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Abstract 
 

This report presents the results of the thermal-hydraulic design analyses of the containment 

racks in the refueling cavity.  The report aims to demonstrate that the containment racks 

design is conformant to the applicable and binding thermal-hydraulic design regulations. 

 

The report concludes that at a condition of fully loaded fuel assemblies: (1) no local boiling 

occurs anywhere along the hottest fuel rods; and (2) the maximum fuel cladding temperature 

is below the minimum saturation temperature of the refueling cavity—a condition that inhibits 

local boiling in the coincident local points. 
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1.0  INTRODUCTION 
 
A thermal-hydraulic analysis of the Containment Racks (CR) in the refueling cavity is 

performed to establish the integrity of the CR design for fuel cooling.  The analysis conforms to 

the guidelines set in the U.S. NRC Standard Review Plan (SRP) 9.1.2, “New and Spent Fuel 

Storage” [Ref. 1].   

 

The thermal-hydraulic evaluations performed and documented in this report are as follows: 

i. Calculation of a bounding peak local water temperature in the containment rack cells.   

ii. Calculation of a bounding peak fuel cladding temperature for the hottest fuel assembly in 

the containment rack cells. 
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2.0  DESCRIPTION OF CONTAINMENT RACKS 
 
The CR of the standard US-APWR plant are designed according to Seismic Category I per 

US-NRC Regulatory Guide (RG) 1.29 [Ref. 2], and to Quality Group C per US-NRC RG 1.13 

[Ref. 3] so that their cooling functions for the CR during natural phenomena events, including 

safe-shutdown earthquakes, are not lost.   

 

The CR provide temporary storage for new or irradiated fuel assemblies to facilitate refueling 

operations.  Two CR are located in the refueling cavity that provide temporary storage for a 

total of 6 fuel assemblies.   

 

During refueling, the refueling cavity is filled with water transferred from the refueling water 

storage pit.   
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3.0  METHODOLOGY 
 
3.1  Local Water Temperatures 
 

The CR are loaded with new or irradiated fuel assemblies.  These racks are separated from 

the walls of the refueling cavity by relatively large water spaces.  Semi-circular holes at the 

bottom edges of the fuel storage cells allow water from the open spaces around the 

containment rack to flow into the bottom of the rack cells. 

 

The decay heat generated by the fuel assemblies stored in the racks induces a buoyancy-

driven water flow upward through the containment rack cells.  Quantification of the coupled 

flow and temperature fields in the fuel storage racks is accomplished through the use of 

Computational Fluid Dynamics (CFD) analyses.  The CFD analysis is performed utilizing the 

FLUENT™ [Ref. 4] fluid flow and heat transfer modeling program.   

 

A three-dimensional model of a containment rack in the refueling cavity is made using 

FLUENT.  The spaces of the containment rack occupied by heat generating fuel assemblies 

are modeled as a [                           ] [Ref. 4].  Flow through the narrow fuel assembly 

passages is laminar and governed by Darcy’s Law.  The decay heat generated by the fuel 

assemblies stored in the racks is included in the models as volumetric decay heat generation 

in the [                                   ]. 

 

The Navier-Stokes equations of fluid motion are solved along with the energy conservation 

equation to obtain the local flow field and the steady-state temperature distribution in the 

refueling cavity and in the containment rack.  Buoyancy effects and turbulence effects are 

included in the CFD analysis.  Turbulence effects are modeled by relating time-varying 

“Reynolds Stresses” to the mean bulk flow quantities using the standard k-ε model [Ref. 4].  As 

stated in the previous paragraph, the flow through the fuel assemblies is laminar and 

turbulence effects are “turned off” in the [                                   ]. 
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3.2  Fuel Cladding Temperatures 
 

The fuel cladding temperature must not exceed the local saturation temperature of the 

surrounding liquid.  If this criterion is satisfied, there would be no possible cases of Departure 

from Nucleate Boiling (DNB).  The difference between the cladding surface temperature and 

the local water temperature (also called the cladding superheat) is conservatively calculated 

from the principles of laminar flow heat transfer [Ref. 5].  The flow of water through the fuel 

assemblies in the racks is a buoyancy-driven, natural convection flow.  Due to the low 

velocities and the small hydraulic diameter of the interstices, the flow regime is laminar.  

Turbulence enhances heat transfer, so use of laminar flow correlations is conservative.  A 

standard heat transfer reference [Ref. 5] gives the following relationship for constant heat flux 

laminar flow: 

 

 364.4/ =×= whyd kDhNu       (3.1) 

where  

 Nu, is the Nusselt number 

 h,  is the convective heat transfer coefficient, Btu/hr-ft2-R 

 Dhyd,  is the flow path hydraulic diameter, ft 

kw,  is the fluid (water) thermal conductivity, Btu/hr-ft-R 

 

This equation is solved for the convective heat transfer coefficient (h).  A thin crud layer on the 

outside of the fuel rods provides an additional heat transfer resistance (Rc). 

 

The overall heat transfer coefficient, which includes both the convective heat transfer 

coefficient and the crud resistance is determined by summing resistances in series, as: 

 

 cRhU += /1/1         (3.2) 

 

where U is the overall heat transfer coefficient.  The peak rod heat flux is divided by this 

quantity to obtain the fuel clad superheat.  The peak rod heat flux qrod is calculated from the 

following equation: 
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surf

rodax
rod A

QFq ×
=          (3.3) 

where,  

Fax,  is the axial peaking factor (See Table 6-1) 

Qrod,  is the maximum decay heat per fuel rod 

Asurf,  is the fuel cladding surface area of the rod’s active fuel region 

 

Equation (3.3) conservatively determines the peak rod heat flux due to the radial peaking 

factor being taken into consideration in Qrod.   

 

The fuel clad superheat ΔT is obtained by dividing the peak rod heat flux by the overall heat 

transfer coefficient as given below: 

 
U
qT rod=Δ          (3.4) 

 
The maximum local water temperature (at the top of the active fuel region) and peak heat flux 

(typically near the mid-height of the active fuel region) are considered to occur coincidentally.  

The superposition of these two maximum values ensures that the calculated peak fuel 

cladding temperature bounds the fuel cladding temperature anywhere along the length of the 

fuel assembly.  
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4.0  ACCEPTANCE CRITERIA 
 

In conformance with the guidance in NUREG-0800 SRP 9.1.2, “New and Spent Fuel Storage” 

[Ref. 1], and R.G. 1.13, “Spent Fuel Storage Facility Design Basis” [Ref. 3], the following 

acceptance criteria are applied to the analyses: 

 

1. The maximum local water temperature must be less than the local saturation 

temperature of water at the depth where it occurs.   

2. The bounding maximum fuel cladding temperature must be less than the local saturation 

temperature of water at the depth where it occurs. 
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5.0  ASSUMPTIONS 
 
Several assumptions have already been described in the discussion on the methodologies in 

Section 3.0.  A number of additional conservative assumptions that justify the overall 

conservatism of the calculation are further described in the following subsections: 

 

5.1  Local Water Temperatures 
 

 The water space above the containment rack is modeled as extending 6 feet above the top 

of the rack.  This is sufficient distance to capture any near-field fluid effects.  

 The temperature of the refueling cavity water at the edges of the containment rack model 

is set to 160°F. 

 The structure of the containment rack is modeled as having zero thickness.  Conduction 

heat transfer through the structure is conservatively neglected and the internal flow 

passages in the storage cells are the correct width, so the effects of this assumption on 

computed water temperatures should be negligible.  

 The caps at the top of the flux traps in the containment rack are modeled as sealed.  This 

conservatively stops the flow of heated water out of the top of the flux traps, which 

conservatively increases computed temperatures.  

 The structural members that connect the containment rack to the refueling cavity wall are 

not modeled.  These members are relatively thin compared to the size of the rack-to-wall 

gap and are located above the inlets at the bottom of the storage cells and below the outlet 

at the top of the storage cells.  As such, the effects of this assumption on computed water 

temperatures should be negligible.  

 The semi-circular holes in the bottom edges of the storage cells are not modeled explicitly.  

Instead, the resistance to flow through these holes is included in the hydraulic resistance 

of the [                  ] in the cell space and the semi-circular holes are modeled as open slots.  

The effects of this assumption on computed water temperatures should be negligible. 

 The active height of the fuel assemblies is centered vertically in the storage cells, with the 

same unheated length both above and below the heated zone.  The heated zone actually 

starts closer to the baseplate.  This assumption reduces the buoyancy force by the 

presence of cooler water below the heated zone, thereby increasing computed local water 

temperatures. 
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 The hydraulic resistance of every rack cell includes the inertial resistance that would result 

from a dropped fuel assembly lying across the top of the rack.  This conservatively 

increases the total rack cell hydraulic resistance and bounds the thermal-hydraulic effects 

of a fuel assembly dropped anywhere. 

 The calculated containment rack hydraulic resistance parameters are worsened to ensure 

an analysis that bounds any small deviations in fuel assembly and rack geometry.  The two 

calculated parameters, permeability and inertial resistance factor, are conservatively 

worsened by 5%. 

 All passive losses (i.e., conduction through walls and slab or losses from the surface) are 

neglected in the local temperature analyses.  This conservatively maximizes the net heat 

load, thereby maximizing both global and local temperatures. 

 

5.2  Fuel Cladding Temperatures 
 

 An additional heat transfer resistance of 0.0005 (hr×ft2×°F)/Btu is conservatively imposed 

on the outside of the fuel rods, to account for any crud layer, thereby increasing the 

calculated fuel clad superheat.  

 As already mentioned in Subsection 3.2, the maximum local water temperature (due to the 

buoyant movement of the heated water) at the top of the active fuel region and peak heat 

flux typically around the midsection of the active fuel region are considered to occur 

coincidentally.  This assumption ensures that the calculated peak fuel cladding 

temperature bounds the fuel cladding temperature anywhere along the length of the fuel 

assembly. 
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6.0  INPUT DATA AND CALCULATIONS 
 

6.1  Local Water Temperatures 
 

The input parameters necessary in calculating the local water temperatures are: (1) the 

containment rack and fuel assembly dimensional data necessary to calculate the hydraulic 

resistances of the loaded containment rack cells.; (2) the thermophysical properties of water 

used in the CFD computations such as water density, viscosity, thermal conductivity, and 

specific heat capacity—these parameters except for the heat capacity are modeled as 

piecewise-continuous functions of temperature; and (3) the data necessary to calculate the 

volumetric heat generation rates for a bounding heat load in the racks when they are loaded 

with fuel assemblies.   

 

The above inputs are summarized along with the geometry input data necessary to construct 

the containment rack CFD model in Table 6-1.   

 

The following calculation steps are used to generate data for the CFD calculation model and 

are not governed by any acceptance criteria: 

1. The hydraulic resistance parameters (i.e., permeability and the inertial resistance factor) 

are calculated for the loaded containment rack cells.  

2. The volumetric decay heat generation rates for the fuel assembly containing regions of 

the CFD model are determined. 

 

An Isometric view of the containment rack models is shown in Figures 6-1.  The coupled 

temperature and velocity profiles in and around the refueling cavity containment rack are 

calculated using the FLUENT program.  The highest fuel decay heat assemblies are evaluated 

in the containment rack.  These scenarios are solved using FLUENT, and the peak local water 

temperatures are determined using the FLUENT post-processing functions.   
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6.2  Fuel Cladding Temperatures 
 

The fuel cladding temperature calculations were performed as described in Subsection 3.5.  

The bounding fuel cladding superheat is determined from fuel assembly geometry data and 

the bounding assembly decay heat.  The calculations are performed for the same point in time 

that the local water temperature calculations in Subsection 6.1 are performed for. 
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7.0  RESULTS AND DISCUSSION 
 

7.1  Local Water Temperatures 
 

Local water temperatures in the CR have been analyzed, as described in Subsection 6.1, at 

the point in time where the bulk water temperatures are at a maximum.  The converged 

temperature contours in vertical sections through the containment rack in the refueling cavity 

are presented in Figure 7-1.     

 

The saturation temperature of water increases with increasing pressure and, subsequently, 

increasing depth.  The critical location for localized boiling in the CR is at the top of the active 

fuel length.  The minimum depth of water at the top of the active fuel length is approximately 

29 feet which corresponds to a saturation temperature of water of approximately 245°F 

(118°C). 

 

The calculated peak local water temperature is 178°F as presented in Table 7-1, which is well 

below the local saturation temperature, and Acceptance Criterion 1 from Section 4.0 is 

therefore satisfied.  The large number of conservative assumptions incorporated into these 

analyses renders the overall calculated results quite conservative, so that the actual margins 

of safety will be higher than predicted herein. 

 

7.2  Fuel Cladding Temperatures 
 

The peak local cladding temperatures are calculated, as described in Subsection 6.2, at the 

point in time where the bulk water temperatures in the CR are at maximum.  The results, 

including the cladding superheat values, are presented in Table 7-2.  The results show that the 

calculated peak local cladding temperature of 200°F is lower than the local saturation 

temperature of water, so Acceptance Criterion 2 from Section 4.0 is therefore satisfied.  The 

large number of conservative assumptions incorporated into these analyses renders the 

overall calculated results quite conservative, so that the actual margins of safety will be higher 

than predicted herein.   
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8.0  CONCLUSIONS 
 

The following are a summary of the analyses: 

 There is no local boiling occurring anywhere along the fuel rods in the CR. 

 The peak fuel cladding temperatures for all of the stored assemblies do not exceed the 

local saturation temperature of water around both the containment storage racks so that 

DNB is not a concern. 

 

Since the assumptions incorporated into the analyses are highly conservative, the actual 

margins of safety are expected to be higher than predicted herein.  
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Table 6-1  Key Parameters for Local Temperature Calculations 

 
 
 
 
  

Input Parameter Unit Value 

Active Fuel Length in 165.4 

Total Power Peaking Factor - 2.6 

Radial Power Peaking Factor - 1.78 

Axial Power Peaking Factor - 1.461 

   

Storage Cell Inner Dimension in 8.8 

Storage Cell Pitch in 16.9 

Storage Cell Length in 196 

Dimensions of Recess for Containment Rack 

      Length 

      Width 

 

in 

in 

 

61 

39 

Storage Cell Centerline to West Edge of Recess in 10 

Storage Cell Centerline to North Wall of Recess in 18 
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Table 7-1  Bounding Peak Local Water Temperature 

 
 
 
 

 
 

 
  

Local Temperature Model 
Bounding Peak 

Local Temp. 
[º F] 

Containment Racks 178 
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Table 7-2  Peak Cladding Temperature 

 
 
  

Parameter 
Containment 

Racks 
[º F] 

Peak cladding superheat 22 

Bounding peak local fuel cladding 
temperature 

200 



 
THER
FOR U
 

Mitsub
 

RMAL-HYDR
US-APWR C

bishi Heavy In

Figure 6

RAULIC ANA
CONTAINME

ndustries, LTD

6-1  Isometr

ALYSIS 
ENT RACKS

D. 

ric View of t

S 

 
 
 

 
the Containment Racks

MUA

s for the CF

AP-13013-N

FD Model

NP (R0) 

17 

 



 
THER
FOR U
 

Mitsub
 

 
 
 

 

RMAL-HYDR
US-APWR C

bishi Heavy In

 

Figure

RAULIC ANA
CONTAINME

ndustries, LTD

e 7-1  Local
in the C

ALYSIS 
ENT RACKS

D. 

 Water Tem
Containment

S 

 
 
 

mperature C
t Racks 

ontours fro

MUA

om the CFD 

AP-13013-N

 Model  

NP (R0) 

18 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 450
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for compliance with 10CFR1, Appendix A.  Created PDF documents can be opened with Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice




