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ENCLOSURE I
Docket No. 52-021

MHI Ref: UAP-HF-11130

MITSUBISHI HEAVY INDUSTRIES, LTD.

AFFIDAVIT

I, Yoshiki Ogata, being duly sworn according to law, depose and state as follows:

1. I am General Manager, APWR Promoting Department, of Mitsubishi Heavy Industries, Ltd.
("MHI"), and have been delegated the function of reviewing MHI's US-APVWR
documentation to determine whether it contains information that should be withheld from
disclosure pursuant to 10 C.F.R. § 2.390 (a)(4) as trade secrets and commercial or
financial information which is privileged or confidential.

2. In accordance with my responsibilities, I have reviewed the enclosed document entitled
"MHI's Response to US-APWR DCD RAI No. 706-5339 Revision 0" dated April 2011, and
have determined that the document contains proprietary information that should be
withheld from public disclosure. Those pages containing proprietary information are
identified with the label "Proprietary" on the top of the page and the proprietary information
has been bracketed with an open and closed bracket as shown here "[ ]". The first page
of the document indicates that all information identified as "Proprietary" should be
withheld from public disclosure pursuant to 10 C.F.R. § 2.390 (a)(4).

3. The basis for holding the referenced information confidential is that it describes the unique
design of the safety analysis, developed by MHI (the MHI Information").

4. The MHI Information is not used in the exact form by any of MHI's competitors. This
information was developed at significant cost to MHI, since it required the performance of
research and development and detailed design for its software and hardware extending
over several years. Therefore public disclosure of the materials would adversely affect
MHI's competitive position.

5. The referenced information has in the past been, and will continue to be, held in
confidence by MHI and is always subject to suitable measures to protect it from
unauthorized use or disclosure.

6. The referenced information is not available in public sources and could not be gathered
readily from other publicly available information.

7. The referenced information is being furnished to the Nuclear Regulatory Commission
("NRC") in confidence and solely for the purpose of supporting the NRC staff's review of
MHI's application for certification of its US-APWR Standard Plant Design.

8. Public disclosure of the referenced information would assist competitors of MHI in their
design of new nuclear power plants without the costs or risks associated with the design
and testing of new systems and components. Disclosure of the information identified as
proprietary would therefore have negative impacts on the competitive position of MHI in
the U.S. nuclear plant market.



I declare under penalty of perjury that the foregoing affidavit and the matters stated therein
are true and correct to the best of my knowledge, information, and belief.

Executed on this 28th day of April, 2011.

Yoshiki Ogata
General Manager- APWR Promoting Department
Mitsubishi Heavy Industries, LTD.



ENCLOSURE 3

UAP-HF-11130
Docket No. 52-021

MHI's Response to US-APWR DCD RAI No. 706-5339 Revision 0

April 2011

(Non-Proprietary)



RESPONSE TO REQUEST FOR ADDITIONAL INFORMATION

4/28/2011

US-APWR Design Certification

Mitsubishi Heavy Industries

Docket No. 52-021

RAI NO.: NO. 706-5339 REVISION 0

SRP SECTION: 15.06.05 - LOSS OF COOLANT ACCIDENTS RESULTING FROM
SPECTRUM OF POSTULATED PIPING BREAKS WITHIN THE
REACTOR COOLANT PRESSURE BOUNDARY

APPLICATION SECTION: 15.6.5

DATE OF RAI ISSUE: 3/112011

QUESTION NO.: 15.6.05-79

Reformation of the loop seals due to ECCS injection during the US-APWR long term cooling phase
of a LOCA can cause suppression of the two-phase mixture level on the reactor core side. If this
level drops below the top of the active fuel, cladding heatup and oxidation can occur.
Provide the results of a thermal-hydraulic analysis quantifying the two-phase mixture level in the
US-APWR reactor during the long term cooling phase assuming the most limiting break size, break
location, and ECCS performance conditions. Include predictions for the following parameters: (1)
axial void distribution in the vessel at the point of minimum two-phase mixture level; (2) core
steaming rate as a function of time; (3) vapor mass flow rates in the loops as a function of time; (4)
liquid density and void fraction in the vertical upward section of the loop seals as a function of time;
and (5) mass flow rate through the upper plenum/downcomer bypass paths as a function of time.
Provide an analytical description of the assessment model as well as the source coding of computer
programs used to perform the calculations. The model description and results should consider the
effect of assumptions regarding the selection and treatment of important modeling parameters that
can vary during the transient in order to demonstrate the conservatism of the obtained results. As
appropriate, sensitivity assessments over the expected range of variation of such parameters should
be presented. In particular, consider the liquid temperature and void fraction in the vertical upward
section of the loop seals, stratified level position in the horizontal loop seal piping, break elevation,
and axial power shape.

ANSWER:

The two-phase core mixture level transient is not typically calculated in a standard post-LOCA
long term core cooling (LTCC) evaluation (ref-[1]). It is assumed that the mixture level will not
fall below the bottom of the hot leg before hot leg switch-over and that the mixing volume
includes the upper plenum, below the bottom of the hot leg. Given the scope of the LTCC
evaluation, it can be shown that the minimum froth level is above the bottom of the hot leg
elevation.

The evaluation of the loop flow resistance during the post-LOCA LTCC phase is discussed in
DCD RAI response, Q15.06.05-48 (ref-[2]). In the RAI response (ref-[2]), it is assumed that
equal quantities of the core generated steam travel through the four loops. However, it is

15.06.05-1



possible that some loops will experience plugging due to the back-flow of ECCS water. It must
be noted that all four loops cannot seal simultaneously because the differential pressure
between the upper plenum and the cold leg becomes high enough to flush the water which
forms loop seal.

The number of loops that form a loop seal in the RCP suction leg (NsEL) is determined by the
following conditions.

NSEAL = (Number of loops; 4) - {maximum number of loops which satisfies (APSEAL >

APLooP) }

where;
-PSE4L. Additional differential pressure due to the loop seal
APLOoP: Flow resistance of unsealed loop

The additional differential pressure due to the loop seal can be calculated by the following
equation.

-=P AhSEAL (psi) (eq-1)
144

where;
Pf Liquid density = 62.43 (Ibm/ft3) (conservatively assumed at 39 (F))
Z4hSEAL. Hydraulic head of the seal (ft)

Hydraulic head of the seal is determined as follows (see Figure-i).
AhsEAL = (Cold leg bottom elevation) - (Top of the pump suction leg horizontal part)

=[ ](ft)

Atmospheric pressure (14.7 psia) is conservatively assumed to enlarge loop flow velocity and
resistance. Figure-2 shows the calculated time-history of the loop flow rate for each loop seal
case. For conservatism the bypass flow through the upper plenum/downcomer is not taken into
account to enlarge loop flow rate and loop flow resistance. The procedure to determine loop
flow resistance is consistent with what is described in ref-[2]. Only the steam flow rate which
passes through the unsealed loop(s) is modified from ref-[2].

No Loop Seal Case: WLoop = I CoR (consistent with ref-[2])
4

_1
1 Loop Seal Case: WLooP = I CORE

_1
2 Loop Seal Case: WLOOP = WCORE

2 CR
1W

3 Loop Seal Case: WLOOP = -ORE

where;
WLmoC): Steam flow rate per loop [Ibm/s/loop]
WCORE: Core Steam Flow Rate [Ibm/s]

Figure-3 shows the calculated loop flow resistance transient for each of the loop seal cases.
Figure-3 shows that as the number of sealed loops increase, the loop flow resistance also
increases.

15.06.05-2



As discussed above, it is assumed that the loop flow resistance (APLOoP) is always below the
differential pressure due to the loop seal (APSE.4L) except no loop seal case. This is because
one loop seal is expected to clear if the condition becomes APLOOP > APSEAL. as a result of the
differential pressure balance between the four loops, in particular from the upper plenum to the
broken loop cold leg.
Considering this condition, the predicted loop flow resistance transient is also shown in Figure-3
bold line.

No loop becomes sealed during the post-LOCA short term phase due to the high core steaming
rate and the high flow resistance. As the steaming rate decreases, one loop may become
sealed by ECC back-flow approximately 30 minutes later. The loop flow resistance increases
temporarily due to the seal. The steaming rate due to the decay heat decreases continuously,
after which an additional loop may become sealed approximately 2 hours later.

Note that entrainment and CCFL effects in the cold leg(s) are not considered in this calculation.
If these effects were taken into account, it is expected that loop seal plugging would be
prevented and therefore the loop flow resistances would be lower than the values shown in
Figure-3.

Figure-4 shows the comparison of calculated time-histories of the RV differential head (APHEAD)

and the loop flow resistance (APLooP). RV differential head (APHEAD) is defined in the following
equation.

AHEAD - ADC - AP.ORE

where;
APDC: Differential hydraulic head between the bottom of the core barrel and the

bottom of the cold leg(s), downcomer side
APCORE: Differential hydraulic head between the bottom of the core barrel and the

bottom of the hot leg(s), core side

Table-1 shows calculation condition of these hydraulic heads. The core side differential
hydraulic head (APHEAD) tends to become smaller than the downcomer side differential
hydraulic head (APLoOP), since void swelling occurs in the core side. The calculation process of
the average void fraction (or collapsed liquid level) in the core side is consistent with the DCD
evaluation model presented in ref-[1]. Calculation example of averaged void fraction of the core
is also presented in the RAI response of question NO. 15.06.05-80 <Addendum> (ref-[3]). As
discussed in the RAI response, axial void fraction distribution is not calculated in the DCD
evaluation model, then axial void distribution is not presented in this RAI response.

The RV differential head (APHEAD) time-history is consistent with what is shown in Figure-2 of
ref-[2]. This plot shows that the RV differential head (APHEAD) is always above the loop flow
resistance (APLoo0p) except during the very initial portion of the transient. This indicates that the
core two-phase mixture level is considered to be higher than the bottom of the hot leg.

Sensitivity of ECC water temperature

The base case discussed above assumes that the ECCS water temperature is at saturation
temperature. This assumption increases the core steaming rate and maximizes the loop flow
resistance. Alternately, low ECCS water temperature decreases void fraction in the core side,
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which results in low RV differential head (ZAPHEAD).

Figure-5 shows the comparison of the average void fraction, and Figure-6 shows the
comparison of the core steaming rate between the base case and the low ECCS water
temperature (90 F) case. Figure-7 shows the comparison of the calculated time-histories of the
RV differential head (APHEAD) and the external loop flow resistance (-/IPLoOP) in the case of low
ECC water temperature (90 F).

RV differential head (OPHEAD) becomes smaller than the base case due to decreasing void
fraction on the core side. But the loop flow resistance also decreases since the core steaming
rate decreases due to sensible heat increasing. As a result, the loop flow resistance (APLOOP)

does not exceed the RV differential head (APHEAD), and two-phase mixture level is maintained
above the hot leg bottom elevation up to the hot-leg switch-over time (4 hour).

Sensitivity of axial power shape

In this calculation, axial power shape affects core average void fraction, i.e. core collapsed
water level. The core collapsed water level is calculated by the same model as DCD evaluation
which is shown in ref-[1] in the base case. In this model, a uniform axial power shape is
assumed and the core collapsed water level is analytically derived. However, various axial
power shapes during operation may occur aside from a uniform distribution, thus a higher
average core void fraction is assumed.

Figure-8 shows the comparison of calculated time-histories of the RV differential head (APHEAD)

and the external loop flow resistance (APLooP) in the case where the core average void fraction
is decreased to 80% of the base case for conservatism. The loop flow resistance is the same as
the base case. By decreasing the RV differential head (APHEAD) it falls below the loop flow
resistance (APLooP) temporarily approximately 2 hours later when the number of loops sealed
increases from 1 to 2. However, the relation (ZIPHEAD > APLooP) is maintained during almost the
entire period in post-LOCA. That is, the two-phase mixture level is maintained above the hot leg
bottom elevation up to the hot-leg switch-over time (4 hour).

Conclusion

In conclusion, the above discussions show that the two-phase mixture level is maintained
above the bottom of the hot leg elevation even in the case of loop seal plugging during the
post-LOCA long term core cooling phase.
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Table-1 Hydraulic Heads and Loop Flow Resistance Calculation Condition

System Pressure Atmospheric pressure (14.7 psia)

HHIS Temperature Saturated (same as DC evaluation case)

Core Power and Decay Heat same as DC evaluation case
Axial Core Power Shape uniform

Range of Downcomer Side Core Bottom to Cold Leg Bottom

considered heads Core Side Core Bottom to Hot Leg Bottom

*Steam Temperature at SG tube outlet is assumed same as SG secondary temperature,

which is conservatively assumed equal to the temperature before LOCA happens.
*RCP is assumed to lock to maximize its pressure loss coefficient.

Figure-1 Position of additional differential pressure due to the loop seal
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Figure-2 Loop Flow Rate Transient during Post-LOCA Long-Term Core Cooling (Base Case)

Figure-3 Loop Flow Resistance Transient during Post-LOCA Long-Term Cooling (Base Case)
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Figure-4 Differential Head and Loop Flow Resistance
during Post-LOCA Long-Term Core Cooling Period (Base Case)
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Figure-5 Average Core Void Fraction during Post-LOCA Long-Term Cooling Period
(Comparison between Base Case and Low ECC Water Temperature Case)

r

I\--.1

Figure-6 Core Steaming Rate during Post-LOCA Long-Term Cooling Period
(Comparison between Base Case and Low ECC Water Temperature Case)
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Figure-7 Head Differential during Post-LOCA Long-Term Cooling Period
(Low ECC Water Temperature (90 F) Case)
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Figure-8 Head Differential during Post-LOCA Long-Term Cooling Period
(80% of Core Average Void Fraction Case Compared to Base Case)
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References:
1. UAP-HF-09384 "MHI's Response to US-APWR DCD RAI No. 352-2369 Revision 1" (July 2009)

RAI Question 15.6.5-44 Appendix B Attachment.
2. UAP-HF-09384 "MHI's Response to US-APWR DCD RAI No. 352-2369 Revision 1" (July 2009)

RAI Question 15.6.5-48.
3. UAP-HF-11083 "MHI's Response to US-APWR DCD RAI No. 706-5339 Revision 0" (March

2011) RAI Question 15.6.5-80. Addendum

Impact on DCD

There is no impact on the DCD.

Impact on R-COLA

There is no impact on the R-COLA.

Impact on S-COLA

There is no impact on the S-COLA.

Impact on PRA

There is no impact on the PRA.
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RESPONSE TO REQUEST FOR ADDITIONAL INFORMATION

4/28/2011

US-APWR Design Certification

Mitsubishi Heavy Industries

Docket No. 52-021

RAI NO.: NO. 706-5339 REVISION 0

SRP SECTION: 15.06.05 - LOSS OF COOLANT ACCIDENTS RESULTING FROM
SPECTRUM OF POSTULATED PIPING BREAKS WITHIN THE
REACTOR COOLANT PRESSURE BOUNDARY

APPLICATION SECTION: 15.6.5

DATE OF RAI ISSUE: 3/11/2011

QUESTION NO.: 15.6.05-81

US-APWR FSAR Subsection 15.6.5.3.1.3 "Post-LOCA Long Term Cooling Evaluation Model"
describes the model that is used to predict the boric acid concentration in the reactor core
during the LOCA long term cooling period. A more detailed description of the model is provided
in Appendix B to UAP-HF-09384 "MHI's Response to US-APWR DCD RAI No. 352-2369
Revision 1" (July 2009), as part of the response to RAI Question 15.6.5-44. According to this
response, the evaluation model has not been previously reviewed by the U.S. NRC.
In the provided US-APWR boron precipitation analysis, the control mixing volume for
calculating the boric acid concentration in the core includes the volume of the following regions:
(1) core region volume, (2) upper plenum volume below the hot leg bottom elevation, and (3)
one half of the lower plenum volume.
The average boric acid concentration computed with the above defined mixing volume is based
on the assumption that 50% of the liquid in the lower plenum mixes homogeneously and
instantly with the liquid content of the two remaining regions of the mixing volume. At the same
time, it is recognized that if the density of the colder liquid residing in the lower plenum is higher
than the coolant density in the core region, thermal stratification can preclude mixing between
the regions.
According to Table 4.4-4 in the US-APWR FSAR, one half of the lower plenum volume
corresponds to 61% of the entire active core fluid volume. As such, inclusion of this lower
plenum portion in the control mixing volume can significantly affect the predicted boric acid
buildup.
Provide the technical basis in support of the proposed inclusion of 50% of the lower plenum
volume in the control mixing volume for the US-APWR boric acid precipitation analysis. If test
data are used as part of the technical basis, demonstrate their applicability to the US-APWR
reactor design by describing the applicable scaling methodology along with the scaling results
for the US-APWR design.
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ANSWER:

During the post-LOCA long-term core cooling phase, continued operation of the ECCS supplies
borated water from the RWSP to the reactor vessel through DVI lines. Boric-acid concentration in
the core may increase due boiling. In the post-LOCA long-term core cooling evaluation, the core and
its adjacent volumes are simply called "Mixing volume" where boric acid could potentially precipitate.
The following regions are assumed to be included in the final mixing volume.

All volumes of the core region are included in the mixing volume.
The Upper plenum volume below the hot leg bottom elevation is included in the mixing volume.
50% of the lower plenum is included in the mixing volume.

The first two volumes remain at two-phase pool-boiling conditions and sufficient mixing can be
expected due to boiling oscillations. Alternatively, the lower plenum is a subcooled region
upstream of the core, in which there is no mixing flow during the beginning of the post-LOCA
long-term core cooling period. However, as the boric-acid concentration in the core increases the
liquid density also increases, and the mixing flow between the core and the lower plenum due to this
density difference begins after the liquid density in the core exceeds the lower plenum liquid density.

As discussed above, half of the lower plenum is assumed to be included in the mixing volume. This
is equivalent to the entire lower plenum volume being subjected to half of the core boric acid
concentration. That is,

CLP -I CORE

2
where,

CLp: averaged boric acid concentration of entire lower plenum
Ccops: averaged boric acid concentration of the core

In this RAI response, experimental test results are shown which simulate the behavior of boric acid
inside the reactor vessel during the post-LOCA long-term core cooling phase. The test was
performed within an MHI testing facility called "BACCHUS" and is located at the Takasago research
and development center, MHI. The results show that the test boric acid concentration in the lower
plenum exceeded half of the core boric acid concentration when core boric acid concentration
becomes high.

Figure-1 shows a schematic of the BACCHUS test facility and Figure-2 shows a side view of the test
facility. The set up is based on a representative Japanese 3-loop PWR plant. The test vessel is
represented as a slab geometry to more accurately simulate the two dimensional fluid behavior
within the reactor vessel. Circumferential flow effects are thought to be insignificant in the
post-LOCA long term phase because the liquid flow velocity within the vessel is designed to be less
than 0.2 inch per second. The test setup is designed to reflect the appropriate vertical scale within
the actual plant to properly simulate gravity injection and natural convection inside the vessel. The
volumetric scale to the reference plant is approximately 1/80. Table-1 and Figure-2 describe the
representative geometry of the BACCHUS test facility.

Figure-3 presents the flow diagram for the boric acid mixing test. The borated water which is set at
the core boric acid concentration is injected (gravity driven) into the upper downcomer of the test
vessel. At the start of the test, the electrical heaters which simulate fuel rods begin to heat up
simultaneously and the generated steam is driven out through the steam-water separator.
Appropriate instrumentation is installed in the test vessel to measure pressure, fluid temperature and
boron concentration.

The boric acid concentration was obtained by measuring electrical conductivity. A schematic
diagram of the sensor is presented in Figure-4. Electrical conductivity is dependent on fluid
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temperature as well as boric acid concentration, thus fluid temperature is measured simultaneously.
Measured electrical conductivity is converted to a boric acid concentration by a prepared correlation
between the electrical conductivity and boric acid concentration, shown in Figure-5.

Table-2 shows the boric acid mixing test condition. The test core power is relatively low compared to
the reference plant; instead, the boric acid concentration of the injected water was increased to
enhance the boric acid concentration change in the test vessel.

The boric acid concentration measurement locations are shown in Figure-6. Figures 7 to 15 present
the time history of the measured boric acid concentration in each measurement location. Figures 7
to 11 present the upper plenum and the core boric acid concentration. These plots show that the
boric acid concentration in these regions increases steadily, which indicates that the boric acid
solution is well mixed.

Figures 12 to 15 show the measured boric acid transient in the lower plenum. It can be seen that the
boric acid concentration in the lower plenum increases as the core boric acid concentration
increases with some delay. The boric acid concentration growth rate is relatively high near the core
region.

Figure-16 shows fluid temperature measurement locations. Figures 17 to 25 present the measured
time-histories of the fluid temperature in each location. There are some differences among the
measured temperatures along the same elevation since it is thought that the rod radial power profile
influences the fluid temperature measurement. The fluid temperatures of the lower plenum region
above the lower core support elevation tend to increase relatively early since some heat
transmission occurs from the core to the downcomer through the core barrel then the downcomer
water is heated by it, and the heated downcomer water flows into the upper lower plenum region
without traveling down to the bottom of the core. The temperature of the lower plenum below the
core support plate increases gradually with some delay due to the density destabilization.
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Derivation of Lower Plenum Mixing Fraction

The equivalent mixing fraction of the total lower plenum volume is calculated by the following steps.

(1) Calculation of average boric acid concentration at each elevation
Measured boric acid concentration is averaged at each elevation

C4 VG(x) = n ,] C(x,i) (eq-1)

where;
CAj.?G(x): Averaged boric acid concentration at elevation (x)
n: Number of measurement points at elevation (x)
C(x,i): Measured boric acid concentration in position (i) and elevation (x)

(x) denotes an elevation number shown in Figure-6.

(2) Evaluation of the representative boric acid concentration and the representative lower plenum

concentration

The representative boric acid concentration in each region is defined as follows.

C CORE ](eq-2)
CLp (eq-3)

where;
CcoE: Representative (averaged) core boric acid concentration
CLp: Representative (averaged) lower plenum boric acid concentration

(3) Derivation of the Lower Plenum Mixing Fraction
Lower plenum mixing fraction, R,,j, is evaluated by the following equation.

R1.....= CLP -Con with Ci,,1 : Initial boric acid concentration (eq-4)
CCORE -cin,

Initial boric acid concentration is subtracted in (eq-4) conservatively to eliminate initial boric acid
concentration influence.
Figure-25 shows time-histories of the estimated representative boric acid concentration of the core
and the lower plenum which are calculated by the equation (eq-2) and (eq-3). Figure-26 shows the
time-history of the estimated lower plenum mixing fraction (R,,i.,) which is calculated by the equation
(eq-4). The experiment demonstrates that the lower plenum mixing fraction increases as with time
and exceeds 50% approximately 4.6 hours later.

As discussed above, the mixing flow results from the density destabilization, thus the lower plenum
mixing fraction is small when the core boric acid concentration is low. However the problem is how
the lower plenum mixing fraction can be accounted for when the core boric acid concentration
becomes high. Figure-27 shows that the effect of the core boric acid concentration on the lower
plenum mixing fraction. As shown in Figure-27, the lower plenum mixing fraction exceeds 50% when
the core boric acid concentration becomes more than approximately 20 wt%. With the lower plenum
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mixing fraction exceeding 50% when the core boric acid concentration reaches 20% it seems
reasonable to include 50% of the lower plenum volume in the calculated mixing volume when the
core boric acid concentration is greater than 20%. Including part of the lower plenum volume in the
mixing volume extends the calculated time when the operator needs to perform the DVI to hot leg
injection switchover.

Scalability of the BACCHUS test to the US-APWR

In the post-LOCA long-term core cooling phase, considering a cold leg break which causes boric
acid precipitation in the core if left uncontrolled, borated ECCS water makes up for core boiloff. The
core inlet flow velocity calculated by the core steaming rate is very small (less than 0.2 inch per
second 2 hours after the start of the LOCA) so the important phenomenon which governs the mixing
in the bottom of the reactor vessel is thought to be natural convection. Mixing behavior under
stagnant conditions such as in the lower plenum is thought to be affected according to the relevant
volume and elevation differential.

Table-3 shows the ratio of the lower plenum volume to the core volume and the elevation differential
between the BACCHUS test facility and the US-APWR. The ratio of the lower plenum of BACCHUS
is larger than US-APWR, which means that the influence of mixing flow is relatively smaller in
BACCHUS than US-APWR in terms of the lower plenum mixing fraction. The lower plenum elevation
differential is smaller than the US-APWR, however the difference is small. Consequently, it can be
said that the boric acid mixing behavior between the core and the lower plenum is consistent
between the US-APWR and the BACCHUS test facility, thus the lower plenum mixing fraction
obtained from the BACCHUS boric acid mixing test applies to the US-APWR evaluation.

Conclusion

In conclusion, from the above discussions, the validity of the assumption of using 50% of the lower
plenum to calculate the mixing fraction is shown from the BACCHUS boric acid mixing test results.
This assumption can be applied to the US-APWR, thus it is reasonable to include half of the lower
plenum as a part of the mixing volume for the US-APWR post-LOCA long-term core cooling
evaluation.
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Table-1 BACCHUS test facility geometry, comparing to reference plant

Item Geometry Remarks

Simulates gravity injection and naturalconvection in the vessel

Radial Nearly Full Scale Simulates core center to downcomer(Axial symmetry) (See Figure-2)

Circumferential A fuel Assembly Scale Downcomer Flow velocity is very small

Table-2 Boric acid mixing Test - Test Condition

Item Value Remarks

Core Power Corresponding to the decay heat
at 17.5 hr in post-LOCA

Initial/Injected water
boric acid Enhances boric acid change
concentration
Injected water Representative sump water
temperature I temperature

Axial Simplify the heating
Power

Distribution RSimulates actual plant distribution
Radial(roughly)

R-elative value against the average power density

Table-3 Comparison of volume and height, BACCHUS and US-APWR
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- Downcomer

- Baffle-Former Region

Agitator

S /' Boric-acid collecting tank

Boric-Acid
Drop-in

\ Electrical Heater

Electrical Heater
Boric-acid solution tank

Test Vessel

Figure-i: Schematic of BACCHUS Test Facility
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Figure-2: Side View of BACCHUS Test Facility
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pump

Figure-3 Flow diagram of boric acid mixing test (BACCHUS)
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Figure-4 Electrical conductivity sensor (for boric acid concentration measurement)

Figure-5 Correlation between electrical conductivity and boric acid concentration
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Figure-6 Boric acid concentration measurement location
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Figure-7 Measured boric acid concentrations in the upper plenum

Figure-8 Measured boric acid concentrations in the core (12 ft from core bottom)
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Figure-9 Measured boric acid concentrations in the core (9 ft from core bottom)

Figure-lO Measured boric acid concentrations in the core (6 ft from core bottom)
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Figure-11 Measured boric acid concentrations in the core (0 ft from core bottom)

Figure-12 Measured boric acid concentrations above the lower core support plate
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Figure-13 Measured boric acid concentrations in the lower plenum

Figure-14 Measured boric acid concentrations in the lower plenum
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Figure-15 Measured boric acid concentrations in the lower plenum
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Figure-16 Fluid temperature measurement location
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Figure-17 Measured temperature in the upper plenum

Figure-18 Measured temperature in the core (6 ft from core bottom)
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Figure-19 Measured temperature in the core (3 ft from core bottom)

Figure-20 Measured temperature in the core (0 ft from core bottom)
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Figure-21 Measured temperature above the lower core support plate

Figure-22 Measured temperature in the lower plenum
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Figure-23 Measured temperature in the lower plenum

Figure-24 Measured temperature in the lower plenum
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core region

lower plenum region 
z,

Figure-25 Averaged boric acid concentration
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Figure-26 Lower plenum mixing fraction between the core and the lower plenum

Figure-27 Lower plenum mixing fraction between the core and the lower plenum

(Lower _ Plenim _ Mixing _ Fraction) = CLP - CiniaI-LP

CCORE - Cinitial-CORE
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Impact on DCD

There is no impact on the DCD.

Impact on R-COLA

There is no impact on the R-COLA.

Impact on S-COLA

There is no impact on the S-COLA.

Impact on PRA

There is no impact on the PRA.m
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RESPONSE TO REQUEST FOR ADDITIONAL INFORMATION

4/28/2011

US-APWR Design Certification

Mitsubishi Heavy Industries

Docket No. 52-021

RAI NO.: NO. 706-5339 REVISION 0

SRP SECTION: 15.06.05 - LOSS OF COOLANT ACCIDENTS RESULTING FROM
SPECTRUM OF POSTULATED PIPING BREAKS WITHIN THE
REACTOR COOLANT PRESSURE BOUNDARY

APPLICATION SECTION: 15.6.5

DATE OF RAI ISSUE: 3/1/2011

QUESTION NO.: 15.6.05-82

In the US-APWR boron precipitation analysis, consideration of fluid mixing between coolant in areas
of the reactor lower plenum and such residing in adjacent reactor core regions would require
conditions under which the boric acid solution in these core regions becomes denser than the
coolant in the lower plenum. Under such conditions, participation of a certain fraction of the lower
plenum in the control mixing volume can be considered for crediting in the US-APWR boric acid
precipitation evaluation.
Provide a conservative assessment of the expected coolant temperature in the reactor vessel lower
plenum region during the post-LOCA long term cooling phase along with a list of all relevant
assumptions under the most limiting LOCA conditions. Show the lower plenum liquid density based
on the provided temperature and any other contributing factors if applicable. Provide the density of
the liquid in the core based on corresponding coolant temperatures, boric acid concentrations, and
any other contributing factors along with a list of all relevant assumptions. Explain how the
representative core liquid density conservatively accounts for possible boric acid concentration
variations within the reactor core. Present comparison plots for the representative coolant
temperatures, boric acid concentrations, and liquid densities attributed to the lower plenum and core
regions as functions of time.
Based on the performed assessments, provide the time period and conditions under which lower
plenum participation in the control mixing volume can be considered for crediting in analyzing the
effectiveness of the hot leg switchover to avoid boron precipitation. As appropriate, show sensitivity
analyses to support the conclusions and include an assessment of the uncertainties associated with
main contributing parameters.

ANSWER:

In the post-LOCA long-term core cooling phase, the core liquid temperature is maintained at
saturation temperature and the lower plenum liquid temperature remains below the saturation
temperature. These differing temperature conditions result in a stable thermal (density) stratification
of the core liquid.

The higher the boric acid concentration becomes the higher the liquid density becomes. In the
post-LOCA long term core cooling phase, the boric acid concentration in the core gradually
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increases due to boiling and consequently the core liquid density increases as well. If the liquid
density in the core exceeds the liquid density in the lower plenum, the density stratification becomes
unstable and fluid mixing between the core and lower plenum begins.

In the post-LOCA long-term core cooling evaluation, half of the lower plenum is included in the
mixing volume. This is equivalent to half the core average boric acid concentration applied to the
entire lower plenum. The validity of this assumption can be referred to in the previous RAI response
to Q15.06.05-81.

The lower plenum liquid temperature is assumed to be at saturation temperature, which is the same
as in the core, since this assumption results in a lower liquid density and minimizes the liquid mass
in the lower plenum.

However, no mixing flow rate is calculated directly in the evaluation, only a unique mixing volume is
assumed in the reactor vessel.

As previously discussed, and shown in the RAI Q15.06.05-81 response, the mixing flow between the
core and the lower plenum is caused by the destabilization of the density gradient. Thus, the mixing
start condition is evaluated for the case where the initial lower plenum liquid temperature is
conservatively assumed to be low and consequently the initial density of the lower plenum is high.

The correlation of the concentration and liquid mass density is estimated as follows (the data is from
ref-[1 ]);

ob [Ibm/ft
3
] =[ ] (eq-1)

where,
p39 F: Liquid density of pure water at T=39 [F], atmospheric pressure

= 62.424 [Ibm/ft3]

P150F: Liquid density of pure water at T=150 [F], atmospheric pressure
= 61.196 [Ibm/ft3]

Pw: Liquid density of pure water [Ibm/ft3]
Cw, : Boric Acid Concentration [w%]

In this RAI response, the plausible lowest temperature (39F) in the lower plenum is assumed as the
initial condition to check whether mixing flow due to density difference occurs.

Table-1 Core and lower plenum condition before mixin, begins
Core Lower Plenum

Item Initial condition Mixing Beginning Initial to mixing
condition beginning condition

Temperature [F] 212(saturated) 212(saturated) 39
Boric Acid Concentration 2.402 15.690 2.402
[wt%] I=______

Liquid Mass Density [Ibm/ft3] 61.458 ==> 64.215 64.215

The core and the lower plenum initial boric acid concentration are 2.402 [wt%]. Due to the liquid
temperature difference, a stable density stratification is formed.

As the core boric acid concentration increases due to boiling, the liquid mass density also increases.
When the core boric acid concentration reaches 15.690 [wt%], the liquid mass density in the core
becomes equal to the liquid mass density in the lower plenum (64.215 [Ibm/ft3]). As a result, mixing
flow occurs due to unstable density stratification.
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In the post-LOCA long-term core cooling phase, the mixing flow between the core and the lower
plenum is expected to begin when the core boric acid concentration reaches 15.690 [wt%], even if
the liquid temperature in the lower plenum is assumed to be conservatively low.

Next, the lower plenum liquid temperature after the mixing begins is estimated.

At a certain point during DV injection mode, the following conditions regarding the lower plenum are
assumed to be maintained quasi-statically.

* Core boiling flow rate is assumed to Wboiu", which is calculated by applying Appendix K
decay heat (Table-I). Saturation enthalpy is assumed for the fluid entering the core.

* All the water in the lower plenum is from the ECC and has a boric acid concentration of
2.402 [wt%]. The ECC flow rate into the lower plenum is equal to the core boiling rate
(WECC = Wboil).

* ECC water temperature is conservatively assumed to be at the lowest temperature.
* Mixing flow begins after the liquid density in the core exceeds the liquid density in the lower

plenum.
* The boric acid concentration in the lower plenum is calculated by ECC flow from the RWSP

and mixing flow from the core.

fý ore Boiling Rate Wb,,il

[Core Inlet Flow ....•: : : :
Flow Rate: Mixing Flow]

( + W,, ) + Flow Rate :
Concentration CLp::::: ' Concentration: CCORE

..wer.........

EEOC Flow]
ECC Water Injection Flow Rate : Wb~It

(same as core boiling rate)

Concentration : CEcc

Boric acid mass flow rate in each flow path is,
W - ECC W

b 1.ECU - C oil

-(eq-2)

W ix ,,= cr W,, (eq-3)

WhCORE -- CLp (Wo,,~ + W,)(eq-4)

1. - RC p.:

where,
WbECC: Boric acid mass flow rate of ECC injection
Wb flx: Boric acid flow rate of mixing flow
Wbcoj;:Boric acid flow rate of core inlet flow

The following equation is assumed.
>, Quasi-static assumption

Wb C+ Wb mix =-Wbot (eq-5)

,• Boric acid concentration in the lower plenum becomes a certain fraction (az) of the core
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boric acid concentration.
CLP =ý" CCORE (eq-6)

The following equation is obtained from (eq-2) to (eq-6)
CECC.WW+ C CORE = cxCOJL (,,,+CCORE CR

1.0 - C ECC 1.-0 - CCORE 1.0 -a C. C oRE

The above equation can be rewritten as follows.

w = 1 .0 -CcoR [ CLORE ( a -a ]CWECC lW-7
1 .0 W-CECC I CCOREo (eq-7)

ECC water is assumed to be at 39 [F], the lowest plausible liquid temperature. In this evaluation, the
specific enthalpy in the lower plenum (hLp) is calculated by the following equation.

WECCW * h39 +W h
hP= ECC + miX (eq-8)w c+w

where,
h39F: Specific enthalpy of water at T=39 [F]
hfsat: Specific enthalpy of saturated water

The lower plenum liquid temperature can be obtained by referring to the steam table.

After mixing begins, the boric acid concentration in the lower plenum is determined by the smaller
value of the following two conditions.

1. Half of the core boric acid concentration (a = 0.5)
2. Boric acid concentration which results in the same liquid density as the core liquid density.

(in this case a < 0.5)

Figure-1 shows the calculated time-history of the boric acid concentration of the core and the lower
plenum. Figure-2 shows the liquid density transient in the core and the lower plenum. Figure-3
shows the calculated time-history of the core boiling rate and the mixing flow rate.

There is no mixing between the core and the lower plenum at first because liquid density in the lower
plenum exceeds the core. Initially the boric acid concentration in the core increases rapidly
(Figure-I). Approximately 30 minutes later, the liquid density in the core reaches the lower plenum
density and mixing flow begins (Figure-2). Mixing flow increases gradually due to the density
equalizing in the core and the lower plenum (Figure-2,3). The boric acid concentration in the lower
plenum also gradually increases as the mixing flow increases (Figure-I). The rate increase of the
core boric acid concentration is suppressed due to the mixing.

Approximately 130 minutes later, the lower plenum boric acid concentration reaches half of the core
boric acid concentration. After that, the liquid density in the lower plenum decreases to below the

1
core liquid density because of the assumption CLP < I CcORE (Figure-2).

2

Figure-4 shows the calculated time-history of temperatures in the core and the lower plenum. The
core is maintained at saturation temperature. The initial liquid temperature in the lower plenum is 39
[F] as mentioned above, however it begins to increase after mixing starts. After the concentration in
the lower plenum reaches half of the core boric acid concentration, the liquid temperature in the
lower plenum reaches approximately 100 [F] and is maintained at this temperature.

It must be noted that the above evaluation is conservative. It is based on assumptions that delay the
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mixing initialization time and use the lowest liquid temperature in the lower plenum.
" Initial liquid temperature in the lower plenum is assumed to be at 39 [F]. The liquid

temperature may be higher than this temperature in reality because the initial water in the
lower plenum must be heated by the reactor vessel metal during reflood phase.

" ECC water is assumed to be at a constant lower value of 39 [F].

Figure-5 and Figure-6 show the calculated time history of the boric acid concentration and the liquid
density in the core and the lower plenum. The initial lower plenum liquid temperature and ECC
water temperature is assumed to be at saturation temperature which is same as the case described
in the DCD. Mixing flow begins from the start of the transient because of the density difference.

The purpose of the Post-LOCA Long Term Core Cooling evaluation is to evaluate the hot-leg
switch-over time, which is determined by the time when the boric acid concentration in the core
(mixing-volume) reaches the boric acid precipitation acceptance criteria. Considering this, the initial
lower plenum liquid temperature does not affect the calculated hot-leg switch-over time, thus the
evaluation cases described in DCD are appropriate and remain unaffected.
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Table-1 Decay Heat Fraction

The decay heat of 1.2 times the values for infinite operating time in the ANS Standard (Proposed
American Nuclear Society Standards: "Decay Energy Release Rates Following Shutdown of
Uranium-Fueled Thermal Reactors", October 1971) is used in accordance with 10CFR50 Appendix
K requirements.
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Figure-1 Boric acid Concentration during post-LOCA Long-term Cooling
(Low lower plenum temperature case)
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Figure-2 Liquid Density during post-LOCA Long-term Cooling
(Low lower plenum temperature case)
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Figure-3 Flow Rate during post-LOCA Long-term Cooling
(Low lower plenum temperature case)
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Figure-4 Liquid Temperature during post-LOCA Long-term Cooling
(Low lower plenum temperature case)
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Figure-5 Boric acid Concentration during post-LOCA Long-term Cooling
(High lower plenum temperature case)
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Figure-6 Liquid Density during post-LOCA Long-term Cooling
(High lower plenum temperature case)
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Impact on DCD

There is no impact on the DCD.

Impact on R-COLA

There is no impact on the R-COLA.

Impact on S-COLA

There is no impact on the S-COLA.

Impact on PRA

There is no impact on the PRA.
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