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ABSTRACT 

One of the regulatory body methods to supervise nuclear safety of a nuclear power plant 
is a review of plant modifications and evaluation of their impact on plant operating 
experience. The Slovenian Nuclear Safety Administration (SNSA) licensed in April 2003 the 
use of leak-before-break (LBB) methodology in the Krško NPP for the primary loop 
including surge line and connecting pipelines with minimal diameter of 6 inch. The SNSA 
decision based also on fracture mechanics analyses that include direct pipe failure 
mechanisms such as water hammer, creep damage, erosion and corrosion, fatigue and 
environmental conditions over the entire life of the plant. 

 The evaluation of the operating transients pointed out, that presumed loadings, used for 
the LBB analysis, did not incorporate all the fast thermal transients data. For that purpose the 
SNSA requested Faculty of Mechanical Engineering (FS) in Ljubljana to perform additional 
analyses. The results of the analysis shall confirm the validity of the LBB analysis. 

 

1 INTRODUCTION 

In the scope of the LBB licensing process the Krško NPP engaged Belgian company 
Association Vinçotte Nuclear (AVN) to evaluate the LBB analysis, performed by 
Westinghouse. The AVN recommended performance of additional thermal stratification 
analysis on surge line. Those analyses were performed by another Belgian company 
Belgatom. At that time some presumed temperature fluctuation was used for input data. In 
order to supervise and confirm the presumed data and to get better insight into thermal 
stratification phenomena in the reactor coolant system (RCS), during the 2002 outage the 
Krško NPP built in the system for monitoring temperature fluctuation and stratification on the 
RCS. The monitoring system includes 6 resistance temperature detectors (RTD) on 
pressurizer, 20 RTDs on surge line, 14 RTDs on connecting pipeline of residual heat removal 
system, 8 RTDs on connecting pipeline of chemical and volume control system (CVCS) and 2 
RTDs on pressurizer auxiliary spray pipeline. The locations of RTDs are in compliance with 
references [3], [4], [5] and [6]. The SNSA decision from 2003 imposed the Krško NPP to 
submit for the next three fuel cycles after each refueling outage to the SNSA reports that 
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comprise temperature fluctuation on the RCS for the past fuel cycle. The three fuel cycles 
reporting was demanded since that type of monitoring was for the first time introduced in the 
Krško NPP. Monitoring experiences demonstrated that such a decision was correct since 
measured data, obtained by some RTDs, varied. It was found out that location as well as 
thermal isolation of RTDs plays an important role for the accuracy of monitoring. The 
monthly planned switch between containment air handling units causes increase or decrease 
of measured temperature on some RTDs due to insufficient thermal isolation.  

During the 20th fuel cycle few fast thermal transients were observed on the valve no. 
8113 that isolates RCS from the CVCS. The most rapid thermal transient was detected during 
the automatic shutdown of the Krško NPP in August 2003. On the valve housing the 
temperature fluctuation was measured to be approximately 152 oC within 30 minutes. This 
value is well above RCS design temperatures fluctuation that is 55.6 oC/h. For that reason the 
SNSA started a binding project at the FS. The scope of the project was the determination of 
local stresses on the valve housing and influence of thermal fatigue on the valve housing with 
respect to the crack initiation. 

 

2 THERMAL TRANSIENTS ON RCS-CVCS PIPELINE 

2.1 Monitoring system on CVCS 

For the purpose of thermal stratification monitoring on CVCS four locations were 
selected. Locations are on the check valves no. 8110 and 8113 that isolate CVCS from the 
RCS and on the motor operated valves no. 8112 and 8115. During the alternate CVCS 
charging through valves no. 8113, 8114 and 8115, thermal stratification could appear in case 
valve no. 8112 leaks. In that case the charging CVCS pressure would open isolation valves 
no. 8110 and 8111 and a small amount of colder CVCS primary coolant would trickle down 
into hot RCS piping behind the valve no. 8110. Due to relatively small flow, the hotter 
primary coolant would accumulate on the upper section of RCS piping while the colder 
primary coolant would accumulate on the lower section. The same scenario can be described 
as well for the normal CVCS charging and leakage of valve no. 8115 what could cause 
thermal stratification behind the valve no. 8113. The partial layout of CVCS pipeline and 
locations of RDTs are presented on Figure 1. 

 

 
8113 8114 8115 

CVCS 

8110 8111 8112 

alternate charging 

normal charging 

RCS 

RTDs 

M 

M 
RTDs 

Figure 1: CVCS – layout of valves and locations of RTDs 

Figure 2 presents configuration of alternate charging pipeline as it was considered in 
analyses. The pipeline of inner diameter 66.7 mm and wall thickness 11.1 mm runs 1.2 m 
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from RCS in horizontal direction, then 1.7 m downward and finally 0.3 m horizontally to the 
valve no. 8113. The pipeline is made of SA376 TP304 and the valve housing of SA182 
F316N according to ASME standards. 

 

 
Figure 2: CVCS – configuration layout of pipeline and valves  

 
2.2 Thermal transients 

During the 20th fuel cycle, when the CVCS alternate charging was in service, more 
thermal transients were noted. Figure 3 presents fast thermal transients on valve 8113. RTD 
no. 194A shows temperature of upper piping point while RTD no. 194B shows temperature of 
lower piping point, as presented in Figure 1.  

 

 
Figure 3: Temperature monitoring on valve no. 8113 
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During the steady operation, measured temperatures on valve no. 8113 are about 180 oC 
and 200 oC, what is well below project operating temperature of 269.4 oC, [9]. This 
temperature deviation is probably due to false setting of monitoring equipment, that is gap 
between pipe wall and RTD's sensor, wiring and thermal isolation. Although the measured 
temperature does not correspond to the project temperature, outstanding thermal loadings are 
relevantly reflected by fast thermal transients.  

The fastest thermal transient was detected on 27 August 2003, during the automatic 
shutdown of the Krško NPP. The shutdown occurred during a three-month surveillance test of 
the main steam isolation valves (MSIV). At the test each of the MSIVs shall be separately 
closed for 10% of stroke and then reopened. When the MSIV on the main steam line B 
reopened after the successfully performed partly closing, the test sequence did not finish as it 
should have. Due to the weak contact in end switch, the MSIV rapidly closed after 5 seconds 
for full stroke. The closing of the MSIV was designed for case when there is no closing 
signal. Due to closure of the main steam line B, the steam flow increased and consequently 
steam pressure decreased in the steam line A. The reactor was shutdown on the low steam 
pressure signal. RCS letdown was automatically isolated while the CVCS charging remained 
in service. During the normal plant operation CVCS charging primary water heats up in 
regenerative heat exchanger through which flows hot RCS letdown. Due to the RCS letdown 
absence the cold CVCS primary water flowed into the RCS and that caused thermal transient 
on valve 8113. The RCS letdown was put back into service about 15 minutes later and 
another thermal transient the on valve appeared, this time as heat up. Figure 4 presents fall 
and rise of temperature during described transient.  
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Figure 4: Temperature transient on valve no. 8113 

 
2.3 Impact of thermal transients on valve  

The analyses of thermal transients on valve no. 8113 were performed by FS. The next 
thermal loadings were considered (Figure 5): 
— start up and shut down of system with design temperature transient of 55 oC/h, 
— thermal transient during the shutdown, 
— thermal transient with double temperature gradient, as measured during the shutdown. 

Thermal transients were not the only loadings considered in the analysis. The magnitude 
of forces and bending moments, acting on valve no. 8113, depends on pipeline configuration 
(see Figure 2) and its supports, weight of pipeline, fluid, valves, thermal isolation and 
hydraulic pressure forces. For the purpose of analyses conservatively defined data were used, 
namely the starting temperature of thermal transient of 269.4 oC and the transient pressure in 
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pipeline of 18 MPa, as referenced in [10], what is above the normal working pressure of  
16.08 MPa. 
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Figure 5: Analysed temperature transient 

 
 

2.4 Results of thermal transients analyses 

The equivalent stresses, obtained by the analyses, were compared to the allowable 
stresses. Since the allowable stress of the pipeline is lower from the valve's allowable stress, it 
has been taken into consideration as a weld allowable stress. The increase of the pipeline 
allowable stress due to pipeline temperature reduction during the transient has not been 
considered, giving additional conservatism to the performed analysis. The results of the 
analysis are: 
— start up and shut down of the system:  

Alteration of fluid temperatures of 55 oC/h is so insignificant that the temperature stress is 
barely noticed. The maximum equivalent stress on the valve-pipeline connection is mostly 
the outcome of fluid pressure and pipeline bending stress and it is about 32% of allowable 
stress in pipeline. 

— thermal transient during the shutdown: 
The impact of temperature change is noticeable. Due to temperature influence the increase 
of stress on pipe inner wall is noticeable. The maximum equivalent stress is about 39% of 
allowable stress in pipeline. 

— thermal transient with double speed of temperature gradient: 
The impact of temperature change is significant, but not critical. The temperature 
influence is locally limited on pipe and valve inner wall. The maximum equivalent stress 
is about 57% of allowable stress in the pipeline. The equivalent stresses in weld and its 
surrounding are presented in Figure 6. 
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Figure 6: Equivalent stresses on connection weld of valve no. 8113 

 
2.5 Valve fatigue due to thermal transients 

The stresses due to thermal transients are well within allowable limits, therefore it can 
not be expected that the cracks could appear merely due to only one maximum thermal 
transient. Nevertheless, more transients, caused by mechanical or thermal loadings, can 
fatigue material and a crack could be initiated. The material fatigue can be evaluated by a 
cumulative usage factor. The cumulative usage factor U is the sum of all usage factors ui that 
comprise quotients of actual number of stress cycles divided by allowable number of stress 
cycles, as defined by the design fatigue curve. Over the entire lifetime of the plant the 
cumulative usage factor shall meet the condition U ≤ 1. In case when the condition is not 
satisfied, it could be expected with a big probability that cracks would be initiated. Table 1 
presents usage factors ui for some more important design transients and for the fastest thermal 
transients noted during the 20th fuel cycle. The value of the cumulative usage factor               
U = 0.16594, as calculated by FS, differs from the design of Westinghouse U = 0.928. FS 
justifies the difference by using more sophisticated 3-D model in analysis than it was 
Westinghouse's linear model. Furthermore, FS performed the analysis with finite element 
methods what reduced the conservative approach, used at Westinghouse approach by 
equations according to ASME standard. And finally, Westinghouse algebraically calculated 
sum of bending moments, while FS used the sum of bending moments obtained by vectors, 
what gives the smaller final result, [8]. 

Table 1: Usage factors  

No. Design transient No. of 
cycles 

Usage factor ui for 
40 years of operation 

Usage factor 
for one cycle 

T1 Letdown shut off and reinitiated  200 0.003594 0.00001797 
T2 Charging shut off and reinitiated 

with no letdown 
100 0.104644 0.00104644 

T3 Charging shut off and reinitiated 
with continued letdown 

100 0.060459 0.00060459 

T4 Operating basis earthquake 20 0.000022 0.111·10-6

TT Thermal transient – plant 
shutdown, 27th August 2003 

400 0.000163 0.40854·10-6
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The transients T2 and T3 have the largest influence on fatigue, [11]. The design 
temperature gradient for those transients is about 250 oC/s what is much more than the 
analyzed TT transient. 

For the purpose of the analysis 400 cycles of the fastest thermal transients were 
presumed. That number is equal to the number of the design plant shutdown from full power. 
The Krško NPP experienced 133 fast shutdowns from 1981 to 2007, including testing 
precommercial operation. Only 9 out of 133 shutdowns were accompanied with safety 
injection signal that isolates CVCS letdown. As presented in Table 1, the usage factor due to 
fastest measured thermal transients does not contribute much to the total sum of usage factors. 

 

3 CONCLUSIONS 

The analysis performed by FS revealed that the housing of valve no. 8113 is not 
jeopardized by fast thermal transients during plant shutdowns. Furthermore, the FS took into 
consideration even more rigorous thermal inputs. The results of the analysis pointed out that 
stresses are well inside the limits and that crack initiation does not threaten the valve housing 
with respect to a small contribution of the usage factor. The RCS design temperatures 
fluctuation of 55.6 oC/h was set up to protect the reactor vessel and large diameter primary 
piping through the thermal transients and does not jeopardize the operability of small piping 
and valves with relatively thin wall thickness compared to the reactor vessel or large diameter 
primary piping. 

FS performed an up-to-date approach in modelling to analyse stress conditions in the 
vicinity of the valve no. 8113. A comparison of the new approach to the old one, used at the 
time of the plant design, revealed additional safety margins. This approach could be of great 
benefit, having in mind plant operating lifetime extension.  
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