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ABSTRACT

A study is being carried out by the Department of Nuclear and Mechanical Constructions
(DCMN) at the University of Pisa on catalytic recombiners and on deliberately induced weak
deflagration. These are the most practical methods for recombining hydrogen released into large
nuclear containments during severe accidents.
The recombination rates of different types of catalytic devices were obtained from a thorough
analysis of published experimental data. The main parameter that affects the effectiveness of
these devices seems to be the molar density of the deficiency reactant rather than its volumetric
concentration.

The recombination rate of weak deflagrations in vented compartments has been assessed with
experimental tests carried out in a small scale glass vessel. Through a computerized system of
analysis of video recordings of the deflagrations, the flame surface and the burned gas volume
were obtained as functions of time. Although approximations are inevitable, the method adopted
to identify the position of the flame during propagation is more reliable than other non-visual
methods (thermocouples and ion-probes). It can only easily be applied to vented weak
deflagrations, i.e. when the hydrogen concentration is far from stoichiometric conditions and
near to flammability limits, because the pressurization has to be limited due to the low
mechanical resistance of the glass. The values of flame surface and burned gas volume were
used as inputs for a computer code to calculate the recombining rate, the burning velocity and the
pressure transient in the experimental test. The code is being validated with a methodology
principally based on a comparison of the measurements of pressure with the calculated values.
The research gave some very interesting results on a small scale which should in the future be
compared with large scale data. Two objectives which are not dependent on scale have already
been reached: (i) a facility has been set up to validate instruments for measuring the flame
surface and the burned gas volume inside steel vessels (e.g. thermocouples and ion-probes), and
(ii) a method has been developed to assess the recombination rate of slow deflagrations on the
basis of experimental data on flame surface and burned gas volume.
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1. INTRODUCTION

To recombine hydrogen and oxygen, two types of devices can be installed in the containments of
water nuclear reactors, to avoid strong deflagrations or detonations during severe accidents:
recombiners and ignitors.

Recombiners can treat even non-flammable mixtures but they eliminate hydrogen slowly. They
do not cause loading on structures or on the safety related equipment, but a great number need to
be installed in a non-inerted containment in order to deal with a rapid hydrogen release.
Assessing their recombination rate though necessary is not enough if their number and the
technical practicability of the system are to be evaluated.

Deliberate ignition rapidly removes hydrogen from a flammable gas mixture through a weak
deflagration but also causes overpressures and overtemperatures. Knowledge of the
recombination rates of slow deflagrations is important for evaluating overpressures in multi-
compartment containments, rather than for evaluating the effectiveness of the system, because a
slow deflagration is certainly able to bum hydrogen with a rate greater than any rapid hydrogen
generation and release.

2. CATALYTIC RECOMBINERS

Two types of catalytic recombiner have recently come on the market from Germany, one by the
NIS Company and another by Siemens, for hydrogen control in nuclear plants. They catalyze the
reaction H2 + O2 -> H2O by lowering the threshold so that the reaction takes place at a low
temperature and concentration.

They are "passive", i.e. they are self-starting and self-feeding, they have no moving parts and
require no external energization. They come into action spontaneously as soon as the hydrogen
concentration begins to increase in the atmosphere in the safety containment. The gas mixture
flows through the containments and is pushed by natural convection from the gas heated as a
result of the reaction.

In the literature there is more information on the recombiner NIS [1,2], and this will be analyzed
and compared with the information available on the Siemens recombiner [3, 4]. This will be
done in order to verify the confidence level in
• guaranteeing that their intervention is reliable, and that they will function continuously and

steadily during post-accident conditions;
• assessing their start-up times;
• evaluating their recombination rate and mixing capability, as well as the temperature of the

gas leaving the recombiner, when chemical composition and temperature are varied in the
containment atmosphere.



2.1 The NIS recombiner

The hydrogen-oxygen recombiner PAR
(Passive Autocatalytic Recombiner) was
developed by the NIS Company and
qualified in Germany, in cooperation
with the Battelle Institute, Frankfurt, and
the Technical University of Munich.
The German utility RWE Energie
sponsored its development

The PAR device is a molecular diffusion
filter (Fig. 1). While the gas flows
upwards along the 1 cm spaces between
88 flat 44cm x 20cm x lcm cartridges
containing catalyst pellets (2.4+4 mm
spheres of inert sintered aluminum oxide
coated by an active 0.5 mm thick Pd-
impregnated shell), reactant moles
diffuse transversely to the catalyst and
the reaction product (water vapor)
diffuses away from the catalyst. Mass
transfer takes place due to the differences in molar density (moles per unit volume) between the
zone where the gas flows and the zone that is in contact with the catalyst, which represents both a
sink where the reactants disappear and a steam source. This design makes plugging of the pellet
surface highly unlikely by heavier particles or aerosols flowing through the open channels, but
the diffusive processes reduce the recombination rate with respect to the value that it would have
had if it had only been affected by the gas flow rate and by the kinetics of the reaction.

The outer dimensions of the inlet at the bottom of the device are lm x lm. The spherical outer
surface area of all pellets is estimated to be -140 m2 while the total reactive surface area of the
pellets, consisting of the surface area of the Pd-impregnated inner pores, is estimated to be -1.26
million m2. The cartridges are spaced 1 cm apart and these spaces serve as ventilation channels
for the gas sucked in at the bottom. The gas inlet area is -0.4 m2, equal to the outlet area at the
top of the 26 cm tall truncated-pyramid-shaped chimney.

Fig. 1 • PAR device (NIS design)

2.2 Functional features of the NIS recombiner

The recombination rate is the hydrogen mass that is recombined in a unit of time by a recombiner
and it is the most indicative measure of the capacity of the facility. It can be expressed as
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If the hydrogen concentration in the inlet tends to increase, then the average molar density of the
hydrogen in the recombiner rises as well, and with it the diffusion of reactants and products, and
thus the recombination rate too. This tends to partially rebalance the initial increase in the
average molar density of the hydrogen. However, in the meanwhile the average temperature in
the recombiner increases because of the greater power released by the combustion and, therefore,
also the kinetics of the reaction. This generates a positive feedback which, in steady state, is
counterbalanced by the negative action due to the greater cooling produced by the increase in the



gas flow rate due to natural convection. In normal operation, therefore, when [H2L increases Qi
and TR will also increase.

The input parameters in the recombiner, which the recombination rate depends on, are generally
also functions of the features of the system outside the recombiner, which the recombiner, in
turn, affects. On the other hand, the recombination rate of a given type of passive catalytic
recombiner becomes a function of the only thermodynamic features of the gas mixture in the
volume where the recombiner is located, provided that these features are made uniform, perhaps
by the natural convection itself generated by the operating recombiner. In fact, in this case the
thermodynamic features of the mixture in the recombiner inlet are equal to the conditions of the
system outside the recombiner. NIS and Siemens tests were limited to this situation [1+4]. They
were carried out to obtain some simple semi-empirical correlations which will be discussed later.

With 4% volumetric concentrations of hydrogen, the flow rate towards the recombiner is
-900 m3/h; with 10%, 20 recombiners could produce a circulation of 3 104 m3/h [1]. A semi-
empirical correlation for the steady-state volumetric flow rate could be: Q; = a Cb with
a = 0.67m3/s and b = 0.307 [2]. This correlation was obtained by simulating experimental
transients of hydrogen in the multi-compartment 640 m3 Battelle Model Containment (BMC),
where hydrogen was continuously injected in the presence of a recombiner; how this correlation
was obtained has not yet been made known. The reliability of the experimental data was not
sufficient to obtain a correlation directly from experimental data on the volumetric flow vs.
hydrogen volumetric concentration at the recombiner inlet [2].

To make an estimate of the upper value of the temperature leaving the recombiner, the reaction
can be assumed at a constant pressure (isobaric) in an adiabatic gas system (isoenthalpic). When
the hydrogen/oxygen ratio at the inlet is stoichiometric, the temperature in the outlet has its
maximum value (= 2370 K, if TI = 1 and the mixture in the inlet is in standard conditions and only
consists of hydrogen and air). From this value the temperature decreases when TI decreases (but
TI has been estimated as constant, = 0.846, in [2]), when the composition of the mixture goes
away from the stoichiometric value and the steam increases. The temperature of the gas
increases through the recombiner roughly by -80 K for each 1% decrease in the volumetric
concentration of hydrogen.

The transient behavior of the PAR device is similar to a first-order system with a time constant of
1800 s [2]. There is a slight delay in the presence of water or steam when a water-repellent
coating is not used, because part of the heat from the reaction is used to dry the catalyst.
However, the water-repellent coating is damaged at temperatures above 523 K.

The catalyst does not deteriorate over time, but to avoid any alterations caused by settling or
plateout of contaminants present in the containment atmosphere, it can easily be inspected and
maintained. During an accident, modifications to the porosity of the material caused by aerosols
and particulates that are deposited should be negligible according to experimental tests and
theoretical assessments. No significant effect has been found due to water or steam on operating
conditions. Iodine vapor has a negligible effect on reducing the recombination rate, if the
volumetric concentration of the hydrogen is less than 3%. Above this value, high temperatures
have a self-cleaning effect. The small CO molecule is likely to spread toward the catalyst, but
when CO has a concentration of less than 1%, experimental tests have proved that there are no
significant consequences.
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2.3 The Siemens recombiners

The active plates in a Siemens recombiner are around
12-1-13 cm tall and made of stainless steel and coated
with platinum which is catalytically active and water-
repellent.

The dimensions (width, height, depth - in mm) of the
recombiner depend on the model:
• FR 90/1-1500: 1500 x 1400 x 300 [large, 1];
• FR 90/1- 960: 1000 x 1000 x 150 [medium, m];
• FR 90/1- 320: 400 x 1000 x 150 [small, s].

The recombination rates are given graphically by
Siemens, for only two volumetric concentrations of
hydrogen (4% and 8%) as a function of the pressure in
the containment. In the range 1 + 4.2 bar, the trend is
linear. The parameters of the linear correlation have
different values depending on the size of the device
and the volumetric concentration of H2.

Table 1 gives an estimate of these parameters obtained from graphs supplied by Siemens [3,4].

Table 1

Parameters for the correlations TR (kg/h) = kl + k2 P (bar) of Siemens recombiners

Catalyst sheets Inspection
cover > *

3?Catalyst
insert

Fig. 2 - Siemens catalytic recombiner

Size

H2 vol. cone.

kl

k2

small

4%

0.06

0.26

8%

0.64

0.26

medium

4%

0.58

0.50

8%

1.34

0.86

large

4%

2.44

1.95

8%

4.40

4.10

The other features of the Siemens recombiners (start-up times, behavior in the presence of
inhibitors and contaminants) are similar to the NIS recombiner, so only the recombination rates
need to be compared.

2.4 Recombination rates

The curves in Fig. 3 have been derived from graphs supplied by EPRI [1] and Siemens [3, 4].
These graphs were obtained by observing the decrease in hydrogen caused by the presence of a
recombiner in the atmosphere, probably almost perfectly mixed, of a closed vessel. Figure 3 also
shows the analytical correlations which, assuming uniform thermodynamic conditions in the
mixture, should link TR to C, for the various types of recombiner and pressures. Another
author [5] gives a table for TR of the NIS device, with lower values than Fig. 3 at C < 3% and
higher values at C > 5%.

Lacking more precise information, the semi-empirical curves supplied by the companies were
assumed to have been obtained on the basis of tests in a closed vessel where steam and hydrogen
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were released in air, initially at standard conditions (Po = 101325 Pa, To = 273.15 K,
[airjo = 44.64 mol/m3, [O2] = 0.21 [air]), until saturation was reached at the desired temperature
T. The pressure outlined in the graphs is only due to air and steam; for the NIS recombiner the
so-called '1 bar' curve refers to T = 273.15 K, while the '2 bar' refers to T = 373.15 K. It is thus
possible to find the molar density of steam, [H2O], and its vapor pressure, Pv, as a function of T.
With these assumptions, the molar density of hydrogen and the fuel equivalence ratio, *, which
is proportional to [H2] if the molar density of the air is really the same for all the data supplied by
NIS and Siemens, can be calculated:

-

c~
In addition, for the Siemens recombiners:

TR = k l+k2P

(%/%
0.21[air]0

2 Atoich

In Fig. 4 the recombination rate is drawn as a function of <P or [H2].

Comparing Figs. 3 and 4 shows that in these operating conditions the recombination rate does
not depend so much on the volumetric concentration of hydrogen as much as on its molar
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density, and is virtually independent of other thermodynamic features, such as the temperature
and steam concentration. This is because both molecular diffusion and reaction velocity are
generally functions of the molar densities of reactants and products and not their volumetric
concentrations. In this case,
• the molar density of steam should not affect the recombination rate because the equilibrium

of the reaction is very much shifted toward the product;
• it is not possible to see whether the recombination rate also depends on the molar density of

the oxidizer, because the molar density of oxygen was probably constant and the same in all
the tests, that is along all the curves in Fig. 4. In any case, the more the oxidizer is in excess
the less evident the effect of limited variation in it should be, and in all the mixtures
considered in the figures the oxygen is in excess, * < 1).

The semi-empirical correlations of Figs. 3 and 4 are only applicable if the thermodynamic
conditions (i) are uniform in the volume where the recombiner is located, (ii) do not vary too fast
with respect to the promptness with which the recombiner reaches the steady-state. These are the
implied conditions in any lump in the classic containment codes; however further tests are
needed to determine the maximum volume in which a recombiner can guarantee thermodynamic
uniformity with its buoyancy effect.



2.5 Some conclusions on catalytic recombiners

Experimental tests carried out on catalytic recombiners by NIS and Siemens, the manufacturers,
were sufficient to guarantee their reliable, continuous and stable operation. They reach the
steady-state quite rapidly, especially if the catalyst is coated with a water-repellent film. Their
effectiveness would not seem to significantly be affected by contaminants or inhibitors.

The steady-state recombination rate is experimentally calculated in volumes with uniform
thermodynamic conditions. It is supplied by the manufacturers as a function of the volumetric
concentration of hydrogen and of the atmospheric pressure in which the recombiners are
installed. In reality, it would seem to be only a function of the molar densities of the reactants.
More specifically, the data that the manufacturers have so far supplied highlight that the
recombination rate is really only a function of the molar density of hydrogen when the molar
density of oxygen is kept constant.

In fact, the values of the recombination rate are only known for hypostoichiometric mixtures and
only when the density of the oxygen is the same as in the safety containment of a nuclear reactor
during normal operation. During an accident, however, some zones may be leaner in oxygen,
both because they may be richer in steam and/or hydrogen (for example, those near to the release
point of the hydrogen-steam mixture into the containment) and because the action of the
recombiner lowers the oxygen/nitrogen ratio with respect to the normal air value.

In other words, existing data on the recombination rate is certainly suitable for assessing the
capacity of catalytic recombiners in controlling the hydrogen concentration in zones where the
chemical composition is gradually variable and not very different from the average value and
where the molar density of oxygen is initially so much in excess as not to be significantly
modified by the recombination. However, recombiners increase mixing and therefore facilitate
the uniformity of the chemical composition, though the effect might be predominantly local, i.e.
only inside the compartments where at least one recombiner is installed, rather than in overall
containment.

Details on the procedure which, using experimental data, allowed the manufacturers to estimate
the recombination rate, have not, however, as yet been published and analyzed by international
experts.

3. RECOMBINING HYDROGEN BY BURNING

Hydrogen can also be controlled by deliberate ignition which is primed when the hydrogen-air-
steam mixture reaches flammability.

The capacity of recombination of the combustion is higher than for catalytic recombination and,
depending on the chemical and thermohydraulic features of the mixture, it may be particularly
violent. In fact, if the burning rate is low (slow deflagration), combustion gives rise to static
overpressures which can be contained by current containment systems, but, if the speed of flame
is near to the speed of sound (fast deflagration or detonation), it may cause shock waves which
the containment structures may be unable to contain.

Many calculation codes developed to simulate this transient in nuclear reactor containment are
based on phenomenological models, that find the parameter in the "burning velocity" on which
the recombination rate of the phenomenon depends on.

The laminar burning velocity (SO is defined as the speed of flame relative to the unburned gas
when the gas is moving with a laminar flow. S\ can be measured experimentally and predicted



theoretically. It derives from the thermodynamic conditions of the mixture and, in particular,
from the chemical composition. However, the combustion itself primes turbulence which
increases the burning rate over what would have been the laminar value. This is due both to the
facts that the flame surface becomes wrinkled, with a greater fluctuating area, and the burning
velocity becomes higher as a result of greater heat and mass diffusivities. In phenomenological
models, an effective value of the burning velocity, called turbulent (Sj), is coupled with an
average macroscopic value of the flame surface area (Am) to give the turbulent volumetric
burning rate (VBR = S A )

The values of Am and S j can only be obtained from semi-empirical correlations, but the
evaluation of Am is difficult and ST cannot be measured directly in deflagration tests. In order to
find a method to solve these problems, the Department of Mechanical and Nuclear Constructions
(DCMN) of the University of Pisa started the VIEW program.

3.1 The VIEW program

Vented deflagration tests have been carried out with VIEW, a facility with a glass container
which allows flame propagation to be visually observed. Through a computerized system of
analysis of video recordings of the deflagrations, the flame surface and the burned gas volume
can be obtained as a function of time. Although approximations are inevitable, the method
adopted to identify the position of the flame during propagation is more reliable than other non-
visual methods (thermocouples and ion-probes). Unfortunately, it can only easily be applied to
vented "weak" deflagrations, when the mixture composition is far from the stoichiometric value
and near to the flammability limits, because the pressurization has to be limited due to the low
mechanical resistance of the glass. However, VIEW may be very useful to test the reliability of
the non-visual methods adopted in larger and stronger facilities.

In addition, a computer code, NEVE, has been developed, on the basis of a physicomathematical
model derived at the DCMN [6], to calculate volumetric burning rate and burning velocity from
experimental data of pressure, flame surface area and burned gas volume. An objective of the
program is to verify the code capability in simulating the phenomenon through a particular
procedure based on the comparison between code output and VIEW data. Once the code is
validated, it can also be used for large scale experiments. The values of the burning velocity
obtained with the small scale VIEW tests are not directly interesting for the large nuclear
containment, although they could be useful to understand possible scale effects if compared with
data obtained in larger vessels.

VIEW consists of the following systems:
a container;
a hydrogen injection system;
an aerosol injection system;
an ignition system with a spark ignitor;
pressure and temperature measurement systems;
a telecamera and a video tape recorder.

The container is a square parallelepiped in glass and stainless steel, 2 m long with a 0.65 m inner
side, split by a holed steel diaphragm into two chambers communicating via a 0.17 m diameter
orifice (Fig. 5). A stainless steel plate, clamped onto a frame, closes the container at one end (in
the right-hand chamber); the other end (in the left-hand chamber) is open so as to allow venting
toward the atmosphere. Of the four lateral faces, only the lower one is in stainless steel.
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Fig. 5 - The VIEW facility

After the vent opening toward the
atmosphere has been closed with a thin
unstretched polyethylene sheet, initially
an air fraction equal to the desired
hydrogen volumetric concentration is
extracted and then hydrogen is injected
and mixed with a fan, so as to bring the
container close to the initial pressure and
volume conditions. However, as this
system cannot give the exact hydrogen
concentration, this is assessed on the basis
of the constant flow rate of hydrogen
measured in a flow-meter for the entire
duration of the injection.

The ignition system consists of two
electrodes installed in the right-hand
chamber (for this reason called the "first"
or "ignition" chamber) and connected to a

remote-controlled capacitive discharge circuit. It was designed to prevent ignition during the
injecting and mixing procedures. The fan can be extracted from the container immediately
before the ignition, so as not to disturb flame propagation.

Pressure and temperature measurements are made with piezoresistive pressure transducers and
0.25 mm K-type thermocouples.

The measurements of the burned gas volume and of the flame surface are the main objectives of
the experimental program. To make the position of the hydrogen flame visible to the human eye,
an aerosol of 10 mm drops of a water solution of NaCl is added to the gas mixture. The
measurements were made using the video-recorded images of a telecamera located at about five
meters from the containment. A 2.5 m x 1 m mirror, supported by a steel framework, was
erected and 45° inclined on the container, so that the same telecamera can get simultaneously
both a front view of the flame and a view from above. Sufficient information on the shape of the
flame surface was thus obtained.

The telecamera cannot shoot flame speeds greater than 50 m/s: it only takes 25 frames a second
and the maximum length of a chamber is 2 m.

The images were digitalized on a micro computer Apple Macintosh and analyzed to obtain the
burned gas volume and the flame surfaces over time. The software used can calculate the area
and the perimeter of an image, simply by counting the pixels on the monitor while the user traces
the edges of the visualised object with the mouse. The volumes and surfaces of the objects are
roughly calculated by the user on the basis of the areas and perimeters of the images.

The facility was designed so that the following can be varied:
• the position of the diaphragm between the two chambers and thus their sizes;
• the vertical position of" the orifice on the centre-line of the diaphragm;
• the ignition point on the longitudinal middle section plane of the first chamber.

In the first series of tests the position of the diaphragm was kept constant so that the two
chambers were both one meter long; it was thus possible to observe not only the propagation of
the flame before it reached the diaphragm, but also the evolution of the phenomenon in the
second chamber.
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Fig. 6 - Positions of the ignitor and orifice in VIEW

For the ignition, five points were
identified as being the most suitable for
analysing the evolution of the flame
front (Fig. 6). These points are
indicated with two letters: one relating
to the three positions along the
longitudinal axis, "Orifice, Medium,
End", and the other to the two vertical
positions, "Top, Bottom". For the
position of the orifice in the diaphragm,
three possible configurations were
chosen: Top, Central and Bottom.

Of the 15 possible tests, 12 were carried out which were considered to be the most representative
and whose configurations are shown in Table 2.

The hydrogen volumetric concentration was kept at about 8.5% in all the tests, sufficiently high
to cause a complete combustion and sufficiently low so as not to jeopardize the container. Apart
from local steam inerted zones, hypostoichiometric deflagrations should not occur above this
concentration when a deliberate ignition system is installed in the nuclear reactor containment.

The phenomenological analysis of the experimental results was published in [7].

Table 2

Matrix of the experimental tests

Test

1

2

3
4

5
6
7

8

9

10

11

12

13/7b

Orif. Pos.
(height, mm)

Central (325)

Central (325

Central (325)

Central (325)

Central (325)

Top (545)

Top (545)

Top (545)

Top (545)

Bottom (105)

Bottom (105)

Bottom (105)

Top (545)

[% Vol.]

8.7

8.7

8.5
8.7

8.7

8.5

8.5

8.5

8.5

8.6

8.5

8.7

8.5

Ignitor
Position

End Top

Orifice Top

End Bottom

Medium Bottom

Orifice Bottom

Orifice Top

End Bottom

Orifice Bottom

End Top

Orifice Bottom

End Top

End Bottom

End Bottom



3.2 The NEVE code

The computer code NEVE [6] was created on the basis of a physicomathematical model which
describes the deflagration transients of flammable gas mixtures in partially confined
environments. The model assumes that, at each instant, the combustion of the elementary mass
is isobaric, i.e. the internal pressure is assumed to be uniform between the burned and unburned
phases. The other thermodynamic co-ordinates are different between the two phases, but
uniform within each of them. As boundary conditions, the system is adiabatic and the outside
pressure may be variable but not above the internal pressure. Other simulation codes for
deflagrations assess the transients of the thermodynamic quantities of the gas mixture (effects) on
the basis of a known evolution in the volumetric burning rate (cause). Inversely, NEVE
calculates the variation in time of the volumetric burning rate, which in a vented compartment
would give rise to the pressure transient, or burned volume transient, given in input, provided
that the deflagration model of NEVE is truly representative of reality. If the evolution of the
flame surface is also known, then also Sy can be obtained from VBR. Besides the pressure
transient (or the burned volume transient), the external pressure and the flame surface, the code
also needs to know the variation in time of the venting areas of burned and unburned gas.

If the transient pressure is given in input, then the code also gives the burned volume transient
among other output quantities. This can be compared with experimental data for an assessment
of the quality of simulation. Inversely, the comparison can be made on the pressure data, if the
transient of the burned volume fraction is given in input.

The transients of the quantities in input are supplied to the code via a sampling of the values
measured during the evolution of the phenomenon. The code reconstructs a continuous trend in
the transients by using a broken line with the sampling data as vertices ("linearization").

Even if the physicomathematical model were able to simulate the phenomenon perfectly, there
would still be errors connected with the variables computed, due to:
• errors associated with sampling values of the input quantities;
• reconstructing a continuous trend in the transient using linearization;
• the numerical integration of differential equations that make up the NEVE model.

The maximum mathematical error in the numerical integration could be set as low as is wanted.
In reality, if it is excessively low with respect to the error in the input values and/or to the
roughness of the linearization (which increases in proportion to a decrease in the number of the
sampling points), the integrating procedure may not converge. In fact, to calculate the values of
the output quantities at the end of a time-step, provided that the initial values are known, the
current version of the code also needs to know the values of the input quantities outside the time-
step. At present, these values are calculated with the same linear law that is assumed to be valid
within the time-step ("extrapolation"). This approximation becomes increasingly rougher in
proportion to greater differences in the trends of the input quantities outside the time-step. The
error due to linearization and extrapolation therefore becomes increasingly accentuated in
relation to how sudden the variations in the quantity trends are from one step to another.

The burned volume always increases; therefore, if it is given in input, even a rough linearization
will not lead to a shift in its general trend. So a rougher linearization will lead to a greater error
in the integrated quantities, but the code in any case always manages to follow the evolution of
the phenomenon. Oscillatory behavior in the pressure trend, on the other hand, may lead to
significant errors in the calculation that may cause an untimely interruption in the execution or
give unrealistic calculated transients. The error in the calculation results can be reduced by using
a better sampling (both from a quantitative and qualitative point of view). This allows one to set



acceptable values for mathematical errors without causing an untimely interruption in the code
due to a lack of convergence in the numerical integration procedure.

3 3 VIEW tests analyzed with NEVE

The measuring instruments used in VIEW and the methodology for extracting data from video-
recordings, which could still be enhanced, allow a significantly high amount of information to be
acquired. This is true at least for the first chamber of VIEW, in which the burning rate remains
relatively low with respect to the one in the second chamber, which is affected by jet ignition
phenomena [7]. NEVE has therefore only been applied to data relating to the first chamber. For
each test examined, a simulation was made with the burned volume transient supplied in input.
In addition, for those tests where there were significant overpressures, the recorded pressure
transient was also given in input. The greatest difficulty encountered in obtaining data on the
transients of the burned volume and the flame surface area was to get a three-dimensional
representation of the fire ball from video pictures. This representation depends on the operator's
skill.

In the first phase of the analysis, the schematizations of the transients given in input were based
on limited samplings (12+15 points for deflagrations that last 1.2+4 s), but which were
considered as being sufficient for describing the evolution of the burned volume. Initially, the
venting area transients are schematized very roughly, generally with a step (once the burned gas
reaches the orifice, it suddenly takes the place of the unburned gas in the venting flow).

The pressure transients calculated with the burned volume in input are compared in Fig. 7 with
the data recorded during the related tests, for the tests that provided significant data. In some of
these tests, the trend and values of pressure calculated by the code satisfactorily agree with those
recorded. In other tests, the calculated pressure transient significantly differs from the recorded
data, both in terms of the peak and in the time in which it occurred (e.g. tests 7 and 10), although
the relative errors in terms of absolute pressure are limited (< 10%).

With the recorded pressure transients in input and with the same samplings as in the previous
executions, the calculated burned volume transients in some cases are very different from what
was revealed by the analysis of the video-recordings, while, in other cases, although occasionally
showing significant relative errors (even 200%), follow the "experimental" trend (Fig. 8). In any
case, it was verified that the results given by the code are increasingly further from the
experimental trend in proportion to how great the frequency and the amplitude are in the
schematization of the pressure given in input, as said in Sect. 3.2.

Even in the tests where significant maximum overpressures occurred (around 20-30 mbar), the
experimental pressure transient for most of its evolution oscillates by some mbars with the same
magnitude as the sensitivity of the instrumentation used; thus it might not even be very
representative of the phenomenon. Moreover, in some tests, the pressure in the second chamber
occasionally becomes greater than that in the first chamber and, since the mathematical model is
not able to deal with this situation, this fact could lead to results that are very far from reality.

This rough analysis would seem to show that there is basically a good agreement between the
results of the code and the experimental data, at least for the executions with burned volume in
input. On the other hand, the disagreement in the results in the executions with the pressure
transient as input, would in many cases seem to be due to insufficient data sampling. However,
it should be noted that, when the burned volume is given in input, venting is a negative feedback
with a stabilizing effect on the pressure transient, so the influence of possible errors in the burned
volume can be counterbalanced, at least partially. There is not the same feedback when the
pressure is given in input.
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The conformity of the calculations to the
experiments alone cannot guarantee that the
model implemented in the code represents the
real phenomenon. Furthermore, one needs to
verify whether the errors in the calculation results
due to model assumptions are negligible or not
with respect to the errors associated with the data
in input and the linearization procedure. The first
step in this verification is to reduce, where
possible, errors associated with values given in
input, and then increase the number of sampling
points. If this produces a significant
improvement in the results, one can reasonably
say that this model interprets the physical
phenomenon well.

The input values were improved by enhancing
the description of the transients of the venting
areas which in the first set of executions were
schematized roughly. In fact, a more careful
analysis of the video-recordings showed that the
unburned gas is also vented during burned gas
venting, or rather, the unburned gas, pushed by
the expansion of the burned gas, manages to keep
leaking out through the orifice, even when the
orifice is partially occupied by the flow of burned
gas. As the unburned gas leaves the first
chamber with the burned gas, it burns thus
causing a standing flame that spreads into the
second chamber from the orifice, like a beam of
an oxyhydrogen torch, until the combustion has
terminated in the first chamber [7]. The estimate
was particularly critical of the evaluation of the
partitioning of the whole venting area between
burned and unburned gas. So far only tests 2, 5
and 7 have been revised with new values in the
venting areas, but using the previous samplings.

The new schematizations of the venting areas
with respect to the ones used previously show
less differences until the first time instances after
the beginning of the burned gas venting and
significant differences only in the final part of the
transient, though they coincide at the end
(Fig. 9).

Identifying how correct the results of the new
calculations are, when compared to the old ones,
is made again by a two-fold comparison between
pressures (the experimental transient and the
transients calculated with the burned volume as
input) and between burned volumes (that



obtained from an analysis of the video-recordings and those calculated with the pressure transient
as input). At the same time, the calculated volumetric burning rates are also compared.

The comparison made for tests 2, 5 and 7 gave the following results:
• with the burned volume transient in input, the pressure transients calculated in the new

executions are better than the previous ones, though the differences are minimal (Fig. 10a).
Where there are still disagreements between the recorded and calculated pressures (e.g. test
7), the input for the burned volume fraction may need to be revised as well. The burning
volumetric rates are different even if the pressure trends calculated in the two executions are
similar (Fig. 10b).

• with the experimental pressure transient in input, the descriptions of the burned volume
transients practically do not vary with respect to the previous ones, though they may
occasionally differ more from the experimental data.

Considering the modifications to the input data of the code, the minimum differences between
new and old simulations would seem to imply that, in the descriptions of the transients of the
venting area, the partitioning between the burned and unburned gas is particularly important
around the time when the burned gas begins to be vented into the second chamber and then
occupies most of the vent orifice. For the rest of the transient, even substantial variations in the
data of the venting areas do not seem to lead to significant variations in the results of the
calculation; although the "oxyhydrogen torch" phenomenon still exists, it can be neglected, as if
there were only a vent of burned gas.

Persistent errors between calculations and experiments would seem to be due to errors related to
the other input quantities (basically burned volume or pressure) and to the process of sampling,
linearization and extrapolation.

These positive initial findings show how efficient the model is at simulating the phenomenology
of the deflagrations carried out in VIEW. A definitive validation of NEVE can only be made by
eliminating extrapolation errors and, above all, extending the analysis to all the tests, improving
the input data, when possible, and enhancing the sampling. This should also help to identify the
level of precision of the input data and sampling that can be used to reduce profitably the error
associated with the calculation results.

3.4 Some conclusions on deliberate ignition

Recent studies on hydrogen recombination through deliberately primed deflagration have led to
computer codes being set up, which are increasingly efficient in terms of calculating the effects
of hydrogen deflagration in a containment of a nuclear reactor. Worldwide studies being carried
out on the behavior of a flame spreading through several compartments are aimed at a greater
understanding and modeling of the transient that evolves in the various compartments. The
codes thus need more efficient semi-empirical correlations to assess better the volumetric
burning rate and the burning velocity that occur during these combustions.

The VIEW studies seem interesting, at least in the case of weak deflagrations in environments
which gas can flow from but not enter, because they show that it would be really possible to
experimentally evaluate the volumetric burning rate and the burning velocity, though indirectly
via a computer code, NEVE. In fact, the first results of the code validation process made on the
basis of the VIEW experimental data, seem to give positive indications on the reliability of the
physicomathematical model used in formulation of NEVE.
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However, the code is still under validation and some improvements will be made in its numeric
integration process to eliminate extrapolation errors. Moreover, it has to be established how
much weight the model assumptions have on the differences between calculations and
experiments, in comparison to the weight of the errors associated with the input data and the
linearization process which is used to reconstruct a continuous trend in the input quantities. It is
difficult to quantify the errors in the data obtained from the analysis of video-recordings because
these errors also depend on the operator's skill.

To get a complete validation of the code, a set of new tests is being scheduled. These will be
carried out in a new facility which is similar to the current one but can reach higher pressure
peaks. This should:
• eliminate uncertainties on the significance of the pressure measurements;
• enable tests consistent with the model, in which the pressure inside the chamber where the

analyzed deflagration occurs is greater than the outside pressure.

4. GENERAL CONCLUSIONS

A catalyst can also make hydrogen and oxygen react before the gas mixture reaches the
flammability limit. A system of catalytic recombiners installed in the safety containment of a
nuclear reactor thus may avoid explosions, or even combustions, in an accident. The greater the
recombination rate and the number of recombiners, the lower the gas mixture reactivity can be
kept in a given accident or, inversely, the more severe the accident that can successfully be
managed, once a safety limit has been identified for the chemical composition of the gas mixture
(e.g. a 10% H2 volumetric concentration, according to 10 CFR 50.340-

The number of recombiners to be installed also depends on the rates of hydrogen production,
release and mixing, not only on the recombination rate of catalytic devices. In fact, there should
be enough recombiners so that the rise in the concentration of hydrogen is blocked when it
reaches the safety limit. At present, many studies are being carried out, with promising results,
to evaluate the hydrogen production rate, release and mixing, but as yet the computer codes are
unable to give very reliable estimates.

For this reason and since the number of recombiners needed to keep under control the most
severe accidents might be so high as to be impracticable (at least in the current nuclear safety
containments), hydrogen mitigation might be achieved by installing an ignitor system as well,
which primes a deflagration as soon as the gas mixture becomes flammable, so as to have a
burning rate as low as possible and loads thus better tolerated by containment structures and
safety related equipment. Also in this case, there are improvements in the capacity of estimating
burning rates and induced loads, but uncertainties still persist particularly about phenomena of
flame acceleration and deflagration-detonation transition. Deliberate ignition, however, never
increases the severity of the accident, because a flammable mixture sooner or later would
deflagrate in any case, because there certainly are uncontrolled ignition sources in the
containment.

Even in the presence of an ignitor system, catalytic recombiners might be useful to prevent
combustion in the least dangerous (and the most frequent) accidents and to delay ignition in the
most severe accidents. In addition, they can remove hydrogen before a possible venting, even if
the containment atmosphere has been inerted by steam released together with the hydrogen;
hence they could avoid explosions in the vent ducts or expensive inerting procedures in the
venting system. They would also reduce the marginal risk related to the uncertainties on
phenomena concerning flame propagation.



NOMENCLATURE

A
C

kl,k2 =
n =
P
PM =
Q
S
TR

V
VBR =
w =
X =

[X] =

flame surface area.
H2 molar fraction at the
recombiner inlet.
dimensional parameters.
number of moles.
pressure.
molecular weight.
volumetric flow rate.
burning velocity.
recombination rate of catalytic
devices.
volume.
volumetric burning rate.
hydrogen molar flow.
burned fraction of the volume
where a deflagration occurs.
molar density of X.

Tl
P
<t> =

Subscripts

a =
b
f
i =
1
m =
T
t =
u =
v =
0

recombiner efficiency
gas density.
fuel equivalence ratio.

air.
burned.
fuel.
inlet.
laminar.
macroscopic.
turbulent.
total.
outlet.
water vapor.
standard.
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