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Abstract: The environmental fatigue correction factor (Fen) is mainly used to analyze the influence
of the coolant environment on the fatigue life of primary metal materials. Because the calculation
of the transformed strain rate is related to the stress history of the component structure, how to
determine the strain rate is the most critical step in calculating the Fen. The approaches of the detailed
method were given by the Electric Power Research Institute (EPRI) guidelines and RCC-M-2017
Edition Section VI- RPP No. 3 separately, so a gap analysis was performed between the two methods.
Furthermore, another average method was also proposed to determine the average strain rate and
strain range. Based on the analysis benchmark provided in the EPRI guideline, a simple case study
was performed to account for the effect on the fatigue life in applications with different strain rate
approaches and different Fe expressions. Finally, two industry case studies were also completed,
including on materials of low alloy steel, austenitic stainless steel, and nickel-base alloy. We suggest
adopting a more accurate detailed method, and its methodology is recommended to provide more
reasonable solutions.

Keywords: environmental fatigue correction factor; RCC-M; detailed method; strain rate

1. Introduction

Due to the long-term high-temperature, high-pressure, and radioactive working
environment of a nuclear reactor pressure vessel (RPV), the transient loads and fatigue
damage are unavoidable time-limited aging phenomena in the life of an RPV and a steam
generator. For the primary circuit metal materials, such as low-alloy steel, austenitic
stainless steel, and nickel chromium iron alloy, compared with the air environment, the
fatigue life will be significantly reduced under the reactor coolant environment and low
strain rate [1-4]. In the management guideline Regulatory Guide (RG) 1.207 [5], the Nuclear
Regulatory Commission of the United States (NRC) explicitly requires that environmentally
assisted fatigue (EAF) should be taken into account in the design of pressurized water
reactor (PWR) nuclear power plants and endorses two methods: the first is to use an
environmental fatigue correction factor (Fep); the second is to develop a new fatigue design
curve suitable for a light water reactor (LWR).

Given environmental impact fatigue, many countries have carried out different de-
grees of research. At present, some countries, such as France, Finland, and Germany,
employ Fen expressions in reference to NUREG/CR-6909 [6]. Japan began to implement
a large number of EAF-related research projects in the 1990s [7]. Japan’s Association of
Mechanical Engineers (JSME) formulated the environmental fatigue assessment method
(EFEM) and issued the environmental fatigue assessment specification (JSME NF1-2006),
which was revised to JNES-S5-0701 (2007.4) in 2009 according to the EFT report. Because
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of the differences in specimens, test conditions, and test procedures, the Fe, formulas
proposed by NUREG/CR-6909 in the United States and JNES in Japan are quite differ-
ent. Therefore, the Fe, expressions and boundary conditions between the two editions
of NUREG/CR-6909 [8] and the Japan Nuclear Safety Organization (JNES) [9] in Japan
should be compared in detail.

The calculation of the transformed strain rate in the Fen expression was carried out by
calculating the stress history of structures in the transient state. The calculation method
from stress to strain rate and the selection of time history will directly affect the calculation
results of the transformed strain rate. At present, there are two calculation methods—one
is the modified rate approach, which considers the strain rate at each time point under
the transient state; the other is the average rate approach, which considers the maximum
and minimum strain values of each transient in the pair. The calculation method of the
strain increment in the modified rate approach was given in the EPRI guideline [10] and
AFCEN RCC-M 2017 Section VI-Probationary Phase Rules RPP3 [11], separately, but there
is no process for the average rate approach. In this work, therefore, a kind of average rate
approach was established by using the average strain rate and strain range based on stress
calculation, and the influences of the modified rate approach and the average rate approach
on the fatigue life were also compared.

Finally, the modified rate approach of the Fe, was applied to the environmental
fatigue assessment of the reactor pressure vessel’s inlet nozzle and the steam generator’s
divider plate.

2. EAF Analysis Method and Fe, Expression

The Fen expressions of austenitic stainless steel, nickel-based alloy, and low-alloy steel
commonly used in nuclear power plants were presented in NUREG/CR6909. The effects
of temperature, strain rate, dissolved oxygen in water, and sulfur content in steel materials
on the expression are considered.

2.1. EAF Analysis Method

For nuclear power plants that need to consider license renewal and life extension,
the implementation of the Fon, methodology to evaluate the effects of the reactor water
environment on fatigue proceeds as below.

(1) Calculate the fatigue usage factor in the air for the key parts:

A.  The temperature and pressure transients of the model are calculated one by
one, and the envelope curves of the design transient and the actual operation
transient should be used for the temperature and pressure transient curves;

B.  The peak value of stress is selected as the event in fatigue analysis combined
with the operation basis earthquake load;

C.  According to the fatigue calculation method of ASME or RCC-M and the fatigue
curve in the air, the fatigue service factor is calculated. The number of each
transient should consider the actual operation of the power plant. Assuming
that the design life of the nuclear power plant is T years and has been in
operation for H years, the nuclear power plant will apply for extending its
life by E years. The number of transients that have been in operation for H
years is the operated number Ny, and the number of T — H + E year transients
that have not been operated is (T — H + E) /T of the original design transient
numbers N1. Each transient number is the sum of these two parts, namely,
Ny + Nt X (T—H+E)/T.

(2) Compute the Fe, ; for each transient pair in the fatigue analysis.

(3) Apply the ey, to the fatigue usage factor calculated for each transient pair (U;), to
determine the cumulative fatigue usage factor considering the effect of the water
environment (CUFgy).

CUFen= U; x Fen,l + ...+ Uy X Fenn 1
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where 7 is the number of transient pairs.

2.2. Fen Expression

The Fen expression was proposed by NUREG/CR-6909, but the expressions and
parameters of revision 1 (Rev.1) in 2014 cause a great change compared with those of
revision 0 (Rev.0) in 2017, since the environmental effect should be neglected in some
conditions. The Fe, value should be returned to 1, but the Fey, calculated by Rev.0 is still
2.083 in cases of a temperature less than 150 °C or a strain rate greater than 7%/s for
austenitic stainless steel. In view of these problems, the expression of Fe,, was updated in
Rev.1 based on supplementing the latest environmental fatigue strength data. Because of
the different experiment results, the Fen, formulas proposed by NUREG/CR-6909 and JNES
are quite different. Taking austenitic stainless steel as an example, Equations (2)-(5) are Fen
expressions of JNES, Equations (6)—(9) are Fe,, expressions of NUREG/CR-6909 Rev.1, and
Equations (10)—(14) are obtained from the NUREG/CR-6909 Rev.0, where S*, T*, O*, and
¢ are the transformed sulfur content, temperature, DO level, and strain rate, respectively.

The Fen expressions of JNES [9] are

Fon = exp [(3.91 - é*) T*} )
e _ [ 0.000782T (T < 325°C) -
~1 0254 (T < 325°C)

In(49.9) (¢" > 49.9%/s)

In(¢) (0.00004%/s < ¢ < 49.9%/s) (castSSs)

¢ =14 In(¢) (0.0004%/s <& <49.9%/s) (others) 4)
In(0.00004) (¢ < 0.00004%/s) (castSSs)
In(0.0004) (e < 0.0004%/s) (others)

Fen =1 (g4 < 0.11%) ®)
The Fen expressions of NUREG/CR-6909 Rev.1 are

Foo — exp(—T*o*é*) )
[0 (T<150°) -
=\ (T—100)/250 (150°C < T < 325 °C)

-k

é In(¢/7) (0.0004%/s < & < 7%/s) ®)

{ 0 (5 >7%/s)
In(0.0004/7) (¢ < 0.0004%/s)

029 DO <01mg/L
0.29 DO > 0.1 mg/L (sensitized high-carbon wrought and cast SSs) )
0.14 DO > 0.1 mg/L (all wrought SSs except sensitized high-carbon SSs)

The Fe, expressions of NUREG/CR-6909 Rev.0 are

Fen = exp (0.734 - T*O*é*) (10)
0 (T < 150°C)

T* ={ (T—150)/175 (150°C < T < 325 °C) (11)
1 (T >325°C)

n(¢/0.4) (0.0004%/s < ¢ < 0.4%/s) (12)

0 (¢" > 4%/s)
&=11
In(0.0004/0.4) (¢ < 0.0004%/ s)
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O* = 0.281 (13)
Fen =1 (g4 < 0.11%) (14)

3. Transformed Strain Rate of F., Calculation

The determination of strain rate is the most complicated process in Fey, calculation. It is

necessary to consider the structural stress state, the time history of stress, and the transient
combination. Two kinds of analysis methods are established in the EPRI guidelines: a
simplified method and a detailed method. The first method is an average strain approach
considering the maximum and minimum strain values of each group of transient pairs,
and the second involves calculating the strain rate at each transient time point shown in

Figure 1.
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Figure 1. Diagram of the detailed strain rate increment method.

3.1. Detailed Method

The approach of the detailed method was given by the EPRI guidelines (GD), and

the framework for the RPP-3 method of RCC-M is shown in part 2.2. There is some
difference between the two approaches. The steps to calculate the Fen, were given by the
EPRI guideline, as follows:

@
)]
®)

4

Calculate the stress range (0%, 07, 0}, Oy, Ovy, Oby) between the (i—1)th and the ith

y’ Xyr wyzr
time steps on a component basis;
From oy, 0y, 07, 0%y, 0y, and 0, the principal stress ranges 07, 05, 03 and the stress

intensity range (0%,) can be computed;
A sign is then assigned to the stress intensity range based on the sign of the principal
stress range with the largest magnitude, as shown in Equation (15).

Sgn = M (15)

where 07}, is defined as the largest absolute value of the principal stress range (07, 03,
03), and Sgn is the corresponding sign.

The strain increment (Ag;) is then computed so that only increments that are increas-
ingly tensile will be included in the Fe, calculation, based on the following equation:

ol .
ASi — %Ke lf Sgn : 1 (16)
0 Otherwise
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where K, is the elastic-plastic factor, and E is the elastic modulus.

The calculation procedure of Fe,, was also outlined in the RCC-M-2017 Edition Section

VI- RPP No. 3, as follows:

@
@)

®)
4)

From the stress tensor (0, 0y, 0z, Oxy, 0xz, 0yz), the principal stresses are calculated

(01, 0, 03);
The differences of principal stresses are then calculated,

Sp=01—0m
Sy3 =02 — 03 (17)
Sz31=03—01

The signed Tresca stress intensity is then defined as the largest absolute value of Si5,
Sp3 and S31, with the maximum principal stress corresponding sign;

Lastly, the signed Tresca equivalent strain is obtained by dividing the previously
obtained stress by the modulus of elasticity from the stress calculation.

3.2. Simplified Method

The simplified method mentioned in the EPRI guideline uses Equations (18)—(20) to

compute the average strain shown in Figure 2.

Stess /MPa

. €max,1 — €min,1

6 = ————— 18
1 AL (18)
. €max,2 — €min,2

&g = ————= 19
2 AL (19)

Fen,l X (Smax,l - Emin,l) + Fen,Z X (Emax,2 - 8mir1,2>

F.. =
o (Emax,l - Emirl,l) + (Emax,Z - Emin,Z)

(20)

50
——Tran01 D

Tran02

40

C
6 80 100 120
At,
Time/s

Figure 2. Diagram of the simplified average strain method.

In this work, a new method for calculating the average strain rate and strain amplifi-

cation is proposed as follows:

@)

)

Firstly, in the transient time history, the period when the stress increment is positive is
selected to determine the maximum stress and minimum stress Gmax,x, Cmax,y, Tmax,z
OUmax,xy, Umax,yz, Omax,xz, Omin,x, Omin,y, Omin,z, Omin,xy, Omin,yz, Omin,xzs

The stress rates ¢; of the six components are determined by dividing the correspond-
ing time increment;
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(3) According to the six components of the stress rate tensor, the rate of stress intensity
ogr is determined;
(4) The strain rate and strain amplitude are then calculated as

. O
¢ = %K,_, 1)
Ae = %Kg (22)

The term emax — €min in Equation (20) can be calculated by Equation (22).

4. The Simple Model Analysis and Comparison
4.1. EPRI Guideline Case

In this subsection, fatigue analysis of a typic nozzle is performed according to the
sample problem 1 in the EPRI guideline, including the environmentally assisted fatigue
effect. Axial constraint is applied in the right side of the model, and the hydrostatic end
force is applied in the left side of the model. Temperature and pressure transients are
applied on the inner surface of the model, which is shown in red in Figure 3. The analysis
from Section 1 is performed on the piping made of austenitic stainless steel (TP316), and
that from Section 2 is performed on the vessel nozzle part made of low alloy steel (SA-508,
Grade 2, Class 2), as shown in Figure 3. The material properties and fatigue curves are taken
from the nuclear code ASME code 2007 edition [12], and the sulfur content of low-alloy
steel is 0.025%. Three transients are considered in the calculation for sample 1, as shown
in Table 1, including the changes in temperature, pressure, heat transfer coefficient and
external load with time. It is assumed that the free oxygen in the coolant is 0.15 ppm under
each transient. The temperature, pressure and heat transfer coefficient are applied on the
inner surface of the model, and the load is applied on the leftmost end of the model. The
difference with sample 2 is the transient data, and there are four transients whose detailed
parameters are shown in the literature [5].

Section 1
TP316

Section 2
SA508

Figure 3. Finite element model with load, boundary conditions, and target cross-sections.
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Table 1. Transient data of temperature, pressure, and external load vs. time in sample 1.

. . ° Heat
Transient Time T/s Temperature/°C Transfer/(W-m—2-K-1) Pressure/MPa Moment/(kN-m)
0 315.6 8831 15.513 —338.97
5 315.6 8831 15.513 —338.97
Tranl
N =20 205 37.8 8831 6.895 112.99
100 37.8 8831 6.895 112.99
1200 315.6 8831 15.513 —338.97
3000 315.6 8831 15.513 —338.97
0 260.0 8831 10.342 —282.48
5 260.0 8831 10.342 —282.48
Tran 2
N =50 405 315.6 8831 15.513 112.99
1500 315.6 8831 15.513 112.99
1900 260.0 8831 13.790 —282.48
2500 260.0 8831 13.790 —282.48
0 232.2 8831 3.103 —225.98
5 232.2 8831 3.103 —225.98
Tran 3
N =20 14,000 21.1 8831 3.034 169.49
16,000 21.1 8831 2.758 169.49
20,000 176.7 8831 2.758 —225.98
24,000 176.7 8831 2.758 —225.98

The first stage of the analysis procedure is to calculate the fatigue usage factors by
using the air design fatigue curve, and the second stage is the application of the detailed
method approach to obtain the final results with the environment effect.

This paper executes the two stages and gives the calculation results as shown in
Tables 2 and 3, where GD represents the calculation results listed in the guideline [10]
issued by EPRI. TranA and TranB represent one of the two transients of fatigue combina-
tion, respectively. It should be noted that the fatigue usage factor increases 3.2-fold for
austenitic stainless steel, and 8.5-fold for low-alloy steel with or without the application
of Fen. Compared with the results of the guidelines (GD), relatively good agreement is
achieved, and the difference may be caused by the different stress time histories due to
mesh sensitivity, transient stress histories, engineer tools, etc.

Table 2. Environmental fatigue calculation results of sample problem 1.

Section  Pair TranA TranB U; Fen Fen-GD U;-Fen CUF.water
1 1 1 0.72676 5.0271 5.1166 3.6535
1 2 2 2 0.16684 3.9304 3.9854 0.65575 4.3092

3 3 3 0 2.7225 2.7153 0
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Table 3. Environmental fatigue calculation result of sample problem 2.
Section Pair U; CUF_,; Fen U; Fen CUF-water CUF_yater-GD
1 0.6706 4.79 3.2115
2 0.5580 3.87 2.1618
3 0.0756 2.66 0.2010
4 0.0256 2.49 0.0637
1 5 0.0154 1.3498 571 0.0418 5.7088 5.4521
6 0.0027 6.37 0.0173
7 0.0012 8.09 0.0094
8 0.0002 1.00 0.0002
9 0.0005 4.09 0.0022
1 0.0914 11.60 1.0594
2 0.0349 4.51 0.1574
3 0.0015 6.74 0.0102
4 0.0015 2.76 0.0041
2 5 0.0011 0.131 353 0.0040 1.2381 1.5979
6 0.0002 4.09 0.0008
7 0.0002 5.04 0.0008
8 0.0001 8.61 0.0009
9 0.0001 8.60 0.0005

4.2. The Influence of Different F,, Expressions

As mentioned in Section 2.2, there are some differences in the detailed expressions
of Fen in different countries and reports. Table 4 tabulates the effect of Fon, expression
on environmental fatigue life by using the Fen expressions of JNES, CR6909 Rev.0, and
CR6909 Rev.1, which are listed in Section 2.2. The reactor water’s dissolved oxygen content
is 0.005 ppm. By comparison, the result for the environmental fatigue as calculated by
NUREG/CR-6909 Rev.1 is the smallest, which may be caused by the improvement in
Fen expression based on more experimental data. The result of the JNES calculation is
the largest, which shows that JNES in Japan achieves a more rigorous assessment of
environmental fatigue.

Table 4. Results of Fe, under different expressions.

Transient NUREG/CR-6909Rev.0 NUREG/CR-6909Rev.1 JNES
1 5.0271 4.2856 7.0267
2 3.9304 3.0306 5.7055
3 2.7470 1.9071 4.1400

4.3. The Influence of Different Strain Rate Approaches

The finite element model and transients for the analysis are given in Section 3.1. The
calculation results of Fe, obtained by different strain rate approaches are given in Table 5.
To compare with the results of GD, the model of example 1 and the transient calculation
of Fen are adopted, wherein “Detailed-GD” refers to the calculation results given by the
detailed method in the EPRI guidelines, “Detailed-RPP3” refers to the calculation results
given by the detailed method in RCC-M-2017 Edition Section VI-RPP3, and “Simplified
method” represents the Fe, results calculated by using the simplified algorithm given in
Section 3.1. It is found that the calculation results of the average algorithm are greater
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than those of the rate increment algorithm. Since the time history is not considered in the
simplified method, the calculation result is more conservative. However, considering that
the average method has to employ a complex procedure for the calculation of average
strain rate and strain range through stress, the corresponding results are not as accurate as
those of the detailed strain rate method. Therefore, it is recommended to adopt the detailed
method for environmental fatigue assessment.

Table 5. Results of Fen under different strain rate approaches.

Transients Detailed-GD Detailed-RPP3 Simplified Method
1 5.0271 4.991 6.5470
2 3.9304 3.874 4.9870
3 2.7470 2.718 3.5420

5. Reactor Pressure Vessel and Steam Generator EAF Evaluation
5.1. Environmental Fatigue Calculation of RPV

Based on the study of the calculation method of the environmental fatigue correction
factor, this subsection carries out the environmental fatigue analysis by using the inlet
nozzle structure of the reactor pressure vessel with the operation transient of the nuclear
power plant. The number and data of each transient should take into account the actual
operation and design transients of the power plant. The material of the inlet nozzle and
the reactor pressure vessel is SA-508 Class 3 Grade 1, and the material of the safety end
is SA-182 F316. Temperature and pressure are altered on the inner surface. The finite
element method with target sections is shown in Figure 4. Node 14,054 is the inner node of
Section 1, and the material is stainless steel. Node 8089 is the inner node of Section 2, and
the material is low-alloy steel.

ANSYS

ELEMENTS I E

Sec1:N14054, N75334

Sec2:N8089, N42990

Figure 4. Finite element model and target cross-sections of RPV inlet nozzle.

According to the operation transients of the RPV in nuclear power plant, the op-
eration transients are divided into 14 groups. Based on the characteristics of design
transient power variation, 37 design transients are divided into a corresponding 14 groups.
The envelope values of the temperature and pressure of operation, and the design tran-
sients, are calculated, and the number of transients is processed by the method given
in Section 2.1.

For the EAF analysis of the inlet nozzle of a nuclear power plant reactor’s pressure
vessel, five methods are adopted to consider the effect of coolant environmental fatigue.
The subscript “GD” indicates the detailed method supplied by the EPRI guideline, and
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“RPP” represents the detailed method provided by RCC-M-2017 Edition Section VI- RPP3.
“V0” and “V1” represent the versions of Fen, expression, which are 2007 or 2018, respectively.
For example, the Fen, value was calculated by GD using Fen expression of the NUREG/CR-
6909 Rev.0, is expressed as Fen-gp.vo, and the cumulate usage factor is marked as CUFgp.vo.
The CUFconskR is calculated by assuming conservative parameters. This method directly
conserves the values of parameters in Fen’s expression. For austenitic stainless steel, the
maximum value of transient temperature is 294 °C, and the strain rate is less than 0.0004%/'s,
so the maximum value of Fep, is 10.3. For low-alloy steel, the maximum temperature is
294 °C, the sulfur content is 0.025 wt. %, the oxygen content is 0.1 ppm, and the strain
rate is less than 0.0004%/s conservatively, and thus the responding maximum value of
Fen is 12.18.

As shown in Table 6, the calculation method of the strain rate has little influence on the
results, in which the biggest change is from 4.17 to 3.96 for low-alloy steel, with a change
of about 5.1%, while the biggest change is 1.9% for the austenitic stainless alloy. Most of
the results obtained by GD are slightly larger than those by RPP. The difference in the
expression has a great influence on the results. For austenitic stainless steel, the result of
the expression in Rev.1 is less than that in Rev.0. However, for low-alloy steel, the changing
trend is the opposite. It can be seen from the Figure 5 that the results of Rev.1 expression
are significantly greater than those of Rev.0, and the maximum difference increases by
62.6%. Then, the fatigue results are multiplied by Fe, to obtain the fatigue usage factor,
considering the environmental effect.

Table 6. Fatigue usage factor in air and the Fen value of RPV inlet nozzle.

Node Pair TranA TranB [Sh Fen-GD-vo Fen-GD-v1 Fen-rPP-vO Fen-RPP-v1
1 1 6 0.00056 8.13 7.13 8.05 7.05
14054 2 15 0.00025 6.81 5.97 6.68 5.86
(F316)
3 6 6 0.00044 6.81 5.97 6.68 5.86
1 1 3 0.15256 6.18 9.95 5.98 9.57
2 1 5 0.02080 6.42 10.41 6.23 10.05
3 5 6 0.00008 5.01 7.35 5.05 7.23
4 6 6 0.01322 5.69 8.14 5.81 7.9
5 5 6 0.00002 5.01 7.35 5.05 7.02
8089 6 13 14 0.00016 2.02 2.19 2.02 2.10
(SA-508) 7 5 11 0.00024 3.81 5.59 3.73 5.44
8 10 11 0.00066 2.68 3.63 2.59 347
9 10 12 0.00029 5.77 8.98 5.65 8.64
10 13 13 0.00150 2.02 2.22 2.02 2.14
11 13 14 0.00006 2.02 2.19 2.02 2.10
12 10 11 0.00002 2.98 417 2.86 3.96
13 10 15 0.00001 7.04 11.46 7.05 11.47
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14.00
62.6%
12.00
10.00

8.00

5.1%

6.00 K\
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1 2 3 4 5 6 7 8 9 10 11 12

= Fen-GD-VO0 Fen-GD-V1 Fen-RPP-VO Fen-RPP-V1

(=]

o

13

Figure 5. Fe, values of Node 8089 with each transient combination.

The fatigue results before and after considering the coolant environment are given in
Table 7. The conservative calculation is the simplified method listed in the last column, but
the results obtained by this method are nearly double those obtained by the detailed strain
method. The detailed strain method is helpful to more accurately evaluate the influence of
the coolant environment on the fatigue life of key equipment in the nuclear power plant.

Table 7. The cumulate fatigue usage factor in air and water environments using different strain rate approaches and Fen

expressions of RPV inlet nozzle.

Node CUF.,;;  CUF.yater-GD-vo CUF_yater-GD-V1 CUF_water-RPP-V0 CUF._water-kPP-vi  CUF.water-CONSER
14,054 0.00125 0.00931 0.00816 0.00917 0.00804 0.01288
8089 0.18962 1.15985 1.85393 1.12715 1.78466 2.30957

Considering the influence of the environment, the fatigue usage factor of low-alloy
steel exceeds the limit value of 1.0. However, whether or not to consider the effect of
environmental fatigue, due to the use of stainless steel cladding in the interior of low-alloy
steel to prevent the corrosion of low alloy steel caused by the coolant, is still a controversial
issue. For austenitic stainless steel, even if the simplest method is adopted, the service
factor of environmental fatigue here is far less than 1, so there is no risk of environmental
fatigue for the stainless steel of the reactor pressure vessel’s inlet nozzle.

5.2. Environmental Fatigue Calculation of Steam Generator

In this part, the influence of the coolant environment on fatigue life under the transient
design is analyzed by using the divider plate model of the steam generator’s lower head.
Since the strain rate detailed method can more accurately calculate the transformed strain
rate considering the strain increment history, the detailed method is adopted to evaluate
the influence of the coolant environment on the fatigue life in this section.

In this model, the divider plate is made of nickel-based alloy, while the lower head,
cylinder, and tube plate are made of low-alloy steel. The physical properties and fatigue
curves of the steel are taken from the nuclear code ASME. The temperature and pressure of
the primary side hot section are applied on one side of the lower head, the temperature
and pressure of the primary side hot section are applied on the other side, the secondary
side temperature and pressure are applied on the upper part of the tube sheet and the inner
wall of the cylinder, and a pressure difference of 0.5 MPa is considered for the cold and hot
sections of the primary side. All boundary conditions are shown in Figure 6.
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Figure 6. Finite element model and boundary conditions of the divider plate in the steam generator.

The resulting interaction of the divider plate with the tube sheet and channel head
is the major source of stress in the plate. The pressure causes the dilation of the channel
head, which stretches the divider plate in turn. Another source of divider plate stress is
the pressure differential across it. Thermal stresses are induced partly in the divider plate
by the mismatch between the coefficients of the thermal expansions of the Inconel divider
plate and the carbon steel channel head and tube sheet. The temperature difference due to
the hot leg and cold leg is also another main source. The primary temperature and pressure
transients used in fatigue analysis are the same as those in Section 5.1.

Table 8 shows the Fen values of the steam generator channel head divider plate.
Compared with the GD method, some results calculated by the RPP3 method are increased,
while others are decreased. The maximum difference is 2.11 to 1.88, which is reduced by
16.7%. The influence of expression is that all results of the V1 version are reduced. The
biggest difference is from 2.26 to 1.83, which causes a decrease of 19.1%. Table 9 shows
the fatigue results considering the environmental impact. Since the fatigue usage factor in
the air is small, the environmental fatigue analysis result considering coolant is still less
than 1, so there is no risk of environmental fatigue in this component. For PWR, assuming
the temperature is 325 °C, the maximum value of Fep, for austenitic stainless steel is 12.8,
and that of nickel-based alloy is 15.4. Therefore, if the fatigue usage factor of the austenitic
stainless steel parts in the air is less than 0.065, the influence of environmental fatigue can
be ignored; if the fatigue usage factor of nickel-based alloy parts in the air is less than 0.078,
the influence of environmental fatigue can be ignored.
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Table 8. Fen results of the divider plate in the steam generator.
Node TranA TranB U; Fen-gD-vo Fen-GD-vi  Fen-rPP-vo Fen-rPP-v1

2 31 0.00146 3.16 2.60 3.39 2.80

2 37 0.00154 3.15 2.58 3.37 2.78

2 34 0.00012 3.30 2.70 3.56 2.92

2 26 0.00066 3.27 2.68 3.55 2.92

2 36 0.00003 3.18 2.61 3.52 2.89

69587

1 36 0.00003 2.66 2.17 2.37 1.92

21 22 0.00002 2.65 2.16 2.35 191

14 21 0.00030 2.77 2.26 2.32 1.88

3 21 0.00027 2.62 2.13 2.26 1.83

1 3 0.00009 3.27 2.68 3.56 2.94

Table 9. Cumulate fatigue usage factor of the divider plate in a steam generator.

Node CUF-air CUF—water-GD-VO CUF-water-GD-Vl CUF. -water-GD-RPP-V0 CUF-water-GD-RPP-Vl
69,587 0.00452 0.01407 0.01154 0.01474 0.01214
58,140 0.00146 0.00423 0.00346 0.00350 0.00287
69,489 0.00341 0.01054 0.00864 0.01093 0.00901

6. Summary

The conclusions are summarized as follows:

(1) By comparing the detailed method with the average strain and conservative method,
the detailed strain rate method can more accurately evaluate the environmental
fatigue life of the structure and can be applied to the analysis of the metal fatigue
time-limit aging of key components in the nuclear power plant;

(2) Compared with Fep, expressions of JNES, CR6909 Rev.0 and CR6909 Rev.1, NUREG/CR-
6909 Rev.1 has the smallest result and JNES has the largest result, which indicates that
JNES in Japan allows a more rigorous assessment of environmental fatigue;

(3) The influence of the Fen expression for low-alloy steel is opposite to that for austenitic
stainless steel and nickel-based alloy. The calculation results of version 1 are greater
than those of version 0, and the maximum difference increases by 62.6%;

(4) Compared with the GD method, the RPP3 method has a lesser effect on the maximum
differences between the austenitic stainless steel and low-alloy steel at the inlet nozzle
of the pressure vessel, which are 1.9% and 5.1%, respectively. For the nickel-based
alloy of the steam generator’s divider plate, the maximum difference is 16%;

(5) If the fatigue usage factor of austenitic stainless steel in the air is less than 0.065 and
that of nickel-based alloy is less than 0.078, the influence of environmental fatigue can
be ignored.

It must be pointed out that only numerical investigations are carried out on the
different analysis methods of environmental fatigue correction factors in the work, and the
environmental fatigue test will be performed to verify the applicability of the calculated
results in further work.
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