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Introduction

Since the Three Mile Island accident in 1979, in which the loss of coolant in the reactor core
led to hydrogen generation and subsequent burning, studies have been made to assess the risk of
hydrogen detonation in Pressurized Water Reactors. When considering complex geometries such
as those of a reactor containment with its many compartments and equipments, multi-dimensional
e�ects are important and CFD codes represent a valuable tool for the safety engineer.

From a numerical point of view, the simulation of a detonation induced by obstacles is a
very challenging problem, characterized by many shock and wall interactions that can cause
quenching and re-initiation. An example of a complex geometric structure in which De
agration
to Detonation Transition (DDT) may occur due to multiple shock focusing is shown in �gure 1.
This geometry resembles that of the canyon of the RUT facility [1] (Kurchatov Institute, Moscow),
where a number of hydrogen combustion experiments have been performed over the past years.
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Figure 1: Typical problem geometry

phenomenon is thought to have occurred
in four stages: acceleration of a turbulent

ame (1) in the 35m long, obstacle-�lled
channel, generation of a precursor shock
(2), onset of a detonation by a yet un-
clear mechanism involving turbulence and
multiple shock re
ections (3), detonation
propagation (4) down the remaining length
of the channel. There have been many in-
vestigations concerning DDT in tubes by
the use of wall obstacles. The mechanism
of onset of the detonation was attributed

to the generation of turbulence around the obstacles but more recent studies have also pointed
out the importance of the multiple re
ections of pressure waves [2, 3].

The work presented here is mainly concerned with the development of a robust and accurate 3D
unstructured grid solver for simulating the propagation of detonation waves in complex geometries,
and studying the e�ect of multiple shock re
ections on the detonability of the gas mixtures.
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Physical and numerical models

The equations governing inviscid detonation wave propagation are the reactive Euler equations.
For the hydrogen case, we have considered considered only four species, hydrogen (H2), oxygen
(O2), water vapor (H2O), and nitrogen (N2). Thermally perfect Joule gas mixtures have also been
assumed for which the heat capacities are polynomial functions of temperature [4]. The chemical
reaction between hydrogen and oxygen is modelled by a one-step global reaction mechanism,

2H2 + O2

_!
�! 2H2O where the reaction rate is given by a general Arrhenius law of the form,

_! = A�
3
YH2

2
YO2

T
�b exp(�Ta=T )H(T � Ts) (in mol m�3 s�1) with A = 1:1725� 1014 (for S.I

units), Ta = 8310o K, b = 0:91, H is the Heavyside function and Ts a threshold temperature.
The equations are discretized using a 3D unstructured �nite volume formulation, where convec-

tive 
uxes are based on upwind di�erencing. Higher-order space and time accuracy are obtained by
a predictor-corrector scheme and Hancock and linearly exact reconstruction on arbitrary meshes.

Extensive comparisons of numerical 
uxes (Godunov, Roe's Flux Di�erence Splitting, van
Leer's Flux Vector Splitting, HUS, AUSM+ and CUSP) have been performed on test-cases in-
volving high speed compressible 
ows with multiple wave interactions [5, 6]. Their robustness,
accuracy, computational cost and sensibility to well-known de�ciencies characterizing upwind
solvers [7] have been assessed. The following computations are made with the Flux Vector Split-
ting scheme of van Leer which we have found to be adequate for our simulations.

1D simulation of propagating detonation wave

An unsupported detonation propagating in a 20m long tube �lled with a nearly stoichiometric
mixture of hydrogen and air at nearly atmospheric conditions (p = 0:997 bars and T = 285 K)
is computed. Experimental data [8] is available for comparison. In �gure 2 we have shown the
pressure as a function of time at di�erent stations, as well as the diagram (1=�; p). Omitting
the chemical induction time in the combustion model, a reactive leading shock is computed. The
numerical 
ame speed is found to be about 2100 m/s, in close agreement with ZND theory (2090
m/s). The pressure and density pikes lie between the Chapman-Jouguet and von Neumann states.
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Figure 2: 1D propagating detonation waves; 
ame propagation and numerical computations in
the (1=�; p)-diagram

2D simulation of detonation wave di�raction around corner

This test case concerns the modelling of the experiment smt4 carried out in the RUT facility.
The large-scale containment is �lled with a nearly stoichiometric mixture of hydrogen and air at



atmospheric conditions. In this test, a detonation wave, travelling from the inlet channel, di�racts
over the corner into the canyon.

In our numerical computation,
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Figure 3: Pressure isolines at t = 7ms

we have not observed the quenching
of the detonation after the di�rac-
tion. The reactive shock re
ects onto
the bottom wall �rst as a regular re-

ection, then as a Mach re
ection
as shown in �gure 3. Finally com-
plex multiple shock structures arise
when the detonation reaches the right
wall of the canyon. In Figure 4 which
shows time evolutions of pressure at
two stations, relatively good agree-
ment between numerical and exper-
imental results is observed.
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Figure 4: Comparison between experimental and numerical results.

3D simulation of a hemispherical detonation

In this test case, we model a small-scale experiment per-

z

x

y

60mm

P4

P3

P5

P9

P6P8

P0

P7

P1
P10

P2

P11

Oxygen + hydrogen

125 mm

45mm

Figure 5: Experimental set-up

formed at Laboratoire Energ�etique Explosions Structures [9]
and sketched in �gure 5: a soap bubble is �lled with a mixture
of O2+2:5 H2 and the detonation, induced by the vaporiza-
tion of a copper wire, generates a hemispherical shock wave,

which re
ects onto the walls of the containment, thereby gen-
erating complex wave interactions. Figure 6 represents the
pressure signal captured by two transducers: again, simula-
tion results show good agreement with experimental measure-

ments.



Figure 6: Hemispherical shock wave propagation: experimental and numerical results.

Conclusions

An unstructured solver for computing hydrogen detonation propagation has been brie
y described,
and three di�erent simulations have been described showing good agreement with experimental
data. Future work will focus on the simulation of the onset of a detonation caused by multiple
shock re
ections.
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