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Abstract 
 
Work presented here, is completed at the CEA, and is related to the comprehension of the mechanisms 
leading to cracking under thermal loading in the zones of mixing. The main objective of this work is to 
analyze, by computation, the thermal loading induced by the turbulent mixing following a tee junction 
and to explain how it can create cracking, from the internal skin of the component to a leakage, as it 
was observed in CIVAUX Power Plant in 1998. The phenomenon is still today not completely 
understood. One of the principal reasons to this partial incomprehension undoubtedly resides in the 
multi-field aspect of the loading and of the associated damage, utilizing three different and 
complementary scientific disciplines:  thermohydraulics, thermomechanics and material science. 
The presentation proposed here, consists in connecting the analyses resulting from these various fields.  
The first part concentrates on thermohydraulics simulations.  The choice of an adequate modeling is 
discussed on the basis of observed cracking in order to highlight phenomena of large scale beats, 
which are supposed one of the major causes leading to the failure of the structures. 
The second part treats of the use of the temperature fields obtained in the first part in order to carry out 
thermomechanical simulations. All these simulations are 3D and represent the complex geometry of 
CIVAUX RRA piping line, including a tee junction and elbows, water flow velocity. Mean and 
temperatures variations, mean and stresses variations are also presented. As final results make it 
possible to determine a map of the damage associated with these complex thermal loading. 



 

2 

Introduction 
 

The problem of the thermal fatigue in the mixing zone treated in this paper is that of piping where 
two fluids at two different temperatures mix. If the flows rate and velocity of the fluids are significant, 
the mixture turbulent lead to fluctuations of temperatures, local or global according to the form of the 
flow. When these thermal fluctuations are transmitted to the wall of the structure, a T-piece of mixture 
or a simple pricking, the variations of deformations lead to a damage of fatigue and a cracking. The 
importance to study and to understand these problems is to well illustrate by case appeared in 
CIVAUX 1.  
 

On May 12th 1998, a leak occurred in the CIVAUX 1 reactor heat removal system (RHRS). The 
corresponding flow rate was around 30m3/h and the plant was shutdown. The RHRS is in charge to 
maintain the Reactor Coolant System (RCS) at 180°C. In order to assure residual heat removal, an heat 
exchanger cooled by cooling water component system is used. The final temperature is monitored 
through a mixing of cooled water from heat exchanger and by pass line of this heat exchanger. 

The through wall crack found in CIVAUX 1 train A is located on the extrados of a 2 shell elbows, 
in the longitudinal weld of a 10" diameter elbow in 304L stainless steel. The outer surface length if the 
crack is 180 mm and the inner surface length 250 mm; the corresponding wall thickness is 9.3 mm 
(see Figure 1). An extensive non-destructive and destructive examination program on CIVAUX 1 
plant and similar plants gave us degradation extends and some description of typical degradations [1]. 

The conclusions of these fracture analyses are : 
• Damage mechanism confirmed : high cycle thermal fatigue 
• No fabrication defect 
• Deep cracks (on through wall crack and some others up to 80% of the wall thickness) along 

longitudinal and circumferential welds, starting at the root of the weld on the inner surface 
• Lot of small cracks in the weld area, mainly in the ground counterbore areas and high 

pressure residual stresses regions (less than 3 mm depth) 
• Just few cracks in the base metal, generally "elephant skin" type of cracking, with very 

limited depth. 
 

 
Figure 1 : The elbow and the observed thermal fatigue damage in CIVAUX plant. 
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The problem of thermal fatigue is complex and gathers four scientific disciplines: The 

Hydraulic which is with the origin thermal request (turbulent mixture between two fluids). Heat 
transfer constituting the first interface of the problem of exchange between the fluid and the wall. 
Mechanics, response of the structure to the thermal request complexes imposed in internal skin. And 
the science of materials, strenght of materials constituting the structure opposite the request.  
 

All these theoretical, experimental difficulties and of modeling make that the problems of thermal 
fatigue of the zones of mixtures observed on the installations is not well understood: 
The appearance of the network of crack known but is badly controlled. The thermal phenomenon of 
faience manufacturing is known and was analyzed for a long time, in particular for RNR structures 
sensitive to this damage. One can still relatively badly determine the conditions of the start of a 
network of faience manufacturing to leave a request in temperature (∆T between the two fluids): 
localization, position, evolution in time.  

The propagation then the boring of macro cracks resulting from this network of faience 
manufacturing or the presence from singularity (geometrical and/or material singularities, a welding 
for example) much less current but is even less better understood. The problems encountered on a 
mixing tee junction of CIVAUX on circuit RHRS is an unexplained example of this type of damage 
by the analyses 1D unable to predict the crack propagation.  
 
The approach  
 

This is on this point, in particular on the research of the loading being able to lead to propagation 
of crack, that exploratory mechanical studies were launched so increase the comprehension of the 
problem. These studies aim to fill the gaps of 1D analysis while seeking to determine the global 
response of the structure to the thermal request. They are 3D and necessarily dependent on the 
precision and the knowledge of the thermal request. Since the research of the thermal request imposed 
on the structure remains a difficulty, three different parts make up our approach were installation to 
launch the understanding on the subject:  
 

The first part of our approach is made up a mathematical thermal loading analysis, associated 
mechanical loading analysis. This approach hold on experimental measurements of temperature then 
on the mathematical modeling, most realistic possible, between these measurements. This thermal 
request has little physical direction of course, because it is built mathematically, but presents the 
advantages of fast computations and independent of the computations thermohydraulic success. In 
complement, it is easily to carry out a lot of computations with different values of parameters and thus 
allows to begin more quickly the thinking on the global and local answers of the structure. A 
frequency study on a traditional geometry of mixing tee junction will enable us to release the 
thermohydraulic types of loading more penalizing. This study also will make it possible to restrict the 
field of investigation of the phenomena responsible for a start and a propagation of cracks as fast as on 
case CIVAUX.  
The second part of our approach consists to seek the thermohydraulic requests associated with the 
results obtained in the first part. Indeed, modeling used to thermohydraulic calculations will be 
strongly depend of the phenomena to exhibit.  

The third part of our approach hold on a linking numerical analysis Hydro-Thermo-Mechanics 
(HTM) realized in the computer code CAST3M. This one uses the means of current calculations 
(simulation VLES) and is thus dependent on their limits and uncertainties. The principal advantage of 
this approach is to provide an example of fluctuations of mixture in a T-piece, then it is possible to 
deduce the mechanical answer from the structure (space distribution, through the thickness, average 
constraint, frequency response). Even approximate, the solution presents a interest to give first results 
encouraging and being able to direct the continuation of work.  
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The first results of our approach are presented in this article. From these results of the conclusions 

are drawn and of the orientations are proposed for the next developments aiming at understanding the 
conditions of propagation of cracks through the wall of the components and to thus better take into 
account these phenomena during dimensioning. Or, to determine the delay between the control period, 
if we can't avoid these phenomena. 
 
Frequency study of the thermal fatigue in a mixing tee junction 
 
The step employed to handle exploratory calculations breaks up into 4 stages:  
• Definition of the thermal loading on all the internal skin structure in contact with the fluid. This 

loading is defined mathematically starting from various experimental measurements available. A 
temporal evolution is introduced into the expression of the loading in order to "reproduce" 
fluctuations of temperatures 

• Average and fluctuating thermal calculation: This calculation aims at determining the complete 
field of temperatures in all the structure and during all the duration of a cycle of thermal 
fluctuations. The frequency band of the thermal fluctuations studied extends from 0.01 Hz with 
100 Hz.  

• Linear elastic mechanical calculation. This calculation aims at determining the constraints related 
to the variations in temperatures in space as well as the variations in temperatures in time. One 
thus obtains fluctuations of constraints in all the structure.  

• Mechanical postprocessing. This postprocessing makes it possible to estimate, by using the 
procedure defined in the RCC-MR code, the duration with starting as well as the propagation 
velocity of crack in the structure. A study of sensitivity to the frequency is carried out in order to 
exhibit the frequencies more penalizing for the integrity of the structure. 

 
Model description 
 
The analyzed structure is a mixing equal tee junction (réf. Té 6 "SCH 40 S). The cold fluid is injected 
perpendicular to the hot fluid circulating in the principal part via the secondary part. The ratio of the 
flows is 20% with a variation in temperature of 160°C. The material is a stainless steel of 304L type 
with characteristics taken at ambient temperature.  
The boundary conditions imposed on the structure to handle these exploratory calculations, are 
postulated because it is extremely difficult to know the stiffness of the lines, the points of fasteners of 
these lines like their respective rigidities.  
Within the framework of these thermomechanics prospective calculations, there is no thermohydraulic 
calculation upstream. The idea is to impose a distribution of temperature in the fluid in internal skin of 
the mixing tee junction with frequency contents. With this intention, we will be based on observations 
and experimental measurements obtained on close configurations and the studied configuration. The 
chart of temperature in the fluid in internal skin is defined by mathematical functions obtained by 
smoothing. A representation of this chart is given on the figure (see Figure 2).  
The introduction of a fluctuating thermal loading is based on various observations made on flows. The 
idea selected is to introduce a fluctuation of the cold tongue around the axis of symmetry of the mixing 
tee junction. For that, one increases the richness of the mathematical modeling employed for the 
analysis thermal by introducing a function of the sinusoidal form dependent on time (see Figure 3). 
The coefficient of exchange between the fluid and the internal wall of the structure (H = 30000 
W/m2/°C) remains constant and one considers no exchange with the outside of the structure (the line is 
insulated).  
 



 

5 

Results of prospective computations and discussions 
 
Prospective calculations stationary reveal like principal results. The shape of the average stress field is 
related on the mode of deformation and the complex request of the zone of mixture and the connected 
cuffs. This field is characterized by the presence of a total bending of the structure. This stress field is 
related to the boundary conditions selected and with the offset distribution of the average 
temperatures. Locally, in the mixing tee junction, this field becomes singular revealed localization. 
Moreover, it consists of a combination of bending and membrane stresses in the two directions. This 
field is undoubtedly far from related to the boundary conditions chosen for calculation. However 
strong gradients of stress are present at the same time in the thickness of the components and also on 
the surface (see Figure 2).  
 
Exploratory and prospective calculations show that for frequency bands of oscillation of the loading 
understood in 0.01 Hz and 10 Hz, the risk of starting as well as the propagation velocity of an existing 
defect through the wall are maximum (see figure 4).  
This result proposes the need for modeling thermohydraulic undertaken downstream from calculations 
thermomechanics to apprehend phenomena of beat of fluids cold and hot at similar frequencies.  
Figures 4 and 5 exhibit this phenomenon well. On figure 4, the frequency which will generate the most 
significant damage is of 0.1 Hz. In the same way, the frequency of the loading of 3 Hz will involve a 
propagation of a macroscopic crack more quickly (see figure 5).  
This result in term of variation of frequency of the fields of temperatures will result in using an 
adequate thermohydraulic modeling to highlight these phenomena and how to start them? 
 

 

 
Figure 2 : Mean temperature and stress profile in a 

mixing tee junction 
Figure 3 : Variation of temperature and stress 

profile in a mixing tee junction 
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Figure 4 : Evolution of the damage factor versus the frequency of the loading 

 
Figure 5 : Evolution of the intensity stress factor versus the frequency of the loading 

 
Thermo-hydraulic modelization 
 
Introduction 
 
According to whether one interests with the starting of a crack or its propagation, the thermohydraulic 
loading which can it be responsible is different. It is thus necessary to analyze as a preliminary the 
various thermohydraulic requests likely to intervene in a mixing tee junction in order to as well as 
possible direct the choice of a modeling.  
The first paragraph is devoted to the physical analysis of the turbulent flow in a mixing tee junction 
and makes it possible to determine the role which turbulence can play to initiate and propagate cracks. 
One counts then the various types of instabilities (other that turbulent) known in a control and likely to 
intervene, in particular those corresponding to low frequencies.  
One makes then a review of the various models of turbulence in order to direct our choice, the 
objective being to highlight the existence of one or more instabilities on a large scale.  
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Physical analysis 
 
Modes of flow 
 
Taking into account the flow rates met in the mixing tee junction studied in this article, corresponding 
Reynolds numbers go from 105 to 2.7 106. The flow is thus fully turbulent in the two branches. It will 
be noticed that the ratio of the Reynolds number is not in the ratio speeds. This comes from the 
variation of kinematic viscosity in temperature between hot branch and cold one.  
One can evaluate the importance of the buoyancy effects by calculating a Richardson number. It varies 
from 0.96 to 2.6 10-2. The effects of density can be significant on the level of the tee junction and 
downstream immediate. This is due to the low velocity coming from the cold branch and strong 
variation in temperature.  
One thus considers the flow regime of the mixed convection type, turbulent, incompressible and 
unsteady.  
 
Characteristic times and scales, frequencies  
The steady state  
 
The turbulent flow in a pipe is well-known. The energetic turbulent eddies are generated in the vicinity 
of the wall, in the limit of a zone which one can evaluate the thickness to 0.2 R, R being the radius of 
the pipe. This gives a good estimate of the size of the large eddies. 
The time of reversal is the longest time which one can associate to a turbulent structure. It is about : 
 TR = Erreur ! where L is the characteristic size of the large eddies and U* the friction velocity. This 
characteristic time associated to the turbulence is obtained by adopting a Lagrangien point of view, i.e. 
while being placed in a reference frame moving with to the average flow. The coherent turbulent 
structures are convected at the mean velocity. To analyze what the wall feels it is necessary to adopt 
an Eulérien point of view, i.e. to place themselves in a reference frame related to the wall. In a given 
point, the wall sees traveling turbulent structures at the mean velocity. 
The order of magnitude of the transit time of the greatest turbulent structures is : Tt = Erreur ! . One 
deduces the ratio from it meanwhile from transit and time of reversal (independent of the size of the 
turbulent structure).  
Times of transit are much shorter than times of reversal. The wall sees passing the turbulent structures 
as if they were fixed. This is a well-known result. The significant consequence is that the wall cannot 
be influenced by convected turbulent structures, time characteristic lower than time of transit.  
Table 1 gives the estimates which one can make. We take L=D the biggest size for a turbulent 
structure likely to pipe diameter. This corresponds, for a given velocity, at longest times of reversal 
and longest times of transit.  
 

 Transit time Frequency Reversal time Frequency 
End section U = 2.83 m/s 0.05 s 20 Hz 1s 1 Hz 
Cool section U = 0.47 M/s 0.3 s 3.3 Hz 6 s 0.17 Hz 

Table 1 : Characteristics time 
In steady state the wall of the end section cannot see thermal fluctuations of frequency lower than 
20hz having for origin convected turbulent structures.  
 
Unsteady state 
 
The preceding analysis is valid for a steady state flow. In fact, the mixing of hot and cold currents is 
achieved only at the end of one certain distance downstream from the tee junction. Velocity in a 
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section downstream from the tee will not be homogeneous. Times of transit thus will spread out 
between 0.3s and 0.05s, which gives frequencies spreading out between 3.3hz and more 20hz.  
 
Large scales singularities and instabilities  
 
One can also question how evolve characteristic times in the vicinity of singularities such as 
recirculations, separations or reattachment points etc, where the velocity profiles are mostly perturbed. 
The size of the energetic turbulent structures will remain in any event limited by the diameter of pipe. 
Another cause with a fluctuating thermohydraulic loading are instabilities on large not convected 
scales or at least having a significant transverse component with the flow. One can quote instabilities 
of the type:  
• Beats, large scale instabilities 
• Drifting secondary recirculations in pipe 
• Fluctuation of the pumps 
• Gravity waves 
• Instabilities developing at a shear interface 
These instabilities must be statistically stable, i.e. be maintained on average in time or to have a slow 
evolution. 
 
Modeling 
 
The modeling of turbulence can be crucial for what one seeks. There are two approaches to model a 
turbulent flow numerically, the stochastic approach (RANS or URANS) and large eddy simulation 
(LES). We used a VLES approach corresponding to the second category.  
The mechanical analysis needs at the same time information on the amplitude of the fluctuations 
(standard deviation) and the spectrum, although a steady state flow. It is clear that a LES approach 
meets all these needs, but that is expensive. 
 
For the crack initiation, it seems allowed that the high frequencies are responsible. The flow is 
stationary. One can use RANS models by calculating the thermal variance of the fluctuations and by 
reconstituting a signal of temperature of mean and variance given and by putting this energy at the cut-
off frequency corresponding to the inverse of transit time. If the thermal fluctuations are of turbulent 
origin (dissipative) a 1st order model is a priori sufficient.  
If the thermal fluctuations have an origin not entirely related to turbulence (beats etc), all the 
fluctuations are not dissipative and eddy viscosity model is insufficient. If there are beats there is a 
coupling between the thermal fluctuations and the transverse fluctuations of velocity to the flow. A 
model of the second order (Reynolds stress) is necessary. Moreover it is not justified any more to 
reconstitute a signal of temperature centered on the cut-off frequency. The beats will print in wall 
thermal fluctuations of frequency lower than the cut-off frequency. One is thus obliged to pass to an 
unsteady model URANS or LES. 
 
Our choice hold on 'VLES' (Very Large Eddy Simulation) modeling of turbulence, with a 
Smagorinsky subgrid scale model. We indicate by this denomination the fact that respect of a certain 
number of criteria which we will present in the next paragraph, is approximate. 
 
Coupling HTM computations 
Thermo-hydraulics computations 
The geometry used is presented in figure 6.The internal diameter of the pipe is 250mm. The inlet 
velocities 0.6m/s and 3.1m/s respectively for the cold pipe and the hot pipe. The total flow rate is 
550m3/h.  
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The mesh which one uses are not sufficiently refined so that one can check that the slope of the kinetic 
energy spectrum tends well towards –5/3 to the cut. One will adapt the size of the mesh to make 
parametric calculations.  
If an effect of mesh appears one will try to evaluate this effect by checking on a finer mesh its 
importance (if possible).  
 
Wall functions  
LES Requires that mesh continue until the wall. This is very expensive. We make the choice to use 
wall functions. The search for beats is privileged. We call internal skin the envelope surface of the 
field of computation. This surface is located in the fluid at a distance from the wall of 0.1mm. This 
choice ensures (a posteriori) that the points of this surface are almost all in the 'Log' zone of the 
boundary layer for the momentum.  
 
Entry boundary conditions 
In hot entry (strongest flow rate), we print a fluctuation around the mean velocity of frequency 
imposed to 0.1 Hz. The fluctuation is in a horizontal plane, it unbalances the flow on both sides 
vertical symmetry plane. The mean flow rate remains constant. Three amplitudes of Umax/Ud were 
tested: 20%, 5% and 1%. The disturbance concerns that only the entry velocity of the hot branch. The 
velocity of the cold entry is not pertubated. The temperatures in entry are constant and respectively 
equal to 20°C and 180°C. It should be noted that an amplitude of 5% is of about the order of 
magnitude of a turbulent fluctuation in the amplitude (not in frequency). 
 
Thermic of wall 
The whole of the pipes in the portions of interest are insulated. One can thus regard the thermal losses 
as negligible. Moreover, in steady state flow regime heat exchange between fluid and wall can be 
neglected. This makes it possible to uncouple thermohydraulic calculation from the thermomechanical 
calculation of the wall by imposing a condition of null flux on the wall. It is possible to evaluate this 
effect during a particular calculation.  
 
Numerical method 
Calculations were carried out with code CAST3M. One used a finite elements method with quadratic 
elements (Q2-P1nc). The algorithm used is an algorithm of incremental projection [3]. The scheme in 
time is of order 2 (BDF2). For more detail on the finite element method and in particular its 
application to fluid mechanics one will be able to consult the work of Ern and Guermond [4].  
 
Results and discussion 
For 20% and 5% a movement of beat (left/right) appears in the tee junction and downstream. For 1%, 
the disturbance deadened before the mixing tee junction. Results of this calculation highlight the 
thermohydraulic effects of a started beat in an artificial way. Two movements are superimposed: a 
beat and a twist of the flow in the tee junction and dowstream (see figure 7). The effect of the beat on 
the thermal fluctuations in internal skin of the structure is very significant at the level of the tee 
junction (in particular on the extrados face). The amplitude of the fluctuations rises to more than 90% 
of the maximum temperature deviation. This computation makes it possible to see the effect of 
damage on the structure of such a beat.  
 
Thermo-mechanics computations 
 
Description of the model 
The mesh of the structure is obtained directly deduct from the mesh used for thermohydraulic 
calculations. The thickness changes and transitions between the tee junction, the elbow and the cuffs 
are also modeled. The material is an austenitic stainless steel of type 304L. We consider the line 
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ideally insulated and that it is not exchange with outside. The boundary conditions imposed on the 
structure are postulated because it is extremely difficult to know the stiffnesses of the lines.  
 
Results and discussion 
Two types of studies were undertaken, the first consists in determining an average field of temperature 
in the structure in order to determine the stabilized mechanical state. Second has for objective to 
highlight variations of the stress field in space and time resulting from the fluctuations of the field of 
temperature. 
Results obtained here to allow to apprehend a better comprehension of the incident of CIVAUX. The 
thermohydraulic studies highlights phenomena of beats on a large scale. These beats are reflected on 
the distribution of the stress field in the structure. The distribution of the stress field and its evolution 
during the time highlight strongly requested zones, others very slightly solicited, and some sufficiently 
requested which in the presence of defects would be likely to be damaged significantly (see figure 8 
and 10).  
Three zones were thus exhibit, the first corresponds to the under-surface of the elbow, the level of 
constraint is too weak to undertake a study of damage. The second, located in the zone of transition 
between the tee junction and the elbow, sudden of the significant variations of level of stress. This 
zone is dimensioning and critical. The variations of stress are about 300 MPa (see figure 9).  
The last zone is the direct result of the beats on large scales, the level of variation of the stress is about 
the hundred of MPa, but the presence of a weld bead, largely accelerates and increases the criticality 
of this zone.  
 

  

Figure 6 : Mean Temperature 
profile in CIVAUX configuration 

Figure 7 : Evolution of the temperature during time at the 
extrados of the elbow 
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Figure 8 : Profile of the mean temperature and the 
stress in the CIVAUX mixing tee junction 

Figure 9 : Profile of the variation temperature and 
the stress in the CIVAUX mixing tee junction 

 

 
Figure 10 : Map of the damage factor in the CIVAUX mixing tee junction 

 
Conclusions and perspectives 
 
In this paper, we presented the installation of a complementary step between a thought on the various 
physics met in the treatment of thermal fatigue and the capacities to simulate them numerically. A 
thorough analysis of the mechanisms generating the fast initiation as well as a fast propagation of 
cracks enables us to use a modeling adapted to the treated types of configuration. This thought enabled 
us to set up a chained Hydro-thermo-mechanics computations. These computations enabled us to 
highlight mechanical loading generating of the levels of stress as well as significant associated 
fluctuations. Today, we have a tool which makes it possible to determine overall thermal loads. Many 
improvements will be made, in particular to seek instabilities on a large scale, and is necessary it to 
take into account the thermal wall response in thermohydraulic simulations.  
The last question which arises: these computations are predictive and can be extended to another 
configurations. 
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In the futur, a step implement an analytical model unidimensional being able to take into account 
effects of structure is studied [5][6]. This step aims at the definition of dimensioning rules for thermal 
fatigue.  
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