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Foreword 

This Specialists Meeting was hosted by IPSN under the sponsorship of W ANO and 
CSNI PWG 1 and PWG3 jointly. As the topic arises out of operating experience, it was essential 

to involve the utilities fully through the participation of W ANO. 

CSNI PWG 1 is a group on operating experience and human factors, which guides the 

operation of the Incident Reporting System (IRS) and also evaluates the events and identifies 
significant safety issues to be brought to the attention of CSNI. 

PWG3 is a group on the integrity of components and structures. There is a sub group on 

metal components, and this has dealt with issues related to thermal fatigue in piping by 
sponsoring: round robins or benchmarks on fatigue crack growth in plates and pipes under 

mechanical loading, on crack opening behaviour and leak rates in pipes, on pipe leak and break 
probabilities, and NDE in a range of components (the former PISC project, jointly with the 
CEC); Specialists meetings or workshops on Leak Before Break, and reactor coolant system 
leakage and failure probabilities; and a report on monitoring. 
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Experience with Thermal Fatigue in LWR Piping caused by 

Mixing and Stratification 

Historical Perspective 

Extended Abstract 

1 Introduction 

The question what is the maximum temperature difference is a crucial question in the 

design of any mechanical component. If one is looking to the global parameters it is 

easy to answer this question in most cases. The problem starts when the question is 

addressed in a sense what are the maximum temperature differences locally and it 

becomes rather complex if we really look for the time histories in multidimensional 

technical equipment and structures. 

There will be numerous presentations in this specialist meeting where experts address 

the technical problems in detail so it is the intention here to try to find some answers to 

the question: 

,Why do we still discuss the questions of thermal 

fatigue caused by mixing and stratification?" 

In this context the following issues are addressed: 

Design philosophy 

Experience feedback 

Bridging disciplines. 

2 Design philosophy 

The general philosophy in the design of pressurized components, structures and inter

nals is to demonstrate that the function and the integrity of the component or structure 

[Thermal!. GRS 860. 98-06-05, 11:30 h 
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Event 2 

During the system pressure test as part of the start up procedure after refueling a 

leakage occurred at a nozzle of the pressurizer of a VVER 440/230 unit at Greifswald 

in 1984. There are not many details available from this event. The most important as

pect is the extent of the cracking. A crack had developed all around the circumference 

and penetrated to the outer surface at a length of about 40 mm. Thermal cycles were 

active in this cross section. The location of the crack was outside the weld region in the 

base metal where a sharp edge was introduced probably from mechanical drilling in 

the course of weld preparation. 

Lessons learned from this event 

A piston type flow condition can drive crack growth very uniform if a focal uniform 

stress raiser is given by geometrical discontinuities. A consequential failure of the pipe 

would have led to a situation beyond design. The measures of quality control at 

manufacturing as well as in service inspection did not cover this local area. 

Event3 

During the commissioning phase of a large German PWR a very extensive campaign 

was performed in 1981 to measure the temperature profile in local flow areas where 

stratification and fluctuations may be expected by the change of system conditions. 

Before this a number of incidents at different pressurized and boiling water reactors 

had already indicated that the magnitude of temperature differences as well as fre

quency have been underestimated in the design process. The measurements per

formed proved to be very useful in understanding the local flow conditions in relation to 

the operating procedures applied during start up and cool down conditions. The results 

have been broadly discussed and led to increasing efforts to develop fatigue monitor

ing systems. About ten years later the updated fatigue analysis performed for a rather 

new plant showed that due to a special practice in the operation of spray valves a very 

high usage factor had to be expected limiting the life time of a connected pipe. 

[fhermal], GRS 960, 98-06-05, 11:30 h 



Lessons learned from this event 

Existing knowledge was not transferred extensively enough to avoid deficiencies in 

design or operating procedures. 

4 Bridging disciplines 

Looking back to the experience we gained in the design and operation of nuclear 

power plant systems for almost 30 years it seems there is a common cause in prob

lems connected to incidents influenced by thermal stratification or fluctuations. The 

common cause may be described as ,Lack of management of interfaces". To avoid 

problems with thermal stratification the designer has to have a good insight into the 

reality of plant operation and he has to document the basic boundary conditions of his 

design calculations. For example in the 1970s it was out of the scope of imagination of 

the designer that a plant may stay days in hot stand-by conditions waiting for a license 

to resume power operation. On the other hand the operator was never told that very 

long durations of hot stand-by conditions were not explicitly foreseen in the design cal

culations. With today's monitoring system we can easily demonstrate the additional 

number of thermal cycles introduced by such kind of operation. What we still have to 

solve is to focus our attention to the management of interfaces to develop a broader 

common understanding of the different disciplines involved. This remains a challenge 

for the future. Due to the considerable .drain of experienced people who participated in 

the design and commissioning of nuclear power plants we have to fill these gaps by 

other means. There are a number of approaches which could make life easier in the 

future like the application of monitoring systems, the use of best estimate methods in 

the calculation of loads and stresses (which have been limited in the past by restric

tions in computer capacity and calculational time) and the use of multi-media technics 

to visualize the overall system response as well as the local flow conditions and stress 

patterns arising from this. As a benefit we would also enhance our capabilities to direct 

the in service inspection to the places of interest 

GRS-860, suh-tut 
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spective in discussing this issue will be how safety relevant are these events. I will 

concentrate on a few examples to highlight the differences in the nature of thermal 

loads, the lessons to be learned and to point out how long we are dealing with this is-

sue. 

Event1 

In December 1971 a small leakage was detected in the area of the control rod pene

tration of a boiling water reactor which was the first pilot plant built in Germany. The 

leakage increased over the next two days and the reactor was shut down to cold de

pressurized condition. The investigations showed that at a location of a circumferential 

weld of the control rod penetration a through wall crack had developed which pene

trated the outside diameter with a length of about 3% and had a total length at the in

side of about 35% of the circumference. At a similar location of a second control rod 

drive penetration a non penetrating crack was discovered with a total length of about 
45% of the circumference. Furthermore above the penetrating crack axial cracks were 

discovered in the base metal showing smaller dimensions. Although the fracture itself 

was identified as transgranular stress corrosion, thermal cycles may have played a role 

in this damage. All penetrations with defects have been repaired beside one. At the 
unrepaired location thermal couples have been implemented and the location as well 

as others have been monitored for the full next cycle. After this monitoring program the 

penetration has been removed and repaired as the others. The readings from the 

thermal couples identified frequent thermal fluctuations originated from perturbations of 

the seal water systems. Thermal shields have been implemented to protect the pres

sure boundary against additional loads. The safety systems have been improved to 

cover such kind of events. Furthermore a leak detection system was installed in this 

local area. 

Lessons learned from this incident 

There are interactions between auxiliary systems and main systems. Systems inter

faces was not given the adequate attention in the organization of design work. A con

sequential failure of the pipe would not have been covered by the design of safety 

systems so the safety systems have been upgraded. 

{Thermal]. GRS 860, 98-06-05, 11:30 h 
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is within the limits of the technical specifications or codes and standards applied. The 

usual practice is that bounding loading condition and their frequencies are specified 

and the engineer take the most practical way in performing the necessary analyses 

and establishing the stress analyses report. For safety relevant structures codes and 

standards require an in-depth investigation covering all kind of loading conditions 

specified in the design defined e.g. as normal operating condition, abnormal operating 

conditions, testing, accidents which includes rare and very rare events. Major attention 

is normally given to the operating and accident loads, loads arising from testing condi

tions get sometimes less attention. In performing the stress analyses it is usual prac

tice to look for a maximum stress level and range at a certain location or cross section 

and neglecting the time history. This praxis refers back to the limitations in computing 

time which restricted the extensive calculation of the geometry dependent dist"ribution 

of loads and resulting stresses and strains. The same situation was more or less given 

for the fatigue analysis. Within the design stage priority is given to demonstrate that the 

usage factor is below the criteria. To do this in the most efficient way stress cycles 

have been grouped together in an intentional conservative way by taking the maximum 

stress range also for cycles with gradually or even considerably lower stress ranges. · 

This practice is sufficient and effective to demonstrate conformance with design crite

ria. But it is not the best way to characterize the real system and component with re

spect to the fraction of life time used. 

3 Experience feedback 

The evaluation of operating experience with light water reactors demonstrates that the 

design provisions taken to assure the function and the integrity of the components 

have been very successful in general. Looking to the root cause of the damages we 

have seen in service there are two main areas. One area are the corrosion driven 

damage mechanisms like intergranular stress corrosion cracking in pressure boundary 

components fabricated with unstabilized stainless steels and also stabilized stainless 

steals which are sensitized in the heat effected zones. There are a number of other 

corrosion mechanisms which are important but not elaborated here. A second area are 

damages introduced by so-called unspecified load conditions like thermal stratification, 

fluctuations etc. This is the main theme of this specialists meeting and I will summarize 

a few observations made in the evaluation of the operating experience. The main per-

[fhermal], GRS 860. 98-06-05, 11:30 h 
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Event2 

During the system pressure test as part of the start up procedure after refueling a 

leakage occurred at a nozzle of the pressurizer of a VVER 440/230 unit at Greifswald 

in 1984. There are not many details available from this event. The most important as

pect is the extent of the cracking. A crack had developed all around the circumference · 

and penetrated to the outer surface at a length of about 40 mm. Thermal cycles were 

active in this cross section. The location of the crack was outside the weld region in the 

base metal where a sharp edge was introduced probably from mechanical drilling in 

the course of weld preparation. 

Lessons learned from this event 

A piston type flow condition can drive crack growth very uniform if a local uniform 

stress raiser is given by geometrical discontinuities. A consequential failure of the pipe 

would have led to a situation beyond design. The measures of quality control . at 

manufacturing as well as in service inspection did not cover this local area. 

Event 3 

During the commissioning phase .of a large German PWR a very extensive campaign 

was performed in 1981 to measure the temperature profile in local flow areas where 

stratification and fluctuations may be expected by the change of system conditions. 

Before this a number of incidents at different pressurized and boiling water reactors 

had already indicated that the magnitude of temperature differences as well as fre

quency have been underestimated in the design process. The measurements per-

. formed proved to be very useful in understanding the local flow conditions in relation to 

the operating procedures applied during start up and cool down conditions. The results 

have been broadly discussed and led to increasing efforts to develop fatigue monitor

ing systems. About ten years later the updated fatigue analysis performed for a rather 

new plant showed that due to a special practice in the operation of spray valves a very 

high usage factor had to be expected limiting the life time of a connected pipe . 
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1 - INTRODUCTION 

EDF Nuclear Power Plants have been encountering several problems related to thermal fatigue. 
Because most of these problems are partly due to design, they may impact a large number of 
identical units. So that thermal fatigue may be a highly strategic issue for a utility like EDF whic~ 
operates 58 quite standardized units. At the opposite, it is a significant advantage to be able to 
devote important ressources to solve the problem on all the plants at once. 

lt is not the intent of this paper to present a comprehensive view of all thermal fatigue issues. On 
the contrary, the aim is to give some insights into actual and potential impacts of such 
phenomenons and to explain what types of strategy may be implemented. 

2 -SOME THERMAL FATIGUE CASES 

2.1 - Safety Injection Line cracking 

Leaking valves may introduce cold water in the safety injection branch line which, during normal 
operation, contains hot primary water. Lack of mixing leads to stratification which induces high 
local thermal stresses. These stresses, in turn, may initiate cracking if other aggravating features 
are present such as geometrical singularities or residual stresses. 

This problem is very similar to the one which occured in Farley (USA) and Tihange (Belgium) 
plants. In France, all 900 MW plants could be concerned but it happenned mainly in Dampierre 
units, with the crack going through the wall and inducing a primary leak. On an operation point of 
view, the situation was correctly kept under control, showing that, at least under normal conditions, 
the leak before break concept was relevant. 

EDF strategy is in two steps : 

- on the short term, valve testing on all 900 MW plants to check the tightness, non destructive 
examination of all sensitive components and pipe replacement when indication is found, 

- on the long term, design modification to eliminate the causes. 

In the same lines, thermal fatigue may develop between the two check valves where water may be 
locally heatened up by calories coming from primary circuit through the last valve. Proper line 
conditionning generally gives an appropriate answer to that concern. 

2.2- Steam Generator Feedwater Nozzle 

When operating with a low flowrate of cold feed water, hot fluid may return from the steam 
generator in the pipe. Stratification induces thermal stresses which may be concentrated in 
geometrical singularities around the pipe-to-nozzle weld. Crack initiates and may, in the worst 
cases, propagate through the wall. Such degradation was found on many units in the US. In 
France, only shallow defects were found when examining replaced steam generators (less than 1 
mm in depth, starting at surface singularities). 

ro 
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Large programs were achieved to understand causes of the phenomenon : plant instrumentation, 
large mock-up testing, numerical analysis, etc. 

Today, strategy is mainly based on : 

- optimizing operating conditions, 

-in-service inspection of sensitive locations (radiography every three years). 

2.3- Surge Line Nozzle and Pipe . 

lt is the basis of a PWR unit design to have pressurizer temperature quite higher than hot leg 
temperature and to have more or l.ess important water flowrate between pressurizer and main 
piping, depending on operating conditions. Of course, mixing is not allways perfect and 
stratification may occur and induce thermal stresses. Because it was predictable, specific features 
have been generally added by veridors to minimize the risk of degradation (thermal sleeves in the 
nozzles, for example). 

In several EDF plants, specific instrumentation was installed to evaluate the risk. Important 
temperature differences have indeed been detected between close points. Structural mechanics 
analysis and· integrity assessment have been performed. A risk of fatigue damage before plant 
end-of-life was found or not, depending on hypothesis (cycling occurence periodicity, operating 
conditions, etc.). These studies helped in optimizing operating procedures. 

Following these investigations, strategy is as follows: 

- adaptation of operating procedures 

- development of appropriate in-service inspection methods and tools 

- anticipative development of repair methods 

- development of fatiguemeters : first results are very encouraging since on-line estimate of actual 
usage factor may be like ten times smaller than values calculated according to usual design 
rules. 

A very similar situation exists in the spray line and nozzle. 

2.4 - Balance-of-plant 

Very few cases of thermal fatigue have been experienced on the balance-of-plant. One deals with 
venting pipes inside reheaters on some 1300 MW plants : piping was replaced and adequate 
protection insured. The other example is cracking in some turbine bypass components, within the 
condensers. Appropriate repair and modifications were performed on about ten units in the very 
first years of operation. 

~ 1 
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3 -IMPACT ON UTILITY PERFORMANCES 

• Safety 

Of course, thermal fatigue may have a strong impact on safety since it may induce through-wall 
cracking on safety-related equipments. However, experience shows that in most cases, operating 
conditions and material behaviour are such that allowable and detectable leakage occurs before 
complete piping severance so that adequate functionnalities are maintained and incident is kept 
under control. 

In France, only the safety injection line issue led to an INES severity scale level 2 incident (mainly 
because of repetitiveness and crack through-wall propagation in less than one cycle). 

• Availability 

The main risk for availability is leakage during operation which implies plant shut-down and a 
forced outage. 

Many in-service inspection activities may be achieved out of critical path, with the exception of 
cases which require mid-loop level in the primary circuit. 

In the safety injection line issue, pipe replacements in the last few years, induced 80 days of 
outage extension. 

• Cost 

To give an idea of expenses related to thermal fatigue, some figures may be given: 

- for the safety injection line issue, in-service inspection cost is almost 4 MF/year (0. 7 M$) for the 
34 900 MW units. Cost of pipe replacement is more than 1 MF (12 cases up to now). And all 
studies and investigations performed to understand the phenomenons represent more than 55 
MF (9 M$) : about 45 for instrumentation and 1·0 for analysis. 

- inspection of the surge line costs about 1.5 MF/unit every 3 years. Repair is estimated to cost 
between 30 and 60 MF (between 5 and 10 M$). 

- for the feedwater issue, inservice inspection cost is about 7 MF (1.2 M$) every year. 

- for the two examples on balance-of-plant, the total cost to get rid of the problems was about 5 
MF (0.8 M$). 

When establishing a definitive strategy, decision of changing the design is not questionnable when 
safety impact is high. For less safety-related situation, a cost/benefit analysis may lead to different 
conclusions. 

• Radiation exposure 

In the nuclear island, all activities on primary loop or branch lines are very costly with respect to 
radiation exposure. 

~2 



In the safety injection line issue, dose associated with inservice inspection is almost 300 mSv/year 
for the 900 MW units and a pipe replacement represents about 40 mSv. The values are such that 
looking for skilled personnel still below the allowable dose limits may be a real problem. 

Inspection of one surge line represents between 2 and 15 mSv depending on the unit. 

Only a very strict ALARA-type program may allow to keep the consequences at an acceptable 
level. In many cases, the personnel dose issue will be decisive in the decision making process 
between statu-quo and radical design modification. 

4 - INDUSTRIAL ASPECTS 

In most cases, thermal fatigue issues are more or less related to design features and to operating 
conditions. So that solving the problem generally requires knowledge and expertise of a NSSS 
vendor. 

As for NDE and repair works, they are often very specific and quite different from routine 
maintenance. lt is then necessary to make sure that appropriate ressources are available : trained 
personnel, technologies, tools, spare parts, etc. 

In EDF case, the number of units is such that it is not too difficult to maintain appropriate 
ressources among contractors, thanks to work normaly associated with periodic surveillance and 
with modifications. 

5 - LONG TERM SOLUTIONS 

• Design modifications 

As it has been already said, eliminating thermal fatigue causes often requires design 
modifications. However, in some cases, even such modification will only change problem location. 
Taking the surge line issue, there is no way, in a PWR unit, to eliminate the temperature difference 
between pressurizer and primary loop ! 

An other exemple of the difficulty is the feedwater line issue : on one plant, a mixing device was 
installed to prevent stratification : all what it did was to displace stratification location ! Only very 
consistant design modification of the pipe and the steam generator would allow to get rid of the 
problem causes. 

• Operating conditions 

Because thermal fatigue is often dependant on local thermohydraulic conditions, optimizing 
operating procedures is a good way of minimizing (if not eliminating) the risk. For example, in the 
first EDF units, very numerous and severe thermal transients were experienced at the charging 
line nozzle : appropriate operating procedure modifications (particularly pressurizer operation) 
allowed to bring back fatigue loading within the expected design values. 



• Design rules 

Of course, thermal fatigue degradations could be seen as defeating design fatigue analysis. In 
most codes, specific coefficients are proposed to take in account temperature differences between 
adjacent components (like main and branch lines). But experience shows that changing the code 
requirements would not really eliminate problem causes, particularly because the location of 
unhomogeneous temperature fields cannot be predicted just on the basis of component sizing 
analysis. 

• On-line monitoring and fatiguemeters 

An original way of coping with thermal fatigue issue is to rely on on-line fatigue monitoring devices. 
A first possibility is to install temperpture measurement systems coupled with data processing to 
perform on-line computation of stresses and usage factors. However, this type of solution is 
generally not very succesfull in actually predicting fatigue damage, because of the difficulty to 
measure important but fast temperature variations in very localized points which cannot be 
determined in advance : putting a large number of temperature sensors on the inside wall of a pipe 
is not industrially feasible. 

In EDF plant, a different solution was adopted. First, it must be reminded that, according to french 
regulation, plant owner is required to perform a permanent and very precise monitoring and 
bookkeeping of all transients in order to be able to demonstrate, at any time, that actual transients 
are not more severe nor more numerous than those taken in account in design analysis. 
Appropriate procedures and tools were in place from the first day of operation, at least for "global" 
temperature and pressure transients. 

To cope with the risk of local thermal fatigue, very comprehensive instrumentations were installed 
on some units for one or two years and scale: 1 mock-ups were built in R and D facilities, so that it 
was possible to establish numerical relationships between global parameter changes and local 
values at all sensitive points. Thus, for several issues, we eliminated the need for extensive 
specific instrumentaticm on all the plants and were able to rely only on existing instrumentation 
coupled with appropriate data processing. 

Such a system has been developped for the surge line and the charging line issues and 
prototypes were tested on several units. First results show that actual fatigue damage may be ten 
times less than expected with a too pessimistic extrapolation of initial estimate. For the safety 
injection line, nothing of this kind has been developped since it was decided to eliminate the cause 
by changing the design. 

6 - CONCLUSIONS 

Thermal fatigue problems are some of the most challenging issues for plant owners. All the 
sensitive components may be repaired or replaced so that plant lifetime should not be impaired. 
However, because of the high potential impact on safety, cost-effectiveness and radiation 
exposure, these issues have to be addressed very seriously. And this is possible only with a very 
close cooperation between designer and plant owner and, among plant personnel, between 
maintenance and operation people. Having all these people working together is the secret to keep 
thermal fatigue risk under control and, more generally, to insure safe and effective plant operation. 
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I SAFETY INJECTION-CitiES- - ·-] 

• Leaking valves introducing cold water in the safety injection branch line ~. 
stratification high local thermal stresses ~ cracking if other aggravating features 

• Problem similar to the one in Farley {USA) and Tihange {Belgium) 

• All EDF 900 MW plants could be concerned, but only Dampierre units with the crack 
going through the wall and inducing a primary leak 

• Incident was kept under control ~ at least under normal conditions, the leak before 
break concept is relevant 

• EDF strategy is in two steps : 

- valve testing on all 900 MW plants and non-destructive examination of sentitive 
components, pipe replacement when indications are found, 

- on the long term, design modification to eliminate the causes. 

• In the same line, some shallow thermal cracking between the two check valves ~ 
proper line conditionning 
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L STEAM GENERATOR FEEDWATER LINES -] 

• With a low flowrate of cold feedwater, hot fluid may return from the SG ~ 
stratification -+ thermal stresses concentrating in geometrical singularities 
(weld) ~ cracking 

• Found on many units in the US 

• In France, only shallow defects found on replaced steam genrators 

• Large programs to understand causes of the phenomenon : plant. 
instrumentation, large mock-up testing, numerical analysis, etc. 

• Strategy is mainly based on : 

- optimizing operating conditions and procedures, 

- in-service inspection of sensitive locations (radiography every 3 years) 
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1- PREsSuRizE A SuRGE uNE-AND NOzzLE 1 
• Temperature difference and water flow between pressurizer and hot leg -+ 

stratification -+ thermal stresses 

• Specific features added by vendors to minimize the risk 

• Specific instrumentations confirm the possibility of important temperature 
differences 

• Structural mechanics analysis and integrity assessment 

• Risk of fatigue damage before plant end-of-life depending on hypothesis 

• Strategy: 

- procedure optimisation, 

- development of in-service inspection methods and tools, 

- anticipative development of repair methods, 

- development of fatiguemeters : first results are very encouraging 

• Very similar situation exists in the spray line and nozzle. 



~ 

\0 

I BALANCE OF PLANT I 

• Very few cases 

• Venting pipes inside reheaters on some 1300 MW plants 

• Some turbine bypass components, within the condensers 



I IMPACT OF THERMAL FATIGUE (1) I 

+ Safety 

Potentially high impact because of through-wall cracking in the second barrier but, 
under most conditions, « leak-before-break » allows to keep the incident under control 

~ + Availability 
0 

Leakage during operation -t forced outage 

In-service inspection requiring mid-loop level 

80 days of outage extension in the last few years for safety injection pipe replacements 
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I IMPACT OF THERMAL FATIGUE (2) I 

+Cost 

- safety injection line : inspection = 4 MF/year (0.7 M$) for the 34 900 MW units ; pipe 
replacement > 1 MF (12 cases up to now) ; studies and investigations > 55 MF (9 M$) 
(45 for instrumentation and 10 for analysis) 

- surge line : inspection = 1.5 MF/unit/3 years ; estimated repair = 30 to 60 MF (5 to 10 
M$). 

- feedwater line : inspection = 7 MF (1.2 M$) every year. 

- balance-of-plant : total cost = 5 M F (0.8 M$). 

-cost-benefit analysis to optimize long term solution as long as safety is guaranteed 



I IMPACT OF THERMAL FATIGUE (3) I 

+ Radiation exposure 

• all activities on primary loop or branch lines are very costly in doses 

• safety injection line : inspection . = 300 mSv/year for the 900 MW units ; a pipe 
,~-, replacement= 40 mSv ... looking for skilled personnel may be a real problem. 
~ 

• surge line inspection = 2 to 15 mSv 

• very strict ALARA-type program ; the personnel dose issue may be decisive in the 
decision making process 



c INDUSTRIAL ASPECTS I 

• more or less related to design -+ knowledge of NSSS vendor 

• availability of specific ressources for NDE and repair (people, tools, spare 
\,:-, parts, etc.) 
""' 

• maintaining the ressources with routine activities ? 
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I u-- LONG TERM SOLUTION I 

• design modifications, when it is possible ... but beware of displacing the problem ! 

• optimizing operating procedures and conditions {ex. : charging line) 

• design rules : coefficients ? fatigue curves ? Inappropriate for not precisely located 
problem 

• on-line monitoring and fatiguemeters 

-+ local thermohydraulic conditions evaluation + stresses computation + usage 
factor estimate 

- on-site specific instrumentation : industrial feasibility if variable location ? 

- specific investigation to correlate global and local parameters, then 
monitoring and bookkeeping of global transients {as required anyway) 

-+ first results are very promising on surge and charging line 



..... d, 
\.n 

I ---· CONClUSIO-NS -1 

• an issue with potentially high impact on safety, availability, cost
effectiveness and personnel doses but not on plant life-time 

• an issue which requires close cooperation between designer, maintenance 
and operation personnel 

• then, an issue which allows to make progress in all directions ! 
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P. MERLE 

DSIN/BCCN 

Thermal fatigue in French primary circuits: the safety Authority point ofview 

In 1987, 1988 and 1992, water leakages occurred on non isolable safety 
injection lines of the primary circuit of the W estinghouse designed 900 MWe nuclear 
power plants of Farley 2, Tihange 1 and Dampierre 2. On such reactors, the high 
pressure and low temperature volumetric control circuit can leak into the safety 
injection system connected to the primary circuit. 

This leakage generates a stratification in the non-isolable part of the lines, 
where it meets a hot turbulence coming from the main lines of the primary circuit. The 
mixing area is the source of high thermal loads, leading to the cracks. 

A new incident occurred in 1996 at Dampierre 1. Though the previous incident 
occurred on welds and elbows, cracks at Dampierre 1 initiated and propagated on the 
straight part of the pipe. 

After this incident, straight parts of pipes were controlled on the 34 French 900 
MWe nuclear plants. Cracks were discovered on 3 other plants. 

Cracks were discovered a second time at Dampierre 1 in 1997 on the replaced 
pipe. Non .. destructive then destructive examinations showed that cracks had initiated 
and propagated until one third of the pipe thickness as quick as 8 month. 

This last incident revealed that fatigue justification files of the design had omit 
important parameters of cracks initiation and that the periodic test implemented to 
guarantee the absence of the initiator of thermal fatigue was insufficiently reliable. 

Comprehension ofthe phenomenon 

Safety injection lines connected to the primary circuit are subject to local 
thermal hydraulic phenomena. 

Auxiliary lines are submitted to a hot turbulence due to the flow of primary 
water in primary pipes, meanwhile a thermal stratification occurs on auxiliary pipes 
which can be enhanced by small cold leaks coming from connected circuits. Thus the 
mixing area is subject to thermal fatigue which leads to cracks. 

Three sources of cold leaks have been identified. 

Cold water is mainly supposed to be coming from the volumetric control 
system through non tight valves which constitute the only· isolation between 
volumetric control system and the high pressure injection circuit. 

Another path of cold leak suspected is the arrival of water from the volumetric 
control system to the high pressure injection system through common pipes of the 



drain system .. 
Then possible recirculation of water between primary lines via a manifold is 

studied too. 

Affected zone an; limited to particular areas where the hot turbulences and 
stratified area mix. 

Justifications, feedback and thermal instrumentation on two plants has allowed 
EDF to justify the limitation of affected areas. Consistent pieces of evidence show that 
less higher tubes are mostly affected. 

Finally the last Dampierre 1 incident showed that important parameters 
concerning cracks initiation by fatigue had been omitted. Justifications made before 
cracks were discovered at Dampierre 1 for the second time showed that cracks should 
not initiate before years, even when taking into account local thermal loads revealed 
by instrumented reactors. This point is in contradiction with the feedback. 

For instance, expertises revealed a high level of residual stress in traction on the 
inner skin of auxiliary pipes as well as the presence of high toughness areas close to 
the surface of pipes. This could be a keypoint of this fast initiation. 

Moreover, the stability calculations made by EDF for sub-througwall cracks 
like the one found in 1992 in Dampierre 2, and for about two-third thickness cracks, 
show that the stability of big cracks under seismic conditions cumulated with a cold 
leak (which can be enhanced by the earthquake) is insufficiently assessed from the 
safety authority point of view. 

Action taken by EDF, safety authority point ofview 

A[ter the Dampierre 1 incident EDF committed to realise in-service inspection 
sensible straight parts of SIS lines, and then decided to implement a modification 
designed to drain cold leaks from the volumetric control system. The implementation 
will begin in 1999 on one plant and the end of generalisation of the modification 
initially planned by EDF was 2003. 

Meanwhile EDF, began to modify the drain circuit and to remove a sensitive 
valve made of no use because of a modification of periodic tests (planned for 1999). 

The safety authority required EDF to increase the rhythm of modifications 
after the first implementation (according to safety authority modifications could be 
finished a year earlier). 

Before this implementation, EDF has proposed to: 

. - remove pipes that come from the same fabrication lot as the one used in 1997 
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in Dampierre 1 and which have been installed on plants, 

- renew its in-service inspection program of straight pipes until the 

implementation of the modification, with some improvement of NDE methods. The 

safety authority required the addition of systematic in-service inspections close to 

welds, 

- optimise the periodic test designed to «guarantee», from EDF point of view, 

the absence of cold leaks from the volumetric control system, 

- optimise the maintenance of valves responsible for the non tightness of 

volumetric control system and safety injection system. 

The experts group (SPN) was asked for advice in April 1998 by DSIN. 

Due to the limitations : 

- ofthe NDE (2/3 thickness non-isolated and 1/3 thickness isolated cracks were 

not seen during on site in-service inspections, probably because of a different load 

condition on pipes during examination on site and expertise), 

- of the periodic test designed to detect cold leaks 

The experts group considered that these complements were not sufficient in 

relation with the safety concern. The realisation of a specific measure of stratification 

was recommended, in order to prevent by a redundant way the occurrence of a cold 

leak in the most sensitive lines. 

By the way, the analysis made by EDF, taking into account local loads 

revealed by instrumentation leaded the safety authority to require a zero point 

in-service inspection on some other safety injection lines (accumulator), submitted to 

significant fatigue. 

Conclusions 

The French experience on cracks due to thermal fatigue shows that, from the 

safety authority point of view : 

-+ manufacturing process probably have a very important impact on the speed 

of cracks initiation 

-+ a small cold leak (as low as 10 llh) can lead to a quick propagation of cracks 

by thermal fatigue in some sensitive zones 

-+ stability of a througwall crack under accidental conditions is not as well 
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assessed by calculation as we initially anticipated {no result of physical testing is 
available) 

-+ important and unexpected limitations remains in NDE performance and in 
the periodic tests designed to detect cold leaks 

As a consequence, though EDF has now decided, after the Dampierre 2 then 
Dampierre 1 events, to implement a radical modification, the safety authority remains 
very vigilant on thermal fatigue concerns. 

by Philippe Merle 

Manager, Nuclear Steam Supply System Inspectorate (BCCN) FRANCE 



USNRC Regulatory Perspective on Unanticipated Thermal Fatigue 
in LWR Piping 

A. L. Lund and M. Hartzman 
U. S. Nuclear Regulatory Commission 

Washington, DC, USA 

Abstract 

The regulatory response of the United States Nuclear Regulatory Commission (USNRC) to 

unanticipated thermal fatigue in light water reactor (LWR) primary piping systems is based on a 
long history of such events in both US and foreign commercial nuclear plants. This history 
includes operational conditions leading to surge line stratification, and cracks in feedwater 

nozzles, high pressure safety injection lines, and residual heat removal lines. US nuclear power 

plant experience with thermal fatigue has prompted two studies by the USNRC Office for 
Analysis and Evaluation of Operational Data (AEOD). In addition, the USNRC has provided 

generic communications to its licensees addressing problems arising from thermal stresses and 
stratification. Thermal fatigue in general has also been examined by the NRC as a generic 
safety issue. All these evaluations have alerted the staff to concerns over the broader 
implications of unanticipated thermal fatigue in piping, including potential problems with plant 
conditions not being consistent with licensing basis design and inspection commitments. Of 
particular concern are those problems arising from unanticipated thermal fatigue in unisolable 
piping connected to the reactor coolant system. Current USNRC acceptance criteria of licensee 

actions are bas~d on the USNRC's mission to preserve the public health and safety. 

Introduction 

The regulatory response of the USNRC to unanticipated thermal fatigue in light water reactor 
(LWR) primary piping systems is based on a long history of such events in both American and 
foreign commercial nuclear plants. This history includes operational conditions leading to surge 

line stratification, and cracks in feedwater nozzles, high pressure safety injection lines, and 
residual heat removal lines. US nuclear power plant experience with thermal fatigue has 
prompted two studies by the USNRC Office for Analysis and Evaluation of Operational Data 
(AEOD): Review of Thermal Stratification Operating Experience (Reference 1) and Primary 
System Leaks (current ongoing study). In addition, the USNRC has provided generic 
communications to its licensees addressing problems arising from thermal stresses and 
stratification (Bulletin 79-13; Generic Letter 85-20; Bulletins 88-08 with Supplements 1, 2, and 3; 
Bulletin 88-11; NUREG/CR-6456). Thermal fatigue in general has also been examined by the 

USNRC as a generic safety issue, most recently for (Generic Safety Issue) GSI-190, «Fatigue 

Evaluation of Metal Components for 60-year Plant Life». All these evaluations have alerted the 
staff to concerns over the broader implications of unanticipated thermal fatigue in piping, 
including potential problems with plant conditions not consistent with licensing basis design and 

inspection commitments. A complete list of relevant USNRC publications is shown at the end of 
this paper. 

Experience has shown that under certain circumstances, thermal fatigue caused by 
unanticipated flow-induced thermal stratification can lead to through-wall cracking in pipes. Of 
particular concern are those segments of piping attached to the reactor coolant system (RCS) 
which cannot be isolated once a through-wall crack develops. 
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In an effort to alert and provide guidance to US commercial nuclear power plant licensees on this 
subject, the USNRC issued Bulletin 88-08 in June 1988, in response to an event at Fartey Unit 2. 
Supplements 1 and 2 were also issued in June 1988 and August 1988, respectively, in response 

to a similar event at Tihange Unit 1, Belgium. Supplement 3 was issued in Apri11989, in 
response to an event at Genkai Unit 1, Japan. This supplement addresses the conditions for a 
particular case of potential out-leakage from the RCS, which appears to have been a unique 
occurrence. The bulletin states that thermal fatigue and through-wall cracking can occur in 
unisolable piping connected to the RCS, as a result of cold in-leakage through an isolating block 
valve, where the upstream pressure is higher than RCS pressure. The bulletin further suggests 
that because closed valves often leak, a possibly unanalyzed design condition and a potential 
safety issue may exist for those reactors that are susceptible to these conditions, since 
subjecting flawed piping to excessive stresses induced by a seismic event, waterhammer, or 
some other transient could conceivably result in total rupture of the pipe. 

As a result, Bulletin 88-08 requested that licensees plan and implement a program to provide 
continuing assurance for the life of the plant that the unisolable sections of piping connected to 
the RCS will not be subjected to the type of cyclic thermal loading associated with leaking 
isolation valves, described in the Bulletin. Several options for providing this assurance were 
listed in Action 3 of the Bulletin. Similar incidents have since also occurred in foreign plants, 
most notably in France at Dampierre Unit 2 in 1992 and Dampierre Unit 1 in 1996. A brief history 
of the US commercial nuclear plant experience with thermal stratification is given in the next 
section. 

US Commercial Nuclear Experience 

Feedwater Nozzle Cracks 

Thermal stratification was first identified in 1979 as the root cause for feedwater nozzle cracks, 
which occurred at a number of pressurized-water reactor (PWR) plants. As a result, USNRC lE 
Bulletin 79-13 was issued by the USNRC describing operating events involving cracking in 
feedwater system piping, including cracks in the feedwater elbows adjacent to welds in elbows of 
steam generator nozzles at 15 Westinghouse and Combustion Engineering-designed plants. 
Investigations into the root cause of the cracking suggested thermal stratified flow conditions in 
the feedwater pipe weld region during zero and low power operations. As a result of these 
findings, the bulletin requested all PWR licensees to: (1) perform radiographic and ultrasonic 
examination of all feedwater nozzle-to-pipe welds and of adjacent pipe and nozzle areas, (2) 
repair or replace the cracked piping identified from the examination; (3) perform another 
examination at the next refueling outage, or (4) change operational procedures such that the 
feedwater level within the steam generator is maintained essentially constant and no intermittent 
cold auxiliary feedwater injection is utilized during start-up, hot standby, or cold shutdown 
operations. 

Farley Unit 2 

No new industry-wide thermal stratification concern arose until an unisolable leak event from the 
primary system at Farley Unit 2 in late 1987. The leak was located in the RCS loop B cold-leg 
safety injection line between a swing check valve and the RCS loop. A through-wall crack was 
identified at a weld connecting the elbow closest to the RCS and a horizontal spool on the six-



inch safety injection line. Failure analysis on the defective section of piping, followed by 

temperature measurements and vibration measurements of the affected line, revealed that the 

crack was caused by fatigue due to cyclic thermal stresses attributed to cyclic thermal 

stratification. The maximum temperature difference was measured to be 21~. This 

temperature difference was caused by a small leak of less than one gallon per minute flowing 

through a closed bypass valve of the cold charging water line. Metallurgical evaluations 

confirmed that cracking was initiated on the inside diameter (ID) surface and progressed radially 

outward to the outside diameter. Because the cracking appeared at several locations over a 

broader region of the ID surface, rather than from a single isolated initiation site, the licensee 

concluded that the cracks were caused by high cycle fatigue. 

Trojan Nuclear Plant 

In April1988, the licensee for the Trojan Nuclear Plant discovered that a pressurizer surge line 

had been displaced, and was in contact with one of the pipe whip restraints. Shifting of the line 

had been observed since 1982, when the licensee began to monitor the line, and the response 

had been to adjust shims and gap sizes on the basis of analysis of various postulated conditions. 

The licensee performed a piping stress analysis, which indicated that the surge line under 

stratified flow conditions would deflect downward, contact pipe whip restraints, and undergo 

plastic deformation which would result in the cold set of the pipe that was observed in the surge 

line. As corrective actions, the licensee proposed to perform inspections and nondestructive 

examination of the line, conduct piping integrity evaluation, and initiate a pipe monitoring program 

to measure the actual temperature distribution and line movements. 

Oconee Unit 2 

In April1997, Oconee Unit 2 was shut down resulting from unidentified reactor RCS leakage 

exceeding the technical specification limit of 1 gpm. An unisolable leak was found in the high

pressure injection line/make up (HPI/MU) line, from a through-wall crack in the weld connecting 

the HPI/MU pipe and the safe-end of the reactor coolant loop nozzle. Preliminary analysis 

indicated that the degradation was caused by high-cycle fatigue due to a combination of thermal 

cycling and flow induced vibration. A gap was found in the contact area between the thermal 

sleeve and the safe end, indicating that the thermal sleeve may not have been securely attached. 

The thermal sleeve was cracked, with parts missing. The licensee hypothesized that this was 

the result of alternate heating and cooling of the weld by intermittent mixing of the hot reactor 

coolant leaking through the gap in the contact area between the loose thermal sleeve and the 

sate-end, and the cooler normal makeup water flowing through the HPI/MU line. However, other 

phenomena may have also been involved, and the failure in this line is still under investigation by 

the licensee. A summary of this event is given in NRC Information Notice 97-46, dated July 9, 

1997. Based on this event, as well as for license renewal issues, the NRC staff recently 

reexamined the requirements given in Section XI of the ASME Code for inspection of these lines, 

to address the apparent inconsistency in the Code requirements for surface examination versus 

volumetric non-destructive examination for this piping. This staff initiative is discussed in greater 

detail in a later section of this paper. This phenomenon has been identified as a probable cause 

for similar safe-end cracking at Crystal River Unit 3 and other B&W plants in the early 1980's, 

and addressed in USNRC Information Notice 82-09 and Generic Letter 85-20. 

US Commercial Nuclear Industry Response 

In response to Bulletin 88-08, and other generic USNRC communications, the licensees in the 



commercial nuclear power industry established a variety of corrective actions aimed at 
preventing problems from thermal stratification. Temperature monitoring programs were 
installed at many plants. Other actions included increased inspections of the piping, valve 
replacements, operations procedural changes, and changing pipe supports to accommodate 
thermal stresses. 

L WR Owners Groups established programs to investigate cyclic thermal stratification as a 
generic issue. Additionally, the Electric Power Research Institute (EPRI) developed a program 
called Thermal Stratification, Cycling and Striping (TASCS) (Reference 1) to provide an analytical 
methodology for addressing unanticipated thermal fatigue problems in piping systems. Although 
the basic thermohydraulic phenomena are still not well understood, this has led to a better 
understanding of the operational conditions under which potential fatigue failure from cyclic 
thermal stratification can occur, as no new cracking attributable to thermal stratification had been 
observed in the United States until the Oconee 2 incident in 1997. 

USNRC Staff Response 

The regulatory basis for Bulletin 88-08 is General Design Criterion (GOC) 14 of 10CFR50 (Title 
10 of the Code of Federal Regulations, Part 50), Appendix A, which requires that the reactor 
coolant pressure boundary be designed so as to have an extremely low probability of abnormal 
leakage, of rapidly propagating failure, and of gross rupture. The Actions required of licensees 
by the Bulletin, and the USNRC staff review and acceptance of the responses, are intended to 
provide the assurance that GDC 14 is in effect satisfied for the life of the plant. The objectives of 
the Bulletin were: (a) to advice licensees of a potential safety issue due to an unanalyzed design 
condition in unisolable lines connected to the RCS, (b) to determine that this problem did not 
exist in their plants, or correct it if it did, and (c) to provide continuing assurance that such a 
problem will not" develop during the life of the plant. · 

Action 3 of the Bulletin lists three acceptable options for providing the required assurance: (a) 
redesigning and modifying the piping to withstand the additional thermal cyclic loading due to 
leakage, in addition to the licensing basis design thermal operational loading, (b) instrumenting 
the piping to detect leakage and (c) ensure a favorable pressure differential which will prevent 
the in-leakage or out-leakage in case of a defective valve. 

Initially, the response of most licensees was to adopt option (b), by installing thermocouples on 
lines identified (in Action 1 of the Bulletin) to be susceptible to thermal cycling .. Assuming no 
leaking isolation valves, the objective ofthe monitoring was to detect unanticipated isolation 
valve leak initiation·, and to take preventive measures as soon as practical to repair or replace the 
leaking valve or valves. 

In recent years, EPRI (Reference 2) and others have developed .simplified methods, such as 
TASCS, to evaluate the thermal effects of valve in-leakage on susceptible piping systems. 
Basically, these are tools to assist in addressing Action 3 of the Bulletin, in accordance with 
option (a) above. These methods are based on a combination of analytical theory, experimental 
work and plant measurements. They permit the user, in principle, to determine the effect of the 
thermal cycling on the fatigue life of the piping, implicitly addressing the USNRC concerns.· 

The USNRC staff finds such an approach acceptable. lt recognizes that shutting down a plant to 
repair valves imposes a hardship and may have an adverse effect on the safe operation of the 
plant. lt is therefore of interest to the USNRC that licensees be able to determine reliably the 



time period from the onset of in-leakage to crack initiation, the most likely location of the crack, 
and the time for the crack to propagate to the surface. This provides a reasonable assurance of 
safety by determining an acceptable time interval until the repairs can be performed. However, 
such an approach must have a reliable, technically defensible basis, and address the 
fundamental phenomena observed in the events described in the Bulletin, its supplements, and 
other similar subsequent events. A review of the available literature, both public and proprietary, 
indicates that the basic thermohydraulic phenomena which caused the cracking in the piping at 
Farley and Tihange do not appear to be completely understood, as of the writing of this paper. 

In Reference 3, Nakamori and Hanzawa describe experimental work performed in Japan. A test 
specimen simulating the Farley safety injection line was subjected to the actual operating 
conditions which existed at the time the leak was detected. Of particular interest in this paper 
are the axial temperature distributions recorded along the top and the bottom of the pipe with 
three in-leakage flow rates: 0.132 gpm (30kg/h}, 0.44 gpm (1 00 kg/h), and 0.88 gpm (200 kg/h). 
(The leak-rate reported in the bulletin was 0.7 gpm (159 kg/h)). At 0.132 gpm the temperatures 
along the top and the bottom were the same as the main pipe, with no cycling. At 0.44 gpm, the 
temperatures along the top and bottom were the same up to the second elbow weld, where the 
crack at Farley occurred. There was evidence of cycling in the fluid, but little on the inside or 
outside of the wall at this location. The largest cycling occurred at the check valve weld, located 
at 7.8 inside diameters from the main pipe nozzle. The same distribution occurred for 0.88 gpm, 
except the temperatures were lower in the horizontal segment. However, as with 0.44 gpm, 
there appeared to be no evidence of temperature cycling in the metal wall at the location of the 
elbow weld where the crack occurred. The largest temperature cycling in the fluid was again 
recorded at the check valve outlet weld. A fatigue assessment at 0.44 gpm was also performed, 
indicating that fatigue failure would have occurred at this weld. This does not correspond to the 
location of the through-wall crack found at Farley. 

There appears to be a paradox here. At Farley, the thermal fatigue failure occurred at the weld 
between the elbow and the horizontal segment, roughly 5.2 inside diameters from the main pipe 
nozzle. Yet the reported temperatures in the simulation indicate no thermal stratification or 
cycling at this location. The top-to-bottom temperatures are almost identical. The maximum 
thermal cycling in the fluid was stated to be at the check valve outlet. Then the question arises, 
what caused the fatigue failure at Farley? At Tihange, the cracking occurred in both the end 
welds and the base metal of the first elbow, at a location·similar to that of the elbow in Fartey. 
Assuming the simulation temperature distribution is applicable to Tihange, it also doesn't explain 
the cause of these cracks. 

The conclusion of the USNRC staff is that, until data consistent with the failures that occurred at 
Farley and Tihange, and other reported similar failures, is determined, and the thermohydraulic 
phenomena which caused the failures are well understood and reproducible by analytical means, 
there is no assurance that a given analytical method will provide a reliable assessment under all 
potential cyclic stratification circumstances, except in special cases where the technique is 
obviously conservative with respect to known data. The Farley and Tihange events should be 
considered as benchmarks for demonstration of method adequacy. The USNRC staff therefore 
also concludes that temperature or pressure monitoring should be maintained in systems known 
to be susceptible to the phenomena described in the Bulletin, unless assurance can be provided, 
based on in-situ measurements, that the leak rates are low and non-cyclic, until a repair or a 
replacement of the leaking isolation valve can be effected at the next available shut down. 

The USNRC staff has recently accepted a few licensees' responses to the bulletin, which have 
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proposed discontinuing existing temperature monitoring programs. The acceptance was based 
on the evaluation of proprietary information provided by the licensees, and the following 
considerations: 

1. Monitored temperature traces indicated isolation valve leakage without thermal 
stratification cycling over long periods of time (one or more operating cycles). 

2. The upstream source of the in-leakage was a high temperature source, such as a 
regenerative heat exchanger. 

3. The nearest check valve was located at least 25 diameters from the RCL nozzle. 
4. Isolation valve leakage w~s monitored by other means. 
5. Main pipe flow was very low. 
6. Leaking isolation valves had already been replaced, or a commitmarwas made to repair 

or replace them at the first upcoming refueling outage, 

Other USNRC Staff Initiatives 

As a result of the Oconee 2 event (and license renewal issues), the NRC staff recently 
reexamined the requirements given in Section XI of the ASME Code for inservice inspection (ISI) 
of high pressure safety injection (HPSI) piping, for both Subsection IWB (for Class 1 piping) and 
Subsection IWC (for Class 2 piping). 

The criteria in Subsection IWC require that Class 2 HPSI piping down to nominal pipe size (NPS) 
1% receive both a volumetric and a surface examination as part of a facility ISI program. The 
criteria in Subsection IWB require only that a surface examination be performed for Class 1 
piping less than NPS 4, with one provision excluding piping of NPS 1 and smaller from 
examination. Therefore, for the HPSI system, the inspection criteria for Class 2 piping between 
NPS 4 and NPS 1%, inclusive, are more comprehensive than those for Class 1 piping of the . 
same size range. The NRC staff has submitted a formal request to the ASME Code to examine 
this discrepancy and to pursue its resolution in future Code Editions. 

To address the NRC staff's immediate concerns regarding the inspection of the Class 1 HPSI 
piping, the staff published in theFederal Registera proposed rule with the intent of amending the 
requirements of 10 CFR 50.55a (see Reference 4). The proposed Rule change would effectively 
require licensees to implement volumetric examinations of the Class 1 HPSI piping welds for 
those sections of piping with size greater than NPS 1 on a schedule consistent with their current 
ISI program requirements. The public comment period for the proposed 10CFR50.55a 
rulemaking was recently closed, and the USNRC staff is in the process of responding to the 
comments received. 

In addition, the USNRC staff has also published a proposed Generic Letter in theedera/ 
Register which is intended to: (1) alert U.S. licensees to the discrepancy noted above; (2) to 
request information on previous actions taken by U.S. licensees; and (3) to verify the integrity of 
the subject piping and to request information on the licensee's plans for future inspections. This 
information is necessary to permit the USNRC staff to assess the quality and level of information 
available today on HPSI system integrity, and to determine if additional action is required to 
ensure that the integrity of the system is maintained. The public comment period for the 
proposed Generic Letter remains open until29 May 1998. 

Conclusion 
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(1) Based on the above considerations, the USNRC staff concludes that, at present, 
temperature or pressure monitoring remains the most reliable method to provide the 
assurance for the life of the plant, requested by Action 3 of the Bulletin regarding the 
effects of unanticipated thermal fatigue in unisolable piping connected to the RCS. Under 
certain conditions, and on case by case basis, the USNRC staff may accept the 
elimination of an already installed monitoring capability. 

(2) The USNRC staff has initiated rulemaking to correct an apparent inconsistency in ISI 
examination requirements for ASME Class 2 and Class 1 for NPS 4 inches nominal and 
under. lt has also requested the incorporation of surface and volumetric requirements for 
inspection of Class 1 piping 4 NPS and under into the ASME Code Section XI.· 
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US Commercial Nuclear Experience 

D Feed water Nozzle Cracks at 15 Westinghouse and Combustion 
Engineering-designed plants 

• Cracking in FW system piping adjacent to welds in elbows of 
steam generator nozzles 

• Root cause: thermal stratified flow conditions during zero and low 
power operations 
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US Commercial Nuclear Experience 

0 Parley Unit 2 --Late 1987 · 

• Through-wall crack at a weld connecting an elbow to a horizontal 
spool on a 6-in. unisolable SI line 

• Temperature measurements indicated cyclic thermal stratification 
(max. top-to-bottom difference 215 F) 

• Small leak ( < 1 gpm) through a closed bypass valve of the cold 
charging water line 
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US Commercial. Nuclear Experience 

D Trojan Nuclear Plant-- April1988 

• Discovered displaced pressurizer surge line in contact with one of 

the pipe· whip restraints 

• Piping stress analysis indicated that stratified flow conditions 

could produce the observed displacement 

• Corrective actions proposed: inspections and NDE of the line, as 

well as pipe temperature and displacement monitoring program 
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US Commercial Nuclear Experience 

D Oconee Unit 2 -- April1997 

• Unisolable leak from through-wall crack in a weld connecting 
HPI/MU line and the safe-end of the reactor coolant loop nozzle 

• Failure in line still under investigation by licensee 

• Gap found in contact area between thermal sleeve and safe end, 
and thermal sleeve was cracked with parts missing 

• Preliminary analysis indicates that high-cycle fatigue due to 
thermal cycling and flow induced vibration contributed to failure 
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US Commercial Nuclear Industry Response 

D Corrective actions initiated or concluded: 
• Implemented temperature monitoring programs 

• Increased inspections of piping 

• Replaced leaking isolation valves 

• Implemented operations procedural changes 

• Modified pipe supports to accommodate thermal stratification 
loads 

6 



\.)1 

v'l 

. V'-1' REGu 
.::,c)• Z.,~ 

.':~~o.,..._ .... ('> 
~ 0 

~ ' ~ 
~ ~ 

<.;: . ~ 
1-'7 ~0 

****"" 

US Commercial Nuclear Industry Response 

D EPRI Program T ASCS - Thermal Stratification, Cycling and Striping 

• Developed by W estinghouse under EPRI contract in response to 
Bulletin 88-08 

• Identifies piping susceptible to thermal stratification 

• Provides analytical methodology for determining thermal 
stratification loads in piping systems 
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USNRC Staff Response 

D Bulletin 79-13 issued in 1979, requesting all PWR licensees to: 

• Perform RT and UT examination of all FW nozzle-to-pipe welds 
and adjacent areas 

• Repair or replace the cracked piping identified from the 
examination 

• Perform another examination at next refueling outage 

• Change operational procedures to minimize intermittent cold 
auxiliary FW injection during start-up, hot standby, or cold 
shutdown conditions 
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USNRC Staff Response 

D Information Notice 97-46 issued July 9, 1997, in response to event at 
Oconee2 

NRC re-examined inspection requirements in Section XI ofB&PV 
Code: inconsistency of requirement for surface examination versus 
volumetric examination for Class 1 and 2 piping between 1 inch and 4 
inches 
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USNRC Staff Response 

D Bulletin 88-08 issued in June 1988 to address unanticipated~ cyclic 
thermal stratification loads due to leaking isolation valves: 

• Advises licensees of a potential safety issue due to an unanalyzed 
design condition in unisolable lines connected to the RCS 

• Requests that licensees determine that this problem-does not exist 
in the licensee's plant, or correct the problem if it does exist 

• Requests that licensees provide continuing assurance that this 
safety issue will not develop during the life of the plant 
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USNRC Staff Response 

The regulatory basis for Bulletin 88-08 is General Design Criterion 14 
of 10 CFR50, Appendix A, which requires that the re<:tctor coolant 
boundary be designed so as to have an extremely low probability of 
abnormal leakage, of rapidly propagating failure, and of gross rupture 
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USNRC Staff Response · 

The actions requested by Bulletin 88-08 are intended to provide the 
assurance that GDC 14 is in effect satisfied for the life of the plant by: 

Action 1. 

Action 2. 

Action 3. 

Identifying susceptible systems 

Checking current adequacy 

Providing continuing safety assurance for the life of the plant 
through one of the following options: 
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1. 

2. 

. USNRC Staff Response 

Redesigning and modifying the piping to withstand 
the additional thermal cyclic loading due to leakage 

Monitoring (by instrumenting) the piping to detect 
leakage 

3. Ensuring a favorable pressure differential which will 
prevent the in-leakage or out-leakage in case of a 
defective valve 
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USNRC Staff Response 

Most licensees who identified susceptible piping under Action 1 adopted 
Option 2, by installing thermocouples ort the piping. 

Within the past several years, industry developed simplified methods under 
T ASCS to address Option 1 and discontinue Option 2, where applicable. 

TASCS based on a combination of analytical theory and test results. 

It permits the calculation of (static) thermal stratification loading 
resulting from isolation valye leakage which, when combined with a 
fatigue analysis and an assumed thermal cyclic frequency, permits 
the calculation of the time interval from initiation of unanticipated 
valve leakage to crack initiation, if shorter than the remaining life of 
the plant. 
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USNRC Staff Response 

The NRC finds the intent of the TASCS approach acceptable, since it 

is of interest to the NRC that licensees determine reliably the 

following: 

If an isolation valve starts leaking: 

1. Where will the pipe crack? 

2. How long before crack initiation occurs? 

3. How long before the crack propagates to the surface? 

This provides a margin of safety to permit repair or replacement 
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USNRC Staff Response 

Any analytical approach to answer these questions must: 

• Have a technically defensible basis 

• Address the phenomena described in the Bulletin, its 
supplements, and other similar subsequent events. ·. 
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USNRC Staff Response 

Review of available literature, both public and proprietary, indicates that 

the basic thermo-hydraulic phenomena which caused Farley, and other 

similar events, is still not well understood. 

An example is the experimental simul.ation described in a paper by 

Nakamori andHanzawa, in 1995: 

• Only actual simulation known to the NRC staff 

• Simulated actual operating conditions ofFarley safety injection line 

• Simulation indicated no thermal stratification or cycling at the 

location of the failure at Farley, as shown in the following figure 
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USNRC Staff Response 

• The fatigue analysis predicted the failure at the check valve weld. 
This is inconsistent with location of through-wall crack found at 
the elbow weld in Parley 

• Data used to support adequacy of the simplified methods of 
TASCS 
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Current USNRC Staff View 

The USNRC staff therefore concludes that: 

• Current simplified analytical methods do not have a defensible 
technical basis 

• Temperature or pressure monitoring should be maintained in 
systems known to be susceptible to thermal stratification 

• Analytical methods should be evaluated with events of Parley and 
Tihange as benchmarks 
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Overview of Recent Licensee Submittals 

The USNRC staff has recently accepted a few licensee submittals 

proposing the discontinuation of existing temperature monitoring 

programs based on a combination of the following: 

• In-situ monitored temperature traces indicated isolation valve 

leakage without thermal stratification cycling over long periods of 

time (one or m9re operating cycles). 

• The upstream source of the in-leakage was a high temperature 

source, such as a regenerative heat exchanger. 
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Overview of Recent Licensee Submittals 

• The nearest check valve was located at least 25 diameters from the 
RCLnozzle. 

• Isolation valve leakage was monitored by other means . 

• Main pipe flow was very low. 

• Leaking isolation valves had already been replaced, or a 
commitment was made to repair or replace them at the first 
upcoming refueling outage. 
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USNRC Staff Conclusions 

1. Test data consistent with the Farley/Tihange failures have not reported 

in the literature 

2. Thermo-hydraulic phenomena which caused the events in Parley, 

Tihange and other plants are not well understood 

3. No simplified analytical methods which can describe these eyents have 

been reported 

4. Temperature/pressure monitoring appears to be the most reliable 

method to prevent Farley/Tihange type failures in susceptible systems 

5. Elimination of an existing monitoring installation may be acceptable 

under certain conditions, if defensible 
22 
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USNRC Generic Communications 

A complete list of relevant bulletins, information notices, generic 
letters and other communications is shown in the paper 
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Failure to the Residual Heat Removal System Suction Line Pipe 

in Genkai Unit 1 Caused by Thermal Stratification Cycling 

Shigeki Shirahama 

Kyushu Electric Power Co., Inc. 1-82,Watanabe-dori 2-chome, Chuo-ku, Fukuoka, Japan 

[ABSTRACT] 

On June 6, 1988, it was found that a pipe in Genkai Nuclear Power Plant Unit 1 had 

suffered fatigue failure due to thermal stratification cycling. Presumably because of 

leakage from the residual heat removal system inlet isolation valve gland, hot water 

was introduced into the horizontal pipe where cold water usually resides, causing 

thermal stratification cycling, which led to high-cycle thermal fatigue, resulting in 

formation and propagation of cracks. This paper outlines this phenomenon, the 

investigation results, and the countermeasures taken. 

1. INTRODUCTION 

On June 6, 1988, while Genkai Nuclear Power Plant Unit 1 (559 MW PWR) was being 

operated at 100% power, the containment sump water level was found to have risen. 

Since this was judged to be due to leakage from the primary cooling system, the 

reactor was shut down manually for inspection. 

The inspection revealed slight leakage through a crack in the weld of the horizontal 

pipe upstream of the residual heat removal system suction line inlet isolation valve of 

the loop A. Fig. 1 shows the system configuration and the location of the crack. 

The through-wall crack was located at the top of the circumferential weld seam 

between the horizontal piping and the elbow, as illustrated in Fig. 2. Examination of 

adjacent welds showed another crack at the top of the weld seam between the 

horizontal pipe and the inlet isolation valve. This crack was not a through-wall crack. 
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The pipe in question, 8 inches in 

diameter and 20.6 mm in wall thickness, 
was of type 316 austenitic stainless 

steel. The isolation valve was a motor

operated wedge gate valve, with a body 
of type 316 cast stainless steel. During 
power operation, this valve remained 
closed. 

Fig.1 Location of Pipe Crack 

2. F AlLURE MODE 

(1) Condition of Cracks 

The through-wall crack, semi-elliptic in 
shape, as illustrated in Fig. 3, was initiated 
at the boundary between weld metal and 
base metal on the pipe inside surface, and 
propagated perpendicularly through the 
weld metal toward the pipe outside surface. 
On the inside surface, the crack was about 
97 mm long circumferentially. On the 
outside surface, it was about 1.5 mm long 
circumferentially and about 0.2 mm in 
width. 

RHR Isolation Valve 

Spring Hanger 

Oil Snubber 

Rigid Hang<~r _, 

ToRHA Pump 

Fig.2 Illustration of Piping 
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The non-through-wall crack was similar in 

shape to the through-wall crack, except 

that the depth was some 60% of the wall 

thickness. 

Electron microscopic examination of the 

through-wall crack fracture surface 

revealed the following. 

· Fatigue striations were observed over 

the entire fracture surface, indicating 

typical high-cycle fatigue fracture. Fig. 4 

shows observed striations. The striation 

spacing at 20 mm depth from the pipe 

inside surface was L1 S = 0.3 to 1 11 m. 

· The fracture surface was nearly flat, 

without branches. 

· The cra<::k grew transgranularly. 

(2) Stress Range Evaluation 

Assuming the striation spacing on the 

fracture surface to be the crack 

propagation rate, stress ranges were 

evaluated. Solid lines in Fig. 5 show the 

relation between crack depth and 

calculated crack propagation rate for 

various stress ranges. Measured 

striation spacing data are also plotted on 

this graph. The measured striation 

spacing data fall between the lines for the 

stress range of 7 to 11 kgf/mm2• The 

number of cycles before a crack has 

propagated through the pipe wall, 

estimated from these stress range values, 

is 104 to 105. 

Fig.4 Striatiorts on Fracture Surface 

Distance from the Crack Initiation (mm) 

Fig.5 da/dN, L1 S vs. the Distance from Initiation 
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3. INVESTIGATION OF THE CAUSE 

The cause of the high-cycle fatigue failure was investigated at the plant site and 
Mitsubishi Heavy Industries' laboratory. 

(1) Inspection of Pipe, Valve etc. 

Extensive inspection of the pipe, valve and supports revealed the following. 

a. No abnormalities were found in material or structures. 

b. Deposits, observed on the piping inside surface upstream ofthe valve, was dark 
brown at the top, turning brown to light brown toward the bottom. X-ray diffraction 
analysis showed the deposits to be a chemical compound of spinel structure, which 
tends to be formed more in primary coolant at higher temperature. 

c. There was evidence of primary coolant leakage from the isolation valve gland, as 
follows: 

The valve was equipped with a lantern ring and leak·offpipe, to lead leak flow from 
the gland to the containment vessel drain tank. Striping marks of boric acid were 
observed on the lantern ring. The leak-off pipe inside surface was wet and rusted. 

d. Discontinuity in shape was conspicuous at the weld-metal-to-base-metal transition 
area, where the crack initiated. Stress concentration factor at the crack-initiated 
location was estimated at around 3. 

These facts suggested that the horizontal pipe in question had been subjected to 
unexpected stress due to thermal stratification formed of cold water in the pipe and 
hot water leaking from the valve gland. The crack was initiated at the stress
concentrated location between base metal and weld metal. 

(2) Study of Cyclic Loading 

High-cycle fatigue failure is generally caused by vibration or thermal cycling. 
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Vibration stress of the pipe in question, measured under various operation modes, was 

about 0.1 kgf/mm2, which is insufficient to cause fatigue cracking. 

Therefore, with the pipe and valve investigation results taken into account, thermal 

stress cycling mechanism in thermally stratified pipe was studied experimentally at 

Mitsubishi's laboratory, as described in the following. 

a. Semi-scale cold test for visualization 

A scale model of the residual heat removal system piping was built with transparent 

acrylate, and branched from a recirculation loop. The water in the piping model was 

at ambient temperature and colored with ink. The recirculation loop was filled with 

colorless water at slightly higher temperature. The leaking valve gland was 

simulated by a throttle valve. Testing with this model revealed the following. 

(a) The horizontal pipe can easily be stratified by such a small flow as leakage from the 

valve gland. 

(b) The stratified flow was very stable. 

b. Full-scale hot test 

Full-scale testing was conducted at high temperature and high pressure, to measure 

the temperature profile of the horizontal pipe under the condition of small leakage 

from the valve gland. A full-scale model of the piping from the main coolant pipe to 

the residual heatremoval system inlet isolation valve was built for this test. This 

piping model was thermally insulated in the same manner as in the operating plant. 

The leaking valve gland was simulated by the same method as for the semi-scale cold 

test. The piping model was connected to the laboratory's high-temperature and high

pressure recirculation loop, to measure the temperature distribution in the piping. 

The test revealed the following. 

(a) No thermal stratification was observed in the horizontal pipe when there was no 

valve gland leak. 

(b) A small leak (0.4 to 2 l/h) can cause stable thermal stratification, with steep 

temperature profile, to occur in the limited ceiling area of the horizontal pipe inside 

surface. 
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The possibility of valve gland leakage fluctuation was studied. Since the inlet 
isolation valve disc in completely closed position is pressed to the downstream side, 
there is a narrow gap between the disc and the upstream seat. If the valve gland 
leaks, hot water flows out through this gap, heating the valve disc. As a result, the 
disc expands to close the upstream seat gap, resulting in virtually zero leak. Since 
the amount of heat supplied to the disc then decreases, the disc contracts due to heat 
dissipation, opening the seat gap, through which hot water leaks. Fig. 6 shows this 
mechanism. 

Analysis of this mechanism revealed that thermal stratification fluctuates in a cycle of 
some 20 minutes. 

Primary Coolant Leaks Through 
Gland Packing of Isolation Valve 

High Temp. Primary Coolant Flows 
Through Upper Section of 
Horizontal Pipe and Valve Seat Gap 

Heat Dissipates and Stagnant 
Coolant in Horizontal Pipe Is 
Cooled. 

Cooled Disk Contracts and Restart 
Leakage Through Seat Gap. 

Reactor Coolant Pipe 
--·- ·High Temp. · 

Water Leak through Gland 
Section 

Down Stream Side 

LowTem 
Body 

Water Disk 

Up Stream Sid own Stream Side 

Fig.6 Cycling Mechanism ofThermal Stratification in RHRPiping 

(3) Thermal Stratification Cycling Test 

The above-mentioned mechanism was demonstrated using a full-scale model of the 
valve applied to the high-temperature testloop shown in Fig. 7. The test apparatus 
used piping and valve of the same dimensions and shapes as for the operating plant. 
The test was conducted under the same temperature and pressure conditions as for the 
operating plant. The initial leak rate from the valve gland was set by adjusting the 
throttle valve and orifices in the leak-off line. The gap between valve seat and disc 
was set by adjusting the disc position (height from completely closed position). 
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Main Coolant Pipe 
(High Pressure Test Loop) 

Gate Valve 

Fluid Temperature 
Sensors 

Orifices· 

Flow Meter 

Needle 
Valve Cylinder 

Fig.7 Thermal Stratification Cycling Test 

The test revealed the following. 

(a) When disc position was adjusted for extremely narrow seat gap as in the operating 

plant, leak rate and stratification temperature fluctuation was observed. 

(b) As the typical water temperature profile in the horizontal pipe in Fig. 8 shows, the 

temperature fluctuated by some 40'C at the ceiling, while it remained almost constant 

at other parts of the pipe. 

(c) When the disc position was raised to secure sufficiently large seat gap, thermal 

stratification cycling was not observed. 
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4. FATIGUE EVALUATION 

(I) Stress Range 

The stress range due to the change in 

temperature profile shown in Fig. 8 was 

calculated. Fig. 9 shows the 

circumferential distribution of axial 

stress. The thermal stress range was 

around 10 kgfi'mm2, with the absolute 

thermal stress value reaching 

maximum at the ceiling ofthe pipe 

inside surface. 

(2) Background Stress 

To evaluate axial steady stress at the 

pipe weld, residual stress was 

measured using a full-scale mockup of 

the elbow welded to the straight pipe. 

Fig. 10 shows the residual stress 

distribution on the weld inside surface. 

The measurements showed that a 

tensile stress of some 18 kgfi'mm2 was 

applied to the top portion of the pipe at 

the weld. 

This result suggests that, with steady 

high tensile stress in the background, 

compressive stress changed in a cycle 

due to fluctuation of thermal 
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stratification, leading to the fatigue failure. 
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5. CONCLUSION AND COUNTERMEASURES 

The above-mentioned results of the investigations led us to conclude that the cracks in 

the weld of the residual heat removal system suction line pipe had been caused by 

high-cycle thermal fatigue due to thermal stratification cycling in the horizontal pipe. 

Slight leakage from the valve gland stratified the horizontal-pipe temperature. As 

the valve seat gap opened and closed, the thermal stratification fluctuated, resulting in 

a wide stress range, which caused the cracks to occur and propagate. 

The following corrective actions were taken to prevent recurrence of these phenomena. 

The gland packing was replaced to stop gland leak. 

• The valve disc position was raised to secure a sufficient seat gap, so that if thermal 

stratification formed, it would not fluctuate. 

· The leak-off pipe was thermally insulated to enhance small gland leak detectability. 

Thermal stratification cycling has caused fatigue failures of piping in several operating 

plants. The cycling mechanism and stratified flow features may differ in each 

instance of fatigue failure. We hope that this paper helps clarify thermal 

stratification phenomena. 
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Results of the Thermal Stratification Cycling Test 

(1) The test results has good agreement with analytical study. 

Temperature fluctuation Stress range periods 

Analytical study 20min ,.._ 11 kgf/mm2 

Test Results 25~30min 1 0.3kgf/mm2 

(2) When disc position was adjusted for extremely narrow seat gap, 

stratification temperature fluctuation was observed. 
When disc position was raised, thermal stratification cycling was 

not observed. 
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CONCLUSION 

o Thermal Stratification (T/S) in. RHRS horizontal pipe 
was caused by valve grand leakage. 

o CY-cling_ ot __ I/S was caused by pe_(i_Q_dj_c __ ope.rl __ :-_~clos_e_ 
_Qt ___ ugslr~aol - side valve seat gap_._ 

o Periodic stress fluctuation caused fatigue crack at 
the stress concentrated weld metal - to - base metal 
transition area. 
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COUNTERMEASURES 

(1) Valve gland packing was replaced to stop gland 

leak. 

(2) V_q(v_e disk position was raised to secure a 

sufficient seat gap, so that if T/S formed, it would 

not fluctuate. 

(3) Valve leak-off pipe was thermally insulated to 

enhance small gland leak detectability. 
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Emergency Core Cooling System Pipe Crack Incident 

at the Tihange Unit 1 Plant 

Abstract 

· Jacques Pirson 
Tractebel Energy Engineering 

A venue Ariane 7 
B-1200 Brussels 

Guy Roussel 

AIB Vin<;otte Nuclear 
A venue du Roi 157 

B-1 090 Brussels 

On June 18, 1988, while the Tihange Unit I PWR was being operated at I 00% of nominal power, a 

primary coolant leak of about 1 m'/h was detected. The plant was shutdown manually for repair. As 

evidenced by the visual inspection after shutdown, the source of the leakage was identified a through 

wall crack in the last elbow of an emergency core cooling system (ECCS) injection line, in a pipe 

section directly connected to the RCS nr 1 hot leg downstream of the frrst isolation check valve. The 

cause of the crack was attributed to high cycle thennal fatigue induced by the relatively cold water 

having leaked through the upstreaq~ located ECCS isolation gate valve at a pressure sufficient to open 

the check valve and mixing with the hotter primary coolant. 

Following the description of the Tihange Unit 1 emergency core cooling system with detailed layout 

sketches for relevant parts, the paper reports the event and gives an overview of the inspections and 

metallurgical examinations carried out after the incident as well as the results thereof. Detailed 

infonnation of positions and size of cracks are given. 

The cause of the cracking as assumed at the time of the event is then explained as an introduction to the 

description of corrective actions taken. The conditions on which the unit was allowed to restart on June 

30, I 988 are finally given. 
A description of the backfit made to avoid the recurrence of the problem on a long term basis concludes 

the paper. 
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1. Introduction 

On June 18, 1988, while the Tihange Unit 1 PWRwas being operated at 100% of nominal 
power, a primary coolant leak of about 1 m3/h was detected. The leak was due to a through 
wall crack in the last elbow of the emergency core cooling system (ECCS) injection line, in a 
pipe section directly connected to the RCS nr 1 hot leg downstream of the first isolation check 
valve. 

The incident occurred six months after a similar one in the Farley 2 nuclear unit. In this last 
case, the crack developed slowly while restarting after a refuelling outage rather than suddenly 
as in the Tihange 1 unit. Farley 2 was in commercial operation since six years whereas 
Tihange 1 since thirteen years. 

In Farley, the crack was attributed to high cycle thermally induced fatigue mechanism with a 
cycle number of I 06

• 

2. ECCS system description 

The Tihange unit 1 plant is a 870 MWe 3-loop PWR in operation since 1975. The 
configuration of the ECCS system ofthe Tihange I and Farley 2 units is very similar. Figure 
1 shows the overall system flow diagram of the Tihange unit 1 system. · 
Both plants are of Westinghouse design. As at Farley 2, dual-purpose pumps are utilized in 
Tihange 1 for charging the RCS with reactor coolant from the Chemical and Volume Control 
system during normal operation and for injecting emergency core coolant at high pressure 
during a loss-of-coolant accident. Separate lines with dedicated nozzles connect these pumps 
with the RCS system for normal and auxiliary charging flows on one hand and for hot- and 
cold-leg ECCS injection on the other hand. 

At Tihange 1, borated water can be injected into the RCS system through four different lines : 

-to the three cold legs through the boron injection tank (suppressed since the incident for 
a reason totally independent of the incident). The boron injection tank is operated at low 
pressure during operation but presents a by-pass line with two isolation valves installed in 
parallel : this path can therefore be a way for cold pressurized water injection from the eves 
pumps to the primary loops, 

- to the three cold legs in order to dispose of redundant connections for the recirculation 
phase to the cold RCS legs, 

- to the three hot legs for the recirculation phase to the hot RCS legs, 
-to the three hot legs for the same reason (redundant connection). 

3. Description of the incident circumstances 

On Saturday June 18 1988, the Tihange unit 1 was operated at full power. Suddenly, a non 
isolable primary coolant leak occurred to the primary containment atmosphere. 
The occurrence of the leak was indicated by a sudden increase of the noble gas, particle and 
iodine activity in the reactor building. The water level decrease rate in the volume control 
tank of the CVCS Chemical and Volume Control system permitted to estimate the 
unidentified leak rate from the reactor coolant system flow to be 1300 1/h : the leak rate 
remained quite stable. 

The leak was determined to be non isolable and its location was not possible from the control 
room indications. Two hours after the event, operational personnel entered therefore the 



containment to identify the location of the leak : leak indications were found inside the anti

missile barrier under the RCS loop nr 1. It was then decided to reduc·e the reactor power and 

to go to hot shutdown in order to better determine the leak location. An inspection inside the 

reactor containment allowed to establish that the leak was located near the isolation check 

valve of the ECCS hot leg injection line. 

Four hours after the event, it was decided to go to cold shutdown in order to repair the 

affected pipe. Note that the load reduction and the subsequent cooldown were performed in 

an orderly way according to the normal operating procedures. 

The Tihange I incident was related in theIRS report N° 0864.00 dd. 88/08/04. 

4. Investigations carried out after the event 

4.1 Field examination 

After that the plant has been brought to cold shutdown and the thermal insulation has been 

subsequently removed, liquid penetrant inspection allowed to identify the source of the 

leakage. That was as a mostly longitudinal through-wall crack (crack nr I) ofabout 45mm 

length on the outside surface in the base metal of the last downstream elbow of the ECCS 

piping. A preliminary UT inspection was also performed. 

That 6-inch, Schedule 160 elbow (R=l.5 D) was a forged elbow made according to 

specification for austenitic stainless steel piping fitting, ASTM A 403, class WP 304L. 

The elbow was then removed and transferred to the hot workshop for non destructive 

examination. The visual inspection of the inner surface· showed a much longer crack 

extension than on the outer surface. The elbow was inspected using UT technique with 45-, 

60- and 70-degree shear wave transducers (4 MHz). No rejectable flaw indications were 

reported using the UT technique required by the Section XI of the ASME Code. To detect the 

through-wall crack, increasing the gain 24 dB higher than ASME Code was required. The 

best results were obtained with the 45-degree transducer. X-ray examination was also 

performed and was shown to be more sensitive. 

Later, part-penetrating cracks were evidenced at two other locations close to the elbow ends : 

(1) a circumferential crack (crack nr 2) extending about lOOmm on the inner surface of the 

pipe spool connecting the elbow to the RCS nozzle and located in the heat affected zone of the 

weld, and (2) two circumferential cracks (cracks nr 3), 30 and IOOmm long, on the inner 

surface of the check valve body close to the weld end. These cracks were detected by dye

penetrant testing, performed after rework of the weld end preparation for rewelding of the new 

elbow. The maximum depth of cracks nr 2 and 3 is 6mm, i.e. 30 percent of the wall thickness, 

as determined by grinding. 

It was decided to perform two additional cuts to allow the removal and the replacement of the 

defective straight spool piece and check valve. 

The location of the cracks as well as their orientation are shown in Figure 2. 

4.2 Laboratory examination 

For further investigation, the elbow and the flawed spool section were sent to a EdF hot 

laboratory in Chinon (France). The main results of the examinations are summarised 

hereafter. 
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Visual examination and dye-penetrant testing of the elbow inner surface concluded that crack 
nr 1 had a total length of about 155mm and showed typical crack branching on both sides of 
its full penetrating part. This main crack is located within a zone exhibiting a large crackled 
network. This zone is about 270mm long and extends over about 90° (see the sketch in 
Figure 3 and Figure 4). The dye-penetrant testing also evidenced a linear circumferential 
indication, 40mm long, on the inner surface of the elbow close to its end on the check valve 
side. That flaw, not detected by the examinations on site, was also located within a zone 
showing crackled network (see the sketch in Figure 3). Crack nr 2 was confirmed by the dye
penetrant testing of the inner surface of the spool. This crack did not show any branching at 
its ends, as shown in Figure 3, and was located about 15mm apart from a crackled zone, 
25mm long and extending over about 40°. 

Microscopic metallographic examinations of the cracks nr 1 and 2 showed those cracks to be 
straight, transgranular , with little or not at all branching. A typical micrograph is shown in 
Figure 5. The small cracks in the crackled zones were shown to have the same characteristics 
but also to have a thinner opening. In the crackled zone surrounding crack nr 1, those 
secondary cracks had a mean depth about 0.9mm (maximum depth of 5.4mm). In the 
crackled zone neighbouring crack nr 2, their mean depth was about 0.4mm (maximum depth 
of 1.7mm). 

The electronic microscopy examination of the main and secondary cracks showed that both 
types of cracks had the same appearance. The fracture surfaces showed finely spaced parallel 
striations (see Figure 6). The striation spacing varies 0.1 and 1/lm. 

Chemical analysis did not reveal any deviation from the specification requirements. Hardness 
measurements did not give any unexpected result. 

5. Discussion on the cracking 

The same appearance of the fracture surface, as evidenced by the microscopic examination of 
the main and secondary cracks, allowed to conclude that all the cracks resulted from the same 
phenomenon. The small value of the striation spacing was found to be typical of high cycle 
fatigue (105 to 106 cycles). It should also be reminded that the cracks were found to be located 
on the bottom side of the piping in operation, at the exception of the through-wall crack (crack 
nr 1) which was however not far from the bottom side of the elbow. So, the high cycle 
thermal fatigue was attributed to the same phenomenon as the one having affected an 
unisolable section of the ECCS piping at Farley-2, i.e. high cycle fatigue caused by thermal 
~ycling. 

In a plant designed like Farley 2 or Tihange 1, thermal fatigue of an unisolable piping 
connected to the RCS system can occur when the ECCS connecting piping is isolated by a 
leaking block valve : in this case, since the pressure upstream of the block valve is 
permanently higher than the primary pressure, a small flow of cold water may be injected into 
one of the primary coolant loops through the line where the isolation check valve is exercised 
for a lower differential pressure. 

One of the closed block valves (either V 6 Bi or V 8 Bi- see Figure 1) was suspected to be the 
cause of the cracking. In-service leakage through that block valve caused the check valve to 
partially open, or chatter, allowing relatively cold water (about 30°C) to enter the unisolable 
portion of the pipe between the RCS nozzle and the first check valve. To support that 
position, leaktightness tests were performed on the block valves V 6 Bi, V 7 Bi, V 8 Bi, V 152 
Bi, and V -152 Bi Bis. Valve V 6 Bi was actually found to be leaking. 



It should be noted that no periodical verification of the leaktightness is foreseen for the 

isolation valves between the eves and the Eees injection lines since there is no such safety 

related requirement. 

No temperature measurements on the unisolable Eees pipe section were available before the 

occurrence of the leakage. A partial evaluation ofthe thermal stresses has been attempted. In 

the absence of any measurement of the temperature fluctuations, the results of this evaluation 

remain inconclusive. 

6. First corrective action : replacement 

All affected parts of the Eees line between the primary coolant loop and the isolation check 

valve were replaced, i.e. : 

-the 6" elbow with the crack, 
- the straight pipe between the elbow and the nozzle on the ReS hot leg, and 

- the check valve itself 

7. Safety evaluation 

After that the affected parts, i.e., the elbow, the piping spool connecting the elbow to the 

ReS nozzle and the check valve had been replaced and before that definitive corrective 

actions were implemented to fix the problem (see section 7), the plant was authorised to 

start up, subjected to some conditions. Some of those conditions are summarised hereafter. 

(a) Inspection should be performed on the other unassailable Eees pipe sections in order to 

ensure that those are not degraded by the thermal cracking phenomenon. For UT 

examination, the same procedure as the one recognised during the field examination as 

having been able to reliably detect the through wall crack on the flawed elbow should be 

used. 

(b) Ensurance of the leak tightness of the block valves should be demonstrated. The five 

overhauled block valves were tested and were actually found to be leaktight. 

(c) During th~ start up while the plant is under hot shutdown conditions, temperature 

measurements should be performed downstream of the check valve on of the Eess lines to 

confirm that no cold water is injected through the check valves. Semi-conductor contact 

thermometers were actually installed through the thermal insulation on the OD of the 

elbows. The average temperature was found to be about 220°e. · The maximum temperature 

gradient of l6°C was recorded between the extrados and the intrados. The recorded values 

of the temperature gradient could result for some part from the variable thickness of the 

thermal insulation. Anyway, the recorded temperature gradients were believed to be non

significative. 

(e) Permanent pressure monitoring should be installed on the two common headers of the 

six Eees lines between the isolation valve and the check valve. Furthermore the High 

Pressure Safety Injection system shall be operated until the definitive corrective actions be 

implemented with a pressure in those piping sections lower than the ReS pressure in order 

to ensure that no cold water is injected through the check valves. 
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8. Definitive corrective action : System modification 

Two types of solution can be developed to prevent the recurrence of such an incident : _ 

- installation of temperature measurements downstream of the check valves in order to detect 
temperature stratification which could suggest a cold water injection flow through these 
isolation check valves , 

- installation of a pressure monitoring system in the Eees lines to detect abnormal 
pressurization of these sections and of a depressurization mean. This solution ensures that the 
pressure in the injection lines is always lower than the pressure in the ReS system. 
The second alternative was- chosen : it has the advantage to eliminate the root cause of 
potential for low temperature flow injection. 

The flow diagram of the retained solution for Tihange 1 is represented on Figure 7. 
The pipes located between the isolation valves of the Eees injection lines and the 
corresponding check valves of the containment penetrations situated inside the reactor 
building were equipped with connection to a common header provided with pressure 
monitoring and depressurization capabilities. 

The common depressurization line is routed to the eves letdown line between the non
regenerative heat exchanger and the low pressure letdown control valve. This location was 
chosen in order to : 

-maintain the primary coolant inventory in case of discharge, 
- have the new installation outside the reactor building to avoid new containment 

penetration and to facilitate interventions, 
- ensure a sufficient back pressure to avoid flashing in the ECCS injection lines and 

subsequent potential for water hammer in case of safety injection startup. 

The common header comprises the following items : 

- a pressure measurement with an alarm in the control room in case of high pressure 
detection, 

- a discharge line with a manual valve (in order to realize an initial depressurization to 
a pressure compatible with the downstream installation before placing it in service), -

- two air operated valves installed in series to isolate the depressurization line, 
- one safety relief valve with a set pressure identical to the set pressure of the safety 

relief valve located in the eves letdown line (in any case lower than the ReS system), 
- a flow measurement with an alarm on high flow detection, 
- a check valve. 

In normal operation and in absence of leak in one of the ECeS line isolation valves, the air 
operated valves are closed. 

In case of leak, a high pressure is detected and the control room operator can open the air 
operated valves after a first depressurization via the drain line in order to avoid safety relief 
valve challenging. A second alarm alerts the operator in case of high discharge flow rate 
should the leak become too important and an intervention on the leaking valve be required. 
In case of safety injection signal, both air operated valves received an isolation signal to avoid 
loss of borated water discharged by the HPSI pumps. 
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· 9. Long-term requirements 

The definitive corrective actions implemented by the Utility was believed by the Safety 

Authorities sufficient to prevent reliably cold water injection through the check va_lve. No 

additional in-service inspection requirements was therefore contemplated. 

10. Conclusions 

From the examinations performed on the affected pieces of the Tihange 1 unit, it has been 

concluded that all the cracks resulted from the same phenomenon ; the location of the cracks 

and the small value of the striation spacing between the cracks are characteristic of high 

cycle fatigue solicitation. The high cycle thermal fatigue was attributed to the same cause as 

the one having affected an unisolable section of the ECCS piping at Farley-2. · 

On the other hand, the cracks are mostly longitudinal ; the chance to have in such 

circumstances a longitudinal break seems to be greater than the chance to have a 

circonferential break and subsequent guillotine rupture. 

The assumed cycling solicitations induced by thermal stratification are due to the specific 

configuration of the ECCS system for these two plants. Two propitious conditions for such 

a phenomenon are met : possible cycling injection of cold water presenting a high 

temperature difference with the RCS system. For the Tihange unit 1, this has been corrected 

by a new system relatively easy to implement. 
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NEA/CSNI SPECIALISTS' MEETING ON:. 
EXPERIENCES WITH THERMAL FATIGUE IN L WR PIPING CAUSED BY 

MIXING AND STRATIFICATION 

TWO LEAKAGES INDUCED BY THERMAL STRATIFICATION 
AT THE LOVIISA POWER PLANT 

Yrjo Hytonen 
IVO Power Engineering Ltd, 01019 IVO, Rajatorpantie 8, Vantaa, Finland 

SUMMARY 

A leakage was observed on the 16th of May 1994 in the body of a control valve of a pressur
izer auxiliary spray line (57x5) at Loviisa Unit 2. In the inspections following the shutdown, 
an axial through-wall crack was detected in the valve body. The valve body was replaced 
with an equivalent one, and the unit was restarted after 6 days. The ultrasonic and eddy 
current inspections showed indications of same kind of cracks in the body of the correspond
ing valve at Unit 1, too, and a similar valve replacement was performed. The material inves
tigations showed that the crack at Unit 2 had initiated from a minor, internal defect in the 
material. Fatigue striations and environment-assisted crack growth could be seen on the 
fracture surface. Hot steam (325 oq coming up from the pressurizer and colder water (250 
oC) entering from the other direction have been able to meet at the valve or in the horizontal 
pipe section between the valve and the presstirizer making stratification possible. In 1996 the 
valves were repiaced with a different type, and the pipelines were modified at both units, thus 
the problem was finally eliminated. 

A small primary leak was detected in the steam generator compartment at Loviisa Unit 2 in 
January 1997. During an intensified monitoring period, the leak rate increased rapidly within 
the following days, and the unit had to be shut down. The leak was located in a weld of a 
machined T -joint of a cross-tie line between the primary loop hot and cold legs. Additional 
ultrasonic inspections revealed another deep surface crack indication in another cross-tie line 
joint. Material studies indicated that the defects were caused by fatigue~ most likely due to 
thermal stratification. Incomplete tightness of the cross-tie line valve may have caused 
unpredictable cyclic leakage between the hot and cold legs. The absence of thermal insulation 
caused water to cool down in the cross-tie line while hot water had been entering into the line 
from the hot leg, leading to thermal stratification. Before starting Unit 2, the damaged joints 
were replaced and the thermal insulation was completed. The continuous operation of Unit 1 
up to the next scheduled outage was mainly justified by LBB-arguments. 

INTRODUCTION 

Imatran Voima Oy (IVO) has in Loviisa, on the southern coast of Finland, a nuclear power 
plant which consists of two VVER -440 units. Their commercial operation began in 1977 and 
1980 respectively. The nominal gross electrical power per unit was originally 440 MW, but, 
due to the favorable cooling water conditions and a comprehensive modernization program, 
this has been increased up to 510 MW. The units operate excellently. In recent years, the load 
factors have mostly exceeded 90%. The plant design is based on a Soviet concept, but has 
been adapted to Finnish conditions and safety requirements. 
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In the original design, some deterioration mechanisms, like thermal mixing in T -junctions 
and stratification in horizontal pipes, were not taken into consideration, because their exis
tence was not realized at the time when the plant concept was being designed. 

Nowadays, the importance of the mixing and stratification phenomena is fully understood. 
Their dangerous nature has become clear with the two leakages that have occurred at the 
Loviisa plant. The first incident took place in May 1994 and the second one in January 1997. 
After these leakages, a systematic screening of possible mixing and stratification areas has 
been started. 

LEAKAGE IN THE PRESSURIZER AUXILIARY SPRAY LINE CONTROL VALVE 
BODY 

Narrative description 

At Loviisa 2, during an inspection walk -down on the 16th of May 1994 with the plant unit in 
operation, water droplets were observed coming through the thermal insulation of a pipe 
connected to the primary circuit. After the removal of the insulation, the leakage was local
ized in a pressurizer auxiliary spray line (57 x 5) control valve. The leakage was in an uniso
latable part of the spray line, so the plant unit was driven, on the same day, to the cold shut
down mode, and the valve was inspected. A through-wall axial crack was detected in the 
valve body, which was replaced with an equivalent type of body (taken from the pre
purification of the coolant drainage system), and the cracked component was submitted to 
investigation. The unit was restarted on the 21st of May. 

Since the crack in the valve body was assumed to have developed during the plant unit's op
eration, the utility decided to inspect also the corresponding Loviisa 1 valve. Ultrasonic and 
eddy current testing with the plant unit in power gave indications of the development of a 
similar crack. The utility therefore decided to shut down also Loviisa 1 for further inspection. 
After completion of repairs at Loviisa 2, the Unit 1 was placed into a cold shutdown on the 
23rd of May. A corresponding valve was replaced there, too. Loviisa I was brought back on 
line on the 30th of May. 

Description ·or the system 

The pressurizer is provided with two different cooling down spray systems: the normal 
pressurizer spraying system and the auxiliary or shutdown spraying. The normal spraying 
consists of two spray units YP 13 and YP 14. Water for spraying is taken from the discharge 
side of two of the six reactor coolant pumps, from the cold legs of the primary loops Y Al3 
and Y A 14. The units for nonnal spraying are identical; each consisting of four parallel spray 
lines and one warming-up line. The auxiliary spray system is used for a primary pressure 
decrease during nmmal controlled unit shutdowns, and also in some transients. 

The auxiliary spray system comprises a 50 mm diameter pipe line with a Z-type control 
valve YP 11 S03. The line is connected to two pipe lines in the pressurizer normal spray 
system (YP13 and YP14) before the pressurizer. Water for the shutdown spray is supplied 
from either the cold leg ofthe YA14loop or from the normal volume control system TK50. 
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Geometry of the valve 

The geometry of the broken valve and the location of the crack are illustrated in Figure I. 

The inlet nozzle of the Z-type valve is located higher than the outlet nozzle. After the valve, 

the pipe is almost horizontal all the way to the bend, then turning down to the vertical part of 

the piping going to the pressurizer. So the colder water (about 250 °C) is coming from above 

and the steam (325 °C) can enter from below from the pressurizer into the horizontal part 6f 

the pipe. 

Assumed loading conditions 

• In the early days of operation (before 1980) of the plant units, there was no heating flow 

through the piping, and the valves were subjected to severe temperature variations. 

• In 1980, the temperature fluctuations were reduced by structural modifications. A hole 

was bored through the seat of the valve. The narrowest diameter of this by-pass route is 1 

mm. The loading conditions can only be estimated roughly, because there are no tempera

ture measurements available. 

• In 1990, the control logic of the damaged valve, based on the torque switch, was changed 

to be based on the limit switch. After this modification, the valve typically did not close 

tight but remained 0.3 - 1 mm open. The maximum temperature difference in the valve 

body has been about 60 - 65 oc in normal operation, which is the temperature difference 

between the cold legs and the pressurizer. 

• Normally, the auxiliary spray system is not used during normal operation from the vol

ume control system TK50. However, it can be assumed that it has indeed been used once 

or twice during the testing period or in the early days of operation. In this case, the tem

perature difference may have been as high as 220- 270 °C. 

• During shutdowns and, especially, during startups, the temperature difference in the valve 

body may be about 100 °C. 

Material and strength studies and probable root cause 

The dimensions of the crack were 80 mm along the horizontal surface and 25 mm along the 

vertical surface of the valve body. According to investigations, the crack in the valve of 

Loviisa 2 was initiated from minor, internal defects in the material, i.e. an inclusion contain

ing titanium, which has essentially favored the cracknucleation. The inclusion was partly 

open to Surface 1 in the corner area, see Figure 1. Fatigue striations and t~e environment

assisted transgranular crack growth were seen on the fracture surface. Liquid penetrant 

testing showed five smaller separate cracks on the inner surface of the valve of Loviisa 1 and 

ultrasonic testing (UT) gave indications of internal defects, probably clusters of tita

nium-carbon inclusions. 

Comprehensive three-dimensional strength calculations with finite elements (FEM) for the 

valve body were not performed. The reason for this was that there was so much uncertainty in 

the thermal loads. Some rough two-dimensional calculations were performed. They showed· 

117 



that the circumferential tensile stress in the crack area was obviously not high. enough to . 
initiate the crack, if the material was free from defects, and if the number of load cycles was 
estimated realistically. So, the detected existence of the internal defects, probably clusters of 
titanium-carbon inclusions, is an important element in explaining the origin of the crack. 

The material of the damaged valve body is forged titanium stabilized austenitic stainless steel 
XlOCrNiTil89, 1.4541, manufactured according to Gem1an standard DIN 17440. Due to 
high toughness of the material, brittle fracture is not considered possible. 

The probable root cause for the cracking is considered to be fatigue, rather than stress corro
sion cracking, because of the following reasons: 

1. No impurities were detected on the rupture surface. 
2. There were parallel striations typical for fatigue-induced cracking on the rupture surface. 
3. There have been high temperature cycles in the early stages of the valve operation. 
4. Measurements have indicated that temperature stratification has existed in the line. 

The different zones detected on the crack surface refer to a discontinued crack growth, caused 
by varying environmental circumstances at different times. The fact that there were only one 
major and a few more minor parallel cracks, refers to a low cycle rather than a high cycle 
fatigue. The contribution of fatigue has probably been large during the nucleation period and 
in the beginning of the growth, and the contribution of the environment has become stronger 
later on. The results of the material study have been presented in more detail by Ehrnsten 
(1994). 

Corrective action 

To solve the problem, the power station has taken the following action: 

• The damaged valve body at Loviisa 2 was removed, and an identical, but useless, valve 
body from one of the primary letdown pipelines was installed in the shutdown spray line. 
The undamaged valve internals from the. removed valve were used. 

• The same was also done at Loviisa 1. 
• In the next outage, a screening was performed to find out valves with same kind of risk. A 

large amount of these valves were opened and inspected, but without any major findings. 

After-treatment 

After replacing the valves (new body, same type) in 1994, temperature measurements were 
done at both units. At Loviisa 2, no stratification was observed near the valve, but, at Loviisa 
1, the outer surface temperature of the pipe after the valve varied from 210 to 274 oc 
(without insulation). Stratification was also seen in the inlet pipe, so steam was getting 
through the valve. 

In 1996, the valves were replaced with a different type of valves, and the pipelines were 
modified at both units. The direction of the outlet nozzle is now downward, and it is followed 
by a bend. No stratification was observed near the valve at Loviisa 2. Temperature measure
ments have not been made at Loviisa 1 after the replacement in 1996. 
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Due to the small size of the pipe (57 x 5), the welds are not part of a normal in-service in
spection (ISI). In consequence of the event, the utility has screened out similar types of 
locations where thermal mixing or stratification might take place. Several areas have been 

inspected. 

LEAKAGE IN A T -JOINT OF A LOOP SEAL LINE 

Narrative description 

First indications of a possible primary circuit leak at Loviisa 2 were observed on the 15th of 
January 1997 from the air K-42 activity, measured from the monitoring filters in the steam 
generator compartment. During an intensified monitoring period, the leak rate increased to 
about 32 liters/h on the 26th of January, and, two days later, the utility decided to shut down 
the plant. The leak was located in a weld between a machined T-joint piece and a reducer 
connecting the drain lines from the hot and cold .leg with a cross-tie line, the so-called loop 
seal line. The location of the leak and the shape of the T -joint piece and the reducer are 
illustrated in Figure 2 .. 

The main dimensions of the cross-tie line as well as the T -joint piece at the leak are 60.3 x 
5.5. The size of the drain line is smaller (33 x 4.5). The T-joint is on the hot leg side, about 
200 mm below the bottom of the primary pipe, just before the steam generator. Three of the 
six primary loops at both Loviisa units are equipped with cross-tie lines. During normal 
operation, these lines are closed by a valve that will be opened only in certain accident 
conditions. The system lay-out is presented in Figure 3. The cross-tie lines were constructed 
in 1981-1982 to mitigate the effects of possible LOCA-induced loop seals. 

All corresponding machined joint pieces in the drain and the cross-tie lines ofLoviisa 2 were 
inspected. Another crack, extending to about 2/3rds of the wall thickness, was found in the 
horizontal section of an L-joint piece also located abou( 200 mm below the hot leg bottom 
connection. This piece was chosen to detailed metallographic and fractographic investiga

tions. 

After replacing the damaged joint pieces, the unit resumed full power operation on the 2nd of 
February 1997. 

Material and strength studies and probable root cause 

The material of the damaged joint pieces· is titanium stabilized austenitic stainless steel 
XlOCrNiTi189, 1.4541, manufactured according to DIN-standards. 

The detailed examinations showed that the defect was clearly attributed to fatigue induced by 
thermal stratification. A thinner and lighter oxide layer was seen in the bottom section of the 
examined joint piece indicating the existence of a cold water layer. The surface temperature 
measurements during the succeeding start-up also gave some verification of stratification. 
The surface crack in the L-joint followed the weld melt line, see Figure 4. It was 
semi-elliptical with a circumferential length of 28 mm. The leaking crack in the T -joint was 
25 mm ( 65 degrees) long. The crack faces in the L-joint showed transgranular growth with 
striations corresponding to 1-5 daily load cycles. 
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The mechanism causing the low-cycle fatigue in the joint piece area is not known. As one 
possible explanation, it has been suggested that the incomplete leak-tightness of the cross-tie 
line valve and the pressure loss over the steam generator enable leakage towards the cold leg, 
and this may become cyclic through the thermal expansion of the valve internals. When hot 
water enters the horizontal seal line, where· water has cooled down due to the absence of 
thermal insulation, the resulting stratification induces large tensile stresses in the bottom 
section of the joint piece. Observations of sulphur on the crack faces may speak for an envi
ronmental assistance. However, there was no evidence of an accelerated crack propagation 
after the primary circuit d~contamination in summer 1994. Any crack initiation from a 
material or manufacturing defect was not observed in the metallographic examinations. 

The fractographic and metallographic investigations clearly revealed that the crack growth in 
the L-joint piece base material and the weld material has been caused by a transgranular, 
environmentally-assisted fatigue mechanism, which is probably due to variations in the 
thermal stratification inside the joint piece. The results of the material study have been 

. presented in more detail by Ehrnsten (1997). 

The thermal insulation of these cracked joints as well as of other parts of the drain and cross
tie lines has been partly missing thus enabling the forffiation of significant temperature 
differences. Cyclic leaking of the loop seal line valve may have induced the thermal load 
variations needed for the fatigue process. 

Recent three-dimensional fluid dynamic calculations 

Although the metallographic examinations show that the thermal stratification has had an 
important role in formation of the two cracks, a three-dimensional Computational Fluid 
Dynamic (CFD) analysis by code Fluent!UNS was performed. This kind of analysis would 
have earlier needed tremendous efforts, but, today, thanks to the modern computer codes with 
the developed pre- and post-processing capabilities and efficient work stations, the needed 
amount of work is quite reasonable. 

The hot YA16 primary loop with the leaking T-joint was selected for an analysis. The analy
sis was performed in two stages. In the first stage, the flow conditions in the primary loops 
were analyzed, in order to find realistic boundary conditions for the T-joint piece. Secondly, 
a model, including the vertical connection pipe, the loop seal line and the drain line was 
constructed. The extent of the model was selected relatively wide to minimize disturbances 
generated by a potential inexactness in the boundary conditions. The number of cells used in 
the computational grid of the primary loop model was about 117, 000 , and the size of the 
grid of the T -joint piece and the drain lines was about 78,000 cells. In all analyses, logarith
mic wall functions were used for momentum and heat transfer in the near-wall regions. 
Generally, the ambient temperature was assumed to be 55 °C. The thermal insulation around 
the real pipes at the site was partly missing, and, in the model, it was assumed that it is totally 
missing. The heat transfer to the ambient air was modeled using both convection and radia
tion heat transfer models. The turbulence of the fluid flow was modeled by the Reynolds 
stress model. In the calculations, a 0.056 kg/s flow through the leaking valve was assumed. 
Some calculations were performed also with a zero flow assumption. 
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The temperature distribution in the T -joint and its surroundings with the leaking flow is 
presented in Figure 5. The temperature distributions on the top and on the bottom of the pipes 
in the two cases are shown in curve form in Figure 6. The calculated temperature difference 
in the cross section of the reducer is typically between 20 - 40 °C. The results with the zero 
flow assumption show less temperature difference at the reducer, but more variations in the 
T -joint area. One feature in the calculated temperature distribution is that heat conduction 
through the pipe wall cools the water the more the longer the distance from the primary loop 
is. The cooled water is flowing back along the 1 :50 slope at the bottom of the pipe. The 
calculated temperature difference and the above-mentioned number of daily load cycles, 1 to 
5, are normally not expected to lead to a failure of a straight pipe. However, the stress ampli
tude has been much higher in the crack area, due to stress intensification at the root of the 

weld. 

The calculation confirms that thermal stratification is possible, and has obviously existed at 
the T -joint and in its surroundings. However, the results shall rather be considered qualitative 
than quantitative. The used leak flow rate, 0.056 kg/s, has been arbitrarily chosen. To have 
fully understood the phenomenon, more calculations with different boundary conditions 
would have been needed. Perhaps also some transient calculations would have been needed. 
However, further calculatioQs have not been considered worthwhile any more. 

Corrective action 

The defected joint pieces were replaced by corresponding new ones, and the thermal insula
tion of the lines was carried out properly. However, the T-joint piece was changed to an 
L-piece thus removing one cross-tie line out of the three original ones. According to new 
experimental and analytical results, the current understanding is that even one cross-tie would 
be sufficient to fulfill the original purpose of these lines. All similar joint pieces in the pri
mary circuit drain and cross-tie lines of Loviisa 2 were inspected during the cold shut-down. 
These volumetric inspections, which are not included in the normal in-service inspection 
program due to the small diameter of the pipe ( < 4 inches), were also carried out at Loviisa 1 
in the next cold shut-down. 

Safety assessment 

A primary system leak through a drain line with a 50 mm diameter could have been compen
sated by the emergency core cooling systems, all of which would have been available in the 
event of a total drain line rupture. 

The leak monitoring in the steam generator compartment is carried out by the air activity and 
humidity measurements and by following the water level in the leakage water collection tank. 
The computationally estimated leak rate at the time of detection was 0.5 liters/h, while the 
technical specification allows a maximum of 200 liters/h for an unidentified leakage. 
At the time of the plant shut-down, the leak rate had increased to 32 liters/h, as seen by the 
collector tank. 

LBB (leak before break) was verified by a computational analysis, the leaking crack had a 
theoretical safety margin of 2 relative to break, and the surface crack would have most 
probably penetrated through the wall in a stable manner. 
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Due to the small diameter of these lines, the sensitive leak detection systems and the fulfill
ment of the LBB-criteria, the significance to the safety of this incident was not high. The 
incident was classified as INES 1. 

LESSONS LEARNED 

The basic mechanisms behind these incidents were known already from earlier incidents both 
in Finland and elsewhere. The utility had started activities to identify locations of possible 
thermal fatigue caused by the mixing and stratification of the cold and hot water. However, 
the above-mentioned pressurizer auxiliary spray line and the drain and cross-tie lines were 
not yet included in the list of identified locations. The second incident also witnessed the 
importance of a proper thermal insulation in preventing sharp thermal gradients due to strong 
cooling. 

The utility will intensify its efforts to cover all possible mixing and stratification areas and to 
include them in the inspection programs. A more systematic screening of possible mixing 
and stratification areas has been started. Also, increased attention will be paid to the thermal 
insulation of areas prone to the above-mentioned failure mechanisms. 
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TWO LEAKAGES INDUC--,,,,,,,,,. 
THERMAL STRATIFICAT.·"""' ,.,,.,,. 

Introduction: 

• lmatran Voima has in Loviisa a VVER-440 
plant consisting of two units. 

• Due to the favorable cooling conditions and 
a comprehensive modernization program, 
the power has been increased to 510 MW. 

• In the original design of the plant concept 
thermal mixing in T-junctions and 
stratification in horizontal pipe sections were 
not taken into consideration. 

• Nowadays the importance of stratification 
phenomenon is fully understood and its 
dangerous nature became clear with the two 
leakages: The first one in May 1994 and the 
second one in January 1997. 
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Leakage in the pressurizer 
auxiliary spray line control 
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Leakage in the pressuri..._ ....... 
spray line control valve ~,,,,q,,,,=l'll 

Narrative description: 

• On the 16th of May 1994, a leakage was 
observed at Loviisa 2 in the pressurizer 
auxiliary spray ·line (57 x 5) control valve. 

·The unit was shut down on the same day. 

• A through-wall axial crack was detected in 
the valve body. 

• The valve body was replaced with an 
equivalent type of body. 

• The unit was restarted on the 21st of May. 

• Indications of similar crack were found also 
at corresponding Loviisa 1 valve. 
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Leakage in the pressu · .. 
spray line control valve v· ~ol•' 

Description of the system: 

• Two systems: the normal pressurizer 
spraying and the auxiliary or shutdown 

• spray1ng 

• The auxiliary spray system is used for a 
primary pressure decrease during unit 
shutdowns and in some transients 

• The aux. spray comprises a 50 mm pipe line 
· with a. Z-type control valve YP11 803 

• Water is supplied from either cold leg of the 
YA 14 loop or from the volume control 
system TK50 
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Leakage in the pressurizer auxiliary 
line control valve YP11 503 body 

System lay-out: 
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Leakage in the pressuri 
spray line control valve 

Geometry of the valve: 
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Leakage in the pressuri · .. 
spray line control valve · 

Crack location: 

A-A 
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Leakage in the pressuri 
spray line control valve 

Assumed loading conditions: 

• In the early days of operation, before 1980, 
severe temperature variations. 

• In 1980 temperature fluctuations were 
reduced by drilling a 1 mm hole through the 
seat of the valve. 

• In 1990 the control logic, based on the 
torque switch, was changed to be based on 
the limit switch. After this the valve did not 
close tight. The maximum temperature 
difference has been about 60 - 65 C. 

• In the early days of operation the aux. spray 
system may have been used a very few 
times from the volume control system TKSO. 
The temp. diff. may have been 220- 270 C. 

• During shutdowns and startups, the 
temperature difference may be about 1 00 C. 
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Leakage in the pressu .· ... (Y:> 

spray line control valve 

Material and strength studies: 

• The material of the damaged valve body is 
forged titanium stabilized austenitic stainless . 
steel X1 OCrNiTi189 or 1.4541. 

• Crack dimensions were 80 mm along the 
horizontal and 25 mm along the vertical 
surface. 

• Crack was initiated from minor, internal 
defects in the material, i.e. an inclusion 
containing titanium. 

• The inclusion was partly open to the vertical 
surface. 

• Fatigue.striations and the environment
assisted transgranular crack growth were 
seen on the fracture surface. 
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Leakage in the pressuri 
spray line control valve 

The probable root cause is considered to 
be fatigue, rather than stress corrosion 
cracking, because of the following reasons: 

1.No impurities were detected on the rupture 
surface. 

2. There were parallel striations typical for 
fatigue-induced cracking on the rupture 
surface. 

3.There have been high temperature cycles in 
the early stages of the valve operation. 

4.Measurements have indicated that 
temperature stratification has existed in the 
line. 
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Leakage in the pressu . 
spray line control valve 

Corrective action: 

• The damaged valve body at Loviisa 2 was 
replaced with an identical one, taken from 
one of the primary letdown pipelines. 

• The same was also done at Loviisa 1 . 

• In the ne·xt outage, a screening was 
performed to find out valves with same kind 
of risk. Inspections did not give any major 
findings. 
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Leakage in the pressuri ...... , ........ ,.,., 
spray line control valve 

After treatment: 

·After replacing the valves, surface 
temperature measurements were done at 
both units. 

• At Loviisa 2 no stratification was observed. 
• At Loviisa 1 surface temperature after the · 

valve varied from 210 to 274 C. Stratification 
was also seen in the inlet pipe thus 
indicating that steam was getting through 
the valve. 

• The utility h~s screened out similar types of 
locations where stratification might take 
place. Several areas have been inspected. 

• In 1996, as a final solution, the valves were 
replaced with a different type of valves, and 
the pipelines were modified at both units. 

OECD specialists' meeting, 
8 - 1 0 June 1998, Paris 

1 4 2 

{IVOJ 
GROUP 



Leakage in a T -joint of a 
loop seal line 
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Leakage in a T -joint of a 

Narrative description: 

• A primary leak was observed on the 15th of 
January 1997 at Loviisa 2 . 

. • The leak rate increased to about 32 liters/h 
in 11 days, thus resulting in shutdown. 

• The leak was located in a weld between a 
machined T -joint piece and ·a reducer below· 
the hot leg of Y A 16. 

• The dimensions of the cross-tie and drain 
lines are 60.3 x 5.5 and 33 x 4.5. 

• Another crack, extending to about 2/3rds of 
the wall thickness, was found in an L-joint 
piece at a corresponding location below the 
hot leg of YA 15. This piece was chosen to 
detailed investigations. 

• After replacing the damaged joint pieces, 
the unit resumed full power on the 2nd of 
February. 
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Leakage in a T -joint of a 

YA16 
(LOOP \\'ITII TIIROUGII WALL CRACK) 

Cross-tie line 

YA15 
(LOOP WlTH SURF ACE CRACK) 
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Leakage in a T -joint of a .'LI_,. 
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Leakage in a T -joint of a i · 

Material and strength studies: 

• The material of the damaged T- and L-joint 
pieces is titanium stabilized austenitic 
stainless steel X1 OCrNiTi189 or 1.4541. 

• Examinations showed that the defect in L
joint piece was attributed to environmentally
assisted fatigue, probably induced by 
variations in thermal stratification. 

• A thinner and lighter oxide layer was seen 
on the bottom section of the joint piece 
indicating the existence of cold water. 

• The crack faces in the L-joint showed 
transgranular growth with striations 
corresponding to 1 - 5 daily load cycles. 

• Any crack initiation from a material or 
manufacturing defect was not observed. 
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L-joint test piece. The lighter colour indicates 
a thinner oxide layer at the bottom section . 
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Leakage in a T -joint of a loop seal r 
Crack h1 L-joint test piece: 
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The mechanism causing the low-cycle · 
fatigue is not thoroughly known, but the 
following aspects are essential: 

• Incomplete leak-tightness of the cross-tie 
line valve has enabled leakage towards the 
cold leg. 

• The partial absence of thermal insulation of 
the cross-tie lines and drain lines have 
enabled stronger cooling and sharper 
temperature gradients. 

• Thermal expansion of the valve internals 
may have led to cyclic leak flow and also 
cyclic heating and cooling in the cross-tie 

· line and the joint-pieces. 
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Leakage in a T -joint of a 1-,-·.-

Recent three-dimensional fluid dynamic 
calculations: 

• Computational Fluid Dynamic analysis was 
performed by code FLUENT/UNS. 

• The cross-tie line and drain line starting from 
the hot YA 16 loop was analyzed. 

• The extent of the model was selected wide 
enough to obtain exact boundary conditions. 

• Logarithmic wall functions and Reynolds 
stress model were used 

• Two types of calculations were performed: 

• Small leak flow through the cross-tie line 

• No flow through the cross-tie line 

• The analysis confirms that thermal 
stratification is possible, and has obviously 
existed in the pipes and in the T -joint piece. 

OECD specialists' meeting, 
8 - 10 June 1998, Paris 

1 51 

[IVO] 
GROUP 



~\. 

\ .. i1 

i'V 

Hot Leg Loop Seal 

Drainage Piping 

Connection Piping 

z 

YXJ 
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Leakage in a T -joint of a loop seal hJJQ· 

Temperature distribution in the cross-tie line and.dratn 
line: 
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Leakage in a T -joint of a loop seal .. ~,~ 

Temperature distribution in the cross-tie line an 
line: 
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• 
Leakage in a T -joint of a .. ·.· 

Safety assessment: 

• A 50 mm diameter primary leak could have 

been compensated by the ECCS 

• The computationally estimated leak rate at 

the time of detection was 0.5 liters/h while 

the maximum allowable unidentified leak is 

200 liters/h. At the time of the plant shut

down the leak rate was 32 liters/h. 

• LBB was verified by computational analysis. 

• The incident was classified as INES 1. 
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Two leakages induced y. 

stratification at the loviis ( 

Lessons learned: 

• The basic mechanisms behind these 
incidents were known. 

• The pressurizer auxiliary spray line and 
cross-tie and drain lines were not included in 
the list of identified locations. 

• A more systematic screening of possible 
mixing and stratification areas has been 
started. 

• Stratification may be dangerous even with 
50 mm inside diameter pipelines. 

• The second incident showed the importance 
of proper thermal insulation. 
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Thermal Stratification in Small Pipes with Respect to Fatigue · 
Effects and so Called ,Banana Effect" 

D. Schtimann 
Division Energy and Systems Technology TUV Nord e.V. 
Hamburg, Germany 

0. Abstract 

If the velocity of the medium in a pipe flow is small temperature stratification may 
occur in horizontal pipe sections which· might superimpose a significant contribution to 
global bending stresses (,banana effect") and to fatigue. 
Smaller pipes are considered to be relatively insensitive to thermal stratification. The present investigation has the aim to quantify the stratification and the resulting 
mechanical loads to small pipes up to 25mm ND connected to PWR primary coolant 
circuit. 

To analyse the dependence of thermal stresses from flow conditions we choose the 
following stepwise way: 

a) Coupled 3-dimensional Finite-Element-Analysis of fluid flow and conjugate heat transfer in a 25mm ND pipe for the ,worst case" (laminar flow near transition to turbulent) · 

b) Extrapolation of FE-simulation results to modified boundary conditions (i.e. flow 
velocity, pipe diameter, pipe wallthickness); evaluation of maximum thermal 
stratification 

c) Evaluation of maximum structure mechanical effect 

Our investigation leads to a better understanding of stratificated water flow in small 
pipes. The major result is that the stresses due to stratification in small water filled pipes 
up to 25mm ND connected to PWR primary coolant curcuit are small compared to the allowable stresses for typical steels. 

1. Introduction 

To evaluate the effect of thermal stratification in small pipes ($; ND 25) which are part 
of a primary coolant circuit of a PWR in a general way it is necessary to get an estimate about the maximum possible stratification in such a pipe. 
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As shown below stationary stratification in small pipes will only occur at low flow · 

velocities. With regard to this point our investigation is limited to leakage flows that for 

example may be driven by the untightness of valves. 

For an austenitic stainless pipe ND25 with typical dimensions (033.7 x 2.6) a three 

dimensional Finite Element Analysis (program system Ansys/Flotran) of the flow field 

and the conjugate heat transfer has been performed assuming a mass flow of dm/dt "" 

2g/s. Starting with the interpretation of the result of this calculated special case the 

general stratification effect ragarding variations of boundaries (i.e. pipe wallthickness, 

pipe diameter, material, mass flow, heat transfer to surroundings) is discussed. At the 

end the resulting mechanical stresses (bending from ,banana effect" and fatigue effects 

from fluctuating thermal profiles) are evaluated. 

2. Thermohydraulic Calculation Model 

Our thermohydraulic calculation model describes a straight austenitic stainless steel 

pipe (033.7 x 2.6) with a length of about 2000 mm (this is about 80 times the hydraulic 

diameter) and the contained fluid (water at p=155bar). The length is sufficiently long to 

eliminate boundary effects. Material parameters like fluid density, fluid viscosity, fluid 

and wall conductivity are temperature dependent. Because of the mirror symmetry only 

a half model is calculated using symmetry boudaries in the cutting plane. 

The total model is shown in Fig. 1. The inflow region is located at the left hand side of 

the model, the outflow region at the right hand side. 

Because of the ill conditioned ,stiffness matrix" conjugate heat transfer calculations are 

not easy to converge. It is.necessary to choose some refined boundaries. 

To get a stable stratificated flow orthogonaly to the pipe center line the pipe has to be 

horizontal because this is the requirement for gravitational separation of hot and cold 

fluid. So the direction of gravity is choosen orthogonaly with respect to the pipe center 

line (in Fig. 1 : top side in direction -z). 

The pressure distribution at the outflow is not known a priori because the thermal 

profile isn't known. To enforce a solution we choose a diffusor like outflow boundary 

filled with a porous medium (so called distributed resistance) to equalize the outflow 

and to avoid countercurrent flow at the outflow. The pressure at the outflow is bounded. 

The total outflow region including element grid, the material distribution (fluid or pipe) 

and the distributed resistance volume is shown in Fig. 2. 

At the inflow a parabolic (or laminar) velocity profile is assumed. A maximum flow 

velocity of VMax""O.Olrnls leads to a mass flow of drnldt:=dg/s (referred to the half 

model). The inflow temperature is fixed to tin=300°C. To achieve a smooth transition 

from the laminar inflow profile to the stratificated flow profile the outer wall 

temperature in the inflow region is held constant at 300°C. 
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The major thermal boundary is the heat tranfer from the outer pipe wall to ambient. The 
heat transfer coefficient is choosen to a=25 W/(m2K) assuming an ambient temperature 
of tamb=20°C. Considering the calculated (or iterated) outer pipe wall temperature the 
program calculates the heat transfer to ambient. 
The heat transfer from fluid to inner pipe wall is calculated by the program (with regard 
to flow condition near wall and the thermal profile in the flow boundary layer). So the 
supply of an estimated heat transfer coefficient or wall/fluid temperatures is not 
necessary. 

At first we started a stationary solution of the nonlinear set of equations. All figures 
appended to this text represent this stationary solution. 
Furthermore we performed a transient analysis. At time t=O the total model is held to 20°C. During the solution time the fluid and the pipe material are warming up until thermal equilibrium will be reached. · 

3. ResultS of Thermohydraulic Calculation 

Fig. 3 gives the temperature distribution in the whole model. For a better view the plot 
of the model is divided into 4 parts (inflow: top left, outflow: bottom right) . The thermal stratification can be seen in the slope of the isothermals. The independence of 
this slope along a wide range of the model proves the independence of the solution from 
the choosen boundaries. It can be seen that the temperature potential decays in a 
somewhat exponential way from the inflow to the outflow. Fig. 4 gives the thermal 
solution for a piece of the pipe cut out in the middle of the model.· The pipe .wall material is easy to identfy, because the temperature level is just lower than in the fluid 
(This is the required driving temperature gradient for heat transfer from fluid to material 
to ambient). The maximum temperature difference between the fluid at the top and the 
fluid at the bottom of the pipe, the stratification in the fluid, can be estimated from the 
plot to Lltfluid""l5°C. The difference in the temperature ofthe pipe material (top-bottom) 
leads to a very similar result (Lltwall"" l5°C). Significant temperature gradients through 
the wall thickness are not recognizeable. 

Fig. 5 gives the axial velocity distribution in the whole model. For a better view the plot 
of the model is divided into 4 parts (inflow: top left, outflow: bottom right). The 
outflow region is cut off (The high velocity in the outflow diffusor would lead to a not 
reasonable contour legend). Fig. 5 proves the independence of the flow solution from 
the choosen boundaries. The axial velocity distribution is independent of the axial position in a wide range. The stratificated flow leads to a countercurrent flow at the 
bottom side of the pipe induced by buoyancy effects. The result plot Fig. 6 for a piece of the pipe cut out in the middle of the model gives a more detailed view. The flow 
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velocity at the top side is larger as the countercurrent velocity at the bottom side. This 

represents the net flow through the pipe. The velocity distribution is very smooth 

because of the laminarity. The velocity components in the pipe cross sectional area are 

much smaller then the axial velocities (Fig. 7). The heat transfer induces buoyanancy 

effects which are resulting in a circulating flow in this area. 

4. Interpretation of results 

Our interpretation of the generation of a relative small stratificated temperature 

difference of dt1op-bottom :::d5°C (in comparison to the driving temperature difference 

dt=tinflow - tambien1=300oC - 20°C = 280°C) is the following: 

The quotient of the temperature difference dttop-bottom and the pipe diameter gives the 

mean temperature gradient between pipe top side und pipe bottom side. According to 

the heat conduction diferential equation (Fourier equation) temperature gradients are 

inducing heat conduction in a way that tends to compensate the temperature difference 

(or lower the· dtiving gradient). Large stationary temperature differences dt1op·bottom in 

small pipes ( i. e. ND 25 or lower) are therefore not possible. The high heat conduction 

capability of the wall material in comparison to the fluid conduction capabilty enforces 

the compensation of temperature differences. 

Regarding possible instationary · fluctuations in the temperature profile, which may 

occur when waves are induced in the profile by turbulence, we do not expect significant 

transient thermal loads to the pipe wall because of the overall small temperature 

difference. Large fluctuations are not possible. 

Our transient solution gives a slow and smooth warming up of the structure over the 

time. Noteworthy transient loads to the pipe wall induced by the transient generation of 

the stratificated profiles are not to expect. 

Furthermore the temperature profile in axial direction is smooth, too. So we do not 

expect significant stresses at structural discontinuities due to different mean 

temperatures in axial direction. 

5. Extrapolation of results 

Our thermohydraulic calculation was performed using special boundaries. To find a 

general result it is necessary to extrapolate the calculation to modified boundaries. 

Mass Flow 
Our inflow boundary was defined as a parabolic velocity distribution with a maximum 

speed of v=O.Olrnls. This gives a mean velocity of v=0.005 rnls. 
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Using a viscosity of water at t=200°C and an hydraulic diameter of dh=d/2 (taking the · 
countercurrent flow pattern into account) the Reynolds number is determined to 
Re:::::2000. This is near to the transition from laminar to turbulent. 
Assuming a higher Reynolds number (or a higher mass flow) the laminar flow will turn 
to turbulent. The turbulence will enforce the momentum transfer between the fluid 
particles in the pipe cross sectional area. That means turbulence induces a higer 
effective conductivity of the fluid or, in other words, a smaller temperature difference 
between top of pipe and bottom. At higher turbulence the stratificated flow will break 
up. No significant stratification will occur. 
Assuming a lower Reynolds number (or a smaller mass flow) we expect a velocity 
distribution very similar to our calculated results. As a consequence of the lower velocity at smaller Re-numbers the fluid particles will remain for a longer time in an 
arbitrary volume. Therfore the time for compensation of temperature differences is longer. So we expect lower temperature differences top-bottom for lower Re-numbers 
than in our calculation. 
All in all the result of our calculation (.1t1op-bottom:::::ISOC) is a good approximation for the 
upper bound of the stratificated temperature difference regarding variations in the Re
number. 

. Diameter lW all thickness 

For pipes <ND 25 we. expect for comparable flow patters (comparable to our calculation in the sense of Reynolds similarity) a comparable temperature gradient field. 
Following that the maximum temperature difference top-bottom for smaller pipes ( <ND 25) will be given by scaling our calculated difference by the ratio of the smaller 
diameter to ND 25. 
This scaling is from the point of view of structural mechanics nothing else than a 
diameter independent bending deflection (,banana effect"). Taking into account that 
for the same bending curvature the stress is a linear function of diameter the maximum 
stresses are to expect for the pipe with largest diameter. So the results are conservative for smaller pipes then ND 25 which are designed for PWR primary coolant circuit conditions (see point 6 below). 

Material 

The results evaluated at an austenic stainless pipe are because of the higher thermal 
conductivity of ferritic material conservative transferable to ferritic pipes. 

Heat Transfer to Ambient 
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The heat transfer coefficient (htc) in our calculation was fixed to a=25W/(m2K). This · 

value is an upper bound for free convection heat transfer. In typical cases this 

coefficient will be lower (about a=5W/(m2K)). 

The htc at the pipe inside wall (heat transfer from fluid) and the heat transfer through 

the pipe wall material are much larger then the htc for free convection, so the total heat 

transfer is determined mainly by the outer coefficient. A high value will lead to a more 

effective cooling of the pipe. 

Considering an adiabatic pipe it is easy to see that without external cooling stratification 

is not possible because no temperature. gradients are induced. On the other hand a high 

assumed value for the htc to ambient leads to conservative results for the maximum 

stratification. 

Summary of Extrapolation 

In summarizing the results of our thermohydraulic calculation and the extrapolation to 

modified boundaries we state : 

The maximum possible stratificated temperature difference top-bottom in pipes with 

ND 25 is evaluated to ~ttop-bottom""'15°C. To get the temperature difference for pipes 

<ND 25 this value is to scale with the diameter ratio. Significant transient thermal 

loads to the pipe wall from generation of stratificated flow or fluctuating thermal 

profiles are not to expect. 

6. Structure Mechanical Aspects 

The temperature distribution through the pipe diameter is as a good approximation a 

linear function (see Fig. 4). Assuming conservatively both pipe ends to be fixed with 

respect to the rotational degrees of freedom the mechanical load due to the temperature 

distribution I stratification is idealizeable as a constant moment load. The bending 

stress in the outer fibre for a pipe ND25 is calculated to crbending<20N/mm2
. As stated 

above (see point 4, diameter/wallthickness) the stresses for pipes <ND25 will be smaller 

than this value. Other thermal stresses especially transient stresses are not to expect. 

The stress crbending is according to ASME ill or KTA 3201.2 to categorize as secondary 

stress which in total are limited to 3Sm. The value for 3Sm is for typical austenitic 

stainless steels ( 1.4541, 1.4550) and PWR primary coolant circuit conditions about 

3Sm""350N/mm2 (Typical ferritic steels have even higher values). By comparision of 

this value with the (under conservative assumptions regarding the thermal load and the 

mechanical boundaries) calculated stress value above we conclude that stratification in 

small piping ND25 and below has no significant contribution to the secondary stress 

range. Furthermore there are not to expect significant transient thermal loads from 

stratification and therefore no relevant contribution to fatigue. 
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THERMAL STRATIFICATION IN THE SURGE LINE 

OF THE KOREAN NEXT GENERATION REACTOR 

S.J.Baik, I.Y.Im, T.S.Ro 

NSSS Engineering & Development 

Korea Power Engineering Company, Inc. 

150 Tokjin Yusong Taejon, Korea 305-353 

The thermal stratification in the pressurizer surge line of the KNGR has been studied. The circumferential 

temperature distribution in a long horizontal pipe due to in~flow of the cold water into the pipe filled with hot 

water can result in excessive stress if not properly routed and may require reinforced support of the pipe. 

Three dimensional transient analysis for the thermal stratification in a horizontal pipe is performed using the 

computational fluid dynamics code, FLUENT, to get the velocity and temperature distribution. Parametric 

study has been carried out to investigate the effect of the inlet velocity, the temperature difference and the pipe 

slope on the thermal stratification. Slight increase in the pipe slope of several degrees results in substantial 

reduction of the pipe length experiencing thermal stratification. 

1. INTRODUCTION 

The Korean Next Generation Reactor (KNGR) is an 

evolutionary Pressurized Water Reactor (PWR) being· 

designed with a thermal output of 4000MWt. The 

horizontal surge line. ·of the KNGR is 0.26m in 

diameter and 25m in length. Stratified flow in the 

surge line is caused by the temperature difference 

between the pressurizer (PZR) and the hot leg, and 

may result in excessive thermal stress and fatigue 

problem. A density difference between the fluid in 

the PZR and that of the hot leg, coupled with low 

flow velocity, causes the stratified flow in the 

horizontal surge line especially during startup 

operations. Stratified flow isnot expected to occur in 

the vertical sections of the line. 

The surge line wall temperatures were measured 

during· the preoperational test of YGN3&4 [1] in 

Korea and Calvert Cliffs unit 1 [2] in the U.S. 

Typical data from the test in YGN unit 3 showed the 

existence of the stratified flow and significant wall 

temperature variation of maximum 140K around the 

circumference of the surge line [ 1]. Evaluation of the 

flow conditions indicated that the flow in the surge 

line was stratified during the heat-up and cool-down 

cycle. 

Dhir et al.[3] and Bejan et al. [4] discussed the 

hydrodynamics of a natural circulation in a horizontal 

pipe where the thermal stratification is sustained· due 

to the ·temperature difference between both ends. 

However, since vertical pipes are attached to both 

ends of the horizontal pipe in the surge line, the 

driving force due to only temperature difference such 

as natural convection does not exist so long as the 

cold water level is lower than the bottom of the 

horizontal pipe. 

Maximum temperature difference in wall temperature 

takes place during the period when the flow by forced 

circulation exists in the surge line. This forced 

circulation is related to in- or out-flow from the PZR. 

For in-flow to the PZR, the top layer of hot water is 

stationary and the bottom layer of cold water moves. 

·On the other hand, for out-flow from the PZR, the top 

layer of the hot water moves and the bottom layer of 

the cold water is stationary. The maximum 

temperature difference between top and bottom is 

bounded by the temperature difference between the 

PZR and the hot leg. The axial variations in wall 

temperature are small compared to circumferential 

variations for the range of operation during heat up. 

The in- or out-flow may occur during the bubble 

formation in the PZR, filling of Safety Injection Tank, 

PZR heaters on and off, Reactor Coolant Pump on 

and off, or certain operation. during the heat-up 

process. The design basis fluid temperature 

difference between the PZR and the hot leg is 189K 

based on a conservative Reactor Coolant System 

(RCS) heat-up and cool-down scenario. The observed 

surge line wall temperature differences from top to 

bottom during these conditions were in the range of 

72-140K while the temperature difference between 

177 



PZR and hot leg varied within 87-177K[1,2]. The 
average velocity in the pipe was up to 0.11 m/s, 
whose Reynolds number was about 140,000 in the 
fully turbulent region. 

In this paper, three-dimensional transient thermal 
hydraulic analysis on the stratified flow in a 
horizontal pipe is performed using the computational 
fluid dynamics code. Since the circumferential 
temperature distribution in a long horizontal pipe can 
result in excessive stress if not properly routed and 
may require reinforced support of the pipe, the 
circumferential wall temperature distribution in 
combination with the line routing should be 
considered in the surge line design. 

The objective of this study is to predict thermal 
hydraulic conditions in the surge line and to obtain 
the design data which can serve the basis for the 
stress analysis. Several cases have been analyzed to 
determine the sensitivity of the inlet velocity, the 
temperature difference and the pipe slope on the 
thermal stratification. The unsteady water 
temperature and velocity distribution as well as the 
wall temperature are obtained as the cold water flows 
through the pipe. 

2.ANALYSIS 
2.1 Governing Equations 
The thermal hydraulic behavior in the horizontal pipe 
has been analyzed for the case of in-flow to the PZR. 
Since the cold water begins to enter the pipe which is 
initially filled with hot water, the cold water cannot 
be mixed well with hot water .due· to the thermal 
stratification. The thermal stratification is established 
by the balance between the inertial force and the 
buoyancy force. 

The computational fluid dynamics code, FLUENT 
V.4.44 [5) with SIMPLE algorithm, has been used. 
The standard k-e turbulence model, which is widely 
used for engineering purpose, has been utilized in the 
analysis. Here, k stands for the turbulent kinetic 
energy, and e the dissipation rate. The governing 
equations for the 3-dimensional unsteady state 
include the conservation of mass, momentum and 
energy. In the momentum equation the Boussinesq 
approximation is used, which models the buoyancy 
force in terms of the temperature instead of the 
density variation. Adopted also are non-staggered 
system, control volume based finite difference 
method and upwind scheme. 

2.2 Analysis Model 
The surge line of the KNGR is depicted in Figure 1. 
The surge line is simplified as a straight pipe in 
Figure 2 for analysis purpose. The analysis model 
consists of the horizontal pipe with 90°elbows at both 
sides. The pipe and elbow diameter is 0.26m and the 
length of the horizontal pipe is 3m. Using the 
symmetry condition, only one half of the ·pipe is 
modeled. The grid of 30x30xl00 (cross section x 
length) is employed after the adequacy of the grid has 
been reviewed. 

The pipe wall is assumed to be insulated perfectly so 
that there is no heat loss to ambient. Since the pipe 
itself is not included in the analysis model, the heat 
conduction in the circumferential and axial directions 
through the pipe wall is neglected. These assumptions 
would result in a conservative temperature 
distribution for the stress analysis of the pipe. And 
the radiation heat transfer is also neglected. Figure 3 
shows the grid system for the analysis. 

The pipe is initially filled with hot water at 
temperature Th, and the cold water at temperature Tc 
begins to enter the inlet of downward elbow at 
uniform velocity Vc at t=O. 

Several cases have been analyzed to determine the 
sensitivity of the inlet velocity, the temperature 
difference and the pipe slope on the thermal 
stratification. The inlet velocity of cold water varies 
within O.lmls - 0.3m/s, and the temperature of hot 
water Th varies within 350K- SOOK with cold water 
temperature Tc at 322K. The effect of the pipe slope is 
simulated by changing the gravity direction, and the 
slopes of 0°, 5° and I oo are selected. 

3. RESULTS AND DISCUSSIONS 
When the cold water front reaches the bottom of the 
horizontal pipe initially filled with hot water, the cold 
water flows into the lower side of the pipe with the 
force balance between inertia of inlet flow and 
buoyancy of hot water. When the inlet flow velocity 
is low and temperature difference is large, cold water 
flows directly into the bottom of horizontal pipe as 
soon as the cold water front reaches the bottom of 
horizontal pipe. 

Figures 4, 5 and 6 show the transient behavior of the 
thermal stratification phenomena for a typical case. 
The inlet flow velocity is 0.2 m/s, and the temperature 
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difference is 53K. The Reynolds Number at the inlet 

elbow is 5.5xl04
• As shown in Figure 4, the hot water 

remains on the upper side of the pipe beyond the 

point * even when the cold water exits the outlet of 

the upward elbow. Thus the thermal stratification in 

the pipe persists for a long time. The temperature and 

secondary flow distributions at the cross section, 

x/L=0.22, of the horizontal pipe are shown in Figure 

5. As shown in Figure 5, the cold water and hot water 

are separated with different secondary flow directions 

and turbulent flow mixing between hoJ and cold water 

does not occur. 

Figure 6 shows the U-velocity distribution of the 

typical case at the symmetry surface. The cold water 

has a velocity higher than the mean velocity in the 

pipe whereas the hot water flows at a lower velocity. 

The maximum velocity is 0.41m/s at x/L=0.85. In the 

upper region of the horizontal pipe near the entrance, 

the hot water flows in the reverse direction and thus 

remains in this region while the cold water exits the 

upward elbow. The maximum reverse flow velocity 

is -0.07m/s at x/L=O.l7. The hot water layer is 

removed by the drag of exiting cold water and 

interfacial heat transfer. However, it is shown that the 

cold water cannot effectively sweep the hot water in 

the upper region of the pipe, and almost entire 

horizontal pipe experiences the thermal stratification 

for a long time. 

Figure 7 shows the time-dependent p1pe wall 

temperature. The circumferential wall temperature 

distribution is affected by the secondary flow of the 

cold water swirling down circumferentially along the 

pipe wall. The trend of the temperature variation is 

similar to that from the test results from YGN unit3 

[1). 

Parametric study is also carried out to investigate the 

effect of inlet flow velocity and temperature 

differt<nce. Figure 8 shows the effect of inlet flow 

velocity with the same temperature difference. The 

cold water front for the high velocity case is steeper 

than for the low velocity cases, which means that the 

pipe length under thermal stratification becomes 

shorter as the inlet velocity increases. The times 

shown in Figure 8 are selected to have the same 

amount of cold water entering the pipe. 

Figure 9 shows the effect of the initial hot water 

temperature in the pipe with the same inlet flow 

velocity. The cold water slides into the lower side of 

the pipe easily wl1en the temperature difference is 

large. The large temperature difference also increases 

the pipe length under thermal stratification. 

The effect of the horizontal pipe slope on the thermal 

stratification is shown in Figure 10. When the pipe 

slope is increased, the length of the pipe experiencing 

thermal stratification is shortened because the cold 

water front moves forward keeping almost horizontal 

surface. In case ofthe pipe slope over 5°, the reverse 

flow of the hot water is not found. A small increase 

of the slope of several degrees is found to improve the 

situation. 

The Richardson number is a measure of the ratio of 

gravity forces to inertial forces. If it is high, the flow 

is likely to be stable and stratified. If it is low, the 

flow may be unstable and mixed. The critical 

Richardson Number for the thermal stratification 

which defines the stable and unstable region is 

described in detail in Reference [6). Figure 11 shows 

the Richardson Number versus Reynolds Number for 

the evaluation of critical Richardson Number. The 

Richardson :Number is defined in this study as 

follows: 
. Ap · g · cosq> · D 

RI= 2 

Pa ·"V;, 

where L1p is density difference between hot and cold 

water and p a is average density. 

For turbulent flow, the critical Ri of around 0.3 is 

obtained, which is slightly greater than the value of 

0.25 in Reference [6]. Even with a high turbulent 

intensity in the cold water, the cold water is not 

mixed well with hot water. 

The above analysis results show which conditions 

lead to the serious thermal stratification in the surge 

line. Obviously, the corrective action to reduce the 

adverse effect on the stress intensity due to thermal 

stratification is to increase the pipe slope and thus 

minimize the pipe length exposed to the severe 

thermal stratification. The administrative control to 

induce small temperature difference and large inlet 

velocity during heat-up should also be considered as 

well. 

In the current design of the surge line the temperature 

differences between the PZR and the hot leg and 

between top and bottom of the pipe are conservatively 

assumed during the heat-up and cool-down. 
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However, the thermal stratification due to the 
transient operation such as a daily load following 
operation may impose an additional thermal load. The 
thermal striping may also take place due to the 
fluctuation or disturbance of the RCS, which is 
another thermal load to be considered in the design. 
The margin which can be identified from this study 
can be used for the future design in order to 
accommodate such extra loads. 

4. CONCLUSIONS 
A computational analysis has been performed to 
simulate the thermal stratification phenomena in the 
surge line and to investigate the effect of the inlet 
velocity, the temperature difference and the pipe 
slope to optimize the design of the surge line in the 
KNGR. From the results of this study, it is concluded 
that: 

I) Backward recirculating flow in hot water is found 
in the horizontal pipe. 

2) Administrative control leading to the small 
temperature difference and large inlet velocity can 
reduce the effect of th~ thermal stratification. 

3) Small increase in pipe slope of several degrees 
reduces the length of the pipe experiencing 
thermal stratification. 

NOMENCLATURE 
D 
g 
L 

·Ri 
Re 

Tc 
Th 
T 

VC 
x,y,z 
f 

Diameter of the surge line 
Gravity constant 
Length of the surge line 
Richardson Number 
Reynolds Number, Re=Vc D/? 
Temperature of cold water 
Temperature of hot water 
Time 
Inlet velocity of cold water 
Cartesian coordinate 
Pipe slope 
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Figure 3. Analysis Grid 

(i) t=6.25 s 

(ii) t=l2.5 s 

(iii) t=18.75 s 

Figure 4. Temperature Distribution of Typical Case (Tc=322K, 

Th=375K, V,=0.2m/s, a:T=335K, b:T=348K, c:T=362K) 

- c 

(i) t=6.25 s 

(iii) t=l8.75 s 

(ii) t=l2.5 s 

a: T=335K 

b: T=348K 

c: T=362K 

Figure 5. Temperature and Secondary Flow Distributions 

of Typical Case in Cross Section at x/L=0.22 

Figure 6. U-Velocity Distribution of Typical Case (Tc=322K, 

T 11=375K, Vc=0.2m/s, t=12.5s) 
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a: 0.3 mls at t=5 s 
b: 0.2 m/sat t=7.5 s 
c: 0.1 m/sat t=I5 s 

Figure 8. T=(T,+Th)/2=336K Line with Inlet Velocity 
Variations (T,=322K, Th=350K) 

a b c d 

Figure 9. T=(T,+Th)/2 Line with Th Variations 
(T,=322K, V,=0.2m/s, t=7.5s, a:Th=350K, 
b:Th=375K, c:T11=400K, d:Th=500K) 

Figure 10. T=(T,+Th)/2 Line with Pipe Slope Variations (T,=322K, 
Th=500K, V,=O.lm/s, t=25s, a: 9? =0°,b: 9? =5°, c: 9? =I 0°) 
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·:· Thermal Stratification in Surge Line 

+Temperature Difference between Pressurizer and Hot Leg 

+Low Flow Velocity during Heat-up and Cool-down 

+ Pre-operational Test in YGN3 showed the Stratified Flow 

with Circumferential Wall Temperature Difference of 140K 

( V<O.llm/s, Re<140,000) 

+In/Out-Flow during Bubble Formation in PZR, Filling of 

Safety Injection Tank, PZR Heater On/Off, RCP On/Off 

etc. 

+Results in Excessive Thermal Stress and Fatigue Problem 
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~INTRODUCTION (continued) 

·:· Objective 
' +To Predict Thermal Hydraulic Phenomena-by 3-D 

Transient Analysis on the Horizontal Pipe.· 
+To Obtain the Design Data for the Stress Analysis 

~ j +To Determine the Sensitivity of the Inlet Velocity, the 
Temperature Difference between PZR and Hot Leg, and 
Pipe Slope 
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.. ,~ANALYSIS 

·:· Computer Code Description 

+FLUENT 4.44: general purpose CFD code 

+Conservation equations for mass, momentum and energy 

+Control Volume Based Finite Difference Method 

+Non-staggered system 

+Iterative line-by-line matrix solver 

+ Pre- and Post- processor· 
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Center Line of Hot Leg 

Figure 1. Surge Line in KNGR 
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ANALYSIS(continued) 

·:· Assumptions 
+ Boussinesq Approximation in Momentum eq. 
+Uniform Inlet Velocity 
+No Heat Loss to the Ambient 
+Radiation Heat Transfer Neglected 
+Pipe Element is not Included in the Analysis : 

Heat Conduction in the Pipe Neglected 
+Viscosity, thermal conductivity, heat capacity are 

constant 

~KOPEC page 8 



-'-
\.0 
~ 

·:· Boundary Condition 
+Inlet : Vc= 0.1-0.3 m/ s 

+Tc= 322 K, Th= 350-500 K (Initial Temperature) 

+Pipe wall: V=O, Perfect Insulation 

+Outlet : Stream wise Derivative = 0 

+Symmetry B.C.: Half of the Pipe Analyzed 

+Slope : 0°, 0.3°, 5°, 10° (by Changing the Gravity 
Direction) 
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ANALYSIS (continued) 

·:· Numerical Scheme 
+SIMPLE algorithm . 
+Upwind scheme 

+Standard k-e turbulence model 
+ 3-dimension unsteady state 

+Grid : 30x30x100 
+Convergence : residuallxl0-3 (lxl0-6 :temperature) 
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-V RESULTS 

·:· Typical Behavior of the Stratified Flow 

+Typical Case : U =0.2 m/ s, dT=53 K, Re=5.5x104 

+Time Dependent Flow and Temperature Distribution 

+Secondary Flow and Temperature Distribution in the 
Cross Section 

+ Recirculating Zone in the Hot Water 

+Pipe Wall Temperature Distribution 

~KOPEC page 11 



-RESULTS( continued) 
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~'RESULTS( continued) 

·:· Parametric Study 
+Velocity Variation : Vc-0.1 m/ s, 0.2 m/ s, 0.3 m/ s 

(T c =322K, Th =350K) 

+Temperature Difference Variation: 

+Pipe Slope : 

eKOPEC 

Th =350K, 375K, 400K, 500K 
· (Tc =322K, Vc=0.2m/ s) 

cp=0°, 5°, 10° 
(Tc =322K, Th =500K, Vc=0.1m/s) 
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.o/ CONCLUSION 

+Backward recirculating flow in hot water is found in 
the horizontal pipe 

+Administrative control leading to the small temperature 
difference and large inlet velocity can reduce the effect 
of the thermal stratification 

+Small increase in pipe slope of several degrees reduces 
the length of the pipe experiencing thermal 
stratification 
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Thermal Stratification in Horizontal Pipes Investigated in 
UPTF-TRAM and HDR Facilities 

H.G. Sonnenburg 

Gesellschaft fOr Anlagen- und Reaktorsicherheit (GRS) mbH 
Forschungsgelande, 85748 Garching n Munich 

Phone +49 89 320 04- 578, FAX ... - 599 , E-mail: son@grs.de 

1. Introduction 

Since it is known that the cyclic development of thermal stratification in horizontal pipes 
provokes cyclic extra loads which may lead to fatigue fractures, several thermal-hydraulic 
investigations have been undertaken to determine the extend of thermal stratification and of 
mixing within these pipes [EPRI 93]. The early investigations in down-scaled facilities already 
showed that the stratification of water layers with significant temperature difference is rather 
stable against turbulence. Even relatively high turbulence in horizontally flowing water layers 
does not provide sufficient mixing at the layer's interface which might dissolve the 
stratification. The gravitation strongly supports the horizontal stratification. 

As a consequence from these facts the technical inspection agencies performed a 
surveillance programme at pipings which might be affected by the thermal stratification, The 
surveillance programme comprises temperature and strain gauge measurements on the 
outer surface of these pipelines. The feed water line, surgeline and other pipelines have 
been monitored during plant operation, start-up and shut-down procedures. 

With begin of this decade a test programme related to the thermal stratification and mixing 
was started using the HDR test facility in Germany. The test objectives of the HDR test 
programme (test group TEMR, test T33) were the investigation of flow conditions which 
might occur in the feed water lines during part load. For this test programme the test section 
comprises a horizontal pipe with an inner diameter of 397 mm. 

Also with begin of this decade the TRAM test programme was started. The investigation of 
thermal-hydraulic phenomena related to reactor transients with accident management 
measures was the goal of the TRAM (TRansient and Accident Management) experimental 
programme. This programme was carried out at the Upper Plenum Test Facility (UPTF) in 
Mannheim (Germany). This facility simulates the thermal hydraulics of a primary circuit of a 
KWU-type reactor in full-scale. 

Although the TRAM programme did not explicitly include investigations related to thermal 
stratification issues, some test results provide important insights to certain aspects of the 
stratification and mixing process. These insights can be regarded as a spin-off effect from 
the TRAM programme. The test series C3 aimed at the consideration of boron mixing. Due 
to limitations of the test facility the temperature distribution was measured instead of boron 
acid distribution. Therefore, these data additionally gain importance for the safety issues 
under consideration here. 

Both test programmes were funded by the German Federal Ministry for Education, Science, 
Research and Technology (BMBF). 
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2. The development of stratified layers 

The HDR test on thermal stratification started with a uniform temperature distribution in the 
horizontal test section. Colder water was introduced into this pipe from one side via a 
downward bent pipe piece (see figure 1 ). The colder water formed a cold water layer at the 
bottom of the horizontal pipe while the warmer water rested above. The tests were 
conducted at various mass flow rates of the cold water. Furthermore the exit condition of the 
horizontal pipe had been varied from full cross-sectional area of the pipe to a reduced cross
sectional area. This had influence on the development of the cold water layer at upstream 
positions of the horizontal pipe. 
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Test section of the HDR test series TEMR 
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The tests showed a vertical temperature distribution with a very narrow transition region 
between the cold and warm water layers. The vertical extension of the transition region was 
only a few cm. Within this transition region the horizontal velocities revealed low velocities 
with tendency to stagnation when approaching the vertical position of the warmer water 
layer. Within this transition region a transition from fully turbulent flow to laminar flow takes 
place. 

The analysis of these experimental data with CFD-codes [HAF 90] led to the conclusion that 
the major part of the transition layer is within the laminar flow regime. Thus the mixing 
process involved here is rather limited. 

Because the transition region can be considered rather small with respect to the vertical 
extension of the cold and warm water layers, it was concluded that a correlation applied for 
two-phase flow can be applied also here. That is, methods applied for open channel flow 
may apply for the stratified water layers, too. For example, the water level height H in an 
open channel at the channel's outlet follows from an energy consideration. The sum e of 

(_9_)2 

both the specific kinetic energy AL and the specific potential energy y (it is identical to 
2g 

water level height) reaches a minimum (optimum) if the flow approaches the outlet of the 
channel. The sum e of the specific energies is: 
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( 1) 

The minimum at a constant volumetric flow rate Q can be achieved by varying the height of 
the water level y until the gradient de/dy reaches zero: 

Q 

~ O =de= 1+ AL (-_9_) dAL 
dy g At dy 

(2) 

For a circular channel the derivative is: 

(3) 

This energetic minimum according to equation (2) leads to: 

(4) 

Equation ( 4) allows the determination of the cross-sectional area AL which is occupied by the 
water layer in a circular channel close to the channel's outlet. Because the flow area is 
geometrically related to the water level height, 

n 2 o
2 

· e [ HJ A=-D AL =-re-sine] S·1 =Dsin-·and E>=2arccos 1-2-
4 · at: · 2 · o' (5) 

equation (4) allows the determination of the water level height H, too (see figure 2). 

e 
Figure 2: Geometrical details of the water level height at outlet of the circular channel 
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This water level height relationship (4) can be adapted to the situation with thermal stratified 
water layers. The adaptation has to reflect the additional buoyancy force provoked by the 
weight of the hot water layer above the cold water layer. That is, instead of the gravitational 
acceleration g within the expression (4), the acceleration g multiplied with the density ratio 
has to be considered. The adapted expression for the thermal stratification is now: 

Q 
A3 ~p 

L g~~ 
Pcold = with ~p = Pcold - Phot · (6) 

A 

Using the common definition of the Wallis parameter J* from two-phase flow applications, 

J• Q Pcold 

cold = A g D ~p ' (7) 

the equation (6) can be recast in a dimensionless form: 

(8) 

With the geometrical relations (5) we finally get: 

J~old = (9) 

Equation (9) shows that this dimensionless cold water flow rate expressed by the Wallis 
parameter J* depends on the height ratio HID only. 

lt is expected that this Wallis.parameter (9) will provide a relationship between both the flow 
rate of the cold water and the height of the cold water layer close to the outlet of the 
horizontal pipe. From the temperature readings of the HDR tests at 1.9 m distance from 
outlet, the position of the transition region between the cold and hot water layer was 
identified and correlated with the cold water flow rate. The experimental data from HDR lead 
to a Wallis parameter relationship of: 

(1 0) 

H reflects the cold water level height at 1.9 m from outlet. 

Both Wallis parameter relations (9) and (10) have been plotted in figure 3. As can be seen 
from figure 3 the theoretical equation (9) provides always lower water level heights than the 
measured curve correlated with ( 1 0). This is quit reasonable because equation (9) refers to 
the outlet position whereas equation (1 0) refers to a position 1.9 m upstream from the outlet. 
The difference in level height relies on the necessary water level declination when 
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approaching the outlet. Therefore the correlation (10) to some extend confirms the 
theoretical equation (9). 
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Predicted relative cold water level height for pipe outlet compared 
with the measured one for 1.9 m dictance from outlet- HDR test 

From correlation (10) follows the condition for the cold water flow rate which allows to 
remove the almost stagnant warm water layer from the top of the horizontal pipe. That is, if 
the Wallis parameter of the cold water flow J*. exceeds the value of about unity, the warm 
water layer cannot reach anymore the 1.9 m position from the horizontal pipe outlet. The 
Wallis parameter equal to unity corresponds to a cold water level height H which reaches the 
top of the pipe (H=D). Thermal stratification at this position disappears. 

3. UPTF-TRAM test data from mixing tests C3 

The findings from the HDR test motivated further investigations which allow more accurately 
to quantify the conditions for the removal of stratification. From the UPTF-TRAM mixing tests 
C3 [PAL 96] these specific conditions can be read more clearly although these tests were 
not desig·ned to meet this objective. 

The basic intention of these tests are the consideration of the mixing of plugs of low boron 
content with the borated ECC flow rate inside the cold leg of a primary circuit. Because the 
UPTF facility didn't allow the use of boron, the mixing of water of different temperatures was 
considered instead. 

The UPTF simulates the cold leg of the primary circuit in 1:1 scale relative to a KWU reactor 
plant. That is, the simulated cold leg has a horizontal extension of about 10 m and an inner 
diameter of 0.75 m. This cold leg enters into the downcomer which again is scaled 1:1 
relative to the reactor pressure vessel downcomer (see figure 4). 

The tests revealed under all flow rate conditions examined a complete mixing in the vicinity 
of the ECC injection port. This injection port is 6 m upstream from the outlet nozzle at the 
downcomer. Thus a water flow with homogenous fluid temperature approaches this outlet 
nozzle. 
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Figure 4: 

Outlet Nozzle 
of Cold Leg 

Top view of the cold legs and downcomer of the 
Upper Plenum Test Facility (UPTF) 

Pump 
Simulator 

For a group of the UPTF-TRAM C3 tests the water temperature inside the downcomer was 
set higher than the temperature of ttie flowing water inside the cold leg. The hot water in the 
downcomer was almost at stagnation. The test data show that depending on the flow rate 
inside the cold leg a more or less large portion of hot water from the downcomer enters into 
the upper part of the cold leg. The intrusion of hot water was indicated by thermocouples in 
the cold leg in a distance .of 0.91 m upstream from the outlet. 

In figure 5 the experimental data have been plotted using the Richardson-No. This number 
provides the ratio between the buoyancy force resulting from the temperature difference and 
the frictional force of the cold water flow. Therefore, this number is proportional to the square 
of the reciprocal volumetric flux J: 

For Richardson-no. less than a critical Richardson-no. of 1.8, no intrusion of warm water 
from the outlet is observed regardless of the temperature difference at the outlet. That is, the 

. volumetric flux has to exceed a certain value determined by this critical number in .order to 
remove the warmer water from the pipe outlet. 

. g D ~P 
Rlcold = ~2'----'----

Jcold Pcold 
( 11) 
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For another group of tests the water temperature inside the downcomer was lower than that 
of the water flowing inside the co.ld leg. 
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Intrusion of cold water from the outlet of the horizontal pipe -
high cold water level height at exit- UPTF-TRAM test C3 12b 

In figure 6 the temperature difference has been plotted versus theRichardson-no. for the hot 
water flow. This number is defined by: 
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R' g D Ap 
lhot = 2 

Jhot Phot 
(12) 

This data representation from the UPTF-TRAM test C3 12b now indicates a smaller critical 
Richardson-no. of 1.05. Hot Water flow rates with Richardson-numbers less than 1.05 only 
do not allow the intrusion of cold water from the pipe outlet. But another set of experimental 
data, the UPTF-TRAM test C3 10b with almost similar boundary conditions, leads to a critical 
Richardson-no. of 9 (see figure 7). That is, for the test C3 10b a much smaller hot water flow 
rate was sufficient to remove the cold water layer. 
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Figure 7: Intrusion of cold water from the outlet of the horizontal pipe -
low cold water level height at exit- UPTF-TRAM test C3 10b 

While UPTF-TRAM test evaluations dealing with the removal of hot water from the horizontal 
pipe outlet indicate a constant critical Richardson-no. other UPTF-TRAM te~t evaluations 
dealing with the removal of cold water from the horizontal pipe outlet reveal a varying critical 
Richardson-no. This discrepancy will be discussed in the following paragraph. 

4. Interpretation of test results 

According to the definition of the Richardson-no this number is closely related to the Wallis 
parameter J* defined with equation (7). We have: 

R
. 1 
lcold =-2-

Jcold 
and R

. 1 
'hot= - 2-

Jhot 
(13) 

The critical Richardson-numbers for the removal of hot water layer and removal of cold water 
layer, respective, can be expressed in related critical Wall is parameters. The UPTF-TRAM 
test data of all tests confirm a criti.cal Wall is parameter of 0. 75 (Ri=1.8) for the hot layer 
removal: 
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J~rit,cold = 0.75 (found in UPTF at distance of 0.9 m from outlet) 

The removal of the cold layer by the hot water flow is observed for critical Wallis parameters 
ranging from 0.58 to 1 depending on the test case which differ in both flow rates and exit 
conditions of the horizontal pipe: 

* 
0.58 :S Jcrithot :S 1 (found in UPTF at distance of 1.3 m from outlet) 

The critical Wallis parameter for the hot water layer removal can be compared with the 
parameter found in the HDR test. According to equation (5) with H equal to D this value is 1: 

J~ritcold = 1 (found in HDR at distance of 1.9 m from outlet) 

From this comparison it is obvious that the HDR facility shows the removal at larger hot 
water flow rates, although the HDR facility has a smaller inner diameter of 0.397 m 
compared with UPTF (0.75 m) and the HDR facility has a data acquisition in a larger 
distance from the outlet of 1.9 m compared with UPTF (0.91 m). Therefore, the comparison 
of both results lead to the conclusion that the exit conditions have strongly determined the 
critical Wallis parameters. 

In HDR the cold water flow enters freely without any obstacles into a vessel. But the UPTF 
facility has a narrow gap of 0.2 m width in the exit region. lt is the downcomer gap. This gap 
forces the cold water flow to change its flow direction. Due to this obstacle the relative water 
level height at the exit in UPTF H/0 can be expected at a higher position compared to the 
relative height H/D in HDR. Consequently the higher cold water level removes earlier the hot 
water layer. Thus the critical Wallis parameter found in HDR can be considered as a 
maximum value which can be reached under undisturbed outlet conditions. 

From that it can be concluded that bends, sieves or similar obstacles at the outlet region can 
help to reduce the occurrence of thermal stratification at horizontal pipe outlets. 

Concerning the removal of cold water layers from the outlet region again the level height of 
the cold water is expected to be the reason for the variation of the critical Wallis parameters. 
Test data showing small critical Wallis parameters for the removal are attributed to test runs 
with low mass flow rates entering the downcomer from adjacent cold legs. These test runs 
will have a relative low cold water level at the pipe exit. In order to quantify the dependence 
of the critical Wallis parameter on the level height, a more detailed analysis of these UPTF
TRAM test data would be required. 

Generally these UPTF-TRAM test data from the 1.3 m position reveal a maximum critical 
Wallis parameter for cold water removal at unity. But it cannot be totally excluded that even 
flow rates with higher Wallis parameters will allow an intrusion of a cold water layer, however 
it is an intrusion to a smaller extend, less than 1.3 m stream upward from the pipe outlet. 

5. Practical importance 

Based on these experimental investigations mentioned above, the findings from the 
surveillance program [GRS 92] undertaken by German Technical Inspection Agencies 
(TOVs) can be considered in a new light. This surveillance program includes the monitoring 
of temperature signals and strain gauge measurements taken from the outer surface of 
various horizontal pipes. The monitoring of the feed water line close to the inlet nozzle to the 
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steam generator is .part of this surveillance program. The interpretation of the temperature 
readings during start-up or shut-down procedure led to the conclusion that at part load with 
less than ea. 6% of the nominal power would show thermal stratification within the feed 
water line. 

Figure 8: Part view of the steam generator with connected feed water line 

At the inlet nozzle of the steam generator the cold water from the preheater has about 
150°C. On the other side the structures of the steam generator internals are heated up to 
about 295°C. Due to this temperature differences a hot layer develops within the inlet nozzle. 
This situation resembles to the test situation for hot water layer removal in the related UPTF
TRAM tests where a critical Wallis parameter of 0.75 was found. This critical Wallis 
parameter corresponds to the cold water flow rate of 66 kg/s for the m~ntioned temperature 
difference of 295°C - 150°C. 

J~old,crit D2 
1t . 

mcold,max = ---,=========Pcold -- = 66 kg Is 
Pcold 4 

* 
with Jcold,crit = 0.75 

--~--------··- ··-··-· -~-

g D (Pcold - Phot) 

This mass flow rate can be compared with that flow rate which corresponds to a 6% part 
load in a 1300 MWel power plant. This flow rate is roughly 40 kg/s per steam generator. 
Therefore, this comparison illustrates that the findings from the surveillance programme are 
supported by the experimental data from HDR and UPTF using the J* correlating approach. 
Furthermore at 40 kg/s a thermal stratification can be expected with a transition layer 
between the centreline of the pipe and top of pipe because the complete removal would 
require 66 kg/s. 

In order to prevent the thermal stratification at the steam generator inlet nozzle, design 
changes have been undertaken. The new design shows a feed water line piping with an 
upward bent within the steam generator. Due to this modified design hot water is captured 
within the steam generator. 
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6. Con cl us ion 

Due to the extremely small vertical extension of the transition layer between the hot and cold 

water layer found in experimental investigations, the cyclic development of thermal 

stratification in horizontal pipes provokes cyclic loads which may lead to fatigue fractures. 
Experimental investigations revealed that gravitation strongly supports the horizontal 
stratification. The turbulent mixing within the transition layer plays a minor role thus 
stratification cannot be resolved by measures enhancing the turbulence. 

A strong similarity between two-phase flow and flow of stratified layers is found. The position 

of the transition layer can be determined with adaptation from the related two-phase 
correlation. 

From the experimental investigations in the test facilities HDR and UPTF-TRAM critical 
Wallis parameters have been derived. The flow rates which will remove the stratification from 

the outlet of horizontal pipes can be quantified on the basis of these parameters. 

Furthermore the investigations lead to the conclusion that the design of the outlet region has 
a large influence on the removal. In case of the steam generator inlet nozzle this has 
motivated to modify the design. 

Findings from the surveillance programme confirm the critical Wallis parameter for hot water 
removal. The present analysis of the experimental data supports the modelling of the 
thermal stratification processes thus this approach could as well be applied to the thermal 
stratification in the surgeline. 

7. Nomenclature 

A (m2] Cross-sectional area 
D [m] Diameter 
e [m] Specific energy 
g (m/s2] Acceleration due to gravity 
H [m] height above bottom of pipe 
J* [-] Wallis parameter 

m [kg/s] Mass flow rate 
p [kg/m3

] Density 

Q [m3/s] Volumetric flow rate 
Ri [-] Richardson-number 
s [m] Width of transition layer 
T [K] Temperature 
e [-] Angle 
y [m] Vertical height 

211 



8. Literature 

[EPRI 93] EPRI: 
Thermal Stratification, Cycling and Striping (TASCS) Evaluation. 
EPRI Workshop at Stouffer Orlando Resort Hotel, Orlando Florida, 
June 17-18, 1993 

[GRS 92] GRS: 

[HAF 90] 

[PAL 96] 

Thermische Schichtung in Rohrleitungen von Leichtwasserreaktoren. 
Gesellschaft fOr Anlagen- und Reaktorsicherheit (GRS) mbH, Schriftenreihe 
Reaktorsicherheit und Strahlenschutz Nr. 2027, BMU-1992-362, 
ISSN 0724-3316, 1992 

Hafner, W.: 
Thermische Schicht-Versuche im horizontalen Rohr - Auswertebericht 
Versuchsgruppe:TEMR Versuche: T33. Technischer Fachbericht 
PHDR 92-89, Kernforschungszentrum Karlsruhe, 1990 

Palazov, V.V.: 
Analyse der Vermischung unterschiedlich borierter Wasserstrome -
UPTF-Versuch TRAM-C3. GRS-A-2315, Jannuar 1996 

212 



"' ...J. 

\.,'\1 

Specialist's _Meetinq on Experience with Thermal Fatique in LWR Pipinq 
caused by Mixinq and Stratification 

to be held in Paris, 8 to 11 June 1998 

Section 2: Thermal Hydraulic Phenomena 

Thermal Stratification in Horizontal Pipes 
Investigated in UPTF-TRAM and HDR Facilities 

H.G. Sonnenburq 

Gesellschaft fur Anlaqen- und Reaktorsicherheit (GRS) mbH 

Forschunqsqelande, 857 48 Garchinq b. Munchen 



; 

- --~-·---- ---- . --GE.S ' 

Thermal Stratification Observed at: 

• High Pressure Safety Injection Line, 0=0.152 m (USA, Belgium) 

• Residual Heat Removal Line at Hot Leg, 0=0.203 m (Japan) 

• Pressurizer Spray Line, 0=0.073 m 

"' ....:I.. • 

~ • Surgellne, 0=0.35 m 

• Feed Water Line (SG with External Preheater), 0=0.417 m 

• Feed Water Line (SG with Internal Preheater}, 0::::0.294 m ; 0.143 m 
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Conclusions 

• Experimental Evidence from HDR tests: 

- vertical extension of transition layer is rather small 

- adaptation of two-phase flow theory to thermal stratification possible 

- open channel flow theory allows the prediction of the position of the 

transition layer 

• Analyses of UPTF mixinQ tests (TRAM C3): 
1'--.:l 

~] - occurrence of thermal stratification correlates with Richardson numbers 

- critical Richardson number for removal of hot water from pipe outlet fou 

in UPTF aQrees with findinQs of the surveillance proQram 

• The Experimental Results Support the UnderstandinQ 

of Thermal Stratification 
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RESEARCH ON THERMAL STRATIFICATION 

IN UNISOLABLE PIPING OF REACTOR COOLANT PRESSURE BOUNDARY 

Nobuo NakamoriOl, Katsumi Hanzawa<2l, Kouichirou Oketani<2l, Takashi Ueno(l), 

Jirou KasaharaOl, Shigeki Shirahama<3l 

(I) Mitsubishi Heavy Industries, Ltd., Takasago Research and Development Center 

(2) Mitsubishi Heavy Industries, Ltd., Kobe Shipyard and Machinery Works 

(3) Kyushu Electric Power Co., Inc. 

ABSTRACT 

It was reported that the safety injection piping of Farley unit 2 in U.S. failed in 

December 1987 and Tihange unit 1 in Belgium in June 1988 due to the thermal cycling 

by the leak flow through the closed stop valve. 

Therefore, concerning the unisolable piping of reactor coolant pressure boundary in 

PWR plants of Japan, the research on understanding of thermal stratification and its 

cycling due to the leak flow through the closed stop valve and confirming the reliability 

of unisolable piping on the basis of obtained temperature fluctuation of pipe was 

performed under the jointed research and development program between five Japanese 

PWR utilities and Mitubishi. 

As the result of this program, it is confirmed that in the unisolable pipings in PWR 

plants of Japan, the stress fluctuations occurred by the thermal cycling are small 

compared with the stainless steel fatigue limit and the unsolable piping in reactor 

pressure boundry in PWR plants of Japan is reliable. In this paper, the result of this 

program is discussed. 

INTRODUCTION 

Thermal stratification and cycling phenomena may occur in pipings of power plants. 

In nuclear power plants, these phenomena have drawn attention for a long time 

because they may occur in safety-related pipings such as the pressurizer surgeline, 

safety injection line, feed water line and other lines, where there is potential for hot 

water to come in contact with cold water, and this causes the thermal fatigue of pipes 

and the dislpacement ofpipings which causes the damege to piping support structures. 

Unfortunately the predication of thermal cycling is so difficult that sometimes leads to 

pipings to failure. Therefore, failure experiences should be carefully investigated to 

determine the measures to reduce the unexpected thermal load induced by thermal 

cycling to the negligibly low level. 

For example, it was reported that the safety injection piping of Farley unit 2 in U.S. 
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failed in December 1987 and Tihange unit 1 in Belgium in June 1988. (NRC'bulletin, 
1988) due to the thermal cycling. These thermal cyclings were induced by the cold leak 
flow through the closed stop valve at the discharge of the high pressure pump, which 
was running during power operation of the plant. Similar system and operation is 
widely applied for PWR plants in Japan. 

Therefore, concerning the unisolable piping of reactor coolant pressure boundary in 
PWR plants of Japan, the research on understanding of thermal stratification and its 
cycling due to the leak flow through the closed stop valve and confirming the reliability 
of unisolable piping on the basis of obtained temperature fluctuation of pipe was 
performed under the jointed research and development program between five Japanese 
PWR utilities and Mitubishi. 

In the unisolable piping of reactor coolant pressure boudary, turbulence (called cavity 
flow here) is induced by the main coolant flow, and hot water in the main coolant pipe 
penetrates to some distance from the connecting point with the main coolant pipe due 
to cavity flow. Thermal stratification and its cycling may be induced by injecting cold 
water through the closed stop valve to the horizontal portion of unisolable piping filled 
with hot water. 

The thermal stratification and its cycling depend on the leak flow rate, the flow 
velocity in the main coolant pipe, the length and configuration of unislable piping, 
therefore the low temperature visualization test and the high temperature thermal 
stratification simulation test were performed with the paramaters of above items. As 
the results, it was confirmed that thermal stratification and its cycling was induced by 
the interaction of the leak flow with cavity flow, and the temperature fluctuation of 
fluid and pipe metal occurred. Furthermore, the leak flow rate through the closed 
stopped valve was confirmed by valve leak rate confirmation test. 

In this paper, above experiment results and stress and fatigue evaluation results on 
the basis of measured temperature fluctuation are reported and discussed. 

EXPERIMENTS 

Extensive experiments were performed to understand the phenomena of thermal 
stratification and cycling, and to obtain the temperature fluctuation data. The 
experiments consists of Valve Leak Rate Confirmation Test, Low Temperature 
Visualization Test and High Temperature Thermal Stratification Simulation Test. 
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Valve Leak Rate Cnfirmation Test 

The leak flow through the closed stop valve affects the integrity of the downstream 

pipings. The valve seat damage of the normally maintained stop valves were 

investigated , and the typical seat damages were estimated from the maintenance 

records of about 1000 valves of PWR plants in Japan. 

The differetial pressure imposed on these stop valves during normal operation is 

typically 1.8 MPa. The leak flow rate through the closed stop valves with the typically 

dameged seat at the tyically differencial pressure were measured. The measured leak 

flow rates arc summarized in Table 1. The leak flow rate through normally maintained 

closed stop valve at the tyipical differencial pressure was less than 10 kg/hr. In 

addition, no increase of leak flow rate was found during lOOhrs of continuous valve leak 

operatrion. 

Table 1 Typical seat damage and leak flow rate 

. at LlP=1.8MPa 

Leak flow rate 
Size of Depth of G,(kg/h) 

Case foreign damage 

matter (jlm) Gate Globe 
valve valve 

Ball 

I c/.>0.5mm - 0.0 0.0 © 
Valve 

Gate valve 

=g~' 36-48,um 

2 4.2 3.9 
Valve 

- seal 

Globe valve 
28-44,um 

3-1 20,um - 0.9 0.04 

3-2 40.um - 0.4 Abl. I.Omm 

0 3-3 200.um - - 5.4 

4-7.Um 

3-4 (Removal of ) 0.1 0.54 - foreign matter 
of Item 3.3 

Shut-off mean surface 209 579 ~ press P (kg/cm') 

1) Ball-shaped foreign matter in Case l was made of 

high-carbon chrome bearing steeL 

2) Strip-shaped foreign matter in Case 3 was made of SUS304. 

Low Temperature Visualization Test 

The low temperature visualization test was performed to understand the mixing 

behavior of the leak flow with the stagnant fluid in the branch pipe downstream of the 

check' valve. 

The branch pipe was made of the transparent acrylic pipe and was connected with 

the simulated main coolant pipe. The leak-simulated fluid was colored for the 



observation of mixing phenomena and contained 30% CaCl' for simulating the 9.ensity 
difference between high temperature main coolant and low temperature leak fluid. The 
simulated main coolant circulated with the velocity of 15 m/s at the ambient 
temperature. The system configuration of test loop is shown in Fig.l. 

Two-liquid 
separation 
wnk 

Simulated main coolant t'i@- __ _ 

11 Leak flow I 

Constant flow pump : 
1----~ 

Circulating pump 

Fig.l Low temperature visualization test loop flow 

The mixing phenomena was carefully observed and the fluid temperature at the 
inside surface of branch pipe was measured. The following mixing phenpmeha were 
observed; 

(1) The cavity flow was induced by the main flow of simulated main coolant pipe and 
penetrated to the stagnant fluid of branch pipe. 

(2) The leak flow was straified in the horizontal portion of branch pipe. 
(3) The mixing of leak flow with the cavity flow occurred in the horizontal portion of 

branch pipe downstream the check valve. 
(4) The mixing portion moved toward the elbow and becomed more cyclic as the leak 

flow rate increased. The cyclic mixing induced the temperature fluctuation of the 
fluid at the inside surface of branch pipe, especially at the bottom of horizontal 
branch pipe. 

The mechanism of temperature fluctuation is shown in Fig.2. As the strength of 
cavity flow generally fluctuates, it can be explained in the following way; 

(1) When the cavity flow is strong, the cold leak flow is fully mixed with the hot cavity 
flow and so the fluid temerature at the bottom of horizontal branch pipe indicates 
high temperature. 
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(2) On the other hand, when the cavity flow is weak, there occurs thermal 

stratification in the horizontal branch pipe and so the fluid temerature at the 

bottom of horizontal branch pipe indicates low temperature. 

The. thermal cycling in the safety injection piping of Parley unit 2 and so on was not 

induced by the intermittent leak flow due to the combination of check valve motion and 

steady leak flow, but by the cyclic mixing of cold leak flow with the hot cavity flow. 

check 

----~~~ .. llillillli!iillll~valve 

· cold leak water 

(a) Cavity flow is weak 

check 
valve 

~~~~------~~ 

hot cavity flow . 
cold leak water 

(b) Cavity flow is strong 

Fig.2 Mechanism of thermal cycling 

High Temperature Thermal stratification Simulation Test 

The experiments were perfomed using the PWR plants simulation loop, which is 

shown in Fig.3. 
Main coolant pipe 

Heater vessel 
(IOMW) 

·--1 \\~I 
Branch pipe 

Bypass line pump 

F : Flow meter 
T :Thermocouple 
P : Pressure gage 

SCR: Thyrister 

Supplementary feed water pump 

Fig.3 System configuration of PWR;pl~tyimulation loop 
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270" 

The test section was 6 inch nominal pipe with check valve of type 304 stainless 
steel and thermal insulator, simulating those in the nuclear power plants. The 
layouts of branch pipe are shown in Fig.4. In the Type 1, the distance from the 
simulated main coolant pipe to the check valve is long and the horizontal portion 
of branch pipe is located below the simulated main coolant pipe. On the other 
hand, in the Type 2, the distance from the simulated main coolant pipe to the 
check valve is short and the horizontal portion of branch pipe is located above the 
simulated main coolant pipe. The axial and circumferencial temperature 
distribution of the outside pipe, the inside pipe and the fluid of branch pipe were 
measured by thermocouples. 

The experimental conditions are summarized in Table 2. The leak flow rates 
simulated the small leak through normally maintained closed stop valve and the 

"'COld water 

(Top) 
o" 

(Bottom) 

Diameter of ::: <P I Omrn(for pipe) 
Thermocouples == <P 0.5mm(for fluid) 

D::: 128.8mm(I.D.) 

14 17 
16 18 

Cross section No. 

(a) Type I 

D == 128.8mm(I.D.) 

(b) Type 2 

cold water 

Fig.4 Test sections for high temperature thermal stratification simulation tests 

Table 2 Test conditions of high temperature thermal stratification simulation tests 

Type of Pressure 
Hot water tern- Main coolant Leak flow 

Leak flow rate Test cases 
branch [MPa] 

perature in main pipe velocity temperature 
Jkg/h] coolant pipe fKJ fm/s] [K] 

Small leak Type I, 2 15.49 563,596 5.5, 16 290-300 10 test 

Large leak 
Type 2 15.49 test 596 16 290-300 30-300 
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(1) Small leak test 

As explained in the valve leak flow confirmation test, the leak flow rate through 

normally maintained closed stop valve was less than 10 kg/hr. Therefore, 

experiments were performed at the leak flow rate of 10 kg/hr for the layouts of 

both Type l and Type 2. 

For Type l, the temperature fluctuation in the horizontal branch pipe is shown 

in Fig.5. It indicates that the fluid temperature fluctuation at the bottom of pipe is 

the largest, the cause of which can be explained by the cyclic phenomena mixing 

phenomena ofleak flow with the cavity flow, as shown in Fig.2. 

On the other hand, for Type 2, the small leak flow mixed so rapidly with the 

cavity flow at the outlet of the check valve that there was little thermal cycling. It 

is because the length of piping between the main coolant pipe and the check valve 

is short and the cavity flow does not decay enough at the outlet of the check valve. 

However, if the cavity flow is weak, it is likely to mix with the small leak flow so 

slowly that thermal cycling occurs. This was simulated by slowing down the main 

flow velocity to weaken the cavity flow. Fig.6 shows the measured axial 

temperature distribution when the main loop flow velocity was 5.5m/s and the 

leak flow rate was lOkg/hr. The weak thermal cycling at the bottom of the pipe 

was observed. 

600~--------------------------
----------. 

10 

Fig.5 

20 30 40 50 60 

Time [min.] 

(Cross section No. 15 in Fig.4 
Main coolant temperature 596K ) 

Cold water flow rate !Okg!hr 

Temperature fluctuation of branch pipe at 

lOkg!hr (Typel) 
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(2) Large leak test 

The experimests were performed at the leak flow rate of 30, 100,200,250 and 
300 kglhr for the layout of Type 2. 

Fig. 7 shows the measured pipe axial temperature distribution with the leak 
flow rate of 30kglhr. It indicates that the leak flow rate of 30kglhr gave little 
thermal effect to the pipe downstream of the check valve, because the leak flow 
was rapidly mixed with hot cavity flow. However, when the leak flow rate was 
increased to IOOkglhr as at Farley unit 2, the horizontal pipe was thermally 
stratified and the pipe metal suffered thermal cyclings, as showrr in Fig.8. The 
mixing portion shifted toward elbow when the leak flow rate was more increased 
to 200kglhr, as show.n in Fig.9. 
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The dependency of the amplitude and f1~equency of thermal cyclings on the 

leak flow rate is shown in Fig.lO and Fig.ll, respectively. The greater leak flow 

resulted the higher temperature amplitude of pipe outside surface. The stress 

cycling due to these thermal cyings are evaluated in the next chapter. 

Finally, this temperature fluctuation is discussed from the thermal fatigue 

point of view below. In spite of the large temperature difference between the hot 

main coolant and the cold leak fluid (about 300K), the fluid temperature 

fluctuation in the horizontal branch pipe was very small (10 to 20K) and the 

temperature fluctuation of branch pipe metal is smaller (below lOK) than one of 

the fluid. It is because the cold leak flow is heated by the check valve, pipe and 

hot water. The heat capacity of branch pipe and check valve affected this 

temperature fluctuation. Consequently, the thermal fatigue can not be 

estimated by only the temperature difference between the hot main coolant and 

the cold leak fluid. In order to estimate it correctly, it is necessary to consider 

the heat capacity, the thermal conduction of branch pipe and check valve and 

the heat loss from the pipe to atmosphere. 
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FATIGUE ASSESSMENT 

Time depepdent thermal stress analysis was performed to evaluate the thermal 
stress cycling. MARC code was used and pipe analytical model was made of three 
dimensional solid element. 

Stress cyclings are evaluated for the following two cases. 

(1) Large leak flow rate 100kglhr (flow velocity of main coolant 16m/s) 
The cavity flow in the safety injection piping of Farley unit 2, governed by the 

piping configuration and the flow velocity of main coolant, was simulated in the 
high temperature simulation test apparatus. The measured minimum leak flow rate 
in Farlgy unit 2 was roughlylOOkglhr. The maximum amplitude of the thermal 
cycling occurred just at the outlet of the check valve, at the section 7 of Type 2 in 
Fig.4. Typical temperature profiles are shown in Fig.l2. Time dependent thermal 
stress distribution are plotted in Fig.13. Calculated stress range was 237MPa at the 
outlet of the check valve. 
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(2) Sniallleak rate lOkg/hr (flow velocity of main coolant 5.5m/s) 

Leak flow rate is the supposed maximum value of normally maintained closed 

stop valve. As explained before, the flow velocity of main coolant was slowed down to 

simulate the weak cavity flow. Typic~l temperature profiles are shown in Fig.l4. The 

calculated maximum stress range was less than lOMPa, well below the fatigue limit 

of the pipe metal. 

CONCLUSION 
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(1) Thermal cycling was caused by the mixing of cold leak flow with hot cavity flow 

in the pipe downstream of the check valves. 

(2) When the leak flow rate is equal to or larger than lOOkglhr as in Farley unit 2, 

thermal cycling was severe enough to cause high cycle fatigue of the pipe metal. 

(3) Therefore, to prevent similar failures, the leak flow rate through the closed stop 

valves should be maintained small enough to give little thermal damage to the 

pipe metal as maintained in PWR plants of Japan. 

(4) This critical leak flow rate was determined to be lOkgihr. As shown in the 

former chapter, the stress amplitude was negligibly small compared to the fatigue 

limit of the pipe metal, when the leak flow rate was lOkglhr. The valve leak rate 

confirmation test results indicated that the leak· flow rate through normally 

maintained stop valves were less than the critical value. 

(5) It should be noted that when the downstream pipings of multiple stop valves 

are confluent, the sum of the leak flow rate through each stop valves has to be 

kept below the critical value. 
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ABSTRACT: 

EDF conducted in the last years different studies on the stratification problems in pipes. One of them consisted of subjecting a metallic full-scale mockup of the steam generator feedwater system to different regimes of stratification. Very useful data were obtained on thermal and mechanical effects of stratification, and the numerical modelization has been validated. Then 4000 cycles of fatigue were applied between two stable states of stratification. The 2 levels of the stratification interface were chosen to obtain the maximum possible variation of stresses during the cycle. At the end of the tests, destructive examinations revealed small cracks due to fatigue. The usage factors were calculated using elastic and cyclic elastic-plastic computations. Considering the small depths of the cracks (1.4 to 2 mm) the usage factors (1.3 to 1.9) can be accepted, even if margins are weaker than those obtained in other fatigue studies of mockups subjected to thermal shocks. 

1 - INTRODUCTION 

A thermal stratified flow is characterized by 3 superposed horizontal layers : a cold layer at the bottom of the pipe, a hot layer at its top and an interface between these two layers, which shows a vertical temperature gradient. The conditions required for the creation of a stratified flow are mainly the low velocities of fluids. They exist in certain pipings of nuclear power plants especially in the steam generator (SG) feedwater lines, in some dead ends (safety injection, residual heat removal, ... ), and in some pressurizer surge lines [1, 2, 3]. 
In the case of a SG feedwater line, the cold flow is generated by water supplied to the steam generator through the auxiliary feedwater system during hot shutdowns. The hot flow results from the heating of water in the internal feedwater ring. A counter-current recirculation can be established in the upper section of the feedwater line. The incoming cold flow does not always suffice to prevent the hot water from flowing backward [1]. 
The main disturbances due to thermal stratification on nuclear units have been piping displacements and fatigue cracks on pipings. If large lengths of pipe are stratified, the displacements or the forces applied on supports may be considerable (TROJAN power plant [2]). 
Cracks result from the fatigue damage caused by the variations of the stratified state. In the case of the SG feed line, the variations are due to modifications of the feedwater flow rate. The main cracks mentioned have been noticed in COOK2 (1978) [1], SEQUOYAH (1992), and DIABLO CANYON (1992). 
Studies of thermal stratification have formed the subject of articles for congresses or reviews [4, 5, 6]. The study presented in this paper concerns the stratification in the SG feedwater system. lt is original in that, at the end of a knowledge acquisition phase, a cycling of the mock-up under fatigue conditions has been carried out. 

2- DESCRIPTION OF THE COUFAST MOCK-UP 
The COUFAST mock-up is made up of a 90° elbow connected to 2 straight pipes (figure 1 ). Its dimensions and material are similar to those used in the SG feedwater system of the French PWR 900. lt differs principally in the length of the horizontal section, and in the downward section which is vertical instead of being tilted at 45°. 
lt has been built according to the rules applicable to the French nuclear constructions [13]. The only exceptions are the 3 welds (among 5) in the horizontal section. Their designs differ deliberately from the standard rules, either in the taper angle or the radius, or in the shot-peening finish (figure 2). The aim was to study the effects of geometry or shot-peening on the fatigue resistance. 



The cold water is injected in the lower part of the mock-up through a diffuser to minimize the disturbance in the 

elbow. The hot water inlet nozzle is set four meters away from the elbow. The outlet nozzles. are set at the end 

of the horizontal section at a distance of 6 meters from the elbow. When the stratification takes place in the 

mock-up, a part of the hot water flows toward the elbow in a counter-current direction. lt forms the upper hot 

layer of the stratified flow. This flow reproduces the flow back from the SG ring toward the elbow. As this 

flowrate is not known, it was necessary to investigate various hot water inflows, combined to various cold 

water inflows, to check the situations existing in the PWR plants. 

Mechanically speaking, the model is supported in 2 points. The mock-up is fixed on a concrete bed-plate on 

the horizontal section about 5 meters away from the elbow. A weight-support in the middle of the vertical 

section takes up partially the weight of the mock-up (figure 1 ). lt was adjusted to give no momentum at the 

fixed point wheri the mock-up is filled with cold water. The connections with the water feed loop leave the 

model free to bend under effect of thermal stratification. 

3- THE INSTRUMENTATION OF THE MOCK-UP 

A great number of thermocouples are set on the outer wall, particularly on the elbow and its weld, and in front 

of the 3 thermocouple rods (figure 3). The inner wall is fitted with 3 sets of 6 thermocouples in front of the 

thermocouple rods no3 and 4 (fig. 4). One of them emerge in the water but the others are embedded at a depth 

of 0.5 mm in the inner wall. They are very close to each other, spaced by only 0.5 mm. These 3 sets are used 

to measure the heat exchanged between the fluid and the inner wall in the different layers of the stratified flow. 

The vertical profiles of fluid temperature are measured along three vertical diameters (figure 3). Two opposite 

vertical rods, each bearing 18 thermocouples (1 per cm), are set in each diameter (figure 5). 

Fifty strain gauges are set on the outer wall as shown on figure 4. The follow-up of cold thermal shock tests 

has made it necessary to set 25 additional strain gauges and 1 0 associated thermocouples on the inner wall. 

4 -THE PERFORMING OF THE TESTS 

The nominal thermal-hydraulic conditions for testing were as follows: 

- pressure of 80 bars, 

- cold water at 60°C with flow rates ranging from 0.1 to 9 m3/h, 

- hot water at 280°C with flow rates ranging from 0.1 to 5 m3/h. 

The thermal-hydraulic capacities of the water feed loop have limited the sum of the cold and the hot inflows to . 

10 m3/h. Figure 6 shows the flow diagram of the SUPERBABETTE loop which feeds the model. 

Four tests have been carried out at hot water temperatures other than 280oc so as to get closer to stratified 

states measured on the plants. Complementary tests of fast thermal shocks were made at the end-of-life of the 

model. Some modifications of the loop were made to obtain an instantaneous increasing of cold water inflow. 

5- TESTS AT STABLE STRATIFIED STATES 

Some of the results presented in this paragraph have already been published [7]. 

5. 1 - Thermal-hydraulic aspects 

The tests have been carried out by keeping constant the cold and the hot incoming flow rates until the 

temperatures in the model had stabilized. Half an hour at least is necessary to let the temperatures stabilize. 

The stratification level stabilizes in a short period of time, but the vertical thermal gradient in the stratification 

interface increases slowly. Because thermal stresses depend on the thermal gradient, it is necessary to wait 

for a stable state to obtain the maximum stress values. 

Different combinations of incoming flow have been investigated as shown in figure 7. Below a cold flow rate of 

5 m3/h, the level of stratification is independent of the hot inflow (if this one is over 0.5 m3/h). Above a cold flow 

rate of 5 m3/h, results are more and more dependent of the hot inflow, and the comparison is not satisfactory 

with in situ measurements. This discordance is assumed to result from the diameters of the outlet nozzles 

which are too small. 

The position of the stratification interface and the maximum vertical thermal gradient (see the profile in figure 8) 

both increase as the cold flow rises (see also § 5.3). When the cold water inflows is below 0.5 m3/h the cold 
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water stream is heated by the wall. For example, in the case of a cold flow rate of 0.1 m3/h at 60°C, the temperature of the bottom increases to 1 oooc just after the elbow and then rises as a function of the distance from the elbow. This makes the thermal stresses smaller for very low cold inflows. 
No significant variations in the temperature of the stratification interface have been noticed during the tests. The maximum peak-to-peak variation was 30°C at a frequency ranging from 0.1 to 1 Hz. 
Thermal-hydraulic calculations have been made successfully on the model configuration [8]. 

5.2 - Thermomechanical aspects 

A heat exchange coefficient cannot be easily defined in the zone of the stratification interface because the fluid temperature varies abruptly with the altitude. However the measurements on the mock-up enable a determination of a global « transfer coefficient ». Its value was about 3500 Wlm 2rC, that is much higher than those determined in the other layers of the flow. No quantitative explanation has yet been found. 
At the interface level, the circumferential thermal gradients on the wall are softened. Their ratio relative to the thermal gradient in the fluid, is about 1/2 on the inner wall and 1/4 on the outer wall (less for low stratifications). 
The global displacements of the model were measured at the point where the support takes up the weight. They are considerable and can reach 100 mm in the vertical direction and 50 mm in the horizontal direction. The measurements of stresses is reported in the chapter 8. 

5.3 - Comparison with in situ measurements 
The figure 9 summarizes the comparison with measurements made on the SG feedwater system in actual PWR plants. The positions of the stratification interface are quite comparable. The thermal gradients exceed those measured in the plants, because of care taken to obtain stabilization. As indicated in § 5.1 the thermalhydraulic behavior of the COUFAST mock-up is representative of the behavior of SG feedwater systems, only if the cold water flowrate is less than 5 to 6 m3/h (and the hot water flowrate more than 0.5 m3/h). Then, with unchanging temperatures, the height H of the interface level correlates remarkably with the cold water flowrate. 
Based on the COUFAST results and on the measurements in 3 EDF plants, it has been possible to establish a simple mathematical model which gives the relative height HID depending on the Froude number (figure 9). 

6- TESTS OF QUICK ESTABLISHING OF STRATIFICATION 
In the SG feedwater systems the flow rate may change frequently and quickly. So it was advisable to evaluate the value of stresses on the inner wall in these conditions. Modifications of the facilities were achieved to apply cold thermal shocks to the mock-up. Four tests have been carried out, starting from two different initial states and for two cold water flow rates. In a first phase a cold front spreads out horizontally over a height about 8 cm · (figure 1 0). Then, in a second phase, the cold front rises up, turning into a horizontal stratification, while the . vertical thermal gradient gradually increases in the fluid, reaching temporarily 180°C/cm. 
Thermal variations measured during the thermal shocks (maximum peak-to-peak L18 = 80°C) are small. The additional stresses measured on the inner wall during thermal shocks are weak (about 10 MPa). From the fatigue viewpoint, they do not cause any other significant damage because they set up in zones which differ from those affected during stable stratified states. · 

7- CYCLING TESTS UNDER THERMAL FATIGUE CONDITIONS 

7. 1 - Choice of the cycling conditions 
The most damaging cycle (figures 7 and 11) has been defined on the basis of measurements made during stable stratified tests, and was confirmed by numerical studies. it was found to be a cycle between 2 stratified states corresponding to positions of the stratification level of about 50° and 70° (azimuthal angle from the bottom). The greatest amplitude of stresses in the straight section (about 320 MPa) is reached on the inner wall at an azimuthal angle of 60°. 

Water chemical conditions during these cycling tests were imposed to comply with the maximum values authorized for SG feedwater systems in the French nuclear power plants. Stratification can occur only when the steam generator is supplied through the Auxiliary Feedwater System as during hot shutdowns. 
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In this case the ultimate values are : 

pH (at 25°C} : 8.8 to 9.3, 

oxygen content lower than 100 j.Jg/1, 

cationic conductivity lower than 2 j.JS/cm. 

7.2- Realisation of cycling 

This cycle has been applied about 4000 times on the model in four series of about 1000 cycles. Non 

destructive examinations (gamma radiographic on welds and ultrasonic on the elbow) have been made prior to 

the cycles and after each series. No evolution has been noticed and no indication was found. 

The respect of the oxygen content is of a prime importance for fatigue life of ferritic steels. The readings have 

proven that the maximum value reached was about 30 ppb (or j.Jg/1) during only a very short period of time. 

The average value was about 5 ppb, which corresponds to the maximum admissible value under normal 

operating conditions (power > 25% nominal power). The condition imposed in French PWR plants has been 

respected and so it is not useful to apply the correction proposed for example by EPRI (environment factor) 

when, among other things, the dissolved oxygen in water is higher than 100 ppb [9, 10, 11]. 

7.3 - Examination after cycling 

At the end of its life, the destructive examinations of the model revealed small cracks in the welds tapers. The 

cracks were situated on each weld in the area affected by the variations of the stratification interface position*. 

reference of weld S1 S2 S3 S4 S5 

height I diameter (H /D) 0.27 0.2 0.19 0.17 0.13 

crack lengths (mm) 57 30 33 42 (39) 

depths (mm) {left I right) 1.35 I 1.25 1.4 I 2.0 1.95/1.8 2.810.75 (1.0) 

* Note : Taking into account the curvature of the mock-up induced by the stratification, the heights of the cracks have to be corrected. 

Reporting the relative heights to the location of the rods 3 & 4, HID* = 0.19 which is exactly the average of the 2 stratification levels. 

The biggest crack is 2.8 mm deep and is located on the most severe taper. The weld S5 which is shot-blasted 

doesn't show any crack in the tapers, but only one (1 mm) at the junction with the weld fillet. 

8- NUMERICAL SIMULATIONS OF THE TESTS 

8.1 - Numerical simulation of static tests 

All the calculations described later were made with the Code_Aste~developed by EDF R&D Division [12]. 

The work first consisted of validating the optimum meshing in the straight section of the piping before starting a 

complete 3D calculation. We used a 2D finite element model with generalized plane deformations. The 

measurements in the section of the 3 & 4 rods {figure 3) were used for the validation because this section 

included many thermocouples. lt was possible to compare the fluid temperature profiles, the temperatures on 

the inner and the outer wall, and the stresses measured by strain gauges at 6 points on the outer wall. 

The validation is made for seven stratified states giving different positions of the stratification level. Using the 

specific transfer coefficient (see § 5.2) the temperature profiles calculated on the inner and the outer wall are 

close to those measured (fig. 12). Calculated and measured stresses are also in good conformity (fig. 13). On 

the inner wall, calculated stresses are the highest on the flank just below (120 MPa in traction) and just above 

{200 MPa in compression) the stratification level. They depend on the level of the stratification in amplitude but 

more significant is the variation of the position of the extremum of these stresses which follows the level of the 

stratification. Consequently, the maximum stress amplitude is reached when stratification is cycled between 

two stable stratified states. The optimal states were determined to be the s_ 43 and the S_26 (see figure 7). 

A complete calculation using a 30 finite element model has then been made for the same seven stratified 

states. The comparison between stress measurements (located in the current zones) and calculations was 

satisfactory, too. The highest stresses calculated were in the weld tapers, so the following computations 

concentrated on the simulation of these tapers (3 geometric shapes) by 3D elastic finite elements. lt should be 

noted that the stress intensification factor Kt depends on the level of stratification (1.5 to 2). For the conditions 

of the tests, Kt"' 1.8 close to the factor K3 = 1.7 tabulated in ASME Ill & RCC-M [13] for as-welded joints. 
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8.2- Numerical elastic calculations of the fatigue generated by thermal cycles 
For fatigue calculation it is essential to know the stress amplitude range at the location where it is the highest. Elastic computations performed for the 3 different shapes of the tapers allowed to select these locations for the chosen cycle of stratification (between the states S_ 43 - S_26). The variation of stresses during a cycle is obtained by the difference between stresses calculated for the 2 stabilized stratified states. 
The vertical profiles of temperature for these 2 states were imposed as loading conditions (figure 11 ). The mesh used for the computation of the mock-up (1/4 of the model with regard to symmetry conditions) is shown on figures 14 and 15. The boundary conditions were "no longitudinal displacements" in the center of the weld (plane of symmetry), and "free end" displacements at the other end (lengthened to simulate an continuous pipe). 
The vertical profile of the stress intensity (Tresca) variation during a cycle shows (figure 16) a steep peak which is situated just between the minimal and maximal heights of the stratification interface for the 2 endings of the cycle. The interpretation of the results was made according to the chapter B 3200 of the RCC-M (or ASME Ill) because in the chapter 83600 (Piping analysis) it is not convenient to introduce non-axisymmetric loading (as stratification). lt gives the following results for the weld S2 (standard weld on the straight section) : 

- range of total stress 
- range of primary plus secondary stress 

Sp: 540 MPa 
Sn :420 MPa 

The stresses mentioned above were calculated taking into account the dependence of thermo-elastic characteristics (Young's modulus and coefficient of expansion) on the temperature. They lead to a usage factor of about 1.3 for the 4000 cycles carried out on the mock-up. We used also the new rule introduced in the RCC-M code for austenitic stainless steels (June 1994) to evaluate its impact (The specific rule for ferritic steels is under development). The plastic concentration factor Ke increases then from 1.3 to 1.5. Thus the usage factor becomes 1.9 which is in accordance with the small depth of the cracks. Without dependence of characteristics on temperature, the usage factor are respectively 0.7 and 1.4 (see the recap in the table§ 8.3). 
Note : The main advantage of the new rule is to be more realistic and less sensitive to methods of calculation. Using the new rule, the usage factor of the weld with an excessive tapering (S3 with an angle of 20°) decreases from B. 7 to 4, while it increases from 1 to 1.5 for the normal tapers S1 and S2 {these calculations were made with the same hypotheses and methods which were differing from those of the recent calculations reported herein). 

8.3 - Numerical elastic-plastic calculations of the fatigue generated by thermal cycles 
Considering the important role of the factor Ke (for simplified elastic-plastic analysis), elastic-plastic computations have been made according to RCC-M method (calculation of the range of the deformation). 
The elastic-plastic cyclic behavior of the A42 ferritic steel(- SA 106 carbon steel) has been estimated at room temperature by fitting different curves of ferritic steels given in literature. lt has been precisely measured at the maximum temperature of the cycle (280°C) on specimens of the same material used for the mock-up making. The figures 17 and 18 present the cyclic curves (used just as they are in the non linear isotropic modeling) and the linearization used in the linear kinematic hardening modeling. 
The incremental computations take into account the internal pressure (first stage). The second stage consists in going from the isothermal cold state to the first stratification state (S_26) with an intermediate state (see figure 11) to avoid an abnormal plastification. Then the fatigue cycles (S_26- S_ 43- S-26) are applied. 
Four different cases are calculated. The first uses an isotropic modeling and the material behavior (stressstrain curve) is defined by averaging for each value of strain the stresses at 20°C and 280°C. The cyclic stress-strain curve at the most loaded point is shown on figure 19. The behavior becomes completely elastic during the second part of the first cycle (plastic adaptation) so the computations were not carry on beyond. The second case takes into account the dependence of the behavior curves on the temperature by interpolating (linearly) between the 2 basic curves. The figure 20 shows a plastic adaptation from the very first cycle. 
The third case is a calculation using a linear kinematic model with a cyclic curve taken as the average of the 2 basic curves. The computation needed four cycles to obtain a stabilization (this was probably due to numerical problems). The figure 21 shows the plastic accommodation (non linear open cycle) and the figure 22 shows the evolution of the equivalent strain (based on Tresca and assigned with an algebraic sign). The fourth case with the linear kinematic model used the dependence of curves on temperature (linear interpolation of the parameters of the 2 models at 20oC and 280°C). There is again a plastic accommodation but after optimization of the numerical parameters, the stability is obtain from the first cycle (S_26- S_ 43- S_26). 
The following table gives the results in term of equivalent strain range and the usage factors obtained by full elastic-plastic analysis and by simplified elastic-plastic analysis (called "elastic" in the last column ; see§ 8.2): 
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equivalent strain usage Ke* = EP1 I E "1 RCC-M rule Ke factor usage factor 

reference of calculation range(%) factor (full elastic-plastic} for Ke (Sn) "elastic" "elastic" analysis 

isotropic at average T 0.29 0.60 1.13 before 1994 1.19 0.69 
········································ ..................... ··································· 

kinematic at average T 0.29 0.62 1.13 new (austenitic) 1.48 1.37 

isotropic depending on T 0.32 0.78 1.15 before 1994 1.32 1.28 
········································· ····················· ................

................... 

kinematic depending on T 0.41 1.75 1.46 new (austenitic) 1.5 1.9. 

lt is well known that the isotropic modeling of the cyclic behavior gives an underestimation of the actual 

behavior of the structure, and the kinematic modeling gives an overestimation. 

The Ke factor used following an elastic calculation is determined as being the upper boundary of the rate (Ke*) 

between strain range obtained by elastic-plastic calculation and that obtained by elastic calculation. This is 

always verified for the new rule introduced in the RCC-M. For the previous rule (the same as in ASME Code) 

the Ke factor is under the elastic-plastic Ke* obtain with the kinematic model depending on temperature. 

Only the usage factor obtained by this last modeling is upper 1 and could be considered as conservative. 

9 - CONCLUSION 

The study of the COUFAST mock-up was conducted in full scale {dimensions, temperatures, pressure) of the 

steam generator feedwater systems. Much important knowledge was acquired during the tests at stable 

stratified states (temperature profiles in the fluid, thermal transfer coefficients on stratification interface ... ). The 

elastic calculations were validated by comparisons with measurements. After that, fatigue tests were 

conducted by cycling between the 2 stable stratified states giving the most severe alternating stress range 

(very severe in comparison with actual situations in plants). The destructive examinations after 4000 cycles 

revealed small cracks in the tapers of welds. The usage factors were calculated with different methods. They 

are acceptable in respect with the depth of cracks if they are calculated with the new rule introduced in the 

RCC-M. Elastic-plastic computations are conservative only by using a kinematic hardening model for material 

cyclic behavioL lt [s strongly recommended to take into account the dependence of behavior on temperature. 
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( 20 calculations of· stable states of stratifications I 
1 - to adjust the values for heat exchange coefficients 

cold water {forced circulation) : 750 W I rrf K 1 

hot water (natural circulation) : 2000 W I rrf K 1 
. 

interface (special exchange): 3500 WlrrfK 1 

2 - to optimize the mesh for 30 calculations 

32 elements on the lower quarter of the cicumference 
2 elements through the thickness 

( 30 calculations of stable states of stratifications I 
- 7 states of stratification to analyse the influence of 

the height of the stratification level 

the sharpness of the gradient · 

- 4 different geometries to compare 

the elbow and the weld S1 connecting it to the pipe 
the tapers in welds S2, S3 and S4 
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( main results for stable states of stratifications I 

- good adjustment of the thermal model 

- validation of mechanical calculations 

-parametric studies (4 geometries- 7 states} 

guided us to chose the most appropriate cycle for fatigue 

gave us indications on stress intensification in the tapers 

stress intensification factors 

~ S1 S2 S3 S4 
t 

55 mm 1.98 1.78 2.63 1.88 

70mm 1.78 - 2.60 -
95mm 1.78 - - -

115mm 1.n 1.77 2.56 1.88 

125mm 1.75 - - -
150mm 1.50 - - -
190mm 1.72 1.73 2.66 1.92 
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( results of plastic calculations ) 

behavior•s model equivalent usage 

for calculation strain range (%) factor 

isotropic 
0.29 0.60 

average temperature 

linear kinematic 
0.29 0.62 

average temperature 

isotropic 
0.32 0.78 

depending on temperature 

linear kinematic 
0.41 ·® depending on temperature 
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' comparison of Ke and usage factors for average T I 
plastic calculations ( ·elastic calculations I 

~·~----------------
reference of Ke* usage 
calculation factor 

RCC-M rule Ke usage 
Ke {Sn) factor factor 

isotropic 
1.13 0.60 averageT 

before 1994 1.19 0.69 

kinematic 
1.13 0.62 average T 

new rule 1.48 @) 
(austenitic) 

Ke* = eP1J e el 

21 

I comparison when depending on temperature I 

I plastic calculations I ~ I elastic calculations I 

reference of 
Ke* usage 

calculation factor 
RCC-M rule Ke usage 

Ke (Sn) factor factor 

isotropic 
1.15 0.78 depending on T 

before 1994 1.32 1.28 

kinematic 
1.46 @ depending on T 

new rule 1.5 @ 
(austenitic) 

Ke* = eP' I e el 
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(.__c_oNC_L_us_ao_N_..,) 

- tests at full scale of Steam Generator feedwater system 

... much knowledge on stratification 

- validation of thermal and elastic calculations 

-severe fatigue cycling -+ small cracks 

- usage factors acceptable if using the new RCC-M rule 

-elastic-plastic calculations conservative if kinematic modeling 
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LABORATORY SIMULATION OF THERMAL FATIGUE CRACKING 

AS A BASIS FOR VERIFYING LIFING MODELS 

N.G. Taylor, M. O'Donnell1
, R.C. Hurst & L. Gandossi 

Institute for Advanced Materials, 

European Commission DG-JRC 

Postbus 2 
1755 ZG Petten 
The Netherlands 

Abstract 

A system for producing thermal fatigue crack growth in thick tubular specimens is presented. 

Extensive testing has been performed on 316 stainless steel using different thermal cycles and 

temperature ranges. Analysis procedures have been established for calculating the time and 

crack length dependent M< values; these have lead to correlation of the results with 

conventional isothermal FCG data. Introduction of hold times produced enhanced crack 

growth rates, however to allow more systematic investigation of creep-thermal fatigue 

interaction effects a modified rig is presently under development which will allow the 

specimen to be subject to uniaxial tension during the thermal cycling. Finally the use of the 

system to produce service-like reference defects in tubular components for qualification of 

NDE methods will also be explored. 

1. INTRODUCTION 

In order to aid design and support remaining life assessment of high temperature plant 

components, analytical techniques, which purport to predict the behaviour of actual 

components from laboratory based uniaxial materials data, require validation. The 

performanc.e of this validation procedure on operating plant components is largely impractical 

since there is rarely a satisfactory record of the components primary and thermal loading 

history, to say nothing of the potential risk of component failure. By contrast, the use of 

idealised component geometries such as tubes, tested in the laboratory environment, permits 

the accurate and contro lied variation of the primary and thermal· stress systems, offering the 

potential for a better understanding of the influence of these variables upon the component's 

mechanical behaviour and usable life. The validation results for a particular design 

methodology or remaining life procedure may reveal that a method based upon standard 

specimen baseline material data be inappropriate, perhaps due to the number and far reaching 

nature of the assumptions required in the procedure. In some such circumstances the results 

from a series of tubular components tests may themselves offer the basis for an alternative 

design methodology in which many of these assumptions may be eliminated. For example, it 

may be possible to arrange for the plant material's metallurgical condition to be reproduced in 

the component, for a weld produced following a specific procedure to be included the test 

section or for the test component to be a scale model ofthe real plant component geometry. 

1 now with Nuclear Electric plc 
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The present work describes the application of the component validation test philosophy to the problem of crack growth for simulated thermal fatigue loading. Two objectives are highlighted for the experiments: the first, to demonstrate that significant crack growth could be achi~ved on laboratory scale components exposed to conditions simulative of plant operating conditions; the second, to establish a benchmark for the validation of the predicted crack growth behaviour from analytical methods based on conventional specimen data. The experimental work to date has largely focused on 316L stainless steel which is widely used in heat exchanger structures for a broad range of elevated temperature engineering applications. It has gained considerable importance in fast reactor service and as a candidate material for use in the European fusion reactor programme. Common to these applications are the transient thermal loads whicb develop due to plant start-up and shut-down, producing severe thermal shocks and stress gradients which vary with both distance from the shocked surface and time, as a function of the temperature distribution within the component. 

2. TEST MEmODOWGY 

2.1 Simulation of Thermal Fatigue 

Fig. 1 shows the test system developed to provide laboratory simulation of thermal fatigue crack growth utilises an induction coil to cyclically heat a . thick-walled tubular test piece which is cooled internally by forced convection water flow. The thermal cycle is controlled from the outer surface temperature. The resulting transient fatigue cycle is composed of a temperature up-shock (when the induction heating is on) which creates a compressive stress at the external surface, followed by a down-shock (induction heating off), producing compressive stress at the inner surface and a corresponding tensile stress at the outer surface to accord with the balance of forces across the wall thickness. · 

The testpieces are typically furnished with a notch-type defect with a depth of approximately 1 mm to control the initiation of the crack (Fig. 2). The orientation and dimensions of the notch can be varied and it can be machined or electroeroded on either the internal or external surface of the tube. Further details of the experimental set up, temperature control and the material characterisation have been given in previous publications [1, 2]. 

Work to date has focused on 316 stee~ considering two distinct temperature ranges: • a 80-350°C cycle of duration 10 seconds designed to simulate discharges on the first-wall of a nuclear fusion reactor; the time-temperature profile for the inner and outer surface of the specimen is shown schematically in Fig. 3a; in this case the testpiece dimensions were outer diameter 44 mm and wall thickness 9.5 mm. 
• 80-600°C and 80-650°C cycles to reproduce conditions potentia11y relevant to fast reactor components, with testpieces of outer diameter = 48 mm and wall thickness == 14 mm; in addition to higher maximum temperatures, the effects of introducing a hold time at maximum temperature was also systematically studied (Fig. 3b ). The capability of the system to produce thermal fatigue cracking in other materials has also been demonstrated. It has been used to produce fatigue pre-cracking in a 2lf4Cr1Mo ferritic steel tube subsequently subject to multiaxial creep crack growth testing [3]. A recent study demonstrated that cracking in clad boiler steels for the pulp industry could be simulated using the facility. Externally clad tubes were subjected to cycles between 300 and 500°C and the growth from a shallow (0.2mm) notch on the surface monitored as it grew through the stainless steel protective cladding through to the underlying ferritic steel. The test simulated the real plant failure by producing severe damage and oxidation in a very short time. 



2.2 Creep- Thermal Fatigue Interaction 

In many high temperature applications the transient tensile stress arising from thermal loading 

is superimposed on primary mechanical stresses; the interaction of these can be critical to 

determining defect stability in components. The hold time cycles mentioned above provided a 

first step towards investigating such phenomena, however the relaxation of the thermal 

stresses limits the extent of interaction obtained. In order to investigate this further, it has 

been decide to substantially modify the thermal fatigue rig to allow axial tensile stressing of 

the testpiece (Fig. 4). Furthermore, the internal water cooling system is being modified to 

allow the flow to be temporarily stopped during the hold period, so that the entire tube section 

will reach the maximum cycle temperature (Fig. 3c) and hence favour creep crack growth 

mechanisms. 

2.3 Measurement of Crack Growth 

. The crack growth from the starter notch is monitored using in situ, continuous, direct current 

potential drop measurements. Pairs of thin wire probes are attached across the defect position 

(as shown for example in Fig. 2) but always located at the external surface of the tube, even 

for internal defects. These DCPD readings have up to now been translated to measures of 

crack depth with the aid of calibration curves derived from measurements performed on 

special calibration tubes having known notch depths, and from thin foils representative of the 

tube and defect geometries. In all cases these calibrations were complemented with additional 

crack length data from interrupted tests. However recent work has looked at the use of finite 

element modelling to simulate the current flows around the defect. Initial results for a 

circumferential notch (Fig. 5) indicate that both the 2-D and 3-D FE approaches give 

improved correlation with respect to those obtained from calibration relations derived from 

foil models of the defect geometry (in the past these have then been empirically corrected 

based on post-test measurements of crack depth). The FE technique opens new perspectives 

for optimising the PD set-up and probe positions, as well as providing flexibility in deriving 

new calibration functions for different testpiece/defect configurations. 

3. ANALYSIS ROUTE 

The validation of thermal fatigue crack growth assessment methods relies on the 

representation of the component's TFCG behaviour in a daldN vs. LiK format to facilitate 

direct comparison with conventional isothermal fatigue crack growth data, typically generated 

on CT type specimens. This requires the determination of the stress intensity range for the 

defects within the component as a function of crack depth and is the problem that must be 

solved. The analysis commences with a FE thermal calculation to establish the time 

dependent temperature distributions during the thermal cycle imposed. The measured outer 

surface temperature was imposed as a boundary condition. By optimising the coefficients 

governing the convective heat transfer to the internal water flow, it was possible to obtain an 

accurate reproduction of the inner surface time-temperature trend (Fig. 6). These results 

provided the basis for performing a thermo-elasto-plastic FE analysis of the cylindrical 

specimen as an un-cracked body and hence to arrive at the hoop and axial stress and total and 

plastic strain distributions through the tube wall during the cycle. For the analysis it was 

assumed that only the component of stress perpendicular to the plane of the defect would 

contribute to the crack growth process. 

In Kerr's earlier work on the 80-350°C thermal cycle [l], calculation of the effective stress 

intensity factor K at the crack tip proceeded as follows. For the circumferentially notched 

tubes, the axial stresses were intensified using the cyclic stress concentration equation 

proposed by Skelton [4]. The stress profiles across the tube wall at the extremes of the heating 

and cooling cycles were estimated by polynomial functions, and the equivalent stress intensity 
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factors were evaluated for these using Buchalet and Bamford's [5] superposition method, modified however to include input from an elastoplastic stress analysis and displacement controlled loading conditions. In the case of the longitudinal notched components, a single cracked body cyclic thermo-elastic-plastic FE analysis was conducted for a notched tube to establish the steady state stress strain cycle, with the observed stress enhancements being added to the stresses already determined for the un-notched tube. Here Buchalet and Bamford's assumption of infinite length defects was not considered appropriate and a technique proposed by Rees [6] was utilised to generate a so-called crack front development factor for the correction of the crack tip stress intensity factor. 

In more recent studies by O'Donnell et al [2] studied thermal cycles with maximum temperatures of 600 or 650°C . An effective stress intensity factor was determined via the weight function method (Petroski and Achenbach [7]), employing an equivalent elastic stress distribution obtained from fmite element solutions over one complete thermal cycle, obtained after the mechanical steady state was attained (Fig. 7). The development of the crack shape from the longitudinal defect into a semi-elliptical crack shape was accounted for in the shape functions necessary for the weight function calculation, where an interpolation function between the two limiting stress intensity factor solutions was derived from the potential drop crack depth measurements. The application of an elastically calculated parameter may not at frrst seem reasonable for high temperature fatigue and creep behaviour. However, it is reported that the effective stress intensity factor better represents the crack driving force in a strain limited loading condition, such as pure thermal loading with no end constraint, Haigh and Skelton [8]. The on-going work on creep - thermal fatigue interaction aims to consider this aspect in more detail, considering for instance the appropriateness of introducing crack tip driving parameters such as C*, conventionaJiy associated with creep crack growth, and the benefits of applying a unified viscoplastic model to describe the material behaviour. 

4. RESULTS AND DISCUSSION 

4.1 80-350°C Fusion First-Wall Cycle 

Typical crack growth vs. time profiles for specimens subject to the 80-350°C cycle are presented in Fig. 8. The characteristic deceleration of the growth rate as the crack propagates into the lower stressed regions of the tube wall is clearly evident. The mode of propagation is found to be entirely transgranular (Fig. 9). Application of the analysis procedure described 
above permits comparison of the measured crack growth rates as a function of AI<. for various starter notch geometries with mechanical fatigue crack growth results for CT specimens for the temperature range 80 and 350°C, as shown in Fig. 10. The full results have been edited to remove the initial crack growth stages, which occur in the highly plasticised surface region of 
the tube wall where the use of the .M< approach is clearly not justified. Additionally, the latter stages, where aft > 0. 6, have been omitted, since in this region the use of the superposition method is not recommended. Interpretation of the test data with regard to the individual influences of temperature and notch geometry, orientation and location on crack growth behaviour is not immediately obvious. This was largely due to the fact that the tube wall thermal stress profiles for the various notched tube configurations were generally similar, leading to similar estimates of stress intensity range for each of the notches as a function of crack length. However on a more general note the results do fall close to a band delineating the mechanical fatigue crack growth properties of the material in the temperature range of the thermal fatigue cycle. For the designer, the component test demonstrates that cracks will grow from all types of defects under these particular cyclic conditions and at rates generally predicted by the mechanical fatigue data for the material in the relevant stress and temperature range. 
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4.2 High Temperature Fast Breeder Applications Cycle 

To investigate thermal fatigue/creep crack growth, the upper temperature in the thermal cycle 

was increased to the 600-650°C range i.e. conditions potentially relevant to fast reactor 

components. Fig. 11 shows the experimental crack growth rates for both the thermal fatigue 

and thermal fatigue tests with hold times plotted against the calculated stress intensity factor 

range. Due to the gradient in the induced stress/strain field, reducing from a maximum at the 

component surface, both the experimental crack growth rates and the calculated range of 

stress intensity factor were initially large with both decreasing as the crack extended. The 

crack growth rates are extremely rapid under these thermal loading conditions. This is not 

surprising due to the combination of lower mechanical strength properties and the larger 

stress/strain fields induced for the higher temperature thermal shock, in particular the increase 

in the cyclic plastic strain range with temperature. 

Fig. 11 also illustrates the influence of hold times in producing a small but significant 

enhancement of the early crack growth rates. The increased crack growth rates were 

accompanied by a change in the mode of cracking from transgranular to a mixed mode of 

intergranular and transgranular in the region supporting sufficient tensile stress and 

temperature (Fig. 12). With further crack extension beyond this creep affected region, the 

crack path reverts to a purely transgranular mode of propagation and therefore the crack 

growth rates for the different hold time tests converge to similar values with increasing crack 

penetration. This again is apparent from Fig. 11 where the crack growth rates for long hold 

time data tend to converge to those of the intermediate hold times with increased crack depth, 

but always remained higher than the experimental crack growth rates with no hold time. 

The extent of the enhancement of the thermal fatigue crack growth rates due to increased hold 

time is, however, limited due to the specific loading conditions imposed in the present study. 

In the absence of primary mechanical loads, the creep element is self-reducing, i.e. the 

residual stress which drives the creep mechanisms relaxes and in turn reduces the creep rate. 

The new system that allows for a fixed primary stress to be imposed on the specimens is 

intended to circumvent this effect. 

5. REFERENCE TESTPIECES FOR INSPECTION QUALIFICATION 

In order to enhance the potential of ultrasonic, eddy current and radiographic techniques for 

inspection of defective industrial plant components, test-pieces have to be developed which 

emulate such defective components. These test-pieces should ideally contain either or both, 

artificial or real (often called "realistic") defects in order that inspection procedures, 

equipment and operators can become qualified. For many years, the JRC has been at the 

forefront of developments of artificial defects for inspection qualification purposes, in 

particular through their leadership role in the 20 year long PISC (Programme for the 

Inspection of Structural Components) international research programme. 

The key objective of the JRC actions has been to promote the acceptance of artificial defects 

to replace real defects in inspection qualification procedures. It is now proposed to exploit the 

thermal fatigue cracking process as a novel technique for introducing fatigue defects into 

components for inspection qualification. Many defects in structural components are of the 

planar type e.g. fatigue defects, or lack of fusion defects in weldments, gi.ving a similar 

appearance to the NDE inspector. Introduced into calibration test-pieces, the JRC fatigue 

defects should meet the requirements for real defects for inspection qualification. Thermal 

fatigue is particularly suited to the implantation of defects in both the outer and inner surface 

of tubes and pipes in both austenitic and ferritic materials at a relatively low cost. 
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4. CONCLUSIONS 

• The thermal fatigue system described is shown to provide an effective means of generating service-representative crack growth for both austenitic and ferritic materials. 
• Extensive testing has been performed on 316 stainless steel using different thermal cycles and temperature ranges. Increasing the maximum temperature from 350° to the 600-6500C range produces a significant acceleration of the crack growth rates. Introduction of hold times produced enhanced crack growth rates within the creep sensitive region, accompanied by a change in the mode of cracking. However, the increase in crack growth rate was limited due to the relaxation of the creep stresses. 
• Analysis procedures have been established for calculating the time and crack length 

dependent .M< values; these have led to correlation of the thermal fatigue results with isothermal FCG data for conventional specimen geometries. 
• Due to the practical importance attached to creep - thermal fatigue interactions, which occur in many applications where thermal stresses are superimposed on fixed primary loads, a modified thermal fatigue rig is under development which will allow the specimen to be subject to uniaxial tension during the thermal cycling. 
• The capability of the system to produce thermal fatigue cracks in a controlled manner has opened the possibility of its use to produce service-like reference defects in tubular components to be used for qualification of non-destructive inspection methods. 
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Fig. 1. 

(a) 

(b) 

Fig. 2. 

The experimental thermal fatigue facility with a close up of the induction 

coil heating system. 

Tubular thermal fatigue specimens prior to testing: (a) external 

circumferential notch, (b) external longitudinal notch. 
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Fig. 3. 
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Fig 8. Development of crack depth in 1 mm external longitudinal notched 

specimen cycled between 80°C and 350°C 

Fig. 9 Metallographic examination of the crack path; thermal fatigue originates 

an intergranular crack, which then propagates in a transgranular 

manner (x25). 
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Fig 12. Methallographic examination of the crack path. Close to the notch (in the 

creep sensitive region) the crack is both transgranular and intergranular. 

Away from the surface, thermal fatigue is the dominant phenomenon and 

the crack is transgranular. 
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Thermal fatigue (/creep) crack growth 

Objective 
- develop models which provide thermal fatigue (TF) crack 

growth data for the fusion reactor first wall and test methods 

for verification on components under both out-of-pile and 

irradiation conditions in the HFR 

- extend the methodology to a range of other components 

operating under thermal fatigue and thermal fatigue/creep 

conditions 

• Materials and conditions 
- 316L stainless steel, clad boiler steels 

- tho/ormal cycle between 50-80°C and 350°C or 600°C 

- DCPD to measure crack growth from internal/external, 

longitudinal/circumferential artificial defects 

• Key results 
- Experimental facil.ities developed and tuned 

- Crack Growth modelsverified by bench~ark experiments 
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• Essential to qualify ultrasonic, eddy current and radiographic techniques for inspection of industrial components 
- need test-pieces with artificial or real (often called "realistic") defects 

• Key objective of PISC/ENIQ is to promote the acceptance of artificial defects to replace real defects in inspection qualification procedures. 

• Propose to exploit the TF cracking process as a novel technique for introducing fatigue defects 

• Particularly suited to the implantation of surface defects tubes and pipes in both austenitic and ferritic materials at a relatively low cost. 
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Conclusions 
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• JRC thermal fatigue rig provides effective means of generating 

service-representative crack growth for austenitic and ferritic 

materials. 

• Analysis procedures established for correlating the TF results with 

conventional isothermal FCG data 

• Modified rig being developed to test specimens under combined 

uniaxial tension + thermal cycling. 

• Potential use in producing service-like reference defects 1n 

components for use in NDE qualification 
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THERMO-MECHANICAL ANALYSIS METHODS FOR 

THE CONCEPTION AND THE FOLLOW UP OF 

COMPONENTS SUBJECTED TO THERMAL 

STRATIFICATION TRANSIENTS 

1. 

M. GUYETTE and M. DE SMET 

Tractebel Energy Engineering 
av. Ariane, 7 

B-1200 Brussels 

The paper describes the methods developed by Tractebel in order to assess the fluctuating 

temperature and stress fields which take place in mechanical components like piping 

subsystems, nozzles, penetrations etc. when they are subjected to themral stratification 

transients. In most cases, the thermohydraulic phenomena liked with the stratification may 

not be mathematically modelled and their quantification in tenns of temperatures may only 

be obtained by experimental measurements. This is usually perfonned by putting 

temperature sensors on the external surface of the component. The developments shortly 

presented in the paper deal with : 

• inverse Green's functions to allow the derivation of the fluid or inner wall temperatures, 

starting from the measurements at the outer wall; 

the calculation in transient regime of the local stresses, pipe axial strains and pipe 

curvatures in piping nms; 
the calculation of the transient behaviour of complete piping subsystems during 

stratification transients (displacements, forces, moments and stresses); 

• the analysis of complex stntctures like nozzles and penetrations subjected to 

stratification using teclwiques involving Green's functions. 

These developments have been included in a chain of programs which is currently used for 

the design or the a posteriori justification of components where thermal stratification 

transients take place. 

Introduction 

Several piping subsystems in PWR's or BWR's are subjected to thermal 

stratification transients or more generally to thermal transients where the 

temperature is spatially non uniform around a cross section. Most of the time these 

transients affect not only the true piping part of the subsystem but also other 

adjacent components like nozzles, penetrations, valve bodies etc. These transients 

are very often strongly variable with the time and present numerous cycles. They 

are a safety concern mainly because they induce a significant thermal fatigue and 

may therefore be the cause of cracks. 

The thermo-hydraulic conditions prevailing during these transients are usually not 

well understood and can therefore hardly be modelled. In most of the cases, the 

temperature distribution in the fluid may not be assessed but has to be 

experimentally measured. This measurement, in turn, is usually made on the 

external surface of the piping or component and need some sort of correction 

before being used. This paper will describe the methods which have been 

developed within TRACTEBEL to allow the fatigue and/ or crack growth analysis 

in the piping and structures subjected to these types of transients. 
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Main difficulties to be solved 

The main problems which must be solved are : 

• the calculation of the fluid temperature distribution from the measurement of the outer wall temperatures; 

• the spatial complexity of the temperature field which is variable mainly in the · radial and in the azimuthal directions; 

• the complexity of the transients in time : the transients are usually very lengthy in time, with many cycles. In some cases, they have a true random appearance; 

• the evaluation of the stresses : when stratification transients take place in a piping system and in the neighbouring components, the. temperature field which arises produces two types of stresses : 

"local stresses", which are directly due to the temperature gradients which establish themselves in the wall thickness of the component; 

- "global stresses" also called "expansion stresses" which are induced by the fact that the system free expansion is restrained; 

For the classical thermal transients in piping (not involving thermal stratification), the change in global stresses in the course of the transient is often very small and is usually neglected. 

The stratification transients, on the contrary, produce a significant bowing into the piping and this bowing induces much more free displacements than what occurs with classical transients not involving stratification. The global stresses are in this case much larger and are usually of the· same magnitude or even larger than the local stresses. Both types of stresses must therefore be accurately evaluated and correctly synchronised. 

• the displacements of the piping lines are usually much larger during stratification transients than during classical thermal transients. Depending of the line environment, intermittent contacts may occur during these large displacements, for instance with pipe whip restraints. These contacts may significantly increase the bending moments taking place in the lines; 

• the fatigue evaluation in presence of complex time histories like the ones currently encountered during stratification transients and with stress states having variable orientation of the principal stresses requires to use other procedures like the so called "rainflow method". 
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3. Implemented solution 

3.1. Geometrical considerations 

The structures considered here above have a geometry which is approximately 

axisymmetric. The temperature and the thermal stress fields in these structures 

may therefore be expressed as a Fourier's series of the azimuthal angle. Such a 

practice allows to strongly simplify the mathematical developments since the 

harmonic functions (sines and cosines) present orthogonality properties as long as 

the differential equations remain linear. In other words, a given harmonic 

component of the temperature distribution may only produce stresses of the same 

harmonic. The separation in harmonics will therefore· allow to investigate 

independently each harmonic in the assesment of either the temperature field or 

the stress field. 

3.2. Assessment of the temperature field 

3.2.1. 

The calculation of the temperature field in a piping subsystem will be distinguished 

from the one in a more complex component : in a piping system, the axial 

development is usually long and variations in wall thickness are usually negligible, 

in such a way that the geometry may be assimilated to a cylinder. In such a simple 

geometry, it becomes possible to use analytical tools to get the temperature field 

while for the other components the recourse to finite elements becomes mandatory. 

Temperature field in a piping subsystem 

The fluid temperature in a stratified flow is strongly variable in azimuthal direction 

and with the time. In the axial or flow direction, on the contrary, the temperature is 

only slightly variable. Based on these assumptions and neglecting the small 

variations in axial direction, the differential equation of the temperature field is: 

(1) 

with 

T :metal temperature 

K : metal thermal diffusivity 

The following boundary conditions will be applied: 

(2) 

==0 
(3) 

which assume a heat exchange, with a film coefficient h, between the fluid and the 

metal at the inner surface and a perfect insulation at the outer surface. 
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One assumes further that, in each cross section, the temperature presents a mirror symmetry with respect to the vertical plane. The temperature field may thus be expressed as : 

" T(r,e,t) = L:TJr,t)coske (4) k=O 

In order to keep the equations linear, which is a necessary condition to implement a Green's functions solution, the thermal as well as the mechanical properties of the pipe material will be considered independent of the temperature. 

The thermal conduction equations in transient regime will be solved for each harmonic of the Fourier series. A technique of eigenvalues and eigenfunctions (see Booley and Weiner [1] or Carslaw and Jaeger [2]) similar to the one of the eigenmodes and eigenfrequencies in structural dynamics will be used for each harmonic. The time history response in harmonic k of the temperature at a given timet for the point of co-ordinates rand Bin the pipe will be: 

m I 
"" d-.2 M ( ) f -K~?.ft-r)T ( ) d + ~ K 'f1 k t k r J, e f k ' ' 1=1 ° 

(5) 

with 

M1 k(r) : eigenform of index l for the harmonic k 

r/J1 k eigenvalue of index l for the harmonic k 

K thermal diffusivity of the pipe material 

Ttk(t) : component of harmonic k of the fluid temperature 

Mok(r) : steady state temperature distribution of harmonic k for a fluid temperature equal to unity in the same harmonic 

The eigenforms Mt k(r) are normalised in such a way that 

00 

M0 Jr) = ,LMkl(r) 
1=1 

(6) 

The eigenforms are combinations of first and second kind Bessel functions of the same order as the harmonic to which they belong. 

For a particular point of interest of co-ordinate ro, the equation 5 may be put under the form: 

(7) 
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with: 

"' 
ck(ro) = Mokh)- IMlk(ro) 

1=1 (8) 

m 

Gk(,o,t) = LKrA2L MLk{ro)e-qlf,t 
1=1 (9) 

Provided that the fluid temperature is known at regularly spaced discrete times, 

the equation 7 may be put under the form : 

n 

Tk(,o,t) = .L;w;T1Jt -iL1t) 
i=O (10) 

where the w, are integration. weights which may be calculated once for all. This 

formulation allows to calculate very quickly the temperature at any point of 

interest. 

Temperature field in components with a more complex geometry 

The same general formulation is applied except that the heat transfer is fully three

dimensional and requires a solution by finite elements. This solution consists of a 

thermal modal analysis in the same way as here above, followed by a calculation of 

the integration weights to perform the convolution of the fluid temperatures at the 

points of interest. 

3.3. Calculation of the fluid temperature distribution from the outer 

wall one 

In the here above equations, it is implicitly assumed that the fluid temperature is 

known. In most cases, only the outside wall temperatures may be measured. The 

need arises thus to develop a formulation allowing to obtain the fluid temperature 

from the outside wall temperatures. Such a process, may be called "inverse" since it 

allows to obtain the cause of the phenomenon from the knowledge of its effects in 

opposition with normal or "direct" Green's functions which permit to calculate the 

effects of a phenomenon from its causes. Each of the equations (7) relative to a 

particular harmonic, may be written for the external radius r, : 

(11) 

The Equation (11) is the starting point to develop the inverse Green's functions. In 

the case where T,(re, t) is known and TJ k(t) unknown, it may be considered as an 

integral equation in TJk, the solution of which may be written as : 

(12) 

The mathematical developments leading to the values of the constant Qk and to the 

expression of Uk are described in detail in ref. 3. The Uk function is the inverse 

transfer function. 

M.GUYETTE & M. DE SMET PAPER 

3 1 
7

oECD/DSIN MEETING 7-12 JUNE 98, PARIS 



6/11 

As this function decreases sharply as t tends to +eo or -oc, the final expression of TJk(t) may be put under the form: 

(13) 

where LJ- and LJ+ are chosen in such a way as to give a good engineering accuracy to the expression of Tfk· 

A u, function and a Qk constant are obtained for each harmonic in turn. In a similar way with what has been done for the direct Green's functions, provided that the outer wall temperatures are sampled at regular time intervals, the convolution integral here above may be transformed in a sum of products of weights with the sampled temperatures. 

As the starting point for the inversion process is the series of equations 11 which represents the two dimensional temperature distribution, the inversion process is fully two dimensional. For instance, it takes into account not only the heat flow through the pipe thickness but also the azimuthal heat flow from the hot part of the section to the colder one. 

The inverse processes as the one shortly described here above have the reputation to be unstable or inaccurate or both. A complete discussion of the accuracy and stability of the inverse process is outside the scope of this short presentation (more details may be found in [3]). Looking at equ. 11 which is the integral equation to sQlve, it may be said that this equation is of the so called "second kind" as long as the C. constant remains different from zero. If this constant becomes zero, one gets an integral equation of the "first kind" which is known to be very unstable. The equation 8 gives the expression of this Ck constant. As the number of modes used .in the inverse process is increased, the sum becomes closer and closer to the value of Mo k so that the value of Ck tends to 0 (see equ. 6). The number of modes, in turn, is linked to the accuracy .of the inverse process. One sees therefore that an inverse process is a compromise between accuracy and stability. In our case, the parameter is the number of modes actually used in the inversion. The larger the number of modes becomes, the better is the accuracy but the poorer is the stability. On the contrary, a better stability is obtained by reducing the number of modes at the prejudice of the accuracy. 

From a physical point of view, it is clear that rapid transients, which affect only a small part of the wall thickness may not be taken into account. in an inverse process such as the one described here above. In compensation, as these transients affect only the inner part of the wall, they are less damageable. 

The quality of the measurements themselves plays also an important role iri the accuracy of the results of such an inverse process. It is clear that any noise introduced at any level in the measurement process will be amplified by the inversion process. A great care must be taken in the selection of the temperature sensors, of the electronic devices themselves and even in the choice of the type of the cables (insulation from external influences). 

An important point to be commented is the influence of the film heat transfer coefficient on the results of the direct and inverse Green's functions: This film coefficient plays a significant role in the form of the modes and any uncertainty on its value may strongly affect the results in both types of functions. 
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However, when use is concurrently made of inverse and direct transfer functions 

and provided that the same value of film coefficient is used for the two types of 

functions, a compensation of the error occurs. For instance, if a very large film 

coefficient is used, the inverse transfer functions will predict the inside wall 

temperature in place of the bulk fluid temperature. However, if the same value of 

film coefficient is used in the direct transfer functions, the calculated temperatures 

will assume that the starting temperature is the inside wall temperature and the 

calculated values will be correct. 

The Figure 1 shows an illustration of the accuracy which can be reached using the 

inverse and direct Green's functions. In this Figure, the thick curves represent the 

sampled temperatures in a piping cross section. fitted with 5 sensors equally 

distributed over half the external wall circumference. The thin curves are the fluid 

temperatures at azimuthal points just facing the sensors (calculated using inverse 

Green's functions) .. One _sees that the slope of these fluid temperatures is much 

stronger than the one of the external temperatures and that the fluid temperatures 

anticipate the variations of the outer wall ones. The diamonds are the calculated 

external temperatures (calculated using direct Green's functions) obtained from the 

fluid temperatures. One sees that the correspondence is excellent except at the 

onset of the large transients where differences of the order of 1.5 oc are observed. 

Evaluation of the local stresses 

Stress field in a piping subsystem 

The stresses caused by the temperature field may be assessed by bringing the 

expression of this last field in the thermoelastic equations [4]. Use is first made of a 

strict plane strain hypothesis which is then modified to a generalised plane strain 

one, with the assumption that the net axial force and the bending moment 

perpendicular to the vertical symmetry plane are both equal to zero. 

Beyond the generalised plane strain conditions. mentioned here above, the 

boundary conditions imposed on the stress solution are simply that the radial 

normal stress and the 0",8 shear stress vanish on both the inner and outer surface of 

the pipe. · 

For each M1 k(r) eigenform, the thermoelastic theory will provide stress functions 

S1 k(r) for each stress component which, after combination, gives the stress response 

of harmonic k : 

o-,(r.t) ~ [s"'(r)- ~s,.(r)]Tfk(t) 

+ IK ~fk51 k(r) J: e-K~2,(t-r)y1 k( r) dr 
1=1 

(14) 

with 

S1 k(r) : modal stress caused by the application of temperature distribution M k(r) 

So k(r) : steady state stress caused by the Mo k(r) temperature field 

The last equation is valid for any one of the stress components. A similar 

formulation may also be used for the displacements, strains, etc. 
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The stresses are first calculated under the assumption of plane strain conditions. Under these conditions the harmonic 0 usually causes an axial force. In a second step, to get the pipe free expansion, an axial force of opposite sign is superimposed. 

The same reasoning may be done concerning the bending moment caused by the harmonic 1. The superposition of a moment of opposite sign causes a curvature of the pipe called hereafter the free curvature. 

The here above formulation allows to calculate, for any section where the fluid temperature is known, the local stresses, the free axial expansion and the free curvature. Exactly in the same way as what has been done for the temperatures, the equation 14 may be transformed in a sum of products of weights with the fluid temperatures, allowing to assess very rapidly the stress histories at points of interest. 

Stress field in components having a more complex geometry 

The same general methodology as what has been explained here above for a simple pipe, may be used for more complex geometries. In a complex geometry, the modal stresses must be calculated by the finite element method starting from the temperature eigenforms or thermal modes. The rest of the procedure remains unchanged. 

3.5. Global stresses in the piping lines 

The application of the inversion process combined with the stress and strain analysis described here above allows to calculate the local stresses, the axial free expansion and free curvature of the pipe in each measurement section. 

To assess the global behaviour of the line, a model of this last one is built; this model is built using the finite element method by taking care to respect the true flexibility of the pipe elbows and other specific piping fittings. 

It is further assumed that the axial free expa.nsion and the free curvature vary linearly between measurement sections. Influence functions are defined for each section as shown in Figure 2. The function relative to a particular section varies from 1 in the considered section to 0 in. the adjacent ones. 

A series of responses of interest are defined, for which the time evolution during the transients is wanted. These responses may be displacements, stresses, strains or forces at particular locations in the piping system. These responses are assumed to be stored according to a well defined order in a vector ·noted v. 

For each measurement section, load cases corresponding to unit curvature and to unit average temperature, distributed in the line according to the here above mentioned influence functions are calculated. The values of the responses of interest are extracted from the results of these load cases and stored column by column in the matrix Vp for what concerns the unit curvatures and in V'f for the 
mean unit temperatures. Load cases corresponding to unit end displacement in each of the co-ordinate directions are also calculated and the responses of interest are stored columnwise in the V6 matrix. 
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As, from the previous calculations, the mean temperatures and the curvatures are 

known for each time step in the transient, the values of the responses of ,interest 

may simply be calculated for each step by : 

(15} 

where 13 and T are vectors containing respectively the curvahue and the mean 

temperature in the measurement sections, 8 is the vector containing the end 

displacements for the considered time, Vp is the vector of the responses of interest 

for a unit internal pressure and pis the internal pressure. 

The accuracy of this global model may easily be checked by performing a 

comparison between the measured values of the displacements and the calculated 

response of the model. Figure 3 shows the layout of the surge line of the Doel 2 

power plant with the location of the provisional measurement devices 

(thermocouples and displacement sensors) used to monitor some heat ups and cool 

downs. This provisional measuring installation is typical (number and position of 

the captors) of what may be used for a permanent monitoring. 

As shown in Figure 3, besides the 5 measurement sections equipped with 

thermocouples, the vertical displacement of the line is measured at three locations. 

These displacements are compared to the calculated ones in Figures 4 and 5 for a 

typical transient the recorded temperatures of which are given in Figure 7 for what 

concerns the section 1. Examination of Figures 4 and 5 shows a very good 

agreement between the calculated and measured values with an excellent 

synchronisation in time. 

This validates the model of the line and thus the forces and moments which are 

obtained by the combination of the unit load cases. 

The process described here above may be extended to cope with intermittent 

contact points. Such contacts may occur among others with pipe whip restraints 

during large transients. Details about the treatment of intermittent contacts may be 

found in [5]. 

The calculation of the global stresses in the 3D structures directly connected to the 

piping system is rather straightforward : the forces and moments induced by the 

piping line on the nozzle or penetration are calculated by the here above method 

for each time step in the transients. Unit load cases corresponding to each of the 

forces and moments are calculated once for all on the finite element model of the 

3D structure and a linear combination is performed at each time step. 

As an illustration of the calculation of local and global stresses, Figure 7 shows a 

excerpt of external wall temperature measurements in a feed water line of the Doel 

3 plant. The time span is 8 hours during which two large transients took place. The 

Figure 8 shows the evolution in time of the local axial stresses at the inside wall of 

the pipe at seven azimuthal positions. 
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It is worthwhile to remark that although the two transients are of the same order of magnitude for what concerns the top-bottom temperature difference, th~ stress distribution is significantly diffe~ent tor the two transients. This may still be better observed in Figures 9 and 10 which show the azimuthal distribution of the axial stress for two points in time during the transients. These time values correspond with the largest peak in total stress. The total stresses include the pressure stresses, the stresses due to the forces and the moments and the local thermal stresses. It is well shown on this diagram that, although the second transient has a larger top- · bottom temperature difference, the moment stresses are larger for the first transient due to the fact that the free curvature is larger in the first transient. This illustrates clearly that it is not only the temperature difference but also the temperature distribution within a cross section which plays an important role on the magnitude of the stresses. 

Computer programs 

The various developments shortly described here above have been incorporated in a chain of programs called THERMAX which is summarized in Figure 11. This chain of progra~ns consists mainly of five modules : 

• the module STRATIF generates the inverse and direct Green's functions for the piping and performs the needed convolutions on the measured temperatures. It provides the fluid temperatures, the metal temperatures, the strains, the curvatures and the local stresses in the various sections; 

the module STRATGLO makes use of the unit load cases obtained by the finite element package SYSTUS to calculate the global behaviour of the piping subsystem. It provides time histories of the displacements, forces and moments and total stresses; 

• the module FEATFUN generates the Green's functions 'for the 3D structures after that a thermal modal analysis has been performed by SYSTUS; 

the module FEATRAN performs the convolution of the fluid temperature with the Green's functions to get the local stresses. It uses also the forces and moments provided by STRATGLO to calculate the global stresses in the3D model. The combination of the global and local stresses provides the time histories of the total stresses in the 3D structure; 

• the FAXS module finally performs the fatigue analysis of the stresses either in the piping subsystem or in the 3D structure. 

Conclusions 

A complete chain of programs allowing to evaluate the temperatures, displacements and stresses in piping subsystems subjected to thermal stratification transients has been presented. 

It allows to follow the transients with great accuracy, reducing the conservatisms to a minimum. It remains simple to use although the amount of data to process is usually large. 
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This chain of program is currently used at TRACTEBEL for the following tasks : 

• a posteriori justification of PWR surge lines; 

• rerouting of feed water lines in existing PWR plants where the steam generators 

are replaced; 

• justification of feed water nozzles on new steam generators; 

• analysis of the stratification effects in feed >vater nozzles of BWR plants; 

• fatigue follow-up of feed water lines. 
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Piping Analysis Methods of a PWR Surge Line for Stratified Flow 

K.S.Yoon, S.H.Kim, J.M.Kim, T.S.Choi, and S.H.Park 

Korea Power Engineering Company, Inc. 

150 Dukjin-dong, Yusong-gu, Taejon 305-353, Korea 

Abstract : The thermal behavior of the surge line due to the stratified flow can be realistically simulated 

through the transient heat transfer and structural analyses. This analysis method, however, requires the fluid 

dynamic analysis to obtain temperature distributions as a function of time followed by static structural 

analysis. Therefore, such a transient analysis method is not efficient in the study of the initial surge line 

routing of a newly designed power plant such as Korean Next Generation Reactor. This paper presents the 

steady state heat transfer and static structural analysis method in order to reduce complexity and computer 

time in the analyses. This analysis method are based on a few assumptions related to the thermal hydraulic 

models for the simulation of the stratified flow phenomenon. Studies on the surge line for a I 000 MWc PWR 

Korean Standard Nuclear Power Plant have been performed using the 3-dimensional finite element method. 

The results of these studies have been compared with the measured data obtained during the surge line 

stratified flow test ofYounggwang Nuclear Power Plant Unit 3. It is concluded that this analysis method can 

be used efficiently for the initial design of the surge line with the stratified flow. 

1. INTRODUCTION 
The surge line of a 1000 MWe PWR Korean 

Standard Nuclear Power Plant (KSNP) has a long 

horizontal run to connect the pressurizer and one hot 

leg pipe in the reactor coolant system (RCS). 

Outsurge from or insurge into the pressurizer at a 

low flow rate occurs during the operation of a 

typical PWR. The temperature of the pressurizer is 

usually maintained higher than that of the hot leg. 

From the evaluation of surge line thermal 

stratification [ l ], it has been concluded that the 

above conditions are the root causes of the stratified 

flow in the KSNP surge line. According to the 

thermal stratification in the surge line, hot water 

flowing out of the pressurizer through the surge line 

into the main coolant loop flows over a layer of 

cooler water during outsurge from the pressurizer. 

This causes that the upper portion of the pipe gets 

hotter than the lower portion. From this phenomenon 

the thermal behavior of the surge line ocqtrs, which 

induces increased overall bending stresses and 

creates local high stresses in the pipe cross section 

due to non-linear circumferential metal temperature 

distribution. This thermal behavior of the surge line 

can be realistically simulated through the transient 

heat transfer and structural analyses. This analysis 

method, however, generally requires two step 

analyses to resolve the interface problems between 

the fluid and the solid if currently available 

generalized computer codes are used. The first step 

is to perform the 3-dimensional transient thermal 

hydraulic analysis of the fluid in order to determine 

the temperature distributions at many time points. 

The second step is to perform the corresponding 

structural analysis of the pipe to evaluate thermal 

effects on the pipe. But this analysis method is not 

efficient in developing the initial routing for a newly 

designed power plant such as Korean Next 

Generation Reactor (KNGR), because the initial 

design of the surge line generally requires several 

iterative attempts to find out an appropriate routing. 

It is, therefore, necessary to simplify the analysis 

method in order to reduce analysis efforts at the 

early design stage. 

A simplified analysis method was introduced by 

Y.J.Yu et. al [2]. This simplified method omitted the 

transient thermal hydraulic analysis step. And the 

thermal behavior of the pipe due to the stratified 

flow was simulated using the conservative 

assumptions in the thermal hydraulic modeling. The 

assumption applied in this method was that hot fluid 

in upper half pm1ion flows over cold fluid in the 

lower one of the horizontal cross section with a 

step-functional temperature change at their interface. 

The pipe curvature was obtained through a 2-

dimensional steady state heat transfer analysis with 

the assumed condition. The calculated curvature was 
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then used as a input to a conventional prpmg 
analysis. However, only the gross bending stresses 
of the pipe due to stratified flow, which were 
dependent on piping routing and its support system, 
could be determined with this method because the 
beam element of a conventional piping analysis code 
did not accept circumferential temperature variation 
input. The local stresses in pipe cross section due to 
non-linear circumferential metal temperature 
distributions is generally obtained by a separate 2-
dimensional finite element analysis (FEA). It is also 
noted tl;at the stratified flow condition of the vertical 
pipe elbow could cause the different thermal 
behavior of the pipe compared to that of the 
horizontal cross section. Therefore, a separate 
treatment is required in order to evaluate the effect 
of the stratified flow occurred in the vertical pipe 
elbow on the thermal behavior ofthe pipe. 

This paper presents a 3-dimensional steady state 
heat transfer and structural analysis method in order 
to supplement the shm1comings of the simplified 
conventional piping analysis method. The method 
presented in this paper needs the proper thermal 
hydraulic model assumptions for the approximate 
simulation of the stratified flow in order to omit a 
detailed transient thermal hydraulic analysis. The 
several assumptions are established and evaluated in 
order to show the validity of the presented method. 
The results obtained from the presented analysis 
method are compared with the measured data during 
the Younggwang Nuclear Power Plant Unit 3 (YGN 
3) surge line stratified flow test (SST). 

2. DESCRiPTION OF KSNP SURGE LINE 
The KSNP surge line is a 12 inch schedule 160 

SA312 TP347 stainless steel pipe connecting the 
pressurizer and one hot leg pipe. The surge line has 
a horizontal run of approximately 770 inches with 
vertical runs: one to the bottom of the pressurizer 
and the other to the top of the hot leg. They are 
98.75 inches and 81.12 inches, respectively. The 
horizontal run has a slope of 1/16 inches per foot. 
The vertical runs have right angle (90 degree) pipe 
elbows as shown in Fig. I. The KSNP surge line 
routing and support selections are designed to 
accommodate stratified flow conditions. Fig. I 
illustrates the geometry ofthe KSNP surge line and 
indicates the temperature and displacement 
instruments installed for YGN 3 SST in order to 

obtain axial and circumferential prpe wall 
temperature distributions and movements. 

3. ANALYSIS 
The 3-dimensional steady state heat transfer and 

static structural analyses are performed to evaluate 
the temperature distributions and displacements of 
the KSNP surge line measured at the selected time 
during YGN 3 SST, using the following analysis 
model and thermal hydraulic assumptions. 

3.1 Analysis Model 
The entire surge line shown in Fig. I is modeled 

and analyzed with the generalized 3-dimensional 
FEM computer code, ANSYS version 5.4 [3). The 
element number of SOLID 70, 3-D thermal solid, is 
used. Fig. 2 depicts 3-dimensional finite element 
meshes. 

3.2 Thermal Hydraulic Assumptions 
The following thermal hydratJlic assumptions are 

established for the approximate simulation of the 
stratified flow .. 
Assumption 1 : Hot fluid in the upper half portion 
and cold fluid in the lower one of the cross section 
experience a step-function temperature change at 
their interface. 
Assumption 2 : One of the following three 
conditions in the cross section is applied together 
with Assumption I in order to simulate the general 
observation made during the YGN 3 SST, that is, the 
temperatures at the bottom of the pipe remained 
nearly constant and close to the hot leg temperature: 
( l) All nodal points on Line A shown in Fig. 3 have 
constant temperature through the wall thickness and 
the temperature is equal to that of the hot leg; 
(2) One nodal point of Point A shown in Fig. 3 has 
constant temperature and the temperature is equal to 
that of the hot leg; 
(3) No boundary conditions are imposed except for 
Assumption I. 
Fig. 3 illustrates the thermal hydraulic models with 
boundary conditions in the cross section of the pipe. 
The thermal hydraulic models in the first elbow 
from the pressurizer are shown in Fig. 4 with the 
fluid temperature of the first elbow from the hot leg 
assumed to be equal to that of the hot leg. The elbow 
is divided into eight segments with even angle. This 
assumption is based on the measured top-to-bottom 
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temperature differentials obtained during the YGN 

3 SST at the selected time when the largest vertical 

displacement was observed. The measured 

temperature difference at location B 1 close to the 

first elbow from the pressurizer was much larger 

than that at location B4 close to the hot leg as shown 

in Fig. 5. 

3.3 Analysis Data 
The analyses are performed to evaluate the 

measured surge line temperature distributions and 

displacements at the selected time. The largest 

vertical displacement was observed at measurement 

location L3, and the outsurge from the pressurizer at 

a low flow rate was caused by the higher letdown 

flow from the RCS than the charging flow into the 

RCS. lt is understood that at such a low flow 

condition the upper (hot) fluid was moving and the 

lower (cold) layer was stationary. For the moving 

layer, the Reynolds number (Re) is calculated based 

on the calculated flow rate, and the flow is laminar. 

The Colburn equation is then used to calculate the 

corresponding value ofNusselt number (Nu). For the 

stationary layer, the flow is also laminar. The 

average heat transfer coefficients for the inside of 

the pipe are calculated based on the followina b 

relationship for laminar flow (Re< 2300) [4]: 

Nu=3.6 (1) 

h avg = Nu · k I D 17 (2) 

where k is the thermal conductivity of the fluid; D, 

is the hydraulic diameter based on flow area; huvx is 

the average heat transfer coefficient. 

For comparison of this analysis result with the 

measured data obtained during the YGN 3 SST, it 

needs to consider that portions of the pipe including 

the measurement locations were not insulated. The 

outside of the pipe exposed to ambient air was 

cooled by natural convection and radiation. The film 

coefficient at the outside surface is calculated as 

follows [7]: 
(1) Heat transfer coefficient due to radiation (h,) 

h, = t:· a(T/ + 0])(7; + 0) (3) 

a=0.1713x!0-8(Btu·h- 1 -ft-2
·0 R4

) (4) 

where T, and T] are in oR; £is emissivity 

considered with the value of 0.6. 

(2) Heat transfer coefficient due to natural 

convection (hJ 

he= Nu· kID 

( )
1/3 

Nu = 0. 14 · G R · Pr 

(5) 

GR · Pr = 2 x 10 7 (6) 

where k is the thermal conductivity of ambi'ent 

air; D is the outside diameter of the pipe. 

(3) Combined heat transfer coefficient (h) 

h =he+ h,. (7) 

The other data used for the analyses are shown in 

Table 1. 

4. RESULTS AND DISCUSSION 

4.1 Assumptions in the Cross Section 

The results determined from the analysis under the 

elbow condition of Elbow TH3 in Fig. 4 are shown 

in Fig. 6 and 7. Fig. 6 shows that the temperature 

distributions at the top and bottom in the axial 

direction of the pipe show similar trend to the 

measured data. The calculated bottom temperature 

based on Assumption 2, (3) (no boundarv 

condition), however, shows a large difference fro1~ 
the other data. It is thought that the difference is due 

to the thermal conduction from the upper portion 

(hot) of the pipe wall to the lower portion (cold). 

This explains why Assumption 2, (1) or (2) should 

be applied for the simulation of the stratified flow. 

The calculated temperature at location B2 is slightly 

higher than those at locations A3 and B3 as shown 

in Fig. 6. This is due to pipe insulation condition 

near the instruments. Also the large deviation of the 

measured temperature directly causes the large 

differences of the vertical displacements as shown 

in Fig. 7. Corresponding to each boundary condition 

( 1 ), (2), or (3) of Assumption 2, the vertical 

displacement differences between measurements 

and the analysis results are 10%, 13%, and 54% at 

measurement location L3, respectively. It is, 

therefore, noted that the assumptions made for the 

analysis are acceptable if Assumption 2, (3) is 

excluded. 

4.2 Assumptions in the Vertical Pipe Elbow 

The thermal hydraulic models of the first pipe 

elbow from the pressurizer are described in Fig. 4. 

The vertical displacements have been also 

calculated in order to evaluate the effect of the 

stratified flow occurred in the vertical pipe elbow 
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on the thermal behavior of the pipe under pipe 
elbow assumption and Assumption 2, (!).Table 2 
indicates that the vertical displacements at the 
locations ofL 1 through L3 are more sensitive to the 
thermal hydraulic condition of the pipe elbow than 
those at the locations of L4 and L5 from the view 
points of the variation band. It is also shown in 
Table 2 that the condition of Elbow TH 1 causes the 
largest vertical displacement at the locations of L 1 
through L3. And the displacement difference 
between the elbow model TH l and TH4 at the 
location of L3, which has the largest vertical 
displacement, is 8%. This means that the thermal 
hydraulic models of the vertical elbow should be 
carefully considered in the design of the surge line. 
The difference between the analyzed results and the 
measured data at the location ofL3 decreases down 
to 5% by applying the model of Elbow TH 1 instead 
of Elbow TH3. It is, therefore, recommended that 
the thermal hydraulic model of Elbow THl be used 
for the analysis. 

5. IMPLEMENTATION TO PIPING DESIGN 
As discussed weviously, it has been confirmed that 
the analysis method presented in this paper with 
Assumption 2 except for Assumption 2, (3) can 
predict the approximate circumferential and axial 
temperature distributions of the pipe wall without 
performing the time consuming transient thermal 
hydraulic analysis. The calculated displacements 
based on the combined Assumptions 2, (1) and 
Elbow TH1 are in good agreement with the 
measured data. Therefore, the pipe displacements as 
well as pipe forces and moments can ~e determined 
using the predicted temperature distributions. 

6. CONCLUSIONS 
Based on the above evaluation, concluded are : 
( 1) The steady state heat transfer and. structural 

analysis method, that is less complex and time 
consuming compared to the transient analysis 
method, can be used to predict the temperature 
distributions; displacements, and loads of the pipe 
under the stratified flow condition. 
(2) This analysis method can also be extended to 

the similar routing study or analysis and be used to 
efficiently design the piping for a newly designed 
power plant such as KNGR. 

REFERENCES 
1. Y.J. Yu et. a!, 1997, Structural Evaluation of 
Thermal Stratification for PWR Surge Line, 
Nuclear Engineering and Design, 178, pp. 211-220. 
2. Y.J. Yu et. a!, 1996, Development of Piping 
Analysis Procedure of a PWR Surge Line for 
Stratified Flow, Journal of the Korean Nuclear 
Society, vol. 28, pp. 390-397. 
3. ANSYS user's manual. 
4. J.P. Ho!lamn, Heat Transfer, Fifth edition, Tower 
Press. 

""""8 );; 



Table I. Thermal Hydraulic Data at Selected Time Point (Unit, °F) 

Pressurizer Fluid Temperature Hot Leg Fluid Temperature Ambient Air Temperature 

440 120 100 

Table 2. Vertical Displacements at Thermal Hydraulic Conditions in Vertical Pipe Elbow (Unit, inch) 

Condition L1 L2 L3 L4 L5 

Measured -0.05 -2.35 -3.71 0.66 0.24 

Elbow TH1 -0.25 -2.15 -3.51 0.52 0.23 

ElbowTH2 -0.16 -2.08 -3.42 0.54 0.24 

Elbow TH3 -0.07 -2.02 -3.33 0.56 0.24 

Elbow TH4 0.01 -1.96 -3.25 0.57 0.24 
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Elbow TH2 through TH4 is the same as that of Elbow TH I. 

Figure 4. Thermal Hydraulic Models of the First Elbow from the Pressurizer 

(H:Fluid temperature of Pressurizer; C:Fluid temperature of Hot Leg) 
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Abstract 

The Thermal Stratification Effect on Surge Lines 

The VVER Estimation 

J. Zdarek, J. Sima 

Nuclear Research Institute Rez 

250 68 Rez near Prague, Czech Republic 

The thermal stratification effect is a so called unspecified loading condition. The design basis 

calculations do not take into accvunt possible contributions from this effect. Within the safety 

issues identified for the VVER, reference is made to this effect and justification about its 

possible influence is required. There are two possible aspects of influence. The-frrst aspect is 

the relevance to the important safety issue of the application of the LBB concept to the surge 

lines or, if this cannot be proved, the postulation of breaks within the dynamic effects 

assessment due to pipebreak.break. break The second aspect is the contribution to the fatigue 

damage, both low and high cycle one. At present there are no long term measurement data 

available on thermal stratification. Detailed and precise assessment is therefore impossible. 

In order determine the extent of measurements required and also to make an initial estimation 

of the possible impact on the safety issues, a preliminary assessment has been started. The 

approach and results are presented. 
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Introduction 

The thermal stratification effect is a so called unspecified loading condition. The design basis calculations do not take into account possible contributions from this effect. Within the safety issues identified for the VVER, reference is made to this effect and justification about its possible influence is required. At present there are no long tenn measurement data available on thermal stratification therefore, detailed and precise assessment is not possible. In order to detennine the extent of measurement required, and also to make an initial estimation of the possible impact on the safety issues, a preliminary assessment has been started. This qualitative assessment uses the initial data from the surge lines at Jaslovske Bohunice and examines the impact on the system as a whole rather than just individual componets. The objective is to identify the important effects on stratification stresses and to recommend the minimun number of measurement areas necessary to allow a quantitative assessment. 

1. Definition of the safety issue impacted by the potential stratification effect 

The primary pipe whip restraints either are not installed or not completed on the VVER units. This is also true for the surge lines on both types of NPP's. There are two possible solutions, each having advantages or disadvantages. One is the completion of the pipe whip restraint installation, the second is the postulation of pipe break with dynamic pipe whip effects assessment. A thorough study on the safety benefits and economics versus the maintenance requirements is not yet available. For both solutions however, a more detailed knowledge of the possible influence of the stratification effect is needed and will be required by the safety authority. For the present, at least, it is necessary to recognise that a certain margin has to be available in order to accommodate the resulting stresses in critical areas.The surge lines are already near to the allowable safety coefficient values in several cross sections, when the LBB concept is applied. Therefore, careful assessment of the stratification effect is recommended. As an example, the surge lines of one of the VVER 440 type 213 units is shown on Figure 1. The shaded areas shows piping components where the LBB safety coefficients are near to the allowable values. 
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Surge lines of the VVER 440 type 213 with shaded areas where the LBB 
safety coefficients are near to the allowable values. 
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2. Description of measurement activities already initiated 

Temperature measurements relevant to the VVER type of NPP's were performed for the first 
time on NPP Loviisa during 1990- 1991. Based on this eperience, the first measurements on 
the NPP's at Jaslovske Bohunice (type 440/230 and 440/213) were planned and started during 
1994. Since then, there has been continuous activity at NPP's Jaslovske Bohunice and 
Dukovany. However, the present assessment has been based on the initial data from 1994[1]. 
The temperature measurements were made on both surge lines at eight cross sections. In each 
of the sections, five points on the outside surface were monitored. In Figure 1 the measured 
cross sections are identified. 

Following parameters have been identified from the measured data: 

- five temperature differences T6 in the range of 30- 70 oc 
Ts = 30; 40; 50; 60 and 70 °C 

the history of stratification differences T5 in all the measured cross sections as basic 
information for the definition of the loading cycles 

- time period of each of the temperature differences 

From the measurements made, and the analysis of the data described above, fatigue damage 
assessments were carried out. Further details are provided in reference .[1]. The objective of 
the present assessment Was, however, different from that of reference [1]. Instead of 
analysing fatigue damage,in detail, in the critical cross sections, the assessment was 
concentrated on the response of the piping system as a complete structure rather than 
identifying the possible effect on individual piping components. 

3. Stratification cases identified for the piping response estimation 

In order to have the possibility of qu~ntifying the response of the surge lines, a total of 
thirteen stratification cases for intermediate states have been identified. These were for the 
situation when hot water from the pressuriser starts to flow into the relatively colder surge 
lines. The so called zero or initial case is defined by a steady temperature in the surge line 
piping of about 320 oc. The displacements and stresses identified for this initial state covers 
thermal displacements and stress during the change of the temperature from 20 to 320 °C. 
These are not accounted for in order to separate the effect of stratification as the initial - zero 
case is not a stratification effect. 
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4. Definition of load cases and computational models used 

The surge lines of the type VVER 440/213 have been modelled by a shell type finite element 

mesh, and the computer code Cosmos has been used. The model includes not only the surge 

lines, but also related parts of the primary piping and lower part of the pressuriser. A diagram 

of the calculation model is in Figure 2. 

Fig. 2. The calculation model of the surge lines including the related part of the primary 

piping and the pressuriser 
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In the following tables 1 , 2 and 3 examples are given for the specification of the respective stratification cases "0", "1" and 11 11 11 and load cases 11 111
, 

112" and "3". These are based on the measured. Altogether 13 cases have been prepared for the specified stratification load cases. 

Tab. 1. The stratification case "0" and load case "1" 

Horizontal piping below pressuriser 
Horizontal piping near to primary piping 320 
Transverse piping between two horizontal piping 320 
Pressuriser 320 
Primary piping 320 

Tab. 2. The stratification case "1" and load case "2" 

Horizontal piping below pressuriser 315 325 320 305 295 
Horizontal piping near to primary piping 295 295 295 295 295 
Transverse piping between two horizontal piping 295 
Pressuriser 325 
Primary piping 300 

As an example stratification case No "11 11 is presented together with calculated results - see table No 3, and Figures 3, 4 and 5. 

Tab. 3. The stratification case "11" and load case "12" 

Horizontal piping below pressuriser 315 315 315 315 315 
Horizontal piping near to primary piping 315 315 280 270 265 
Transverse piping between two horizontal piping 315 
Pressuriser 315 
Primary piping 320 
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5. Response of the surge lines system 

For the preliminary assessment, the most stressed crossections have been identified together with the nodes from the finite element mesh. The time response of the· equivalent stress according to the Tmax hypothesis was set up. For the time response the individual stratification cases 1 to 13 were used. This approach is only valid for a qualitative assessment and for the response of the system due to stratification. For the quantitave assessment, combination with other types of loading is necessary together with correct order of individual stratification cases as they are measured. Two examples for the equivalent stress situation are shown in detail: - nearest (left) elbow to the pressuriser - Figure 6. 
- surge lines nozzle (left) with the primary piping - Figure 7. 
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6. Conclusions 

The results presented reflect the qualitative effect of stratification on the response of the system in this case the pressuriser surge lines. The results of the temperature measurements at NPP Jaslovske Bohunice were used for the assessment. The measurements made provide data in sufficient detail to carry out a qualitative asessment. 

It has been clearly identified that the most important effects on the stratification stresses are from horizontal piping segments even though the stress levels at piping components, such as elbows and 
nozzles, are much higher From this observation it is necessary to emphasize the need to model all of the piping system including heavy components such as the pressuriser or the pressure vessel. 

Based on these results, recommendations on the minimum number of measurement areas can be made. A precise knowledge of the temperature distribution obtained from reliable measurements is needed for quantitative assessment of the effects of stratification. 
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SPECIALISTS' MEETING ON EXPERIENCE ·wiTH THERMAL 
FATIGUE IN LWR PIPING CAUSED BY MIXING AND 

STRATIFICATION 

Gilles NAVARRO. 
Electricite de France, Research and Development Division 

6, quai Watier- 78401 CHATOU- 33.(0)1.30.87.85. 71- Gi!les.Navarro@edfgdf.fr 

DETERMINATION OF THE THERMAL LOADINGS AFFECTING THE AUXILIARY LINES OF 
THE REACTOR COOLANT SYSTEM IN FRENCH PWR PLANTS 

Introduction 

The various incidents, imputed to thermal fatigue, which occurred throughout the world on the 
auxiliary lines of Reactor Coolant System (SIS, RHR, CV C), led EDF to urge a research program in 
order to determine the origins and the consequences of these problems for the French nuclear power 
plants. 

In 1992, following the crossing crack discovered at Dampierre 2 on the unisolable part of a 
Safety Injection System pipe, a program of instrumentation was defined. Among the pursued 
objectives, two of the principal goals were to determine the thermal loadings really supported by the various lines and to highlight the thermohydraulic phenomena affecting them. Indeed, in order to 
explain the discovered damages, it was essential to know the real thermal loadings to compare them 
with those of design and to carry out mechanical calculations of resistance to thermal fatigue. 

Definition of the instrumentations 

Instrumentations, mainly made up of pressure and temperature measurements were installed on 
several units representative of the French nuclear capacity. The strategy of standardized plants 
enabled us to equip a limited number of installations while keeping a global sight of the phenomena 
affecting the whole of our nuclear plants. Thus, two 900 MW units (Blayais 1 and Cruas 4) were 
instrumented. 

The international feedback showing that the defects occurred near or in the welds, it is close to these last that the majority of the temperature sensors was put. The choice of the position of the 
transducers was defined compared to four principal objectives : 

- characterization of the thermal loadings supported by the auxiliary lines under 
operation and especially stratified flows, 
-recording of the transients for comparison with the conception transients, 
- highlighting thermal cyclings, 
- discovery of unexpected phenomena. 

The measuring equipment included a calculator with UNIX environment, numerical analog 
converters, thermocouples and pressure sensors. The thermocouples were welded onto the external 
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skin of the pipe and the pressure transducers were connected to the concerned circuit by high-pressure 

tubing. This system recorded approximatively 200 measurements at the maximum rate of one 

acquisition per second. 

For Blayais 1, the instrumentation includes 121 thermocouples and 8 pressure transducers 

shared among 14 auxiliary lines : (Safety Injection System in Hot and Cold Leg, Residual Heat 

Removal System, Chemical and Volume Control System, draining of crossover leg and the auxiliary 

spray line). For Cruas 4, problems of dosimetry resulted in reducing the instrumentation to 27 

thermocouples and 7 measurements of pressure on the Safety Injection System. For each 

instrumentation, the main signals of exploitation were also recorded in order to correlate the local 

data with the operations of exploitation. 

Monitoring under operation 

Acquisitions began in 1994 and lasted two fuel cycles for each unit. Their analysis allowed, in 

accordance with the pursued objectives, to characterize the thermal loadings really supported by the 

lines. It was thus discovered that the non-return valves close to the primary system were very hot and 

that loops of natural convection could propagate the primary heat far upstream from these valves. In 

these zones, important stratifications were measured whereas these zones were supposed to contain 

cold fluid. The real transients of exploitation, due to the traditional operations of exploitation and the 

periodic tests, were compared with those envisaged at the design. 

Joz ·c 

(/~=14J (~) 
'--.!:_ .. ~-. 

275 ·c 

Example ofthermalloading of an auxiliary line under operation 

Zones of cyclings, generally of low amplitude, were also underlined on the several auxiliary 

lines. These cyclings are regular, they do not vary according to the operating conditions and do not 

present particular risks. 

On the other hand, an unexpected phenomenon particularly held our attention. It concerns a line 

of accumulator of the Safety Injection System where a complex thermohydraulic phenomenon creates 

repeated shocks of temperature upstream of a vertical section. Its frequency of appearance is erratic 

and it even completely disappeared during several months. No correlation with operations of 
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exploitation was found. It is allotted to variations in the length of penetration of th~ primary vortex but the origin of these events was not defined. 

Instrumentation of this line of accumulator of the Safety Injection System 

ooo,-----------------------------------------------------------------~ ~-~..j\}·------------------.. ~--..--~---

Example ofthermal shocks 

Using these results, the manufacturer reactualized calculations of resistance to fatigue of the 
most requested lines. All in all, these calculations showed, that under normal operation, the integrity of the auxiliary lines was not called into question in spite of the variation between the loadings 
envisaged and those measured. Nevertheless, certain lines (of which the line undergoing the random 
peaks of temperature) are the subject, henceforth, of a particular control program, because the margins of resistance to fatigue are from now on reduced. 

Specific test 

With an aim of better understanding the risks connected with a leak of the isolating valves between the Chemical an Volume Control System (180 bars) and the Reactor Coolant System (155 bars) by the Safety Injection System lines, in particular at the origin of the incidents of Farley and Tihange, a specific installation was carried out. It consisted in the creation of a by-pass of one of the 
isolating valves equipped with two manual valves and a flowmeter in order to simulate leaks with variable flow rate since CVC towards RCS. 
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Injections staged between 0 and 300 1/h were carried out. They lead to significant modifications 

of the thermal loadings of the down est line, in this case, the SIS line in Hot Leg 1. For the other lines, 

no sign of presence of cold fluid was detected for the range of studied flow rate. 

Hot Leg 1 
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Evolution of cyclings during the test of injection 

More precisely, the observation of the unisolable part of this line informs us about the 

interaction of the primary vortex and the cold water leakage coming from the system at high pressure. 
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When the leak flow was increasing, the area of intrection moves from the valves. The more important 
the cold water leak is, the more the zone of interaction moves towards the primary circuit. In the 
range of studied flow rate, the amplitude of cyclings also increases with the leak-flow. Nevertheless, 
the position of the sensors didn't allow us to describe what was happening between the two welds of 
the horizontal pipe. Upstream valve, the injection of cold fluid results in an important cooling of the 
pipe. 

The thermomechanical calculations based on these results enabled us to determine an 
approximation of the limiting flow rate leading to the damage of the welds of this line. 

Incident of Dampierre 1 

Double cracking at Dampierre 1 in 1996 and 1997 has especially surprised by its localization in 
the straight part of the pipe. It mainly showed that our knowledge of the phenomena was still 
imperfect. Until then, the welds had always been regarded as the most flimsy points of the auxiliary 
lines. In fact, the interaction between the primary education vortex and the cold water leakage is very 
local and the instrumentation of Blayais 1 did not make it possible to extrapolate the results obtained 
at the two ends of the horizontal section to the straight part of the pipe. 

Among the investigations undertaken following the discovery of these two cracks, temperature 
measurements, carried out in hot shutdown on the damaged line, allowed, by comparison with the 
data of the tests of injection of Blayais I, to identify the origin of the problem as being the leakage of 
the isolating valve between SIS and eve. 

Simultaneously with the control program set up on all the park, a more precise instrumentation 
was installed on theSIS line in HLI of Dampierre I in order to improve our knowledge in the accused 
zone and to compare, in a more global way, the loadings of the line with those of Blayais 1. This 
instrumentation was installed in Mars 98, and the first acquisitions show, that in the absence of leak, 
the thermal loadings are equivalent between the two units. 

Conclusion 

The instrumentations installed on the 900 MW units enabled us to check the resistance with the 
fatigue of all the auxiliary lines in spite of significant differences between the real loadings and those 
envisaged at the design. They contributed to the improvement of our knowledge on the local 
thermohydraulic phenomena but the incidents at Dampierre 1 showed that this knowledge is still 
imperfect. 

The results of these instrumentations are also used for the design of the future units by the use 
of the feedback of several cycles of acquisition on the 900 MW units, but also 1300 MW and 1450 
MW since similar instrumentations were installed on the auxiliairy lines in Golfech 2 and ehooz B 1. 
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EXPECTED AND SURPRISING THERMAL 

STRATIFICATION PHENOMENA OBSERVED IN THE 

BELGIAN PWR FEED WATER SYSTEMS 

1. Introduction 

Michel DE SMET - Michel GUYETIE 

Tractebel Energy Engineering 
av. Ariane 7 

B-1200 BRUSSELS 
tel. 32-2-773.83.69 

e-mail : michel.desmet@tractebel.be 

In order to assess the presence of thermal stratification transients in feed water systems, 

extensive measurement campaigns have been performed since 1991 in all Belgian PWRs. 

The seven Belgian reactors, spread over the Doel and Tihange sites and constructed over 

a period of twenty years, provide a variety of feed water piping lay-outs, and hence give 

rise to a variety of thermal stratification transients. 

Some measurement campaigns only cover one plant heat-up or cool-down, whereas 

other:; cover one or more cycles. The measurement set-up consists of a number of 

measurement sections installed along the feed water lines. Typically, a measurement 

section consists of seven thermocouples mounted on half of the external wall perimeter. 

The temperatures are recorded every fifteen seconds and are stored on a hard disk. 

In many cases the measurements served as input for detailed thermo-elastic calculations 

and fatigue analyses of the feed water lines, their reactor building penetrations and the 

steam generator feed water nozzles. In some cases, observed stratification transients were 

introduced in the design specifications of replacement steam generators and those 

transients were compared with the actual stratification transients measured after steam 

generator replacement. 

The paper gives an overview of typical thermal stratification phenomena encountered in 

·some of the units. Comments are made with respect to the origin of the transients, the 

effects of the transients on the feed water system, the ways to reduce or eliminate the 

transients, etc. 

2. Doel 1/2 feed water baffle system · a trap for thermal 

stratification 

In the feed water lines of the Doel1 and 2 plants, a feed water baffle plate system was 

installed to prevent the steam from flowing back from the steam generator into a rather 

large portiori of the piping system (Figure 2.1). Without such a system a sudden 

condensation would occur when auxiliary feed water would be injected in the pipe filled 

with steam, which would create important dynamic loads (water hammer) on the piping 

system. 
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However, the original feed water baffle plate systems suffered from erosion and corrosion problems, and were replaced by new ones in 1986. A ferritic-austenitic steel type with high erosion-corrosion resistance was chosen. Elementary temperature measurements indicated that the baffle system was subjected to severe thermal transients, especially at hot standby conditions. Moreover, the baffle system wall thickness is 30 % higher than that of the piping system, the thermal expansion coefficient is slightly smaller and the thermal conductivity is about half of the thermal conductivity of the piping system; therefore the stress induced in the baffle system may be as much as twice the stress induced in the piping system. 

A long term measurement campaign was performed between June 1994 and November 1996. Three measurement sections were foreseen as indicated in Figure 2.1; one section is situated upstream of the baffle plate system, one is situated downstream of the baffle plate system and one section is situated between the two baffle plates. 

Figure 2.2 gives the temperature evolution in the top and bottom points of the three sections during a plant cool-down, and Figure 2.3 gives similar curves for a plant heatup. In both plots the pressure in the primary circuit and the temperatures of the hot and cold leg have been added. This makes it easier to distinguish the power generation phase from hot standby, cool-down and heat-up. As can be seen in both figures, the temperature curves of the primary circuit envelope the temperature curves of the baffle plate system. The largest temperature differences and largest cycles occur in the middle measurement section, as can be seen from Figure 2.4, which gives a detail of the cooldown of Figure 2.2. Also between points situated at both sides of the feed water baffle plates one finds large temperature differences. Nevertheless, the fatigue analyses based on the measurements, and performed using the in-house developed THERMAXS software, resulted in acceptable fatigue usage factors for the whole life of the plant. 

Doel 3/4 : suffering from reverse feed water flows 
The Doel 3 and 4 NPP have a similar main feed water system which is depicted schematically in Figure 3.1 (vertical plane). In the intermediate building between the turbine hall and the reactor building, the system consists of two isolation valves in series, a vertical column of about 6 meter to which the auxiliary feed water branch is connected, and a horizontal part of a couple of meters which is connected to the reactor building penetrations. In the reactor building, the system consists of a horizontal portion the length of which varies between 15 and 35 meter depending on the loop, a vertical column of about 5 meter and finally a short horizontal part connected to the steam generator feed water nozzle. 

The valves combine the function of both an isolation valve and a check valve, and their closure is controlled by the opening of a small electrovalve. Opening the electrovalve will depressurize one of the internal chambers of the valve which in turn results in the closure of the valve. Opening the electrovalve at hot standby conditions or during heat-up, thus creates a leak of secondary water from the downstream side of the downstream isolation valve, which causes a reverse flow in the feed water line. 
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The reverse flow transient is depicted schematically in Figure 3.1, and may be explained 

as follows. Suppose the reactor is at hot standby conditions. This means that the steam 

generator is at the same temperature as the primary circuit, and that the secondary side 

pressure is the one which corresponds with the saturation temperature (about 70 bar). 

Suppose also that the feed water line is cold initially, for instance after an outage or due 

to injections of cold auxiliary feed water. When the electrovalve of the downstream 

isolation valve is opened, and in absence of auxiliary feed water flow, hot water will flow 

from the steam generator into the piping system. Because of the density difference 

between hot and cold water, there is almost no mixture between the two. Therefore, in 

the vertical column, the hot water pushes the cold water downwards. Once the lower 

horizontal part is reached, the hot water remains on top of the cold water and flows in 

the form of a hot layer on top of a cold layer. When the reverse flow holds on for a 

sufficiently long time, the stratification phenomenon may reach the intermediate 

building. 

Detailed temperature measurements were performed at Doel 3 and Doel 4. One loop is 

monitored in detail; three measurement sections are provided, consisting of seven 

thermocouples each. One section is situated close to the feed water nozzle, the other two 

are situated at both ends of the lower horizontal part of the feed water line in the reactor 

building. 

The measurements confirm the presence of a reverse flow of hot water from the steam 

generator into the feed water system, as is illustrated by Figure 3.2. In this figure, the 

temperature evolution of the top and the bottom point of each section is depicted. One 

can see that the maximum temperature decreases from section Gl over section G3 to 

section G4 due to mixture with cold water and heat exchange with the pipe wall 

Moreover, the temperature starts rising at first in section Gl, then in section G3 and 

finally also in section G4, which confirms the sense of the flow of hot water. It is clear that 

at hot standby, the only possible source of hot water with a temperature of more than 

250°C in the secondary circuit is the steam generator itself. 

The reverse flow transient of Figure 3.2 is part of the start-up of Doel 4 after steam 

generator replacement. The temperature evolution in the three measurement sections 

during the start-up is illustrated in the Figures 3.3 up to 3.5. From Figure 3.3 the different 

phases of the start-up may be distinguished such as the heat-up of the primary circuit, 

hot standby and power generation. The auxiliary feed water flow rate in the monitored 

loop is also plotted. From the Figures 3.4 and 3.5 it may be concluded that several reverse 

flows took place. 

During the reverse flow transients, important temperature differences between top and 

bottom of the piping system exist in the whole lower horizontal part, which results in 

high bending moments applied on the terminal ends of the piping system i.e. the feed 

water nozzle and the reactor building penetration. Based on the detailed temperature 

measurements, the loads applied by the piping system on the feed water nozzle may be 

evaluated by the THERMAXS software, as is illustrated by Figure 3.6. 

The temperature measurements were or will be used to perform fatigue analyses of the 

feed water lines and the penetrations of Doel 3 and 4. Moreover, typical stratification 

transients were derived from the measurements and were included in the design 

specifications of the replacement steam generators. In both units, the monitoring of the 

steam generator feed water nozzles will be continued for some years. In the meantime, 

the operating procedures have been adapted in order to reduce the number of reverse 

flows as much as possible. 
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Tihange 1 · reverse flow during specific test conditions 

Measurements performed at the Tihange 1 plant during the heat-up after steam generator replacement revealed the presence of a reverse flow transient in one of the three feed water lines. The transient was related to very specific test conditions. Figure 4.1 shows the temperature evolution in the top and bottom point of two measurement sections both situated on the lower horizontal part of the feed water line (Figure 4.2). It :i,s clear that the temperature starts rising at first at section 1, close to the steam generator, and then at section 2 near the penetration. This confirms the sense of the flow, namely from the steam generator into the feed water line. 

The presence of the reverse flow transient may be explained as follows, assuming a small leak through the check valve: 

• the isolation valve usually remains closed during heat-up and at hot standby. However, in the framework of a test of the safety injection circuit, this valve was opened at 12h29 to verify whether it would close properly in the case of a safety 
injection signal. Both throttle valves were also opened. This means that, provided the check valve is leaky, a reverse flow of hot water (at about 170°C) from the steam generator into the feed water system takes place. 

• at about 13h00 the vertical column near the steam generator is completely filled with hot water arid from then on the hot water flows on top of a layer of cold water into the horizontal part and reaches the first measurement section. 

• at 13h05 the hot water has reached the top of the second measurement section. 

• the transient continues for another half an hour so that the top of the section is almost at the temperature of the steam generator. The hot water reaches the lower part of the cross-sections between 13h35 and 13h40. 

• at 13h43, one starts pumping cold auxiliary feed water into the steam generator. A few minutes later this water reaches section 2 and then section 1. The turbulent flow reduces the thermal stratification considerably. 

• at 14h07 the injection is stopped and the reverse flow takes place again. Its effect can be seen at section 1 at about 14h30. Very soon, thermal stratification is propagating in the whole lower horizontal part. 

• at 14h49 the safety injection test takes place, causing the closure of the isolation valve. The reverse flow stops immediately, and from then on. the thermal gradient is being reduced very slowly, mainly by a weak thermal exchange between the different layers. 

• at 15h37 another auxiliary feed water injection is made which rapidly reduces the level of stratification in the piping system. 

The effect of this transient on the fatigue induced in the piping system is negligeable since the steam generator temperature was not too high at this stage of the heat-up and since the test is performed only very few times. 
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5. 

6. 

5/5 

Tihange 2 : cool-down using FW versus AF 

The presence of thermal stratification transients may largely depend on the way the 

power plant is operated, as will be illustrated in this section. 

Figure 5.1 shows a plant cool-down following a scram recorded at the Tihange 2 plant. 

Initially, the plant was operating in stretch-out conditions. At a particular moment, a load 

house operation test (grid loss) was performed, which finally resulted in a scram. During 

the cool-down following the scram, cooling was performed using the main feed water. 

The temperature evolution in a measurement section on the feed water line very close to 

the steam generator nozzle is depicted in Figure 5.1. 

The cyclic character of the transients is obvious. Since the level of water in the steam 

generator is controlled automatically, the transients are regularly spaced in time. In the 

first half of the period plotted, each time the main feed water flow is interrupted, the 

temperature in the nozzle tends to the temperature of the steam generator at hot standby 

conditions. In the second half, the maximum temperature obtained in the nozzle 

gradually decreases. So, the envelope of the maximum temperatures gives the evolution 

of the steam generator temperature and thus of the temperature of the primary circuit. 

When the main feed· water flow is resumed, the temperature in the feed water nozzle 

decreases down to the main feed water temperature. The main feed water temperature 

itself decreases with time in the first half of the plot. So, the envelope of the mimimum 

temperatures gives the evolution of the main feed water temperature. 

Figure 5.2 shows a cool-down recorded in the Doel 3 plant. In this case the main feed 

water lines were isolated and the water level in the steam generator was controlled 

manually using auxiliary feed water injections. The nature of the thermal stratification 

transients is therefore strongly dependant on the operators' actions. Comparing Figures 

5.1 and 5.2, one may conclude that both cool-downs are quite different as far as the 

transients are concerned. 

Conclusions 

From the extensive monitoring performed on the feed water systems of the Belgian NPPs, 

following conclusions may be drawn : · 

• the feed water systems are often subjected to numerous and severe thermal 

stratification transients. Fatigue is really an issue in feed water systems (much more 

than in the pressurizer surge lines). 

• the form and frequency of the transients depend largely on the operators' actions; 

even between similar plants one can have large differences in transients. 

• the monitoring of the transients and the application of advanced stress analysis 

software (such as the THERMAXS software) enables to reduce the conservatism 

embedded in fatigue analyses. 
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Doel 2, Feed water baffle plate system, Heat-up Figure 2.3 
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Doe! 2, Feed water· baffle plate system, Cool-down (detail section 2) Figure 2.4 
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Doel 4, Heat-up after steam generator replacement Figure 3.4 

Overview measurement section G3 near steam generator compartment 

300 

' 

250 
----1 

G3.1 

~-- G3.2 

200 
-

G3.3 

...--.. 
u 
'--"' 

------ c::.L 
Q) 
'-
:J 

-+-' 150 0 
'-

'v.f 
Q) 

0... 

CO E 
\0 

Q) 

1--

G3.5 -

r --------~--·- G3.E. 

i 
100 

i 
-----·--· ------ --- (-' -::·: ~-, 

' .. ::· ,_ .. ' -
i 

I~ 
! 
i -i 

50 ' .. -- ' i 

'W'.it~ 

r"""-i 

0 
12: 0: 0: 12: 0: 12: 0: 12: 0: 12: 0: 

8 9 10 1 1 12 13 14 15 16 

Se tember 
1996 ·--·------

1998/05/28 Tractebel Energy Engineering - Nuclear Department - Mechanical Branch 



300 

250 

200 

___...., 
u ..__.. 
(]) 
1... 
:J _...., 

150 0 
1... 
(]) 
a.. 
E 
(]) 

\.1-f 1-

\..0 
0 100 

50 

0 

Doel 4, Heat-up after steam generator replacement 
Overview measurement section G4 near feed water line penetration 

----

-·------

/ .. 
! 
i 

------- -· --
i 
! 

i --··- --··---···-·-·· 
i 
j 

~i l ;J 

i 
i 

~-~ ! ~ '4 ! 
I ,.-10-4 ... ., ! -- v ' 

12: 0: 12: 0: 0: 12: 0: 12: 0: 12: 0: 8 9 10 11 12 13 14 15 Se tember 
1996 

Figure 3.5 

-
G4.1 

G4.2 

-
G4.3 

C4J 

G4.5 -

G4.6 

C4.:' -

-

12: 0: 
16 

1998/05/28 Tractebel Energy Engineering - Nuclear Department - Mechanical Branch 



100 I 

75 1----

50f-

25f-

Of-

E -251--
z 
_y _, 
_, -50f-
c 
Q) 

E 
0 -75f-
~ 

\N 

"" -1 OOf-
--" 

-125 f-

-150 t-

-175 f-

-200 
1£ 0: 
8 9 
September 
1996 

1998/05/29 

Doe\ 4, Heatup after steam generator replacement 

Feed water nozzle loads SG-G 

I I I 1 
' I I , 

11 

Figure 3.6 

I 

-
I I 

.:i 
1 ~ i 1 {(\_ til 1 (~ -~--- ~--- tors er _ 

t t J: l : ' I . vI ' my 

::~ l·l!lilll',l! !
1
\i, I I\ ·1!}. I : ~ \I \ 11 ~ I ----- ~ •7 -

I i l ; l ,·1· I' :I I --- '. 
' I 1 1 1l I' I ~I ' I 1 

) I 1 
1 ~ 1 I t 1\ 1 

1 

I' I Ill ! I i Ji ' !i ,:1 : i: I I I "" \ 

/'t , '1 I ' ,• \ ,. I " l 1 I I \; ,--.., 

' 1!1.11,
1

,, :' f'f!!j !i M :1~.· /"///.!,~ :!~-~ I -
t-'I'·JI•lil, I 'il I t:\1\'v ...__,_J i 

' I 'i' ,I :: : " i lt\i I ' ~ I ; 'I I ·: I 

' l ',' 11 t i i f 'i i I ' ' :: I I ' 

1
: i :I :: \

1 

' j lt 'll\' J\J ) ~ ' ,j :I ,1 ~ I t I '-..,!'-
' I , •· I ' '. . ' I , ,. r " . t r 

~ J 'i1 '1·: ' i I I :(1 '·' I I ; : 
' I 

ol • ;, !: ,, •I' it '11 
---, 

.. • ,r / :i 11 ' ll 1' I rrl I 'i I li I ~~ ': 1 '~· ! . J=-ti 1'-"l 

. \ , " I l lJ! tl'• ' 'I 1 r· ~' 
. ~ j,'.Pi ' .' :il."'·t < I ' ','1..._ i ' \ ' AA~---· 

;1 1'·'1-....: I \ •-./ ..~ ... t,_, ':J p .._J I i \ 

- -·'-.\\'~-·,, l\ 
1 iif" ! \ i I , ~~~ ~~~ 

i\ I I\ [t \1 . ' I I I ; 
I ' ' I, ~ 1 : I ' 

, i , ,_; u ·,, ' l \1 I : l : i 

-- I \ I ! ! 

'I \ : ; I 

~ I 
1
, ~~ 11 , ,. 

112: 

I I: 
\ 

I i 
, I 

I 
\·I 
\it 
\;, 
~~ ' 

0: 
10 

12: 

11 
I I 

0: -112: 0: }12: 0: 112: 

11 12 13 

-

-

-

-

-

-

-

0: 
14 

Troctebel Energy Engineering - Nuclear Depar,tment - Mechanical Branch 



..... 
'<t' 

Q) 
H 
~ 
t1l 

·.-I 
JJ.. 

(/) 

c 
0 

-o 
c 
0 
u 

-+---' 
(/) 
Q) 

-+---' 

u 

u 
Q) 
o_ 
(/) 

CJ'l 
c 

(]) 
(/) 
L 
Q) 

> 
(]) 

er: 

(]) 

CJ'l 
c 
0 

L 

i-= 

t") 

pa}.llrJS uon;>afu! 
.1a1eM. paaJ A.n~mxne 

paddO}S UO!};>afu! 
.IOJlBM. paaJ A.mmxne 

. pal.JJQS UO!};>afu! 
.1alB'"- paaJ A.Jemxne 

0 
LO 
N 

pauado 
OJAfeA UO!}B(OS! 

,--~ 

'"' 
GJ 

1'0 

(J) aJn1-oJadwa1 

392 

0 
LO 
I 

.. 
0 en 

0 
1'0 

0 CO 

0 
n 

0 f'. 

0 
n 

0 tO 

0 
n 

oLD 

0 
1'0 

0 

0 
n 

0 

0 
n 

..q-

1'0 

..c 
ll 
c 
0 
L.. 
m 
0 

·" c 
0 

..c 
u 
<ll 
2: 

+-' 
c 
(J) 

E 
L.. 

0 
Q_ 
(J) 

0 
L.. 

0 
_!!> 
u 
:J 
z 

(]> 
c 

·;: 
(J) 

<ll 
c ·a, 
c 
w 
;.._ 

~ 
(J) 

c 
w 
<lJ 

J:J 

2 
u 
0 
L.. 
I-



V.t 
\.0 
\J-.1 

SG 

section 3.1 section 3.2 

auxiliary 
feed water 

check valve 

isolation valve throttle valves 

Figure 4.2 : Schematical representation of one of the feed water lines of Tihange 1 
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Grohnde Nuclear Power Plant (KWG), Germany 

Pressurizer Spray Line System, 

Thermal Fatigue and Longterm Surveillance Issues" 

TF-Mez, 30.04.1998 

Klaus-Jurgen Metzner, PreussenEiektra (PE), Hannover, Germany 

Werner Kahlisch, Grohnde Nuclear Power Plant (KWG), Germany 

Reinhard Koring, PreussenEiektra (PE), Hannover, Germany 

Volker Meyer, Grohnde Nuclear Power Plant (KWG), Germany 

"Specialists' Meeting on Experience with Thermal Fatigue in LWR Piping caused by 

Mixing and Stratification" 
Paris, 08. - 11.06. 1998 

1. Abstract: 

The Grohnde Nuclear Power Plant (KWG)- a 1300 MW Siemens/KWU pressurized 

water reactor-, has been successfully in operation for more than 10 years. The design 

of the pressurizer spray line system was based on specified transients taken from the 

design loading specification. Results of newly installed thermocouple measurements 

showed new temperature stratifications, not considered in the previous spray line 

design loading specification. Instead of revising the loading specification and rerunning 

the stress-/fatigue analyses with updated specified loadings (to be redone again and 

again if new loadings are detected by the system instrumentation), a speciallongterm 

integrity evaluation approach has been carried out for the KWG spray line system 

combining hardware and software solutions: 

• Fatigue susceptible line segments were replaced not as a result of any fatigue 

failure mode but to avoid discussions about loadings of the past before the system 

thermocouple instrumentation was installed. 

• The thermocouple instrumentation has been extended to provide realistic data input 

into stress-/fatigue-analyses. 

• Fatigue evaluation and longterm surveillance will be carried out using fatigue related 

"temperature threshold-values " determined for reference transients. Thus, the actual 

fatigue usage value can be shown and a future usage factor for any required plant 

operation period can be estimated. 

The intention of this approach is to cover not only fatigue requirements, but also to 

provide an actual system integrity status suitable as a basis 

:::::::>for optimizing scope and procedures of nondestructive examinations (NDE), 

:::::::>for optimizing system operating procedures, etc .. 

The paper will cover the main topics of this KWG spray line system integrity evaluation. 
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2 

2. Introduction (see Fig. 1) 

In German nuclear power plants spray lines have been partly or completely replaced in 
recent years after installed temperature monitoring systems showed new loading 
effects, particularly temperature stratification. These replacement activities were not 
caused by the consequences of any fatigue failure mode or any other degradation 
mechanism. These hardware solutions were chosen because the originally planned 
integrity software approach proved to be fairly complicated, timeconsuming and costly: 

Trying to specify the newly detected complex temperature phenomena and to respecify 
the "old" transients occurring before the system instrumentation was installed, turned 
out to be very difficult. Either the transient determination resulted in too conservative 
simplifications or had to be done in such a detailed manner not suitable as data input 
for the usual piping system stress analysis. 

For "End of Life (EOL)"-fatigue analyses the entire set of specified operation and upset 
condition transients (including plant emergency conditions specified as upset 
conditions for the spraying lines) must be considered. Transients which have not 
occurred so far in the system or which will never occur have to be included. To handle 
that considerable quantity of loading input data, sophisticated computer analyses have 
to be performed, because many loading combinations must be considered to determine 
the relevant stress ranges and fatigue usage factors for relevant system locations. 

If new loadings are detected a new iteration loop will start again. The loading 
specification must be revised and the stress and fatigue analyses must be rerun. 

EOL-fatigue analyses are suitable to predict the fatigue related safety margins at the 
end of the plant operation life. They are usually not intended to extract the momentary 
fatigue usage factor or to determine the actual system integrity status. But these 
additional informations are required, e.g. for 

~ optimizing of NDE-scope and -procedures, 
~ optimizing of system operating procedures, 
~etc. 

Thus, a change from the "conventional" fatigue analysis, supplying only one EOL
fatigue usage factor, to a system integrity evaluation suitable for several different 
purposes should be emphasized. 

For those evaluations the knowledge of the system loadings actually occurring in the 
system, starting from the beginning of operation, is required. If not available, a "new 
starting point in fatigue history" can be provided by a hardware solution replacing the 
fatigue relevant line segments. Additionally the new system must be instrumented for 
monitoring and recording the loadings actually appearing. 

Based on these experiences, the concept for the KWG spray line system longterm . 
integrity approach has been worked out. The main features will be discussed in the 
following chapters. 
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3 

3. KWG spray line system integrity and fatigue evaluation procedure (see Fig. 2,3) 

The basic design of the KWG spray line system (41ines) has been worked out by 

Kraftwerk-Union (KWU) of Germany, based on German experience for pressurized 

water reactor (PWR) spray line systems. Different from the Konvoi-plant configuration 

with all 4 operational spray lines and the auxiliary spray line leading into the bolted flat 

plate cover of the top pressurizer nozzle, the KWG operational spray line nozzles are 

situated sideward in the upper spherical head of the pressurizer. 

As a pragmatic consequence of the situation explained in the previous chapter, a 

specific integrity evaluation approach has been elaborated for the KWG spray line 

system combining hardware and software solutions: 

• Providing a new starting point for future longterm integrity monitoring by replacing 

the fatigue susceptible line segments between spray valve and pressurizer. 

• Extending the existing thermocouple system instrumentation to ensure realistic data 

input from operational temperature stratification to be used in stress-/fatigue

analyses. 

• Stress and fatigue analyses are performed using the measurement results as data 

input. 

• Longterm fatigue surveillance will be carried out using fatigue related "temperature 

threshold-values" determined for operational reference transients. New loadings, if 

appearing, will be grouped into corresponding "temperature classes". Considering 

the actual occurring load cycle numbers registered by the system instrumentation, 

the actual fatigue factor is available and a future usage factor value for any plant 

operation period can be e·stimated. 

The intention of this approach is not only to cover fatigue related requirements, but 

additionally to provide an actual system integrity status suitable for optimizing NDE

scope and -procedures as well as system operating procedures, etc .. 
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4. Relevant temperature loadings (see Fig. 4 - 6) 

Temperature loadings occur as 

• constant temperature per line segment, 
• temperature transients, e.g. as a consequence of spraying events, 
• temperature stratifications. 

Related to relevant loadings the KWG spray lines can be generally divided in two 
regions 

4 

• For line segments below the corresponding pressurizer water level temperature 
transients are not relevant. 

• For line segments above the corresponding pressurizer water level temperature 
loadings are dominant: 

- between the spray valve and the pressurizer temperature transients and 
stratifications occur, 

- upstream the spray valve horizontal line segments are subjected to temperature 
stratifi.cations due to steam (or hydrogen-) -backflow through the spray valve bore 
holes. 

Relevant temperature transients and stratifications occur in line segments between 
spray valve and pressurizer during start up/shut down and under normal operation 
conditions: 

temperature transients from spray valve activation combined with temperature 
stratification at the end of the spraying event (steam/water interface at different cross 
section levels along horizontal line legs due to steam backflow from pressurizer), 

- temperature stratification in horizontal line legs with a steam/water interface at a low 
cross section level {due to small constant mass flow through valve bore). 

Upstream the spray valve in line regions situated above the corresponding pressurizer 
water level temperature transient/stratification effects occur due to steam and Hz 
backflow: 

After the main coolant pumps have been switched off, steam is flowing back through 
the valve bores causing "positive" stratifications in horizontal line segments upstream 
the valve. A temperature difference of~ T ~ 100 K upon the cross section with the 
higher temperature at the top and the lower temperature at the bottom may occur. The 
"warm/cold"-interface is not constant along the horizontal line leg. lt rather propagates 
as a stratification wave. 
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After longer operational periods hydrogen (H2) will be accumulated in line segments 

between pressurizer and valve. When switching off the main coolant pumps, the 

hydrogen is flowing back to regions upstream the valve causing "negative" 

stratifications in horizontal line legs. In KWG the temperature differences registered 

between the "cold" top and the "warm" bottom of the cross section reached values of 

appr. ~ T = - 80 K. Similar to the steam backflow effect, the "cold/warm"-interface is 

similarly propagating as a wave front along the horizontal line leg. 

The mix of hydrogen and steam may cause specific situations with "cold" hydrogen at 

the top, a "cool" condensate/water mix at the bottom, and a "warmer" H2/steam mix in 

between causing the maximum temperature there. 

The detailed knowledge about these thermohydraulic phenomina is important to 

provide a realistic data input for the system stress analyses. 

5. Thermocouple instrumentation (see Fig. 7) 

Based on the knowledge about the occurring operational loadings, the scope of the 

KWG spray line system instrumentation has been determined to record the relevant 

loadings and to supply the required data input for stress and fatigue analyses. To 

provide an adequate stress analysis input for stratification effects, five to seven 

measurement points per cross section have been installed to define the position of the 

"cold/warm"-interface level. Along horizontal line segments a sufficient number of 

measuring positions are to be provided to register the stratification wave propagation 

and distribution. 

6. Stress calculations and comparison with measurement results (see Fig. 8,9) 

5 

As a first step a "global" stress analysis of the entire spray line system has to be 

performed, showing the locations of high primary and secondary stresses as a basis for 
. . 

the later detailed investigation of "local" stresses and fatigue effects. The usual piping 

code analysis, according to German KT A-rule 3201.2 and comparable to the ASME Ill, 

NB-procedure, is based on a simple beam bending moment theory for straight pipes, 

using stress intensification factors for other piping system elements such as elbows 

etc .. Stratification temperature distribution has to be substituted by a linear temperature 

difference between top and bottom of the respective cross section. This linear 

temperature difference has to be calculated first according to the "warm/cold"-interface 

at the line position regarded. Stratification temperature changes along horizontal line 

segments must be considered by a stepwise changed input to get realistic results. 

Displacement measurements at specific locations are helpful to cross-check the 

assumptions of temperature stratification distributions.The simplified conservative 

stratification approach assuming the temperature interface at the 3 o'clock cross 

section position for all horizontal line regions can be avoided, because these rough 

assumptions may lead to wrong conclusions. The governing stresses may appear at 

locations, where an analysis with realistic loading boundary conditions would show 

lower stresses. 
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7. Longterm fatigue surveillance concept 

The KWG spray line longterm integrity concept is based on the following steps: 

• Replacement of the fatigue susceptible line segments between pressurizer and 
spray valve and registration of relevant loadings for the "new" system by the 
extended system instrumentation. 

6 

• Determination of fatigue relevant reference transients for operational loadings based 
on the measurement results. 

• Detailed fatigue analyses are performed for the pressurizer nozzle, the adjacent 
elbow and the spraying valve outlet (see Fig. 10) using the reference transients to 
calculate the usage factor for one load cycle. 

• Transients with expected low frequency of occurrence will be counted per event. 

• Reference transients from spray valve activation with higher frequencies of 
occurrence will be grouped into "temperature classes" according to the temperature 
difference between pressurizer and the main coolant line; the fatigue usage factor 
per load cycle will be determined for each temperature class. Additionally a lower 
bound fatigue relevant threshold value will be determined using the endurance limit 
criterion (see Fig. 11). Transients with temperature differences below this value can 
be neglected. 

• Newly detected transients will be "stored" first in the most suitable reference 
transient group. If required, an additional reference transient group can be added. 

8. Summary and conclusions (see Fig. 12) 

A specific approach has been carried out for the KWG spray line system to ensure 
longterm integrity combining hardware and software solutions: 

• Fatigue relevant line segments between the pressurizer and the spraying valve were 
replaced to provide a new "starting point" for longterm integrity evaluations. 

• System thermocouple instrumentation has been extended to provide realistic loading 
data input for stress-/fatigue-analyses. 

• Fatigue evaluation and longterm surveillance will be carried out using fatigue related 
"temperature threshold-values" determined for operational reference transients. 
Thus, the actual fatigue usage factor is available and a future usage factor value for 
any required plant operation period can be estimated. 

This approach is not only to cover fatigue related requirements, but to provide an 
actual system integrity status suitable for other purposes, e.g. for optimizing NDE
scope/-procedures and for optimizing system operating procedures, etc .. 
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PWR Spray line thermal fatigue issues 

- History and background 

• Results of newly installed thermocouple measurements in nuclear power 

plants showed new temperature stratifications not considered in the 

original spray line design specifications. 

• Trying to specify the newly detected complex temperature phenomina and 

to respecify the respective "old" transients before the system 

instrumentation was installed, turned out to be very difficult. Either the 

transient determination resulted in too conservative simplifications or had 

to be done in such a detailed manner not suitable as data input for the 

usual piping system stress analysis. 

• If new loadings are detected a new iteration loop will start. The loading 

specification must be revised and the stress/ fatigue analyses must be 

rerun. 

• For usuai"End of Life (EOL)" fatigue analyses the entire set of operation 

and upset condition transients must be considered (even transients which 

have not occurred in the system so far or which will never occur in future 

plant life have to be included) to predict the fatigue related safety margins 

at the end of the plant operation life. These EOL-fatigue analyses are 

usually not suitable to determine 

-the actual fatigue usage factor at a certain plant operation time step, 

- to evaluate the fatigue relevance of a single (newly detected) transient. 

• Thus, a change from these "conventional" (single purpose) fatigue 

analyses, supplying only one "EOL"-fatigue usage factor, to a 

"multipurpose" integrity evaluation (e.g., for optimizing NDE

scope/procedures and system operation procedures) based on the 

knowledge about the loadings actually occurring in the system starting 

from the beginning of plant operation, should be emphazised. 
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Grohnde Nuclear Power Plant (KWG), Germany . 
Pressurizer Spray Lines, 

Longterm Integrity Evaluation 

• Fatigue relevant line segments were replaced not as a result of any 
fatigue mode, but to provide a "new starting point" for longterm 
fatigue/integrity evaluations. 

• System thermocouple instrumentation has been extended to provide 
realistic data input from operational loadings for stress/fatigue analyses. 

• Fatigue evalu9tion and Jongterm surveillance will be carried out using 
fatigue related "temperature threshold-values" determined for operational 
reference transients. Thus, the actual fatigue usage factor is available and 
a future usage factor value for any required plant operation period can be 
estimated. 

• The intention of this approach is not only to cover fatigue related 
requirements, but to provide an actual system integrity status suitable as 
a basis 

=>for optimizing NDE-scope and -procedures, 
=>for optimizing system operation procedures, etc ... 
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Summary and Conclusions 

A specific approach has been carried out for the KWG spray line system to ensure longterm integrity combining hardware and 
software solutions: 

Fatigue relevant line segments between the pressurizer and the 
spraying valve were replaced to provide a "new starting point" for 
longterm integrity evaluations. 

System thermocouple instrumentation has been extended to provide realistic data input from operational loadings for stress/fatigue 
analyses. 

Fatigue evaluation and longterm surveillance will be carried by using fatigue related "temperature threshold-values" determined for 
operational reference transients. Thus, the actual fatigue usage factor is available and a future usage factor value for any required plant operation period can be estimated. 

The intention of this approach is not only to cover fatigue related 
requirements, but to provide an actual system integrity status suitable as a basis 

=:>for optimizing NDE-scope and -procedures, 
=:>for optimizing system operation procedures, etc ... 
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Experiences Made in Continuous Long-Term Monitoring of Thermal 

Stratification Processes and their Implications on Material Fatigue 

Introduction 

H.-J. Golembiewski, W. Kleinoder, G. Hoch 

Siemens AG, Power Generation (KWU) 

Erlangen, Germany 

Components of thermal power plants are generally exposed to loadings resulting from 

thermal constraints, transient temperature and internal pressure. Uneven and time

dependent temperature distributions exert strain on structural members. As the strain 

alters, material fatigue is induced. 

Thermal stratification represents the loading phenomenon which is apt to contribute to 

fatigue damage. lt is a complex process not readily anticipated. Geometric and thermal

hydraulic parameters dominate its individual appearance. In order to register its existence 

and to keep track of its implications on material fatigue, on-line measuring and monitoring 

is widely used. A typical system experiencing thermal stratification is the PWR surge line 

(Fig. 1 ). 

section 1 

Fig. 1: Thermal stratification in a PWR surge line 

In the early 80s, the then newly recognized phenomenon helped to initiate and promote 

the development of fatigue monitoring strategies. As such the Siemens KWU Fatigue 

Monitoring .§ystem FAMOS has been designed. The concept is directed toward effective 

and economic long-term surveillance of local and global loading of structural members of 

thermal power plants. 

In the following the concept is presented in its major stages of implementation. Examples 

demonstrate how the goal of monitoring for thermal stratification is achieved. 
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The concept 

Stage 1: Data acquisition 
Since thermal stratification forms under conditions very sensitive to geometric and 
thermal-hydraulic parameters it is per se a very local phenomenon. This is why existing 
plant instrumentation is not suitable for observing this loading. 
The stresses induced by thermal stratification 
vary with local temperature distribution. 
Especially the location, width and motion of the 
interface between hot and cold medium 
determine local stresses at the structure's inner 
surface. For this purpose extra and specially 
designed instrumentation is required. The 
FAMOS special instrumentation features seven 
temperature transducers around half of the 
pipe's circumference (Fig. 2). 

Fig. 2: Local instrumentation to monitor 
for thermal stratification 

The signals acquired represent outside surface temperatures. Inside surface 
temperatures can be calculated with heat conduction properties of the material and wall 
thickness being available. Heat transfer properties at the inside surface are not required. 
German nuclear regulations do not allow the thermocouples to be welded on the 
component's surface. Furthermore, in many instances the thermocouple's fixing must be 
designed as a removable assembly to allow access for in-service inspection. The easy 
handling of the devices upon removal and refitting avoids radiation exposure of field 
personnel. Therefore, major objectives of the special layout and procedure developed 
have been 

• measurement accuracy 
• easy and robust handling. 
Measurement accuracy has been optimised in a series of laboratory tests. Parameters 
influencing thermocouple readings have been varied to establish best performance under 
nuclear power plant environmental conditions. 

· Some of the more recent test results are presented in the following. The tests were all 
performed on thermocouples with a diameter of 1.0 mm. Thermocouples of smaller. 
diameter (e. g. 0.5 or 0.25 mm) are known to respond more accurately to fast 
temperature changes. For the sake of robustness and economy, however, these are not 
used for long-term applications in nuclear installations. 
The standard method of thermocouple application uses a carrying metal strap onto which 
the thermocouples are fixed in well defined positions (Fig. 2). Thermocouple sensitive 
tips are then pressed onto the components surface by another metal strap. 
The thickness of the latter strap influences the instationary response of the 
thermocouples. Tests have been performed using straps of 0.4 and 0.8 mm thickness. 
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Test configurations were varied as follows: 

1. Thermocouple clamped directly under fixing strap (FAMOS standard method) 

2. Strap with indentation to hold thermocouple on all sides 

3. Thermal insulation (ceramic fiber) between thermocouple and fixing strap (0.8 mm 

strap thickness) 

4. Thermocouples spot welded onto fixing strap using metal foil of 0.07 mm thickness. 

2S) ----------·---·-------

200 

~ 100 
:::l -ro ..... 
Q) 
Cl. 
E 
Q) 100 
1-

0 

Referen::e terrperature 

~ 

--- 1\tt:tke 1 insliated 

rvBke 1 rd insulated 

-)b 1\tt:tke 2 insliated 

-+- 1\tt:tke 2 rd insulated 

10 40 oo ro 
Tirre [s] 

Fig. 3: Test results for two thermocouple makes, each 

insulated and not insulated, configuration 4 

Reference temperature 

was supplied by a 

thermocouple wire spot 

welded directly onto the 

test specimen. Surface 

temperature was thus 

measured free of 

perturbation. The test 

specimen was insulated 

externally. Hot steam 

(50 bar, 260°C} was 

applied on the inside. 

The test results show 

the expected tendency 

of the thinner fixing strap 

to respond more 

accurately to transient 

te.mperature. The 

indented fixing strap 

does not exhibit the 

anticipated positive behavior. The scatter of results is larger than with the other 

configurations. Even the application of ceramic fiber insulation ·enhances accuracy only 

marginally but exhibits larger scatter than with configuration 1. Fig. 3 shows the 

temperature readings of tests performed on two thermocouple makes, each of an 

internally insulated and a not insulated variant. 

Best transient behavior is obtained with thermocouples spot welded directly onto the 

fixing strap (configuration 4). The 0.07 mm thick foil used disturbs temperature 

distribution only to a small degree, thus positively affecting measurement accuracy. 

Nevertheless this layout has not entered practical use because of its sensibility to 

mechanical damage when the devices are removed and refitted. 
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Stage 2: Data evaluation 
Measured data are evaluated as a matter of routine. The data are visualized on computer 
screen. Complex loading situations such as thermal stratification which are represented 
by a relative set of signals (temperatvres in this case) are not readily conveyed on 
screen. Thermal stratification is characterized by top-to-bottom temperature difference as · 
well as varying temperature profile across the section. Alteration of each of these induces· 
mechanical fatigue on structural material. An example of such loading is given in Fig. 4 
(see next page). The loading histories were recorded c;~t the three measurement sections 
shown in Fig. 1. Our conclusions are 

- the loading is local 
-the loading is complex in magnitude (LH) and frequency (dT/dt) 
- the loading is specific to the mode of operation 

To gain a quick insight into the fatigue relevance of such loading without going into stress 
and strain calculations, a computer aided tool called 'Quick Evaluation' (QE) has been 
designed. lt rapidly scans the measured temperature and pressure profiles for 
fluctuations utilizing a variant of the rainflow algorithm. Temperature difference profiles 
are evaluated also to account for stratification loading. This is executed instantaneously 
for all items under surveillance. Results a~e accumulated over long periods of time. 
A typical output of QE is given in Fig. 5 below. lt readily reveals components that 
experience large temperature differences and/or high frequency of occurrences. These 
components consequently attract attention, resulting in further and more detailed 
analysis. On these items Stage 3, fatigue analysis proper is then applied. 

item . 
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Fig. 5: Typical results of a quick evaluation -a one-year loading history 
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Stage 3: Fatigue calculation 

Fig. 6: Feedwater nozzle layout 

300 500 
c 
400 

250 
300 

200 
200 

lOO 

150 0 

-100 

100 
-200 

-300 
50 

-400 

0 -500 

The FAMOS fatigue calculation uses 
customized computer algorithms for the 
loading phenomena encountered. The 
algorithm implemented for thermal 
stratification uses the seven temperatures 
measured in the local measurement 
section (Fig. 2). The axial component 
dominates the stress response. Its 
magnitude is strongly influenced by 
deformation constraints of the structure. 
Fig. 6 shows the geometry and schematic 
stratification loading of a PWR steam 
generator feedwater nozzle. Measured 
loading and calculated stress response is 
depicted in Fig. 7. 

18/0o/81 12 19 12 2( 
01 
91 

07:00:10 gr 
(?) minor thermal stratification induces moderate stress (internal pressure and member forces included) ~ ® cold feedwater injection causes thermal shock and results in stress peak 

(}) stagnant feedwater - nozzle material warms up by heat conduction from steam generator and heat transfer from feedwater secondary flow driven by gravity force 

Fig. 7: Stress response to uneven and transient temperature distribution 

In this case axial bending stresses at the nozzle wall to thermal sleeve intersection and 
local circumferential stresses resulting from the so-called 'pear shape' deformation 
contribute heavily to fatigue of the structural material. The stress response is composed 
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of instatiohary (thermal shock) and stationary (stationary thermal stratification, internal 

pressure, member forces) fractions. Automatic fatigue analysis allows all of these to be 

superimposed in a chronologically correct manner. 

partial fatigue usage 

1,00E+OO ~------------, 

1,00E-01 

1,00E-02 --------"--" 

1,00E-03 -----

1,00E-04 ---- -"" 

1,00E-05 " 

1,00E-06 
en o 
ro en 
en m 
~ ~ 

~ 

0) 
0) 
~ 

Fig. 7: Fatigue rates at plant start-up 

lt is of major interest to reduce occurrences of 

thermal stratification. Improved modes of 

operation can be elaborated. Enhanced 

operating modes pay back in terms of fatigue 

damage avoided. The sooner these are 

introduced the greater the benefit. 

Partial fatigue usage rates of operating modes 

show a wide variation in magnitude. For 

example, Fig. 7 shows results for plant start-up 

modes obtained at a 60 degree pipe bend in 

a PWR surge line. Thermal stratification loading actually appears to be even sensitive to 

individual habits of operation personnel. 

End-of-design-life fatigue usage Table 1: Design life fatigue usage factors 

factors can be estimated by forward 

and backward extrapolation. Table 1 

presents results generated by this 

method. The measured data base of 

each of the items analyzed 

comprises loading histories of some 

five to seven years' duration. 

Summary 

system 

surge line 

power plant A 

surge line 

power plant B 

steam generator 

item design life 
fatiaue usaae 

nozzle to pressurizer 0.17 

60 degree pipe bend o_oo 
nozzle to reactor coolant 0.13 

noezle to pressurizer 0.16 

60 degree pipe bend 0.34 

nozzle to reactor coolant 0.19 

tit111in feedwater nozzle 0.20 

Special instrumentation is required to acquire information on complex loading 

phenomena such as thermal stratification. The fixing of the transducers must be 

optimized to meet the objectives of accurate permanent on-line data acquisition. 

Environmental conditions, robustness as well as metrological accuracy must be 

considered. Complete loading histories are stored permanently in a database. 

Customized software tools help to evaluate the data base as a matter of routine. 

Modes of operation which provoke thermal stratification induce more or less random 

cyclic stresses on structural members. lt is of interest to utilities to ameliorate the mode 

of operation such as to avoid or reduce thermal stratification incidents. 

Automatic fatigue analysis allows comparison of individual modes of operati,on. lt also 

facilitates simulation of the effects of alternative modes of operation. The fatigue life of a 

component can soundly be estimated on the basis of measured loading histories. 
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Test 1: TC.under Clamping Strap 
Thermocou pies: 
Manufacturer 1 (magenta) 
and Manufacturer 2 (blue) 

Mounting Strap 

Pressure retaining 
wall10mm 

Cold Water 
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Clamping Strap 
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Test 2: Ceramic Fiber Insulation 

Thermocouples: Ceramic Fiber under Clamping Strap 

Manufacturer 1 (magenta) 
and Manufacturer 2 (blue) 

Mounting Strap 

Pressure retaining 
wall10mm 

Cold Water 
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Test -3:-Chiiripin-g -stra:p With 
Bead 
Thermocouples: Clamping Strap with Bead Bead 
Manufacturer 1 (magenta) 
and Manufacturer 2 (blue) 

Mounting Strap 

Pressure retaining 
wall10mm 

Cold Water 
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Detail of Test 4: Bead lmm 
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Clamping strap 
directly in contact 
with pipe wall 

Bead enclosures 
the whole TC 
(partially shown 
transparent) 
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Test 4: 'I'C -api)Ilcation-Wrth ri1etal 
foil 
Thermocouples: 
Manufacturer 1 (magenta) 
and Manufacturer 2 (blue) 

Mounting Strap 

Pressure retaining 
wall10mm 

Cold Water 

OECD NEA/ WANO 
Specialist Meeting on Experience with Thermal Fatigue in LWR Piping Caused by Mixing and Stratification Paris, France, June 8- 11, 1998 · 

NDM2/Golembiewski!Kieintider 
Tel. +49 9131/18-9428/18-9447 Hans,Juergen.Golembiewski@kwu.siemens.de 

wilhelm.kleinoeder@kwu.siemens.de 
FolieS 

04.05.98 



~ 

"' ....... 

s 

Detail of Test 4 
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Thermocouple 
fixed with point 
welded metal 
foil 0.07mm thick 
(partially shown 
transparent) 
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Details of Thermocouples 

Thermocouple wires 
welded with cover 
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insulated 
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Results Test 1: Clamping Strap 

250.-------------------------------------------------------
------------------~ 

Reference temperature 
200 

a.> 150 s... 
::l 

1100 I 
-+-Thermocouple wire 

--- Make 1 insulated 

-.1r- Make 1 not insulated 

~ Make 2 insulated 

~ Make 2 not insulated 

I 1// 
50 

0 +--------......---
0 10 20 30 40 50 Time [s] 60 
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Results Test 2: With Insulation 
250 

I 
Reference temperature 

200 J 

~ Q) 
150 !..... 

:::J ........ 
~ 
Q) 
a. 
E 
Q) 100 

1-

50 

0 
--:-r-· 

0 10 20 30 
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~Thermocouple wire 
-----Make 1 insulated 
--.-Make 1 not insulated 
~Make 2 insulated 
~Make 2 not insulated 

40 50 Time [s] 60 
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Results Test 3: With Bead 

200~------------~----------------------
-------------~ 

Reference temperature 
200 

Q) 
:; 100 
.+J ' 

CO -+-Thermocouple \Nire 
'-
Q) 
0.. ---- rv1ake 1 insulated 
E 100 
Q) -•- rvlake 1 not insu1ated 
I-

--*- Make 2 insulated 

50 J 1' /~ --*"- Make 2 not insulated 

0 ~-----------.----------~ 

0 10 20 30 
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Results Test 4: Metal Foil Fixing 
250~--------------------------------------------~ 

200 Reference temperature 

-+- Thermocouple wire ~ 150 
:l 
1§ 
2i 

I /., __._ 1\113ke 1 insulated 
E 100 t 
~ !r -.- M:lke 1 not insulated 

I ~~ 

50 t u ~ rvt:lke 2 insulated 

--r- 1\JBke 2 not insulated 
0+-------+-------+-------+-------~------+-----~ 0 10 20 30 
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Test 6: Clamping Strap 0.4mm 
250 

200-

Q) ,_ 
150 :J 

~ 

i 1001 
• Thermocouple wire 

• Make 1 insulated 

Make 1 not insulated 
(]) 

r- I / / X Make 2 insulated 

50 _I I / )K Make 2 not insulated 

0 

0 10 20 30 40 so Time [s]60 
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V. GAUTHIER I EDF 

Thermal Fatigue Crack.ing of Safety Injection System Pipes 
Non Destructive Testing Inspections feedback 

HISTORICAL CONTEXT : 

Problem: 

Thermal fatigue cracking in non-isolable sections of Safety Injection System (RIS) pipes, dovvnline of last check valves . 

Main inciden-ts : 

Abroad: 

In France: 

EDF Production Transport 
Groupe des Laboratoires 

Rrst Through-wall cracks at Farley 2 (USA) 
in 87, and Tihange 1 (Belgium) in 88. 

Tvvo threugh-wa/1 cracks : 

Dampierre 2 in 92 (localised in vveld edge), 
Dampierre 1 in 96 (localised in a middle of a 
pipe section), 
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Thermal Fatigue Cracking of Safety Injection System Pipes 

Non Destructive Testing Inspections feedback 

THROUGH-WALL CRACK OF DAMPIERRE 2 

Position on isometric drawing : 
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~/ · "L P_rimary coolant pipe 
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EDF Production Transport 

Groupe des Laboratoires 
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Position of the crack 
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RCP 320 VP 
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Thermal Fatigue Cracking of Safety Injection System Pipes Non Destructive Testing Inspections feedback 

THROUGH-WALL CRACK OF DAMPIERRE 2 

View of the line and the checkvalve : 

EDF Production Transport 
Groupe des Laboratoires 
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Thermal Fatigue Cracking of Safety Injection System Pipes 

Non Destructive Testing Inspections feedback 

THROUGH-WALL CRACK OF DAMPIERRE 2 

Section vie\N of the crack : 

- transgranular 
and straight 
propagation 

- start at the 
limit of the \Neld 
penetration 

EDF Production Transport 
Groupe des Laboratoires 4 11 
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Thermal Fatigue Cracking of Safety Injection System Pipes Non Destructive Testing Inspections feedback 

THROUGH-WALL CRACK OF DAMPIERRE l 

Position on isometric vievv : 

RCP 120 VP 

EDF Production Transport 
Groupe des Laboratoires 

t 

Position of the cracks 

" ..-' 

BC 1 

m 
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Thermal Fatigue Cracking of Safety Injection System Pipes 

Non Destructive Testing Inspections feedback 

THROUGH-WALL CRACK OF DAMPIERRE J 

Dye penetrant mapping (view from the inside of the pipe) : 
I 

EDF Production Transport 

Groupe des Laboratoires 6 

Through-\Na/1 
crack 

~ 
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Thermal Fatigue Cracking of Safety Injection System Pipes Non Destructive Testing Inspections feedback · 

THROUGH-WALL CRACK OF DAMPIERRE l 

Through-wall crack view after opening : 

EDF Production Transport 
Groupe des Laboratoires 

"1 
! m 
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Thermal Fatigue Cracking of Safety Injection System Pipes 

Non Destructive Testing Inspections feedback 

THROUGH-WALL CRACK OF DAMPIERRE J 

Metallographic section 
of one of the cracks : 

transgranular and 
straight propagation 

EDF Production Transport 

Groupe des Laboratoires 8 m 



Thermal Fatigue Cracking of Safety Injection System Pipes Non Destructive Testing Inspections feedback 

INSPECTION PROGRAM : 

After Dampierre 2 : 

First inspection program restricted to welds (Radiographic Testing, RT) and elbows (Ultrasonic Testing, UT). 

~ After Dampierre 1 : 
,t:-.. 

~ New inspection program in 97', extended to straight pipes (UT). 

EDF Production Transport 
Groupe des Laboratoires 

9 ll 
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Thermal Fatigue Cracking of Safety Injection System Pipes 

Non Destructive Testing Inspections feedback 

DETAILS OF 97' NOT INSPECTION PROGRAM 1 

Example of 
controled areas : 
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Thermal Fatigue Cra·cking of Safety Injection System Pipes Non Destructive Testing Inspections feedback 

DETAILS OF 97' NOT INSPECTION PROGRAM : 

Technical charasteristics of UT inspection : 

- 45° shear \Naves,. 

- 4 MHz frequency,.· 

- research of corner effect 
(detection but no sizing). 

EDF Production Transport 
Groupe des Laboratoires 
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Thermal Fatigue Cracking of Safety Injection System Pipes 

Non Destructive Testing Inspections feedback 

RESULTS OF 97' INSPECTIONS CAMPAIGN : 

All the French 900 MW units (34) have been inspected 

(around 140 lines). 

14 lines (or parts of lines) were replaced after detection of 

reportable ultrasonic indications , and metallurgically 

expertised. 

Among them, 4 were concerned with Thermal Fatigue 

cracks or crackling, and 10 presented only manufacturing 

surface irregularities. 

EDF Production Transport 

Groupe des Laboratoires 12 ~ 
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Thermal Fatigue Cracking of Safety Injection System Pipes 
Non Destructive Testing Inspections feedback 

EXAMPLE OF DETECTED DEFECTS : Crackling in straight part 

Position on 
isometric vie\N : 

EDF Production Transport 
Groupe des Laboratoires 

Al •,"'-, 
'•,,, 

Position of the crackling 

A2 

M1 

RCP322 VP 
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Primary coolant pipe 
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Thermal Fatigue Cracking of Safety Injection System Pipes 
Non Destructive Testing Inspections feedback 

EXAMPLE OF DETECTED DEFECTS : Crackling in straight part 

Comparaison between UT mapping 
and dye penetrant mapping : 

_, ' 
\ J - _.- 0 

...., .,. L "~~,.~ (',,,, .... 

.. "'"'\ "~- .,,.· ... ,.; " 
\ \ ~ 't ... '!& ~ 

_,- ' :r _, - '"' \ ~\ 
' ·' '\ 

EDF Production Transport 
Groupe des Laboratoires 

~20 cm 

14 

Contour of UT indications 
above threshold level 

\ 
' '\ 

\. 

. ' ' . \ . 
q, \ 

\ 

,t 
\ \ 

) 

In 



~ 
VI 
0 

Thermal Fatigue Crack.ing of Safety Injection System Pipes 
Non Destructive Testing Inspections feedback 

EXAMPLE OF DETECTED DEFECTS ' Crackling in elbow 

Position on isometric view : 

EDF Production Transport 
Groupe des Laboratoires 

/ 

B~ 

Position of the cracks 

RCP 162 

ReP 161 

15 m\ 
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Thermal Fatigue Cracking of Safety Injection System Pipes 

Non Destructive Testing Inspections feedback 

EXAMPLE OF DETECTED DEFECTS : Crackling in elbow 

Dye penetrant 
mapping: 

EDF Production Transport 
Groupe des Laboratoires 16 m 
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Thermal Fatigue Cracking of Safety Injection System Pipes 
Non Destructive Testing Inspections feedback 

CONCLUSIONS: 

For the pipes : 

After testing of replaced components, it has been 
confirmed that : 

- Ultrasonic examination is able to detect cracks 
initiated at the inner surface, with a minimum 
of 2 millimeters depth, 

-Whatever the technic used (diffraction with 
compression waves or TOFD), we didn't manage 
to size defects. 

- Ultrasonic performances could be affected by 
remaining residual stresses in the pipes. 

EDF Production Transport 
Groupe des Laboratoires 
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Thermal Fatigue Cracking of Safety Injection System Pipes 

Non Destructive Testing Inspections feedback 

CONCLUSIONS : 

For the welds : 

With the intention of replacing radiographic testing by 

Ultrasonic testing, some tests were done on the welds of 

replaced components. 

These tests concluded that the reliability of UT examination 

of welds is affected by numerous false calls due to : 

- discrimination problems between cracks and little 

welding defects, 

- grain structure in the austenitic melted zone. 

Forecast developpements are in progress to improve this 

inspection method. 

EDF Production Transport 

Groupe des Laboratoires 18 ~ 





ISOLATION VALVE LEAKAGE: AN OVERVIEW OF U.S. METHODS 

FOR EVALUATION AND MITIGATION 

ABSTRACT 

P. L. STRAUCH 
Wcstinghouse Electric Companv 

Pittsburgh- USA 

R. BALTUS 
Westinghousc Energy Systems Europe 

Bmssels - Belgium 

Isolation valve leakage has resulted in cracking in various piping systems at several nuclear power plants 

worldwide. beginning with the Farley. Tihange and Genkai incidents in 1987-1988. and more recently the 

incidents at Dampierre. The phenomena associated with thermal stratification induced by leakage are diverse and 

complicated due to the wide variety of geometric and thermal-hydraulic conditions encountered in reactor piping 

systems. To understand the mechanisms that lead to these phenomena and to develop strategies to mitigate their 

consequences. methods have been developed in the U.S. for predicting and evaluating thermal loads related to 

thermal stratification. These methods include the determination of the stratification interface height from the 

bottom inner surface of the pipe. the extent of piping that is heated by header pipe flow. the extent of branch piping 

that may experience thermal cycling induced by header pipe flow turbulence, and the heating of a leakage flow in 

sections of branch piping near the header pipe. This methodology may be used to postulate thermal loadings in 

order to evaluate the effects of leakage on stress and fatigue, to determine preferred temperature monitoring 

locations. to improve inspection programs, or to design piping systems resistant to cracking for new plants. 

INTRODUCTION 

Isolation valve leakage has resulted in cracking in various piping systems at several nuclear power 

plants worldwide, beginning with the Parley and Tihange safety injection piping, and the Genkai 

residual heat removal suction piping incidents in 1987-1988, and more recently the safety injection 

piping incidents at the Electricite de France 900 MWe units. The Parley, Tihange and Genkai 

incidents prompted regulatory actions in the United States, including identification, nondestructive 

examination and continuing assurance of structural integrity for susceptible piping (Reference 1 ). 

An understarding of the phenomena that led to these cracks is essential to develop strategies to 

prevent future failures. These phenomena, the methods to quantify their effects, and strategies to 

mitigate their consequences are discussed herein. 

THERMAL STRATIFICATION PHENOMENA AND EVALUATION METHODS 

In nuclear power plants, there exist several high pressure piping systems (e.g., safety injection) 

that are connected to hot, lower pressure reactor coolant system (RCS) header piping. The high 

pressure branch piping contains a normally closed valve. Should this isolation valve leak, cold 

leakage will enter the hot, unisolable section of the branch piping (i.e., the piping between the 

RCS and the adjacent check valve). Due to the higher density of the colder leakage, it will tend to 

flow beneath the hotter water present in the unisolable piping, a phenomenon called thermal 

stratification. This results in localized thermal stresses and global bending stresses, which are 

dependent on the temperature differential and profile, as well as physical aspects of the piping 

(component geometry, piping layout and support, welding, etc.). These stresses were typically 

not considered in the piping design. 

OECD NEA meeting on Stratitication Paris -June 1998 



Stratification can also occur as a result of leakage from the RCS through a leaking isolation valve 
to lower pressure piping, as in the residual heat removal suction piping discussed in Reference I 
This piping extended downward from the RCS sufficiently far such that the lower portions of the 
piping near the isolation valve were not heated by RCS turbulence, and were therefore "cold 
trapped". Hot leakage entered this cold trapped section of piping causing the stratified loading. 
Periodic leakage through the valve packing gland was reported to have caused the failure. 

The methods used to quantify the effects of thermal stratification phenomena are based on 
laboratory experiments performed in the Thermal Stratification, Cycling and Striping (TASCS) 
program sponsored by the Electric Power Research Institute (EPRI), as well as testing from other. 
sources. These methods are documented in Reference 2. Testing performed in the TASCS 
program included the following: 

• Low temperature turbulent penetration testing 
• Low temperature stratification testing 
• High temperature stratification testing 

Propensity for Thermal Stratification 

The tendency for the cold water to stratify and not mix with the hotter water may be quantified by 
a non-dimensional parameter called the pipe Richardson number (Reference 2): 

Ri = g /1p.d 
p . p ll 

where g is gravitational acceleration, p is the density of the leak fluid, fJ.p is absolute value of the 
density difference between the stratified fluids, d is the pipe inside diameter, and u is the average 
velocity of the leak fluid. If the Richardson number is small (i.e., approaching unity), it can be 
assumed that stratification will not occur in the pipe. For most leakage cases, stratification does 
occur, since the Richardson number is quite large due to a high temperature difference and low 
leak velocity. 

Stratification Interface Height 

The height of the stratification interface between the cold and hot fluids in a horizontal pipe 
section, as measured from the bottom inside surface of the pipe may be determined from the 
leakage flow rate and temperature, the stagnant fluid temperature, and the pipe inner diameter. 
The derivation is based on the height of a flow in an open channel, where the critical flow 
condition is defined by: 

where: Fr 
V 
g 
deff 
A 
w 

( lECD NEA me"ting on Stratification 

Fr = V I ~ K • d ~rr = I 

Froude number (inertia force/gravity force) 
velocity of the flowing fluid 
gravitational acceleration 
effective diameter, defined as NW 
cross sectional area of the flowing fluid 
width of the free surface 
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Substituting the volumetric flow rate (Q = V A) into the equation yields: 

To account for the buoyancy effect in a stratified flow, g' is substituted for g, yielding: 

where: o' 
C> 

g•(tlp/p) 

f( • A3 
0"=-'------- w 

density of the flowing fluid p 
tlp absolute value ofthe density difference between the stratified fluids 

This equation is solved iteratively. to determine the stratification interface height. A correlation 

factor was applied to this theoretically derived stratification flow height to account for testing 

performed as part of the T ASCS program. The stratification interface height increases at a rate 

proportional to the square root of the leak flow rate. 

Thermal Striping 

The stratification interface between the hot and cold water layers may fluctuate up and down over 

time, causing localized stresses in the pipe wall near the interface location, a phenomenon called 

thermal striping. These stresses were typically not considered in the piping design. 

Header Pipe Effects on Connected Branch Piping 

Header pipe flow has· two significant effects on connected branch piping. The flow causes the 

branch piping near the header connection to be heated. In addition, the flow induces turbulence 

into the branch pipe. These aspects are discussed in the following paragraphs 

Turbulent Penetration Heating 

Turbulent penetration heating causes the branch piping near the header connection to be heated by 

the header pipe flow. The length of branch pipe that is heated is a function of the header pipe flow 

velocity and kinematic viscosity, and the branch pipe inside diameter. This length is not well 

defined, as substantiated by plant monitoring which has indicated that otherwise identical piping 

layouts can have significantly different temperatures. For instance, temperature measurements 

from two branch pipes of essentially identical layout have indicated that one is cold, and the other 

is hot in the lower portion of the pipe. One possible explanation for this is a difference in 

turbulent energy due to differences in adjacent branch nozzle configurations on the header pipe. A 

practical range for typical RCS flow parameters in pressurized water reactors (PWRs) for branch 

pipes of 3 inch nominal size or greater is I 0 to 25 pipe inside diameters (Di). If the piping layout 

supports convective heating (i.e., the piping is not sloped downward from the RCS), the branch 

piping may be heated for more than 25 Di. 
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Stratification can occur without valve leakage, under certain circumstances of turbulent 
penetration heating. For sections of unisolable piping that extend downward from the RCS, the 
temperature of the lower portion of the pipe may be significantly lower than the upper portions of 
the pipe Horizontal sections of piping in this "cold trapped" piping can experience stratification if 
the vertical to horizontal transition occurs near the limit of turbulent penetration heating. Small 
variations in the length of piping affected by turbulent penetration heating can induce stratification 
and stress cycling in such layouts. Stratification temperature differentials of 340°F, with cycling 
have been observed from plant monitoring of residual heat removal suction piping. 

Turbulent Penetration Thermal ('ye/in~ 

Header pipe flow induces turbulence in connected branch piping. This turbulent energy decays 
rapidly with increasing distance from the header connection. At branch pipe locations sufficiently 
close to the header connection, turbulent energy can mix stratified flow Because the level of 
turbulent energy in the branch piping fluctuates, the stratification can periodically mix and 
reestablish itself within a particular section of the unisolable piping. This phenomenon is called 
turbulent penetration thermal cycling, and can cause stress cycles that may lead to fatigue failure 
in the affected section of piping. 

A criterion has been established (Reference 2) to determine the maximum distance into a branch 
pipe from a header connection at which cycling may occur. The theoretical basis equates the 
potential energy of the leak flow with the kinetic energy of the turbulence, resulting in the 
following formulation: 

where: 

Po 
H 
g 
u. 
A,B 

[ 
Ap H•R] L =-A•In B•-·--· m { J 2 p . a 

maximum distance into the branch pipe from the header connection 
at which turbulent penetration thermal cycling is possible, measured 
in branch pipe inside diameters (D;). 
absolute value of the density difference between the leak and 
ambient (source of turbulent penetration) fluids 
density ofthe ambient fluid 
stratification interface height 
acceleration of gravity 
average velocity ofthe header pipe fluid (source ofturbulence) 
constants determined from T ASCS turbulent penetration testing 

It should be noted that this criterion establishes an upper bound distance from the header 
connection at which turbulent penetration thermal cycling can occur, and not the exact location of 
cycling. A practical upper limit for typical PWR RCS flow parameters, encompassing all branch 
pipe sizes and leak rates is 15 D;. A lower bound limit has not been established. Therefore, 
turbulent penetration thermal cycling may occur from the RCS connection up to 15 D; from the 
RCS connection. All piping components within this zone must be considered as vulnerable to 
fatigue failure from turbulent penetration thermal cycling in the event of isolation valve leakage. 
Most pipe failures from inleakage into the RCS (e.g., Parley, Tihange, Dampierre and Fessenheim 
safety injection piping) occurred within 8 D; from the RCS connection, indicating that 15 D; is 
conservative for the upper bound cycling location. 
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Heat Transfer of a Stratified Flow 

In the analysis of thermal stratification, it is often necessary to determine the temperature of the 

flowing fluid along the pipe in order to determine the stratification temperature differential. 

Obviously, for lower tlow rates, the temperature change in the flowing fluid will be greater than 

for higher flow rates. due to the lower fluid velocity (more time for heat transfer) and the smaller 

cross sectional area of flowing fluid (smaller volume) A semi-empirical method was developed in 

Reference 2, using experimental data from the T ASCS high temperature stratification test 

program to determine the heat transfer coefficient for cold leak flows in hot horizontal piping. 

The flows considered ranged from 0.25 to 4.0 gpm. In all cases the predicted temperature was 

bounded by the test data and in general the heatup predicted was lower than measured in the 

actual fluid. This method is particularly useful for the small flows associated with isolation valve 

leakage, and in some cases may be used to show that small leaks are not a fatigue concern (see 

Reference 3, for example). 

STRATEGIES TO MITIGATE CONSEQUENCES OF VALVE LEAKAGE 

The various methods which have been used to resolve isolation valve leakage concerns m 

pressurized water reactors may be grouped under five general categories, as follows: 

l. Redesign/Modification (eliminate leakage or mitigate its consequences) 

2. Temperature or Pressure Monitoring 

3. Inspection Methods (periodic valve testing or nondestructive examination of piping) 

4. Operational Changes (e.g., operation of a charging line that is typically isolated) 

5. Analytical Methods (determine the effect ofleakage on piping integrity) 

Several of these methods are discussed in the sections which follow 

Selection of Temperature Monitoring and N ondestructive Examination Locations 

As discussed previously, header pipe turbulence can cause turbulent penetration thermal cycling in 

connected branch piping (up to 15 Di from the RCS connection for typical PWR RCS flow 

conditions). In addition, header pipe turbulence will heat connected branch piping (up to 10 to 25 

D; for typical PWR RCS flow parameters). These aspects must be considered in the selection of 

temperature monitoring and nondestructive examination locations. 

Temperature Monitoring Locations 

Temperature monitoring typically involves the installation of sensors (thermocouples or resistance 

temperature detectors) to the top and bottom of a horizontal section of the unisolable pipe to 

detect leakage. Placement of the sensors is dependent on the type of leakage that may occur, as 

discussed in the following paragraphs. 

For piping that may experience inleakage into the RCS header pipe, the· goal of temperature 

monitoring is to detect the cold leak flow. Sensors should therefore be located sufficiently close 

to the RCS header connection where the piping is heated by the RCS flow, but not so close that 

stratification mixing could preclude leak detection. For typical PWR RCS flow conditions, 

locating the sensors at least 15 Di from the RCS connection should be sufficient, provided that the 
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piping is hot at this location. For cases of short unisolable piping (i.e., the val~e adjacent to the 
· RCS is within 15 0; from the RCS), the sensors should be located as near the valve weld as 
possible. For correctly located sensors, the top and bottom temperatures should be similar (hot) 
under no leak conditions. Leakage will cause the bottom temperature to be lower than the top 
temperature, provided there is sufficient leak flow. Turbulent penetration thermal cycling may not 
be evident at the monitoring location. However, if leakage is occurring, it must be assumed that 
cycling occurs in the horizontal piping within the zone of turbulent penetration thermal cycling 
(i.e., within IS D; from the RCS connection for typical PWR RCS flow conditions). 

For piping that may experience outleakage from the RCS header pipe, the goal of temperature 
monitoring is to detect the hot leak flow. Sensors should therefore be located sufficiently far from 
the RCS connection where the piping is essentially cold trapped. Locating the sensors at least 25 
0; from the RCS connection should be sufficient for typical PWR RCS flow conditions. For cases 
of short unisolable piping (i.e., the valve adjacent to the RCS is within 25 0; from the RCS), the 
sensors should be located as n~ar th~ valve. weld as possible. For correctly located sensors, the 
top and bottom temperatures should be similar (cold) under no leak conditions. Leakage will 
cause the top temperature to be higher than the bottom temperature, provided there is sufficient 
leak flow. · 

Nondestructive Examination Locations 

Pipe cracking occurs where thermal stratification loads can cycle. Pipe cracks from inleakage into 
PWR RCS piping have occurred near the RCS connection, where turbulent penetration thermal 
cycling is possible. The location of the cracks were at the bottom of the pipe. Typically, welds 
are selected for inspection since they can be preferred locations for cracking. Cracking has 
occurred however, in elbow base metal and in straight sections of pipe. Cracking is possible 
wherever thermal cycling occurs, therefore all horizontal piping sections within the thermal cycling 
zone should therefore be considered in the selection of nondestructive examination locations. 
Examinations should focus on the bottom ofthe pipe. 

The pipe cracks from outleakage from the PWR RCS piping, as discussed in Reference 1,. 
Supplement 3, occurred in welds located in the cold trapped section of unisolable piping. The 
location of the cracks were at the top of the pipe. Cracking is possible wherever periodic thermal 
stratification may occur. Welds are most vulnerable due to stress concentni.tion. Therefore all 
welds within cold trapped horizontal piping sections of unisolable piping should be considered in 
the selection of nondestructive examination locations. Examinations should focus on the top of 
the pipe. 

Analysis to Determine Impact of Leakage on Piping Integrity 

Analysis has been performed to determine the impact of stratification and cycling on ptpmg 
integrity. For example, cracking in the charging system piping at several Westinghouse PWR 
plants has been shown to be highly unlikely (see Reference 3, for example). Unlike the safety 
injection piping which has a cold leak source, the charging system piping has a hot leak source 
(the regenerative heat exchanger) which has an outlet temperature of nearly the RCS flow 
temperature. Since the charging system piping is insulated, leakage flow heat losses are 
minimized. Calculations were performed to determine the leakage temperature as a function of 
leakage flow rate at the location at which turbulent penetration thermal cycling is possible within 
the unisolable piping. This calculation included heat losses to the environment upstream from the 
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unisolable piping, as well as heatup of the leakage within the unisolable piping up to the cycling 

location. Stratification temperature differentials were shown to be maximized at a critical leakage 

flow rate. This maximum temperature differential is significantly less than the bounding 

temperature differential (RCS flow temperature minus ambient temperature) possible for safety 

injection piping. Subsequent fatigue evaluation indicated that cracking is unlikely in the charging 

system piping. 

Piping Configuration Resistant to Cracking 

Although piping design modifications have not extensively been used in conventional plants (other 

than removing bypass piping or capping valve leakoff piping to eliminate potential leakage flow 

paths), future plant designs should consider piping configurations that mitigate the effects of valve 

leakage. 

Fatigue damage from stratified thermal loads may be minimized by limiting stress levels (global 

bending and local thermal stresses) and stress cycles from the loading. Global bending stresses 

may in general be minimized by limiting the length of piping that is stratified. Local thermal 

stresses may be minimized by precluding the exposure of the stratification interface to components 

which have a relatively high stress response to the loading. Characteristics which result in a higher 

stress response include gross structural or material discontinuities, such as those found in nozzles, 

and local discontinuities, such as those found at weld locations. Therefore, limiting the exposure 

of the stratification interface to components of constant wall thickness (e.g., straight pipe, bends, 

elbows), without exposing the welds or other stress risers, will minimize the total impact of local 

thermal svesses 

For cases involving inleakage, stress cycles may be minimized by ensuring that stratification does 

not occur where turbulent penetration thermal cycling is possible. At first, a very short segment of 

unisolable branch piping would appear to be a viable option to eliminate fatigue concerns, since 

the leakage flow would mix in the extreme turbulence near the loop .. However, the cracking at 

Farley Unit 2 occurred at about 5 0; (about 2 feet) from the loop connection. The cracking at 

Tihange Unit 1 occurred at a similar location. Therefore, a short section of unisolable piping is 

not a viable solution. 

Figure 1 is a piping design which includes a sufficiently long section of vertical piping, a 30 degree 

long radius elbow, and a 180 degree return. The total length of piping from the loop connection 

to the 30 degree elbow is greater than 15 D;, which is the upper limit of turbulent penetration 

thermal cycling. The effect of this configuration is to eliminate (or at least minimize) the local 

thermal stress effects at the welds of components in the stratified section of piping. As illustrated, 

the leakage flow mixes with the hot water in the vertical section of piping. 

This design limits the length of piping that is stratified, thus minimizing global thermal bending 

stresses. In addition, it protects the nozzle and all welds from direct contact with the stratification 

interface. Only the 180 degree return (which has a constant wall thickness) is exposed to the 

stratification interface. Therefore, local thermal stresses are minimized. The main advantage of 

this design is the elimination of turbulent penetration thermal cycling, and therefore the stress level 

is of lesser importance. 
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IPSN - GRS JOINT REPORT 

« Safety assessment of primary coolant unisolable leak incidents 

caused by stress cycling» 

0. ABSTRACT 

Unisolable primary coolant leak incidents, which occurred in Dampierre 2 and Dampierre 1 in 

France in 1992 and 1996 respectively, Farley 2 in the United S~ates in 1987, Tihange 1 in Belgium in 

1988, have revealed the existence of fatigue cracking phenomena on terminal portions of safety injection 

lines connected to the primary circuit. The incidents in Germany in 1986 and 1995 respectively and the 

Oconee 2 incident in the United States in 1997, have shown that this risk also exists in unisolable lines of 

the chemical and volume control system. The Genka·i 1 incident in Japan in 1988 has pointed out the 

possible occurrence of such fatigue phenomena in unisolable sections of the residual heat removal 

system. Finally, the Loviisa 2 incident in Finland in 1997 has confirmed the generic nature of the 

phenomena. 

An IPSN-GRS working group was established with the following objectives : on one hand, to 

review these incidents and assess the measures taken by the operators and designers in order to better 

understand these phenomena and prevent them; on the other hand, to propose recommendations, taking 

into account the measures already implemented, in order to prevent this type of incident from recurring. 

From its analysis, the IPSN-GRS working group concludes recommendations to be considered 

by operators and designers to reduce the risk associated with these phenomena, both in operating plants 

and in future plants. These recommendations are concerning : 

- the piping links between the primary coolant system (RCS) and its various auxiliary systems and 

between the various RCS auxiliary systems, 

- the tightness of isolating devices separating a hot fluid and a cold section, a cold fluid and a hot 

section, a cold fluid and a hot fluid, and a cold section and a hot section, 

-the condition of supports controlling the position and movements of pipes and components, 

- the soundness of piping sections that could be the location of thermal phenomena (thermal 

stratification, mixture of hot and cold fluids, thermal sleeve, etc.), 

-the tightness of the reactor coolant system, 

-the tightness of auxiliary systems connected to the reactor coolant system, 

- the exclusion of any defect and surface or material conditions that could initiate cracking and 

encourage propagation, 

-the exclusion of any untimely and unwanted contact between pipes and surrounding structures that 

could induce additional stresses. 
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1. INTRODUCTION - HISTORY 

Primary coolant unisolable leak incidents, which have occurred on pressurized water reactors 
(PWR) at Farley 2 (829 MWe PWR- Westinghouse- United States), GenkaT 1 (529 MWe PWR
Mitsubishi Heavy Industry- Japan) and Tihange 1 (931 MWe PWR- Framatome- Belgium), on 

December 9, 1987, June 6, 1988 and June 18, 1988 respectively, which are described in JRS report 
(Appendix 3 and references 1, 2 and 3), drew the attention of the utilities, the manufacturers and the 
safety organisations, in France and in· the United States. At the time, these countries already had a large 
number (several tens) of pressurized water reactors in service. On October 1, 1988, France had thirty-four 
900 MWe units and thirteen 1300 MWe units. At the same time, the United States had sixty-eight 
pressurized water reactors in service, while Germany was operating thirteen, Japan sixteen and Belgium 
seven. 

The common factor in these similar and potentially generic incidents was the observed cracking 
and leakage in an auxiliary unisolable sections of the Reactor Coolant System (RCS)~ These small 
primary cracks had never been observed before, and could be considered as being precursors of 
intermediate size primary breaks (2" <pipe< 6") (SIS), and large breaks (pipe> 6") (RHRS). 

In France, these thermal fatigue cracking incidents led the French operator :· EdF to carry out 
programs of actions called the national "Farley-Tihange Phenomenon" program, "Thermal Fatigue 
Cracking of Unisolable Sections in the RCS'' program and then the national "Local Thermohydrau/ic 
Phenomena" program. 

In Germany, after the Tihange 1 incident, in 1988, the GRS issued an Information Notice 
including recommendations for German nuclear power plants operators. lt recommended to check all 
pipes connected to the primary coolant system whether there was a possible cyclic internal leakage and 
therefore a thermal fatigue risk. For other reasons, in 1987, the GRS encouraged the German operators 
to enhance the primary coolant leakage detection system. 

In the United States, these incidents were followed by recommendations made by the Nuclear 
Regulatory Commission (NRC) (references 7, 8, 9 and 10). Furthermore, the American manufacturer 
Westinghouse, initiated a research and development program on this subject in co-operation with the 
Electric Power' Research Institute (EPRI). 

Four years later, in France, on September 20, 1992, a similar incident occurred on Dampierre 
unit 2 (900 MWe PWR) (see appendix 1.1 ). 

Despite precautions and measures taken by EdF following this incident, another incident 
occurred in France on December 20, 1996 on Dampierre unit 1 (900 MWe PWR) (see appendix 1.2). 

In France, it is considered that the risk of fatigue cracking is much greater in 900 MWe units 
which have some specific features conducive to hot fluid - cold section or cold fluid - hot section or hot 
fluid- cold fluid interaction, and therefore to the thermal fatigue phenomenon (see appendix 4). 

In Germany, there have been some cracking and primary leak incidents with some similarities 
with the incidents mentioned above, specifically in 1986 and 1995 on two older plants (see appendix 2). 
These cracks also occurred on auxiliary unisolable sections of the primary cooling system, but they 
affected small diameter pipes of CVCS and could only give rise to small controllable breaks without 
triggering safeguard systems. 
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Other incidents (see Appendix 3), particularly the incident that occurred on Oconee 2 in April 

1997 in the United States, and the incident at Loviisa in Finland in January 1997, confirm that there is a 

risk of fatigue and demonstrate the potentially generic nature of this phenomenon. 

2. WORKING GROUP OBJECTIVES 

An IPSN- GRS working group was-formed, with the objective to analyse French, German and 

other incidents which were caused by fatigue cracking in unisolable sections of auxiliary systems 

connected to the primary cooling system of pressurized water reactors. 

The goals of the analysis have been defined by the working group as follows : 

- get an up-to-date collection of available knowledge and 

- give - as far as necessary and possible - recommendations, with respect to actions to be taken or 

improvements to be done, to reactors in operation and reactors being designed to prevent recurrence 

of this type of incident. 

In fulfilment of these goals, the working group has collected and discussed information and data 

about the main known incidents in this field and formulated recommendations. 

3. FRENCH ACTIONS 

3.1. ACTIONS CARRIED OUT BY THE FRENCH OPERA TOR (EDF) 

3.1.1. From 1988 to 1992 (after the Farley 2 and Tihange 1 incidents) 

After the incidents which occurred in Farley 2 in 1987, Genkar 1 in 1988 and Tihange 1 in 1988, 

EdF extended the study on thermal phenomena that occur in RCS auxiliary lines, and particularly in safety 

injection lines. 

On French 900 MWe reactors, the chemical and volume control system (eVCS) and the safety 

injection system (RIS) use common pumps and are therefore not independent (see figure 1 ). In Farley 2 

and Tihange 1, the cause of the cracks was assigned to a leak between these two systems (see figure 1 ). 

When a cold water leak occurs between the eves and the SlS, it is probable that cold water enters the 

RCS preferably through the lowest elevation Res isolating check valve (see figure 2). According to this 

hypothesis, the risk of cracking would only concern some safety injection lines. Based on this analysis, 

EdF drew up a list of lines and sections in which there is a risk of thermal fatigue cracking. This list 

contains a few welds and elbows in terminal safety injection lines connected to hot legs and cold legs in 

the primary cooling system, since experience feedback had shown that cracking develops preferentially at 

a geometric discontinuity. At Farley 2, cracking occurred close to a weld ; at Tihange 1, it occurred close 

to welds and in an elbow. 

During 1989, 1990 and 1991, EdF checked all parts in the above mentioned list of all 900 MWe 

units, in order to guard against the risk of cracking and breaking. Sensitive welds were inspected by 

gamma radiography, and sensitive elbows were checked by ultrasonic method. This inspection campaign 

did not find any defects. Furthermore, EdF started improvements on periodic tests of the safety injection 
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system. First, EdF cancelled the monthly test leading to handle the RIS 287 VP stop valve which separate 
. CVCS and SIS (see figure 1 ). 

3.1.2. From 1992 to 1996 (after the Dampierre 2 incident) 

After the incident which occurred on Dampierre unit 2 in september 1992, EdF decided to check 
the internal tightness of isolating devices separating the CVCS and the SIS on 900 MWe units at the 
beginning and end of each refuelling shutdown. If an internal leak is found, the operator must restore 
tightness during the outage, and must check the soundness of welds and elbows placed on the 
downstream side of the first isolating check valves in the primary cooling system and considered to be 
sensitive to the risk of cracking by thermal fatigue. 

This program has been applied to all 900 MWe units since the end of 1992. Several cases of 
internal lack of tightness have been found, but no incipient cracks have been detected. 

EdF has also carried out several temperature measurement campaigns on RCS auxiliary lines, 
· particularly on SIS lines in Blayais unit 1 and Cruas unit 4. Records obtained have demonstrated a 
thermal stratification phenomenon, and large amplitude and frequency thermal fluctuations. These 
phenomena appear unstable in' time and in space. 

3.1.3. In 1997 (after the Dampierre 1 incident) 

Cracking which appeared on the straight part of the Dampierre 1 SIS line, has raised questions 
about the existing non-destructive examination program which was limited a few welds and elbows on 
some lines in the safety injection system. 

Following the incident that occurred on Dampierre unit 1, EdF planned to carry out ultrasonic 
inspections of straight parts and elbows considered as being sensitive bn all 900 MWe units during 
coming refuelling shutdowns, and particularly in units where there had been a leak between the eves 
and the SIS in the past. 

Tt~us, indications were found at Oampierre 3 in March 1997, at Fessenheim 2 in April1997, at 
Bugey 4 at the end of April1997, at Chinon 83 at the end of May 1997, at Dampierre 4 in June 1997, at 
Tricastin 2 in June 1997 and at Tricastin 3 in September 1997. Theses indications, in the most of cases, 
led to the replacement of the concerned section. Some isolated and small indications have been left as 
they stand, because they have not been likened to stress flaws and have been attributed to surface 
imperfections. But, laboratory examinations showed crack indications only on Dampierre 3, Fessenheim 2 
and Tricastin 3. 

In October 1997, during the refuelling outage of Dampierre 1, new indications attributed to 
thermal stress were discovered downstream from RCS check valve RCP 120 VP, on the straight section 
installed in January 1997 following the incident of 21 December 1996. The operator has again replaced 
this section after only eight months of operation. The detailed examination confirm the presence of cracks 
and showed high level residual stresses in internal surface of the pipe. This particularity is assigned to 
manufacturing. The fatigue phenomenon and the cracks were caused by an internal leakage through the 
single isolating valve RJS 21 VP between eves and SIS. Tests and thermal measurements confirm this 
internal leakage. 
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EdF has stepped up the pace of its studies and works underway on the local thermal and 

hydraulic phenomena, and on the mechanical resistance of the auxiliary lines when defects are present 

and in accident situations. 

In particular, EdF has planned, in the medium term, to completely eliminate the "leaky" stop 

valve RIS 287 VP (solution adopted by the operator of Farley 2), causing cold water to inadvertently enter 

the reactor coolant system (see figures 1 and 3). 

EdF has also undertaken to complete by the end of 1997 a study on the possibility of introducing 

"pressure pits" (draining device) on the safety injection lines (solution adopted by the operator of 

Tihange 1) (see figure 4). This device, which is controlled by the operators, keeps the SIS pressure at a 

low value less than the ReS pressure. 

At the present time, prevention of cracking and breaking of the primary-side auxiliary pipes, 

which cannot be isolated, is essentially based on : 

- leaktightness tests on single stop valves RIS 20/21/287 VP at the beginning and end of the cycle 

(EP RIS 1.3.1 ), 

-the detection of defects and the incipient cracks by means of non-destructive examination programs 

3.2. IPSN ACTIONS 

IPSN made an in-depth assessment of the successive non-destructive examination programs 

proposed by EdF and the periodic tests improvements. 

However, the fact that successive incidents occurred in the past, although testing and 

examination programs were significantly reinforced to take operational experience into account, suggests 

that other preventive measures need to be taken. 

Since 1994, IPSN has proposed to study the possibility of removing SIS stop valve ·RIS 287 VP, 

as it had been done at Farley 2. This single stop valve is responsible for around half the leaks between 

the eves and the SIS. lt is no longer necessary since the periodic tests relating to the availability of the 

boron injection tank have been modified (see figure 3). 

IPSN also suggested that the possibility of introducing a "pressure pit" (draining device) in the 

safety injection lines in the hot and cold legs be studied. This modification was implemented by the 

operator of Tihange 1 (see f1gure 4). 

4. GERMAN ACTIONS 

4.1. ACTIONS CARRIED OUT BY GERMAN OPERA TORS 

All German power plants are equiped with thermal monitoring systems and are designed in a 

way to detect and/or prevent thermal fatigue and thus are preventing leakages caused by fatigue cracks. 

So immediate actions after the German incident in 1986 and the Farley 2 incident in 1987 were not seen 

urgently necessary. 
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Based on a German Information Notice in 1988 issued after the Tihange 1 incident, in German 
plants, investigations with respect to thermal fatigue of unisolable pipe sections due to hot and cold water 
layers were carried out in Germany. Additional pipes were included in the fatigue surveillance program. 

After the German incident in 1995, non destructive tests were carried out in the volume control 
system and in the extra berating system in all plants. In other plants where the extra berating system is 
comparable to the volume control system, these tests were carried out in the significant sections of this 
system. Even in some plants, in which the volume control system is quite different in the significant 
section (material, construction) to the system of the affected plant , these tests were also carried out. In 
one case, a crack was detected. But it was a forging defect and not related to the crack found in the 
affected plant. 

Furthermore, the fixed points of such pipes with small diameter were examined with respect to 
possible vibration excitation. Pipe vibration measurements were additionally carried out in some cases. 

The free moving way of snubbers was examined. In nearly all plants, instructions for tests and 
installation of snubbers exist. In some cases, the instructions were enhanced. 

4.2. GRS ACTIONS 

In general the GRS is commissioned by the Ministry for Environment and Reactor Safety with 
evaluating and assessing German and international events in nuclear power plants. In the frame of this 
activities, after the Tihange 1 incident, the GRS issued an Information Notice including recommendation 
for German plants. The GRS recommended to check all pipes connected to the primary circuit whether 
there is a possibility that an internal leakage can develop and therefore a thermal fatigue phenomenon 
can occur. Related areas should be monitored by pressure or temperature measurements. 

Another GRS task is the translation and commenting of selected IRS Reports in quarterly and 
yearly reports. In 1987 and 1988 yearly reports events in foreign plants related to thermal fatigue were 
described and recommendations for German plans were given. 

In 1987, an event occurred in Germany related to a small coolant leakage in an area outside the · 
containment. The cause was an untightness of a check valve and an inadverted opening of another valve. 
This event was reported by GRS through an Information Notice. Recommendations were given to prevent 
recurrence. The event had nothing to do with thermal fatigue but as a consequence the measures taken in 
German plants after this event are suitable to detect leaks in the unisolable parts of pipes connected to 
the primary circuit. 

5. CONSEQUENCES FOR SAFETY 

5.1. REAL CONSEQUENCES 

The French and German incidents that occurred on Dampierre 2 in. September 1992, on 
Dampierre 1 in December 1996, on two German plants in 1986 and in 1995 and the others described 
before had no consequence on the environment. 

The importance of these events results from the non-isolable leakage of primary coolant through 
the second barrier but inside the reactor containment. 
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For all these incidents, the cooling and reactivity functions were settled without safety 1njection 

system. No emergency shut down, no safety systems were required ; all these plants were shut down 

manually. 

For most of them, the lost of primary coolant was balanced by charge system because the 

leakage flow rates were rather low. At Farley 2, at Genka·i 1, at Dampierre 1, at Loviisa 2, the flow rate 

respectively reached 160 1/h, 451/h, 160 1/h and 321/h. But, at Tihange 1 (1300 1/h), at Dampierre 2 

(600 1/h), at the German incident in 1995 (4000 1/h), at Oconee 2 (2 720 1/h), the technical specification 

limit concerning unidentified primary coolant leakage was reached. For the other German incident, the 

flow rate is not mentioned in available technical reports. 

For most of these events, the activity level inside the containment did not reached the alarm 

value and the technical specification limits. In several case, the activity increasing were not noted 

because smalL 

For EdF, the French incidents did require corrective and preventive actions that were very 

expensive in dosimetry (non destructive examinations, replacements of sections of pipes ... ). 

5.2. POTENTIAL CONSEQUENCES 

In safety studies, particularly in France, «very small section break» (nominal diameter less than 

or equal to 1" - 33,4 mm), « small section break » (nominal diameter less than or equal to 2" - 60,3 mm), 

« intermediate section break» (nominal diameter less than or equal to 6"- 168,3 mm) and «large section 

break» (nominal diameter larger than 6"- 168,3 mm) are used. 

The risk associated with thermal fatigue cracking of unisolable portions of auxiliary lines 

connected to the reactor coolant system, particularly safety injection lines, is the complete and sudden 

failure of one or several of these pipes. Such failure lead to « intermediate or large section primary 

break». 

EdF considers that the risk of a sudden failure can be excluded, and that any failure would be 

gradual and preceded by a leak that would be detected beforehand. 

The IPSN - GRS working group considers that the risk of break is not negligible if the safety 

injection system is put into service, since this system introduces a severe transition for terminal portions 

of safety injection lines. 

The working group recalls that the French and German pressurized water reactor safety reports 

do not consider the combination of an intermediate section break in a safety injection line and another 

intermediate or large section primary break (independent of the former) in or outside a safety injection 

line. 

For the German events described in appendix 2, the potential consequences for the safety are 

as follows: Assuming that a complete rupture of the injection line had followed, the event would have 

represented the « small section break» type design accident In this case, the lost of primary coolant 

through the « small section break » cannot be balanced only by the charge system. This accident is, of 

course, controlled by the present safety systems. The German plants have a 4x50% (or 2x100% 

upgraded by a self-supporting system with 2 additional trains) safety injection system, while the French 

plants have a 2x1 00 % one. So, in both cases of « small section » pipe break, there is enough cooling 

capacity. 

475 
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6. ANALYSIS AND CONCLUSIONS 

6.1. BASIC CAUSES OF CRACKING AND FATIGUE 

The IPSN- GRS working group considers that the fatigue phenomena which generated the cracks and primary coolant leak incidents mentioned above may be the result of several conditions or actions not considered in the basic design : 
• cyclic thermal fluctuations, 
• vibrations, 
• excessive stresses due to non-conforming boundary conditions (supports, anti-whip frame, mechanical 

wall crossing), 
• excessive residual stresses on surface material due to manufacturing or construction 
• favourable surface condition. 

The working group does not rule out the possibility that some conditions or some actions or one of the mentioned above phenomena may initiate cracking, and others may cause propagation of cracking. 

lt also does not rule out the possibility that the combination of several phenomena that may be inoffensive when they occur individually, may lead to a harmful result. For example, the combination of abnormally high fluctuating stresses (secondary) and initial stresses (primary) can cause initiation and/or development of a crack. 

6.1.1. Thermal fatigue 

The incidents mentioned above demonstrate the important ro!e of thermal fatigue. Most cracks initiate on the inside surface, whereas vibrations usually generate initiating cracks on the outside surface (bending). 

The IPSN - GRS working group considers that several phenomena may cause thermal fluctuations, thermal fatigue and cracking : 

a) Direct penetration of cold or lukewarm water from the chemical and volume control system (CVCS) into the primary coolant system (RCS). 

In Westinghouse designed pressurized water reactors and in particular in French 900 MWe units, the chemical and volume control system may ej:~llow relatively cold water to enter the primary coolant system directly through the auxiliary spray line, which is only used to inject water into the pressurizer in a degraded situation. No cracking has been identified on the auxiliary spray line, although there is only one stop valve (RCV 227 VP) on this line. lt would appear that the small diameter of this line is conducive to good mechanical behaviour and damping of thermal phenomena (see figure 5). 

Some German pressurized water reactors and in particular the two affected german units, include an extra "cold injection line" in addition to the normal charge lin~s. This cold pipe bypass the recuperative heat exchanger and is only used in cold conditions. lt is shut off by several stop valves at one end and by check valve at the other. lt ends in the terminal section ofthe charge lines or directly in the primary loops. In case of internal leakage through the previously mentioned stop valves, cold water enters the auxiliary line or/and then the primary coolant system (see figures 6 and 7) . 



12 

b) Indirect penetration of cold water from the Chemical and volume control system (CVCS) into 

the primary coolant system (RCS) through one or several auxiliary circuits. 

In Westinghouse designed pressurized water reactors like Farley 2, like Tihange 1 and in 

particular in French 900 MWe plants, the charging pumps are common to the chemical and volume 

control system (CVCS) and to the high pressure safety injection system (HP-SIS)~ Downstream from 

these pumps, there are three lines each with a single stop device (RIS 20/21/287 VP in France) which 

feed the safety injection system. Downstream, the safety injection system is isolated from the primary 

coolant system by check valves (passive devices) that allow coolant to pass from the SIS to the Res, 

therefore if one of the previously mentioned stop devices (RIS 20/21/287 VP) leaks, cold pressurized 

water can accidentally penetrate into the primary coolant system (see figure 1). 

Similarly, in other links between eves system and SIS system, an internal and simultaneous 

leak in some stop devices can cause cold water to enter the primary coolant system (see figures 8 and 9). 

In the other French pressurized water reactors and in the German pressurized water plants, the 

eves and the SIS are independents so that the risk of internal leakage and cold water entering the Res 

is not existing. 

c) Parasite circulation of primary coolant between primary loops 

In Westinghouse designed pressurized water reactors and in particular in French plants, the 

safety injection system includes manifolds that distribute water simultaneously into the various primary 

loops. The safetY injection manifold connected to the hot legs in French 900 MWe reactors is special in 

that it is located between the first and second isolating check valves of the primary coolant system. 

Therefore, if there is an internal leak in one of the first check valves, then the volume containing this 

manifold will be in communication with the primary coolant system. Furthermore, if the pressure is not 

identical in the three hot legs, in this specific case, there may be a parasite water circulation between the 

primary loops, particularly hot water· entering the manifold through the leaking check valve, pressure 

increase in the manifold and finally cold water going out from the manifold towards the primary coolant 

system through another check valve. This phenomenon has already been observed occasionally on site 

and studied theoretically and experimentally. In particular, it appears that the differences in elevation of 

the first check valves in the primary coolant system, the temperature differences between the various 

parts of safety injection lines, set up a thermosiphon and parasite circulation between primary loops (see 

figure 10). 

In other French pressurized water reactor, the SIS manifolds are located upstream the first and 

the second isolating check valve of the the Res. 

In some German 4 loops pressurized water reactors, the previously mentioned additional «cold 

injection line » shared by two charge lines links these two lines and furthermore the two connected 

primary loop. In case of internal leakage through the previously mentioned check valves at the end of the 

« cold injection lines », a untimely primary coolant water circulation can occur if the pressure inside the 

various primary loops is different (see figure 7). 

d) Turbulent penetration of primary hot water into the RCS auxiliary pipes 

The IPSN - GRS working group also considers that even if there is no internal leak, then the 

influence of a turbulent penetration of prim'ary hot water into the auxiliary pipes on the thermomechanical 

behaviour of unisolable auxiliary section of Res cannot a priori be disregarded. 

l,. 77 
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French and German operators made temperature measurements which show thermal stratification and fluctuations in RCS auxiliary pipes. The effects of this phenomena is difficult to assess. 

6.1.2. Vibrating fatigue (mechanical fatigue) 

The problem of cracking in unisolable sections of auxiliary lines in the primary coolant system due to vibrating fatigue can be due to the design, construction and condition of support elements. lt sometimes happens that anomalies are detected at supports or anti-whip frames, or mechanical wall crossings. 

In France, to the best of our knowledge, no cracking caused exclusively by mechanical vibrations has ever been detected on unisolable auxiliary portions in the primary coolant system. The diameter and thickness, and therefore inertia of safety injection lines and residual heat removal lines is such that they can be considered as being insensitive to conventional stimuli. 

According to one German incident operator report, the fatigue crack is partly du to mechanical vibration loadings. Vibrations measurements were carried out. But no conclusion could be obtained. In Germany, some incidents with very small leaks in the unisolable part occurred due to vibration fatigue. The diameters of the pipes were always small. For example, the cause was vibrations due to the main coolant pumps. 

6.1.3. Nonconforming boundary conditions 

An anomaly at the pipe - civil works link, or an unwanted contact, may not only modify the natural frequency of a structure and modify its vibrating behaviour, but it may also prevent expansion and introduce stresses not considered in the design. 

According to the incident operator report related to the 1995 German incident, the root cause of the crack should be the failure· of a snubber incorrectly installed during the last refuelling outage. 

6.1.4. Excessive residual stresses on surface material- Surface condition 

EdF assign the start of the last cracking observed on safety injection line of Dampierre 1 in october 1997 to the high level residual inner surface stresses. According EdF assessment, these excessive residual inner surface stresses are caused by manufacturing and are due to a grinding processing. 

The IPSN - GRS working group note that, on the 1995 German incident cracked section, clear abrasive marks were also observed (grinding marks) and on the 1986 German incident cracked section, the surface layer had been ground and the root cavity originated from manufacturing. 

6.1.5. Conclusions concerning the root cause of the fatigue phenomena 

The problem of cracking in unisolable portions of auxiliary lines in the primary coolant system, referred to as the "Farley-Tihange phenomenon", and particularly initiation of cracking, is mainly due to a thermal fatigue phenomenon. At this time, it may be associated with internal leaking in some stop devices that causes parasite water movements. These water movements, not considered in the basic design, can generate cyclic thermal variations and thermal fatigue. 
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Therefore, it is important to exhaustively identify isolating devices separating fluids with different 

temperatures and links capable of transferring cold water to hot sections and vice versa. Operators must 

take actions to prevent these leaks, or they must divert them if it is possible. 

Furthermore, operators must also check that supports are in working order and that there is no 

parasite contact between pipes and surrounding structures. 

Finally, operators should analyse the consequences of local thermohydraulic phenomena that 

occur in auxiliary pipes in the primary coolant system and, if necessary, study corresponding remedies. 

6.2. SAFETY DEFENCE LINES 

The different and possible safety defence lines could be: 

• internal leakage prevention (removal pressure gradients, addition of isolating devices, removal of 

unused pipes, ... ), 

• iriternalleakage detection (addition of a pressure monitoring), 

• internal leakage treatment (valves maintenance, addition of draining devices), 

• thermal stratifications and fluctuations prevention (separation of CVCS and SIS), 

• thermal stratifications and fluctuations detection (addition of a thermal monitoring), 

• thermal stratifications and fluctuations processing (addition of vertical sections), 

• excessive vibrations prevention (supports design), 

• excessive vibrations detection (periodic vibrations measurements), 

• excessive vibrations processing (addition of support elements), 

• nonconforming boundary conditions prevention (visual inspections), 

• nonconforming boundary conditions detection {periodic visual inspections), 

• nonconforming boundary conditions treatment, 

• defect and crack prevention, 

• defect and crack detection (non destructive examinations), 

• defect and crack processing (repairing operations), 

• unidentified or external primary coolant leak prevention (preventive maintenance), 

• unidentified or external primary coolant leak detection (addition of a leak monitoring system), 

• unidentified ?r external primary coolant leak treatment (addition of draining devices). 

The IPSN-GRS working group note that the various operators put different emphasis on the 

previously mentioned safety defence lines. 

German operators settle prevention type actions as French ones settle defect and crack 

detection type programs. 

The IPSN- GRS working group also note that the technical solutions to ensure these safety 

defence lines are different. 

For example, for detecting an external primary coolant leakage, German operators use 

condensate sensors placed by the circulating air heat exchangers. This device does not exist in French 

plants. 

6.3. OPERATORS ACTIONS 

The IPSN - GRS working group note that operators carry out different strategies or programs. 
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German operators carried out various modifications: valves· addition, pressure sensors installation, temperature sensors installation. These improvements depend on operators (see appendix 5.3). 

Farley 2 operator removed the single stop valve in the line bypassing the boron injection tank and the associated link between eves system and SlS system. 

Tihange 1 operator add pressure pit (draining device) in the safety injection system. Thus, in case of untimely cold water arrival in SlS system, the water is drawn up and the SlS pressure stays under the RCS service pressure. 

French operator improve periodic tests on safety injection system and settled non destructive examinations programs. EdF presently implements in 900 MWe plants the previously mentioned modification achieved by Farley 2 operator. lt also studies the implementation of pressure pit (draining device) as Tihange 1 operator. 

6.4. CONCLUSIONS 

The IPSN - GRS working group concludes that the foHowing recommendations - if not regarded already - should be taken into account by the operators and the designers of plants to reduce the risk of cracking by thermal fatigue in unisolable sections of auxiliary systems connected to the primary coolant system: 

• Unisolable sections of auxiliary systems connected tci the primary coolant system, which could be exposed to thermal fatigue, should be identified with respect to the possibility of internal leakage which could enable cold fluid to enter hot sections or hot fluid to enter cold sections and thus forming unstable stratification. 

• Measures should be taken into consideration· to prevent or mitigate the risk of cracking within unisolable sections of auxiliary systems connected to the primary coolant system like preventive monitoring and maintenance of isolation valves, installation of a second stop valve, devices for detection of internal leakage, devices for draining internal leakage into vessels or other systems. 

• The soundness of unisolable sections of auxiliary systems connected to the primary coolant system should be tested periodically by means of non-destructive testing. This can possibly be done on a sampling basis taking into account the r'1sk and the safety significance of a leak in the section under consideration. For example, the large diameter lines with only a single stop valve upstream between hot and cold fluid are of more interest than small diameter pipes with at least two separating devices upstream. 

• Support elements which could have significant influence on the unisolable section of auxiliary systems connected to the primary coolant system should be checked periodically to ensure that they are kept conform and in working order and no inadvertent or parasite contacts between pipes and neighbouring structures can occur. 
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APPENDIX 1 

FRENCH INCIDENTS 

1.1NCIDENT THAT OCCURRED IN DAMPIERRE UNIT 2 ON 20.09.1992 

Dampierre 2 unit is a 900 MWe, 3 loops, PWR type, nuclear power plant. 

This incident is described in theIRS report No. 1362.00 (reference 4) (see figures 1 and 11): an 

unisolable leak of primary coolant occured on the safety injection line connected to hot leg No. 3. The 

leakage flow rate reached about 600 1/h 

The unit was in power. When drawing up a primary leak balance (made daily), the operator 

detected a high leakage flow rate .(160 .1/h). Subsequently, he monitored this leakage flow rate carefully, 

and observed a fast increase. After a few hours, the flow rate of "non-collected primary leaks" reached 

230 1/h, the maximum value authorised by the technical operating specifications. The operator searched 

for the cause of the leak (which increased to a maximum of 600 1/h) and then started to shut down the 

reactor. The leak was located close to hot leg No. 3. The leak stopped when the primary pressure 

dropped to 80 bar. 

After thorough investigations, the operator found that the leak was due to a through-wall crack 

located on the terminal safety injection line leading to hot leg No. 3. The crack terminated in the 

connection weld on the downstream side of the RCS check valve (RCP 320 VP) (see figure 1 ). 

The affected section, including the check valve, was removed and replaced identically. Other 

sensitive welds and elbows in the other two lines were inspected and no defect was detected. 

Metallurgical examinations on the removed piping portion sho~ed that a fatigue crack had 

initiated on the inside surface, and was 110 mm long on the inside and 25 mm long on the outside. The 

crack was perpendicular to the axis of the pipe (circumferential) and was centred on the lower generating 

line. lt propagated perpendicular to the pipe surface and passed through in a transgranular manner. Th~ 

affected pipe is made of austenitic stainless steel (AISI 304 L) and has a nominal outside diameter of 

168.3 mm (6") and a nominal thickness of 18.2 mm (schedule 160) (see figure 11). 

The original cause(s) of crack initiation and propagation has not been identified. Nevertheless, 

EdF believes that there was a similarity between the Dampierre 2, Farley 2 and Tihange 1 incidents, and 

believes that the fatigue cracking that occurred at Dampierre 2 is due to the lack of internal tightness in 

single isolating devices separating the chemical and volume control system (CVCS) from the safety 

injection system (SIS) (RIS 20/21/287 VP). Stop valve RIS 21 VP (see figure 1) had been found to be 

leaking during tightness tests of mechanical penetrations of the confinement containment at the beginning 

of the 1991 refuelling shutdown. 

2.1NCIDENT THAT OCCURRED IN OAMPIERRE UNIT 1 ON 21.12.1996 

Dampierre 1 unit is a 900 MWe, 3 loops, PWR type, nuclear power plant. 

This incident is described in the IRS report No. 7019.00 (reference 5) (see figure 12): an 

unisolab\e leak of primary coolant occured on the safety injection line connected to hot leg No. 1. The 

leakage flow rate reached about 160 1/h. 
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On December 14, 1996, although the unit was operating at full power, the operator observed an unexpected increase in the primary leakage flow rate and an increase of the level in the containment effluent collection sump. The flow rate of "non-collected primary leaks" was then monitored more carefully and it remained stable at about 100 1/h, below the limit of 230 1/h at which the reactor must be shut down. On December21, 1996, the "non-collected primary leaks" flow rate increased up to 160 1/h. The operator then drove the reactor to hot shutdown conditions and attempted to determine the source of the leak. The leak was located on the horizontal portion betWeen the RCS check valve : RCP 120 VP and the hot leg No. 1, adjacent to a support (see figure 12). The operator drove the reactor to cold shutdown conditions. The leak remained stable as the primary pressure dropped down to 50 bar, and then gradually reduced and finally stopped when the primary pressure reached 25 bar. The operator carried out an ultrasonic check on the RCS auxiliary line on the site, before and after removing the support. The leak, that was due to a through-wall crack, was located on the horizontal straight part under the strip separating the stainless steel pipe and the carbon steel support hoops. As in Dampierre 2, the cracked pipe is made from an austenitic stainless steel material (AISI 304 L), and has a nominal outside diameter of 168.3 mm (6") and a nominal thickness of 18.2 mm (schedule 160). The affected section, including the check valve, was removed and replaced identically. The extracted portion was examined in the EdF laboratory. Dye penetrant examination on the inside surface identified 22 linear crack type indications perpendicular to the axis of the pipe (circumferential) and distributed along a developed surface of 170 mm long and 80 mm wide, approximately centred. along the lowest part of the pipe. Ultrasonic examination carried out on site and in the EdF laboratory demonstrated 3 crack type indications. Crack No. 1 is the largest one and is a through-wall crack that initiated on the inside surface; it is 80 mm long on the inside and 22 mm long on the outside. The maximum depths of cracks No. 2 and 3 are about 7.5 mm and 11 mm respectively. 

This cracking is caused by thermal fatigue. The crack propagated through individual grains perpendicular to the pipe surface. 

The root cause of the crack initiation and propagation has not been identified. The available history, and particularly the result of periodic tightness tests carried out on SIS stop valve RIS 21 VP since the end of 1992, found no significant leak that could have caused thermal fatigue. The operator verified the tightness of the RCP 120/220/320 VP check valves during the shutdown for repair, and detected a slight internal leak in RCS check valve RCP 220 VP (see figure 1). Supports and anti-whip frames for safety injection lines were checked and no important anomalies were observed. 

The operator carried out ultrasonic inspections on all straight parts and elbows in the unit considered to be sensitive to the risk of thermal fatigue cracking on terminal safety injection lines in the hot and cold legs. No defect was detected. 



APPENDIX 2 

GERMAN INCIDENTS 

1.1NCIDENTTHAT OCCURRED IN A GERMAN NPP {1986) 

This incident concerns an unisolable leak of primary coolant from the volume control system of a 

two loops, 1050 MWth PWR. 

Arise of the activity in the plant compartment exhaust air and a drop in the level of the volume 

control surge tank was noticed during stretch-out operation. Video cameras detected a leakage in the 

area of loop No. 2. A subsequent walk-down revealed that the location of the leak was in the «cold 

injection line » of the volume control system. The plant was shut down for further measures. 

The volume control system was able to cover the leakage amount. Therefore, no safety systems 

were required. Activity in the plant compartments rose slightly, but alarm limits were not reached. 

The volume control system includes a normal "hot injection line" which is used for charging 

water in RCS and an extra "cold injection line" in which the crack occured (see figure 6). This affected 

line is made of the material 1.4550 (niobium stabilised austenitic steel). Its nominal width is 50 mm, its 

wall thickness is 5.6 mm. This pipe is connected to the primary loop No. 2 via a pipe bend and a nozzle 

respectively (see figure 13). lt is insulated. 

The crack was located in the circumferential weld seam between the pipe bend and the nozzle. 

From outside, a 10 mm long crack was visible on the intrados of the bend. 

An in-situ radiographic examination was carried out. Furthermore, X-ray-films that were taken in 

1967 during manufacturing, were reassessed. The in-situ radiographic examination showed a 70 mm long 

circumferential crack and a considerable root concavity. The circumferential root concavity originated from 

manufacturing and reached up to two thirds of the wall thickness (see figures 14 and 15). Several years 

before the damage occurred, the internal surface layer had been ground, which had further weakened the 

material. 

A dye penetrant test on the damaged bend, after removal, revealed a further defect in the inner 

surface. lt was a 20 mm long circumferential crack in the area where the weld seam diffuses into the pipe. 

This crack ran down to the middle of the wall thickness and was also located on the intrados of the bend 

(see figure 16). 

In the laboratory of MPA Stuttgart, dye penetrant tests on the inner and outer surfaces 

confirmed a 70 mm long circumferential crack on the inner surface, starting from the root concavity and a 

12 mm long circumferential crack on the outer surface (leak area). 

The examinations of the fracture surface of the through-wall crack performed with the scanning 

electron microscope revealed fan-shaped fracture areas and - at greater magnification - crack 

propagation marks on the crack surface. These marks point at discontinuous crack propagation. The 

number of cycles was estimated to be approximately 1000. 

According to MPA Stuttgart, the fracture was assigned to cyclical loads, a weakening of the 

material in the fracture section, mechanical loads during operation (e.g. hindered heat expansion}, and 

possibly also the design of the connection between the bend and the nozzle. The cause of the cyclical 
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loading was assumed to be a leakage in the final isolating valve and the temporary op~ration of the « cold injection line », fed by a eves pump, during the preceding operating period. In fact, a leakage amount of approximately 1 1/h under operating conditions was established when the valve was inspected. 

Approximately 2. 7 meter of the affected pipe section were replaced with a pipe of the same material. Other comparable pipes were examined by non-destructive methods. 

In short-term, the tightness of the valve in the « cold injection line» was checked regularly by 
means of temperature measurements. Later a second stop valve was built in between the volume control system pumps and the effected valve. Within the scope of minimisation the non-isolable parts of the primary system a third check-valve was installed with. short distance to the primary loop. As a consequence of a German event in another power plant, which had nothing to do with thermal fatigue, the pipe section between the check-valve and the second stop valve is now monitored by pressure and 
temperature measurements (see figure _17). 

2. INCIDENT THAT OCCURRED IN A GERMAN NPP (1995) 

This incident was an unisolable leak of primary coolant from the volume control system of a four loops, 3517 MWth PWR. The leakage flow was estimated to 4000 1/h. 

The functions of the volume control system were not disturbed during the event. The normal, « hot injection pipe » of the volume control system is connected to the four loops of the main coolant system. An additional « cold injection line », separated by check valves, ends in the two « hot injection lines » in the primary loops No. 1 and No. 3, at a short distance before the primary nozzles. Via this common injection pipe, loops No. 1 and No. 3 are linked with a line of 50 mm diameter. During power operation the« cold injection » is not at work. lt is used occasionally when the plant is shut down, e.g. for fitting up processes (see figure 7). 

On February the 23 rd 1995 at 3.57 a.m., a steam leakage was detected in the so-called large compartments in the containment of the plant, in the area of loop No. 1. Camera monitoring in the main coolant pump area responded at that time. Within a few minutes the signals of the pressure sensors in the plant compartments, the leak monitoring system (a short description will be found in the appendix 5) , the fire alarm systems and the condensate sensors at the circulating air heat exchangers were displayed. At 5.08 a.m. shut down of the plant into the « subcritical hot» state was started to enable walk down the plant compartments. At 7.30 a. m., during the walk-down, a steam leakage was detected in the area of the « hot injection line » of the volume control system in the loop No. 1. At 8.20 a.m., therefore the utility decided to shut down the plant into the« cold subcritical state». 

The leak occurred in the area where the « cold » and the « hot » injection lines are gathering (see figure 7 and 18). A detailed inspection showed that the leak was situated in the final section of the « cold » injection line of the volume control system in loop No. 1 downstream the check valve and thus, in an unisolable section. The leakage flow rate estimated by the utility was approximately 4 t/h. 

The damaged pipe section starts at a check valve and ends at a T-piece gathering the « hot» and the « cold » injection pipe and leading water into the main coolant line with one common tube. This section of the pipe has a length of approximately 700 mm and consists of a straight part welded· to the Tpiece and a slightly curved part welded to the check valve. The pipe has an external diameter of 60.3 mm and a wall thickness of 6.3 mm and is made of titanium stabilised austenitic steel. On the outer surface, the leakage originated from an axial, slightly lunate, crack of approximately 20 mm length located in the previously mentioned straight part. On the inner surface, there is an axial initial crack which is 
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approximately 50 mm long extending to the root ofT-piece weld seam, splitting up there and running into 

the weld material and on the other hand following the circumferential seam heat affected zone. lt does not 

extend into the basis material of the T-piece. There are clear abrasive marks at the inner surface, 

especially at the circumferential seams, but also in the area of the crack (see figure 19). 

Visual, dye penetrant, hardness and strength tests as well as metallographic, fractographic and 

scanning electron microscope examinations were conducted. 

The metallographic examination with different cuts showed cracks with a mismatch of 

approximately 0.3 mm. The course of the crack is transgranular with slight ramifications. 

The measurement of hardness provides normal hardness values at the ungrinded inner surface. 

Above the crack, in the recess area, there are clear increases of hardness. In the grinded part of the inner 

surface, these values are also increased. 

Examinations of strength showed deviations to lower values of approximately 30% compared to 

the values documented in the test report of the manufacturer. At present, the deviations can only be 

explained by variation ranges of the strengths. In addition thereto, the pipes are made of a ductile material 

so that these deviations from the strength parameter do not exert a significant influence on the fatigue 

strength. 

The crack was starting out from the inner surface. In the scanning electron microscope 

examinations, the fracture features typical fatigue failure (stripes), transgranular cracks and a uniform 

damage mec~anism. To further clarify the cause of the damage, vibrations and temperature were 

measured (see figures 20 and 21). Higher-frequency vibrations induced by the main coolant pumps on the 

one side and cyclical thermal stratification over the cross-section on the other side result therefrom. Utility 

and manufacturer Siemens finally assign the crack to a snubber incorrectly installed during the last 

refuelling outage which led to squeezing and thus to a high basic tension and, in connection with the 

vibrations mentioned, to the crack. 

The piece of pipe concerned and taken out for damage analysis was replaced by a new piece of 

pipe with a slightly increased wall thickness. The snubber incorrectly installed during the last refuelling 

outage and furthermore possibly not functioning correctly according to the utility was also replaced. In 

addition thereto, extensive measuring equipment was installed to monitor the stress of the pipe section by 

cyclical thermal stratifications in the future. Before the restart, further eves sections were examined with 

respect to similar damage potentials. In addition, numerous supports and snubbers were checked with 

respect to whether they fitted and functioned orderly. These inspections and examinations did not result in 

any negative findings. 



APPENDIX 3 

OTHER INCIDENTS 

1.1NCJDENT THAT OCCURRED ON FARLEY UNIT 2 (UNITED STATES) ON 09.12.1987 

Farley 2 is a 807 MWe, 3 loops, PWR type, nuclear power plant. 

This incident is described in the IRS report No. 0851.00/1204 "Safety injection pipe failure" (reference 1) : an unisolable leak of primary coolant occured on the safety injection line. The leakage flow rate reached about 160 1/h. 

A similar incident occurred in Tihange 1 (Belgium), 6 months later. 

2.1NCIDENT THAT OCCURRED ON TIHANGE UNIT 1 (BELGIUM) ON 18.06.1988 

Tihange 1 is a 880 MWe, 3 loops, PWR type, nuclear power plant. 

This incident is described in the IRS report No. 0864.00/1229 "Through wall crack in a non isolable ECCS fitting on the reactor coolant pressure boundary" (reference 3) : an unisolable and non collected leak of primary coolant occured on the safety injection line. The leakage flow rate reached about 1300 1/h. 

3. INCIDENT THAT OCCURRED ON GENKAI UNIT 1 (JAPAN) ON 06.06.88 

Genkai 1 is a 529 MWe, 2 loops, PWR type, nuclear power plant. 

This incident is described in the IRS report No. 0872.00/1239 "Crack in RHR pipe" (reference 2) : an unisolable leak of primary coolant occured on the residual heat removal line. The leakage flow rate into the containment sump reached about 0.2 gpm (45 1/h). 

4. INCIDENT THAT OCCURRED ON LOVIISA UNIT 2 (FINLAND) ON 28.01.97 

This incident occurred on the Finnish reactor Loviisa unit 2 (445 MWe PWR, 6 loops) of the WNER type. 

lt is described in the IRS report No. 7059.00 "Leakage in primary system drain line" (reference 6) : an unisolable leak of primary coolant occurred on two separate small lines connected to two distinct hot legs. The leakage flow rate reached about 32 1/h. 

S.INCIDENT THAT OCCURRED ON OCONEE UNIT 2 (UNITED STATES) ON 22.04.97 

Oconee 2 is a 846 MWe, Babcock and Willcox designed, PWR type, nuc~ear power plant. 

This incident is described in the NRC Information notice 97-46 July 9, 1997 (reference 11) and in the IRS report No. 7113 "Unisolable crack in high~pressure injection piping" (reference 12) : an unisolable leak of primary coolant occured on the charge line. The leakage flow rate reached about 2 720 1/h. 
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APPENDIX4 

FRENCH 900 MWe PWRs 

REACTOR COOLANT SYSTEM AND AUXILIARY CIRCUITS 

1. PRESENTATION OF THE REACTOR COOLANT SYSTEM AND AUXILIARY CIRCUITS IN FRENCH 

900 MWe PWRs 

The reactor coolant system in French 900 MWe reactors (Westinghouse license) includes three 

loops. Each loop consists of the following, in sequence alonQ the fluid flow direction : 

• a hot leg leaving the vessel, 

• a steam generator, with vertical crossover pipes, 

• a crossover leg, 

• a primary pump with a vertical shaft, 

• a cold leg leading into the vessel. 

The main auxiliary systems in the reactor coolant system are : 

• the chemical and volume control system (CVCS), 

• the residual heat removal system (RHRS), 

• the safety injection system (SIS) that includes three subsystems : 

-the high pressure safety injection subsystem (HP-SIS) (P > 155 bars), 

-the passive safety injection subsystem (MP-SIS) (P =about 42 bars), 

-the low pressul'e sa.fety injection subsystem (BP-SIS) (P = about 10 bars) 

Other systems are connected to the primary coolant system, but since they are composed of 

small diameter pipes (less than or equal to 1 "), they are neglected in this analysis since there are no 

important safety consequences if one or several lines break. These include the « nuclear sampling 

system »,the« nuclear island vent and drain system » (liquid waste processing system). 

2. SPECIAL FEATURES CONDUCIVE TO LOCAL THERMOHYDRAULIC PHENOMENA 

French 900 MWe pressurized water reactors (Westinghouse license) have some specific 

features that cause local thermohydraulic phenomena : 

a) Pumps in the water makeup system (CVCS) perform three functions : 

- during normal operation, inlet of borated water into the primary cooling system, 

- during normal operation, injection of borated water to lubricate primary pump seals, 

- in an accident or disturbed situation, supply of pressurized borated water to the high pressure 

safety injection system (HP-SIS). 
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This special feature means that lines are necessary between the eves and the SIS. Note that there is a Single isolating device (RIS 287/20/21 VP) on each of the three lines connecting the eves 
system and the RIS system (see figure 1 ). 

b) The high pressure safety injection system comprises a device for injection of water with a high boron content (21000 ppm), which introduces the anti-reactivity into the primary coolant system 
necessary to control reactivity in an accident situation. This particular device includes a vessel, namely the boron injection tank (see figure 1 ). 

c) The high pressure safety injection system is designed to simultaneously inject borated water into the 
3 cold legs and/or into the 3 hot legs (see figure 1 ). 

d) The low pressure safety injection system is also designed to simultaneously inject borated water 
into the 3 cold legs and/or the 3 hot legs (see figure 1 ). 

e) The passive safety system, which is independent of the other subsystems, injects a certain amount of borated water into the 3 cold legs only. 

f) The terminal part of the safety injection system into the 3 hot legs includes a manifold that distributes water into the 3 primary loops through three parallel lines, each of which contains only one isolating check valve (see figure 1 ). 

g) The « nuclear island vent and drain system » (RPE) is common to several systems that are important for safety, in particular the ReV system and the RIS system. This characteristic creates links between the Rev and the RIS that could transport cold water into the primary cooling system (see figures 8 and 9). 

3. SPECIAL FEATURES PREVENTING THERMOHYDRAULIC PHENOMENA OR WHICH ARE USEFUL FOR DETECTING SUCH PHENOMENA 

a) EdF carries out periodic tests on SIS system. For example, the tightness of valves separating eve~ and SIS systems is checked at the beginning and at the end of each operating period. !t is forbidden to handle these isolating valves during the normal operation. 

b) EdF also carries out periodic test on Res system. For example, the tightness of isolating check valves is tested at every shut down. The tightness criterion is rather low, lower than in US NPP. 

c) The tightness of the ReS system is daily checked. 

d) French PWR include several primary coolant leakage detection devices. 

e) Main RCS stop valves are opened and examined every outage or every two outages or every five outages. 

f) Snubbers and support elements are checked periodically. 

g) EdF settles periodical hydraulic tests on the RCS (every ten years). 

I Q 0 
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APPENDIX 5 

GERMAN PWRs 

REACTOR COOLANT SYSTEM AND AUXILIARY CIRCUITS 

1. PRESENTATION OF THE REACTOR COOLANT SYSTEM AND AUXILIARY CIRCUITS IN 

GERMAN PWRs 

The reactor coolant system in the German pressurized water reactors includes 2 to 4 loops. 

Depending on the power and the date of construction. Each loop consists of the following, in sequence 

along the fluid flow direction : 

• a hot leg leaving the vessel, 

• a steam generator, 

• a pump, 

• a cold leg leading into the vessel. 

The main auxiliary systems in the reactor coolant system are : 

• the residual heat removal and emergency core cooling system that includes three subsystems : 

-the high pressure injection system, 

-the low pressure injection system and the residual heat removal system 

- the passive safety injection system, 

• the volume control system, 

• the extra ~crating system. 

Parts of other system like the « nuclear sampling system », the «vent and drain system » of 

small diameter are connected only temporarily to the primary circuit. 

The newer plants with about 1400 MWe consist of 4 loops. The older of the two affected 

German nuclear power plants, for example, with a quarter of the power of the newer ones, consist of 

2 loops. Nevertheless, the systems connected to the primary circuit are almost the same as described 

above with some differences in design. For example, some safety related systems are not strictly 

separated and other systems are reequipped (e. g. extra berating system). 

2. SPECIAL FEATURES CONDUCIVE TO LOCAL THERMOHYDRAULIC PHENOMENA 

_a) Among the systems mentioned above, the pumps in the volume control system are running during 

power operation only. As a consequence, the « cold injection line» of the volume control system can 

cause thermohydraulic phenomena. 

b) Non-isolated connecting pipes between the loops can cause thermohydraulic phenomena. 

3. SPECIAL FEATURES PREVENTING THERMOHYDRAULIC PHENOMENA OR WHICH ARE 

USEFUL FOR DETECTING SUCH PHENOMENA 

a) The pumps of the emergency core cooling system are in the stand-by status. There is a pressure 

gradient from the primary circuit to the emergency core cooling system to guarantee the tightness of 

the two successively check valves arranged in each pipe. The pressure gradient is monitored. An 

untightness of the first check valve will be detected and the leakage diverted to the volume control 

system. 
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b) High pressure- low pressure interfacing points to the primary circuit are monitored by temperature/pressure measurements. 

c) The extra borating system is not operated during power operation. Cold medium is not delivered in the loop direction. 

d) Drain and vent lines directly connected to the primary loops are closed by blind flanges. The drain system is operated by small vacuum so that high pressure medium influence will be detected. 

e) In 1987, in Germany, an incident concerning a small coolant leakage occurred outside the containment has leaded GRS to issue an information notice. The cause of this event was an untightness of a check valve and an inadverted opening state of another valve. Subsequently, all German plants operators checked the interface between the high pressure primary circuit and the connected low pressure systems. Consequently, all plants operators installed additional valves, pressure and temperature measurements to prevent an uncontrolled flow of primary coolant towards the outside of the containment. The measures vary from plant to plant. The equipment is partly suitable to detect leakage. 

f) Many pipes are monitored by a fatigue monitoring system. The fatigue monitoring system consists mainly of thermocouples which are installed on components subject to fatigue, safety significant or significant for the plant availability. The installation is limited to components of the primary circuit, the volume control system and selected components of the feedwater-steam-circuit. The measurements are divided in two categories: Global measurements and local measurements. The global measurements in general are carried out by the operational instrumentations ; the local measurements are carried out by additional instrumentations to detect, for example, thermal layers. For the fatigue monitoring system there are more than 250 installed measurement points. All transients with consequences for the selected components are automatically monitored. Transients recording system makes a continuously assessment of. the fatigue level of the monitored components possible. There is a special arrangement of thermocouples on related pipes to detect arising of thermal layers. The components monitored by the fatigue monitoring system vary slightly from plant to plant. 

g) Nuclear power plants have a high effective and sensitive leak detection system. Thus, small leak are detected very early beforf;l a pipe break could occur and safety systems are actuated. In German power plant, an external leak of about 100 mlfs (360 1/h) can be detected. Above a certain leak rate (for example 1 kg/s accumulating condensate on air coolers for PWR and 200 lfh accumulating water in the containment sump for BWR (the values are not the same for each plant)) most of the plants have to be shut down manually according to the instruction manual. For most of German power plant, the leak-before-break-criteria has been proven valid. By this means, that due to quality measures, material selection, leak detection systems, etc., leaks are detected and stopped before a break can occur. 

h) Snubbers are tested and inspected periodically to ensure locking in the case of fast motion and sliding in case of slight motion for normal operation. 
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APPENDIX 6 

REFERENCES 

1) IRS No. 0851.00/1204- FARLEY 2-87/12/09 (USA) 

Safety injection pipe failure 

2) IRS No. 0872.00/1239- GENKAi 1 - 88/06/06 (Japan) 

Crack in RHR pipe 

3) IRS No. 0864.00/1229- TIHANGE 1 - 88/06/18 (Belgium) 

Through wall crack in a non isolable emergency core cooling system fitting on the reactor coolant 

pressure boundary 

4) IRS No. 1362.00- DAMPIERRE 2-92/09/20 (France) 

Non isolable primary leak of 600 1/h 

5) IRS No. 7019.00- DAMPIERRE 1 -96/12/21 (France) 

Non isolable primary leak on the hot leg No.1 safety injection pipe 

6) IRS No. 7059.00- LOVIISA 2- 97/01/28 (Finland) 

Leakage in primary system drain line 

7) NRC Bulletin No.88-08- 88/06/22 

Thermal stresses in piping connected to reactor coolant system 

Experience feedback of Farley 2 incident 

8) NRC Bulletin No.88-08 Supplement 1 -88/06/24 

Thermal stresses in piping connected to reactor coolant system 

Experience feedback of Tihange 1 incident 

9) NRC Bulletin No.88-08 Supplement 2- 88/08/04 

Thermal stresses in piping connected to reactor coolant system 

Informations about ultrasonic testing and how to detect cracks in stainless steel 

1 0) NRC Bulletin No.88-08 Supplement 3- 89/04/11 

Thermal stresses in piping connected to reactor coolant system 

Experience feedback of Genka"i 1 incident 

11) NRC Information notice 97-46-97/07/09 

OCONEE 2 incident- 97/04/22 

Unisolable crack in high-pressure injection piping 

12) IRS No. 7113- OCONEE 2 -1997/04/21 (USA) 

Unisolable crack in high-pressure injection piping 
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FIGURES 
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FIGURE 11 

Incident occured in DAMPIERRE 2 in 20.09~92 -Through-wall crac·k in 515 line in hot leg 3 
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FIGURE 12 

Incident occured in DAMPIERRE 1 in 21.12.96 - Through-wall crack in SIS line in hot leg 1 
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. FIGURE 15 

Incident that occured in a German NPP (1986) (4/6) - Root cavity and cracks 
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FIGURE 16 

Incident that occured in a German NPP (1986) (5/6) - Cracks 
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-FIGURE 18-
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FIGURE 19 

Incident that occured in a German NPP (1995) (2/4) - Pipe inner surface 
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Common IPSN/GRS safety assessment 
of 

primary coolant unisolable leak incidents 
caused by stress cycling 

---
D. Jungclaus (GRS) 
A. Voswinkel (GRS) 

P. Negri (IPSN) 

EXPERIENCE WITH THERMAL FATIGUE IN LWR PIPING CAUSED BY MIXING AND STRATIFICATION 
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1. Examined events 

2. Consequences for the safety 

3. Working group assessment 

3.1. Basis causes of fatigue and cracking 

3.2. Safety defence lines 

3.3. Operators actions 

3.4. Conclusions 

EXPERIENCE WITH THERMAL FATIGUE IN LWR PIPING CAUSED BY MIXING AND STRATIFICATION - IPSN/DES/SEREP 



EXAMINED EVENTS : 

Primary coolant leakage in SIS line : 

- Farley 2-87/12/09 
- Tihange 1 - 88/06/18 
- Dampierre 2 - 92/09/20 
- Dampierre 1 - 96/12/21 

Primary coolant leakage in RHRS line : 

- Genkai1 - 88/06/06 

Primary coolant leakage in CVCS line : 

- A German NPP event (1986) 
- A German NPP event (1995) 
- Oconee 2 - 97/04/22 (HP-SIS - CVCS) 

Primary coolant leakage in RCS dra.in 
line : 

- Loviisa 2 - 97/01/28 

EXPERIENCE WITH THERMAL FATIGUE IN LWR PIPING 
CAUSED BY MIXING AND STRATIFICATION 

516 
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Consequences for the safety : 

Real consequences: 

Spreading primary coolant in the reactor 

containment 

Contamination of the reactor containment 

High level dosimetry - Radiation exposure 

Potential consequences : 

External corrosion of moist metallic surface. 

In normal operation, the circumferential crack 

could expand to a double-ended guillotine 

break. This LOCA is foreseen in safety studies. 

In accident condition, particularly in LOCA , 

the implement of safety injection system could 

lead to the expanding of the circumferential 

crack and furthermore to a double-ended 

guillotine break. This combination of LOCA is 

not foreseen in safety studies. 

EXPERIENCE WITH THERMAL FATIGUE IN LWR PIPING 

CAUSED BY MIXING AND STRATIFICATION 

517 
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llflSI- ll'ftS assessment 

Basic causes of fatigue and cracking 

Direct penetration of cold water in RCS 

In French PWR NPP, caused by auxiliary spray 
line and charge pumps. 
In German 2 loops PWR NPP, caused by «cold» 
injection line and charge pumps. 

Indirect penetration of cold water in RCS 

In French 3 loops PWR NPP, caused by SIS line, 
CVCS-SIS pipe links and charge pumps. 
In German 4 loops PWR NPP, caused by «cold» 
injection line and charge pumps. 

Parasite circulation between primary loops 

In French 3 loops PWR NPP, caused by the 
manifold located in SIS and ended into hot legs. 
In German 4 loops PWR NPP, caused by a single 
«cold» injection line which links loop 1 and loop 3. 

Turbulent penetration of primaryhot water in RCS 
auxiliary lines 

Recordings show thermal stratification and 
fluctuations in RCS auxiliary lines. 

EXPERIENCE WITH THERMAL FATIGUE IN LWR PIPING 
CAUSED BY MIXING AND STRATIFICATION 

IPSN/DES/SEREP 
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Safety defences lines : 

- Internal leakage, 

- Thermal stratification and 
fluctuations, 

- Non conforming boundary 
condition, 

- Defect and crack, 

- Unidentified and external 
primary coolant leakage. 

- Prevention 

- Detection 

- Treatement 

EXPERIENCE WITH THERMAL FATIGUE IN LWR PIPING CAUSED BY MIXING AND STRATIFICATION - IPSN/DES/SEREP 



Corrective actions : 

1 )Removal of the line which bypasses 
eves the boron injection tank and 
links CVCS and SIS. 
(as Farley 2) 

2) Addition of pressure pits (draining 
devices) in the SIS so that the SIS 
pressure is lower than the RCS 
pressure. 
(as Tihange 1) 

3) Improvement of periodic tests on SIS. 

4) Implement of non destructive 
examination program. 

5) Others actions : 
valves addition, pressure sensors 
installation, temperature sensors 
installation, blind flanges setting ... · 

EXPERIENCE WITH THERMAL FATIGUE IN LWR PIPING 
CAUSED BY MIXING AND STRATIFICATION 
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Conclusions (1/2) : 

Recommendations that could be taken into 
account by the operators and the designers of 
future plants to reduce the risk of cracking in the 
unisolable sections of the auxiliary lines connected 
to the RCS: 

1) The unisolable sections of the 
auxiliary lines connected to the 
RCS , which could be exposed to 
thermal fatigue, shou.ld be 
identified with respect to the 
possibility of internal leakage. 

2) M·easures should be taken into 
consideration to prevent or 
mitigate the risk of cracking 
within the unisolable sections of 
the auxiliary lines connected to 
the RCS. 

EXPERIENCE WITH THERMAL FATIGUE IN LWR PIPING 
CAUSED BY MIXING AND STRATIFICATION 
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Conclusions (2/2) : 

3) The soundness ·of the unisolable 

sections of the auxiliary lines 
connected to the RCS should be 

tested periodically by means of 

non destructive testing. This can 

possibly be done on a sampling 
basis taking into account the risk 

and the safety significance of a 

potential leak. 

4) Support element which could 
have significant influence on the 

unisolable sections of the 
auxiliary lines connected to the 

RCS should be checked 
periodically. 

EXPERIENCE WITH THERMAL FATIGUE IN LWR PIPING 

CAUSED BY MIXING AND STRATIFICATION 
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SESSION 1 ON OPERATING EXPERIENCE- SECOND PART 
Chairman: P. Mignot (A VN) 

After the general papers of the first part of Session 1, this second part was entirely devoted to some specific events where fatigue failure of piping sections took place. 

The first presentation by Mr. SHIRAHAMA from the Japanese utility operating Genkai NPP described the incident which occurred in Genkai in June 1988 and which was initiated by a leakage of hot water from a valve into the colder water of an (unisolable?) piping section of the RHR system. 

The second presentation by Mr. ROUSSEL from the Belgian Safety Authorities A VN described . the Tihange 1 incident which occurred also in June 1988 and which was initiated by an unleaktight isolation valve causing some cold water to be introduced into an unisolable piping section of the ECCS system 

The third presentation by Mr. Hytonen from the Finnish utility operating Loviisa NPP described two incidents initiated by valve leakages causing thermal stratification and subsequent through wall cracks, one in the pressurizer spray system and the other one in a bypass line from the RCS. 

All three papers were very comprehensive, starting with a description of the circumstances and findings during the events, then presenting the results of the investigation of the causes, the convective actions taken and the lessons learned. 

Further, it can be seen that thermal fatigue is a phenomenon that can affect safety related piping of many different systems (ECCS, RHR,) at various locations. It is therefore of prime importance to identify all possible locations where thermal fatigue can occur, either by fluctuating stratification or by mixing of cold and hot water, leading to crack initiation and propagation. Then, at those locations, monitoring of pressure and/or temperature should be implemented, as well as periodic verification of the leaktightness of the nearest valve. 
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SESSION 2: THERMAL HYDRAULIC PHENOMENA 

Part 1- Chairman C. FAIDY- EDF France 

This part of Session 2 consists in 2 presentations: 

one on stratification in small diameter pipes (Germany) 

one on stratification of (surge?) line in a future PWR project (Korea) 

The first one based on thermal-hydraulic studies of straight pipe of 25 nominal diameter. The 

fatigue damage of corresponding stratified loads has been studied with different hypothesis in 

terms of thickness, diameter, external heat exchange coefficient and ~ T frame 20 to 350oc The 

conclusion of these papers confirms that the fatigue is negligible in the hypothesis of this study. 

the second paper compares different options of the future PWR Korean plant concerning the 

surge line. Several thermal-hydraulic models were checked against different hypotheses: inlet 

velocity, temperature difference between hot leg and pressurizer and shape of the pipe. In 

conclusion, recommendations were proposed: large inlet velocity, small temperature difference 

and small shape for the piping. An active discussion has completed the presentation: validation 

of the model with test program and consequences of this stratification at the end of the surge line 

(pressurizer and hot leg nozzles). 
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SESSION 2- THERMAL HYDRAULIC PHENOMENA -2ND PART 
Chairman B. Fitzpatrick, W ANO 

Thermal stratification in horizontal pipes investigated in UPTF.TRAM and HDR facilities, Dr. H. Sonnenburg, GRS, Germany 

Due to the extremely small vertical extension of the transition layer between the hot and cold water layer found in the experimental investigation in the test facilities HDR and UPFfF-TRAM, the cyclic development of thermal stratification in horizontal pipes provokes cyclic loads which may lead to fatigue fractures. The results revealed that gravitation strongly supports the horizontal stratification. Also, the turbulent mixing within the transition layer plays a minor role. This means that the stratification cannot be resolved by measures enhancing the turbulence. 

As the tests showed a strong similarity between two-phase flow and the flow of stratified layers, the position of the transition layer could be determined with adaptation from the related twophase correlation. 

Flow rates which will remove the stratification from the outlet of horizontal pipes can be quantified on the basis of Wallis parameters. Furthermore, investigation lead to the conclusion that the design of the outlet region has a large influence on stratification removal. This has resulted. in .design changes at the steam generator inlet nozzle. The new design shows a feed water line piping with an upward bend within the steam generator. 

Findings from the surveillance programme confirm the initial Wallis parameter for hot water removal. As the present analysis of the experimental data supports the modelling of the thermal stratification process, this approach could also be applied to the thermal ·stratification in the surgeline. 

Research on Thermal Stratification in Unisolable Piping of Reactor Coolant Pressure Boundaries, Dr. N. Nakamori, MHI, Japan 

Following the reported safety injection piping failures at Parley 2, USA, and Tihange I, Belgium, in the late 1980s, Japanese research concentrated on understanding thermal stratification and its cycling due to the leak flow through the closed stop valve. Research confirmed that in the unisolable pipings in PWR plants of Japan, the stress fluctuations due to thermal cycling are small compared with the stainless steel fatigue ·limit and the unisolable piping in the reactor pressure boundary of Japanese PWR plants is reliable. · 

Dr. Nakamori showed the following results of the research: 

Thermal cycling was caused by the mixing of cold leak flow with hot cavity flow in the pipe downstream of the check valves 

When the leak flow rate is equal to or larger than 100 kg/hr as in Parley 2, thermal cycling was severe enough to cause high cycle fatigue of the pipe metal. 
Thus, .to prevent similar failures, the leak flow rate through the closed stop valves should be maintained small enough to give little thermal damage to the pipe metal as maintained in PWR plants of Japan. This critical leak flow rate was determined to be 10 kg/hr. 
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When the downstream pipings of multiple stop valves are confluent, the sum of the leak flow 

rate through each stop valve has to be kept below the critical value. 

Thermal mixing phenomena in piping systems; 3D numerical simulation and design 

considerations 

Dr. M. Habip, Siemens, Germany 

3D simulation of the thermal mixing phenomena in piping systems is a very useful way to help 

clients understand the mechanisms involved. 

A number of examples were shown of different plant configurations involving the interaction of 

hot and cold water flows in close proximity to a header. Through analysis of the various 

interactions, it has been possible to change the design to improve the mixing. For example, by 

altering the lengths of the hot water pipework into the cold water flow, it has been possible to 

avoid temperature differences at the wall surface of the pipe. 

The technique has enabled the following to be researched: 

explain areas of pipework not expected to show cracks 

study the orientation of hot water nozzles 

potentially useful for determining where best to place thermocouples 

results useful for finding potential weak points 

numerical simulation also useful for calculating residual stresses at welds 
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SESSION 3: RESPONSE OF MATERIAL AND STRUCTURE 
Chairman J. Zdarek, Nuclear Research Institute, Rez, Czech Rep. 

Altogether 5 papers have been presented. Two of them dealt with assessment methods, tests and procedures for the response of structure (EDF: Coufast model, Tractebel, chain of programs called THERMAXS) 

Two papers summarise assessments of the steady state situations within surge lines (PWR: Korea, VVERs, PWR). Importance of the system approach was emphasised. 

One paper dealt with material response simulated by thermal fatigue under range of temperatures (up to creep regime) and loading conditions. 

Conclusions and recommendations: 

1. The Coufast model and mock up tests provides qualification of in situ measurements for the PWR condition. 

2. Effect of different welds geometries and surface treatment was assessed by new plastic concentration factor according to the 1994 revision of the RCC-M code. For these explanations of the fatigue usage factor according to this procedure was suggested. The change of programs THERMAXS (by Tractebel) has very good applicability to the validity slow process typical for surge lines and possibly feed water lines and range of piping components. 

The applications to very localised effects (e.g. safety injection lines) was not performed. 

The temperature evaluation from the outer wall requires measurement of high quality and is not suitable to follow rapid transients which do not influence the outer temperature. 

The ....... (?) ........ simulation of the thermal fatigue provided interesting results including Potential Drop (PD) calibration to measure crack growth rates and potential spin off for providing real thermal fatigue cracks to be used for NDE qualification programme. 

Points for discussion: 

1. Specification and requirements on qualified in situ measurement. 
2. Limits of the outside temperature measurement for assessment of localised effects and rapid transients. Preliminary check calculations are also recommended. 
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SESSION 3: PART 2 
Chairman: J.C. Masson, EDF 

"Piping Analysis Methods of a PWR Surgeline for Stratified Flow", Mr. KI-Seok YOON 

In Korea 2 1000 MW PWR are operating and 4 others are under construction. the concept is a 

two-loop reactor with a long horizontal post for the surge line. A next generation reactor 

(KNGR) is under the Phase ll design (also 2 loops). A simplified method (without complex 

thermal hydraulic analysis) was used to calculate the temperatures in a cross-section and the 

vertical displacements along the surgeline. 

The first assumption is that there is a step function temperature change at the interface at the half 

of the height. 

The second assumption involved with the boundary conditions to introduce in the bottom of the 

horizontal part of the surge line (3 different cases) 

Another assumption is made concerning the extension of the zone where cold water is in the 

vertical upward elbow. 

With these hypotheses, calculations were made by finite elements (3 solid elements through the 

wall. 

Comparison with the measurements made on the Unit 3 of the Young Gwong plant showed that 

the "no boundary conditions" for the second assumption were not valid. The two others 

(temperature of the hot leg along all the length of the horizontal part, only on the internal skin or 

in the whole thickness) gave rather good values for the temperatures and for the displacements. 

The extension of the cold zone along the entire half lower part of the elbow was better than 

partial extensions (only 8% with the largest displacements measured). 

So a simplified thermal model can be used the efficiently the piping of the Korean Next 

Generation Reactor. 

Questions: 

Why the first elbow (near the hot leg) has not been treated as the second one(3 parametric 

studies). 

It is because its behaviour has not a great influence on the largest vertical displacement; 

Did the results of the studies performed lead to change the design of the surge line? 

No great changes were made (answer to be confirmed by Mr. YOON) 

"The Thermal Stratification Effect on Surge Lines- The VVER Estimation", Zdarek 
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The description of the design of the surge line is rather complicated for people not familiar with VVER. There are 2 branches which were modelized by shell elements, including the modelization of a part of the primary piping and lower part of pressurizer. 

Thirteen cases of stratification based on the existing measurements were calculated. 

These studies were qualitative and the aim was to define where to set measurements and they are not combined with other loadings as stratification. 

The results showed that the stresses are maximum at nozzles and elbows and that the horizontal sections have the most important effect on the stratification stresses. 

The paper emphasises the need to model all the piping systems including heavy components such as the pressurizer. 

It will now be possible to define the best locations and the minimum number of measurements to analyse quantitatively the Bohunice plant. 

Question 1: 

What is the s~ape of the surge line? 

Answer: 

Mr. Zdarek showed on the figures (3D perspective) that the 2 branches are dissymetric with horizontal and inclined parts which are not situated at the same places on the 2 branches. 

Question 2: 

Are there interactions between the 2 branches?· 

Answer: 

It was not possible to see from the measurements that there was interaction. The model takes into account simultaneously the 2 branches. 

Question 3: 

What are the safety coefficients on the LBB? 

Answer: 

It seems that there is a controversy in the signification of LBB analyses and of course in the safety coefficient, not clearly defined. 



SESSION 4: MONITORING ASPECTS 

Chairman, P. Quentin, IPSN 

1. EDF drove an important research program, in order to determine the thermal loadings 

really supported by the auxiliary lines and to improve the knowledge of the local 

thermal-hydraulic phenomena. This program included a great number of pressure and 

temperature measurements and it enabled EDF to get a better knowledge of the real 

thermal state of the auxiliary lines. For example it was found unexpected loadings. 

Nevertheless EdF consider the recent incidents of Dampierre show this knowledge is still 

imperfect. 

2 Tractebel presents the measurements which were made on Belgian PWRs to assess the 

presence of thermal stratification in the SG feed water systems. These measurements 

campaigns showed the existence of some unexpected phenomena such as reverse flow of 

hot water from the steam generator in Doel 3-4 and Tihange l. Tractebel concludes that 

the SG feed water system is affected by numerous and several thermal stratification 

transients, especially during the standby states; the form and the frequency of which 

depend on operating procedures. 

3. The interesting point of this presentation is the fact that after a more than 10 years 

operating, the Gennan Grohnde NPP decided to install a permanent monitoring 

instrumentation on pressurizer spray lines. This hardware and software system enables 

the operator to get realistic data input from various operational loads for fatigue 

evaluation and long-term surveillance. Another advantage expected of this system is to 

provide a tool for optimisation of NDE scope and procedures and of operating 

procedures. 

4. Another interesting German experience concerns the feasibility of long-term monitoring 

system called FAMOS (Fatigue Monitoring System). It consists in an extra and specially 

designed temperature instrumentation placed on the pipe's circumference. The data are 

· recorded and stored in a data base which can be analysed using a computer. It is thus 

possible to optimise operating modes in order to avoid or to reduce thermal stratification. 

The fatigue evaluation can be estimated on the basis of measured loading histories. 

As a conclusion, it can be said that monitoring systems can be a useful tool to improve the 

knowledge of thermal state, and therefore the thermal stress in the auxiliary lines affected by 

mixing or stratification phenomena . As we see, it can also be used as a permanent operating 

measurements system in some specific sections (surge line for example) to evaluate the usage 

factor with more realistic loading data. It can be mentioned that some operating improvements 

can be drawn from these monitoring systems 
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SESSION 5 INSPECTION PROGRAMMES, MITIGATION AND PREVENTION, 
SAFETY IMPLICATION 

Chairman A. Miller, OECD/NEA 

EDF presented a paper on non-destructive inspection feedback in French 900MW plants. In 1997 all the French 900 MW units had been inspected (34 plants, 140 lines) by ultrasonics. 14 lines or parts of lines had been replaced after indications had been found. Four of these were thermal cracking, and the rest were of manufacturing origin. The through wall cracks of Dampierre 1 and 2 had been destructively examined. After testing of the replaced components, it had been sown that ultrasonic examination could detect inner surface cracks 2mm deep. Sizing was not possible, and the results were affected by residual stress. Ultrasonic testing of welds gave numerous false calls, and improvements in the method were being sought. 

In the discussion the comment was made that qualified methods were needed if reliance would be placed on the results, and that if the pipes were replaced with the same design, the problem would recur. · 

Westinghouse (Brussels) presented a paper on isolation valve leakage: an overview of US methods for evaluation and mitigation. The Westinghouse plants were not standardised in the manner of EDF plants, so it was more difficult to derive generic strategies. EPRI had developed the Thermal Stratification, Cycling and Striping (TASCS) programme, with laboratory experiments used to give simplified screening criteria based on semi-empirical formulae for the critical zones. Mitigation strategies were redesign, monitoring, inspection (pipe NDE, valve inspection), operational changes and integrity analysis. Monitoring for the rest of the plant life was expensive. The phenomenon was very sensitive to minute variations in pipe geometry and fluid conditions. A configuration for new plant was proposed. NRC commented that the TASCS method had not been endorsed by NRC. 

IPSN presented the common IPSN/GRS safety assessment of primary coolant unisolable leak incidents caused by stress cycling. There had been a joint working group concluding that: 

vulnerable sections with the potential of unstable stratification should be ident~fied; 
prevention or mitigation measures for cracking of unisolable sections of auxiliary sections connected to the primary circuit should be taken such as monitoring, installation of isolation valves, installation of a second stop valve, devices for detection of internal leakage, device for draining internal leakage into other systems; 

there should be periodic NDE, possible on a sampling basis; 
support elements should be checked periodically where necessary; also to ensure that there were no inadvertent contacts between pipes and neighbouring structures. 

In the discussion about the role of LBB in mitigating the effects, it was stated that LBB was not accepted in France for seismic loadings. Also the situation where thermal fatigue occurred was a difficult one for the LBB case. 
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Panel Discussions 
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Panel session 

Panel members: Merle DSIN (chairman), Jungclaus, GRS, Hartzman NRC, Hedin EDF, Baltus Westinghouse Europe, Zdarek NRI Rez. 

Mr. Merle said that thermal fatigue was a challenging problem which was difficult for classical design tools such as usage factors, but it was better understood than 20 years ago. Lessons had been learnt, such as in design to avoid an elbow just behind a mixing area, in manufacture to reduce possible residual stress effects, in operation the importance of valve maintenance. There was no single reliable solution for thermal fatigue, but modification of the design was best if possible. Defence in depth was needed: NDE was not only for welds .. Monitoring and valve reliability were also important. 

Mr. Hedin said that he agreed globally. Local effects were important, such as geometry of the weld, and scratches. In the future verification of the local loads and validation ofthe design data were needed. There was a need to clarify the design basis rules, as the design was optirnised relative to these. The rules should be based on operating experience and mock-up tests. France hoped to produce such as a system based on a correlation of global and local parameters. The problem w~s complex, needing consideration of aspects of design, operation, manufacture, NDE and thermal hydraulics. 

Mr. Baltus said that EDF had inspected 140 lines and found only 4 with cracks. The issue existed, but it was not reproducible even in standardised plant. Uncertainties would always exist, especially with the existence of multiple designs, but the risk might be narrowed by using proper screening criteria. There was a need for an improvement in NDE techniques. Also some past 'improvements' of plant had turned out to have detrimental effects in other areas, such as surge line stratification. Future potential improvements should be reviewed from wider and multiple perspectives. 

Dr. Zdarek said that VVER's did not have these problems yet. He had learnt lessons for future surveillance. The valve diagnostics programmes under preparation should recognise this problem. -

Mr. Jungclaus said that there were 19 NPPs operating in Germany all with valid licences, and there was no new construction. It was not easy to require any change in German plant, without a real safety problem. With respect to fatigue problems, monitoring systems had been installed, partly during construction of the plant or during commissioning, mostly as an operational system for proving the design basis against fatigue. This had not been at the request of GRS. In a very few cases after the occurrence of an incident these systems were expanded to cover further locations. It could be reasonable to motivate the utilities to expand these systems by availability considerations. He was in favour of identifying the relevant sections and encouraging monitoring. 

Mr. Hartzmann said: 

1. Based on the information presented at this conference, the conclusion stated in the paper· by Lund and Hartzman, stands, i.e., the root cause of the cracking in the unisolable sections of Class 1 lines which led to NRC Bulletin 88-08 is still unresolved. 

2. The most reliable approach to prevent cracking in these sections is still by monitoring techniques, whether it be temperature, pressure or leakage. 
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3. Proposed simplified analytical procedures are not considered generally reliable to 

predict that a line will not develop cracking during the life of the plant under Bulletin 

88-08 conditions. 

In response to a question as to whether it was a real problem: 

Jungclaus: Experience showed that such a leak was not of big safety relevance, and LBB was 

often valid for the pipes concerned in newer plant. A need was seen for good leak detection 

systems, which were part of the LBB concept. So in principle the problems discussed were 

more often question of availability. 

Merle: LBB was acceptable for normal and upset situations, but was harder to assess for 

seismic loads. Even without a break there was the possibility of problems for restarting. 

Hartzman: LBB could not be applied to unisolable sections. It was against the design criteria. 

Baltus: Westinghouse Owners Group meetings considered surge line stratification in order to 

improve operating practices. 

In response to a question on the use of NDE by methods that were not qualified for the 

purpose: 

Hedin: He agreed that NDE was not the only answer. There was a need to reduce the loadings 

and to invest to have better methods for short shallow cracks for the future. 

Merle: There was a need to have qualified methods in the future, but the present methods had 

helped at Dampierre. 

Zdarek; There was a PHARE NDE qualification project on piping. The problem was to have 

realistic defects. The thermal fatigue cracks should be considered for one type of realistic 

defects. 

In response to a question on the use of best estimate methods for fatigue: 

Hedin: There was a need for risk based analysis in the future, although this may be difficult 

in some cases due to lack of reliable data. A careful approach was needed. 

Baltus: Westinghouse had developed risk based ISI on considerations that were wider than 

pure structural mechanics. 

Merle: A realistic approach needed real loads with· a margin, rather than a conservative 

approach. Probabilistic methods were a second step which was harder. 

Hartzmari: Risk based methods needed a good understanding and would need a big study. 

In response to a question on recommendations on guidance on acceptable leak rates, and the 

required NDE: 

Jungc\aus: There were proposals; but not agreement on recommendations. The Germans 

relied more on monitoring, the French relied more on inspection. The reason could be seen in 

different plants and different systems. 





Conclusions and Recommendations 
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OECD NUCLEAR ENERGY AGENCY 

Specialists' Meeting on: 

EXPERIENCE WITH THERMAL FATIGUE IN LWR PIPING 
CAUSED BY MIXING AND STRATIFICATION 

CONCLUSIONS 

Thermal fatigue due to stratification and mixing of hot and cold water is a recurring phenomenon, but with a relatively low frequency. It can affect safety related piping of many different systems (ECCS, RHR, AFW, pressuriser surge line and safety I relief valve discharge lines) at various locations. It may happen that these phenomena are not included in the design conditions. Recently, similar events have occurred in sections of piping in the primary circuit and therefore the plant owners and the safety authorities are now alerted over some conditions not being consistent with licensing basis and inspection commitments. Of particular concern are those problems arising from unanticipated thermal fatigue in unisolable piping connected to the reactor coolant system. None of the mentioned incidents led to radioactivity propagation to the environmen't, but the safety significance of these events results from the leakage of primary coolant through the second barrier but inside the reactor containment. 

There is a need to develop further accepted methods to identify locations with potential risk of thermal fatigue. There are proposals for simplified screening criteria based on semi-empirical models to determine the areas where there is risk of thermal fatigue, but these are not generally accepted. As· there are many uncertainties, it is possible to consider a probabilistic treatment, although the data for this are also limited. As first step in this direction, the use of best estimate analysis methods should be considered, so that attention is focused on the areas most at risk for thermal fatigue, although these may be difficult to define. Then, at those locations, monitoring of temperature and of pressure if necessary should be implemented. In addition, periodic verification of the leaktightness of the nearest valves could further reduce the risk of thermal fatigue. 

Monitoring of temperature fluctuations can be seen as an important part of the defence and, at present, it remains the most reliable method to avoid unanticipated _incidents. At present, there are different strategies in use and no single method provides defence. There is a need for combining redesign and revised operating practices. A small internal cold water leakage into a hot section of pipe can lead to a quick propagation of cracks by thermal fatigue in some sensitive zones. Manufacturing process probably has a very important impact on the rate of crack initiation. It is not possible to draw up simple criteria for such parameters as allowable valve leak rates or limiting pipe diameters, as there is a great variety in the systems and operating procedures. 

Concerning the experience from non-destructive examinations, ultrasonic testing gave numerous false calls, and for certain geometries and material conditions, performance of present NDE methods to detect fatigue cracks is limited. If a greater reliance is to be placed on NDE, the development of qualified methods is needed. 
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Thermal fatigue problems can be seen as challenging issues for plant owners. Because of the high 

potential impact on safety, cost and radiation exposure, these issues have to be addressed more effectively. 

This is possible only with a very close co-operation between designer and plant owner and, among plant 

personnel, between maintenance and operation staff. Having all these people working together is the key 

point to keep the risk of thermal fatigue under control and, more generally, to ensure safe and effective 

plant operation. There is a need to encourage co-operation between the different disciplines to solve the 

problem. 
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