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ABSTRACT 
 

This technical report provides the methodology for pressure-temperature (P-T) limits 

and the limit curves developed using APR1400 generic data for protecting the integrity of the 

reactor coolant pressure boundary (RCPB).  The components of the RCPB are designed to 

withstand the effects of system pressure and temperature changes during normal heatup and 

cooldown of the reactor coolant system and anticipated operational occurrences over 60 years of 

design lifetime.  

The allowable RCPB pressure at the corresponding allowable temperature is based 

on the stress limitations for non-ductile fracture. These limitations are derived using linear elastic 

fracture mechanics principles and based on the applicable requirements of the ASME Boiler and 

Pressure Vessel (BPV) Code, Section XI, Appendix G in accordance with the requirements of 10 

CFR 50, Appendix G.       

In addition to the descriptions of the Reactor Pressure Vessel (RPV) locations for 

analysis, RPV material properties, thermal and stress analysis and stress intensity factor 

calculation, included in this report are also the descriptions of neutron fluence calculation method, 

low temperature overpressure protection (LTOP) setpoint and temperature, RPV material 

surveillance program, and pressurized thermal shock (PTS) evaluation to meet the reporting 

requirements of Pressure and Temperature Limits Report (PTLR) of NUREG-1432.   
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1. INTRODUCTION  

This document presents the methodology for developing pressure-temperature (P-T) 

limits for the reactor coolant pressure boundary (RCPB) of the APR1400.  This technical report 

is based on 10 CFR Part 50, Appendix G, Fracture Toughness Requirements (Reference 1) and 

methodologies of the ASME BPV Code, Section XI, Appendix G (Reference 2).  

The components of the RCPB are designed to withstand the effects of system 

pressure and temperature changes which are introduced by startup (i.e., heatup) and shutdown 

(i.e., cooldown) operations, and operational transients.  Because of inherent conservatism in the 

methodology, the P-T limits provide a margin of safety to preclude non-ductile failure of the 

RCPB during changes in pressure and temperature.  Due to neutron irradiation over the plant 

lifetime, the Reactor Pressure Vessel (RPV) is the most critical component susceptible to non-

ductile failure.  The P-T limit methodology described herein applies to the limiting components of 

the RPV.  In relation to Pressure and Temperature Limits Report (PTLR), topics of fracture 

toughness requirements (Section 2.0), RPV neutron fluence calculation method (Section 3.0), 

material properties including RTNDT (Section 4.0), analytical methods regarding P-T Limits 

(Section 5.0), P-T Limit calculation for the APR1400 Operation, Low-Temperature Overpressure 

Protection (LTOP) setpoint and temperature (Section 6.0), RPV material surveillance program 

(Section 7.0), and pressurized thermal shock (PTS) temperature (Section 8.0) are discussed and 

described to meet the reporting requirements of PTLR in Section 5.6.4 of NUREG-1432 

(Reference 3).  
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2. FRACTURE TOUGHNESS REQUIREMENTS  

2.1 Background  

Pressure-retaining components in RCS are designed to withstand RCS temperature 

and pressure changes with margins of safety during the service lifetime.  Fracture toughness 

requirements for ferritic materials of these components are established in 10 CFR Part 50, 

Appendix G as required by 10 CFR Part 50.60 (Reference 4).  10 CFR Part 50, Appendix G 

requires pressure-temperature (P-T) limits and minimum temperature requirements must be met 

for all conditions of inservice leak and hydrostatic (ISLH) testing and any condition of normal 

operation, including anticipated operational occurrences (AOO).  Pressure-temperature (P-T) 

limits must be at least as conservative as limits obtained by following the requirements of ASME 

Section XI, Appendix G.  Compliance with these requirements ensures the structural integrity of 

the RCPB, especially the RPV, can be maintained.    

P-T limits for APR1400 are developed in accordance with ASME Section XI, Appendix 

G complying with the 10 CFR Part 50, Appendix G requirements.  

 

2.2 P-T Limits and Minimum Temperature Requirements  

P-T limits are the relations of the maximum allowable RCS pressures at the 

corresponding minimum allowable temperatures that are based on the limitations for non-ductile 

failure of the RCPB. 

The P-T limits and minimum temperature requirements are derived from 10 CFR Part 

50, Appendix G and ASME Section XI, Appendix G and are specified in IV.A.2 of 10 CFR 50, 

Appendix G as shown below:  

   

a. Pressure-temperature limits and minimum temperature requirements for the 

reactor vessel are given in Table 2.1 , and are defined by the operating conditions.  

The vessel pressure is classified as a percentage of the preservice system 

hydrostatic test pressure.  The appropriate requirements on both the pressure-

temperature limits and the minimum permissible temperature must be met for all 

conditions. 

b. "ASME Appendix G limits" requires that the limits must be at least as conservative 

as limits obtained by following the methods of analysis and the margins of safety 

of Appendix G of Section XI of the ASME BPV Code.   
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c. The minimum temperature requirements pertain to the controlling material, which 

is either the material in the closure flange or the material in the beltline region with 

the highest reference temperature.  The metal temperature of the controlling 

material, in the region of the controlling material which has the least favorable 

combination of stress and temperature, must exceed the appropriate minimum 

temperature requirement for the condition and pressure of the vessel specified in 

Table 2.1.  

 

The material reference temperature for nil-ductility transition (RTNDT) in Table 2.1 is 

based on ASME BPV Code, Section III, NB-2300 (Reference 5) and are incorporated in the 

development of the P-T limit curves.  

If neutron fluence levels are greater than anticipated during the service lifetime of 

RCPB components, the P-T limits should be re-evaluated to account for the potential degradation 

in material toughness.  
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Table 2.1   Pressure and Temperature Requirements for the Reactor Pressure Vessel 

  

Operating 
Condition 

Vessel 
Pressure(1) 

Requirements for 
Pressure-

Temperature Limits 

Minimum 
Temperature 

Requirements 
1. Hydrostatic pressure and leak tests (core is not critical):  

1.a Fuel in the vessel  ≤ 20% ASME Appendix G Limits (2) 

1.b Fuel in the vessel > 20% ASME Appendix G Limits (2) + 90 ℉ (5) 

1.c No fuel in the 

vessel, (Preservice 

Hydrotest Only)  

ALL (Not Applicable) (3) + 60 ℉ 

2. Normal operation (incl. heat-up and cool-down), including anticipated operational 

occurrences (AOOs):  

2.a Core not critical  ≤ 20% ASME Appendix G Limits (2) 

2.b Core not critical  > 20% ASME Appendix G Limits (2) + 120 ℉ (5) 

2.c Core critical  ≤ 20% ASME Appendix G Limits + 

40 ℉ 

Larger of [(4)] or  

[(2) + 40 ℉] 

2.d Core critical  > 20% ASME Appendix G Limits + 

40 ℉ 

Larger of [(4)] or  

[(2)+160 ℉] 

Notes to Table 2.1:  

1.  Percent of the preservice system hydrostatic test pressure.  

2.  The highest reference temperature of the material in the closure flange region that is highly 

stressed by the bolt preload.  

3.  The highest reference temperature of the vessel.  

4.  The minimum permissible temperature for the inservice system hydrostatic pressure test.  

5.  Lower temperatures are permissible if they can be justified by showing that the margins of 

safety of the controlling region are equivalent to those required for the beltline when it is 

controlling.  
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3. REACTOR VESSEL NEUTRON FLUENCE CALCULATION METHOD 

The fission neutrons starting from the reactor core is attenuated by the core shroud, 

core support barrel and reactor coolant which exist between core and reactor vessel.  The 

neutron flux calculation methodology is selected in accordance with regulatory position 1, 

“neutron fluence calculational methods”, of the Regulatory Guide 1.190, “Calculational and 

Dosimetry Methods for Determining Pressure Vessel Neutron Fluence” (Reference 6). 

The DORT code (Reference 7) is used to evaluate neutron flux distributions.  DORT 

is widely used in the nuclear industry for flux distribution evaluations of reactor vessels.  DORT 

is a discrete ordinates Sn code, and can perform calculations in (X, Y), (R, θ) and (R, Z) 

geometry.  

Peak fast neutron fluence (time integrated neutron flux) at reactor vessel-clad 

interface is obtained to be  9.5ⅹ1019  n/㎠ by time integration which is based on the 93% 

capacity factor for 60 years of design lifetime. 

Details of calculation method are described in Appendix-1. 
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4. MATERIAL PROPERTIES  

The RPV is a vertically-mounted cylindrical vessel consisting of forged shells, nozzles 

and heads. Regarding irradiation, forged shell area near the core beltline is considered as 

bounding material. As shown in Figure 4.1, there are no longitudinal seam welds and 

circumferential weld seams are away from the center of core beltline.  Therefore, weld materials 

are excluded from the evaluation. 

Due to irradiation embrittlement on beltline area, chemical characteristics of RPV 

materials are restricted shown as Table 4.1. 

The key material parameter regarding P-T limits is RTNDT. This parameter is the basis 

for the required minimum temperatures and the fracture toughness KIc curve in Reference 2.  

Detail description of RTNDT is introduced in following Section 4.1. 

 

4.1 Reference Temperature for Nil-Ductility Transition (RTNDT)  

The RTNDT values for unirradiated materials are determined by the rules given in 

ASME BPV Code Section III, NB-2300.  The RTNDT values for irradiated materials (needed only 

for RPV beltline materials) are obtained from RG 1.99, Rev. 2 (Reference 8).  According to RG 

1.99, Rev.2, the RTNDT value for unirradiated materials is defined as the initial reference 

temperature for nil-ductility transition (IRTNDT). 

In RG 1.99, Rev. 2, the adjusted reference temperature (ART) is given as:  

ART = IRTNDT + △RTNDT + Margin     (4-1)  

Where : 

IRTNDT  =  initial RTNDT,  ℉ 

△RTNDT  =  shift in RTNDT due to irradiation,  ℉ 

Margin  =  margin for uncertainty,  ℉ 

The terms are defined further in Reference 8.  The ART is the RTNDT value for 

irradiated materials. 

The RTNDT is input to the reference fracture toughness equation of Reference 2 as 

shown below :  

KIc  =  33.2 + 20.734 exp[0.02(T - RTNDT)]    (4-2)  

Where :    
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KIc = the critical stress intensity factor , ksi√in 

T = metal temperature, ℉  

RTNDT = reference temperature for nil-ductility transition, ℉  

As shown in equation (4-1), ART is determined based on initial RTNDT, △RTNDT 

and Margin which are introduced in following Sections from 4.2 to 4.5. 

 

4.2 Initial RTNDT of RPV Material   

The initial RTNDT of the ferritic materials is determined in accordance with the fracture 

toughness requirements of Reference 5, and is given in Table 4.2 for various materials of the 

RPV.  

 

4.3 △RTNDT of RPV Materials  

Reference temperature adjustments (△RTNDT) are calculated using Chemistry Factor 

(CF) and Fluence Factor (FF) given in 1.1 of Section C of RG 1.99, Rev. 2 as below; 

 △RTNDT = (CF) * (FF) 

Where: 

 CF : From Table 1 (weld metal) and Table 2 (base metal) of Reference 8 

 FF = f(0.28-0.10logf),  

 f = fsurf(e-0.24x) : neutron fluence at any depth in the vessel wall (1019 n/㎠) 

fsurf : neutron fluence on vessel-clad interface (1019 n/㎠) 

  x : depth into the vessel wall measured from vessel-clad interface (inch) 

When two or more credible surveillance data of the RPV are availabe, CF may be 

determined as below; 

CF = Σ(AiⅹFFi) / Σ(FFi)2 ,   

Where : 

 i = 1 ~ n ( n : number of surveillance data) 

 Ai : measured value of △RTNDT 

 FFi : Fluence Factor at corresponding data point 
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4.4 Margin of RPV Materials  

Based on the requirements in RG 1.99, margin can be determined as below; 

Margin = 2�(σi
2  +  σ∆2) 

Where : 

 σI  : standard deviation for initial RTNDT 

 σ△ : standard deviation for △RTNDT 

As △RTNDT at 1/4t is less than 30 ℉ for the forging material, margin can also be 

estimated as less than 30 ℉.  However, higher margin of 50 ℉ is assumed for higher 

conservatism considering 60-year operation.  

 

Table 4.2 presents a summary of ART values at 1/4t and 3/4t locations of vessel wall 

with fast neutron fluences as conservatively calculated in accordance with RG 1.99, Rev. 2 as 

shown in Section 4.3 instead of using the values in Appendix 1 as below; 

 

- 1/4t location           :   5.52ⅹ1019  n/㎠ 

- 3/4t location           :   1.86ⅹ1019  n/㎠ 
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Table 4.1  APR1400 Reactor Vessel Materials and Chemical Characteristics 

 

Reactor Vessel Material 

Chemical 

Composition 
Chemistry 

Factor 

[oF] Cu wt % Ni wt % 

Intermediate Shell Course SA 508 Grade 3 Class 1 0.03 1.00 20.0 

Lower Shell Course SA 508 Grade 3 Class 1 0.03 1.00 20.0 

Nozzles SA 508 Grade 3 Class 1 0.07 1.00 44.0 

  

wt % = weight percentage  
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Table 4.2  Initial RTNDT and ART at 60 Years for the APR1400 Reactor Vessel Materials 

 

Reactor Vessel Material 
Initial RTNDT 

(℉) 

ART at 60 Years (℉) 

1/4t 3/4t 

Intermediate Shell 

Course 
SA508 Grade 3 Class 1 -10 70 64 

Lower Shell Course SA508 Grade 3 Class 1 -10 70 64 

Head Flange SA 508 Grade 3 Class 1 10 NA* NA* 

Vessel Flange SA508 Grade 3 Class 1 10 NA* NA* 

Inlet Nozzles SA508 Grade 3 Class 1 10  NA* NA* 

Outlet Nozzles SA508 Grade 3 Class 1 10 NA* NA* 

DVI Nozzles SA508 Grade 3 Class 1 10 NA* NA* 

RCS 

Pipe 

Straight 

pipe 
SA508 Grade 1A 

10 NA* NA* 

Elbows SA516 Grade 70 

  

* : Not applicable because no significant fast neutron is expected. 
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Figure 4.1   RPV Beltline Welds 

TS 
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5. ANALYTICAL METHODS FOR DETERMINING P-T LIMITS  

5.1 Limiting Components and Postulated Defects 

The P-T limits provide operating limits with a margin to preclude non-ductile failure of 

components in RCPB.  P-T limits are established for the limiting RCPB components.  Core 

beltline region, vessel flange and nozzles in RPV are analyzed.  

Due to neutron irradiation induced embrittlement, the beltline region of the reactor 

vessel is the most critical area.  The vessel flange is important in the development of P-T limits 

due to preservice bolt-up stress and the minimum temperature requirements in Table 2.1.  RPV 

nozzles are analyzed with a postulated nozzle corner crack as described in Welding Research 

Council Bulletin (WRCB) 175 (Reference 9).  Other RCPB components are considered bounded 

by these three analyzed areas.  Postulated defects are described in the following subsections.  

 

5.1.1 Reactor Vessel Beltline     

The methods of Reference 2 postulate the existence of a sharp surface flaw in the 

RPV that is normal to the direction of the maximum stress.  This flaw is postulated to have a 

depth that is equal to one-quarter of the RPV beltline thickness (1/4t), and a length equal to 1.5 

times the RPV beltline thickness, as shown in Figure 5.1. Geometric dimensions of beltline 

region are inner radius of        ,TS thickness of       TS and cladding thickness of        .TS  

In Reference 2 the defect is postulated on both inner and outer surfaces of reactor vessels (1/4t 

and 3/4t locations, respectively).  

 

5.1.2 Reactor Vessel Flange  

The reactor vessel flange is subjected to high stresses due to bolt preload-induced 

bending and internal pressure.  Because the bolt preload induces tensile bending stresses on 

the outer surface, an outer surface defect is postulated.  The postulated defect depth is 1/4t with 

aspect ratio of six (6).  As tensile thermal stresses are induced in the outer side of the vessel 

wall during heatup, the reactor vessel flange limit is controlled by heatup rates.  

As neutron irradiation on flange region is very low, it is not necessary to consider the 

effects of neutron fluence increase on P-T limits with operating time. 

 

5.1.3 Inlet, Outlet and DVI Nozzles  

As allowed by Article G-2223 of Reference 2, a flaw with a depth of 1/10t is postulated 
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in the corners of inlet,  outlet and DVI nozzles.  This assumption is based on past inservice 

inspection (ISI) results of nozzle corner radius regions in pressurized water reactors.     

Because the nozzle region also does not have much exposure to neutron irradiation 

compared with the beltline region, the limit curves for nozzles do not change with operating time.    

 

5.2 Fracture Toughness of Reactor Vessel Steels  

Reference 2 requires the critical stress intensity factor, KIc, defined by equation 4-2 be 

used in P-T limit calculations.  

 

5.3  Transient Temperature and Thermal Stress Calculation  

For the generation of P-T limits the temperature profile and thermal stress through the 

reactor vessel wall is determined using ANSYS, a multi-purpose commercial computer code.  

For beltline region, flange and nozzles, various heatup and cooldown rates are 

considered for the development of P-T limits for the APR1400 RPV.  

 

5.3.1 Transients 

Heatup and Cooldown transients for primary coolant temperature are shown in Figure 

5-2.  Heatup or cooldown rates can be between steady-state condition and 100 ℉/hr. 

Inservice leak and hydrostatic (ISLH) test is assumed as isothermal process. 

 

5.3.2 ANSYS Models for the Analysis 

FEM analysis models using ANSYS are shown in Figure 5-3 for beltline region, vessel 

flange and nozzles in RPV.  Axisymmetric analysis model is prepared using appropriate element 

(PLANE55 for thermal analysis and PLANE25 for structural analysis) for each of temperature 

profile analysis and thermal stress analysis. 

 

5.3.3 Boundary Conditions 

All outside surfaces of reactor vessel are assumed perfectly insulated. The reactor 

vessel inner surface temperatures are assumed to be the same as primary coolant temperature. 

 

5.4 Stress Intensity Factors, KI  
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The use of any particular stress intensity factor solution presented in this document or 

in Reference 2 is allowed.  The choice of KI equation usually depends on the form of stress 

profiles used in the solution.  The applicable KI equations include those provided in Reference 2. 

 

5.4.1 Reactor Vessel Beltline      

For beltline region, the stress intensity factor equations provided in Reference 2 for 

1/4t semielliptical surface flaw (ASME BPV Code, Section XI, Appendix G, G-2214) are used 

under internal pressure, and heatup and cooldown conditions.  Equation (5-3) in Section 5.5 is 

used in determining P-T limits for reactor vessel beltline region. 

  

5.4.2 Reactor Vessel Flange  

For reactor vessel flange, the stress intensity factors are composed of primary stress 

intensity factor and secondary stress intensity factor. Primary stress intensity factor is due to 

pressure and bolt preload, and secondary stress intensity factor is due to thermal stress (heatup) 

and structural discontinuity at flange region.  Equation (5-3) in Section 5.5 requires modification 

to include the bending stresses which may be important contributors to the calculated KI value at 

a point near a flange. Modified Equation is derived as below; 

 

KIC = 2KI, primary + KI, secondary       (5-1) 

Where : 

KI, primary = Km, pressure + Km, boltup + Kb, boltup 

Km, pressure = stress intensity factor for membrane stress due to pressure 

= σm, pressure x Mm 

σm, pressure : membrane (hoop) stress due to pressure, 

Mm : membrane correction factor 

Km, boltup  = stress intensity factor for membrane stress due to boltup 

= σm, boltup x Mm 

σm, boltup : membrane (hoop) stress due to boltup 

Kb, boltup  = stress intensity factor for bending stress due to boltup 
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= σb, boltup x Mb 

σb, boltup : bending stress due to boltup, 

Mb : bending correction factor 

KI, secondary = Kb, pressure + Kt 

Kb, pressure = stress intensity factor for bending stress due to pressure 

= σb, pressure x Mb 

σb, pressure : secondary bending stress due to pressure 

Kt       = stress intensity factor for thermal stress 

= σt x Mb 

σt : thermal stress at the crack 

 

5.4.3 Nozzle Corner    

The determination of the stress intensity factor for a nozzle corner crack is based on 

the method contained in Reference 9, which gives the following equation:  

 

KI = σ�(πa) F(a/rn)       (5-2) 

Where:  σ = hoop stress  

        a = crack depth  

        rn = apparent radius of nozzle, which is given by the equation below,  

        rn = ri+ 0.29 rc  

        ri = actual inner radius of nozzle  

        rc = nozzle radius  

 

and F(a/rn) is determined from Fig.A5-1 of Reference 9. 

The membrane stress is the hoop stress due to pressure and the maximum hoop 

stress at the inside surface is conservatively assumed as a uniform membrane stress across the 

entire wall thickness. 
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Secondary stress intensity factor is composed only of thermal bending stresses due 

to heatup and cooldown. Thermal bending is caused by the temperature differential across the 

vessel wall.   

 

5.5 Determination of KIC Limits  

The equation (5-3), which is from Article G-2215 of Reference 2, is governing in 

determining the pressure-temperature operating limit curves :  

 

(S.F.) KIm  +  KIt  ≤  KIc      (5-3)  

Where:  S.F.  = safety factor   

              = 2 for normal and upset conditions  

              = 1.5 for ISLH testing  

KIm   = stress intensity factor for membrane stress due to pressure 

= Mm x (Pr/t) 

Where,  Mm : membrane correction factor defined in Figure G-

2214-1 of Reference 2 

P : internal RV pressure [ksi] 

r : RV inside radius [in] , 

t : RV wall thickness [in] 

KIt  = stress intensity factor due to thermal stress specified by G-2214.3 

of Reference 2 

= 0.953 x 10-3 x CR x t2.5 (for  inside surface defect) 

= 0.753 x 10-3 x HU x t2.5 (for  outside surface defect) 

      Where,  CR : cooldown rate [℉/hr] ,  HU : heatup rate [℉/hr] 

KIc  = reference stress intensity factor specified by Figure G-2110-1 of 

Reference 2 

 

For a thermal transient analysis, a temperature profile is calculated for a given point in 
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time during a heatup or cooldown transient.  KIc is determined for the crack-tip temperature, T, 

and the material RTNDT at a given location.  RTNDT is determined in section 4.2 based on the 

neutron fluence and chemical composition of the material.  The temperature profile (thermal 

gradient) determines the thermal stresses at various points throughout the reactor vessel wall.  

If the stress intensity factor for a pressure of one psi is defined as, KIp,  the allowable pressure is 

determined using the following equation:  

  

 

Pallow = (KIc – KIt(Tf)) / [(S.F.)KIP ]      (5-4)  

Where:   Tf  = fluid temperature.  

 

A plot showing the allowable pressure as a function of bulk coolant temperature is a 

P-T limit curve.  The same procedure applies to the ISLH testing except the safety factor is 1.5 

instead of 2.0.  
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Figure 5.1   Postulated Longitudinal 1/4t Flaw in RV Wall 

 

 

 

 

Figure 5.2   Heatup and Cooldown Transients for Primary Coolant Temperature 
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Figure 5.3 Typical FEM Analysis Models for Beltline Region, Vessel Flange and Nozzle 

TS 
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6. CALCULATION OF P-T LIMITS FOR THE APR1400 OPERATION 

P-T Limits for APR1400 is calculated according to the requirements and methods in 

Sections 2 through 5.  Limiting Condition for Operation (LCO) 3.4.3 (RCS Pressure and 

Temperature (P-T) Limits), and LCO 3.4.11 (LTOP System) shall be maintained within the limits 

specified in this PTLR. 

 

6.1 Normal Heatup and Cooldown 

For P-T limits calculation, geometrical data and material properties including RTNDT of 

the limiting materials should be determined.  Table 4.1 and Table 4.2 provide the material 

properties used in the analysis.  Heatup or cooldown rates can be between steady-state 

condition (0 ℉/hr) and 100 ℉/hr.  With this input, allowable pressures are calculated for 

selected time points of heatup or cooldown transient.   

For the reactor vessel beltline region, remote from discontinuities, the 1/4t flaws are 

postulated at both inside and outside surfaces (1/4t and 3/4t flaws, respectively).  For heatup 

analysis, both 1/4t and 3/4t locations are examined.  Thermal stresses are compressive at the 

inside surface and tensile at the outside surface.  The membrane stresses due to pressure are 

always tensile.  The total stresses are always greater at the outside than the inside.  However, 

the allowable stresses decrease more at the inside than the outside because the effects of 

irradiations are more pronounced inside.  For the cooldown analysis, only 1/4t location needs to 

be examined, because during cooldown the total stresses and irradiation effects are always 

greater inside.       

The nozzle corners are  also assessed for allowable pressure at selected time points.  

For the nozzle, the flaw is postulated to be located on inside surface.    

Finally, the allowable pressure is determined for the vessel flange region.  The 

vessel flange limits are developed considering the postulated outside surface flaw, as described 

in Section 5.1.2 in accordance with G-2000 of ASME XI Appendix G.  The conditions of stress 

intensity factor equation (5-2) is maintained in calculating allowable pressure corresponding to a 

selected temperature.   

Among these pressure values, the lowest one is determined and considered to be the 

maximum allowable pressure value at each selected time point.  In this manner the results at 

various selected time points are determined to produce a single lower bound P-T limit curve for 

normal heatup or cooldown.  The P-T limit curves associated with the three regions of the 
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reactor vessel for normal plant heatup, cooldown, and inservice leak and hydro pressure test are 

presented in Figure 6.1. 

The allowable pressure from plant startup is maintained at a constant value of 625 

psia (20 percent of the preservice hydrostatic test pressure) from the bolt preload temperature 

condition until the coolant temperature reaches the temperature where a calculated crack-tip 

metal temperature exceeds the minimum temperature requirement of Table 2.1.              

As shown in Figure 6.1, the beltline P-T limit of 100 ℉/hr heatup rate is controlling.  

At 625 psia, which corresponds to 20 percent of the preservice hydrostatic test pressure, the 

allowable temperature corresponds to the minimum temperature requirement of RTNDT +120 ℉ 

(130 ℉) per Operating Condition 2.b of Table 2.1.  The lowest service temperature of 110 ℉, as 

shown in Section 6.3, is lowerer than the minimum temperature required, 130 ℉, which is 

determined from the minimum temperature requirement.  The P-T limits for nozzle corners or 

flange are not controlling limits at any time during normal plant heatup or cooldown.  The 

allowable pressures for the nozzles are very high and are beyond of the pressure range shown in 

Fig. 6.1.  

The P-T limits presented in Fig. 6.1 are corrected P-T limits, meaning that 

measurement uncertainty, due to instrument errors or sensor location adjustments, is included in 

the curves.  Correction factors for pressure and temperature should be taken into account to 

express P-T limits in terms of indicated pressure and indicated temperature.   

 

 

 

 

6.2 Minimum Bolt Preload Temperature 

In accordance with the requirement of Operating Condition 2.a of Table 2.1, the 

minimum bolt preload temperature is equal to the highest reference temperature of the material 

in the closure flange region that is highly stressed by the bolt preload.  For APR1400, the 

highest reference temperature of the material in the head flange region is 10 ℉. However, 70 ℉, 

cold shutdown temperature, is to be used for the minimum bolt preload temperature instead of 

10℉.  

 

6.3 Minimum Temperature Requirement for Normal Operation 

TS 

TS 
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Lowest Service Temperature defined by the ASME BPV Code Section III, NB-2332 is 

to be the minimum allowable temperature at pressure above 20 percent of the preservice 

hydrostatic test pressure. This value is defined to be no lower than RTNDT +100 ℉, where RTNDT 

is the reference temperature for the most limiting component in the RCS other than the core 

beltline.  

Therefore, the lowest service temperature is determined to be 110℉.  However, the 

minimum temperature requirement of Operating Condition 2.b in Table 2.1 gives higher minimum 

required temperature of 130 ℉                     TS as shown in Figure 6.1.  The 

maximum allowable pressure below minimum required temperature is defined to be 20 percent 

of the preservice hydrostatic test pressure, and therefore, it is 625 psia        
TS. 

6.4 Core Critical Limit Temperature and Limit Curve 

The core critical limit temperature is obtained by determining the maximum ISLH test 

temperature at a pressure of 2475 psia (1.1 times the normal full-power operating pressure).  

Once the ISLH test temperature at 2475 psia is determined, it is compared to RTNDT + 160 ℉.  

The higher one of these two temperatures becomes the criticality limit temperature.  Operating 

Condition 2.d in Table 2.1 specifies that the criticality limit curve is the core critical limit 

temperature or the Appendix G limit curve shifted by 40 ℉, whichever is higher.  

Following the steps above, the core critical limit temperature is determined to be 

approximately      TS.  This temperature is compared to the value of RTNDT + 160 ℉  

      TS.  Therefore, the higher temperature,    TS, is determined to be 

the criticality limit temperature.  The beltline P-T limit curve of 100 ℉/hr heatup rate shifted by 

40 ℉ above the core critical temperature of    TS is core critical limit curve as shown in 

Figure 6.1.  

 

6.5 LTOP Setpoint and Temperature  

6.5.1 LTOP Setpoint Determination 

Transients during the low temperature operating mode are more severe when the RCS 

is operated in water-solid condition.  Addition of mass or energy to an isolated water-solid system 

induces a pressure increase in the system.  The severity of the pressure transients depends upon 

the rate and total quantity of mass or energy addition.  The most limiting transients initiated by a 

single operator error or equipment failure are: 
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a. Inadvertent actuations of safety injection pumps and one charging pump (mass 

addition), and  

b. Start of a reactor coolant pump when the steam generator secondary side water 

temperature is higher than the primary side (energy addition). 

 

The most limiting transients are determined by conservative analyses which maximize 

mass and energy additions to the RCS.  For conservatism, the RCS is assumed to be in water-

solid condition at the onset of the transient. However, such a condition has been noticed to be very 

unlikely during plant operation since the operator is instructed to avoid water-solid conditions 

whenever possible. 

The maximum pressure for LTOP is limited to 625 psia, 20 percent of RCS hydraulic 

test pressure of 3,125 psia, which is the maximum RCS pressure allowed under the minimum 

operating temperature required in Appendix G of ASME Code, Section XI.  To determine the relief 

valve set-pressure, the followings are considered: (1) the maximum pressurizer pressure due to a 

transient of mass addition by an inadvertent safety injection, (2) the actual elevation difference 

between the top of pressurizer and LTOP relief valves, and (3) the bottom pressure of reactor 

vessel.  The relief valve set-pressure is determined to be lower than the LTOP limiting pressure of 

625 psia. 

 

6.5.2 LTOP Enable and Disable Temperatures 

The LTOP pressure is defined as the SCS suction line relief valve set-pressure with 

adjustments to provide a margin to avoid lifting and to compensate for pressure measurement 

inaccuracies during plant normal operation.  During heatup, the RCS pressure is maintained 

below the LTOP pressure until the RCS cold leg temperature increases above the LTOP disable 

temperature. During cooldown, the RCS pressure is maintained below the LTOP pressure after the 

RCS cold leg temperature decreases below the LTOP enable temperature. 

An LTOP enable temperature is defined in USNRC branch technical position (BTP) 

reactor system branch (RSB) 5-2, "Overpressurization protection of pressurized-water reactors 

while operating at Low Temperatures" (Reference 10), and SRP Subsection 5.2.2, "Overpressure 

Protection" (Reference 11).  USNRC BTP RSB 5-2 defines it as: "the water temperature 

corresponding to a metal temperature of at least RTNDT + 90 °F at the reactor vessel beltline 

location (1/4t or 3/4t) that is controlling in the Appendix G of ASME Code Sec.III limit calculations." 

According to G-2215 of ASME Code Section XI, Appendix G, LTOP systems shall be 
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effective at coolant temperatures less than 200 ℉ or at coolant temperature corresponding to the 

reactor vessel metal temperature less than RTNDT + 50 ℉, whichever is higher.   

In determining the enable temperature, the difference between the 1/4t crack-tip metal 

temperature and the reactor coolant temperature shall be additionally accounted.  Article G-

2215 of ASME Code Section XI, Appendix G also specifies that LTOP systems limit the maximum 

pressure to 100 percent of the pressure determined to satisfy equation (5-3).   

For the P-T limit analysis, the highest RTNDT is calculated to be 70 ℉, which makes 

RTNDT + 50 ℉ is 120 ℉ and RTNDT + 90 ℉ is 160 ℉. These are quite lower than 200 ℉.  

Therefore, accounting for the difference between 1/4t metal temperature and the coolant 

temperature, 200 ℉ plus any adjustments for measurement uncertainty is determined as LTOP 

temperature.  

In the P-T limit analysis, the controlling beltline P-T limit is calculated at the 1/4t or 3/4t 

location for heatup, and at the 1/4t location for cooldown.  At the end-of-plant life, the LTOP 

enable temperature for representative heatups at the 3/4t location is calculated for several heatup 

rates and is compared to the BTP-defined LTOP enable temperature for the controlling cooldown 

(isothermal) at the 1/4t location. 

LTOP relief valves are required until the pressurizer POSRVs can be used for 

overpressure protection without violating the appropriate P-T limits during heatup process.  For 

the higher temperature than the LTOP disable temperature that corresponds to the intersection of 

the P-T limit curves for heatups with the pressurizer POSRV setpoint, the overpressure protection 

is provided by the pressurizer POSRVs which have a set pressure of 2,470 psia.  

During cooldown, when the RCS cold leg temperature is below the LTOP enable 

temperature that corresponds to the intersection of the P-T limit curve for cooldown with the 

pressurizer POSRV setpoint, the LTOP relief valves provide the necessary overpressure protection.  

 

6.6 Preservice Hydrotest 

According to the Operating Condition 1.c of Table 1 in 10 CFR 50 Appendix G,  the 

minimum temperature at Preservice Hydrotest without fuel in the vessel is the highest reference 

temperature of the vessel plus 60°F.  Therefore, Preservice Hydrotest should be performed at 

temperatures higher than 70°F (10°F + 60°F). 
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7. REACTOR VESSEL MATERIAL SURVEILLANCE PROGRAM 

The irradiation surveillance program for the APR1400 will be conducted to assess the 

neutron-induced changes in the RTNDT and the mechanical properties of the reactor vessel 

materials.  Changes in the impact and mechanical properties of the material will be evaluated by 

the comparison of pre- and post-irradiation test results.  The capsules containing the 

surveillance test specimens used for monitoring the neutron-induced property changes of the 

reactor vessel materials will be irradiated under conditions which represent, as closely as 

practical, the irradiation conditions of the reactor vessel. 

10 CFR 50 Appendix H, Reactor Vessel Material Surveillance Program Requirements, 

presents criteria for monitoring changes in the toughness properties of reactor vessel beltline 

materials through surveillance programs.  The APR1400 reactor vessel surveillance program 

adheres to all of the requirements of 10 CFR 50 Appendix H.  Additionally the APR1400 reactor 

vessel surveillance program satisfies ASTM E 185-82, Practice for Conducting Surveillance Tests 

for Light Water Cooled Nuclear Power Reactor Vessels. 

 

7.1 Surveillance Test Specimens and Capsules 

The surveillance test specimens are made from the actual materials which are used 

in fabricating the beltline region of the reactor pressure vessel and judged most likely to be 

controlling with regard to radiation embrittlement according to the recommendations of 

Regulatory Guide 1.99, Rev. 2.  They are prepared from three metallurgically different materials, 

including base metal, weld metal and heat-affected zone (HAZ) material and are placed in 

corrosion resistant capsule assemblies for protection from the primary coolant during irradiation.  

A sufficient quantity of specimens to meet the requirements of 10 CFR 50 Appendix H and ASTM 

E 185-82 will be prepared for APR1400 surveillance program. 

Six identical surveillance capsule assemblies are provided for the reactor vessel. Four 

assemblies are for retrieval and two are for standby.  These capsules are positioned near the 

inside wall of the reactor vessel so that the irradiation conditions (fluence, flux spectrum and 

temperature) of the test specimens resemble as closely as possible the irradiation conditions of 

the reactor vessel.  The neutron fluence of the test specimens is expected to be approximately 

1.4 times higher than that seen by the adjacent vessel wall.  

 

7.2 Neutron Irradiation and Temperature Exposures 
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The changes in the RTNDT of the reactor vessel materials are derived from specimens 

irradiated to various fluence levels and in different neutron energy spectra. In order to permit 

accurate predictions of the RTNDT of the vessel materials, complete information on the neutron 

flux energy spectra, and the irradiation temperature of the encapsulated specimens must be 

available. 

The neutron threshold detectors and the thermal neutron detectors can be used to 

monitor the thermal and fast neutron spectra incident on the test specimens.  These detectors 

possess reasonably long half-lives and activation cross sections covering the desired neutron 

energy range. Three sets of flux spectrum monitors are included in each capsule assembly.  

Each detector is placed inside a sheath which identifies the material and facilitates handling. 

Cadmium covers are used for those materials (e.g., uranium, nickel, copper, cobalt and 

neptunium) which have competing neutron capture activities.  

The maximum temperature of the irradiated specimens can be estimated with 

reasonable accuracy by including in the capsule assemblies small pieces of low melting point 

alloys or pure metals. The monitors are selected to bracket the operating temperature of the 

reactor vessel. A set of temperature monitors is included in each capsule assembly. 

 

7.3  Withdrawal Schedule 

The capsule assemblies remain within their holders until the specimens contained 

therein have been exposed to predetermined removal schedule based on EFPYs.  At that time, 

the capsule assembly is removed and the surveillance materials are evaluated.  The capsule 

assembly removal schedule is presented in Table 7.1. 

  



KEPCO & KHNP P-T LIMITS METHODOLOGY APR1400-Z-M-NR-13010-NP, Rev.0 
 

KEPCO & KHNP 7-3 
 

Table 7.1 Capsule Assembly Removal Schedule 

 

Capsule Azimuthal Location Removal Time(1] 
Target Fluence 

(n/cm2) (2) 

A 217° 6 EFPY 0.82 X 1019 

B 37° 15 EFPY 1.83 X 1019 

C 224° 32 EFPY 3.75 X 1019 

D 323° End of Life 6.44 X 1019 

E 44° Standby  

F 143° Standby  

 

Note:  

1. Schedule may be modified to coincide with those refueling outages or scheduled shutdowns 

most closely approximating the withdrawal schedule.  

2. Best-estimated average value of expected neutron fluence level at specimen locations in 

each capsule with +16.28% uncertainty. 
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8. PRESSURIZED THERMAL SHOCK (PTS) 

 

Reactor vessel shall meet the requirements of 10 CFR 50.61, "Fracture Toughness 

Requirements for Protection against Pressurized Thermal Shock Events."  The calculated RTPTS 

is 70.2 ℉ for the most limiting vessel beltline forging materials, which satisfies the screening 

criteria in 10 CFR 50.61(b)(2). 

 

The RTPTS has been calculated for the beltline forging material with the following 

assumptions: 

 

a. The maximum initial RTNDT for the vessel beltline materials is -10 ℉ as shown 

in Table 4.2. 

b. The maximum integrated fast neutron fluence on the reactor vessel wall 

opposite the midplane of the core is 9.5 x 1019 n/cm2.  The adjustment in the 

reference temperature caused by irradiation (ΔRTPTS) is 30.2 ℉ for the vessel 

beltline base materials with a maximum copper content of 0.03 wt% and a 

maximum nickel content of 1.00 wt% as shown in Table 4.1.  

c. The margin required to be added for uncertainties by 10 CFR 50.61 is 30.2 ℉ 

for the vessel beltline base materials.  However, a margin of 50 ℉ for the 

vessel beltline base materials is used for additional conservatism. 
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A1.1  Neutron Transport Calculation Methods 
 

The fission neutrons starting from the reactor core is attenuated by the core shroud, core support 

barrel and reactor coolant which exist between core and reactor vessel. The neutron flux 

calculation methodology is selected in accordance with regulatory position 1, “neutron fluence 

calculational methods”, of the Regulatory Guide 1.190, “Calculational and Dosimetry Methods for 

Determining Pressure Vessel Neutron Fluence” (Reference A1.1). 

 

The DORT code (Reference A1.2) is used to evaluate neutron flux distributions. DORT is widely 

used in the nuclear industry for flux-distribution evaluations of reactor vessels. DORT is a 

discrete ordinates Sn code, and can perform calculations in (x, y), (r, θ) and (r, z) geometry.  

 

To determine the reactor vessel neutron flux distribution, (r, θ) geometry is selected to effectively 

model the circular shape of the core support barrel and reactor vessel. Rectangular geometry of 

the fuel assemblies and the core shroud are finely approximated by giving enough number of (r, 

θ) meshes. The approximation in the geometrical modeling is considered in the calculation 

uncertainty. Axial variations of neutron fluxes are considered by applying long term axial power 

distributions with bounding axial peaking factor of 1.15 to 2-dimensional (r, θ) calculation results. 

 

For the DORT calculation, the BUGLE-93 (Reference A1.3) cross section library is used. BUGLE-

93 is a multigroup cross-section library based on ENDF/B-VI, which provides a coupled 47 

neutron 20 gamma ray group cross-section data set produced for light water reactor shielding 

and reactor pressure vessel dosimetry applications.  

 

An S8 fully symmetric angular quadrature set and P3 Legendre expansion of the scattering cross-

sections are employed for DORT transport calculation. A point-wise inner iteration flux 

convergence criterion of 0.001 is used for the vessel fluence calculation as recommended by 

Regulatory Guide 1.190. 
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Total uncertainty of neutron flux estimation methodology is within 20%, which is evaluated by 

sensitivity analysis covering input parameters for neutron transport calculations and bias 

evaluation from comparison of calculation results with the experimental data from VENUS-1 test 

reactor benchmark experiment (Reference A1.4). Detailed description of bias and uncertainty 

evaluation is presented in Section A1.2. 

 

Geometry Modeling 

 

The geometry model of APR1400 includes reactor core, reactor internals, surveillance capsules, 

pressure vessel with stainless steel cladding, and cavity wall. In preparing for the input 

parameters of analytical model of the reactor geometry, nominal design dimensions and material 

composition data are used. The coolant number densities in the reactor core, bypass, and 

downcomer regions are derived based on the plant full power operating temperatures and 

pressures.  

 

A quarter model of the horizontal cross-section of APR1400 reactor is shown in Figure A1-1 and 

the number density of each structure component is shown in Table A1-1. The reactor is modeled 

using r-θ coordinates with 197 radial and 244 azimuthal meshes. In the geometry model as 

shown in the Figure A1-1, interior assemblies are not included in the model since the fast neutron 

flux on the reactor vessel originates mainly from the peripheral assemblies. 

 

Considering R-θ quarter core symmetry model, reflective boundary conditions are applied to the 

bottom, top, and left boundaries. Vacuum boundary condition is applied to the right boundary of 

the model. 

 

Core Neutron Source and Fission Spectra 

 



KEPCO & KHNP P-T LIMITS METHODOLOGY APR1400-Z-M-NR-13010-NP, Rev.0 
 

 
KEPCO & KHNP A1-6 
 

The conservative pin power distribution for APR1400 vessel fluence calculation is used for the 

spatial source distribution in the DORT transport calculation. The conservative power distribution 

is obtained by composing peripheral fuel assemblies (FAs) as hottest FAs in their locations 

among those from many fuel cycles, which makes bounding peripheral power distribution. Figure 

A1-2 represents the octant core assembly relative power distribution for vessel fluence 

calculation.  

 

The core thermal power of 3983 MWth is used for the calculation of volumetric fission neutron 

source strength. The neutron source spectrum is determined by combining the volumetric fission 

density with the number of neutrons per fission (νi), relative fission rates (fi), and fission spectra 

(χi) for each fissionable nuclide. The calculated core neutron source and fission spectra for each 

fissionable nuclides are shown in Table A1-2. 

 

 

A1.2  Bias and Uncertainty  
 

The uncertainty associated with calculated exposure rate and integrated exposure can be 

conveniently subdivided into two broad categories. The first category involves biases or 

systematic uncertainties that may be present due to the method itself or in the basic nuclear data 

input to the calculation. These potential biases can be obtained by comparing analytic results 

with measurements from controlled benchmark experiments. The first category includes the 

following:  

 

 Cross Sections 

 Sn Method  

 

The second category of uncertainty in the analysis of vessel exposure involves variations that 

may exist in reactor dimensions, coolant temperature, neutron source strength and source 

distribution, as well as in other parameters that may vary from reactor to reactor or fuel cycle to 
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fuel cycle.  

 

This category of uncertainty can be examined via sensitivity studies performed for each of the 

parameters important to the overall evaluation. Important input parameters addressed in this 

study include the following: 

 

 Reactor Modeling 

- r-θ  Modeling  

- Geometric Dimensions 

- Material Compositions 

 

 Core Neutron Source 

- Source Parameters 

- Relative Power Distribution 

- Axial Power Distribution 

 

A1.2-1  Bias Analysis 

 

For benchmark analysis purpose, the experimental results of VENUS-1 test reactor are utilized. 

Figure A1-3 shows the configuration of VENUS-1 test reactor and distributed specimens 

(detector points) at various regions. The experiment performed at the VENUS-1 reactor provides 

activity data at the water gap II and neutron pad which correspond to the downcomer 

surveillance capsule and pressure vessel locations of a power reactor, respectively.  

 

The transport calculations are performed using DORT computer code. The calculations are done 

for (x, y) geometry to obtain radial flux distribution and (r, z) with (r) geometries for axial factors. 

Figure A1-4 shows the DORT x-y calculation model for VENUS-1 configuration (Reference A1.4). 

Considering x-y quarter core symmetry model, reflective boundary conditions are applied to the 

left and bottom boundaries and vacuum boundary condition is applied to the right and top 

boundaries of the model. For cylindrical geometry DORT calculations to obtain axial factor, 
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reflective boundary condition is applied to left boundary and vacuum boundary conditions are 

applied to the other boundaries.  

 

The BUGLE-96 (Reference A1.5) cross section library based on ENDF/B-VI (Release 3) is used 

in the benchmark calculations. S8 symmetric quadrature set with P3 order of scattering cross-

sections are employed and a point-wise flux convergence criterion of 0.001 is utilized in the 

DORT models for the VENUS-1 benchmark calculation. 

 

The source distributions are made based on the experimental power distribution (Reference A1.4) 

as shown in Figure A1-5, which represents normalized pin power distribution at core mid-plane 

as core average fission density become 1.0 [fission/sec/pin]. Fission spectrum (χi) from U235 

fission provided by BUGLE-96 cross-section library is used for the source energy distribution. 

 

The equivalent fission fluxes calculated for each detector point are given in Table A1-3 for five 

types of dosimeter. Table A1-4 shows the ratio of the calculated to measured value (C/M) for 

each dosimeter. Since all the ratio of the calculated to measured value are within 10% and do not 

show any peculiar trend, an average value of C/M of each region is determined as a bias for the 

region. 

 

Table A1-5 summarizes calculated biases for each region in the VENUS-1 test reactor and the 

bias for the neutron pad will be utilized as a bias (6%) for the vessel fluence calculation using 2-

dimensional DORT code.  

 

A1.2-2  Uncertainty Analysis 

 

In this section, the second category of uncertainty is examined using sensitivity analyses to 

determine the vessel fluence uncertainty applicable for the design of APR1400.  

 



KEPCO & KHNP P-T LIMITS METHODOLOGY APR1400-Z-M-NR-13010-NP, Rev.0 
 

 
KEPCO & KHNP A1-9 
 

Important input parameters that affect the analytical results at the pressure vessel are examined 

using 2-dimensional discrete ordinates code, DORT and the typical vessel fluence calculation 

model contains reactor core, core shroud, core barrel, vessel cladding, and pressure vessel. 

Figure A1-6 shows the DORT r-θ octant core model for sensitivity analysis calculation.  

 

Macroscopic cross sections are obtained from BUGLE-96 library using GIP code (Reference 

A1.2). The S8 angular quadrature set is used for the particle directions and P3 order of scattering 

is applied for all nuclides in the uncertainty calculations. 

 

A conservative pin power distribution is used for the space-dependent source term and the core 

thermal power of 3983 MWth is used for the calculation of volumetric fission neutron source. The 

core inlet, outlet and average coolant temperatures are taken from normal full power operating 

condition. 

 

r-θ modeling 

 

The modeling of the rectangular core regions in r-θ geometry causes a potential source of 

uncertainty in the geometric modeling of the reactor. The sensitivity of the solution to the 

modeling approach is determined by a direct comparison of the results of an r-θ computation with 

those of an x-y calculation in which the shroud region and core are modeled explicitly. The 

comparisons of interest are taken at vessel/clad interface of the pressure vessel. 

 

The bounding uncertainties associated with this modeling approximation are determined as 

+6.4 %, -0.6 %. 

 

Geometric Dimensions 

 

Thickness tolerances on the stainless steel (core shroud, core support barrel) and corresponding 
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tolerances placed on the inner radius of these steel components and pressure vessel are 

examined. To determine the potential impact of the reactor internals manufacturing and assembly 

tolerances on the analytical prediction of the fast neutron fluence of the pressure vessel, 

calculations are performed for cases representing minimum and maximum shielding between the 

reactor core and the pressure vessel. These extreme conditions are then compared to the 

nominal calculation to establish an upper bound uncertainty in the use of nominal vs. as-built 

internals dimensions. 

 

The uncertainties associated with each dimensional tolerance in the calculated exposure of the 

pressure vessel are +7.2 % and -5.5 %. 

 

Material Compositions 

 

Radiation shielding materials between reactor core and pressure vessel are stainless steel in 

internals and water in the bypass and downcomer regions.  

 

Two factors are considered in the sensitivity analyses associated with material composition of 

reactor internals: possible variations of composition in steel constituents within the chemical 

requirements and the internal density changes due to temperature rise caused by radiation 

heating. 

 

The sensitivity of the calculated vessel fluence to fluctuations in water temperature is likewise 

determined via a parametric study in which water temperature and, hence, coolant density is 

varied over a range of several degrees relative to nominal conditions.  

 

Sensitivity calculations show that uncertainties contained in the material compositions translate 

into +3.5 % and –3.3 % fluence uncertainties. 
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Source Parameters 

 

Uncertainty calculations involving source parameters such as fission spectrum, neutron yield per 

fission and energy release per fission are performed via an evaluation of the sensitivity of 

calculated fluence at the pressure vessel to the varying core average burnup of the reactor. 

These burnup sensitivity studies encompass significant perturbations in those source parameters 

due to the buildup of plutonium isotopes as the core burnup increases. 

 

The multi-group source distribution can be determined by combining the power distribution with a 

power-to-source conversion factor, ν/ER, and a source spectrum χ. The neutron source density 

for energy group g is expressed as 

 

Sig = c0×χg×ν/ER×Pi ,     (A1.1) 

where 

  i = fuel pin index 

  Pi = pin power 

c0 = fission energy generation rate in [MeV/cm3.sec]. 

 

To see the effects of buildup of plutonium isotopes to the source parameters, calculations using 

nuclides number densities at the beginning of cycle (BOC), middle of cycle (MOC), and end of 

cycle (EOC) of equilibrium core are compared. The power-to-source conversion factors and 

source spectra are averaged over the fissile nuclide number densities for each burnup stage. In 

this case, the same pin power distribution is applied to the fluence calculations for the purpose of 

sensitivity analysis of source parameters.  

 

The results of this evaluation indicate that the maximum relative difference in vessel fluence 
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between BOC and MOC is –2.4 %, between EOC and MOC is +2.8 %. 

 

Absolute Power Distribution 

 

The thermal output of reactor core is used for source magnitude, c0, as shown in Eq. (A1.1). 

Therefore, the uncertainty contained in absolute power level is directly reflected in uncertainty of 

pressure vessel fluence. US NRC, from Regulatory Guide 1.49 (Reference A1.6), regulates the 

maximum core thermal power and approves 2% margin of licensed thermal power level by 

considering permissible error of instrument which determine the power level. Hence, ±2% of 

uncertainty are assigned to the absolute power level or reactor core thermal output.  

 

Relative Power Distribution 

 

The relative pin power of each fuel pin for the vessel fluence calculation is calculated from fuel 

pin burnup as  

,
Bu
Bu

Bu
BuBu

P i
B
i

E
i

i ∆
∆

=
∆
−

=              (A1.2) 

where  

       

 

 

 

According to the report (Reference A1.7) for physics biases and uncertainties, maximum 

uncertainty of calculated 1-pin burnup is ±2.5% in proportion to fuel burnup under 30000 MWD/T 

and fixed with ±750 MWD/T over 30000 MWD/T. The locations of fuel pins are changed for each 

cycle and EOC burnup strongly depends on their location in the core rather than their initial 

burnup, hence each BOC and EOC burnup in Eq. (A1.2) can be considered as independent 

variables. When the maximum burnup uncertainty (σmax) of ±2.5% is applied to the uncertainty of 

EOC and BOC at i pin fuel of burnup BuBu E
i

B
i =,

.burnupcycleaveragecoreBu =∆
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each BOC and EOC burnup, the uncertainty of pin power (Pi ) is calculated as  

 

 

The vessel fluence is directly proportional to the relative power distribution (RPD) in the core 

region, hence the uncertainty of vessel fluence calculation ascribed to RPD can be taken as 

±3.5%. 

 

Axial Power Distribution 

 

The uncertainty in the axial power distribution averaged over the irradiated period translates 

directly to an uncertainty in the calculated neutron flux external to the core. The long-term axial 

peaking factor is calculated from burnup difference between EOC and BOC for a given cycle per 

each plane of core height, representing cycle average power peak, not an instantaneous power 

peak in axial direction. The calculation basis of long-term axial peaking factor (long-term axial 

power distribution) corresponds to that of pin power distribution used for vessel fluence 

calculation. Hence, the long-term axial peaking factors are chosen to obtain uncertainty in the 

axial power distribution. The axial peaking factors vary from 1.11 to 1.06 for APR1400 various 

core fuel cycles, yielding an average value of 1.085. The upper and lower limits around average 

axial peaking factor, a variation of ±2.5 %, are taken to be applicable for the uncertainty in the 

axial power distribution. This uncertainty value is liberal enough to encompass the entire change 

in axial shape over the course of the fuel cycles. 

 

  

%.5.32)( max ±== σσ iP



KEPCO & KHNP P-T LIMITS METHODOLOGY APR1400-Z-M-NR-13010-NP, Rev.0 
 

 
KEPCO & KHNP A1-14 
 

A1.2-3 Summary of Bias and Uncertainty Evaluation 

 

The evaluated bias for vessel fluence calculation due to the systematic errors included in the 

method itself and the basic nuclear data are determined as +6%a as shown in Table A1-5 for 

neutron pad region.  

 

The evaluation of uncertainties included in vessel fluence calculation is performed through 

sensitivity analyses. The sensitivities of calculated fast neutron exposures to the input 

parameters on the pressure vessel are examined for limiting values. The vessel fluence 

uncertainties associated with reactor modeling and neutron source for the APR1400 are 

presented in Table A1-6.  

 

A total of 20% uncertainty which contains bias (6%) and uncertainties from input parameters for 

analysis (11.6%) will be considered in the vessel fluence calculation.  

 
A1.3  Results of Neutron Transport Calculations 
 

Table A1-7 shows typical neutron fluxes at various points in reactor vessel and reactor core 

region. The maximum fast neutron fluences (E>1 MeV) inside the reactor vessel (RV) at the time 

of 55.8 EFPY (on the basis of plant capacity factor of 93% and lifetime of 60 years) is shown in 

Table A1-8.  

 

Figure A1-7 shows the azimuthal distribution of fast neutron fluences at inner surface, 1/4 

thickness, and 3/4 thickness in the RV. The radial distribution of fast neutron fluence at 37 degree 

azimuth, where one of surveillance capsules is located, is indicated in Figure A1-8. 

 
                                            

a This means that the calculated flux result using DORT code has a tendency of 6% 

underestimation when compared to the experimental data in the neutron pad region. 
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All calculated results are obtained on the basis of the methodology and calculation conditions in 

previous sections, where uncertainty and bias are taken into account. And they also include long-

term axial peaking factor of 1.15 to account for the effect of axial flux variation since the results 

are obtained from 2-dimensional (r, θ) geometry transport calculation. 

 

 

A1.4  Effect of Cross-section Libraries on the Fast Neutron Flux 

 

To see the difference between BUGLE-93 and BUGLE-96 cross-section libraries in the vessel 

fluence calculation, fast neutron fluxes (E> 1.0MeV) at the inner surface of reactor vessel are 

compared as shown in Figure A1-9. The relative differences range from 2.8E-4% to 0.16% and 

the relative difference of maximum flux point is 0.09%. Therefore, it can be concluded that there 

is no meaningful difference between the two cross-section libraries on the vessel fluence 

calculation. 
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Table A1-1 Nuclide Number Densities of Reactor Materials (1 of 2) 

 

 

  

TS 
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Table A1-1 Nuclide Number Densities of Reactor Materials (2 of 2) 

 

  

TS 
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Table A1-2 Fission Spectra and Neutron Source Spectrum (1 of 2) 

 

  

TS 
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Table A1-2 Fission Spectra and Neutron Source Spectrum (2 of 2) 

 

 

  

TS 
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Table A1-3 DORT Calculation Results for VENUS-1 Experiment 

 

 

  

TS 
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Table A1-4 Calculation to Measurement Ratios for VENUS-1 Experiment 

 

 

 

 

  

TS 
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Table A1-5 Bias of Each Region for Equivalent Fission Flux 

 

 

 

 

 

 

 

 

 

 

 

 

  

TS 
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Table A1-6 Uncertainty of Vessel Fluence Calculation for APR1400 
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Table A1-7 Typical Neutron Fluxes inside the Reactor Vessel 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: Uncertainty of 20% and axial peaking factor of 1.15 are included 

 

 

 

  

(unit: n/cm2-sec) 
 TS 
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Table A1-8 Fast Neutron Fluences at the Reactor Vessel 
 

 

Location Radial Position [cm] 
Fast neutron fluence 

(E>1MeV, 55.8EFPY) 

At the inside surface 

 

231.775 9.5 x 1019 

At the 1/4 thickness 
location 

 

237.528 5.1 x 1019 

At the 3/4 thickness 
location 

 

249.034 1.0 x 1019 

 

Note: Uncertainty of 20% and axial peaking factor of 1.15 are included 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(unit: n/cm2) 
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Figure A1-1 Reactor Geometry Model for Neutron Fluence Calculation 
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Figure A1-2 Octant Core Assembly Power for Vessel Fluence Calculation 

  

TS 



KEPCO & KHNP P-T LIMITS METHODOLOGY APR1400-Z-M-NR-13010-NP, Rev.0 
 

 
KEPCO & KHNP A1-29 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1-3 Configuration of VENUS-1 Test Reactor 
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Figure A1-4 DORT x-y Calculation Model for VENUS-1 Test Reactor 
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Figure A1-5 Fuel Pin Power Distribution of VENUS-1 Test Reactor 
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Figure A1-6 Octant Core DORT r-θ Calculation Model for Uncertainty Evaluation 
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Figure A1-7 Azimuthal Distributions of Fast Neutron Fluence in the Reactor Vessel   
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Figure A1-8 Radial Distribution of Fast Neutron Fluence 
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Figure A1-9 Comparison of Fast Neutron Fluxes using BUGLE-93 and BUGLE-96 
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