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ABSTRACT 

Nuclear codes have detailed regulations on the mechanical analysis of safety Class 1 piping. But restricted calculation 
facilities often limit the ability to analyze Class 1 piping so that analytical design requirements are not completely satisfied. 
This paper discusses a simplified mechanical analysis method for Class 1 piping using a general-purpose finite element 
computer program. A part of the Class 1 piping system in HTR- 10 is used as an example to introduce the mechanical analysis 
and safety evaluation procedure. The analysis emphasizes the need to satisfy the regulations for the Class 1 piping in the 
nuclear codes. 

1. INTRODUCTION 

Nuclear safety-related piping systems play an important role in the safe operation of nuclear power plants. Nuclear codes 
in every county have many regulations for the design, manufacture and analysis of the piping systems. For safety Class 1 
piping systems, these regulations are even more detailed and include special requirements for the mechanical analysis. Design 
by Analysis, now widely used in the design of nuclear safety-related equipment, requires that the mechanical analysis must 
keep pace with the design process. Therefore, mechanical analysis is not only necessary, but also very urgent in some cases. 

General-purpose computer programs are now commonly used in mechanical analysis. Although these programs have 
piping system analysis functions, they cannot analyze Class I piping systems as required by the nuclear code regulations. Most 
computer programs developed specifically for the design and analysis of piping systems also cannot analyze Class 1 piping 
systems. Therefore, the mechanical analysis of Class I piping systems is often quite difficult because of the strict regulations 
and analysis restrictions. 

This paper discusses a simplified method for mechanical analysis of safety Class I piping system. A safety Class I piping 
system in HTR-10 is used as an example. A general-purpose finite element computer program was used to calculate the load 
distribution on the piping. The analysis results were used to evaluate the safety of the piping based on the regulations in 
ASME-III-NB. The analysis emphasizes the need to satisfy the nuclear code regulations. 

2. MECHANICAL ANALYSIS AND EVALUATION OF SAFETY CLASS 1 PIPING IN HTR-10 

2.1 Piping Arrangement 

The 10MW high-temperature gas-cooled reactor (HTR-10) was developed by the Institute of Nuclear Energy 
Technology (INET) of Tsinghua University. One of its piping systems, which is part of the Emergency Shutdown System, was 
designed and analyzed by the authors. The piping includes eight pipes each with a section of ¢~48 x 3.5mm. These pipes 

penetrate the bottom head of the RPV, go down through the bottom of the cavity, and connect to the valves on the lateral wall 
(see Figure 1). They are safety Class 1 components because they penetrate the RPV so they are part of the primary loop 
pressure boundary. 

The following introduces the mechanical analysis procedure for this piping. The ASME nuclear codes were used in the 
mechanical analysis and evaluation of the piping. 
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Fig. 1 Emergency Shutdown System Piping 

2.2 Material Properties and Design Stress Intensity 

The Chinese piping material, 20g, was used to produce the pipes. The design temperature is 250°C. The ASME code 
does not have a corresponding material, so its design stress intensity cannot be obtained directly from the ASME code. 
Therefore, the Chinese national standard was used to determine the yield strength crs and the tensile strength crb of 20g. 

The design stress intensity was then calculated based on the ASME code regulations. 
[1] 

The material properties of 20g was obtained from the Chinese industrial standard JB4732-95 and listed in Table 1. 

Tablel. The material properties of 20g 

Temperature ( °C ) Yield Strength Tensile Strength 
20 245 410 
250 176 

2] 
ASME-III-1-APPENDICES states that the design stress intensity of Class 1 component shall be the smallest of : (1) 1/3 

of the minimum tensile strength at room temperature; (2) 1/3 of the minimum tensile strength at design temperature; (3) 2/3 of 
the minimum yield strength at room temperature; or (4) 2/3 of the minimum yield strength at design temperature. 

The tensile stress of 20g at 250°C can also be taken as 4 1 0 M P a  because the tensile stress changes little with 
temperature. Therefore, the design stress intensity of 20g at the design temperature can be calculated as: 

Sm 2 = --  X 1 7 6 M P a  = 1 1 7 M P a  
3 

Other properties of 20g were chosen as those of the ferritic steel in ASME-III-1-APPENDICES: Modulus of elasticity 
[2] 

E = 1.9 x 105 M P a ,  Poisson's ratio v = 0.3, and coefficient of thermal expansion a = 1.3 x 10 -5 / °C. 

2.3 Finite Element Model of the Pipes 

A general-purpose finite element computer program, NASTRAN/PATRAN, was used for the mechanical analysis. 
The eight pipes were modeled separately with eight finite element models. The top of each model was at the penetration 

into the RPV with the bottom of each model at the connection to the corresponding valve. All of the bend radii in the curved 
segment were 200mm as specified in the design (normally the radii of curved segments were 1.5~4 times the pipe diameter). 
2-node beam elements were used to simulate the pipe. One of the finite element models is shown in Figure 2. 
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Fig. 2 One pipe finite element model 
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2.4 Pipe Stress Indices 

ASME-III-1-NB-3680 stipulates the stress indices for Class 1 piping. In this example, the stress indices shall occur at the 
curved segments and the welds. They can be calculated conservatively based on Table NB-3681(a) and item NB-3683.7: 

2.4.1 Straight segments 

The stress indices at the straight segments were determined using Table NB-3681 (a): 

B 1 =0 .5 ,  B 2=1 .0  

C 1=1 .0 ,  C 2 = 1 . 0  

K 1=1 .1 ,  K 2=1.1  

The values of K~ and K 2 indicate that the butt welds can occur in any part of  the straight segments. 

2.4.2 Curved segments or butt welded elbows 

The stress indices in the curved segments or the butt welded elbows were determined using item NB-3683.7" 

B l = - 0 . 1 + 0 . 4 h ,  0_<B 1<0.5  

B 2 = 1 . 3 0 / h  2/3, B 2>_1.0 

C 1 - - ( 2 R - F m ) / 2 ( R - r m ) ,  C 1 ~1.5 

C 2 = 1.95 / h 2/3 C 2 >__ 1.5 

K l = l . 0 ;  K 2 = 1 . 0  
2 

where h = t . R / r  m . 

For the ~b48 x 3.5 pipes, the wall thickness is t = 3.5 m m ,  the mean radius is 

R = 200 m m ,  therefore, 

B 1 = 0.466, B 2 = 1.032 

C 1 = 1.5, C 2 = 1.548 

r m = 22.25 m m ,  and the bend radius is 
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2.5 Pipe Flexibility Factors 

ASME-III-1-NB-3681 and NB-3686 stipulate the flexibility factors for Class 1 piping. Based on NB-3686, the flexibility 



factor at the straight segments is 1.0, and the flexibility factor at the curved segments is: 

[ ] K - 1 " 6 5  1 , K > I . 0  
h l + P . r m / ( t . E ) . X  K 

where P=3.5MPa and X K =6(rm/t)4/3(R/rm . Then K = l . 1 5 .  Therefore, the bending moment in the curved 1/3 

segments should be multiplied by 1.15. 

2.6 Analysis Procedure and Evaluation Criteria 

ASME-III-1-NB-3640 and NB-3652~3656 stipulate various stress intensity limits that must be satisfied by Class 1 
piping. Based on these regulations and the piping operating conditions, three load sets were analyzed as follows. 

2.6.1 Determination of the minimum pipe wall thickness 

[3] 
NB-3641.1 stipulates how to determine the minimum pipe wall thickness: 

P.D 
tm = 2(Sm + e .  y)  + A 

where D is the outer pipe diameter, D = 48mm, A is the additional thickness, A = lmm, and y = 0.4. 

This formula is used to evaluate the primary membrane stress intensity generated by the internal pressure. 

(1) 

2.6.2 Stress analysis under design load 

[3] 
The first step is to evaluate the primary stress intensity based on NB-3652: 

B1 P .D  D__DK + B 2 • M _< 1.5S m 
2t 21 

(2) 

] where I is the pipe moment of inertia, I =-6--4" - ( D -  2t) 4 . M is the resultant moment due to the combination 

of design mechanical loads. In this example, M is due only to the pipe weight. B I and B 2 a r e  the stress indices (see 

section 2.4). K is the flexibility factor (see section 2.5). 
Only the pipe weight is applied to the finite element models to calculate the moment distribution in each pipe. The 

resultant moment, M ,  is substituted into Equation 2 to calculate the primary stress intensity in each pipe. 
[3] 

The second step is to evaluate the primary plus secondary stress intensity based on NB-3653.1: 

C1 P .D  D__D_.K + C 2 • M < 3 S  m (3) 
2t 21 

where M is the resultant range of moments which occur when the pipes go from one loading to another. In this 
example, M is due only to the thermal load. C 1 and C 2 are the stress indices (see section 2.4). 

[3] 
The third step is to evaluate the peak stress intensity based on NB-3653.2: 

K1C1 P .D  D + K2C 2 ~ K .  M (4) 
2t 21 

where M is the same as in Equation 3. K 1 and K 2 a r e  the stress indices (see section 2.4). 

Only the thermal load is applied to the finite element models to calculate the moment distribution in each pipe. The 
resultant moment, M ,  is substituted into Equations 3 and 4 to calculate the primary plus secondary stress intensity and the 
peak stress intensity in each pipe. 

The pipe thermal loads are simplified with the pipes inside the cavity having a uniform temperature of 250°C and the 
pipes outside the cavity having a uniform temperature of 70°C. The thermal expansion of the RPV at the pipe top is also 
taken into consideration. 

2.6.3 Stress analysis under design load plus seismic load 

In this example, the response spectrtma method is used to analyze the stress during seismic loading. 
Considering the long span of the eight pipes and the support locations, the spectra at the floor -10rn, the floor -6m and at 

the bottom head of the RPV must be taken as input spectra. Using the conservative method based on the regulations in U.S. 



[4] 
NRC SRP3.7.3, a spectrum that envelops all these individual spectra is used to calculate the responses . Therefore, the input 
spectra are determined by enveloping the spectra at the three different levels. Three orthogonal-direction spectra for SSE 

[51 
condition are shown in Figure 3. The damping factor for SSE is 2% according to U.S. RG 1.61 . 

Three orthogonal-direction response spectra analysis are performed with each finite element model. The SRSS rule, 
which is used to calculate the total responses by combining the maximum responses excited by different input, is used 
calculate the moment distribution of each pipe during seismic loading. The resultant moment, M ,  is substituted into 
Equations 2 to 4 to calculate each kind of stress intensity in each pipe. NB-3653.1 stipulates that M in Equations 3 and 4 

[3] 
shall be the larger of : (1) the resultant range of moments due to the thermal load plus half of the range of the seismic load; 
and (2) the resultant range of moments due to the full range of the seismic load alone. In this example, case (1) produces the 
larger moment. Therefore, M in Equations 3 and 4 is calculated as the resultant of the thermal load plus half of the seismic 
load. 

Because the seismic load belongs to Service Level C, the design stress intensity during seismic loading should be 
[3] 

re-calculated based on NB-3655.2: 
Sms = min(2.Z5Sm,1.8o- s )= 2 6 3 M P a  

Therefore, the S m in Equations 2 to 4 is replaced by Sms when the seismic load is evaluated. 
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Fig. 3 Input acceleration spectra 

2.7 Analysis Results and Safety Evaluation 

The minimum pipe wall thickness is t m = 1.7mm according to Equation 1. Therefore, the primary membrane stress 

intensity limit is satisfied since t m < t = 3 . 5 m m .  

The mechanical analysis of the pipes is performed as described in sections 2.6.2 and 2.6.3 to determine the various stress 
intensities. Their maximum values are listed in Table 2. 

The results in Table 2 show that all of the primary stress intensities and the primary plus secondary stress intensities are 
far less than their corresponding limits. 

[3] 
The peak stress intensities are evaluated based on NB-3653.3 ~3653.5 . The following two loadings sets are considered: 
(a) Design load 
The maximum value of the peak stress intensity at the design load is 2 0 5 . 4 M P a .  The maximum alternating stress 

intensity is calculated as: 
S,~ = 0.5 x 205.4MPa = 102.7MPa 

The design fatigue curve, Figure I-9.0 in ASME-III-1-APPENDICES, shows that the maximum allowable number of 
[2] 

cycles for S,~ is about N 1 =3x105 . The number of cycles in HTR-10 for all kinds of loadings is about n 1 = 3400. 

Therefore, the cumulative damage for the design load is a~ = n~ / N~ = 0.011. 

Table 2. Maximum pipe stress intensities ( MPa ) 



Pipe 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
Stress 
limit 

Design Load 
Primary 

16.8 
17.4 
14.0 
13.9 
13.8 
13.9 
17.8 
18.6 

1.5S m 

=175.5 

Design Plus Seismic Load 
Primary 
secondary 
205.4 
192.4 
151.4 
139.5 
168.6 
152.5 
84.3 
92.2 

3S m 

=351 

Plus Peak 

205.4 
192.4 
151.4 
139.5 
168.6 
152.5 
84.3 
92.2 

Primary 

124.4 
115.8 
89.5 
81.6 
100.9 
91.0 
60.9 
52.4 

1.5Sms 

-394.5 

Primary 
secondal T 
205.9 
192.9 
153.4 
141.6 
170.5 
155.7 
110.6 
93.6 

3Sms 

=789 

Plus Peak 

205.9 
192.9 
153.4 
141.6 
170.5 
155.7 
110.6 
93.6 

is: 

(b) Design load plus seismic load 
The maximum value of the peak stress intensity for this loading is 205.9MPa. The maximum alternating stress intensity 

Sa2 = 0.5 x 205.9MPa = 103.0MPa 

Therefore, the maximum allowable number of cycles for Sa2 is also about N 2 = 3x 105 . 
[4] 

U.S. NRC SRP3.7.3 stipulates that one SSE and five OBE should be assumed to occur during the reactor lifetime . 
Therefore, The number of cycles of S,2 should not be more than n 2 = 1000 and the cumulative damage for the design plus 

seismic load is a 2 = n 2 / N 2 = 0.003. 

The total cumulative damage for the pipes is a = a~ + a 2 = 0.014, which is far less than 1. Therefore, the peak stress 

intensities in the pipes satisfy the safety requirements. 

3. S U M M A R Y  

The main difficulty in the mechanical analysis of safety Class 1 piping is not the mechanical analysis, but satisfying the 
regulations in the nuclear safety code, especially since no computer program is specified for the analysis of Class 1 piping. 
This paper describes a method to analyze and evaluate Class 1 piping based on the ASME nuclear codes. However, the 
restricted calculation facilities and the unfinished construction process require following discussions: 

(1) The analysis method uses a general-purpose finite element computer program to analyze the Class 1 piping; therefore, 
some specific Class 1 piping regulations are not included. The most significant omission is that the nominal rotation 0,o m 

due to the moment M is not considered when calculating the flexibility factors (see NB-3686). However, this will not cause 
a large error because the pipe wall thickness is small and the pipes are very long. 

(2) The bend radius and welding conditions are not yet finalized because the pipes are not yet installed. These parameters 
may change some during installation, so the stress indices may also change, but the change should not be very significant 
because of the strict construction and installation regulations. 

(3) The Chinese national standard "Code for Seismic Design of Nuclear Power Plants" also has regulations on the 
mechanical analysis of Class 1 piping. These regulations are simpler than those in the ASME nuclear code and have a 
different damping factor than that in U.S. RG 1.61. 
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