pL- pcG)/o-y)) and approaches to a constant value which is about 3.2 for D*
greater than about 60&5. The value of D at D*=60 was derived as a function of pressure as
shown in Table 6.3-5 From this table, we applied the Ku correlation to the hot leg and the
J* to the SG U-tubes. Equation (6.3-21) can predict the Dukler data (2" diameter) as
shown in Figure 8.1.5-4 of the topical report6- and correlates well the data irrespective of
the tube diameter 3/4" or 5/4" shown in Reference 6-6 The tube diameter 3/4" is near the
US-APWR and the adaptability of the correlation is considered to be high.

As for the tube length, the phenomena restricting the downward liquid flow rate in SG
U-tubes is considered to be governed by those near the bottom of the tubes where the

Mitsubishi Heavy Industries, LTD.
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steam and condensed liquid flows are maximized. The effect of tube length is unlikely to
be important under the situation. Figure 5.2.1.6-5 in Reference 6-6 shows several
experimental data but the effect of length is not reported to be an affecting parameter.

Figure 6.3-14 shows the typical evidence where Eq. (6.3-21) compares the measured
steam flow rate giving zero water penetration at the bottom of SG U-tubes for
ROSA/LSTF6-7 The steam flow rates agree well with Eq. (6.3-21). The results in this
section support the adequacy for the quantitative evaluation for ,ccL in Section 6.3.2.4.

6.3.3.3 Water Retention in Crossover Leg

The scaling discussion was performed in Table 6.3-6 between the UPTF crossover leg
and the US-APWR. The scale distortion on the geometry is small between the two
systems and MHI investigated the applicability of M-RELAP5 to the UPTF Test 5 which
examined residual amount of water in the crossover leg6-8 Figure 6.3-15 compares the
results. M-RELAP5 predicts well the qualitative relation between the residual amount of
water and the steam flow rate, and also predicts the amount quantitatively. The results in
this section support the adequacy for the quantitative evaluation for fLs in Section
6.3.2.4.

Mitsubishi Heavy Industries, LTD.
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Table 6.3-3 Comparison of UPTF CCFL Test and US-APWR Loop Seal Conditions

UPTF CCFL US-APWR
Hot leg diameter (m) 0.75 0.787 (31 in.)

Fluid combination Steam/Water Steam/Water

System pressure 0.3MPa 1.5MPa about 9MPa at loop seal

Table 6.3-4 Comparison of Dukler Test and US-APWR Loop Seal Conditions

Dukler US-APWR

Tube inner diameter (in.) 2 0.664

Tube length (ft) 13.3

Tube wall material Plexiglas Inconel
Fluid combination Air/Water Steam/Water

System pressure atmospheric pressure about 9MPa at loop seal

Table 6.3-5 Value of D at D*=60 under Different Pressure

Pressure (bar) 3 15 70 150

D (in.) 5.5 5.1 3.9 2.4

Table 6.3-6 Comparison of UPTF Test 5 and US-APWR Loop Seal Conditions

UPTF Test5 US-APWR

Crossover leg diameter (m) 0.75 0.787 (31in.)

Crossover leg height (m) 2.565 II[
Fluid combination Steam/Water Steam/Water

System pressure 0.3MPa 1.5MPa about 9MPa at loop seal

Mitsubishi Heavy Industries, LTD.
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Figure 6.3-15 Assessment Results for Residual Water Amount in UPTF Test 5 ((a) 3
bar case and (b) 15 bar case)
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6.3.4 Summary

The core liquid level characteristic during loop seal period is important because the liquid
level contributes the core dryout. The ROSA/LSTF facility is a major lET providing integral
system responses on the liquid level, for which it is necessary to evaluate the scalability to
US-APWR.

This section investigated the liquid level 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 liquid level is primarily controlled by the head due to the CCFL along the uphill
side of SG U-tubes and inlet plena and by the head balance along the loop seal. The
same mechanism is dominant for both US-APWR and ROSA/LSTF but the core liquid
level is likely to be more depressed in ROSA/LSTF compared to the US-APWR. This
different characteristic is mainly caused by the geometrical -difference on the depth of loop
seal. The scalability on the CCFL along the uphill side of SG U-tubes was confirmed
through the bottom-up scaling. The adequacy of loop seal behavior predicted for the
US-APWR was also confirmed by the assessment for the residual water prediction in
UPTF tests.
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6.4 Boil-off

6.4.1 Phenomena and Applied Test Facility

The boil-off phase commences at the end of the loop seal clearance phase and continues
till the RCS mass inventory starts recovering. Once after the coolant seal in the crossover
legs clears, the RCS primary-side pressure gradually falls below the secondary-side
pressure, since the steam vapor starts discharging out the break. Core power remains at
a decay heat level, vaporizing the coolant during this phase. Therefore, the core liquid
level is gradually depressed and the core may experience uncovery, resulting in the fuel
cladding temperature excursion (heat-up) when the SI flowrate is insufficient.

Table 4.3.2-2 of the US-APWR SBLOCA topical report6A and Table 5.1-1 of the present
report6-9 list important phenomena and processes during the boil-off phase, 1) CHF/dryout,
2) uncovered heat transfer, and 3) mixture level in the core and reactor vessel. These
localized phenomena and processes are important in addressing the impact to the PCT
under the SBLOCAs. The break flow and ECCS flowrates, on the other hand, play
important roles in investigating the global response, the RCS mass inventory and
depressurization behaviors. During the boil-off phase, the liquid coolant stays stagnant in
the lower portion of the RCS, and the core inlet flowrate approaches zero. The coolant is
vaporized due to the core decay heat, and the core may experience uncovery if no safety
coolant is injected into the RCS. In the typical SBLOCA scenario for the US-APWR, the
HHIS, pumped safety injection (SI), starts delivering the safety coolant to the RCS. When
the break flowrate is smaller than the HHIS flowrate, the core uncovery can be prevented.
In the case of larger break sizes, the HHIS is not able to compensate the coolant
vaporized and lost from the RCS, and thus the core uncovery and heat-up occur. The
heat-up behavior is terminated by a large amount of safety coolant injected from the
accumulator, which is actuated when the RCS pressure falls below its operable level.

The boil-off phase appears in the wide range of the break spectrum, which is discussed in
the sensitivity analysis report for US-APWR SBLOCA6-1 °. For the top-down scaling
analysis, the 7.5-in cold leg break (CLB) case is selected as a typical US-APWR SBLOCA
transient, as well as done for the other scaling analyses. The most severe heat-up occurs
under the US-APWR with larger break sizes, and the 1-ft2 CLB, which provides the limiting
PCT, is additionally selected. The integral effects test (lET) examined by the top-down
approach is the ROSA/LSTF SB-CL-18 test. The SB-CL-18 test was originally performed
to' simulate the 4-loop PWR SBLOCA with 5% cold leg break. This lET is mostly
corresponding to the US-APWR [ ] CLB case.

For the local important phenomena and processes as the CHF/dryout, uncovery heat
transfer, and two-phase mixture level are to be addressed by using the bottom-up
approach. Specifically, the separate effects test (SET) facility, ORNL/THTF, used for the
M-RELAP5 assessment is examined whether the test facility and the experimental
condition are scalable to the US-APWR SBLOCAs.

6.4.2 Top-Down Scaling Analysis

6.4.2.1 Transient Behavior of Interest

Mitsubishi Heavy Industries, LTD.
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From the viewpoint of the global plant responses, the RCS mass inventory and
depressurization are of interest. In particular, scalability with respect to the pressure
response needs to be examined between the plant and the test facility, because the safety
coolant injection, the HHIS flowrate and accumulator actuation, is strongly dependent on
the system depressurization rate.

Transient evolutions of RCS mass inventory and pressure are compared between the
US-APWR 7.5-in CLB and the ROSA/LSTF SB-CL-18 test in Figure 6.4-1 and Figure
6.4-2. The RCS mass inventory and pressure responses are primarily dominated by the
break flow, ECCS flow, and core power, which are compared from Figure 6.4-3 to Figure
6.4-5, respectively. Similar comparisons between the US-APWR 1-ft2 CLB and
ROSA/LSTF are made in Figure 6.4-6 through Figure 6.4-10. During the boil-off phase,
the core coolant is vaporized, and the steam primarily flows into the SG through the hot
leg. Fluid entering the SG changes from the two-phase mixture to the single-phase vapor
as time goes by. The steam is heated in the SG, since the secondary-side behaves as a
heat source during the boil-off phase. The degree of superheat at the SG exit is not
significant as confirmed in Figure 6.4-11 and Figure 6.4-12 for the US-APWR SBLOCAs,
and in Figure 6.4-13 for the ROSA test, respectively. A part of the steam generated in the
core flows into the upper head via the guide tubes, which recirculates towards the
downcomer through the spray nozzle between the upper head and downcomer.

The steam flowing in the broken loop tends to discharge out the break. The steam
remaining in the RCS is partially condensed by the safety coolant. The liquid in the RCS
stays at the saturated temperature as shown in Figure 6.4-14 and Figure 6.4-15 for the
US-APWR SBLOCAs, and in Figure 6.4-16 for the ROSA test, respectively. For the
US-APWR 1-ft2 CLB, there appear slightly larger vapor superheat at the SG exit and liquid
subcooling at the core inlet, because the boil-off phase starts with higher core power and
the larger amount of safety coolant is quickly injected by the advanced accumulator' 1-1

For the US-APWR 7.5-in CLB, the coolant sealing the crossover leg clears around 120
seconds after the break. Similarly, the loop seal cleared around [ ] seconds under the
ROSA test. From the definition for the boil-off, phase, the times described above are
corresponding to the beginning of the boil-off phase. After the seal clearing, reduction in
the RCS mass inventory is mitigated both for the US-APWR and ROSA, because the
break flow transits from the single-phase liquid to the two-phase mixture or single-phase
vapor. The vapor break flow contributes to discharging the energy accumulated in the
system, resulting in the RCS depressurization. The RCS mass reduction continues till
around [ ], which is defined as the end of the boil-off phase.

It is noted that there is a difference between the US-APWR 7.5-in CLB and the ROSA test.
The pumped SI system, HHIS, supplies the safety coolant during the boil-off phase of the
US-APWR 7.5-in CLB, whereas any pumped SI system was intentionally removed from
the safety system during the SB-CL-18 test so as to obtain higher PCT in the experiment.
This may induces somewhat scaling distortion in the boil-off system response between the
plant and test facility, and the effect is to be quantitatively investigated by using the
nondimensionalized scaling parameters in later.

For the US-APWR 1-ft2 CLB, on the other hand, there appear no obvious natural
circulation and loop seal clearance phases following the blowdown, since the larger break
flow invokes a continuous depressurization beyond the secondary-side pressure level.
The accumulator starts injecting safety coolant prior to the HHIS, when the RCS pressure
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falls below the accumulator actuation level. The accumulator flowrate exceeds the break
flowrate, and thus the RCS mass inventory recovery starts. Since it is impossible to
determine the end of the natural circulation phase definitely, it is judged that the boil-off
time-period for the 1-ft2 CLB can be defined from when the primary-side pressure falls
below the secondary-side pressure (around [ ] seconds), to when the RCS mass
inventory starts recovering (around [ ] seconds). This is approximately valid, since the
core inlet flowrate stays at nearby zero from [ ] seconds and the boil-off behavior starts
around the time period. The accumulator starts delivering the safety coolant at about 90
seconds and the RCS mass reduction terminates around [ ] seconds.

It must be noticed, however, there remains a concern on the definition of the boil-off
time-period for the 1-ft2 CLB. The figures in the US-APWR DCDr-12 show that the core
flow rate becomes stagnant around [ ] seconds under the 1-ft2 CLB, however, the liquid
flow keeps discharging out the break around that time. This indicates the core liquid level
is dominated not only by the core boil-off behavior, but also by the break flowrate. In
addition, the core reflooding starts slightly later around [ ] seconds, although the
downcomer liquid level starts increasing when the RCS mass starts recovering around
[ ] seconds. This is caused by the significant hot wall. boiling in the downcomer and
lower plenum regions under the 1-ft2 CLB, which retains the coolant entering the core
even after the safety coolant is delivered to the reactor vessel. In spite of the concern
described above, the scalability of the ROSA/LSTF SB-CL-18 test to the US-APWR 1-ft2

CLB is to be examined tentatively.

For the ROSA/LSTF SB-CL-18 test, the boil-off phase is defined by the time-period from
I ] seconds, which is determined by the same manner done for the US-APWR
7.5-in CLB. Since no safety coolant was delivered till the accumulator started injection, the
boil-off phase continued for a longer time-period compared with the US-APWR 7.5-in
CLB.
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Figure 6.4-11 Vapor Enthalpy at SG Exit for US-APWR 7.6-in CLB

Figure 6.4-12 Vapor Enthalpy at SG Exit for US-APWR 1-ft2 CLB
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Figure 6.4-13 Vapor Enthalpy at SG Exit for ROSA/LSTF SB-CL-18

Figure 6.4-14 Liquid Enthalpy at Core Inlet for US-APWR 7.5-in CLB
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Figure 6.4-15 Liquid Enthalpy at Core Inlet for US-APWR 1-ft2 CLB

Figure 6.4-16 Liquid Enthalpy at Core Inlet for ROSA/LSTF SB-CL-18
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6.4.2.2 Governing Conservation Equations

The fluid behavior during the boil-off phase can be simply modeled by the two-phase
mixture flow in a boiler tank as shown in Figure 6.4-17. The liquid is vaporized in the core
region, and a part of the generated steam discharges out the break, and the other remain
in the system or is condensed by the liquid. A mass balance between the incoming and
outgoing fluids determines the system mass inventory. Similarly, a balance between the
energy added to the fluid and the energy removed with the break flow determines the
system pressure. Therefore, the transient of interest is sufficiently -represented with the
mass and energy conservation equations for the tank, from the global response point of
view.

ClsG Vapor •

.... .•• rh s/, ESIs

mrhbreak, 6 break

Figure 6.4-17 Schematic of Control Volume and Related Variables for Boil-off Phase

The mass balance is related with the incoming and outgoing flowrates as follow:

Mass conservation equation:
d(peVt + PvVv) dPmV

dt dt

Pm-

(6.4-1)

(6.4-2)

where Pm, V, msi, and mbeak are the mixture density, volume, SI and break flowrates,
respectively.
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An advantage by employing the saturated mixture fluid equation is to eliminate the
complicated vaporization and condensation terms in the conservation equation. Since the
liquid and vapor stay in the RCS under the mostly saturated condition as discussed in the
preceded section, this simplified is sufficiently applicable to represent the fluid behavior. It
is noted, however, a slightly larger superheat and subcooling appears in the SG outlet
vapor and in the core inlet liquid, respectively, and the applicability to the US-APWR 1-ft2

CLB shall be carefully examined in the validation of scaling analysis results.

Similarly to the mass conservation, the mixture energy conservation equation is obtained.

Energy conservation equation:dpVe+ pvVv v) PmV~m
dt - dt -= qcore + OSG + qHW + rhsI- rnlbreake break (6.4-3)

rn=PeVe6• + PvVvCv _ p1V•e1 + PVVvcv(6-4
em = tfVPmV ptVe + PvVv (6.4-4)

where Em, ESI , Ebreak, qcore, qSG, and qHW are the mixture fluid energy (enthalpy), safety
injection energy, break flow enthalpy, heat transfer from the core, SG, and reactor hot wall,
respectively. In the above equation, the fluid energy is represented as follows, by
neglecting the kinetic and potential energy:

c h = u + Pv (6.4-5)

where u, P, and v are the internal energy, pressure, and specific volume, respectively. By
using the equation (6.4-5), the energy conservation is converted into a derivative equation
to represent the pressure change accompany with the mixture mass equation as follow:

Pressure equation:

dP CP/- .Ml

dt omV I ~ 1t/lm 1 (6.4-6)

oT:•P / vmur [rhsti (hs1 - Umr) rh break (hbreak - Um ) + qnet - Vm (rliS - rn break

qnet = qcore + qSG + OHW (6.4-7)

Details in deriving the pressure equation are referred to Appendix C of Reference 6-13.

6.4.2.3 Nondimensional Equations and Groups

As done for the natural circulation model, the mass equation (6.4-1) and the pressure
equation (6.4-6) are nondimensionalized by normalizing each variable to the reference
value. The resultant equations are the followings:

Nondimensionalized mass equation:

dt
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Nondimensionalized pressure equation:

dp~wc *+C ~+
* = T4Cr, lam + 5C r•/ ,m + 6C rCI + T11C211m (6.4-9)

dt6

where
;,m -l a,m-

lamrhs (hS/ -aU )o (6.4-10)

rnb;eakO lb,m (6.4-11)
*m •break,O (hbreak - Urn )0

Ic,m - : (6.4-12).
qneto

IIm =r breakO) (6.4-13)

la,m = rn-s(hsl - UM) (6.4-14)

Ib,m = rh break (hbreak - Urn) (6.4-15)

Ic,m = qnet (6.4-16)
IIm= Vm (rnsl - rnbreak) (6.4-17)

The quantities with an asterisk represent normalized variables, and subscript of zero
denotes the reference value for the variable. The nondimensional time t* indicates the
time normalized to the temporal period of interest. The coefficients C*1,m and C 2 are
defined as follows:

C Ci'
Ci ,rn, (6.4-18)

C2,rn - C

C 2, C2 (6.4-19)
C2^nO

Ci'rn - (6.4-20)
Pm V

c2,r - /' ml (6.4-21)

The nondimensional groups defined for the above equations are u24, Y5E, u26, W11, and LP13,
which are defined as follows:

T Cm^O (hs, - Urn )o MOT 1 3  (6.4-22)
PO

CTm,0(hbreak - Urnm)OM0•13•5 = (6.4-23)
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T6 = (6.4-24)
P0 rho

T11 = C2,OVmOMOTi 3  (6.4-25)

PO
Mnoto

T13-M (6.4-26)

Lu4 is the ratio of pressure change, due to change in specific energy of the saturated field
from mass inflows, to the reference pressure. W5 is the ratio of pressure change, due to
change in specific energy of the saturated field from mass outflows, to the reference
pressure. W6 is the ratio of pressure change, due to change in specific energy of the
saturated field from heat transfer, to the reference pressure. W11 is the ratio of pressure
change, due to change in specific volume of the saturated field from heat transfer, to
reference pressure. And finally, LP13 is defined as the ratio of mass flow to reference mass.

The specific volume and internal energy of the mixture, v, and urn in the equations
represent the RCS-averaged values, which are determined by the saturated fluid
properties as follows:

Vm = Vg Vf (6.4-27)
x 1-x

Um = xUv + (1- x)uf (6.4728)

6.4.2.4 Scaling Analysis Results

The nondimensional groups characterize the normalized response in the RCS mass and
pressure, and the scalability of the test facility to the actual plant is quantitatively
examined by comparing the nondimensional groups. Table 6.4-1 lists the reference values
used to obtain the nondimensional groups in order to examine-the scalability between the
US-APWR 7.5-in CLB and the ROSA/LSTF SB-CL-18 test. Regarding the RCS mass and
pressure, M and P, the reference values are defined [

]. The break flowrate, SI flowrate, and heat source are important in determining the
mass and pressure transient responses, and these references are defined by the values
around [ ], both for US-APWR and ROSA. These
reference values tend to represent their average behaviors during the boil-off phase.
Similarly, the reference values for the pressure-derivative parameters, Cim, and C2,1, are
also defined by the values around [ ]. Table 6.4-1 also lists the evaluated
nondimensional groups for the US-APWR 7.5-in CLB and for the ROSA/LSTF SB-CL-18
test. These nondimensional groups are calculated based on the reference values selected
above. Since the pumped safety injection was not intentionally actuated, there is no
evaluated data for Wu4 in the ROSA test. The normalized RCS mass and pressure
reproduced by using the reduced equations, (6.4-8) and (6.4-9), are graphically compared
between the plant and test facility in Figure 6.4-18 and Figure 6.4-19, respectively.

Table 6.4-2 shows the scaling criteria, ratios of the evaluated nondimensional groups
between the ROSA/LSTF SB-CL-18 test and the US-APWR 7.5-in CLB. In the scaling
analysis for AP1000, it was suggested that an acceptable range for the facility/plant
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scaling ratios is from 0.5 to 2.0.6-3 As for the nondimensional group uI4, no scaring criteria
is given as described above, which may induce a scaling distortion, particularly, in the
RCS mass inventory. Specifically, there appears a slight distortion in the nondimensional
group LI13 which represents the net RCS mass change. However, the scaling ratio of 4u13
is acceptably [ ], quantitatively indicating no significant scaling distortion occurs
between the US-APWR and ROSA.

The scaling ratio of W 5 , which represents the pressure change due to the break flow
energy, is [ ], and shows a good scalability between the US-APWR and ROSA. This is
reasonable because the ROSA break size is relatively close to the 7.5-in CLB postulated
in the US-APWR. The scaling ratio of uI6, the pressure change due to the heat source, is
S], which is sufficiently acceptable. Finally, the scaling ratio of u11, the pressure

change due to change in the specific volume, shows a good scalability as [ ].

Similarly, the reduced equations are applied to the US-APWR 1-ft2 CLB, and the reference
values selected for the evaluation and the resultant nondimensional groups are listed in
Table 6.4-3. The reference values for M and P are defined [ ],
and the others are also obtained from the values around [ ], as same as done for the
7.5-in CLB and the ROSA/LSTF SB-CL-18. The normalized mass and pressure by the
reduced model are compared with those obtained for the ROSA/LSTF SB-CL-18 in Figure
6.4-20 and Figure 6.4-21, respectively. The evaluated scaling criteria are arranged in
Table 6.4-4. Because of no safety coolant is injected at the time selected to determine the
reference incoming flowrate, the nondimensional group Y4 is not evaluated both for the
US-APWR 1-ft2 CLB and the ROSA test. The mass reduction is faster than that during the
ROSA test because of the relatively larger break size is postulated. This tendency
appears in that the evaluated scaling ratio for LIJ 5 results in [ ]. Similarly, the net mass
reduction is larger in the US-APWR 1-ft2 CLB, and the scaling ratio for uY13 is [ ], which
is fully acceptable from the top-down scaling criteria. Although the reference heat source
qnet is higher in the 1-ft2 CLB than that in the 7.5-in CLB and the SB-CL-18 test, the larger
break flowrate in the 1-ft2 CLB contributes to reduce W6. Eventually, the increase in the
scaling ratio for W6 , is limited to [ ]. The scaling ratio for Lus is [ ], showing the
acceptable scalability with respect to the fluid state in the RCS.
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Table 6.4-1 Comparison of Physical Values and Nondimensional Groups between
US-APWR 7.5-in CLB and ROSA/LSTF SB-CL-18 for Boil-off Phase

Reference US-APWR ROSA/LSTF Notes

Parameters 7.5-in CLB SB-CL-18

t, (sec) Time period

Mo (kg) RCS mass

Po (MPa) RCS pressure

41 (MVV) Net heat source

rhbreako (kg/s) Break flow rate

rhslo (kg/s) SI flow rate

hbf.k,o (kJ/kg) Break enthalpy

hslo (kJ/kg) SI enthalpy

Uo- (kJ/kg) Reactor internal energy

Vio (m3/kg) Reactor specific volume

Clmo (Pa/J) Eq. (6.4-20)

C 2 1,0 (Palm 3) Eq. (6.4-21)

Nondimensional Group
T4 Eq. (6.4-22)

Y 5  Eq. (6.4-23)

'P6 Eq. (6.4-24)

T1l1 Eq. (6.4-25)

T13 LEq. (6.4-26)
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Table 6.4-2 Scaling Criteria between US-APWR 7.5-in CLB and ROSA/LSTF
SB-CL-18 for Boil-off Phase

Scaling T'1 i,ROSA

Parameters Ti,USAPWR
T•4,ROSA Ratio of pressure change, due to change

in specific energy of the saturated field

T4,US-APWR from mass inflows, to reference pressure
T•5,ROSA Ratio of pressure change, due to change

in specific energy of the saturated field

T5,US-APWR from mass outflows, to reference pressure
T•6,ROSA Ratio of pressure change, due to change

in specific energy of the saturated field

T6,US-APWR from heat transfer, to reference pressure

T1 ,ROSA Ratio of pressure change, due to change
in specific volume of the saturated field

T11,US-APWR from heat transfer, to reference pressure

'P13,ROSA Ratio of integrated mass flow to reference

1,3,US-APWR 
mass
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Table 6.4-3 Comparison of Physical Values and Nondimensional Groups between
US-APWR 1-ft2 CLB and ROSA/LSTF SB-CL-18 for Boil-off Phase

Reference US-APWR ROSA/LSTF
Parameters 1 -ft2 CLB SB-CL-18 Notes

to (sec) Time period

M, (kg) RCS mass

Po (MPa) RCS pressure

q4 (MW) Net heat source

rhb,.akIo (kg/s) Break flow rate

rhs1,o (kg/s) SI flow rate

hb..ako (kJ/kg) Break enthalpy

hsl,o (kJ/kg) Sl enthalpy

U",o (kJ/kg) Reactor internal energy

Vmo (m3/kg) Reactor specific volume

Cim~o (Pa/J) Eq. (6.4-20)

,C2 ,,o (Palm 3) Eq. (6.4-21)

Nondimensional Group
TP4 - =- Eq. (6.4-22)

'P5

T6

TP1

'P13

Eq. (6.4-23)

Eq. (6.4-24)

Eq. (6.4-25)

Eq. (6.4-26)ý
I
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Table 6.4-4 Scaling Criteria between US-APWR 1-ft2 CLB and ROSA/LSTF SB-CL-18
for Boil-off Phase

Scaling '11i,ROSA Definitions
Parameters TiUS-APWR

T4,ROSA Ratio of pressure change, due to change
in specific energy of the saturated field

T4,US-APWR from mass inflows, to reference pressure

T•5,ROSA Ratio of pressure change, due to change
in specific energy of the saturated field

T5,US-APWR from mass outflows, to reference pressure
T•6,ROSA Ratio of pressure change, due to change

in specific energy of the saturated field

P6,US-APWR from heat transfer, to reference pressure

T1 1,ROSA Ratio of pressure change, due to change
in specific volume of the saturated field

.11,US-APWR from heat transfer, to reference pressure

TI13,ROSA Ratio of integrated mass flow to reference

1T3,US-APWR 
mass
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Scaling Analysis for US-APWR SBLOCAs - Part 2 - UAP-HF-09541 -NP (RO)

I-

Figure 6.4-18 Comparison of Normalized RCS Mass between US-APWR 7.5-in CLB
and ROSA/LSTF SB-CL-18 for Boil-off Phase

Figure 6.4-19 Comparison of Normalized RCS Pressure between US-APWR 7.5-in
CLB and ROSAILSTF SB-CL-18 for Boil-off Phase

2
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Scaling Analysis for US-APWR SBLOCAs - Part 2 - UAP-HF-09541 -NP (RO)

Figure 6.4-20 Comparison of Normalized RCS Mass between US-APWR 1-ft2 CLB
and ROSA/LSTF SB-CL-18 for Boil-off Phase

Figure 6.4-21 Comparison of Normalized RCS Pressure between US-APWR 1-ft2 CLB
and ROSAJLSTF SB-CL-18 for Boil-off Phase

Mitsubishi Heavy Industries, LTD.
6-45



Scaling Analysis for US-APWR SBLOCAs - Part 2 - UAP-HF-09541-NP (R0)

6.4.2.5 Validation of Scaling Results

In the process of the present top-down scaling analysis, accuracy of the developed
reduced model must be verified to ensure the reliability of the results evaluated in the
preceded section. In order to accomplish this purpose, the normalized mass and pressure
responses reproduced by the reduced model are compared with that by the M-RELAP5
calculations (US-APWR SBLOCAs) or by the measurements (ROSA/LSTF SB-CL-1 8).

The reduced model is able to provide the temporal changes for the normalized RCS mass
and pressure by numerically solving the reduced equations, (6.4-8) and (6.4-9). The
resultants are compared with that by M-RELAP5 in Figure 6.4-22 for the normalized mass
and in Figure 6.4-23 for the normalized pressure during the US-APWR 7.5-in CLB boil-off
phase. The same comparisons are depicted in Figure 6.4-24 and Figure 6.4-25 for the
1-fl2 CLB, and in Figure 6.4-26 and Figure 6.4-27 for the ROSA/LSTF SB-CL-18 test,
respectively. These comparisons demonstrate that the reduced model accurately
reproduces the code-calculated boil-off or code-calculated responses. Therefore, it can be
concluded that the evaluated scaling results are sufficiently reliable.

6.4.2.6 Evaluation for Scaling Distortions

The scaling distortion due to no pumped SI in the ROSA test obviously appears in the
comparison of normalized RCS mass response between the US-APWR 7.5-in CLB and
ROSA test, as shown in Figure 6.4-18. As can be estimated from this scaling analysis
result, a significant core uncovery occurred during the boil-off phase of the ROSA/LSTF
SB-CL-18 test. On the other hand, the HHIS delivers a sufficient amount of safety coolant
to the RCS, which prevents the core from the significant uncovery and heat-up during the
boil-off phase of the US-APWR 7.5-in CLB. Consequently, the ROSA test was more
severe than the US-APWR 7.5-in CLB, even though the break size of the ROSA test was
well comparable to the US-APWR 7.5-in break. However, the scaling analysis results
quantitatively demonstrated that the ROSA/LSTF SB-CL-18 test is well scalable to the
US-APWR 7.5-in CLB. Taking account that the common fundamental mechanism exists
both under the US-APWR 7.5-in CLB and ROSA test, it can be judged that the above
scaling distortion in the RCS mass response is not the critical.

The US-APWR 1-ft2 CLB undergoes a larger depressurization than the ROSA test due to
the larger break. The pumped SI is not activated during the boil-off phase, resulting in the
significant core uncovery and in the higher PCT. In the beginning of the boil-off phase, the
fast depressurization continues and the core liquid level seems to be driven not only by
the boil-off behavior. However, the reduced model accounts all the primary phenomena
affecting the core liquid depression, vaporization due to the core decay heat and
depressurization, break flow and ECCS flow, and the scaling analysis quantitatively
indicates acceptable criteria in terms of the RCS mass response. Therefore, it is judged
that the ROSAILSTF SB-CL-18 test is acceptably scalable even to the US-APWR 1-ft2

CLB.

The scaling analysis results also show that the pressure response in the ROSA test is well
scalable not only to that in the US-APWR 7.5-in CLB, but also to that in the 1-ft2 CLB. The
similarity of pressure behavior is important, since the depressurization rate directly affects
the pumped SI flowrate (if available) and the accumulator actuation.
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To this end, it is judged that the ROSA SB-CL-18 test is proper to the integral effects test
used for assessing code applicability to the US-APWR SBLOCA boil-off phase. Similitude
of the test data is quantitatively evaluated as listed in Table 6.4-2 and Table 6.4-4, where
no significantly distorted scaling criteria are found.
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j
Figure 6.4-22 Comparison of Normalized RCS Mass between M-RELAP5 and

Reduced Model for US-APWR 7.5-in CLB Boil-off Phase

Figure 6.4-23 Comparison of Normalized RCS Pressure between M-RELAP5 and
Reduced Model for US-APWR 7.5-in CLB Boil-off Phase

Mitsubishi Heavy Industries, LTD.
6-48



Scaling Analysis for US-APWR SBLOCAs - Part 2 - UAP-HF-09541-NP (R0)
Scaling Analysis for US-APWR SBLOCAs - Part 2 - UAP-HF-09541 -NP (RO)

/I-

Figure 6.4-24 Comparison of Normalized RCS Mass between M-RELAP5 and
Reduced Model for US-APWR 1-ft2 CLB Boil-off Phase

_1\

Figure 6.4-25 Comparison of Normalized RCS Pressure between M-RELAP5 and
Reduced Model for US-APWR 1-ft2 CLB Boil-off Phase
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Figure 6.4-26 Comparison of Normalized RCS Mass between Measurement and
Reduced Model for ROSA/LSTF SB-CL-18 Boil-off Phase

Figure 6.4-27 Comparison of Normalized RCS Pressure between Measurement and
Reduced Model for ROSAILSTF SB-CL-18 Boil-off Phase
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6.4.3 Bottom-up Scaling Analysis

During the boil-off phase, CHF/dryout, uncovered heat transfer, and two-phase mixture
level are identified as the important phenomena and processes affecting the PCT. These
phenomena and processes are localized, and the relevant thermal-hydraulic models and
correlations are usually assessed by using the experimental data obtained in the separate
effects test (SET) facilities. One approach in evaluating scalability of the SET facility is to
define a nondimensional parameter characterizing the thermal-hydraulic phenomena and
processes of interest, like the Nusselt number for the heat transfer, which are compared
between the experimental and actual plant conditions. In the other approach, the primary
geometric dimensions affecting the identified phenomena and processes are identified,
and similitude of the dimensions is evaluated between the -test facility and actual plant.
Simultaneously, the primary thermal-hydraulic conditions as the power and pressure are
compared between the experimental test and actual plant, and it is confirmed that the
experimental conditions reasonably cover the plant conditions. In the present bottom-up
scaling evaluation, the latter approach is adopted.

6.4.3.1 CHFIDryout

The CHF/dryout model in M-RELAP5 has been assessed by using the test data obtained
in the ORNL/THTF test facility6 14. The THTF is an electrically heated bundle test loop
configured to produce conditions similar to those in the representative SBLOCA. The
3.09.10 test series, which were performed to obtain the void profile and uncovered heat
transfer data, are selected, because the code ability to predict the dryout region can be
validated using the test data. Details of the test facility are described in Reference 6-15.

The THTF test facility was designed by taking account of the representative 17x17 PWR
fuel assembly with 1/4 scaling. Table 6.4-5 identifies the primary geometric dimensions
related to the CHF/dryout, and lists their scalability between the ORNL/THTF test facility
and US-APWR. As shown in the table, the primary design parameters are well scalable
also to the US-APWR fuel design. This is natural because there is no significant scaling
distortion between the PWR 17x17 and US-APWR 17x17 fuel assemblies with except of
the active heated length. The heated length of US-APWR fuel is enhanced to 14-ft so as
to reduce the linear heat generation rate compared with the existent fuel with 12-ft length.
However, the grid span, which plays an important role to characterize the CHF behavior, is
consistent between the US-APWR 14-ft fuel and the existent 12-ft fuel. Therefore, it is
judged that CHF/dryout behavior obtained in the ORNL/THTF test facility is still applicable
to the US-APWR code assessment from the geometric viewpoint.

Table 6.4-6 lists the primary experimental conditions in the ORNL/THTF test. Since the
core inlet temperature is saturated and the flowrate is stagnant during the boil-off phase,
the pressure range selected for the test is important. Figure 6.4-28 compares the
experimental pressure with the range possible during the US-APWR SBLOCAs. The
figure contains the experimental data for the ORNL/THTF reflood test and the
ROSA/LSTF void profile test, which were used in the M-RELAP5 code assessment. The
figure shows the experimental pressure range well covers the US-APWR SBLOCA
condition.

Similarly, the experimental power range (linear heat generation rate) is compared with that
of the US-APWR SBLOCAs in Figure 6.4-29. Under the US-APWR SBLOCAs, the onset
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of CHF/dryout appears during the loop seal clearance or core recovery phase, specifically
120 to 150 seconds after the reactor scram. The linear heat generation at that duration is
around 1 kW/m, and well covered by the test conditions selected for the ORNL/THTF test.

As described above, the test facility and experimental conditions are well scalable to the
US-APWR SBLOCAs from the viewpoint of the geometric and experimental conditions.

6.4.3.2 Uncovered Heat Transfer

With respect to the uncovered heat transfer, M-RELAP5 has been validated based on the
same test data obtained in the ORNLITHTF test facility, as well as done for the
CHF/dryout model6-14. Therefore, scalability of the test facility and experimental conditions
are to be referred to Section 6.4.3.1. Applicability of the uncover heat transfer model in
M-RELAP5 under the transient condition is to be discussed in the framework for the
reflood phase.

6.4.3.3 Two-Phase Mixture Level

Accuracy of the code-calculated two-phase mixture level, which is affected by the void
distribution, is primarily dependent on the interfacial shear model implemented in the code.
The related model of M-RELAP5 has been validated by using the void profile test obtained
in the ROSA/LSTF6 16 and ORNL/THTF 614 test facilities, which were conducted under the
representative SBLOCA condition. As for the ORNL/THTF test, the test series of 3.09.10
is selected for the assessment experimental data. Therefore, scalability of the test facility
is referred to Section 6.4.3.1.

The ROSA/LSTF test facility is an integral effects test (lET) facility to perform the LOCA
and anticipated operational transient in the representative 4-loop PWR. The core consists
of 24 fuel assemblies having 7x7 electric heater rods simulating the 17x17 PWR fuel
design. In the framework for the natural circulation experiment under the SBLOCAs, the
test facility provided the void fraction measurements. The geometric dimensions of
interest are identified in Table 6.4-7, which are compared with that of US-APWR. As
shown in the table, geometric scaling factor of the test facility is about 60 to the US-APWR,
and there is no significant distortion between the test facility and plant.

The experimental conditions of the ROSA/LSTF test, power and pressure, are also
compared with that of US-APWR SBLOCAs in Figure 6.4-28 and Figure 6.4-29,
respectively, as well as done for the ORNL/THTF. Although the test ,data selected from the
ROSA/LSTF is limited to a small number, it can be confirmed that the US-APWR SBLOCA
range is well covered by the ROSA/LSTF accompany with the test data by the
ORNL/THTF.

Hence, the SET data used in code assessment for the two-phase mixture level are
scalable to US-APWR and adequately range the conditions expected under the
US-APWR SBLOCAs.
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Table 6.4-5 Scaling of ORNL/THTF Test Facility Dimensions to US-APWR

US-APWR/
Item THTF US-APWR THTF

THTF

No. of Assemblies per Core 1 257 -

Rod Array per Assembly 8x8 17x17 -

Total No. of Rods per Assembly 64 289 4.52

No. of Heated Rods per Assembly 60 264 4.40

No. of Unheated Rods per Assembly 4 25 6.25

Heated-to-Unheated Rod No. Ratio 15 10.56 0.70

No. of Grid Spacers 6

Active Length (m) 3.66

Heated Rod Diameter (m) 0.0095 0.0095 1.00

Unheated Rod Diameter (m) 0.0102 0.0097 0.95

Rod Pitch (m) 0.0127 0.0126 0.99

Flow Area per Assembly (M
2

) 0.0062

Hydraulic Diameter (m) 0.0106

Table 6.4-6 ORNL/THTF Uncovered Heat Transfer and Level Swell Test Conditions

Power Pressure Mass Flux Inlet Outlet
Test No. Temperature Temperature

(kW) (MPa) (kg/m 2s) (K) (K)

3.09.101 487.19 4.50 29.76 473.0 774.1
3.09.1OJ* 234.82 4.20 12.93 480.3 728.4
3.09.1OK* 70.23 4.01 3.13 466.5 935.0
3.09.1OL 476.22 7.52 29.11 461.3 715.6
3.09.IOM* 223.85 6.96 13.38 474.4 746.5
3.09.1 ON* 103.14 7.08 4.60 473.1 947.9
3.09.1OAA* 278.71 4.04 21.15 450.9 547.0
3.09.1OBB* 140.45 3.86 9.44 458.2 540.8
3.09.1OCC* 72.42, 3.59 7.22 467.6 531.6
3.09.1 ODD* 283.10 8.09 19.82 453.4 595.4
3.09.10EE* 140.45 7.71 11.00 455.9 581.0
3.09.1OFF* 70.23 7.53 4.83 451.4 565.8

* Test selected for M-RELAP5 assessment.

Mitsubishi Heavy Industries, LTD.
6-53



Scaling Analysis for US-APWR SBLOCAs - Part 2 - UAP-HF-09541-NP (R0)

Table 6.4-7 Scaling of ROSA/LSTF Test Facility Dimensions to US-APWR

US-APWR/
Item THTF US-APWR THTF

THTF

No. of Assemblies per Core 24 257 -

Rod Array per Assembly 7x7 17x17 -

Total No. of Rods per Assembly 1168 74273 63.59

No. of Heated Rods per Assembly 1064 67848 63.77

No. of Unheated Rods per Assembly 104 6425 61.78

Heated-to-Unheated Rod No. Ratio 10.23 10.56 1.03

No. of Grid Spacers 9

Active Length (m) 3.66

Heated Rod Diameter (m) 0.0095 0.0095 1.00

Unheated Rod Diameter (m) 0.0122 0.0097 0.79

Rod Pitch (m) 0.0126 0.0126 1.00

Flow Area per Assembly (M2
) 0.0982

Hydraulic Diameter (m) 0.0110

Table 6.4-8 ROSA/LSTF Void Profile Test Conditions

Power Heat Flux Pressure Exit Velocity J.Test No.

(MW) (kW/m2) (MPa) (m/s)

ST-VF-01A* 0.5 4.5 1.0 0.425
ST-VF-01 B* 1.0 9.1 1.0 0.851
ST-VF-01 C* 2.0 148.2 1.0 1.702
ST-VF-01 D* 3.5 31.8 1.0 2.978
ST-NC-08E 1.426 13.0 2.4 0.566
ST-NC-01* 3.57 30.7 7.3 0.553
ST-NC-06E* 3.95 34.0 7.3 0.612
SB-CL-16L* 5.0 43.0 7.3 0.774
ST-SG-04 7.17 61.7 7.35 1.104
ST-VF-01E 1.0 9.1 15.0 0.091

ST-VF-01F 0.5 4.5 15.0 0.045
ST-VF-01G 2.0 18.2 15.0 0.182
ST-VF-01H 4.0 36.3 15.0 0.363

TR-LF-03 0.94 7.2 17.2 0.00
* Test selected for M-RELAP5 assessment.
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Figure 6.4-28 Comparison of Pressure Range between ORNLJTHTF Test and
US-APWR/SBLOCA

)
Figure 6.4-29 Comparison of Power Range between ORNL/THTF Test and

US-APWR/SBLOCA
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6.4.4 Summary

The RCS mass and pressure responses during the boil-off phase are important, because
they determine the core liquid level depression, the pumped SI flowrate, and the
accumulator actuation, which affect the core heat-up behavior. Therefore, similarity of the
global responses with respect the RCS mass and pressure were investigated between the
US-APWR SBLOCA and the lET, ROSAILSTF SB-CL-18 test, by using the top-down
approach. Regarding the local thermal-hydraulic phenomena and processes of interest,
the SETs provide a set of experimental data used for the code assessment. In the present
study, the ORNLITHTF uncovery heat transfer and two-phase mixture level swell tests,
and the ROSA/LSTF void profile test are examined to validate their scalability to the
US-APWR based on the bottom-up approach.

The top-down scaling analysis demonstrated that the ROSA/LSTF SB-CL-18 test is well
scalable not only to the US-APWR 7.5-in CLB, but also to the 1-ft2 CLB for the system
mass and pressure responses. All the evaluated scaling ratios are quantitatively
satisfactory to the acceptance criteria. In addition, the global processes observed both in
the US-APWR SBLOCA and ROSA test are mutually identical. No significant distortion
appear in the resultant boil-off behavior between the plant and test facility, although the
break size and the condition of SI features are slightly different each other.

The CHF/dryout, uncovered heat transfer, and two-phase mixture level are identified as
the important phenomena and processes during the boil-off phase. In the M-RELAP5
code assessment, the models related to the above phenomena and processes have been
validated by using test data obtained in the ORNLFTHTF and ROSA/LSTF test facilities.
The present study evaluated the scaling of the test facility dimensions to the US-APWR,
and showed no significant distortion. Simultaneously, the experimental test conditions,
pressure, temperature, flowrate, and power, were compared with those expected under
the various US-APWR SBLOCAs, showing that the set of experimental tests well covers
the US-APWR SBLOCAs.
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6.5 Core Recovery

6.5.1 Phenomena and Applied Test Facility

The core recovery phase starts at the end of the boil-off phase, and ends when the fuel
cladding is fully quenched and/or when the core is completely recovered. From this
definition, the SI flowrate, including the accumulator, exceeds the break flowrate at the
beginning of the recovery phase. The vessel mass inventory then increases, and core
recovery is established, resulting in rewetting and quench at the dryout portion of fuel
cladding. Therefore, the core reflooding and rewetting are important from the viewpoint of
the local thermal-hydraulic behavior, whereas the RCS mass response is of interest in
investigating the similitude similarity between the plant and test facility.

The 7.5-in cold leg break (CLB) is selected as a typical US-APWR SBLOCA. Since the
limiting PCT occurs during the core recovery phase under the I-f:2 CLB, this case is also
of interest in investigating the applicability of the experimental data. The integral effects
test (lET), the ROSA/LSTF SB-CL-18 test, which is employed for the M-RELAP5 code
assessment, is to be examined in terms of its scalability to these representative
US-APWR SBLOCAs selected above.

Test data to address the reflooding processes and rewet phenomena are provided from
the ORNLITHTF high-pressure reflood test and the FLECHT-SEASET forced-reflood test.
Scalability of these separate effects tests (SETs) is examined based on the bottom-up
approach as well as done for the boil-off phase.

6.5.2 Top-Down Scaling Analysis

6.5.2.1 Transient Behavior of Interest

As the RCS pressure decreases, the flowrate injected by the HHIS increases, and then
the accumulator starts delivering the additional safety coolant when the pressure falls
below its actuation level. This behavior can be expected both in the US-APWR SBLOCAs
and in the ROSA/LSTF SB-CL-1 8, although the pumped SI was not intentionally functional
throughout the ROSA test. After the accumulator starts injecting a large amount of water,
vapor steam accumulated in the RCS is to be condensed, and the core reflooding starts.
The coolant entering the core suppresses the fuel cladding temperature excursion, and
then the heat-up cladding is rewetted and quenched. Therefore, the RCS mass response
is a primary global behavior of interest, which is addressed by the top-down scaling
approach. The RCS pressure behavior is no longer critical once after the accumulator
starts injecting the safety coolant in the scenario of US-APWR SBLOCAs.

For the US-APWR 7.5-in CLB, the RCS mass starts recovering just after actuation of the
advanced accumulator" 1 . As shown in Figure 6.4-1, the beginning of the core recovery is
about [ ] seconds after the break. Then, the RCS pressure is well stabilized and the
core is sufficiently recovered at [ ] seconds, which is defined as the end of the recovery
phase. For the 1-ft2 CLB, the accumulator starts injecting the safety coolant around 90
seconds prior to the HHIS, because the RCS pressure rapidly falls to the level in which
the accumulator becomes operable. Then, the HHIS delivers the coolant from about 130
seconds. Although the RCS mass inventory and the downcomer liquid level begin to
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recover at about [ ] seconds, the obvious core reflooding starts around 180 seconds,
as explained in the end of Section 6.4.2.1. For the present analysis, the time when the
core starts reflooding is defined as the beginning of the core recovery phase. The cladding
is quenched around [ ] seconds, which is treated as the end of the core recovery
phase for the US-APWR 1-ft2 CLB.

The PCT behavior during the ROSA/LSTF SB-CL-18 test64 seems to be similar to that
expected in the US-APWR 1-ft2 CLB- 12 , though the break size was smaller and the
system pressure was higher in the test. The core resulted in the significant uncovery state,
and heat-up started during the boil-off phase, as same as expected under the 1-ft2 CLB.
The core heat-up was suppressed and quenched by the accumulator injection during the
core recovery phase. The beginning of the recovery is defined at [ ] seconds when the
RCS mass inventory starts recovering, and the end of the phase is [ ] seconds when
the core results in quench. An instantaneous spike was observed in the measured
accumulator flowrate just after the accumulator started injection around 450 seconds,
which probably gives any unexpected disturbance to the scaling analysis. Therefore, the
beginning of the recovery phase is intentionally shifted as described above.

6.5.2.2 Governing Conservation Equations

The transient of interest during the recovery phase is basically similar to that during the
boil-off phase, the global mass and pressure responses. Hence, these responses are
mathematically expressed by the mass and energy conservation equations for the lumped
volume filled with the two-phase mixture as same as developed for the boil-off phase. It is
noted that RCS mass response is of interest during the core recovery phase.

6.5.2.3 Nondimensional Equations and Groups

As described above, the reduced model (nondimensionalized equations, equations (6.4-8)
and (6.4-9)) and the resultant nondimensional groups (equations (6.4-22) through
(6.4-26)) are to be applied to the core recovery phase.

6.6.2.4 Scaling Analysis Results

Table 6.5-1 compares the reference values used in evaluating the nondimensional groups
and the resultant nondimensional groups between the US-APWR 7.5-in CLB and
ROSA/LSTF SB-CL-18 test. The scaling criteria, ratios of the evaluated nondimensional
groups between the US-APWR 7.5-in CLB and ROSA are listed in Table 6.5-2. Similarly,
Table 6.5-3 and Table 6.5-4 show the ROSA scaling analysis results to the US-APWR 1-ft2

CLB. The reference values for M and P are defined at the beginning of the core recovery
phase. With respect to the other variables, the reference values are extracted from the
data around [ ], which express the representative behaviors during the period when
the core reflooding suppresses and rewets the heated cladding. Figure 6.5-1 through
Figure 6.5-2 give comparisons between the US-APWR SBLOCAs and the ROSA. In the
scaling evaluation, the acceptable range for the scaling criteria is from 0.5 to 2.0 as same
as employed for the other scaling analyses.

For the US-APWR 7.5-in CLB and the ROSA/LSTF SB-CL-18 test, the RCS mass
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response during the ROSA test behaves as that during the 7.5-in CLB, as shown in Figure
6.5-1. This can be quantitatively recognized by comparing the nondimensional group Wp13 ,

and by the resultant scaling ratio is [ ]. Although the pumped SI was not used for the
ROSA test, the accumulator flow rate is the dominant inflow factor during the core
recovery phase both for the US-APWR and ROSA, resulting in the small scaling distortion
with respect to Yu13.

Regarding the evaluated nondimensional groups for the US-APWR 1-ft2 CLB, similar
tendencies can be recognized as compared between the 7.5-in CLB and ROSA test.
Because the US-APWR advanced accumulator quickly supplies a relatively larger amount
of safety coolant in the case of larger break cases, the nondimensional group W 1 3
becomes larger in the 1-ft2 CLB than the other cases. As recognized in Figure 6.4-6, the
normalized mass response for the 1-ft2 CLB is overestimated than that for the ROSA test.
However, the evaluated scaling ratio for L 1 3 still remains at [ ], which sufficiently
acceptable.

Table 6.5-1 Comparison of Physical Values and Nondimensional Groups between
US-APWR 7.5-in CLB and ROSAILSTF SB-CL-18 for Core Recovery Phase

Reference US-APWR ROSAILSTF Notes

Parameters 7.5-in CLB SB-CL-18

t. (sec) Time period

M, (kg) RCS mass

rmbmakO (kg/s) Break flow rate

rhsl,o (kg/s) SI flow rate
MAcc,o (kg/s)

Nondimensional G ouo
' 1 3  rEq. (6.4-26)

Table 6.5-2 Scaling Criteria between US-APWR 7.5-in CLB and ROSAILSTF
SB-CL-18 for Core Recovery Phase

Scaling /i,ROSA Definitions

Parameters Ti,USAPWR

'T13'ROSA Ratio of integrated mass flow to reference

T 13,US-APWR mass
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Table 6.5-3 Comparison of Physical Values and Nondimensional Groups between
US-APWR 1-ft2 CLB and ROSAILSTF SB-CL-18 for Core Recovery Phase

Reference US-APWR ROSA/LSTF Notes

Parameters 1-ft2 CLB SB-CL-18

t, (sec) Time period

M, (kg) RCS mass

rhbeako (kg/s) Break flow rate

rhsI,o (kg/s) SI flow rate

hACCO (kg/s)

Nondimensional Group
TI13 [Eq. (6.4-26)

Table 6.5-4 Scaling Criteria between US-APWR 1-ft2 CLB and ROSA/LSTF SB-CL-18
for Core Recovery Phase

Scaling '1 i,ROSA Definitions

Parameters "i,US-APWR

T'13 ROSA 1 Ratio of integrated mass flow to reference

"T13,US-APWRJ 
mass
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Figure 6.5-1 Comparison of Normalized RCS Mass between US-APWR 7.5-in CLB
and ROSA/LSTF SB-CL-18 for Core Recovery Phase

Figure 6.5-2 Comparison of Normalized RCS Mass between US-APWR 1-ft2 CLB and
ROSA/LSTF SB-CL-18 for Core Recovery Phase
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6.6.2.5 Validation of Scaling Results

The normalized RCS mass and pressure responses by the reduced model are compared
with those by the M-RELAP5 calculation for the US-APWR SBLOCAs and by the
measurements for the ROSA/LSTF SB-CL-18 test in Figure 6.5-3 through Figure 6.5-5.
This comparison is necessary to verify the accuracy of the developed model and further
reliability of the evaluated scaling results addressed in the preceded section.

The developed reduced model assumes that fluid remains at the saturated condition. This
is a potential concern because a slightly deeper subcooling appears in the liquid during
the core recovery phase, particularly for the US-APWR 1-ft2 CLB as shown in Figure
6.4-15. However, Figure 6.5-3 through Figure 6.5-5 demonstrate that the reduced model
applied here is capable of reproducing the references accurately, including the US-APWR
1-fl2 CLB. Therefore, it is judged that the reduced model is still applicable even to the
scaling analysis for the core recovery phase.

6.5.2.6 Evaluation for Scaling Distortions

In the US-APWR, the core recovery is eventually accomplished by the advanced
accumulator in addition to the HHIS, whereas the standard accumulator worked for the
ROSAILSTF SB-CL-18 test. The difference in safety injection was a probable concern
inducing a scaling distortion into the RCS mass response. The scaling analysis results,
however, quantitatively demonstrate that the RCS mass response of the ROSA/LSTF
SB-CL-18 test is scalable to that of the US-APWR SBLOCAs (7.5-in CLB and 1-ft2 CLB),
as indicated by a better agreement of the nondimensional group 4J 13 between the plant
and test in Section 6.5.2.4.
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J1

Figure 6.5-3 Comparison of Normalized RCS Mass between M-RELAP5 and
Reduced Model for US-APWR 7.5-in CLB Core Recovery Phase

Figure 6.5-4 Comparison of Normalized RCS Mass between M-RELAP5 and
. Reduced Model for US-APWR 1-ft2 CLB Core Recovery Phase
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Scaling Analysis for US-APWR SBLOCAs - Part 2 - UAP-HF-09541 -NP (RO)

,j

Figure 6.5-5 Comparison of Normalized RCS Mass between Measurement and
Reduced Model for ROSA/LSTF SB-CL-18 Core Recovery Phase
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6.5.3 Bottom-up Scaling Analysis

If a significant core uncovery occurs during the boil-off phase followed by the core
recovery phase, the fuel cladding temperature excursion can be suppressed by increasing
in vapor and/or liquid flow entering the core. As increased the core liquid mass, the steam
cooling region of the core transits to the film boiling, and further to the transition boiling
heat transfer mode, and finally results in rewetting. From the safety assessment point of
view, the reflooding and rewet are the phenomena and processes of interest during the
core recovery phase, and scalability of the SETs is examined by the bottom-up approach.

6.5.3.1 Reflood

The reflooding phenomena itself has been addressed by using the lET data obtained in
the ROSA/LSTF facility as done by the top-down scaling approach. In the M-RELAP5
code assessment, the ability to predict the fuel cladding temperature behavior during the
core recovery phase is validated by using some SET data obtained under the forced
reflooding conditions, specifically the ORNLITHTF high-pressure reflooding test6 17 and
the FLECHT-SEASET forced-reflood test6 18.

The primary dimensions of the ORNL/THTF test facility are referred to Section 6.4.3.1.
The FLECHT-SEASET test was conducted to obtain the cladding temperature behavior
under the low-pressure reflooding condition. The test section consisted of electric heater
rods, which simulated the 17x17 PWR fuel. Table 6.5-5 lists the scaling ratios of the
FLECHT-SEASET facility dimensions to US-APWR, and shows the test facility is well
scalable to US-APWR.

Fluid pressure, inlet temperature and velocity vary over the wide range under the
SBLOCAs, because the onset of reflooding is dependent on the accident scenario,
particularly on the break size postulated. The experimental pressure, inlet temperature
and velocity are shown in Table 6.5-6 and Table 6.5-7 for the ORNL/THTF and
FLECHT-SEASET tests, respectively. The ORNL/THTF test was performed under the
high-pressure condition to obtain the simulated SBLOCA reflooding data, whereas the
FLECHT-SEASET test originally simulated the large break LOCA reflooding under the
low-pressure condition. By employing these two tests, the code assessment matrix
establishes a wide range of reflooding assessment data. Although the experiments mainly
correspond to the core recovery phase, the experimental set covers the state when the
significant core uncovery occurs under US-APWR SBLOCAs. As shown in Figure 6.5-6
through Figure 6.5-8, the experimental conditions are reasonably satisfactory to cover the
US-APWR SBLOCAs.

The comparison described above demonstrates that the experimental data used in the
M-RELAP5 code assessment are well scalable and applicable to the US-APWR
SBLOCAs.

6.5.3.2 Rewet

Phenomenon.of rewetting occurs in the process of the core reflooding behavior. Therefore,
the rewet model implemented in the code is usually assessed by using the reflooding test
data as treated in the preceded section. Also in the M-RELAP5 assessment, the
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ORNL/THTF high-pressure reflooding test and the FLECHT-SEASET forced-reflood test
are used to validate the code. As concluded in Section 6.5.3.1, these two test facilities
provide a set of well scalable experimental data to US-APWR SBLOCAs.

Table 6.5-5 Scaling of FLECHT-SEASET Test Facility Dimensions to US-APWR
FLECHT- US-APWR/

Item SEST US-APWR F-SEASET F-S

No. of Assemblies per Core 1 257 -

Rod Array per Assembly 17xl 7 17x17 -

Total No. of Rods per Assembly 177 289 1.63

No. of Heated Rods per Assembly 161 264 1.61

No. of Unheated Rods per Assembly 16 25 1.56

Heated-to-Unheated Rod No. Ratio 10.06 10.56 1.05

No. of Grid Spacers 7

Active Length (m) 3.66

Heated Rod Diameter (m) 0.0095 0.0095 1.00

Unheated Rod Diameter (m) 0.0108 0.0097 0.90

Rod Pitch (m) 0.0126 0.0126 1.00

Flow Area per Assembly (M2) 0.0156

Hydraulic Diameter (m) 0.0097
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Table 6.6-6 ORNLTHTF High-Pressure Reflood Test Conditions

Initial mass Initial inlet Initial inlet Linear heat FloodingTest No.. Pressure
flux temperature subcooling power velocity

(MPa) (kg/m 2s) (K) (K) (kW/m) (cm/s)

3.09.100 3.88 25.36 447.7 74 2.03 12.2
3.09.1OP* 4.28 12.19 462.6 65 0.997 9.2
3.09.1OQ* 3.95 12.68 456.8 66 1.02 5.9
3.09.10R 7.34 27.64 449.2 113 2.16 11.7
3.09.10S 7.53 13.82 459.0 105 1.38 10.2

* Test selected for M-RELAP5 assessment.

Table 6.5-7 FLECHT-SEASET Forced-Reflood Test Conditions

Inlet Max Initial Linear heat FloodingTest Pressure
Subcooling Temperature power velocity

(psia) (F) (K) (kW/ft) (in/s)

31504 40 144 1507 0.7 0.97
31701 40 141 1640 0.7 6.10
32013 60 141 1555 0.7 1.04
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Figure 6.5-6 Comparison of Pressure Range between Reflooding Experiment and
US-APWR/SBLOCA

Figure 6.5-7 Comparison of Inlet Temperature Range between Reflooding
Experiment and US-APWR/SBLOCA
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Figure 6.6-8 Comparison of Inlet Velocity Range between Reflooding Experiment
and US-APWR/SBLOCA
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6.5.4 Summary

The RCS mass response and the core reflooding behavior are of interest for the core
recovery phase. Scalability of the former plant behavior was examined by using the
top-down approach against the lET data, ROSA/LSTF SB-CL-18 test, used for the
M-RELAP5 code assessment. On the other hand, the latter local thermal-hydraulic
behavior was addressed by the bottom-up approach. In the present analysis, the
ORNL/THTF high-pressure reflooding test and FLECHT-SEASET forced-reflooding test
provide the data necessary to assess the reflooding and rewetting models implemented in
M-RELAP5.

The top-down scaling analysis showed that the ROSA/LSTF SB-CL-18 test is well
scalable with respect to the RCS mass response, even to the US-APWR SBLOCAs with
different break sizes. The scaling ratio of the nondimensional group of interest is
sufficiently within the acceptable range. In the bottom-up scaling analysis, the present
study shows that the primary dimensions of SET facilities employed here are well scalable
to the US-APWR design, and the experimental test condition well covers the range
expected under the US-APWR SBLOCAs.
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