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ABSTRACT 
 

A sub-surface defect of a Reactor Pressure Vessel (RPV) inlet nozzle joint the vessel has been 
checked out in pre-service inspection. With employing the commercial software ANSYS 15.0, the 
solution of the sub-surface defect has been discussed according to the RSE-M Rules by calculating the 
fatigue crack growth and evaluating the fast fracture risk. It is concluded that the sub-surface defect can 
be accepted directly. Based on this RPV inlet nozzle model, a further study on the influence of the 
original height and location of a longitudinal sub-surface defect has been did using the finite element 
simulation method. Therefore, the original geometrical height and location of a sub-surface defect which 
can be accepted directly has been analyzed. Considering the model and thermal transients are 
axisymmetric, the conclusion can be applied to the defects on any axisymmetric location to simplified 
calculation. 

 
1 INTRODUCTION 
 

A longitudinal sub-surface defect has been checked out on a Reactor Pressure Vessel (RPV) inlet 
nozzle joint the vessel in pre-service inspection. In this paper, according to the RSE-M Rules (Addendum 
2000), the adopted solution to deal with the defect has been discussed and the influence of the defect 
original height and location on fast fracture risk has been analyzed as a further study. 

While the method to calculate the fatigue crack growth of a sub-surface defect in RSE-M is 
introduced in section 2, and the criteria to evaluate the fast fracture risk of the defect at the ending of life 
(EOL) is introduced in section 3, the adopted solution to deal with the defect is discussed in section 4. 
Then the influence of the geometrical parameters of the defect is analyzed in section 5.  

  
2 THE FATIGUE CRACK GROWTH CALCULATION  
 

RSE-M proposed a method to calculate fatigue growth of a longitudinal sub-surface defect.  
The defect is assumed to be a ellipse, with its initial length is c and initial height is 2a, the wall 

thickness is t, and the distance between the centre of the ellipse and the nearest surface is L. Assuming the 
point on the defect closest to the surface is A, and the point corresponding to the other crack tip is B, the 
ligament SA=L-a, and SB=L+a. If SA≥a, the defect will be defined as a sub-surface defect. 

The commercial software ANSYS 15.0 is employed in calculating the fatigue crack growth. 
 

2.1 The Stress Intensity Factor KI  
 
While the centre of the ellipse is set as the origin, each point on the support segment is identified 

by its distance u from centre of the ellipse. Assume the normal stress only varies in the direction 
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perpendicular to the wall. The influence region of the crack is [-L,L], the normal stress distribution is then 
expressed according to a polynomial of the reduced variable u/L as Equation (1): 
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(1)  

The stress intensity factor KI is then determined by linking each of the terms of the polynomial 
representation to influence coefficients i1, i2, i3, i4 as Equation (2): 
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The influence coefficients i1, i2, i3, i4 are shown in table VII.5.2.2 in RSE-M. 
 

2.2 The Corrected Stress Intensity Factor Range ΔKcp 
 

The peak value and the valley value of stress intensity factor KI for each loading mode and for 
each time would be sorted and ranked. The range of KI and the number of occurrences can be calculated 
by choosing the two extreme values in order. 

If IK ( , )m nΔ is the difference between two extreme values of KI, KImax and KImin, for occurrences 
loading mode m and n, the radius of the plastic zone at point A and B can be defined by Equation (3): 
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Where ( )yS m and ( )yS n are the yield stress values of the material at the temperatures reached at 

point A or B at times m and n respectively. ( )yS m and ( )yS n can be instead of the yield stress value of 
the material at the highest temperature all time conservatively. 

Then the corrected stress intensity factor rang ΔKcp at point A and B is calculated using Equation 
(4): 
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The correction factor α  is dependent on SA and SB and is defined in II.2.4.2.3 of RSE-M 
 

2.3 The Fatigue Crack Growth 
 

A ratio R is defined as Equation (5): 
Imax

Imin

K
K

R =                                                                     (5) 

Set the crack size increases per load cycle is da/dN, the fatigue crack growth rate takes the 
following form: 

( )cp( ) K
nda C f R

dN
= Δ                                                           (6)  

Here, C and n are constants and decided by the material, f(R) is a function of R and is described 
in Appendix 5.6 of RSE-M. 

Hereafter, the crack size at EOL can be calculated by combining the formulas above. 
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3 FAST FRACTURE EVALUATION AT EOL 
 
The stress intensity factor of the new crack tips A and B at EOL determined by Equation (1) and 

Equation (2) will be re-calculated to evaluate the fast fracture risk by RSE-M. 
 

3.1 The Corrected Stress Intensity Factor Kcp and J Integral 
 

At EOL, the radius of the plastic zone at the new crack tips A and B is defined as Equation (7): 
2
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Where S’y is the material yield stress at point A or B, and can be replaced by the yield stress at the 
highest temperature during the loading mode for conservation. 

Consequently, to point A, B and points located on the axis of the ellipse parallel to the surfaces C 
and D, the corrected stress intensity factor Kcp is obtained: 
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The correction faction α  relying on SA and SB is defined in III.4.3 of RSE-M. 
The cracking force J integral is described as Equation (9): 
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While, υ  and E are the Poisson’s ratio and Young’s modulus of the material, respectively. 
 

3.2 Evaluation Criteria 
 

The fast fracture risk of a vessel affected by a longitudinal sub-surface defect is related to those 
parameters: the characteristic value of static material toughness KIC, the characteristic value for material 
toughness KJC from static measurements of JIC, and the characteristic value for ductile tearing resistance 
of the material corresponding to a ductile extension Δa considered at the point where J is calculated, 
specially, J0.2 is the characteristic value for resistance to initiation of ductile tearing resistance for a 
material with 0.2mm ductile extension. Those parameters are all related to the crack tips temperature T, 
and are shown in Appendix 5.6 of RSE-M. 

For the ferritic steel of a vessel part, a transition temperature RTNDT is defined from the Charpy 
impact tests. To justify that there is no risk of fracture, the criteria can be summarized as Equations 
(10)~(13): 

When the crack tips temperature T below RTNDT+50℃, 
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When the crack tips temperature T is not less than RTNDT+50℃, 

( )1 1J C, Jf as a a sσ Δ⋅ + Δ ≤                                                       (11) 

If the crack tips temperature T below RTNDT+100℃, another criteria should be also satisfied: 
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To the design transients belong to Level A & C, and the crack tips temperature T is not less than 
RTNDT+50℃, the crack does not exhibit any ductile tearing initiation can be summarized as following: 

( )2 0.2 3J C, Jfs a sσ ⋅ ≤                                                           (13) 

In above equations, 1 Csσ ⋅ and 2 Csσ ⋅  respects loads C increased by a multiplying factor 1sσ  and 

2sσ , fa  is the half of the crack length at EOL, s1,s2,s3 are the coefficients relating to the loading mode. In 
RSE-M, these parameters can be taken as: 

 
Table 1: Coefficients of Level A/C/D Criteria in RSE-M Rules 

 
/ 1sσ  2sσ  s1 s2 s3 

Level A 1.5 1.5 1.6 1.25 1.4 
Level C 1.3 1.0 1.3 1.15 1.1 
Level D 1.1 × 1.1 1.05 × 

 
4 ADOPTED SOLUTIONS 
 

The defect checked out in a RPV inlet nozzle joint the vessel in pre-service inspection located at 
257.95°in circumferential direction, and 44.7mm towards the welding center line, 5.1mm away from the 
surface of the wall. The defect initial length is 35.3mm with 6.9mm error, and the initial height is 3mm 
with 3.2mm error. The vessel wall thickness is 278mm. 

Thus SA=5.1-3.2/2=3.5mm, a=(3+3.2)/2=3.1mm, L=3.5+3.1=6.6mm. For SA≥a, the defect is a 
sub-surface defect. Using the method in section 2, the crack height and length will be 6.7mm and 42.2mm 
separately at the ending of 40 years life. The defect size at EOL could meet the requirements of section 3. 
It can be judged that the defect could be accepted directly without extra handling. 

 
5 The Influence of the Defect Initial Geometrical Parameters  
 

In this instance, the influence of the original longitudinal sub-surface defect size on the crack fast 
fracture risk will be analyzed, and the crack size could be accepted directly will be discussed.  

 
5.1 The initial height  
 

The influence coefficients i1, i2, i3, i4 in calculating the stress intensity factor KI is dependent on 
2a/t, a/L and a/c. The effect of a defect initial height on the fast fracture risk will be discussed in this 
section. Using the most dangerous ratio, a/c=0.5 to simplify the analysis based on VII.5.2.5 in RSE-M, 
and the length of the defect L is given by t/4. For a/L must be no less than 0.5, a/L will be taken as 0.1, 
0.2, 0.3, 0.4 and 0.5. The select transients loading tran 1, tran 2, tran 3 and tran 4 are belong to Level A, 
Test, Level C and Level D respectively. Calculate the corrected stress intensity factor Kcp and cracking 
force J ratios to the allowance to evaluate the risk at EOL separately by employing ANSYS 15.0. The 
results are list in Fig.1. 

It can be concluded that, for a constant defect length, a larger ratio of a/L will result in a higher 
ratio of Kcp or J to allowance. In another words, a larger initial height will result in a higher risk of fast 
fracture. 
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Figure 1: The influence of initial height of the defect on fast fracture risk 
 

5.2 The Location of the Defect 
 

The ratio of L/t is taken as 1/8, 1/4, 3/8, and t/2 separately while 2a/t=1/20 or 1/10 to analyze the 
influence of the defect location on the fast fracture risk evaluation. The results are shown in Fig.2. 

It can be seen that to tran 1 and tran 4, the evaluation ratio and the fast fracture risk decreases as 
L/t increases, but to tran 2 and tran 3, the evaluation ratio and the fast fracture risk has no remarkable 
change as L/t increases. But it can be summarized that the risk will be very low as L/t is larger than 1/4. 

 

 
(a) 
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(b) 

 
Figure 2: The influence of original location of the defect (L) on fast fracture risk 

(a) Defect height a=t/40;  (b) Defect height a=t/20 
 

 
5.3 The Defect Size Could Be Accepted Directly 
 

It has been concluded that, the initial height and location of the defect has a great effect on the 
crack fast fracture. The fracture risk will increase as the defect initial height and distance to the wall 
surface increases. 

To a given structure model, the parameters of the material, including KIC, KJC, J0.2 is only related 
to the temperature, KI of the crack tips is only related to the thermal transients and the defect geometrical 
size. When a defect whose centre far away from the vessel surface with a distance L and initial height is 
2a could be accepted directly, another defect with less than 2a initial height and lager than L distance to 
the vessel surface must can be accepted directly considering the axisymmetric structure and the thermal 
transients distribution. 

In the instance of this paper, it can be decided that any longitudinal sub-surface defect on the 
RPV inlet nozzle joint the vessel with larger than 6.2mm initial height and 6.6mm distance to the vessel 
could be accepted directly. 

 
6 CONCLUSIONS 

 
This paper states the method to calculate the fatigue crack growth and evaluate the fast fracture 

risk at EOL of a longitudinal sub-surface defect in RSE-M. Using this method, this paper analyzed a sub-
surface defect on a RPV inlet joint to vessel could be accepted directly. 

Based on the RPV model, a further study on the defect initial geometrical size effect on the fast 
fracture risk was done and the initial defect size could be accepted directly was analyzed. 

Considering the axisymmetric structure model and thermal transients and stress intensity factor KI 
mains connected with thermal transients, the conclusion could be used to simplify the problem with 
multiple defects. 
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