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ABSTRACT 

 
This paper reports the preliminary studies carried out with the CFD code Trio_U to study the natural 
gas circulation that can establish in the primary circuit of a pressurized water reactor during a high-
pressure severe accident scenario. Two types of 3D simulations have been performed on one loop 
using a LES approach. In the first type of calculations, the gas flow in the hot leg has been 
investigated with a simplified representation of the reactor vessel and the Steam Generator (SG) tubes. 
Structured and unstructured meshing has been tested on the full-scale geometry with and without 
radiative heat transfer modelling between walls and gas. The second type of calculations deals with the 
gas circulation in the SG. The first results show a good agreement with the available experimental data 
and provide some confidence in the Trio_U code to simulate complex natural flows. 

 



INTRODUCTION 

 Some specific PWR severe accidents such as station blackout with a total loss of feed water can 
lead to core meltdown at high pressure. For these types of accidents, the temperature and the pressure 
conditions can induce reactor cooling system ruptures by plastic or by creep failure. If this rupture 
takes place on a hot leg or on the surge line before the vessel fails, the depressurisation can avoid 
corium ejection at high pressure and the risks linked to direct containment heating. If the first break 
occurs on a Steam Generator (SG) tube, it can lead to containment bypass and thus to fission products 
release outside of the reactor building.  

 In order to predict the consequences of a high-pressure accident, it is necessary to simulate the 
natural gas circulation that transports energy from the core to the other structures of the primary 
circuit. One of the main areas of uncertainty is the modelling of the natural counter-current circulation 
that can establish in the hot legs and in the steam generators if liquid water stays in the pumps suction 
volumes. In this situation (see fig. 1), hot vapour flows out of the core to the SG inlet plenum. Some of 
the flow mixes with the fluid in the inlet plenum while some continues into the SG tubes. The hot 
vapour cools as it flows through the tube bundle to the outlet plenum and comes back to the inlet 
plenum because of the water plug in the cold leg. Again, some of this flow mixes in the inlet plenum 
and some returns directly to the reactor vessel through the bottom of the hot leg. In the system codes 
like SCDAP/RELAP5 [1] or ICARE/CATHARE [2], which are 1D-codes, this recirculation scheme is 
modelled by means of special nodalizations. These are based mainly on experiments carried out by 
Westinghouse on a reduced-scale mock-up with a simulating fluid [3].  

 The experiments can’t completely avoid scaling distortions because of the complex geometry and 
because of the fluid conditions. Thus a numerical approach has been adopted by the IRSN in order to 
study and to get additional data on this specific gas flow. The objectives of this analysis are  

• to precise the values of the main thermalhydraulic parameters required for the system 
analysis and 

• to examine the local thermal loadings on the structures.  

 To this end, collaboration has been engaged with the CEA, which develops the CFD code 
Trio_U. This paper reports the preliminary studies carried out to demonstrate the capability of Trio_U 
to simulate multi-dimensional natural-convection and recirculating flow phenomena that are 
encountered in a PWR primary circuit during a high-pressure accident scenario. 

 
 

Figure 1 : Hot leg and steam generator recirculation scheme (from [3]) 



DESCRIPTION OF THE GEOMETRY 

 The geometric layout of the three-dimensional model is shown in fig. 2. It corresponds to the loop 
with the surge line of a French PWR 900 MWe, where the real dimensions are applied (see table 1) 
except for the U-shaped-tubes. The number of tubes modelled has been divided by 9 with respect to 
the real SG in order to limit the number of computational cells in the U-shaped-tubes. The overall flow 
section of the tube bundle is conserved by increasing the internal diameter of the modelled pipes. 
Furthermore, only a simplified representation of the reactor vessel is used in order to predict 
approximately the flow configuration at the hot leg entrance. 

 

 In order to get reasonable computing times, the feasibility calculations have not been performed 
with the whole domain. In a first step, the gas flow in the hot leg and in the steam generator have been 
studied separately by means of two new geometries extracted from the previous one. These two 
geometries are shown in figs. 3 and 4.  

Table 1 : Main dimensions of the components 

Element Main dimensions 

Hot leg Length = about 6 m for the straight part; Internal diameter = 737 mm 

Steam generator plenums Internal radius = 1590 mm 

Steam generator tubes Number = 3330 reduced to 366 
Internal diameter = 19.685 mm increased to 59.055 mm 
Mean total length = 21.4 m (9.2 m for the straight part) 

 The boundary conditions applied in the both models are chosen with respect to the physical 
phenomenon to be analysed :  

• stratification in the hot leg,  
• mixing in the steam generator inlet plenum and  
• flow distribution between U-shaped-tubes in the steam generator.  

 The opening and closing effect of the pilot operated relief valves on the flow is not considered in 
this study. Thus, the surge line and the pressurizer have not been included in the models presented 
here. 
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Figure 3 : Hot leg flow model 
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THE TRIO_U CODE 

 Within the Trio_U project, a new thermalhydraulic code is under development at the CEA, which 
is especially designed for industrial Large Eddy Simulations (LES) on structured and  non-structured 
grids of several tens of millions of nodes [4]. The platform independent code is based on an object 
oriented, intrinsically parallel approach and is coded in C++. The flexible code structure allows the 
user to choose a suitable discretization method and to combine various appropriate physical models. 
Several convection and time marching schemes as well as a wide range of boundary conditions are 
available. This flexibility is implemented without a reduction of the overall performance of the code. 

The physical model  

 The code is designed for both  incompressible and low Mach Number compressible flows. 

Conservation equations 

 Using Boussinesq’s approximation, the conservation equations for the mass, the momentum and 
the energy are given in differential form by using the vector notation. 

Conservation of Mass:  
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Conservation of Energy: 
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Turbulence modelling : Large Eddy Simulation 

 In order to separate the large-scale motions from the small-scale fluctuations, a filter operation is 
applied on the conservation equations. In this operation, only the non-linear terms lead to contributions 
of the unresolved scales to the resolved ones. These contributions are summarised and defined in the 
subgrid scale tensors [5]: 
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 In analogy to the Boussinesq’s eddy viscosity concept, the subgrid scale tensor τ
rr

 is related to the 
large-scale strain tensor. This leads to the filtered momentum equation for turbulent flow where in the 
equation (6) and the following equations, the special notation of the filtered quantities is omitted:  
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 The turbulent viscosity νt is calculated with the Smagorinsky’s model. This simple model is based 
on the Reynolds stress tensor of the resolved scales.  
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 The turbulent heat flux is evaluated using an apparent turbulent conductivity λt = (ρ νt Cp) / Prt 
where Prt is the turbulent Prandtl number (Prt = 0.9). Finally, the filtered energy equation can be 
expressed in the form: 
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The radiation model 

 The radiative heat transfer in an absorbing, emitting and scattering medium (radiatively 
participating gas) is described in Trio_U by the P1-model [6]. The equation to solve involves the 
incident radiation G (direction integrated value of the intensity): 
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The radiative model is then coupled to the energy balance (eq.(3)) of the fluid by the source term: 
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The numerical model 

 In Trio_U, the discretisation of the conservation equations is available on structured and 
unstructured grids: 

• For structured grids, the classical staggered mesh Marker And Cell (MAC) « Finite 
Volume » FV method is used.  

• For unstructured grids, the hybrid « Finite Volume based Finite Element » FV/FE 
method is applied. This method consists in determining for a continuous problem a 
discrete solution in the space of the finite element by maintaining the balance notation of 
finite volumes. The space discretisation is performed with triangles in 2-dimensional 
case and with tetrahedral cells in 3-dimensional case. In Trio_U, the main unknowns 
velocity and temperature are located in the centre of the faces of an element (triangle or 
tetrahedron) whereas the pressure is discretised in the centre and in the vertices of the 
element (staggered mesh). 

 The implemented solution method is a matrix projection scheme derived from the SOLA method 
originally developed by Hirt [7]. For this method, the pressure is taken implicitly in the momentum 
equations and the velocities are taken implicitly in the continuity equation. All other terms are taken 
explicitly.  

The parallelism 

 A new object oriented, parallel data structure was developed which is especially designed in order 
to hide the parallelism to the user. As a consequence, new physical methods and numerical schemes 
that are introduced in the code will no more lead to new developments for their parallelization. The 
following designing choices were made:  

• Parallelization model -> Data parallelism.  
The initial domain is split into smaller overlapping sub-domains which are distributed 
among the available processors. 
 



• Programming model ->SPMD  
All the processors execute the same code by using different data. 

• Communication model-> Message passing  
The communication between processors is explicit using PVM and MPI libraries. 

 Since the application is intrinsically parallel, only one problem is treated which is solved in 
parallel by several processors. Therefore, the calculation domain is distributed in a load-balanced way 
among the available processors where the initial distribution is achieved using partitioning tools like 
METIS or SCOTCH. In order to optimise the communication between processors, frontier values of 
the sub-domains are exchanged only when needed. 

NUMERICAL RESULTS AND OBSERVATIONS 

Hot leg calculation 

 The results of three calculations performed with the hot leg flow model are compared. The first 
calculation has been performed with the Finite Volume (FV) method on a structured grid, the second 
one with the hybrid Finite Volume based Finite Element (FV/FE) method on an unstructured grid and 
the third one with this same last method but taking into account radiative exchanges in the fluid. The 
calculations have been performed on a COMPAQ SC232 parallel computer using six processors to 
take advantage of the TRIO_U code parallelism. The values of the initial and boundary conditions as 
well as the characteristics of each calculation are listed in the table 2. Temperatures and gas flow rates 
imposed on the boundaries result from the analysis of a total station blackout transient carried out with 
the MELCOR code. The gas flow rate at the vessel inlet, however, only ensures the flow rate range in 
the hot leg from 1 kg/s to 2.5 kg/s what corresponds to that at the end of the transient given by the 
MELCOR simulation. The flow rate in the hot leg shows to be rather independent form the flow rate at 
the core outlet, i.e. vessel inlet. 

Table 2 : Initial and boundary conditions for the hot leg calculations 
  FV FV/FE FV/FE with 

radiative heat 
transfer 

In-vessel temperature 1500 K 1500 K 1300 K 
Hot leg and SG fluid 
temperature 

1300 K 1300 K 1100 K 
 
 

Initial values 
Velocity 0

rr
=u  0

rr
=u  0

rr
=u  

Temperature at the vessel inlet 
(uniform) 

1500 K 1500 K 1300 K 

Temperature at the SG inlet 
(uniform) 

1300 K 1300 K 1100 K 

Gas flow rate at the vessel 
inlet (mean velocity) 

23 kg/s 
(0,26 m/s) 

23 kg/s 
(0,26 m/s) 

23 kg/s 
(0,26 m/s) 

 
Boundary 
conditions 
(see fig. 3) 

Gas flow rate at the SG inlet 
and outlet (mean velocity) 

6 kg/s 
 (0.1 m/s) 

6 kg/s 
 (0.1 m/s) 

6 kg/s 
 (0.1 m/s) 

Total number of control 
volumes 

600 000 750 000 220 000 

Number of control volumes in 
the hot leg included the SG 
plenums 

210 000 680 000 77 000 

 
 

Meshing 

Average distance between two 
points in the meshing 

35 mm 15 mm 35 mm 

 



FV and FV/FE results 

 Figures 5, 6 and 7 on the next pages show the fluid temperature and velocity after 34 s for the FV 
and FV/FE calculations. In figs 6.3 and 7.3, the axial velocity at three different locations in the hot leg 
pipe (the origin is taken at the junction between the vessel and the tube) is shown using the colour 
scale. The vectors of the velocity field projected in the three cross-sections are also plotted. For both 
calculations, a stable inclined stratification is observed in the hot leg with an average flow velocity of 
about 0.3 m/s. The shear layer between the counter-current flows is clearly visible on the figure 5 
(there is no thermal boundary layer developing from the wall because of the adiabatic condition 
imposed on the pipe). The angle of the stratification plane in the straight part of the hot leg is about 
1.75°. This angle is in good agreement with the value of 1.9° measured by Westinghouse. 

 In the tube bend, the hot flow is accelerated due to buoyancy forces and forms a vertical plume in 
the SG inlet plenum. This plume is strongly affected by vortexes that have already been developed in 
the plenum. Consequently, there is no stable impact zone at the inlet of the U-tubes.  

The secondary flows (see figs. 6.3 and 7.3) observed at the hot leg inlet are damped by thermal 
stratification at 3.5 m and are strongly regenerated in the bend where some hot gas is dragged by the 
cold flux as shown in the fig. 6.2. This mixing leads to a homogenisation of the temperature and thus 
could reduce the mechanical constraints in the bend wall that has been identified as a critical zone for 
induced failures [8]. 

 

 

Fig. 5.1 : FV/FE calculation 

 

Fig. 5.2 : FV calculation 

Figure 5 : Fluid temperature in the hot leg 
(cross-section view located at 3.5 m from the vessel) 

 



 
Fig. 6.1 : Fluid temperature at the wall 

 
Fig. 6.2 : Fluid temperature (vertical cross-section view) 

 
Fig. 6.3 : Fluid velocity in the hot leg 
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Figure 6 : FV results 
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Fig. 7.1 : Fluid temperature at the wall 

 
Fig 7.2 : Fluid temperature (vertical cross-section view) 

 
Fig. 7.3 : Fluid velocity in the hot leg 
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Figure 7 : FV/FE results 



Simulation of the radiative heat transfer in the fluid 

 The Westinghouse experiments, used to fix some parameters in the system codes, were performed 
at temperatures sufficiently low so that radiation doesn’t play a significant role in the energy balance. 
This is not the case during a high-pressure severe accident, where radiation contributes significantly to 
the energy transport between steam and walls. In fact, high temperature overheated steam behaves as a 
semi transparent media and acts as a participating gas on the radiative heat exchange.  

 In order to evaluate the influence of the radiative heat transfer on the flow, a calculation has been 
carried out with the P1 model implemented in TRIO_U. In equation (9), the absorption coefficient κ of 
the fluid has been estimated to a lower limit value of about 0.3 m-1. Adiabatic walls are treated in that 
way that the heat exchange to the environment is zero. The results of the simulation are shown in 
figure 8. As for the previous calculations, a stable stratification is observed. Nevertheless, the 
following differences can be noted: 

• Due to the radiative heat exchange, the hot vapour flowing in the upper part of the hot 
leg is partially cooled down by the cold vapour flowing in the lower part of the hot leg 
(see fig. 8.1). As a result, the thermal loading on this part of the primary circuit could be 
less important than forecast. 

• A thermal boundary layer is created near the wall and is coupled with a well-organised 
secondary flow composed of four counter-current vortexes. These vortexes affect the 
cross-section profile of the axial velocity and increase the mixing of hot and cold flows 
(see figs. 8.3 and 8.4). As a result, the shear layer between the two counter-current flows 
is thicker and the average flow velocity in the pipe is reduced by about 20 % compared 
to the corresponding calculations without radiation  

 

Fig. 8.1 : Fluid temperature (vertical cross-
section view) 

 
Fig. 8.2 : Irradiance (vertical cross-section 

view) 

 
 

Fig. 8.3 : Fluid temperature in the hot leg 
(cross-section view located at 3.5 m from the 

vessel) 

Fig. 8.4 : Fluid velocity in the hot leg 
(cross-section view located at 3.5 m from the 

vessel) 

Figure 8 : FE/FV results with radiative heat transfer modelling 



Steam generator calculation 

 The main objectives of the stand-alone steam generator analysis are the following points: 

• Test of the whole calculation chain implemented at CEA for transient CFD calculations 
of more than 5 million control volumes, i.e. CAD-modelling / meshing / domain 
decomposition / parallel calculation / post-processing; 

• Test of the selected numerical method and physical modelling; 
• First estimation of some thermalhydraulic parameters like the number of the direct SG-

tubes. 
 

  
Figure 9 : Steam generator CAD model and domain decomposition for 8 processors 

(tube length reduced) 
 

 Starting from a CATIA CAD-model (see fig. 9), a mesh of about 2 Mio tetrahedral meshes (5 
Mio control volumes for Trio_U) was created using the software ICEM-TETRA (64 bit version 4.2 is 
necessary). About 1.8 Mio tetrahedrons are located in the 366 SG-tubes and 200 000 in the steam 
generator plenums. The domain decomposition is done either by METIS, what leads to very 
inhomogeneous and segregated domains, or by simple geometric consideration without automatic 
optimisation of the mesh number per processor. The result obtained with this last procedure is shown 
in fig. 9.  

 A particular problem accounted for is the treatment of geometries of various meters in length (e.g. 
11 m for the SG) together with using meshes of some millimetres width. This problem occurs for the 
mesh generation, the domain decomposition (which requires very high precision) as well as for the 
convergence behaviour of the pressure solver. Visualisation of the flow fields is another difficulty 
when using more than about 5 Mio control volumes. It often requires data reduction procedures, high 
storage capacities, fast data transfer protocols and high-definition graphic workstations (or PCs). 

 After preliminary tests, the numerical scheme chosen for the SG analysis (chapter 3.2) 
corresponds to  an LES approach and using the Boussinesq’s approximation with a second order time 
scheme, a second order centred convection scheme and a second order diffusion scheme. As a 
consequence of the closed domain and the conservative numerical scheme, very strict criteria for the 
mass conservation (convergence criteria of the pressure solver) must be applied.  

 An isothermal (T=1100K) fluid in a state of rest (zero velocity) gives the initial condition. The 
velocity and the fluid temperature imposed with uniform profiles at the “tube inlet” (see fig. 4) are 



taken from the “hot leg calculation” presented before (0.42 m/s and 1300 K). The walls of the SG 
tubes are maintained at about 1100 K during the transient by using a mixed boundary condition. 

2
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  The distribution of the fluid temperatures and of the wall temperature, 8 and 25 seconds after the 
beginning of the hot injection, respectively, are displayed on figures 10 and 11. One notes that the 
vapour from the hot leg rises rapidly in a plume in the inlet plenum. A stratified fluid layer spreads 
across the bottom of the tube sheet. The flow enters the SG-tubes and cools down due to the contact to 
the cold tubes. The figure 12 presents a horizontal cut through the SG tube bundle where the axial 
velocity in the tubes is shown The impact zone of the hot jet with higher axial velocities (0.1 m/s 
maximal in this calculation and 0.4 m/s in the most realistic calculations) is clearly identified as well 
as the upward flow in the first row of SG tubes (positive velocities in red). The tubes carrying hot fluid 
are mainly concentrated in the area above the hot leg entrance. This configuration in the inlet plenum 
is in good agreement with the experiments [8]. At the given instant, the vapour flows from the SG inlet 
plenum to the SG outlet plenum through more than 30% of the U-tubes, which are called direct tubes. 
This proportion is close to the 0.3 ratio between direct and reverse tubes reported by Westinghouse [3]  

 
 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 11 : Fluid temperature 
distribution 8 seconds after the 
beginning of injection 

 

 

Figure 10 : Wall temperature distribution  
25 seconds after the beginning of injection 



 

CONCLUSION & FUTURE WORKS 

 This article presents the calculations performed with the CFD code Trio_U to study natural gas 
convection in the primary circuit of a pressurized water reactor under high-pressure severe accident 
conditions. The results show the capability of Trio_U to simulate complex natural flows and provide 
some confidence in the code. The CFD approach proves to be effective to precise thermal loading on 
the structures and to evaluate the influence of radiative heat transfer on the flow, both things difficult 
to evaluate in experimental tests with simulating fluid.  

 The next step of this work is a calculation with the whole geometry including the pressurizer. 
Higher levels of temperature will be also investigated using the low Mach number compressible flow 
model implemented in Trio_U. Furthermore, an analysis of the opening and closing effect of the 
pressure operating relief valves on the thermal stratification in the primary circuit foreseen.  

 The simulations carried out with Trio_U will be one of the elements used in the overall IRSN 
analysis of high-pressure severe accident scenarios. The main part of this analysis will be still based 
on a system code (namely the ICARE/CATHARE code) but the calculation performed at some 
specific times with Trio_U will give the main parameters to be used in the ICARE/CATHARE 
nodalization of the primary circuit. On the other hand, the results of Trio_U will be used to give more 
detailed local thermal boundary conditions to a mechanical model of the hot leg and the steam 
generator than those obtained by a system code. 

NOMENCLATURE 
Cp Specific heat at constant pressure (J.K-1.kg-1) 
CS Smagorinsky constant (-) 
g
r

 gravity vector 
G direction integrated Intensity  
n Fluid refraction index (-) 
kI Integral scale (m) 
kT Taylor scale (m) 
L Luminance 

Figure 12 : Axial velocity in the SG 
tubes 75 seconds after the beginning 
of injection 



P Pressure (Pa) 
Re Reynolds number 
Sij Reynolds stress tensor 
SR Radiative power density of the gas (W.m-3) 
ST Total power density released within the fluid (W.m-3) 
t Time (s) 
T Temperature (K) 
T0 Reference temperature (K) 
u
r

 Filtered velocity (m.s-1) 

U
r

 Fluid velocity (m.s-1) 
 
λ Conductivity (W.m-1.K-1) 
λt Turbulent conductivity (W.m-1.K-1) 
β Volumetric thermal expansion coefficient (K-1) 
ρ Fluid density (kg.m-3) 
κ Absorption coefficient of the fluid (m-1) 
σ Stephan-Boltzman constant (σ = 5.67 10-8 W.m-2.K-4) 
ν Kinematic viscosity (m2.s-1) 
νt Turbulent viscosity (m2.s-1) 

τ
rr

, Θ
r

 Subgrid scale tensors 
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