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ABSTRACT

This paper describes the combustion tests performed in 1995 in the russian RUT facility.
Three combustion modes are identified: turbulent deflagration, critical regime and detonation.
The detonation experiments are numerically simulated with the PLEXUS code. The pressure
signals and detonation velocities are very well predicted by the computational tool so that a
convincing validation of PLEXUS is obtained.

1. INTRODUCTION

The hydrogen combustion constitutes one of the most acute hazards for the nuclear reactor
containment. A safety policy and adapted countermeasures against this threat demand a very
deep analysis of the various hydrogen combustion regimes. As a matter of fact, some of the
combustion modes like the turbulent deflagration, the detonation and the deflagration to
detonation transition (DDT) generate very high and dangerous loads on the containment
structures. Today, a better knowledge of the DDT processes is still required and there is a
special need for experimental and numerical data to assess the validity of hydrogen risk
dedicated codes. .

In order to better understand the combustion physical mechanisms, tests have been
sponsored since 1995 by the Institut de Protection et de Streté Nucléaire (IPSN), by the
Forschungszentrum Karlsruhe (FZK) and, since 1996, also by the United-States Nuclear
Regulatory Commission (US NRC). The 1995 and 1996 experiments were performed by the
Kurchatov Institute, in the RUT facility which is located near Moscow. The physical and
numerical interpretation of the tests campaign 1996 is in progress. That is why this paper is
principally devoted to the tests campaign 1995 whose objectives were triple:

1 Investigations of the conditions for the DDT in hydrogen-air-steam mixtures at reactor
relevant scale.

2. Verification of DDT criteria for steam diluted hydrogen-air mixtures at elevated initial
temperatures.

3. Investigation of turbulent flame propagation in hydrogen-air-steam mixtures at large
scale and resulting loads on the structures.

As RUT is a large scale facility, it should be possible to transpose to the reactor case, the
experimental results relating to combustion and explosion processes.
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2. DESCRIPTION OF THE FACILITY

The RUT facility is a 480 m® volume, reinforced concrete building with two channels and a
large compartment. It is presented in figure 1. The dimensions are the following (length X

height x width):
first channel 346mx23mx25m
canyon (central cavity) 106mx63mx25m
second channel 247mx23mx25m

The gaseous mixture is ignited by an electric spark at the very beginning of the first
channel which is closed with steel plates. There are twelve concrete obstacles located along
the first channel. It represents a blockage ratio of 30 %.

Measuring in the RUT facility is carried out with great care, especially for the mixture
initial conditions (temperature, pressure, hydrogen and steam concentrations) and the
explosion or combustion parameters (overpressures and reaction front arrival times).

The diagnostic system used to control the tests physical conditions includes a barometer,
twenty temperature gauges, seven humidity transducers, seven hydrogen concentration
acoustic gauges and up to eight samphng ports to determine the hydrogen volumetric fraction
in the gases.

The blast wave registration system consists of eighteen piezoelectric transducers to obtain
the pressure profiles generated by the flame front, forty-four collimated photodiodes to get the
flame arrival times and twenty ionisation gauges which play the same role as the photodiodes
but are dedicated to the local measures in RUT first channel. The location of the ion probes
and pressure gauges is shown in figure 2.

All the probes are checked in a special facility designed and constructed for the calibration
of the instrumentation, which has been improved between the RUT 1995 and RUT 1996
experiments.

3. CONDITIONS AND RESULTS OF THE TESTS

In the RUT experiments worked out in 1995, the gaseous mixtures are made of premixed
hydrogen, air and steam at initial absolute pressure 1 bar and high initial temperature 90 °C.

The initial distributions of temperature, hydrogen and steam concentrations show a rather
good uniformity, as it can be seen in figure 3. Except at the entrance of the first channel, the
gaseous mixture is homogeneous, particularly in the canyon which is the most important part
of the RUT facility for the DDT and detonation phenomena. Moreover, since the 1995
experiments, the gaseous homogeneity has been improved thanks to a better distributed
heating of the facility.

The initial composition and the results of the RUT tests performed in 1995 are gathered in
the table 1.

Test # Steam volumetric | Hydrogen volumetric Comment
average concentration | average concentration
(vol. %) on a dry basis (vol. %)
stm2 14.7 14.7 Deflagration
stm3 15.1 16.5 Critical
stm4 24.8 24.8 Detonation
stm5 25.2 22.6 Detonation
stm6 25.6 20.0 Critical
stm7 25.7 17.5 Deflagration

Table 1: Overview of the RUT 1995 tests
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The series of experiments reveal three different combustion modes [1]:

1. fast turbulent deflagration;

2. critical regime in which the DDT is obtained by reflection in the bottom of the canyon
(on the right wall);

3. DDT followed by a stable detonation propagating from the end of the first channel.

These tests results are represented on a Shapiro diagram (figure 4) with a curve separating
the deflagration and detonation regimes.

4. NUMERICAL SIMULATIONS WITH THE PLEXUS CODE

Numerical simulations of various DDT and detonation tests of the RUT campaign 1995 were
carried out. They are based on the computational tool PLEXUS.

PLEXUS code

PLEXUS is a general, finite elements and finite volumes fast dynamics computational tool
which is developped by the Division des Réacteurs Nucléaires (DRN) of the Commissariat 3
I’Energie Atomique (CEA). It uses explicit solvers to deal with rapid transient regimes like
dynamic loads on structures, impacts and explosions. It is applied to calculate compressible
and reactive flows.

PLEXUS solves the Euler equations (mass, momentum and energy conservation) with an
exact first order Godunov solver supplemented by a second order in space MUSCL approach.
For the chemistry, it has a standard five chain reactions and six gaseous species (Ha, O, N,
H,0, OH, H) modelling. The chemical induction time is calculated along the Zel’dovich-Von
Neumann-Doring theory.

PLEXUS was validated on complicated 3D geometries like tubes containing or not
obstacles and baffles of various shapes (conical, annular and inclined targets) [2]. It allows a
powerful space and time resolution with very detailed pressure histories at different locations.

Numerical results

The main features of the numerical study are reported in this section. There were two parts in
this work: first, the RUT 1995 tests were simulated and these simulations were compared
with the experimental results in case of detonation; second, purely numerical trials were
carried out in order to use PLEXUS as a prediction tool.

Simulations of the RUT 1995 tests

The comparison between the detonation experiments and their PLEXUS two-dimensional
simulations gives very good satisfactory when the pressure histories and the velocities of the
detonation waves are considered. Experimental and calculated pressure traces at various
positions in the central cavity are presented in figures 5 (test stm4) and 6 (test stm5). The
propagation of the incident shock and reaction front is deduced from the RUT experiments
and from the PLEXUS simulations as well. This is drawn in figures 7 (test stm4) and 8 (test
stm5).

Notice that the detonations were calculated without taking into account the acceleration of
the turbulent flame between the obstacles in the first channel. It is some kind of
approximation which is justified a posteriori by the good numerical results.

Of course, the critical regime (DDT without stable detonation) and the deflagrations could
not be rigorously calculated with PLEXUS which is a detonation code. However, it was
possible to qualitatively characterize these combustion modes with PLEXUS simulations. In
this way, we succeeded in finding the boundary hydrogen and steam composition between the
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deflagrations and detonations. This estimate of the DDT limit, determined with the help of
PLEXUS, appears definitely compatible with RUT experimental results.

At this stage, PLEXUS was regarded as a validated computational tool for the detonation.
So that, we decided to use PLEXUS as a prediction code, by performing additional numerical
trials in the geometry of the RUT facility.

Other numerical simulations
RUT 1995 tests survey was complemented with two kinds of calculations.

1) Numerical tests in gaseous mixtures without steam at an initial temperature of 12°C were
carried out. Again, three combustion modes (deflagration, critical and detonation) were
brought to the fore and a DDT limit wa$ proposed for the gaseous mixtures with a weak
steam concentration. Furthermore, when the simulations in gaseous mixtures with no steam
were done at a high initial temperature of 90°C (instead of 12°C), the results did not vary in
nature: the three regimes were obtained for the same compositions as in the 12°C tests.

2) Calculations concerning moderate (15 and 25 vol. % H,0) and high (about 40 vol. % H,0O
near the stoichiometric conditions) steam concentration mixtures were worked out in order to
foresee the DDT boundary in these hydrogen-air-steam mixtures. At present, the obtained
DDT limit seems to be confirmed by a first physical analysis of the RUT 1996 tests which are
especially devoted to combustion processes in gaseous mixtures rich in vapor.

The table 2 synthesizes the conditions and results of the purely numerical tests performed
with PLEXUS. The prediction of the detonations and the evaluation of the DDT limit
demonstrate how useful a computational tool can be in the evaluation of the hydrogen risk.

Test # Steam volumetric | Hydrogen volumetric Comment
average concentration | average concentration
(vol. %) on a dry basis (vol. %)
tncl (12 °C) 0 11.0 Deflagration
tnc2 (12 °C) 0 12.5 Critical
tnc3 (12 °C) 0 14.0 - Detonation
tnc4 (90 °C) 0 11.0 Deflagration
tneS (90 °C) 0 12.5 Critical
tncé (90 °C) 0 14.0 - Detonation
tnc7 15.0 : 20.0 Detonation
tnc8 25.0 19.0 Critical
tnc9 25.0 21.0 Detonation
tncl0 40.0 25.0 Deflagration
tncll 40.0 29.2 Critical
tncl2 ~40.0 33.3 Detonation

Table n°2: Complementary calculations with PLEXUS
5. CONCLUSION

The simulation of the detonations in RUT provides an interesting validation of the PLEXUS
code. In fact, it is shown that PLEXUS is able to precisely simulate detonation phenomena in
realistic containments like the RUT facility. Moreover, the RUT tests and the associated
simulations seem really original because of two elements: there is a large amount of steam in
the gases and the detonation calculations are done with an unusual but reactor relevant initial
temperature.
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Figure 1: Scheme of the RUT facility
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Figure 2: Layout of ion probes and pressure gauges
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Figure 5: RUT and PLEXUS pressure histories of the gauges # 3 and 10 in test stmd
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Figure 6: RUT and PLEXUS pressure histories of the gauges # 5 and 10 in test stm5
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Figure 7: Detonation wave propagation obtained with experimental results
and PLEXUS calculations in test stm4
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Figure 8: Detonation wave propagation obtained with experimental results
and PLEXUS calculations in test stm5
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