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Abstract 

 
Code_Saturne is a general finite volume CFD code developed by Électricité de France (EDF) 

under quality assurance for 2D and 3D simulations, laminar and turbulent flows, conjugate heat 
transfer (coupling with thermal code SYRTHES), including combustion modelling and a Lagrangian 
module. A very large range of meshes can be used. The solver relies on a finite volume method on 
arbitrary meshes (hybrid, with hanging nodes, any type of element). All variables are located at the 
cell centres. The solver is time marching, with a predictor-corrector scheme for Navier-Stokes 
equations. Standard Reynolds Average Navier-Stokes modelling (RANS) is included (k-epsilon, 
RSM). Code_Saturne is used by EDF in various industrial fields such as process engineering, 
aeraulics, combustion and nuclear applications.  

The present paper describes the qualification phase carried out during 2001 for single-phase 
nuclear applications. Indeed, once an industrial product has been released and validated, it is of major 
importance, especially in this particular field related to safety matters, to demonstrate the ability of the 
code to help engineers produce satisfactory conclusions to industrial problems. In coherence with 
analyses and best practice guidelines such as those published by the ERCOFTAC Special Interest 
Group, it seemed important to base the qualification phase on well defined and documented 
experimental facilities, sufficiently complex to be representative of industrial studies. Much attention 
has been devoted to evaluating sensitivity to numerical parameters such as grid refinement, time step... 
Moreover, the qualification studies have been carried out in real-life conditions, that is in limited time, 
with industrial limitations on the number of grid cells, and by the teams usually producing such 
studies, so as to integrate a real industrial process in the qualification phase.  

Two test cases chosen to assess certain types of flows in PWR reactors are particularly detailed: 
numerical results are analysed and conclusions specific to these cases are given. The first 
configuration, related to a mixing zone in a PWR reactor, consists of a T-junction upstream of a bend 
in which hot and cold fluid interact, creating temperature fluctuations that might result in thermal 
fatigue. Several calculations have been produced to demonstrate the ability of the code to reproduce 
the mean characteristics of the flow, based on RANS modelling. The second case is related to a LOCA 
scenario, in a context where it is important to assess the effect of a thermal shock on the vessel. The 
experiment of interest consists of a horizontal pipe connected to a downcomer, initially full of hot 
water. The thermal shock is created by a cold-water injection in the pipe. Several calculations have 
been carried out in order to analyse the sensitivity to numerical parameters and finally produce the 3D 
transient evolution of temperature in the downcomer.  

After this effort of nearly one year, the results allowed sufficient confidence with the code and its 
use by the in-house engineering teams for the qualification process to be considered successful for a 
range of industrial flows in PWR reactor conditions. 



Introduction 
 
The present paper focuses on selected aspects of the qualification phase of Code_Saturne® carried 

out at Électricité de France (EDF), during 2001 for single-phase thermal-hydraulic nuclear 
applications. We start with a brief presentation of Code_Saturne, the general-purpose computational 
fluid dynamic software used at EDF for refined flow modelling. The next section underlines general 
qualification considerations that applied to all the configurations that were studied (team constitution, 
domain definition, analysis of the results, documentation…). Fruitful help has been found in the “Best 
Practice Guidelines” produced by the ERCOFTAC Special Interest Group on Quality and Trust in 
industrial CFD [1]. We then describe in detail two representative configurations, from the domain 
definition to the analysis of the results and comparison to reference data. The conclusion of the paper 
focuses on the elements provided by these two specific studies. It must finally be noted that the 
database built up during this qualification process has since proven to be a very useful element for 
subsequent industrial applications of Code_Saturne.  

 
 

Description of the CFD software: Code_Saturne 
 
Over the past decade, Computational Fluid Dynamic (CFD) has become an increasingly standard 

industrial simulation tool for design, performance improvement or analysis of operating conditions for 
environmental and safety reasons. Such a development has been made possible by factors such as the 
massive increase in computer capacities and the effort put into in-house and commercial CFD software 
to develop robust numerical schemes and achieve a higher quality in verification, cross-validation and 
qualification tests. At EDF, development of in-house codes has been a resolute strategic choice for 
more than fifteen years. Following the developments carried out within former in-house codes, N3S-
EF [2] and ESTET-ASTRID, EDF initiated a program in 1996 to unify the potentialities of these two 
products within the same software: Code_Saturne®.  

 
Code_Saturne is well suited for two- and three-dimensional calculations of steady or transient 

single-phase laminar and turbulent flows (with a standard k-epsilon and a second moment closure) [3]. 
The flow solver is based on a finite volume approach, with a fully co-located arrangement for all 
variables. The time discretization is based on a predictor-corrector scheme for the Navier-Stokes 
equations. Numerical schemes have been developed to reach first and second order precision in space 
and time. The numerical kernel of the code communicates with mesh-generators, post-processors and 
other codes (when coupling is required) through an “Envelope module” ensuring data management. 
An important asset of Code_Saturne relies in its ability to deal with any kind of mesh (hybrid, 
containing hanging nodes and any type of cell). Conjugate heat transfer is routine calculation through 
coupling with the SYRTHES code [4]. The latest release of Code_Saturne is parallel, includes a 
Lagrangian module and supports Large Eddy Simulation as well as gas and coal combustion. 
Code_Saturne is used at EDF in various industrial fields such as process engineering (plasma, electric 
arcs, glass furnace…), aeraulics (heating, ventilation and air conditioning, pollutant dispersion, 
contamination in medical premises...), combustion (gas and coal furnaces) and nuclear applications as 
illustrated hereafter.  

 
Code_Saturne is developed by EDF under quality assurance. Code_Saturne 1.0 has been 

validated and released early in 2001. Energy was then invested during one year into a qualification 
phase for nuclear single-phase thermal-hydraulics. “Qualification” is employed here in the sense of a 
validation on a specific range of real-life industrial applications with attention devoted to the method 
employed to conduct studies, to the quality of the results obtained and to their limitations with respect 
to the anticipated engineering use. The present paper focuses on two configurations studied during this 
phase to illustrate the measures taken to ensure quality CFD simulations.  



 
 

Methodology 
 
 

Introduction 
 
In this section, best practice advice for achieving high-quality industrial CFD simulations are 

listed referring to ERCOFTAC Best Practice Guidelines [1]. We focus on important aspects that were 
more particularly considered during the qualification of Code_Saturne and that are illustrated in the 
sections presenting two computational test cases.  

 
 

Qualification team 
 
Due to the specific training and expertise required for conducting the computations, the Research 

and Development Branch had a prominent role in the qualification process. Nevertheless, from the 
outset of the project, the Division responsible for the industrial exploitation of the conclusions 
(DIS/SEPTEN) has taken an active part in the definition of the qualification test cases and in the 
analysis of the conclusions. This organization has been decisive to ensure the adequacy between the 
industrial needs and the results produced.  

 
To produce quality CFD results, user errors have to be avoided. They may be due to an 

insufficient level of expertise of the CFD analysts (knowledge of the physics or of the industrial 
configuration) or merely to the lack of experience in the use of specific software. For this reason, the 
studies have essentially been conducted by two CFD analysts, one of them being responsible for 
checking the data and results produced by the other, in particular during the mesh generation, the 
definition of the boundary conditions and of the physical properties. This organization has also been 
fruitful to choose the best way to post-process and analyse the results. Moreover, it was a convenient 
way to associate an expert with a less experienced analyst so as to facilitate the transmission of 
knowledge. 

 
The development team of Code_Saturne also participated in each step of this qualification 

process. This permitted to make sure the code was suited to the physics to simulate, that the mesh 
quality was satisfactory and that the side effects of non-standard options were known. This resulted in 
timesaving and more confidence in the conclusions drawn from the computations.  

 
 

Domain and grid definition  
 
In any CFD computation, sensitivity of the results to the choice of computational domain should 

be examined. In the simulations presented here, the domain boundaries have been moved to positions 
where the boundary conditions were more readily identified, well-posed and away from regions of 
high swirl, large curvatures and pressure gradients.  

 
Moreover, we have paid great attention to the generation of the computational grids: grid cells 

should provide an adequate resolution of the geometrical and expected flow features. As highly 
skewed and highly warped cells damage the results and lead to serious convergence problems, we 
refrained from having any. Similarly, non-orthogonal cells near boundaries have been avoided to use 
cells with a regular shape.  

 



 
Turbulence modelling and numerical schemes 

 
There is not a generally valid universal model of a turbulence model despite the fact that the 

turbulent nature of the flow plays a crucial part in the determination of many relevant engineering 
parameters. In the test cases presented in this paper, the “standard” Launder-Spalding k-ε model has 
been chosen [5]. Indeed, amongst the models available in Code_Saturne, it is the most commonly used 
in industrial practice. Moreover, it appeared to be the most appropriate with respect to the objectives 
of the computations.  

 
Sensitivity studies have been conducted to check the influence of the time step and the numerical 

scheme on the results. Careful selection and optimisation of the numerical parameters (under 
relaxation parameter, method to solve the linear system, numerical scheme etc…) have been done 
when necessary under the control of the development team.  

 
 

Analysis of the results and documentation 
 
Prior to computations, attention has been devoted to the problem definition so as to identify the 

requirements and objectives of the simulation, the flow physics to study, the variables to determine 
and their accuracy. In particular, it has been useful to define pertinent localizations for post-processing 
operations and analysis of the results, especially in regions where variables were likely to have strong 
variations, as illustrated in the next sections.  

 
It has been crucial to compare Code_Saturne simulations with other code results to ensure state-

of-the art modelling of the flow physics. Thorough comparison to experimental data has also been 
carried out, taking into account their degree of uncertainty.  

 
At last, good records of the simulations have been kept under the form of a final report describing 

the assumptions, domain, code options, results, comparisons and conclusions. Moreover, the electronic 
files have also been extensively documented to make it possible for a third party or a different analyst 
to pursue the studies if necessary.  

 
 

Qualification for mixing zone configuration  
 
 

Introduction 
 
Thermal fatigue of the coolant systems of Pressure Water Reactor (PWR) plants is a major issue 

for nuclear safety. The problem is especially acute in mixing zones, like T-junctions, where a large 
difference of water temperature between the two entry branches and the high level of turbulence can 
lead to large temperature fluctuations at the wall. As an example, Civaux N4 class French reactor was 
shut down in May 1998 following a leak of primary coolant from a pipe in the Residual Heat Removal 
(RHR) system. Cracks were discovered in the bend following the T-junction: they were assumed to be 
related to thermal fatigue. The qualification study presented here is representative of one of the first 
approaches used at EDF to understand qualitatively the thermal-hydraulic phenomena on this type of 
configuration. For this purpose, a well-documented experimental facility built by FRAMATOME has 
been simulated.  

 
 



Test case and domain definition 
 
The experimental facility consists of a T-junction where hot water (flow rate Qh=17.06 l/s, 

temperature Th=52.9°C) and cold water (flow rate Qc=2.52 l/s, temperature Tc=18°C) are mixing 
before reaching a 90-degree bend. The facility is operated near atmospheric pressure.  

 
The objective of the calculation was to qualitatively exhibit a flow pattern coherent with 

experimental temperature measurements. The domain of major interest within the scope of the present 
considerations is the T-junction and the portion of pipe located immediately downstream, where 
temperature gradients may be high. Hence, the boundaries of the computational domain are located far 
away from this zone. The length of the downstream part is sufficient to avoid perturbations of the flow 
in the bend by the outlet conditions. To evaluate the influence of the upstream part of the domain (and 
in particular of the upstream bend), a simulation with the inlet positioned close to the T-junction 
(“Downstream part” on Figure 1) has been compared to a simulation with the inlet located upstream of 
the bend (“Downstream part” and “Upstream part” on Figure 1). The geometry has been constructed 
from data produced by FRAMATOME by an expert user of the commercial software I-DEASTM and, 
to avoid user errors, verified by a second person before the mesh generation.  

 

    
Figure 1: T-junction – Sketch of the geometry and mesh of the downstream part 

 
 

Numerical model  
 
The grid has been generated by an expert user of I-DEASTM under the control of an experienced 

user of Code_Saturne to make sure the requirements for mesh quality were satisfied. Particular 
attention was devoted to the T-junction zone and to quality of the grid cells close to the wall. For the 
calculation with the “upstream part”, non-matching interfaces (or “hanging nodes”) were used to limit 
the number of cells without affecting the quality of the grid. “O-grids” were used to control mesh 
quality close to walls. Several grids have been generated in the process (only one is shown here, 
consisting of 337 920 control volumes on Figure 1).  
 



To model the experimental conditions, temperatures and mass flow rates are imposed as indicated 
previously. Water properties are determined at 1 bar and are assumed to be constants, except for 
density, which is a function of temperature only. Walls are considered as perfectly insulated solid 
boundaries. At inlet, turbulent quantities are prescribed according to standard laws proposed in the 
code (depending on the inlet velocity and the hydraulic diameter). Computations were pursued until a 
steady state was observed, on the basis of global balances and of carefully selected monitoring points.  

 
 

Qualitative analysis of the results  
 
This test case is a difficult one for several reasons. The flow pattern itself is quite complex and its 

determination was not completely possible from the experimental data, given the number of probes 
and their localization. Moreover, the temperature gradients are very strong and some unsteady 
structures might be suspected. For all these reasons, the analysis of the results will be limited to 
qualitative considerations. Nevertheless, the information produced by such a study remains valuable 
and shows to what extent the code is able to represent important characteristics of the flow.  

 
The numerical comparison of the results obtained with the two different domains described 

previously (Test case and domain definition) points out that the influence of the upstream part of the 
domain is negligible. Thermal results are therefore presented only for the domain without the upstream 
part and its bend.  

 
Figure 2 represents the non-dimensional fluid temperature field at convergence. Let Tcold and Thot 

be the cold and hot temperatures in the branches. The non-dimensional temperature is calculated as: 
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Figure 2: T-junction - Non-dimensional temperature. 

 
One may notice the complex hot and cold structures, especially those created at the junction of 

the two jets, and convected further away. The cold jet bypasses the hot one by the sides of the pipe. 
This cold flow is then diverted to the inner part of the bend by the “secondary eddies”. These eddies 
are generated by the presence of the downstream bend and of the jet. This phenomenon explains why 
the inner part of the bend is cooled downstream of the bend whereas the upper part remains hot 



(Figure 3). All these observations are in coherence with the available experimental temperature 
measurements.  

 
 

Inner part 

Upper part 

 
Figure 3: T-junction - Inner and upper part definitions 

 
A comparison with another in-house code, ESTET-ASTRID, has also been carried out. Though 

there are some differences between the two geometries and meshes, results were qualitatively similar 
(as Code_Saturne, ESTET-ASTRID is a finite volume code, but it is operating on structured 
curvilinear grids: hence, the representation of the T-junction geometry is not so precise; moreover 
calculations with ESTET-ASTRID have been achieved using a symmetry plane to reduce the size of 
the numerical model).  

 
 

Qualification for thermal shock analysis configuration  
 
 

Introduction 
 
Within the frame of the plant life-time project, the assessment of the French reactor vessel 

integrity has been performed with a specific approach derived from the codified fast structure analysis 
(RCCM code) based on a selection of subclad defects and a set of loading transients. This analysis has 
shown that the most severe loading conditions occurred for a “small break” loss of coolant accident 
(SBLOCA) as a result of the “cold shock” induced on the Reactor Pressure Vessel (RPV) by the 
pressurized safety injection of cold water into the downcomer. To precisely describe the transient 
cooling of the vessel in this scenario, three-dimensional thermal-hydraulics effects had to be taken into 
account. Before the methodology and the numerical tools could be applied to reactor conditions, a 
qualification phase was compulsory. The objective was to show the capabilities of the code to simulate 
the physical characteristics important for the thermal shock, on a sufficiently representative geometry. 
For this purpose, a well-documented experimental facility has been simulated (CREARE 1/5 scale 
mixing facility [6]). We describe this study hereafter, insisting on the measures taken to ensure quality 
CFD simulations. More detailed considerations can be found in [7]. 

 
 

Test case definition 
 
The experimental CREARE facility consists of a horizontal leg (representative of the reactor 

“cold” leg) connected to a vertical plane section representative of the downcomer. The safety injection 
pipe is connected to the cold leg at an angle of 60 degrees. The flow circulates from the safety 
injection towards the bottom of the downcomer (“outlet”). The facility is operated with water at 



atmospheric pressure. Initially, the water temperature is 65.5 degrees Celsius and mass flow rate is 
zero. The safety injection of water is characterized by a velocity of 0.125 m/s and a temperature of 
17.8 degrees Celsius.  

 
Within the scope of the present considerations, the domain of major interest is the portion of the 

downcomer where the cold water is bound to create a severe thermal shock on the vessel. Moreover, it 
is important to take into account the fluid mixing during its transport in the cold leg and its separation 
in the downcomer. Hence, the boundaries of the computational domain have been located far away 
from these zones. As for the test-case of the mixing zone previously described, the geometry shown in 
Figure 4 has been constructed from plans (in [6]) by an expert user of I-DEASTM and, to avoid user 
errors, a second analyst carried out verification prior to mesh generation.  

 
 

Numerical model  
 
The grid was generated by an expert user of I-DEASTM under the control of an experienced user 

of Code_Saturne to make sure the requirements for mesh quality were satisfied. Particular attention 
was devoted to the injection zone and to the downcomer zone close to the cold leg. Non-matching 
interfaces were used to avoid highly skewed cells. O-grids were used in pipes to control the mesh 
quality close to the walls. Several grids have been generated in the process (only one is shown here, 
consisting of 190 000 control volumes: Figure 4).  

 

 

 
Figure 4: CREARE - Sketch of the geometry and mesh 

 
To model the experimental conditions, temperatures and velocity are imposed as indicated 

previously. Water properties are determined at 1 bar and are assumed to be constants, except for 
density, which is a function of temperature. All boundaries (except the safety injection inlet and the 
outlet at the bottom of the downcomer) are considered as perfectly insulated solid walls. At inlet, 
turbulent quantities are prescribed according to standard laws proposed in the code (depending on the 
inlet velocity and the hydraulic diameter).  

 
For this transient configuration, the influence of the time step value proved to be negligible 

(temperature transients obtained using time step values Dt and Dt/2 have been compared). One set of 
results only is presented here.  

 



 
Qualitative analysis of the results 

 
As observed experimentally, the cold water injection creates a stratification in the cold leg. The 

interface between cold and hot fluid extends towards the far end of the leg and the downcomer. The 
main result in this area is related to the cold flow separation at the junction of the cold leg and of the 
downcomer: the cold jet is driven against the core barrel and does not remain attached to the vessel 
side (Figure 5).  

   
Figure 5: CREARE – Progress of the stratification towards the downcomer  

(snapshots are taken at 5 and 25 seconds after injection started) 

 
Lateral oscillations can be observed in the downcomer, straight under the cold leg: they originate 

in recirculations and buoyancy effects (Figure 6). The fact that one CFD analyst was also in charge of 
a similar experimental facility at EDF has been valuable for a good qualitative analysis of the results. 

 

   
Figure 6: CREARE – Oscillations in the downcomer (domain is coloured by temperature in Celsius, 

snapshots are taken at 45, 70 and 100 seconds after injection started) 

 
Anticipating over future reactor simulations, it must be noted that flow separation driving the cold 

water away from the vessel side and oscillations improving mixing are two important phenomena that 
shall tend to reduce the severity of the thermal shock undergone by the vessel. 

 
 



Quantitative analysis  
 
A quantitative analysis of the results has been carried out using experimental data obtained on the 

CREARE facility. This data consisted of temperature transients in the cold leg and the downcomer. To 
minimize errors in data interpretation, the experimental results have been analysed separately at EDF 
and FRAMATOME before comparison. Moreover, the temperature transients have been compared to 
experiments taking into account the uncertainties given in [6] (between 1 and 3°F depending on the 
origin of the uncertainty). This has been particularly useful in zones where small temperature 
differences and variations were observed. Some caution was also required at certain locations: because 
of the transient nature of the simulation, of the relatively large temperature gradients and of the 
complexity of the flow pattern, it has been necessary in some regions to compare temperature 
transients obtained exactly at the probe location to those obtained in the close vicinity. This is 
typically the case for the probe located right under the cold injection. Due to the very high temperature 
gradient, a slight displacement of the numerical monitoring point (one grid cell, i.e. a few millimetres) 
may drive the temperature difference between experiments and calculations from virtually zero to 
nearly 10°C.  

 
At last, results obtained with Code_Saturne have been found in good agreement with results 

obtained by the same team with another in-house code (N3S-EF) and with simulations carried out 
independently by FRAMATOME with the commercial software STAR-CD (these results are not 
shown here).  

 
Finally, on the basis of the comparisons to experiments and other codes, results were considered 

satisfactory. As an illustration, temperature transients obtained with Code_Saturne at selected probe 
locations are compared to experimental results on Figure 7. The progress of the stratification in the 
cold leg is very well reproduced (probe 1), the transient is also satisfactorily captured in the 
downcomer, below the cold leg (probe 8) and the temperature decrease is well predicted further 
downstream (probe 15).  

 

 

 

 
Figure 7: CREARE – Location of selected probes and  

comparison of numerical results to experiment for associated temperature transients. 

 
 



Conclusions 
 
The CFD simulations achieved with Code_Saturne for a mixing zone configuration are in 

coherence with those expected. The complex hot and cold structures, and especially those created at 
the junction of the two jets, have been reproduced correctly by the CFD simulation. The presence of 
secondary eddies is also pointed out by the convection of the cool jet towards the inner part of the 
bend and of the hot one towards the upper part downstream of the bend. The calculation has 
qualitatively exhibited a coherent flow pattern with experimental temperature measurements for the 
mixing zone of a T-junction.  

 
The computational results obtained for the thermal shock analysis configuration prove the 

capability of Code_Saturne to account for the stratification progress in the cold leg, the detachment 
and the mixing in the downcomer zone. Correct representation of these phenomena is important to 
accurately evaluate transient thermal loading on RPV during cold safety injection in SBLOCA 
conditions.  

 
The simulations presented here are part of the work carried out at EDF in 2001 to qualify the 

CFD software Code_Saturne for nuclear single-phase applications. They illustrate an important phase 
of the integration of a CFD tool in an industrial approach with nuclear safety at stake. To achieve 
quality CFD simulations, attention has been devoted to the qualification team composition, the 
sensitivity to numerical parameters has been checked, and comparisons to experiments and to the 
results of other codes have been exploited. The whole process has been precisely documented.  

 
The conclusions of the qualification guarantee the quality level of results produced with 

Code_Saturne. Moreover, this extensive work also provided the opportunity of constructing an 
internal base of well-documented studies associated to specific best practice guidelines that are 
available as a reference for future industrial studies.  
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