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Abstract 
 

 
 
The simulation of H2 distribution and combustion in confined geometries such as nuclear reactor 
containments is a challenging task from the point of view of numerical simulation, as it involves quite 
disparate length and time scales, which need to resolved appropriately and efficiently. CEA is involved in 
the development and validation of codes to model such problems, for external clients such as IRSN (TONUS 
code), TECHNICATOME (NAUTILUS code) or for its own safety studies. This paper provides an overview 
of the physical and numerical models developed for such applications, as well as some insight into the 
current R&D topics which are being pursued. Examples of H2 mixing and combustion simulations are 
given.
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1. Introduction 
 

The leakage of combustible gas mixtures in confined geometries represents a safety hazard which requires 
the ability to : (a) evaluate the production or sources of combustible gases, (b) compute the distribution of 
the gas mixtures in the volume and predict the risk of deflagration or detonation and (c) compute the 
thermal, quasi-static or dynamic loads on the structures due to different combustion modes. In the field of 
nuclear reactor safety, where the defence-in-depth concept is applied, the containment acts as the last 
protection barrier in the event of a severe accident. Of particular interest here are postulated accidents known 
as Loss of Coolant Accident (LOCA) with core degradation, leading to the release of steam and hydrogen in 
the containment. To demonstrate the absence of combustion or detonation risk (by dilution effects for 
example), or the effectiveness of mitigation devices (such as catalytic recombiners), CFD is now 
increasingly being considered as a valuable tool, able to provide more insight into the complex thermal-
hydraulics than so-called Lumped Parameter models (for example [1]) currently used by code vendors or 
safety authorities. But simulating such postulated accident sequences for safety analysis purposes represents 
a genuine computational challenge: long transients of several hours or even days have to be considered, as 
well as large scale (typically over 50000 m3 for French Pressurized Water Reactor containments) complex 
geometries. 
 

General-purpose commercial CFD codes are generally considered inadequate to simulate flows in 
reactor containments, as specific “reactor” models are required for the analysis: condensation of steam onto 
the internal structures and the walls is an important phenomenon, which drives the natural convection flow 
loops inside the containment, and is the main heat transfer mode to the walls. Specific systems which have 
an impact on the flow structures also need to be accounted for: models for sumps, spray systems or catalytic 
recombiner models are thus required. Beyond the need for specific models, it is also quite clear that 
computing a whole accidental sequence in large scale geometries with detailed 3D simulation tools is 
beyond the present capacity of modern computers, and also perhaps unnecessary. Coarse models such as 
provided by so-called Lumped Parameter models have been extensively used in the past for safety analysis, 
and will probably continue to be used in the coming years. These Lumped Parameter models, based on mass, 
momentum and energy balance equations for very large cells or compartment volumes, provide global 
values for gas concentrations, pressure and temperature – but are unable to provide detailed assessment of 
local gas concentrations, stratifications, etc. Thus, to evaluate the flammability or detonability risk of gas 
mixtures, CFD-like simulation is required. 
 
 

2. On the wide range of governing equations 
 

From a computational point of view, the simulation of the thermal-hydraulic flows that can occur in a 
nuclear reactor containment in the event of a severe accident is a challenging task. It requires the modeling 
of three-dimensional unsteady, multi-component, turbulent, buoyant, reactive or non-reactive flow, 
compressible (on a wide range of Mach numbers) flows – with phase change due to wall or bulk 
condensation of steam. Other phenomena may have to be taken into account, such as hydrogen risk 
mitigation through the use of passive autocatalytic recombiners – or steam pressurization limitation 
measures by spray-induced condensation. 
 
A typical accident scenario in which a breach in the reactor coolant system occurs, involves the release of 
steam into the containment, leading to a pressurization of the atmosphere. Together with the condensation of 
steam onto “cold” surfaces such as the walls of the containment or inner structures, the steam release at the 
breach produces turbulent mixed convection flows. Later in the scenario, and in the event of core 
degradation, hydrogen will be produced and released into the containment at a high temperature, leading to a 
further pressurization. From a modeling point of view, turbulent buoyant flow of steam, air and hydrogen in 
a confined volume may be described by the unsteady multi-component compressible Navier-Stokes 
equations, or since the Mach numbers remain very small (typically of the order of 10-3), by a low Mach 
number approximation of these equations. 
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Obviously, the presence of hydrogen and air poses a risk of explosion – and therefore, a threat to the 
containment’s structural integrity. Since hydrogen and air are not uniformly mixed, and with steam playing 
an inerting role, many combustion regimes may be envisaged, from slow deflagrations to fast turbulent 
flames up to detonation. If hydrogen is ignited at the source, i.e. near the breach, standing flames may also 
occur. From a modeling point of view, a very wide range of flow regimes has to be considered: the low 
Mach number compressible equations can adequately describe slow deflagrations or diffusion flames, the 
full compressible reactive Navier-Stokes equations may describe fast turbulent flames, and detonation is 
usually modeled using the compressible Euler equations. In each case, multi-component flow has to be 
considered. 
 
 

3. On the wide range of scales 
 

Containment thermal-hydraulics, and more generally, flows in large scale geometries, involve a very wide 
range of spatial and time scales. Release and mixing of gases in case of stratification is a long process, which 
can last several hours. During this “distribution” phase, physical processes with small characteristic time 
scale also occur, such as condensation phenomena. In the combustion phase, very fast processes occur of the 
order of the second – the chemical reaction itself – which may be followed by a long decay period in which 
the pressure decreases from the effect of the heat losses. 
 
From the point of view of spatial scales, volumes of several tens of thousand of cubic meters have to be 
considered (typically over 50000m3 for French Pressurized Water Reactor containments). Yet breaches in 
the coolant system or thermal or condensation layers near walls are of the order of a few tens of centimeters, 
so that local flow gradients may exist at this much lower scale.  Obstacles inside these volumes may range 
from a few centimeters to several meters. Flame or detonation fronts are typically of the order of a few 
centimeters wide – and their accurate resolution or representation is necessary to restitute flame speeds and 
dynamic loadings. 
 

4. On numerical methods 
 

When faced with the challenge of simulating this wide range of flows, one is faced with the option of 
developing for each type of flow the most appropriate (i.e. accurate and efficient) numerical method – or 
developing a single method suitable for all flow regimes.  
 
As far as we know, at present, there isn’t any single numerical method able to treat accurately and efficiently 
flow regimes which range from slowly evolving nearly incompressible buoyant flow to fast transient 
supersonic flow. The HMS/GASFLOW code for instance, developed at Los Alamos [2] and further 
improved at FZK [3], is based on the ICE method, can deal with both distribution and combustion. However, 
in practice, for combustion simulation, the use of shock-capturing method is preferred, implemented in a 
separate code called DET3D [21]. In the hydrogen risk analysis tools we are developing, the TONUS (CEA-
DEN/IRSN) code for civilian PWR, the NAUTILUS code (CEA-DPN/TECHNICATOME) for navy PWR, 
and the CAST3M-ITER code for fusion reactor safety analysis, we have chosen to implement and develop in 
the same computational platform, the CAST3M code, state-of-the-art numerical methods: 

- For distribution calculations, an efficient pressure-based solver using a semi-implicit incremental 
projection algorithm which allows the use of “large” time steps; 

- For combustion calculations, a robust and accurate density-based solver using a shock-capturing 
conservative methods. 

 
The quest for a single method to compute both distribution and combustion phases of an accident scenario is 
also the object of current R&D work, which we will detail below. It is hoped that in the near future, such 
“universal” method may be used to model containment thermal-hydraulic flows as efficiently and accurately 
as the present methods we have developed. 
 

4.1 Numerical methods for hydrogen distribution 
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4.1.1 Asymptotic low Mach number models 
 
As mentioned previously, during an accident scenario, a pressure rise occurs because of the release of 
large quantities of steam into the containment. However, the flow velocities remain small compared to 
the sound speed, i.e the Mach numbers are small, characterizing the stiff nature of the compressible 
Euler or Navier-Stokes equations in these conditions. Numerical solvers based on these equations tend 
to exhibit both a loss of accuracy and efficiency [12,16-19]. An alternative to solving the ill-conditioned 
hyperbolic compressible flow equations at low Mach number is to rely on an asymptotic approximation 
of the Navier-Stokes equations in the limit of small Mach numbers. This approach, followed by Paolucci 
[13] among others, leads to elliptic models in which the acoustic waves have been filtered out. There are 
a certain number of advantages to be gained from filtering the sound waves when they are of little 
importance, among them the fact that in explicit schemes, the time-step is governed by the convection 
speed (the flow velocity) and not by the acoustic wave speeds. Furthermore, existing incompressible 
flow solvers such as projection algorithms may be readily extended to these asymptotic models. 
 
4.1.2 Spatial and time discretizations 

 

The spatial discretization of the equations is obtained by a Finite Element method using in 2D bilinear 
Q1-P0 elements or quadratic Q2-P1 non-conforming elements (which provide 2nd order accuracy for 
spatial gradients or fluxes of flow variables – and thus very good accuracy for viscous flow mixing), for 
the velocity and the different mass fractions, with a constant pressure on each element. The convective 
terms are discretized using a Streamline Upwind Petrov Galerkin method with Discontinuity-Capturing 
terms (SUPG-DC), as proposed by Hughes et al. [10]. A macro-element technique has been 
implemented to locally stabilize the Q1-P0 elements [11]. The time discretization is obtained by an 
incremental semi-implicit second order (using a backward difference formula) projection method 
[8,9,22]. Iterative methods with preconditioned conjugate gradient methods are used to solve the 
different linear systems. 

 

 
 
4.2 Numerical methods for hydrogen combustion 

 
4.2.1 Compressible Euler and Navier-Stokes equations 
 
The equations governing compressible reactive flow are the multi-component Navier-Stokes equations. 
In the case of very fast flames and detonations, shock propagation becomes dominant over heat 
conduction and species diffusion as the mechanism for sustaining flames. In this case, viscous effects 
may be neglected, and the governing equations reduce to the Euler equations. Thermally perfect gas 
assumptions are valid for hydrogen combustion problems, but the temperature dependence of the species 
heat capacities (ideal gas assumption) has to be taken into account. 
 
4.2.2 Density-based Shock-capturing schemes 
 
Ever since the pioneering work of S.K. Godunov, there has been a lot of research work aimed at 
developing accurate, inexpensive and robust shock-capturing schemes. In the early 80s, two types of 
methods were pursued, “Flux Vector Splitting” methods such as the van Leer FVS scheme, and 
approximate Riemann or “Flux Difference Splitting” methods of which the Roe solver is one of the 
better known. Extension to multi-component and real gases followed until the late 90s. Contributions to 
this topic in the particular case of ideal gases with temperature-dependent heat capacities were made by 
some of the authors, including the investigation and further development of Approximate Riemann 
solvers, Flux Vector splitting and hybdrid (AUSM and HUS) schemes [6,15].  
 
4.2.3 Unstructured Finite Volume schemes 
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Cell-centered Finite Volume schemes lend themselves quite easily to the use of unstructured meshes, at 
least as far as the discretization of the convective fluxes is concerned. Indeed, flux balance residuals may 
be constructed easily for each cell by looping over the (arbitrary) number of faces of the cell. At each 
face, a one-dimensional Riemann solver is solved to approximate the flux at the interface. Extension to 
2nd order spatial accuracy may be achieved on unstructured grids using a generalized MUSCL type 
approach [5]. 
 
The evaluation of the diffusive fluxes is not straightforward, unlike in the cell-vertex Finite Element 
framework. Here, we have chosen to approximate the gradients at each interface using a linear exact 
version of Noh’s “diamond” method. 
 
4.2.4 Explicit and implicit time-integration 
 
Explicit and implicit time-integration schemes have been developed to deal respectively with fast and 
slow flame propagation. In the latter case, both backward Euler and backward differencing formula 
(BDF2, 2nd order in time) have been implemented in a Newton Krylov strategy.  
 
4.3 R&D work on numerical method for all flow regimes 

 
In this section, we will describe the on-going work aimed at developing an efficient numerical method for 
both distribution and combustion calculations. As mentioned previously, the asymptotic model is valid over 
a range of Mach numbers M<Mlim where Mlim is typically about 0.3 [12]. On the other hand, compressible 
flow solvers may be modified through the use of “preconditioning” techniques to remain accurate over a 
wide range of Mach numbers, including very small Mach numbers. 
 

4.3.1 Low Mach number preconditioning 
 
At low Mach numbers, compressible solvers become inaccurate and inefficient. The loss of accuracy can 
be traced to the erroneous behavior of the characteristic-based dissipation of upwind differencing 
schemes, i.e. the numerical dissipation scales with the speed of sound whereas dissipation based on the 
(much smaller) convection speed would be required. In terms of efficiency, explicit schemes suffer from 
a severe constraint on the time step due to the disparity between sound speed and flow velocity, whereas 
implicit schemes lead to ill-conditioned (for the same reason) Jacobian matrices. 
The former problem can be removed by modifying the numerical dissipation of the schemes through the 
use of a so-called “preconditioning” matrix, and we refer to the work of Turkel, van Leer and others 
[16,17] for details on this topic. The problem of efficiency can be similarly dealt with a preconditioned 
dual-time step strategy [18]. 
We have implemented both Turkel-type preconditioning for Flux Difference splitting schemes and a low 
Mach number version of the AUSM+ scheme [19] based on similar concepts. 
 
4.3.2 Free matrix methods 
 
One of the drawbacks of the implicit solution of the compressible Navier-Stokes equations is the 
memory requirement to store the Jacobian matrices. For three-dimensional calculations, this can be a 
limiting factor. So-called “free matrix” methods aim precisely at reducing the memory overhead by 
simplifying the resolution of the system. Typically, Jacobian matrices corresponding to the convective 
and diffusive fluxes are not stored, and only matrix-vector products are computed. It is also hoped that 
by simplifying the resolution, gains in CPU can also be achieved. 
 
Work is on-going on this particular topic, and preliminary results are promising. As an illustration, two 
results are shown, one corresponding to compressible inviscid flow, the other to nearly incompressible 
flow. The first test case is a supersonic shock reflection case, in which a shock wave (M=2.5) reflects 
onto a horizontal surface. The flow was computed using the AUSM+ scheme, with either a block 
implicit or a free matrix method. The memory requirements were reduced by a factor of 5 between the 
former and the latter, and a gain of a factor of two was also obtained in terms of CPU – see Fig. 1. 
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Fig. 1. Shock reflection case: comparison between block implicit and matrix free resolution, AUSM+ scheme 
(the convergence histories correspond to the 80x40 case) 
 
 
The second test case is the “incompressible” lid-driven cavity case. A 40x40 mesh with grid lines 
clustered near the walls is used. Two compressible solvers are used, the standard Roe solver and the 
preconditioned version of the scheme. 
 

Fig. 2. Lid-driven cavity. L
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standard solver or a pre
solutions and matrix-free s
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 these preliminary computations. The figure left shows that with low Mach 
f standard compressible solvers (such as Roe’s Flux Difference Splitting 
SM scheme), the accuracy of the solvers may be recovered even at low Mach 
t shows the convergence histories for the different cases, standard or 
ed through the resolution of a block implicit method or a matrix-free method. 
itioned case, the convergence is slow (and leads to a very dissipative solution 
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as shown in the figure right). For the preconditioned flux method, the convergence is much faster, and 
the matrix-free method is as efficient as the block implicit method. However, memory requirements in 
this case are reduced by a factor of 40%.  

 
4.3.3 A Benchmark test case 

 
In this test case, which was the object of an international benchmark of CFD codes [14], the steady state 
laminar flow of air in a differentially heated square cavity subjected to “large” temperature differences had 
to be computed, for different Rayleigh number ranging from 102 to 107, and with either constant or 
temperature-dependent (Sutherland’s law) fluid properties. The usual Boussinesq assumption is not valid for 
large temperature variations (here represented by the non-dimensional number ε = 2∆T/<T> = 0.6), and a 
compressible formulation or a low Mach number model is required. About twenty CFD groups worldwide 
participated to the benchmark – including commercial CFD vendors FLUENT and NUMECA, using various 
formulations and numerical schemes which can be cast in two categories: asymptotic models and 
compressible formulations with low Mach number preconditioning.  
 
The benchmark was organized as follows: in a first step, “blind” calculations were performed based solely 
on the specifications provided to the participants. The results were then checked on a code-to-code basis, 
and with respect to some basic physical criteria such as mass conservation and energy balance (at steady 
state, the left and right heat fluxes or Nusselt numbers must be equal). Quite surprisingly, in this phase, over 
70% of the participants provided erroneous results, with mass conservation errors. These could be traced to 
the fact that convergence to steady state was achieved in many cases without converging the inner iterations.  
To enforce mass conservation, either internal iterations have to be converged (driving the CPU time 
considerably), or imposed “artificially” at each iteration. New calculations were then made paying particular 
attention to mass and energy balance issues.  
 

  
Fig. 3. Typical Mach number distribution [0,3,7 10-4] for a natural convection case (left). Zoom of Nusselt 
distributions on hot wall for the case Ra=106, ε=0.6 and Sutherland’s law (right).  
 
Tables 1 and 2 summarize the results for the contributions that were judged the most correct (mass and 
energy conservation, grid convergence). Two solutions (FEAT, Sagaut) stood out as “reference” solutions 
from the quality of the computations, the first one based on an asymptotic model, the second based on a low 
Mach number preconditioned compressible flow solver. As can be seen from these tables, the solutions 
obtained with the CAST3M code (asymptotic model) were in quite a good agreement with those reference 
contributions. Recent computations made using the low Mach number preconditioned AUSM scheme 
described in section 4.3.1 show that very good accuracy is also reached with the compressible solver 
implemented in the CAST3M code. 
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 Contribution Model Num. Meth. <Nu>_h <Nu>_c Err Nu % Numax_h Numin_h Numax_c Numin_c P/Po

FEAT asymp FE 8,686 8,645 0,477 20,265 1,067 15,393 0,757 0,924
Caltagirone asymp FV 8,692 8,692 0,000 20,274 1,069 15,804 0,761 0,924
FLOTRAN asymp FE 8,570 8,550 0,234 19,400 0,559 16,000 0,384 0,922

Vierendeels comp FV 8,845 8,758 0,997 21,667 1,153 17,627 0,933 0,924
CAST3M asymp FE 8,699 8,677 0,257 20,313 1,078 15,488 0,757 0,925

Clerc comp FV 8,466 7,883 7,398 19,203 1,055 12,271 0,989 0,940
Le Quéré asymp FV 8,688 20,286 1,067 0,924
FLUENT comp FV 8,730 8,700 0,345 20,360 1,070 15,540 0,760 0,920
Sagaut comp FV 8,684 8,676 0,092 20,266 1,066 15,466 0,756 0,924

Waterson asymp RDS 8,790 8,760 0,342 20,520 1,050 15,420 0,740 0,928
Braack asymp FE 8,803 8,810 0,084 20,453 0,952 15,412 0,862 1,000

SATURNE asymp FV 8,774 8,601 2,015 20,507 1,098 15,593 0,738 0,918
OVERFLOW comp FV 9,209 9,129 0,883 22,000 1,102 16,233 0,843 1,000

ARES comp FV 8,802 8,802 0,000 21,069 1,072 16,206 0,671 0,921
Merkle comp FV 8,707 8,577 1,518 20,448 1,067 15,331 0,735 0,923

NUMECA comp FV 8,690 8,688 0,015 20,296 1,068 15,544 0,758 0,924

 
Table 1. Benchmark results for the case Ra=106, Sutherland’s law [14], detailing the different contributions 
name of code or author, asymptotic model or full compressible model, Finite Element, Finite Volume or 
Residual Distribution formulation. 

 
Table 2. Benchmark results for the case Ra=106, constant property case [14]. The last line (CAST3M, 
compressible model, Finite Volume scheme) is a new result, obtained using the low Mach number 
preconditioned AUSM scheme described in 4.3. 

Contribution Model Num. Meth. <Nu>_h <Nu>_c Err Nu % Numax_h Numin_h Numax_c Numin_c P/Po

FEAT asymp FE 8,860 8,861 0,007 19,605 1,073 16,375 0,855 0,856
FLOTRAN asymp FE 9,550 9,490 0,632 21,100 0,589 18,400 0,469 1,000

Vierendeels comp FV 9,003 8,994 0,093 20,846 1,171 17,988 0,987 0,856
CAST3M asymp FE 8,864 8,863 0,015 19,623 1,077 16,360 0,860 0,857

Clerc comp FV 8,689 8,690 0,009 19,194 1,082 15,697 0,975 0,863
Sagaut comp FV 8,860 8,860 0,000 19,598 1,073 16,361 0,854 0,856

Waterson asymp RDS 8,940 9,080 1,542 19,810 1,056 16,650 0,849 0,859
SATURNE asymp FV 8,837 8,896 0,662 19,555 1,074 16,542 0,863 0,858

OVERFLOW comp FV 9,818 9,854 0,362 22,437 1,142 18,593 0,951 1,000
Merkle comp FV 8,878 8,881 0,033 19,755 1,073 16,566 0,845 0,856

NUMECA comp FV 9,671 9,654 0,173 21,935 1,121 18,218 0,901 1,000
CAST3M comp FV 8,901 8,901 0,000 19,863 1,074 16,814 0,848 0,851

 

 
5. Examples of H2 risk applications 

 
In this section, we describe some typical calculations performed at CEA with the hydrogen risk code 
TONUS or the general purpose CAST3M code (for fusion or non-nuclear application). For examples of 
TONUS calculations performed by IRSN, the reader is referred to [7,21].  
 

5.1 MISTRA ISP-47 benchmark 
 
The International Standard Problem (ISP) No. 47 is an on-going OECD-sponsored benchmark exercise 
dedicated to the validation of containment thermal-hydraulic codes – both lumped-parameter and multi-
dimensional [23]. In the first phase of the ISP, two experiments had to be computed, an open test from the 
IRSN facility TOSQAN (7m3), and a blind test from the CEA facility MISTRA (100m3) [24]. CEA also 
participated in the ISP from the computational point of view by computing the MISTRA experiment with 
the TONUS code (v2003.D) – more to test the ability of the code than to “compete” with the other codes 
since the calculation was not performed in a blind manner. 
Fig. 4 and 5 show the different TONUS calculations that were performed (2D axi-symmetrical or 3D), 
including sensitivity studies with respect to mesh size, convective heat transfer models, and turbulence 
models. Details will appear in a forth-coming paper. 
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Fig. 4. Two-dimensional and three-dimensional meshes for the TONUS calculations of ISP-47. 

 
 

Fig. 5. Temperature isolines in the two-dimensional axi-symmetric computation (left). Sensitivity study with 
respect to turbulence modeling (constant eddy viscosity, mixing length or k-ε models) 
 

5.2  ITER H2 risk analysis  
 
The CAST3M code is presently being used by CEA to perform some H2 risk analysis studies related to the 
nuclear fusion reactor ITER. Accident scenarios involving breaks in the vessel wall coolant loops, or leaks 
in the cryogenic systems are being investigated with the objective of determining how hydrogen would mix 
in the vacuum vessel (VV) – and whether it could burn, and code to code comparisons between CAST3M 
and the German codes GASFLOW (distribution) and DET3D (detonation) are made. From a computational 
point of view, three-dimensional meshes of the ITER VV geometry have been developed which accurately 
describe the different ports of the system. Distribution calculations have been made using the pressure-based 
solver described in section 4.1, with modifications to take into account the near vacuum initial conditions 
and the very rapid pressurization which occurs in the event of a breach. A mesh of about 75000 nodes was 
used for these calculations. Hydrogen combustion calculations have also been made using the compressible 
flow solvers described in section 4.2, with a slightly coarser mesh of 50000 cells. Illustrations of such 
calculations are depicted in Fig. 6. The use of unstructured mesh solvers to deal with such geometries is 
certainly an advantage for these kinds of computational analyses. 
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Fig. 6. 3D ITER Vacuum Vessel mesh and examples of H2 distribution and combustion calculations, made 

with the CAST3M code. 
 

5.3  ECORA scoping test 
 
This test case, performed in the framework of the 5th FP European project ECORA (Evaluation of 
Computational Fluid Dynamic Methods for Reactor Safety Analysis), was aimed at evaluating the 
performance of CFD tools on a simplified test configuration, prior to the analysis of experiments to be 
performed in the PANDA facility of the Paul Scherrer Institute (PSI). This simplified test involved the 
injection of hot steam into a vessel representative of the PANDA drywell, initially filled with air. The vessel 
was assumed to be a hexahedron, of dimensions LxDxH = 4x3.2x8 ≈ 100m3, where L is the width, D the 
depth, and H the height. A pipe leading to another vessel allows the mixture to be vented. Steam 
condensation was not modeled – which makes the test case not very representative of containment thermal-
hydraulic conditions – but still interesting from the point of view of computational efficiency, in terms of 
implicitness and use of “large” time-steps. 
 
The test was performed by several partners of the project with commercial CFD software (CFX, FLUENT), 
and by CEA with the TONUS code, using the pressure-based solver described in section 4.1. Only results 
with the TONUS codes are commented here.  
 
A sensitivity study was performed, with respect to the mesh size and the time-step. An example of a mesh 
used and the temperature field obtained after 50s of physical time is shown in Fig. 7. The results are 
summarized in table 3. All computations were performed on a Linux PC, with a 1.6GHz processor. As can 
be seen, quite sensible gains in CPU can be made by increasing the time-step, which the robust implicit 
solver allows. This is particularly necessary when computing transients lasting several hours up to a day. 
However, it has to be said that this can be at the expense of the accuracy of the solution. Clearly, a 
compromise has to be found between computational efficiency and solution accuracy. 

10 



 
Mesh size (# nodes) Typical mesh size 

(in m) 
(Constant) Time-
step (in s) 

CPU (in h) 

4422 0.329 0.05 1h30 
29490 0.169 0.05 9h 
88432 0.115 0.05 41h15 
88432 0.115 0.25 11h40 

Tab. 3: CPU vs. mesh size and time-step for the ECORA scoping test. 
 

 
Fig. 7: 3D mesh (over 88000 nodes) and temperature isolines after 50s of injection [298K – 403K] 
 

5.4  H2 dispersion in a confined garage-like geometry 
 
In the event of the introduction of H2-powered cars (using fuel cell technology for example), accidental 
release of hydrogen in confined spaces such as car parks or individual garages is a safety concern. The 
accurate prediction of hydrogen dispersion is of importance to determine the conditions under which an 
explosive cloud could form. Venting in this case can play an important role in preventing the accumulation 
of hydrogen. Following a study on this topic [20], we have simulated in a two-dimensional geometry the 
effect of hydrogen release in a garage-like geometry, with the presence of one or two vents. The dimensions 
of the garage are LxH=2.27m x 1.15m, and that of the vent is d≈85cm. The H2 release is characterized by a 
flow rate ϖ = 10-3 kg/s-1m-1. At the (open) vents, a constant pressure of 1 bar is imposed. The flow is 
simulated over 1600s (over 25min), using the implicit Finite Volume formulation with the multi-component 
(Air, H2) AUSM+ scheme. Iterative methods (GMRES with ILU0 preconditioning, dimension of Krylov 
space equal to 200) are used in an unsteady time-marching strategy, in which each time-step is converged 
about two orders of magnitude (in about five iterations). 
 
As shown in figure 8, the hydrogen mass inside the garage increases linearly in the first 70s, whether the 
lateral vent is opened or not. Hydrogen starts escaping the garage through the top vent after 70s, and we 
observe that the presence of the lateral vent has a strong effect on the stratification levels of hydrogen within 
the garage. In fact, when the lateral vent is opened, the hydrogen mass increases very slowly and remains 
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smaller  than 0.02kg. The hydrogen volume fraction in the two configurations are also shown: in both cases, 
a stratification of the lighter gas is observed, but much richer mixtures are obtained when the lateral vent is 
closed. 
 

 

 
Fig. 8. H2 dispersion in a garage. Effect of venting (lateral vent open or closed) on the stratification of 
H2.From top to bottom, left to right: geometry, time evolution of total mass of H2 in the two configurations, 
volume fraction of H2 with the lateral vent closed, volume fraction of H2 with the lateral vent open. 
 

6. Conclusions 
 
An overview of the computational models developed at CEA to simulate hydrogen release, mixing and 
combustion in large scale geometries has been made. Efficient solvers are now available to simulate either 
mixing or combustion processes. The validation of these methods against experimental data and in code to 
code (including commercial CFD software) comparisons is an on-going process, performed by CEA and 
IRSN (for the TONUS code). An on-going R&D effort is also being conducted to develop accurate and 
efficient numerical methods for all flow regimes, and for slowly evolving to fast transient flows, based on 
state-of-the-art Unstructured Finite Volume schemes and implicit solvers. These methods will be compared 
with the existing methods in the near future. 
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