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EXECUTIVE SUMMARY

The HYCOM project, an EC Cost Shared Action, was carried out with contributions from six organisations, which included research and expert organisations as well as industry. The project aimed at extension of the experimental data base which is needed for the verification of newly developed analysis methods and codes to predict hydrogen combustion behaviour and corresponding loads on representative scale. An experimental programme in medium and large scale facilities has been performed with combustion modes, ranging from slow to fast turbulent deflagration, that were not yet covered by previous experiments. The main focus was on complex, multi-compartment geometry and on inhomogeneous hydrogen concentrations in dry test atmospheres and at ambient temperatures, which allowed precise definition of the initial and boundary conditions. Detailed data were obtained revealing specific effects of scale, multi-compartent geometry and venting. It was observed that the flow geometry has some influence on critical conditions for fast combustion regimes, however applicability of the (-criterium was confirmed also for complex enclosures.   

The data base has been used for the validation of criteria, models and codes which were developed by the partners. For several tests, blind predictive calculations were performed. Lumped parameter codes performed reasonably well in cases with slow flames, CFD codes showed better performance for fast combustion. Some phenomena like flame quenching or oscillation are not yet modelled, also description of heat losses needs improvement. 

Post-test calculations were performed for selected tests, which gave valuable information on code capabilities and on the range of validity of models and code control parameters. A number of suitable tests were identified for benchmarking purposes and relevant data are made available to interested users outside the project.  


After the validation stage, a scaling-up exercise was performed in order to evaluate the applicability of the codes to real-scale plants. The exercise was carried out on a simplified PWR containment. The assessment of the results of the validation phase and of the challenging containment calculation exercise allows a deep insight in the quality and capabilities of the CFD tools which are currently in use at various laboratories.  

    The HYCOM project contributed significantly to the establishment of a meaningful method to assess hydrogen risk in a nuclear plant containment. It consists of three steps:

(    Calculation of the time dependent gas- and temperature distribution using CFD codes

(    Assessment of the potential combustion mode using state-of-the-art combustion criteria 

(    If combustion criteria are met, the impact of the combustion needs to be calculated. 

The codes under investigation in this project are suited to predict the overall course of  combustion events and of the containment impact within their validation range. 

This project demonstrates that the quality of validation work is of prime importance. In addition to validation runs, reasonable physical models for input parameters, depending on basic mixture properties, should be validated. This could help to further reduce conservatism and uncertainties of plant application calculations.

A.
OBJECTIVES AND SCOPE

During a severe accident in a nuclear power plant, large quantities of hydrogen and steam can be produced which may threaten containment integrity. As a consequence, early containment failure due to hydrogen combustion was identified as a major contributor to large land contamination in various probabilistic risk studies. In recent years a general consensus has been reached among European safety authorities, vendors, utilities and research organisations, that early containment failure must be excluded on a deterministic basis, and that significant accident consequences must be limited to the plant site. To prove that the new safety goal will be met, numerical methods are under development. They must be validated on realistic scale and under prototypical conditions to allow reliable prediction of hydrogen distribution, combustion processes and control system behaviour in large complex containment geometries with acceptable uncertainties and little conservatism. Therefore the development of reliable physical models and adequate numerical methods is a necessary basis for integrated analysis of severe accidents, thereby enhancing safety and avoiding unnecessary conservatism. To ensure this, the analytical tools must be validated on an experimental data base which covers relevant aspects of the hydrogen problem.
Hydrogen combustion can occur in various modes depending on composition, scale and geometry. Consequently, different loads can be expected. Global pressure loads affect the containment building itself. In most cases, the level of loads depends on the total amount of hydrogen burnt, initial conditions (pressure and temperature), and an average rate of the combustion process. The local loads are more sensitive to details of hydrogen distribution inside containment, to geometry, venting areas and connecting areas between subcompartments. It is possible that the global pressure rise is below some certain safety level for a containment, but local loads are capable to damage seriously specific containment components, internal walls and safety equipment. 

Existing analysis methods and codes are mainly based on experimental data from single-compartment geometry and with uniform initial gas distributions. Earlier experimental programmes on multicompartment hydrogen combustion were usually limited due to safety requirements of test facilities. Tests in the facility that was used in this project were free of such safety constraints. The main objectives of previous tests in this facility were, however, to study necessary conditions for DDT. Complementary large scale hydrogen deflagration tests are therefore necessary for improvement of the knowledge base in the hydrogen field. 

The HYCOM project included the following main objectives:

a)  Studies of premixed hydrogen flames in non-uniform mixtures and multi-compartment 

     geometry under conditions and scale representative for severe accidents. 

b)  Evaluation of effects of scale and mixture properties on hydrogen combustion behaviour.  

c)  Test and refinement of criteria for effective flame acceleration ((-criterion). 

d)  Extension of the experimental data base on hydrogen combustion that is necessary to       

      benchmark containment analysis methods, criteria, and codes. 

e)   Validation of models and codes on experimental data and identification of ranges of       

      applicability of modelling approaches, e.g. lumped parameter and CFD techniques.

f)   Demonstration of code capabilities by full scale plant analysis.

The following steps were taken to respond to the objectives:

A) An extensive experimental programme was carried out by one of the partners (KI), on two different scales, with the focus on combustion regimes which ranged from slow to fast turbulent deflagrations. The main interest was in geometrical aspects and hydrogen concentration gradients. Although steam would generally be present in accident atmospheres, dry atmospheres at ambient temperatures were used in the tests. This was justified since the effect of steam on the reactivity of hydrogen-air mixtures was studied extensively and is considered to be sufficiently well known [1], [2]. In addition, tests at ambient temperatures allow a more precise definition of the initial and boundary conditions.

The programme yielded a great number of  test results which provides a valuable data base for model development and code validation. The experimental part was prepared and accompanied by pre-test analyses.   

B) Validation of the codes was performed against small and large-scale experiments. The work focused on calibrating the combustion models against experimental data of flame speed and pressure. The results of test analysis activities were assessed and compared.  

C) Finally, the simulation of hydrogen combustion in full size containment was performed. This exercise intended to demonstrate that the current codes and computer resources are capable of describing deflagration phenomena in a nuclear containment. Real size plant calculations were not feasible until very recently, and it is one of the first times that such an exercise has been carried out. Another aim was to assess the effect of scaling-up from small and large-scale simulations to real plant computation on the predictive capabilities of the codes.  

B.
WORK PROGRAMME


B.1  Pre-test analysis, test definition
 Pre-test calculational work  was carried out for the planning of small and large scale experiments as performed in B2. and B3. Available numerical tools were used for the definition of the boundary and initial conditions, the definition of instrumentation type, number and location, and the prediction of expected conditions during tests, e.g. combustion regimes and loads, and prediction of performance of components and instrumentation.

An important way to prove the predictive capabilities of severe accident codes is to perform blind pre-test calculations. Such an exercise was agreed as part of the HYCOM project. The blind pre-test calculations were especially made for large scale experiments in the RUT facility. Two experiments were selected, which were performed in 2000 in RUT configuration 1. Simulation results were requested to be submitted to a central server before a given deadline. In a second round, the exercise was repeated to see wether the predictive quality of the codes could be further improved. Four tests in the RUT facility were selected, however in a modified geometry (configuration 2), which was investigated in the second experimental campaign in 2001. The data to be delivered by the partners were pressure evolution and flame arrival times for selected locations corresponding to the measurement locations in the tests. In total, seven codes were involved in the blind pre-test calculations, and 23 calculations were delivered.      


B.2  Tests on flame propagation in room chains at small scale 
Tests at relatively small scale addressed characteristic features of turbulent flame propagation. Special attention was given to separate effects including ignition location, venting, heat losses, concentration gradients, blockage ratio changes, channel cross-section changes and multiple connections on the characteristic features of hydrogen flame propagation.. 

The tests were performed in a research facility using combinations of smaller test units, the DRIVER and TORPEDO tubes. These are obstructed channels of about 170 and 525 mm inner diameter respectively. The facility provided the capability to study flame propagation in obstructed channels with different blockage ratios (0 - 0.9), varying crosss sections and initially non-uniform combustible mixtures. 

Detailed experimental data were obtained on turbulent flame propagation in obstructed tubes. The measured data revealed specific effects of venting, ignition location, mixture gradients and blockage ratio changes. The data are useful to test turbulent combustion models both qualitatively and quantitatively.

B.3  Large scale tests on flame propagation in multicompartment geometry
Large scale tests in multicompartment geometry were performed in the large, robust RUT facility to examine processes of turbulent flame propagation in room chains, in multi-compartment geometry and in non-uniform mixtures on reactor typical length scales. The geometry included up to 6 compartments with obstructions for effective flame acceleration and an optional venting compartment. Tests were carried out in two different configurations with different hydrogen concentrations and ignition locations. They addressed processes with flame speeds in slow and fast deflagration regimes. The mixture compositions were chosen to provide conditions close to the critical compositions for flame acceleration. 

The gas distribution system provided the possibility to arrange different hydrogen concentrations in two parts of the facility. Local H2-concentrations were measured with a sampling method using eight sampling ports. The mixture was ignited with a weak electric spark. The measurement system included collimated photodiodes as well as piezoelectric and piezoresistive pressure transducers. Also integrating heat-flux meters were used. 

The measured data include flame arrival times throughout the facility, pressure measurements, and heat loss characteristics, both from heat flux meters and pressure transducers. The latter was achieved by the application of heat insensitive pressure transducers, which permitted to record the pressure drop rate after combustion completeness. The results thus provide important data for integral validation of turbulent combustion codes. 

The tests provided the data base for the analysis and validation work that was performed in the final Work Package (B4). A selected number of suitable tests were identified for benchmarking purposes, and relevant data are made available to those users outside the project who are interested in benchmarking hydrogen specific numerical tools.      

B.4  Analysis, model and code validation, and plant analysis

Of the large number of small scale tests, seven tests showing most interesting and typical phenomena were selected for detailed post-test analysis and code comparison. The data to be compared were flame speed and pressure evolution in selected locations. The parameter “flame speed” gives indications if the code accounts correctly for the effect of mixture richness and of geometry on flame acceleration. 

From the large scale tests in the RUT facility, two tests with different combustion regime were analysed by most of the participants. Blind calculations of these tests had been performed and good progress has been made meanwhile in the adjustment of the models. A consistent set of constants was used for the two cases, in order to prepare the benchmark exercise. 

In order to demonstrate the feasibility of real plant applications, a benchmark exercise has been performed. The geometrical configuration is a simplified enclosure that contains the main features of a PWR containment concerning hydrogen risk assessment. An early phase of hydrogen release with inhomogeneous initial distribution of hydrogen was assumed. The lower part of the containment between 13 m and 40 m,  which included the SG rooms, the pump rooms and the channels, contained hydrogen with concentration of 10 to 12%, while in the dome above 40 m, the concentration is 8%. No steam was specified, to be consistent with previous analytical work. 

The main results of the calculation, i.e. flame speeds, gas velocities and pressure evolutions, were compared and discussed. A scatter of results was observed in the demonstration calculation which was quite surprising, given that all codes had participated in pre- and post test analysis and underwent some tuning for the full scale plant application. This observation deserved a deeper discussion which is given in Section  C.5.3 of this report. 

C. WORK PERFORMED AND RESULTS


C.1 Experiments

C.1.1 Medium-scale tests

Medium-scale tests with hydrogen-air mixtures were carried out in four combinations of DRIVER and TORPEDO facilities (Figure 1). The objectives of these experiments were to study the effects of ignition location, blockage ratio, venting, and channel cross-section changes (positive and negative) on the characteristic features of hydrogen flame propagation.

The effects of venting and igniter location, X, on turbulent flame acceleration in obstructed channels were studied in configuration 1. Concentration gradients and blockage ratio changes were examined in configuration 2. Tests in configuration 3 were made to study effects of channel cross-section changes. H2-air mixtures with 10 and 13% vol. of H2 were used, representing slow and fast turbulent deflagration regimes. Tests in configuration 4 were especially devoted to the impact of flow phenomena and venting on the effective expansion ratio. In this test series, hydrogen concentration was between 9 and 10 % vol. The experimental conditions and combustion regimes that were observed in the tests are described in Tables I to IV. Measurements were made using 7 to 10 piezoelectric (PCB-H113A), 4 to 6 piezoresistive transducers, and 16 to 22 collimated time-of-arrival photodiodes. The mixtures were ignited with a weak electric spark. 

Detailed experimental data were obtained on turbulent flame propagation in obstructed tubes. The measured data revealed specific effects of venting, ignition location, mixture gradients and blockage ratio changes. Examples are presented in Figure 2 a) to c). The data are useful to test turbulent combustion models both qualitatively and quantitatively.

C.1.2  Large scale tests

Large-scale tests in the RUT facility were aimed to study processes of turbulent flame propagation in multi-compartment geometry and in non-uniform mixtures on reactor typical length scales. Previous tests in RUT facility [1],[ 3] were focused mainly on the determination of critical conditions for deflagration-to-detonation transition (DDT). The present tests address processes with lower flame speeds in slow and fast deflagration regimes. The mixture compositions were chosen to provide conditions close to the critical compositions for flame acceleration. 

A scheme of the RUT facility  with main dimensions is shown in Figure 3. The facility can be described as a large duct with variable cross-section. It can be subdivided into a number of compartments. A channel (35 m long, about 180 m3) with obstacles is connected to a larger room (“canyon”), consisting of a block of 3 compartments ((60 m3 each), and then to another, curved channel ((60 m3). In RUT configuration 1 (Figure 4, top 2 arrangements), the canyon was divided by vertical walls with BR = 0.3. In this configuration, tests were made either in a closed part of the facility, or in the whole volume with venting from the left channel.  The first group of tests was designed to be most suitable for code validation, the second was mainly directed to the verification of the (-criterion in multi-compartment geometry. Ignition locations were I1 and I2 (Figure 4). 

In RUT configuration 2 (Figure 3, bottom arrangement), two additional horizontal plates covered the walls in the canyon, which created more complex room arrangements and flow paths and provided the options of flame splitting and convergence during combustion. Ignition locations were I1 and I4 in this case (Figure 4, bottom). The canyon was closed at the entrance to the left channel so that  a confined situation existed.    

The gas distribution system provided the possibility to arrange different hydrogen concentrations in two parts of the facility, which were initially separated by a thin polyethylene membrane. Homogeneity of the gas mixture in each part was achieved rapidly using fans which operated during mixture preparation. Local H2-concentrations were measured with a sampling method using eight sampling ports with an accuracy of 0.25 % vol. The mixture was ignited with a weak electric spark. The measurement system included 45 collimated photodiodes with high time resolution and spectral sensitivity range to measure local flame arrival times. Further, 16 piezoelectric pressure transducers (0.5 Hz ( 100 kHz) and 16 piezoresistive pressure transducers (0 ( 1 kHz) were applied, of which the heat sensititity was tested and corrected. Heat flux measurements were made by 10 integrating heat-flux meters (0.02 ( 10 Hz). Initial conditions for RUT tests and some results are shown in Table V. 

Detailed experimental data were obtained on turbulent flame propagation in multi-compartment geometry at large scale. The data include flame arrival times throughout the facility, pressure measurements, and heat loss characteristics, both from heat flux meters and pressure transducers. The latter was achieved by the application of heat insensitive pressure transducers, which permitted to record the pressure drop rate after combustion completeness. The results thus provide important data for integral validation of turbulent combustion codes. Examples of pressure records and flame speed measurements for slow and fast deflagrations are presented in Figures 5 and 6. More examples are given as comparisons with the results of calculations in C.3 and C.4 . 

C.1.3 Verification of the (-criterion for multi-compartment geometry

One of the important objectives of the HYCOM project was to test the (-criterion in multi-compartment geometry. Originally the criterion was developed on the basis of tests in obstructed tubes with constant cross sections ([3] to [6]) including cases of elevated T and P and of steam dilution. The criterion gives a description of mixture properties that provide potential for effective flame acceleration (FA) in tubes with obstacles. Correlations for the critical expansion ratio ( (ratio of densities of reactants and products) were suggested in a form of ( > (*(Ea/RTu), where Ea is the effective activation energy, R is the gas constant and Tu the initial mixture temperature [6]. The effective activation energy for H2-air-steam mixtures was assumed to be a function of equivalence ratio (. This gives a correlation for the critical (* in the form of (* = (*(Tu, (). The accuracy of the criterion was estimated as ( 8% in critical (*-value. For hydrogen-air mixtures at normal initial temperature and pressure this gives the critical composition of 10.5 ( 1.3 % vol. of hydrogen. 

In cases of more complicated flow geometry, combustion processes can result in the increase or decrease of an effective expansion ratio, e.g. due to changes of cross-section along the flame path, or due to lateral venting. In the latter case the venting decreases the effective expansion of the products, and a more energetic mixture (larger () is necessary for strong FA. The opposite situation can be expected when the channel narrows along the flame path, as in tests HYC08 to HYC16 (see Table V). A large flame area in the wide section of RUT generates an excess volume of hot products acting as a gas piston, which pushes the flame along the left channel in Figure 4. It was indeed observed that the flame accelerated strongly in this channel in tests with 10% H2. High overpressures were generated in this case (see Table V and Figure 6 top). The results show, however, that the decrease of H2 concentration down to 9% (HYC15) results in a very weak combustion process with low overpressures, even though the flame is pushed through the channel by the additional gas piston. The case of 9.5% H2 (HYC16) shows a marginal behaviour. While the maximum visible flame speed is still high, the overpressures are mild, close to the constant volume combustion overpressure, Paicc. 

It is important to note that the observed shift of the critical mixture composition for strong FA in multi-compartment geometry to ( 9.5% from 10.5% in confined tubes appears to be within the limits of accuracy of the (-criterion. It may be concluded that the promotion of FA by the flow geometry cannot change the critical conditions significantly. This differs from the opposite situation when the flow geometry suppresses FA, i.e. by expansion of flow cross-section or lateral venting. In the latter case up to 40% increase of mixture ( was necessary to compensate for the suppression effect of venting, as shown in [14]. 

Another point concerns the uncertainty range of the (-criterion. Although the promoting effect of flow geometry on FA was found to be limited in strength, the existing uncertainty range of the (-criterion cannot be significantly reduced. This range covers the possible promoting effect of multi-compartment geometry, which should be taken into account in reactor applications. It may be suggested that the application of the (-criterion should be combined with CFD analysis, if further reduction of uncertainties is desired. 

C.2  

Codes Description 

The codes that were used in the analytical activities of the HYCOM project, in Work Packages 1 and 4, were CFX (GRS), TONUS 3D and TONUS LP (IRSN), COM3D and FLAME3D (Forschungszentrum Karlsruhe), REACFLOW (JRC), and B0m (KI).

B0m, CFX, COM3D, FLAME3D, TONUS 3D, and REACFLOW are computational fluid dynamics (CFD) codes while TONUS LP is a lumped parameter code. The only commercial software in the above group is CFX (AEA Technology plc). REACFLOW employs an unstructured grid (tetrahedral computational cells) while all the other codes use a structured mesh. From the point of view of the combustion model, the codes can be divided in two groups: one group (B0m, FLAME3D, and TONUS) uses the Forest Fire combustion model while the other group employs (CFX, COM3D, and REACFLOW) an Eddy-Break Up or Eddy-Dissipation model.

It is well known that the burning rate depends on the mixture composition and on the initial thermodynamics properties of the mixture. This dependency is included in different models in the codes B0m, FLAME3D, TONUS and COM3D. The combustion constants are therefore specific for the relevant conditions of a given calculation and have to be referred only to the mixture composition, initial pressure, temperature and level of grid resolution of that calculation.

TONUS

TONUS is the CEA-IRSN code treating containment thermo-hydraulics under severe accident conditions. It includes both lumped parameter and multidimensional approaches. 

TONUS LP 

The lumped parameter module [8] is based on the division of the geometry in compartments interconnected through atmospheric junctions. Mass and energy balance equations are solved in the compartments, and a simplified momentum equation is solved in the junctions.The combustion model is based on a spherical propagation of the flame in each compartment, and on the evaluation of the turbulent flame speed using the Peters correlation, which includes the effect of the turbulence intensity of the mixture composition and chemistry via the laminar flame speed and the flame thickness. The geometry is taken into account via the integral scale of turbulence. A low-Mach numerical formulation is adopted, and the model validity is limited to slow subsonic flames. Heat losses are accounted for using the Chilton-Colburn analogy.

TONUS 3D

The multidimensional model is based on the resolution of the Euler reactive equations in the gaseous mixture. The source term is evaluated using a based-on-correlations burning rate which is directly introduced in the code. The approach can be applied to slow deflagrations, fast deflagrations and detonations. Flame tracking is carried out using a forest fire model [9] on a Cartesian mesh. The flow is calculated by an explicit finite volume solver using the shock-shock Flux Difference Splitting Scheme [10]. The gases composing the atmosphere are considered as ideal. A volumetric heat sink is introduced to represent heat dissipation in the system.

FLAME3D

FLAME3D is a finite difference code that solves the Euler equations of reactive gas dynamics in 3 spatial dimensions. It works on an equidistant Cartesian mesh and uses an explicit, shock-capturing 2nd order method for the hydrodynamics part, the so-called HLL method [9]. For the chemical reaction part, the Forest Fire model is used [11]. At present, the code contains no models for heat losses or buoyancy.

B0m

B0m was developed at KI as a part of CREBCOM package for estimation of possible pressure loads resulting from combustion of fuel-air mixtures. The numerical scheme of the B0m code used first order 3D Eulerian explicit upwind flux method with central difference for approximation of the pressure gradient. A simplified thermodynamic model is used in which the equation of state of ideal gas is applied to the mixture of gases with constant heat capacities. The burning model is similar to the "Forest Fire" model. It implies that the burning rate inside mesh point is constant and it "catches fire" from the neighbouring mesh point, i.e., the burning in the mesh point starts when the adjacent mesh point is burned out to extent ( which is defined explicitly. 
REACFLOW

REACFLOW is an in-house code that has been developing at JRC with the aim of performing numerical simulations of compressible gas flows with chemical reactions. The code employs a finite-volume scheme on an unstructured 3-D computational mesh, which is composed of tetrahedra. The geometrical treatment is very similar to the one proposed by Nkonga and Guillard (1994). Variants of Roe`s (1980) approximate Riemann Solver have been implemented in the code. The code solves the reactive Reynolds Averaged Navier-Stokes equations. Turbulence closure is by means of a standard k-( model. The combustion model that has been used in the project is based on an Eddy-Dissipation model (Hjertager, 1993). The turbulent timescale is estimated as (tu = k/(  and the chemical time scale (ch is described by an Arrhenius-based expression. Further, the Said-Borghi modification has been implemented in the code. The laminar flame speed in REACFLOW is a function of the mixture composition but not of the initial thermodynamics conditions of the mixture. It is important to emphasize that this version of the code does not contain heat losses and buoyancy. Further details about the code can be found in Wilkening and Huld [18].

COM3D

The code COM3D is being developed at FZK with the focus on simulations of reacting turbulent flows. It solves the set of 3D unsteady compressible Navier-Stokes equations together with the standard k-( turbulence model and the modified Eddy-Break-Up (EBU) combustion model [15], [16]. The solver exploits an explicit shock-capturing 2nd order accurate numerical algorithm realized on rectangular equidistant grids. The modified EBU model is an extension of the standard EBU model, which takes into account distinction between the movements of flamelets and the turbulence flow. It was shown [15] that the mean reaction rate strongly depends on the ratio of turbulent kinetic energy to laminar flame velocity, when the reaction rate is controlled not only by turbulence mixing, but is also influenced by flamelet properties. The model is regarded as an extension of the standard model toward the flames with lower turbulence intensities.

CFX

CFX is a general purpose CFD code available from AEA Technology (AEA 2000). Here only the features relevant in the context of combustion are mentioned. 

The grid is block-structured and consists of hexahedral elements. Blocks and cells inside the blocks are body-fitted, which allows to follow exactly the curvature of the body to model. The code calculates numerical approximations of the Navier-Stokes equations in finite volume notation. The solver in CFX is explicit for all variables. There is a two level iteration process running to achieve convergence, an inner iteration to solve for the spatial coupling for each variable, and an outer iteration to solve for the coupling between variables. This pressure-correction step provides the velocity-pressure coupling. The SIMPLE algorithm is used for the pressure-correction step. All terms in all the equations are discretised in space using second-order centred differencing apart from the advection terms. Here a choice of discretisation methods is available in the code.

A fully implicit backward difference time stepping procedure has been implemented. Alternatively a second-order backward difference or the time centered Crank-Nicolson treatment can be invoked.

For combustion simulation the Eddy Break-up combustion model is available among others. It uses the Eddy Break-up approach in combination with a Damköhler number cut-off to model flame quenching. Various turbulence models are available including the k-( model and a low Reynolds number k-( model, an RNG k-( model, two low Reynolds number k-( models, an algebraic Reynolds stress model, a differential Reynolds stress model and a differential Reynolds flux model. They are available for both incompressible and compressible flows. The k-( model is used by default.

For the implementation of user models a comprehensive interface is available. This can e.g. be used to include heat losses in the simulation.
C.3  Blind Pre-test Calculations

An important way to prove the predictive capabilities of severe accident codes is to perform blind pre-test calculations. Such an exercise was agreed as part of the HYCOM project. A subset of experiments was selected and experimental initial conditions were specified and distributed to the partners. Simulation results were requested to be submitted to a central server before a given deadline. Two tests were selected that were carried out in configuration 1 in the experimental campaign 2000: HYC01 with a H2-concentration of  10 % and HYC02 with 11.5 %,  the mixture composition being the only difference. However, it was expected that the two experiments result in  different combustion regimes. 

The following calculations were submitted by the partners of the project:
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FZK
IRSN
GRS
KI
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HYC01
1

TONUS
CFX4.3
B05
REACFLOW

HYC02
1
COM3D
TONUS

B05
REACFLOW

HYC11
2
FLAME3D
TONUS

B0A


HYC12
2
FLAME3D
TONUS

B0A


HYC13
2
FLAME3D
TONUS
CFX4.3
B0A


HYC14
2
COM3D

FLAME3D
TONUS
CFX4.3
B0A


Of the tests carried out in RUT configuration 2 in measurement campaign 2001, four tests were selected. 

Figure 7 shows a comparison of calculated pressure histories with experimental data for test HYC01 in two locations. This test was performed twice. The experimental results showed good reproducibility, except that a time offset between ignition and the start of the fast pressure rise was observed. This results from random processes in the ignition and in the initial quasi-laminar phases which are not controllable in the tests. However, these phases are also not modelled in detail in the codes which means that the zero time point is arbitrary to a certain extent in experimental data as well as in simulations. To emphasize this, a relative time scale is given in the figures without absolute numbers, and the results were shifted in time to allow a discussion of the curve shapes rather than to give the best agreement in time with the measured data. However, all curves of one simulation are shifted by the same offset. Since the lumped parameter code TONUS calculates only the mean pressure in the system, the same curve is plotted in both locations.

CFX and TONUS predict a faster pressure rise, i.e. stronger pressure gradient, as observed experimentally, and pressure peaks at the maximum value. Depending on the probe position, CFX predicts the maximum to be higher or lower than the mean pressure from TONUS. CFX data indicate that strong pressure waves are present in the system. B05 and REACFLOW underpredict the pressure rise. B05 describes well the amplitudes of the pressure oscillations in the test data, also the general characteristics of the  pressure history. The faster decay after the pressure maximum indicates that the applied model in this code overestimates heat losses. REACFLOW predicts the slowest combustion in this test case. All codes describe the maximum pressure reasonably well, except REACFLOW, where the calculated time is not sufficient to cover the whole combustion process. Finally it should be noted that TONUS was best at predicting the total combustion time.    

Figure 8 shows results for test HYC02 with faster combustion. The locations are the same as in figure 10, and again the curves are shifted. The measured curves show only small pressure oscillations in the canyon (lower plot) but strong peaks in the curved section (upper plot). All codes predict the maximum pressure in the canyon well. However, the strong gasdynamic effects in the curved section are only described by B05 and COM3D. TONUS, COM3D and B05 predict a pressure rise similar to the experimental data. The combustion in REACFLOW is again too slow and stops before a distinct pressure maximum is reached. 

Figure 9 shows results for test HYC14 which was performed in configuration 2, i.e. in more complex geometry, resulting in a relatively fast combustion regime. Again, the codes show significant differences in pressure rise time with variations up to a factor of five, and also in the tendency  of the pressure evolution, either predicting smooth behaviour or strong oszillations. It is to be noted that the HYC14 blind prediction exercise was in the second round, i.e. experience was already available from HYC01 and HYC02 calculations. This may explain the satisfactory agreement that is found in predicting the pressure maximum.       

C.4  Analysis of Combustion Tests

C.4.1 
Analysis of medium scale tests and code comparison 

Of the large number of medium scale tests, seven tests showing most interesting and typical phenomena were selected for detailed post-test analysis and code comparison. As a challenging example, analysis of test mc043 is presented here. It was performed in the DRIVER facility (Figure 1) which is a 12 m long tube with a series of ring shaped obstacles, divided into two sections with different composition of the gas mixture. Hydrogen concentration was 13% and 10% in left and right sections respectively, and blockage ratios where 0,6 and 0,3. The mixture was ignited in position I1, i.e. at the far left side of the tube. 

Figure 10 left shows experimental and calculated flame speeds. This parameter gives indications if the code accounts correctly for the effect of mixture richness and of geometry on flame acceleration. In test mc043, the flame accelerates from left to right and reaches a quasi-steady speed of ( 500 m/s in the left section. In the right section, the reduction in hydrogen concentration and in blockage ratio causes a decrease of the flame speed. The high-speed regime of flame propagation is predicted fairly well by the codes with a tendency of overestimation in the second quarter of the tube. In the right section, some codes capture the deceleration of the observed speed, while others remain at the fast regime until the far end. This leads to a wider spread of the results.  

Similarly concerning pressure evolution, the quality of code predictions is different in the two tube sections (Figure 10, right). Table VII shows deviations (in %) from the experimental maximum pressure pE in different locations.  In the rich hydrogen-air mixture (13%), pressure profiles characteristic of the fast sonic deflagration and peak pressures are described relatively well by most of the codes. After the transition to the leaner hydrogen-air mixture (10%) which is characterized by a sharp drop of the measured maximum pressure, there are more important differences in code predictions, which is reflected in the pressure curves, in the temporal shift of the pressure rise as well as in the general profile of the transient. However, it is to be noted that the codes provide in general a conservative estimate of the pressure impulse over the whole tube length, which is essential concerning the mechanical response of walls and structures.

The differences that remain when comparing computed results to the experiment show that non-uniform mixtures are still a challenging situation for codes, especially when they are accompanied by a change in the combustion regime (fast to slow deflagration in the case of mc043). Further model development and validation work are certainly necessary in this area to handle correctly the real containment situations, where the gas distribution can be strongly non-uniform.

C.4.2 Analysis of large scale tests and code comparison  

Of the large scale tests that have been performed in the RUT facility, four tests have been selected for open post-test calculations, benchmarking and code comparison. The following calculations have been delivered by the partners:


Confi-guration
FZK
IRSN
GRS
KI
JRC

HYC01
1
COM3D

FLAME3D
TONUS 3D

TONUS LP
CFX
B0M
REACFLOW

HYC02
1
COM3D

FLAME3D
TONUS 3D

TONUS LP
CFX
B0M


HYC14
2
FLAME3D
TONUS 3D

TONUS LP
CFX
B0M


HYC08
1






Obviously, this table does not reflect the whole validation work that was carried out in the frame of this project, since other small-scale and large-scale tests were analysed by the partners.  


Details on geometrical data and combustion initial conditions of the HYCOM tests can be found in Section C.1.2. As an example, the analytical results obtained for test HYC01 are compared with experimental data and are discussed in the following. Figure 11 describes the flame speed versus distance along the photodiote line in the channel (upper line). For a correct reading of Figure 11, it is recalled that the ignition point is at the right end of the curved channel, so that the flame direction is from the right to the left in Figure 11. The flame accelerates along the curved channel and decelerates in the canyon. The combustion occurs in the slow deflagration regime during the whole experiment and the flame reaches a maximum speed of about 220 m/s.

In the curved region of the short channel from 62 m to 57 m, all codes underpredict the maximum flame speed. In the experiment, the maximum flame speed of the whole combustion process (around 220 m/s) is reached at x=57.6m. 

In the linear part of the short channel from 57 m to 51 m, a large dispersion in the flame speeds appears. CFX and TONUS LP predict lower speeds than in the experiment, whereas REACFLOW, TONUS 3D, B0m, COM3D and FLAME3D calculate higher speeds. It is also noticeable that the flame speed in the test remains quite constant, around 100 m/s; this is not the case in the computations, where flame speed increases as the flame propagates in the channel. The maximum value in this section is reached by FLAME3D, and the minimum one by CFX. At the entrance of the canyon (x=51m), the flame speeds ranges from 40 to 300m/s, the experimental value being around 100m/s.

Finally in the upper part of the canyon from 51 m to 35 m, one can observe a convergence of the calculations around the experimental value. The decreasing trend near the end of the line is well described by all the codes (no data are available for COM3D and TONUS LP at the very end of the line). 

In the pressure history graphs (Figure 11, right) the position of the curves on the time axis does not correspond to the real position in time. For a better readability all the curves were arbitrarily shifted along the x axis according to their relative slopes during the pressure rise (higher slopes on the left, lower slopes on the right). For this reason no numbers are shown on the axis. The curve of the overpressure as a function of time is provided for 2 locations, near ignition point (top) and in the canyon (bottom). The pressure rise is smooth and the overpressure curves have small fluctuations and no significant pressure peak. This behaviour is consistent with the fact that the combustion process is a slow deflagration. The maximum overpressure is well captured by all codes and the difference between simulations and the experiment is within 20 % (Table VIII). It must be also emphasized that COM3D, FLAME3D and REACFLOW have not included any heat transfer modeling in the computations. Since the combustion process is slow, this affects the behaviour of the flame and of the pressure: the three codes predict the highest overpressure and they do not show the typical decrease of pressure with time after the end of the combustion process as the other codes do.

For slow deflagration regimes, although there is a certain scattering in the flame speed predictions, the capabilities of the codes of describing the correct pressure behaviour has been shown by this test case and by other large-scale test cases.

C.5
Full Scale Applications 



   C.5.1   Maximum Admissible Mesh Size for CFD Calculation

The selection of an appropriate mesh size for a fluid dynamic calculation with CFD codes is essential for the reliability of the results. For fast deflagration analysis small mesh sizes are required, which results in a huge number of cells for full size applications. This can cause problems, for instance because of limitation on computer time, limitation on file length and/or limitation on man power for input preparation and data handling. 

On the other hand, the choice of the mesh size has to provide for sufficient delineation and geometrical detail of the containment for accurate hydrogen distribution calculations and for sufficiently correct simulations of combustion processes. Further, there should be no loss of any pressure wave loads with relevant frequency for the structure response analysis of the containment during combustion calculations. 

Hence, the development of a criterion for the determination of the maximum admissible mesh size is important. In a combustion calculation with CFD codes, the mesh size has to be small enough to resolve all relevant pressure waves as well as their interaction with structures. In the present study, an analysis was performed for a typical concrete containment with concrete internal structures. The system can be described as a finite number of lumped masses with corresponding natural frequencies. In a modal structure analysis, involving the study of dynamic load factors as a function of frequency, it was shown that the maximum dynamic deflection of a structure decreases quadratically with the frequency. Further, that for the containment structure under consideration, the maximum dynamic deflection is very small above a bounding frequency of 200 Hz and therefore can be neglected. This means that in the pressure load function, only waves up to the bounding frequency need to be resolved. The mesh size (z can then be determined by 



(z = C / (N * f)

where C is the speed of sound of the mixture, f is the frequency, and N is the number of points that are needed to resolve the pressure wave adequately. C depends on the gas temperature and mixture composition. The maximum admissible mesh size can be obtained from conservatively estimated values of these parameters.    

To resume, it is found, that the maximum admissible mesh size:

- is dependent on the highest relevant natural frequency of the structure

- is dependent on the required accuracy for the pressure wave characterization (resolution)

- 9 points can describe a wave satisfactorily, 5 points still sufficiently well 

- decreases with increase of the relevant natural frequency of the structure

- increases with increasing gas temperature

- increases with increasing H2 and/or steam concentration

For the case studied here, the maximum relevant natural frequency of the outer structure of the concrete containment is above 50 Hz for the pressure load considered, which limits the maximum admissible mesh size to 2 m. That means that calculations for a large concrete containment, which are carried out with a typical mesh size of 1 m or lower, are acceptable with respect to containment structure response. This size is small enough to resolve all developed pressure waves, which are relevant for the containment structure response. 



   C.5.2  Application of Combustion Regime Criteria

In order to analyse the risk potential in the containment of nuclear power plants after accidental hydrogen release, experimentally based criteria for indication of fast flame acceleration ((-criterion) and deflagration-to-detonation transition ((-criterion) promise to become an adequate, effective and economical approach for industrial use. On the basis of gas distribution analysis, they allow to screen for situations which require the application of CFD-codes for combustion calculations, thus limiting the overall calculational burden.

These criteria have been assessed with respect to their applicability for plant accident analysis based on an accident scenario with high hydrogen release rate and high steam concentration. In this case, the equivalence ratio is close to 1, which is a region with high uncertainty of the critical sigma. The gas distribution was calculated with GASFLOW. Regarding the (-criterion, different correlations for the critical sigma as a function of the equivalence ratio (eqr) and the temperature have been investigated. It was found that the correlation with smooth interpolation at eqr = 1 gives best results.

Further, it has been demonstrated that the procedure to assess the combustion mode, based only on results of gas distribution calculations, is applicable. The procedure starts with the definition of the time dependent cloud with ( >1, followed by the calculation of the cloud size in order to derive a characteristic length. Then, assessment of the DDT potential is made by applying the (-criterion. In case of violation of the criteria the combustion process itself should be calculated.

Further research should focus on a) the effect of equivalence ratio, close to eqr = 1, b)   temperature effects, mainly for rich mixtures, close to self ignition, c) effect of complex shaped 3-d cloud development in real buildings, which is different from most 1-d  type experiments, d) effect of venting, considering the nature of the boundaries of the critical hydrogen cloud which can be partly solid structures or partly gas and e) effect of blockages  and vortex generating structures.

In addition, emphasis should be given to the definition of the characteristic length (for the lambda criterion), in particular in case of complex and partly confined geometry.

C.5.3 
Full Scale Benchmark

In order to demonstrate the feasibility of real plant applications, a benchmark exercise has been performed. The geometrical configuration is a simplified enclosure that contains all the main features of a PWR containment (Figure 12).

The geometry is a 60 meter high cylinder with a radius of 20 meter. As shown in the horizontal cut at 37 m elevation, two internal cylindrical walls with 16 m and 7 m radius and 6 radial walls divide the internal space of the containment into 2 steam generator (SG) rooms, two pump rooms and two equipment rooms. In the SG rooms and in the pump room, several grids with 0.3 blockage ratio have been placed. The SG rooms are open at the top, allowing a free circulation of gas between the rooms and the dome, while the other four rooms are closed at the top. Some openings have been included in the geometry between the SG rooms and the pump rooms, between the radial rooms and the external annular rooms and between the SG rooms and the internal cylindrical rooms. Two channels that connect the SG room with the opposite pump room at 13 m elevation, simulate to a certain extent the primary loop system. It has also to be emphasized that the lower part of the containment has not been included into the geometry. Without taking into account the volume of that part, the internal walls and components, the total free gas volume in the containment is 64590 m3 (the original volume of the empty cylinder was 75400 m3). 

With the aim of simulating a relative early phase of hydrogen release, an inhomogeneous initial distribution of hydrogen was assumed: in the lower part of the containment between 13 m and 40 m, only the SG rooms, the pump rooms and the channels were filled with hydrogen mixture. In those regions, the hydrogen concentration is 12% between 13m and 32 m and 10 % between 32 and 40m.  In the dome above 40 m, the concentration is 8%. The total amount of hydrogen is within a range of about 240 kg. No steam was specified, to be compatible with previous analytical work in this project.

The initial temperature is 80 °C and the initial pressure is 1.18 bar. These conditions were selected in order to simulate an initial configuration as close as possible to a real accident scenario. Ignition is assumed to occur at 13 m, that is the elevation of the channels/primary loop, between the pump and the SG rooms, below the wall that separates the SG room and the pump room. In the calculations, the pressure evolution in 17 points was recorded during the simulation. Those points are identified in Figure 12 by  P1, P2, …, P17.

In all simulations, the general behaviour of flame progression is characterized as follows: after ignition, the flame travels vertically along the SG room and the pump room and horizontally through the channels towards the SG room and pump room at the opposite side of the containment. Through the open ceiling of the SG rooms the flame propagates into the dome area.

Figure 13 a) to d) illustrates the variations that are found in predicting characteristic quantities by the different codes. Tables IX and X give some quantifications. It may  be recalled that some code features may likely influence the results. Differences exist in the grid definition, in the turbulence modelling, in the definition of the ignition and in the combustion modelling. 

 The total burned hydrogen mass is between 217 and 231 kg (90 and 96 % of  initial H2) in fair agreement between codes (Figure 13a). A factor of twelve, however, is found in predicting the maximum burning rate and still about a factor of six for a burning rate averaged between 25 % and 75 % of total hydrogen burned (4th and 5th column in Table IX). In this context it is interesting to note that the velocity of flame progression is predicted in reasonable agreement (6th column in Table IX), which means that the modeling of local burn down after the flame has reached a given volume is the main reason for the differencies observed in the burning rates. 

Gas velocities are predicted by the codes with a wide scatter (Figure 13c and columns 2 and 3 in Table X). In some cases, flow patterns show different directions of gas flow for corresponding conditions. Better agreement is found for global parameters, e.g. the maximum pressure, but again pressure rise time is different by nearly a factor of eight (Figure 13d and last three columns of Table X). Some codes predict rather big pressure oscillations (REACFLOW, CFX, B0m) while others predict smooth evolution (TONUS, FLAME3D, COM3D).    




The scatter of results illustrated in Fig. 13 and Tables IX an X was quite unexpected since all codes underwent the validation process against small and large scale experiments as shown in the previous sections. The possible reasons for those findings were carefully investigated. The combustion and thermodynamic models, the effects of buoyancy and the grid resolution do not seem to contribute significantly to the observed differences. From the analysis, it appears that the larger differences in flame behaviour occur in the dome area. The conditions in the dome region, which forms a wide open area with a relatively lean mixture (8% H2), were not investigated experimentally and therefore that configuration represents an extrapolation beyond the validation range of the codes. Furthermore, the selection of the input parameters for combustion constants may have contributed to the scatter of results, probably amplified by a non-linear feed back of the systems. 

A model on how the input parameters depend on basic mixture properties should be developed and standard input based on the basic mixture properties should be defined. Resolving this issue could help to reduce conservatism and uncertainties of plant application calculations below those that were found in the benchmark calculation. This could be achieved by more thorough investigations of combustion phenomena where the flame propagates from a rich into a lean mixture and from a confined region into a wider and unobstructed geometrical configuration. A more rigorous and extensive validation of the combustion codes for those conditions is required.

Despite the problems with definition of the input parameters, the codes demonstrated that their models are quite developed and robust. Moreover, the very different codes give a surprisingly good correlation of the results as a function of actual input parameters. This provides the basis for a significant reduction of existing uncertainties.  
CONCLUSIONS

New detailed experimental data were obtained on the behaviour of turbulent flames in a series of integral tests. The data reveal specific effects of scale, multiple compartment geometry, venting, and mixture gradients. They provide quantitative, highly accurate measures of pressure loads and heat losses during turbulent combustion in complex enclosures, and thus form an important database for integral validation of combustion codes over a range of conditions, which were not covered by previous tests. The data were and will be extensively used by the project partners for model and code improvement and validation. A selected set of tests data was further openly published for use by interested organisations outside the consortium.  

The experimental results show that critical conditions for fast combustion regimes can be influenced by the flow geometry. However, the promoting effect of a converging flow geometry is not strong, and the (-criterion, which quantifies the potential of fast turbulent deflagration, is applicable for multi-compartment geometry within the postulated limits of accuracy. The results indicate also that the (-criterion should not be considered as over-conservative. 

Blind pre-test calculations have shown that several codes satisfactorily predict pressure loads in certain geometries and mixture compositions. Lumped parameter models perform better in cases of slow flames, while CFD codes provided better description of fast deflagrations. At the same time, some of the effects observed experimentally, such as global quenching or pulsating flames, could not be adequately simulated with the existing models and codes. Description of heat losses should also be improved. 

Detailed post-test analysis work has identified remaining differences between code results and experimental data. It became evident that non-uniform mixtures are still a challenging situation for codes, especially when they are accompanied by a change in the combustion regime, e.g. of fast to slow deflagration. Further model development and validation work are certainly necessary in this area to handle correctly the real containment situations, where the gas distribution can be strongly non-uniform. Code comparisons using six different CFD codes and one lumped parameter code have demonstrated that predictions of global parameters, e.g. maximum pressure in slow and fast turbulent combustions regimes, are consistent and in good agreement with experimental data. However dynamic data like flame speed or pressure rise time show significant variation. Also the character of the combustion may be predicted differently, e.g. one code calculates pressure oszillations, while another one calculates a smooth pressure evolution. This calls for further assessment and validation activities which may be successfully completed given the broad, valuable experimental data base which is now available. 

For full-scale application, a study in view of maximum admissible mesh sizes has shown that the a mesh sizes of about 1 m is acceptable from the point of view of accurate load prediction on concrete containment structures. Mesh sizes in this range are indeed feasible with current CFD codes and were used in the partners calculations of the full-scale benchmark with acceptable expenditure of man power and computer time. Some further studies may be needed to explore if the representation and modeling of relatively small geometric details in a containment, like small structures and components, piping, grids etc. may need further reduction of mesh size, or if they can be appropriately represented by correlations, e.g. suitable “blocking ratios”.      

A full-scale gas distribution analysis of a PWR containment demonstrated, that combustion modes and critical conditions can be estimated from such an analysis using criteria for flame acceleration and DDT. The developed procedure needs further refinement, especially concerning the assessment of complex geometries, of critical clouds as well as of bounding structures, which are to be expected in accident scenarios. This approach is very promising for industrial applications since the number of expensive combustion calculations with CFD-codes can be reduced to a minimum.  

The feasibility of real plant combustion applications was demonstrated by performing a benchmark exercise on a simplified enclosure of a PWR containment. A scatter of results was observed which was attributed to the configuration which represented an extrapolation beyond the validation range of the codes. Furthermore, the selection of the input parameters for combustion constants may have contributed, probably amplified by a non-linear feed back of the systems. This calls for better consideration of mixture properties for the preparation of input parameters, which could help to reduce conservatism and uncertainties of plant application calculations. Furthr, a more rigorous and extensive validation of the combustion codes for those conditions is required.

Through validation and demonstration of computer codes for fast deflagration together with the improvement of combustion criteria application, the HYCOM project contributed significantly to the establishment of a meaningful method to assess potential hydrogen risk in a nuclear plant containment. This assessment consists of three steps:

(    Calculation of the time dependent gas- and temperature distribution using suitable CFD codes which allows to address relevant containment features

(   Assessment of the potential combustion mode using state-of-the-art combustion criteria which take into account the geometrical details in the containment

(    If combustion criteria are met, the impact of the combustion needs to be calculated. The codes under investigation in this project are suited to predict the overall course of  combustion events and of the containment impact. The calculations should be made within the validation range of the codes. If there are regions in the containment with mixtures outside rigorous validation range, conservatism in calculation of pressure loads should be demonstrated. 

This project demonstrates that the quality of validation work is of prime importance. In addition to validation runs, reasonable physical models for input parameters should be validated. A logic on how these parameters depend on basic mixture properties should be developed and standard input for the basic mixture properties should be defined. Resolving this issue could help to reduce conservatism and uncertainties of plant application calculations below those that were found in the benchmark calculation. This could be achieved by more thorough investigations of combustion events with flames travelling from a rich into a poor mixture and from a confined into a less confined geometrical arrangement (deceleration) and by more rigorous validation of the combustion codes for these conditions.
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Test
name
H2, % vol.
Xign, 
m
Venting

%
Regi-me*

mc003
10
0
0
2

mc007
10
0.700
0
2

mc006
10
1.418
0
2

mc009
10
3.440
0
1

mc008
10
6.465
0
2

mc021
10
0
10
2

mc022
10
0
25
2

mc020
10
0
40
2

mc031
10
0.700
40
2

mc032
10
1.418
40
2

mc030
10
3.440
40
2

mc029
10
6.465
40
2

mc023
10
0
100
2

mc012
13
0
0
3

mc025
13
0.700
0
3

mc028
13
1.418
0
3

mc013
13
0
10
3

mc018
13
0
25
3

mc016
13
0
40
3

mc026
13
0.700
40
3

mc027
13
1.418
40
3

mc017
13
0
100
3

Name
C1, H2 % vol.
BR1
C2, H2 % vol. 
BR2
Regime*

mc041
10
0.6
10
0.3
2/1

mc037
10
0.3
10
0.6
2/2

mc033
13
0.6
13
0.3
3/3

mc038
13
0.3
13
0.6
3/3

mc047
10
0.6
13
0.3
2/3

mc044
10
0.3
13
0.6
2/3

mc043
13
0.6
10
0.3
3/2

mc049
13
0.3
10
0.6
3/2


Test name
H2 % vol
BR1
BR2
Ignition
Regime*

hc12
10
0.3
0.6
I1
2/2

hc27
13
0.3
0.6
I1
3/3

hc11
10
0.3
0.6
I2
1/2

hc08
13
0.3
0.6
I2
3/3

hc19
10
0.6
0.3
I1
2/2

hc17
13
0.6
0.3
I1
3/3

hc20
10
0.6
0.3
I2
2/2

hc18
13
0.6
0.3
I2
3/3


Test name
H2 % vol
BR1
BR2
Venting

ratio (
Ignition

X/m  1)
Regime

2)

hc004
10
0.3
0.6
0
0
2a/2a

hc002
10
0.3
0.6
0
6,06
2/1

hc003
10
0.3
0.6
0
9,7
2/2a

hc001
10
0.3
0.6
0
11,27
2/2

hc005
9
0.3
0.6
0
9,7
2/2

hc008
9,5
0.3
0.6
0
9,7
2/2

hc006
9
0.3
0.6
0,7
9,7
2/2

hc007
10
0.3
0.6
0,7
9,7
2/2


Test name
C1 (H2 % vol.)
(mean)
C2 (H2 % vol.)
(mean)
Ignition location
Estimated max.
flame speed, m/s
Max. peak over- 
pressure, kPa

HYC01
10.0
10.0
I1
100
294

HYC01A
10.1
10.1
I1
110
308

HYC02
11.6
11.6
I1
280
550

HYC04
11.5
11.5
I2
40
359

HYC08
11.6
10.1
I1
900
1166

HYC10
11.5
10.1
I2
670
1255

HYC15
11.5
9.0
I1
470
200

HYC16
11.5
9.5
I1
650
420



Test name
C1 ( % H2)
(mean)
C2 ( % H2)
(mean)
Ignition location
Estimated max.
flame speed, m/s
Max. peak over- 
pressure, kPa

HYC11
10.07
-
I1
120
369

HYC12
11.51
-
I1
270
684

HYC13
10.08
-
I4
47
287

HYC14
11.49
-
I4
164
371

Table VII: Test mc043: Deviation of calculated peak pressures (in %) from measured ones


            
fast regime

       slow        
  regime


Distance/m
0,1
4,3
5,7
6,4
8,7
11,8

Max. pE/bar
3,9
9,2
9,6
3,4
3,5
9

COM3D
-5
+8
+48
+430
+88
-

FLAME3D
+11
-25
+3
+300
+41
+6

TONUS3D
-15
-44
-50
-15
-11
-29

B0m
-20
-37
-6
+260
-3
-13

REACFLOW
-
-42
-42
+61
-9
-61

CFX
-9
-54
-50
+24
+30
-9


            
fast regime

       slow        
  regime


Distance/m
0,1
4,3
5,7
6,4
8,7
11,8

Max. pE/bar
3,9
9,2
9,6
3,4
3,5
9

COM3D
-5
+8
+48
+430
+88
-

FLAME3D
+11
-25
+3
+300
+41
+6

TONUS3D
-15
-44
-50
-15
-11
-29

B0m
-20
-37
-6
+260
-3
-13

REACFLOW
-
-42
-42
+61
-9
-61

CFX
-9
-54
-50
+24
+30
-9

Table VIII Test HYC01: Deviation of calculated peak pressures (in %) from measured ones

Distance / m
58,1
48,2
42,96
35,61

Max. pE/bar
2,96
2,80
2,67
2,77

COM3D
6,4
10,0
15,7
11,9

FLAME3D
4,7
10,7
16,1
11,9

TONUS3D
6,4
6,1
10,1
9,7

B0m
-3,4
2,9
6,7
6,1

REACFLOW
13,9
20,4
-
21,7

CFX
-3
2,5
7,5
3,6

TONUS LP
0,3
6,1
11,2
7,2


            
fast regime

       slow        
  regime


Distance/m
0,1
4,3
5,7
6,4
8,7
11,8

Max. pE/bar
3,9
9,2
9,6
3,4
3,5
9

COM3D
-5
+8
+48
+430
+88
-

FLAME3D
+11
-25
+3
+300
+41
+6

TONUS3D
-15
-44
-50
-15
-11
-29

B0m
-20
-37
-6
+260
-3
-13

REACFLOW
-
-42
-42
+61
-9
-61

CFX
-9
-54
-50
+24
+30
-9

Table IX: Results of  large scale plant demonstration calculation 


            
fast regime

       slow        
  regime


Distance/m
0,1
4,3
5,7
6,4
8,7
11,8

Max. pE/bar
3,9
9,2
9,6
3,4
3,5
9

COM3D
-5
+8
+48
+430
+88
-

FLAME3D
+11
-25
+3
+300
+41
+6

TONUS3D
-15
-44
-50
-15
-11
-29

B0m
-20
-37
-6
+260
-3
-13

REACFLOW
-
-42
-42
+61
-9
-61

CFX
-9
-54
-50
+24
+30
-9

Code
mesh size (m)
Total H2 mass con-sumed (kg)
max. bur-ning rate (kg/s)
average   1) burning rate  (kg/s)
time of flame arrival at ele-vation 50 m (s)

B0m
0,25
217
250
122
0,60

CFX
0,15 – 1,3
229
1550
429
0,50

COM3D
0,4
221
130
75
0,50

FLAME3D
0,3
222
320
93
0,40

REACFLOW
0,125 – 1,5
231
550
400
0,55

TONUS 3D
1
225
400
316 
0,30

1) between 25 % and 75 % of initial hydrogen burned 

Table X:  Results of  large scale plant demonstration calculation

Code
max. vg 1) in SG   m/s
max vg in dome  m/s
max p
time to max p
max (p 2)

B0m
250
200
2,60
2,25
1,60

CFX
200
130
2,90
0,70
1,30

COM3D
25
10
2,45
4,75
0,85

FLAME3D
60
35
2,60
2,90
1,50

REACFLOW
100
125
3,40
0,80
1,90

TONUS 3D
180
230
3,10
1,40
1,40

1) gas velocity, axial component       2) between pump room and the dome near the top

























Table I    Experimental conditions of test series in configuration 1








Table II    Experimental conditions of test series in configuration 2





Table III Experimental conditions of test series in configuration 3








Table IV Experimental conditions of test series in configuration 4








1) Distance of ignition location from right end of large tube (see Fig. 1)


2) Combustion regime: 1 – quenching; 2 – slow flame; 2a – relatively fast flame


    (local visible flame velocity is larger than sonic velocity in reactants) 





Table V. Experimental conditions of large scale test series in RUT configuration 1.








Table VI. Experimental conditions of large scale test series in RUT configuration 2





Figure 1   Geometry of medium-scale tests in configurations 1, 2, and 3. 


                Configuration 4 is similar to 3 except that the length of tubes is doubled.    











2b)





2a)





X/m





X/m
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2c)





Figure  2       Flame velocity vs distance:   a) Vented tube, effect of composition


                     b) effect of blockage ratio      c) effect of composition gradients, 


                     d) effect of tube diameter change  





Figure 3  Scheme of the RUT facility. Side view (top) and top view (bottom). 


                Dimensions are given in meters.





Figure 4  Schemes of RUT tests. Top two geometrical arrangements are nominated 


“Configuration 1”. Bottom arrangement is “Configuration 2”. The latter 


includes horizontal plates in the canyon which creates more complex flow 


options.





Figure 6  HYC10 main experimental 


results





Figure 5  HYC01 main experimental 


results 





Top diagram:         Pressure vs time recordings for various locations.


                               Pressure scale at right y-axis.   


Center diagram:     Flame distance vs time, recorded by photodiodes, 


                               for three “photodiode-lines” (in the channel, at 


                               canyon top and bottom). 


Bottom diagram:    Reconstructed flame profiles in the canyon. 





Figure 7   Test HYC01: Comparison of pressure histories near ignition point (left) and at the 


      far end (in the canyon, right)





Figure 8   Test HYC02: Comparison of pressure histories near ignition point (left diagram) and at the 


      far end (in the canyon, right)








Figure 9   Test HYC14: Comparison of pressure histories near ignition point (in the canyon, 


     left diagram) and at the far end (end of curved channel, right)








Figure 10   Test mc043 code comparison:


                Flame speeds (left) and pressure 


                evolution (right) 





Figure 11   Test HYC01 code comparison:


                  Flame speeds (left) and pressure


                  evolution (right)





Figure 12   Cross Section of model containment 


                  for full-scale benchmark calculation 





Figure 13    Results and comparison of full-scale benchmark calculations. a) burned hydrogen 


                   mass  b) burning rate  c) gas velocities in steam generator (50 % H2 burned) 


                   d) pressure evolution at containment top
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