
  Enclosure 1 

AUDIT REPORT 
 

1.0 SUMMARY 
 
Mitsubishi Heavy Industries Ltd. (MHI) submitted to the U.S. Nuclear Regulatory Commission 
(NRC) Design Control Document (DCD) Revisions 1 and 2 for its United States - Advanced 
Pressurized Water Reactor (US-APWR) application in August 2008, and October 2009, 
respectively.  After conducting a review of the information associated with net positive suction 
head (NPSH) in the US-APWR DCD and technical report MUAP-08001-P, Revision 3,  
“US-APWR Sump Strainer Performance,” the NRC staff concluded that additional information 
was needed to make the determination that MHI meets the regulatory requirements for NPSH 
for emergency core cooling system (ECCS) pumps.  An NPSH audit was previously conducted 
on March 8, 2010, between Mitsubishi Nuclear Energy Systems, Inc. (MNES) staff and the NRC 
staff in their Arlington, Virginia offices.  An audit report was issued on June 7, 2010 and was 
documented in the Agencywide Documents Access and Management System (ADAMS) under 
accession number ML101540249.  Subsequently, based on responses to NRC staff’s requests 
for additional information (RAI) and updates to technical report MUAP-08001, the NRC staff 
decided to conduct an additional audit related to NPSH. 
 
An audit was conducted by the NRC staff at the MNES Arlington, Virginia office on April 7, 
2011.  During the audit the NRC staff focused their review on MHI’s calculations that provided 
the results presented in technical report MUAP-08001-P, Revision 3, Table 3-11, “Upstream 
Effect Hold-Up Volumes” and Appendix F, “Validity of Assumptions Regarding Containment 
Pressure.”  In addition, this audit reviewed how uncertainties were addressed in determining the 
required NPSH (NPSHr).  During the audit, the staff reviewed the calculation documentation and 
discussed the calculation steps with MNES personnel to evaluate whether MHI meets the 
regulatory requirements for NPSH for ECCS pumps.   
 
2.0 BASIS 
 

• General Design Criteria (GDC) 35 of Title 10 of the Code of Federal Regulations (10 
CFR), Part 50, Appendix A, “Emergency Core Cooling” 
 

• GDC 38 of 10 CFR, Part 50, Appendix A, “Containment Heat Removal” 
 

• 10 CFR 50.46(b)(5), “Acceptance criteria for emergency core cooling systems for light-
water nuclear power reactors” 

 
• Regulatory Guide (RG) 1.82, “Water Sources for Long-Term Recirculation Cooling 

Following a Loss-of-Coolant Accident” 
 
3.0 OBSERVATIONS AND RESULTS 
 
Background 
 
NPSH is the difference between the stagnation pressure at the pump suction and the liquid 
vapor pressure.  It is a measure of the energy forcing the liquid into the pump.  There are two 
related quantities called available NPSH and required NPSH.  The available NPSH (NPSHa) is 
a function of the pressure in containment, strainer and piping system design, the pump flow rate 
and the temperature of the pumped water.  The NPSHr is determined by measurement for a 
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given pump and is the NPSH that produces a given (acceptable) amount of cavitation 
(measured as reduction in pump discharge head).  NPSHr is a function of the pump design and 
pump flow rate.  The NPSHr increases as the flow rate increases.  Because of higher flow 
losses, the NPSHa decreases as the flow increases.  
 
NPSHa is calculated using the following equation,  
 
NPSHa = Hatm + Hstatic - Hloss – Hvp; where, 
 
Hatm   = the head on the liquid surface resulting from the pressure in the atmosphere 

above (i.e. containment pressure) 
 
Hstatic =  the head resulting from the difference in elevation between the liquid surface and 

the centerline of the pump suction 
 
Hloss    =  the head loss resulting from fluid friction and fittings in the flowpath to the pump 

suction flange 
 
Hvp        =  the head equivalent to the vapor pressure of the water at the water temperature 
 
The audit report focuses on NPSHa and the terms for Hstatic, Hatm, and Hvp.  Hstatic is 
assessed based on the water holdup analysis provided in technical report MUAP- 08001 Table 
3-11.   Hatm and Hvp are assessed in report MUAP-08001 Appendix F.  NPSHr is discussed at 
the end of this report. 
 
Upstream Effect Hold-up Volumes (Hstatic) 
 
To evaluate upstream effects, the staff reviewed the DCD Chapter 6, the containment water 
hold-up calculation, 4CS-UAP-20070029 Revision 1 dated January 12, 2010, and plant 
drawings of containment.  These documents were reviewed in order to evaluate MHI’s treatment 
of potential hold-up volumes and any containment drainage flow choke points.   
 
DCD section 6.2.2.2.5, “Refueling Water Storage Pit” (RWSP) describes potential holdup areas 
within the containment as depicted in Figure 6.2.1-9.  The transfer piping and refueling cavity 
drain piping returns water to the RWSP necessary for the ECCS to perform its safety function. 
The total water volume held up in the containment is shown in Figure 6.2.2-7.  Figure 6.2.2-7 
also shows the RWSP capacity requirements for refueling and loss of coolant accident (LOCA).  
MHI indicated that the US-APWR containment is designed such that potential for upstream 
holdup and flow choke points are limited.  Multiple RWSP drain paths located around the 
containment and at differing heights ensure reliable water return to RWSP.  For water hold-up 
analysis, besides the transfer pipes and refueling cavity drains, no other drains or narrow 
pathways are assumed to provide make-up to the RWSP.   Floor drain piping which collects in 
the containment sump, such as the Steam Generator compartment floor and operating floor, is 
assumed to become blocked.  Containment spray water is drained to lower containment levels 
by way of stairway openings, equipment hatch, or compartment access openings. These 
openings are not considered to be narrow pathways vulnerable to blockage.  Since the floor 
drains are assumed to be blocked, an amount of containment spray water is assumed to collect 
and remain on various containment levels.  The heights of the water remaining on the 
containment floors are assumed to be 0.05 m (2 in) on the elevation 75 ft. - 5 in and elevation 
50 ft. - 2 in floor and refueling cavity, and 0.15 m (6 in) on the elevation 25 ft. - 3 in floor.  This 
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amount of holdup water is factored into the return water hold-up volume in the calculation of 
RWSP water levels. 
 
MHIs assessment of upstream hold-up takes into account the effects of spray, to include the 
empty spray header rings & pipes and spray droplets in the atmosphere, saturated steam in the 
atmosphere, condensate on various surfaces, and water on floors.  MHI also identified several 
areas which will contain significant volumes of water, called ineffective pools, such as the 
reactor cavity, ductwork, recessed pits in the refueling cavity, and the reactor coolant drain 
pump room (see report MUAP-08001 Table 3-11 for details). 
 
The refueling cavity is a potential location for significant water hold-up post LOCA.  To address 
this concern, this cavity contains two 8 inches diameter drains which return water to the RWSP.  
This region is also protected from large debris by layers of gratings inside the secondary shield 
walls around the stream generators at elevation 55 ft. -1 in and 73 ft.-1 in.  In addition, MHI 
committed to identify gratings in DCD Tier 2 section 6.2.2.3 that are important to prevent 
credible large debris from blocking the refueling cavity drains and to add a description for the 
conduct of maintenance activities for maintaining the gratings during plant operation (see RAI 
354-2585 response to question 06.02.02-24; ADAMS accession number ML091910256). 
 
Water (spray and break) and associated debris from a postulated accident also drain into the 
RWSP through transfer pipes, as shown in DCD Figure 6.2.1-12.  The pipes are installed 
through the RWSP ceiling, ending as openings into the containment floor at elevation 25 ft. - 3 
in.  Each RWSP transfer pipe opening into the containment is protected from large debris by 
vertical debris interceptor bars that are capped by a ceiling plate.  There are ten transfer pipes, 
18 inches in diameter each, distributed around the containment at elevation 25 ft. - 3 in, as 
shown in figure 6.2.1-16.  Given the number and spacing of transfer pipes, the NRC staff does 
not consider that blockage is likely to occur. 
 
The US-APWR DCD Section 6.3.2.2.5 describes three open topped containers into which 
twenty three baskets are placed that contain a chemical buffering agent (NaTB).  These 
containers are situated in the upper levels of containment.  The top face of each container is 
open to receive spray water from the containment spray system nozzles during an accident and, 
after a period-of-time, each container is filled with spray water.  The containers discharge 
(gravity drain) to the RWSP.   These containers and associated piping were not included in the 
hold-up calculation.  The NRC staff considers the absence of a discussion about these 
containers in the hold-up calculation to be non-conservative and requested MHI provide 
additional information to address this concern.  During the audit, MHI agreed to address this 
concern and estimated that it would reduce their built-in hold-up volume margin (90 m3) by 
approximately 30 percent. 
 
In several cases, the holdup volume calculation did not provide document references to key 
values used in the calculation or describe why the analysis method employed was conservative 
or representative for the US-APWR design.  For example, MHI calculates the volume of spray 
water in the containment atmosphere by taking the volumetric flow rate out of the nozzles and 
multiplying the flow rate by the time it takes to fall the height of containment.  The longer it takes 
for the water to fall, the greater volume of spray droplets in the air, more hold-up.  MHI 
evaluated the time for water droplets to fall based on a free falling body in a vacuum.  MHI did 
not account for air resistance or drag.  This would tend to increase the time and therefore 
increase the volume.  NRC staff considered that the time for the water to fall may be a factor of 
4 to 5 too low and therefore the volume may be low as well.  In addition, MHI did not describe 



4 
 

the basis for the containment spray flow rate selected, e.g., all four spray pumps running or just 
two.  

 
Appropriate reference and justification should be provided for the applied methodology and 
selected input values used in the hold-up water calculation to demonstrate how the hold-up 
amount is conservative from a NPSH perspective.  The following areas require additional 
information: 
 
• Condensate water on containment surfaces –  

Equation listed for film condensation correlation used to calculate film thickness could not be 
readily verified (reference in Japanese) and was not found in standard textbooks on heat 
and mass transfer.  NRC staff suspect there may have been an error in translation.  
Appropriate reference and justification should be provided for the applied methodology and 
selected input values.  Film thickness will be a function of the surface height.  The estimated 
surface area and corresponding heights used in the calculations need justification. 
 

• Vapor in the containment atmosphere –  
A value was listed but no basis was provided for the vapor amount assumed. 

 
• Water retained on the floors –  

Reference and basis was not provided for selected equation (method of evaluation) or input 
values used to evaluate dynamic retention on containment floors. 

 
• Reactor coolant system initial inventory and ECCS injection – 

It is not clear to the NRC staff how the initial volume of water in the reactor system and the 
volume of water re-injected into the reactor system from the safety injection system were 
considered in the RWSP level evaluation. 

 
Based on these observations related to upstream effects, the staff issued RAI 740-5719. 
 
Appendix F (Hatm and Hvp) 
 
RG 1.1, “Net Positive Head for Emergency Core Cooling and Containment Heat Removal 
System Pumps,” and RG 1.82, “Water Sources for Long-Term Recirculation Cooling Following a 
Loss-of-Coolant Accident,” specify use of the maximum expected temperature (Hvp) of the 
pumped fluid and no increase in containment pressure (Hatm) from that present prior to the 
postulated LOCA when calculating NPSHa.  
 
US-APWR uses containment pressure greater than what is present before the postulated 
accident for calculating NPSHa.  Specifically, US-APWR assumes containment pressure equals 
the vapor pressure of the RWSP liquid for RWSP liquid temperatures above 212F.   
 
NRC staff recognizes that for any given RWSP water temperature, in order for the RWSP water 
to exist as a liquid, a corresponding containment pressure must be present at least equal to the 
vapor pressure for the given RWSP water temperature.  For example at water temperatures 
equal to 212F, the corresponding vapor pressure is roughly 14.7 psia.  For 240F water, the 
corresponding vapor pressure is approximately 25 psia.  The US-APWR use of containment 
accident pressure greater than what exists before the accident in NPSH evaluations is driven by 
the elevated RWSP temperatures that are predicted to occur post accident.   
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Limiting NPSH containment pressure to the vapor pressure of the RWSP fluid for RWSP 
temperatures above 212F is a mechanistic assumption and consistent with many operating 
Pressurized Water Reactors (see SECY-11-0014, ADAMS accession number ML102590196). 
 
With this understanding on how MHI plans to use containment pressure for US-APWR NPSH 
evaluations, the NRC staff reviewed document 6AS-1E-UAP-110001 R0, “US-APWR CAP for 
Recirculation Sump NPSH Evaluation” which discussed the containment analyses summarized 
in report MUAP-08001-P Appendix F, and also provided a discussion on application of the 
GOTHIC code.  The details in this document included descriptions of sensitivity studies 
performed to evaluate the effect of minimizing containment accident pressure and maximizing 
RSWP liquid temperature, an evaluation of the applicability of GOTHIC for US-APWR Appendix 
F sensitivity studies, and GOTHIC modeling assessments for the use of various models such as 
heat transfer and interface area.  The staff’s audit was focused on reviewing the sensitivity 
studies performed to support report MUAP-08001-P Appendix F. 
 
Section 5.2.1.6 of 6AS-1E-UAP-110001 R0 discusses the evaluation of the applicability of 
GOTHIC for US-APWR Appendix F sensitivity studies.  The staff disagreed with the conclusion 
in Section 5.2.1.6 that tests such as Carolina Virginia Tube Reactor (CVTR) and Marviken prove 
that GOTHIC is an acceptable code to use and is conservative.  Benchmarking the GOTHIC 
models against these tests may confirm its applicability to perform generic thermal-hydraulic 
analyses, however there is no direct relationship between these comparisons and a claim of 
conservatism in the US-APWR-specific NPSH analysis.  The conservatism of the GOTHIC 
results should be based on the user’s assumptions leading to appropriate choices of input 
options and/or values of the relevant parameters.   
 
As discussed above, MHI plans to equate containment pressure to the RWSP liquid vapor 
pressure when RWSP liquid temperatures are above 212F.  By doing so, the pressure terms in 
the NPSHa calculation (containment atmosphere pressure and vapor pressure) cancel out.  The 
NRC staff understands that MHI does not plan to take credit for total containment pressure.  If in 
the future, credit was requested for some amount of pressure above the vapor pressure, i.e., a 
containment overpressure to support the NPSH evaluation, additional justification would be 
required.   In addition, evaluating the contribution to plant risk associated with using containment 
accident pressure was outside the scope of this audit.   
 
MHI’s sensitivity studies involved varying initial conditions such as containment pressure, 
temperature, and humidity to determine the overall effect on minimizing containment accident 
pressure and maximizing RWSP liquid temperature.  In conclusion, the NRC staff finds MHI’s 
sensitivity studies of various containment parameters acceptable to support the report MUAP-
08001 Appendix F analysis.   
 
NPSHr.   
 
The NRC staff reviewed 4BS-UAP-100005 which calculated the NPSH margin (NPSHa – 
NPSHr).  The NRC staff asked MHI if the uncertainty in NPSHr was going to be accounted for 
and if so how.  MHI stated they had not written the safety injection pump procurement 
specifications so the uncertainty in NPSHr is unknown.  It is the staff’s position that NPSHr 
uncertainty be included in the margin calculation (4BS-UAP-100005).  Since the uncertainty is 
unknown, it is the NRC staff’s position that Section 1.0 of 4BS-UAP-100005 needs to state that 
a future revision of 4BS-UAP-100005 will be used to determine the final NPSH margin (NSPHa 
– NPSHr + uncertainties).  
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The NRC staff noted some inconsistencies in 4BS-UAP-100005 which need to be addressed.  
In Section 2.0 an elevation of 29 ft.-11 in was given while in Section 6.0 the same elevation was 
given as 29.7 ft.  In Section 4.0 the definition of Hp states that the pressure is at both the pump 
suction and the sump surface.  Since these two elevations are different the pressures will be 
different and only one definition of Hp can be correct.  
 
Section 3.0 of 4BS-UAP-100005 stated that water level used in the NPSHa calculation includes 
a 5 percent uncertainty.  It was unclear if the NPSHa calculation uses the documented 7 ft -7 in 
elevation RWSP LOCA minimum water level, also referred to as 4.0 ft. RWSP LOCA minimum 
water level (referenced from RWSP bottom) in report MUAP-08001, or a value 5 percent lower. 
 
Finally, in Section 3.0, number 7, it was unclear how deaeration and its affect on NPSHr were 
addressed; therefore the NRC asked MHI for a more detailed description in 4BS-UAP-100005.  
 
Based on these observations related to NPSH, the staff submitted RAI 737-5705. 
 
4.0   CONCLUSION 
 
An audit was conducted by the NRC staff at the MNES Arlington, Virginia office on April 7, 
2011.  During the audit the staff focused their review on MHI’s calculations that provided the 
results presented in technical report MUAP-08001-P, Revision 3, “US-APWR Sump Strainer 
Performance,” Table 3-11, “Upstream Effect Hold-Up Volumes” and Appendix-F, “Validity of 
Assumptions Regarding Containment Pressure.”  In addition, this audit reviewed how 
uncertainties were addressed in determining NPSHr.   
 
The staff finds the calculation documentation presented to address upstream effects to be 
inconsistent with typical practices.  In some areas, the method or approach was not justified and 
the basis or reference for some inputs was not provided.  The staff has issued RAI 740-5719 
requesting additional information to justify the approach and results for water hold-up.  The staff 
finds the applicant’s sensitivity studies of various containment parameters is acceptable and 
supports the MUAP-08001 Appendix F analysis. 
 
Based on the review of 4BS-UAP-100005, RAI 737-5705 has been issued to address:  1) the 
method of addressing NPSHr uncertainty, 2) correcting document errors, 3) the RWSP LOCA 
water level, and 4) the affect of deaeration on NPSHr.  
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Requests for Additional Information 
 
RAI 740-5719, Question 06.02.02-64: 
 
On April 7th, 2011, the staff performed an audit of 4CS-UAP-20070029 Revision 1, “Hold-up 
Water volume calculation sheet during LOCA” describing the calculation of hold-up water 
volume following a loss of coolant accident to be used in determining the NPSH available for 
safety related pumps that draw suction from the RWSP. 
 
Describe how this calculation was conservative for the NPSH evaluation.  Include the following 
considerations. 
 
• The NaTB baskets and associated drain piping were not discussed in the hold-up volume 

calculation.  It appears that they should be as they are designed to collect spray water and 
then deliver flow to the RWSP. 

 
• Appropriate reference and justification should be provided for the applied methodology and 

selected input values used in the hold-up water calculation to demonstrate how the hold-up 
amount is conservative from a NPSH perspective. The following areas require additional 
information: 

 
o Containment spray water droplets – Amount of water is a function of flow volume, fall 

height, and fall time.  Method used for evaluating the fall time did not consider 
atmospheric resistance.  This method under-predicts the fall time and therefore the 
spray water hold-up in the atmosphere.  In addition, the flowrate and fall height 
values selected were not referenced to a document nor were a description provided 
that explained why the selected values were conservative for calculating hold-up 
amounts.  Please explain how the treatment of spray water droplets in your 
calculation will provide conservative results.  

 
o Condensate water on containment surfaces – Equation listed for film condensation 

correlation used to calculate film thickness could not be readily verified (reference in 
Japanese) and was not found in standard textbooks on heat and mass transfer. 
Appropriate reference and justification should be provided for the applied 
methodology and selected input values.  Film thickness will be a function of the 
surface height. Justify estimated vertical surface area and corresponding heights 
used in the calculations.  

 
o Vapor in the containment atmosphere – No basis provided for vapor amount 

assumed in the hold-up analysis.  Please provide the reference and basis for the 
atmospheric conditions used to calculate the vapor amount. 

 
o Water retained on the floors – Reference and basis was not provided for selected 

equation (method of evaluation) or input values used to evaluate dynamic retention 
on containment floor (result was 6" water height above floor).  No evaluation was 
provided for assessing the dynamic retention on upper floors in containment 
(assumed 2" height above floor).  Please provide the reference and basis and for 
calculating the dynamic water retention heights to include method and input values. 

 
• Describe how the volume of water in the reactor system and the volume of water re-injected 

into the reactor system from the safety injection system are evaluated. 
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• Provide a proposed ITAAC for inspection of the as built containment.  The purpose of the 

inspection is to confirm that all potential water retention locations have been identified and 
the amount of water retention has been conservatively estimated for each potential location. 

 
• Provide a correlation to permit converting RWSP water volume (gallons) to RWSP water 

level (feet). 
 

RAI 737-5705, Question 06.03-100 and 06.03-101: 
 
RAIs on MHI Document 4BS-UAP-10005 (Revision 3)," NPSH Calculation for SI and CS/RHR 
Pumps" presented at the 4/7/11 audit. 
 
1.    Section 3.0 of 4BS-UAP-100005 (page 2 of 11) states that water level used in the available 

NPSH calculation includes a 5 percent uncertainty.  It is unclear if the NPSH calculation 
uses the reported 7'-7" RWSP water level or a value 5 percent lower, and if the value also 
includes an additional uncertainty based on isometric drawings.  Clarify the RWSP water 
level used in the calculation; include the value determined from the water hold-up 
evaluation and the uncertainties added to that value to account for isometric drawings (as 
appropriate) and the additional conservatism. 

 
2.    Editorial corrections, 
 
a.    Revise Section 1.0 to state that this calculation “will be” used to determine NPSH margin 
once all affects of required NPSH are determined and the "as-built" configuration is accounted 
for (piping layout and valve head losses). 
 
b.    Section 2.0. The 29'-11" does not equal the 29.7 ft given in Section 6.0; clarify and include 
the uncertainties added to that value to account for isometric drawings (as appropriate) and the 
additional conservatism. 
 
c.    Section 3.0. Revise number 7 to describe how deaeration and NSPH-required are to be 
handled. 
 
d.    Section 4.0. The definition of Hp states that it is at the pump suction and the sump surface. 
These are two different elevations and hence pressures. Revise the definition to the correct 
reference location. 
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