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Abstract

The aim of the present work is to assess the tigkxplosion in closed containments used for the
transportation of nuclear materials or nuclear wastdeed, it is very well-known that hydrogen can
be produced due to (i) the radiolysis of differemterials within the containment, (ii) the thermal
decomposition of mainly the organic part in thetaomment. Since hydrogen has a very low ignition
energy and a very wide flammability domain, itngportant to determine the risk of ignition of the
subsequent mixture produced by the aforementiorsthamisms. The quantity of the hydrogen that
can be produced can vary depending on the containtyyge and on the state of the material/waste
being transported. It is then mandatory to haverg good knowledge not only of the flammability
domain of hydrogen in air but also for differend/®, ratios. To do so, an experimental work on the
flammability domain of multiple ternary mixtures rdaining H/O./N; is being conducted at the
CNRS-ICARE laboratory within collaboration with tiEA.

The flammability limits of H/O./N, will be determined in a spherical bomb equippeth\ai central
ignition at an initial pressure of 1 bar and foifetient initial temperatures between 60 and 200°C.
Two tungsten electrodes are located along a diamétine sphere. They are linked to a controlled
high voltage discharge device. The voltage andcsitg discharge are measured via a high voltage
and a current probes. The adjustable gap betweeel#ttrodes is usually fixed around 1 mm and
can be larger near the flammability limits. The d&mstion is monitored using 2 different
diagnostics: pressure measurements during the cdmobutest using a piezo-electric pressure
transducer (Kistler) and the recording of the flaffilee visualization of the flame is obtained via a
Schlieren diagnostic previously described [1]. Atuaie will be considered as flammable when both
the imaging and the pressure indicate a succesgfition followed by flame propagation. On the
contrary, the mixture will be considered non-flanfikeawhen no flame propagation is observed and
no increase of pressure inside the vessel is redord



Introduction

CNRS-ICARE

The CNRS is a state-funded science and technolsiggpleshment placed under the authority of the
French Minister for Research. CNRS research uméslacated throughout France, and employ a
large body of tenured researchers, engineers, pyubg staff.

CNRS-ICARE is an intramural lab, fully funded andamaged by CNRS. It is specialized in
combustion studies. It has a history of more th@rydars and is active in all areas of combustion
studies from chemical kinetics to turbulent comlmustPresently ICARE is composed of about 100
scientists and support staff. Its main R&D activéinea is Energy & Environment studies relating
mainly to chemical conversion of energy. CNRS-ICAR&S a large experience in the combustion
studies of gaseous and heterogeneous systemscléadimbustion, droplet combustion, spray
combustion, turbulent two-phase combustion arend expertise areas together with the chemical
kinetics of reactive systems. ICARE operates sé\arge scale facilities including high pressure
combustion chambers, high speed wind tunnel, shotles, flame acceleration systems and
experimental platforms consisting of several adednlaser diagnostics systems. ICARE has also
large expertise in the modelling and numerical $atmon of complex reactive flows. The « Shock
Wave » group of the ICARE laboratory at Orléanskgoon two aspects: the chemical kinetic of
combustion and the dynamics of chemical explosidre team has many additional experimental
devices to determine the fundamental parametetiseo€ombustion such as spherical bombs, shock
and detonation tubes, fast flames rigs ....

The CEA
CEA is the French Alternative Energies and Atomieigy Commission (Commissariat a I'énergie
atomique et aux énergies alternatives). It is diplody established in October 1945 by General de
Gaulle. A leader in research, development and iatnon, CEA is active in four main areas:
low-carbon energies, defense and security, infaomaechnologies and health technologies. In each
of these fields, CEA maintains a cross-disciplinamiture of engineers and researchers, building on
the synergies between fundamental and technologgsahbrch.
The civil nuclear research is focused on two mald$é: nuclear systems for the future and nuclear
waste management.
The research studies are supported by demonstradieources and equipments using nuclear
materials, which are spread all over the ten CE®eaech centers in France, each specialized in
specific fields. Consequently, the transport ofleacmaterials between its own nuclear facilitied a
also the waste produced by its activities, or tlsndntling of old facilities, is a key issue foreth
good achievements of CEA programs and projects. @B# therefore designed, licensed and
manufactured a wide range of nuclear transport ggek to cover its own varied needs over the last
70 years. The fleet of packages covers many kihds@ear materials that need to be transported:

- neutron sources and a large variety of fresh fuels,



- a wide variety of spent fuels from a large groupredearch reactors or laboratories, and
conditioned in many forms (samples, rods, assesblje

- technological waste conditioned in various drunoesnfrl00I to 870,

- liquid waste.

General context

It is very well-known that in closed containmenged for the transportation of nuclear materials or
nuclear waste, hydrogen can be produced due tbdiyadiolysis of different materials within the
containment, (ii) the thermal decomposition of nhaithe organic part in the containment. Since
hydrogen has a very low ignition energy and a weide flammability domain, it is very important
during the safety demonstration process to deterrthia risk of ignition of the subsequent mixture
produced by the aforementioned mechanisms. Thetiguanh the hydrogen that may be produced
can vary depending on the containment type andh@state of the material/waste being transported.
It is then mandatory to have a very good knowledgé only of the flammability domain of
hydrogen in air but also for different,fD, ratios and in conditions of pressure and tempszatu
relevant to nuclear waste transportation. To daegxperimental work on the flammability domain
of multiple ternary mixtures containingoHO,, and N is being conducted at the CNRS-ICARE
laboratory within a collaboration with the CEA. 8&this study is only at the early stages, the
results will focus on the initial pressure of 1 akdbar. The work will be continued with the
investigation of the effect of a larger domain oégsures (from 0.3 to 4 bar) and for differentiahit
temperatures (from 60 to 200°).

Experimental Setup and Methodology

The spherical bomb method has been chosen to #tedgehavior of flame and to determine the
flammability limits of H/O,/N, mixtures. It consists of a spherical stainlesslstessel of 8-L (i.d.
25 cm) equipped with 2 quartz windows (70 mm optitameter, 50 mm thickness). The maximum
operating pressure and temperature are respectdhars and 150°C (Figure 1).
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Figure 1 Schematic diagram of the experimental setu  p for the Z-type Schlieren
visualization.

Two tungsten electrodes were located along a demaétthe sphere. They are linked to a controlled
high voltage discharge device consisting of a céypa¢ 1.55 uF capacitor and a voltage of 1.3 kV
able to store 1.31 J. The voltage and intensitghdigge were measured via a high voltage (Tektronix,
P6015A) and a current (Bergoz, CT-D1.0) probes Uifeig2). The adjustable gap between the
electrodes was usually between 1 mm and 5 mm depprwh the molar fraction of Hin the
mixtures, it is fixed to the largest gap near tlaenimability limits. Indeed, as shown by Kumamoto
et al., [1], a variation of the distance betweeandlectrodes will induce an increase or decreasigeof
energy delivered by the spark.

Thermocouple

Electrodes

Pressure Transducer

Figure 2 Schematic of the Ignition system coupled w ith the spherical vessel.

The current (I) and voltage (U) are acquired byigital oscilloscope (Agilent DSO-100MHz,
2Gsals). The estimation of the delivered energyhéspark is from the temporal integration of the
product of U*I. It depends of many factors suchtes mixture composition, the initial pressure, the
nature and surface quality of the electrodes, hadctlectrodes gap.

The ignition and the flame propagation are viswalithrough a classical Z-type Schlieren setup with
a high-speed camera (Phantom V5 or V1610). Theseeres are been used respectively at
500 frames/s and 25000 frames/s. The light soume avDC 150 Watts Xenon lamp (Lot Oriel,
Compact 150W Xe model). The temporal behavior & thduced overpressure following the
ignition is measured with a fast piezoelectric ptes transducer (Kistler 601A). The overpressure
signal is recorded on a second oscilloscope (AgilE80O-100MHz, 2Gsa/s).A digital delay
generator (BNC, 575 model) is used to trigger tleetac spark and the acquisition of the two
oscilloscopes. The initial gas temperature instie lomb is monitored via a thermocouple before
each run.

The gases were introduced in a magnetically fanestireservoir using the partial pressure method to
obtain the desired mixture. Hydrogen, oxygen aricbgen were supplied by Air Liquide with a
purity better than 0.9999. The partial pressure maasured using capacitive manometers (MKS) of
different full scales according to the desired pues (18 Torrs and 10 Torrs). Based on the



precision of the capacitive manometers, the mistuwere obtained with an accuracy of 0.2 %.

Before each test, the chamber was vacuumed andesidtual pressure was lower than 3 Pa, the
premixed mixture is fed into the spherical bomkhatdesired initial pressure. The mixture inside th
bomb is let to rest for 5 mn before a spark is te@at the center of the vessel. The camera and the
oscilloscopes are subsequently triggered by thigatlidelay generator. The experimental maximum
pressure observed for each test is compared tthdweetical value that is estimated based on the
assumptions of: (i) adiabatic, (ii) isochoric, iGomplete combustion. This theoretical maximum
pressure is calculated using Cosilab code [2].

Results

Following our previous studies and according to likerature [3-5], a mixture is considered as
combustible when following the flame kernel fornoatidue to the spark plasma, a visible flame
propagates away from the ignition location in tlessel. It may or may not induce a visible pressure
increase inside the spherical bomb. Once the nexisirintroduced inside the vessel, a spark is
created: (i) if the ignition is obtained, the misguwill be labelled as flammable and a value o§1 i
attributed to the test; (ii) if no ignition is olsged, the mixture will be labelled as non-flammadnhel

a value of 0 is attributed to the test. In the cabkere no ignition is obtained, the test is repddi@
times before emptying the chamber and filling agaiith the same mixture. This cycle is repeated 3
to 4 times.

Definition of the flammability limit

Concerning the flammability limit, one can distingfu between the lower flammability limit (LFL)
which is the minimum molar percent of the fuel e tmixture below which no flame propagation
can be achieved and the upper flammability limiE(Y which corresponds to the highest molar
percent of the fuel above which no sustainable élasmobserved. An example of the probability
distribution between ignition / no ignition tesssgiven in figure 3. From this distribution, thevier
flammability limit is derived: for /O, mixtures initially at 1 bar and 297 K, the LFLegual to
4.1 % of B which is in very good agreement with the literatiile
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Figure 3 Probability distribution for tests of H 2/O, mixtures initially at 1 bar and 296 K.

Different flame regimes near the flammability limits

When the H molar percent is higher than the LFL, the flamepagation and the subsequent
pressure increase inside the spherical bomb destrotgly on the molar percent of kh the binary
mixture H/O,. As it is shown in Figure 4, when the mixture anstituted of {5.12 %kl + 94.88 %
O}, the spark leads to the formation of a flame thadpagates in the upward direction and will be
responsible of a partial combustion of the fresmloostible mixture. For a mixture constituted of
{8.75 %H, + 91.25 % @}, the flame kernel grows faster: initially as éhspical flame, but then later
we can still observe a preferential propagatiorthia upward direction. Increasing the H2 molar

percent to 12.75 %, the flame grows at a much tasgeed and propagates in all directions. In this
last case, the combustion will consume the totalwarmof the combustible mixture.

40ms 116ms
(a): 5.12%H,+94.88%0,-1bar-296K

(b): 8.75%H,+91.25%0,-1bar-296K

(c): 12.75%H,+87.25%0,-1bar-296K

Figure 4 Type of lean flame propagation of H ,/O, mixture at 1bar and 296 K.

The evolution of the pressure inside the spheboahb was also recorded for these 3 cases (Figure
5-a). In the case of {12.75 %H 87.25 % @}, the pressure inside the bomb increases as dneefl
propagates from the ignition center towards thdsaail the vessel. When the pressure reaches the
maximum value, the combustible mixture has beenptetely burnt. Indeed, this is verified by
comparing the experimental maximum pressurga§Pto the theoretical value calculated by
assuming an adiabatic isochoric complete combugBapc). As one can see in figure 5-hydand
Paicc are almost equal in this case which validate gsimption of a complete combustion. As the
H. is lowered from 12.75 % down to 5.12 %, one cantbat the pressure profile versus time is less



steep. Indeed it takes more time to combust thehfgases and. B drops drastically. One can see
from figure 5-b that below 9 % of Hn the binary mixture, R becomes much lower than&:
which confirms that for these mixtures, the comimusis not complete since the flame does not
propagates in all directions. The pressure histergus time and the comparison with the theoretical
maximum pressure agree very well with the imagibgeovations.
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Figure 5 Evolution of the experimental combustion o verpressure versus time (a) and
theoretical (P aicc) and experimental maximum pressure (P max) versus the hydrogen
molar percent (b). The mixtures were initially at 1 ~ bar and 296 K.

Impact of the initial Pressure on the flammability limits of H,/O, mixtures

As the initial pressure is increased to 2bar, thabability function for the determination of the
flammability limit is larger than the case of 1 béhe LFL was found to be 4.3 % ot Figure 6).
This value is nearly identical to the LFL obtairedl bar.
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Figure 6 Probability distribution for tests of H 2/O, mixtures initially at 2 bar and 297 K.

Probability Distribution for LFL

As for the different regimes observed at 2 bary tre also very similar to the results obtainedrat
initial pressure of 1 bar (Figure 7). For very lely molar percent (5.4 % of | the flame propagate
in the upward direction only while for the mixturesntaining respectively 9.5 and 12.5 % of the
flame propagates to the entire volume of the spaebbomb. The main difference between 1 and 2
bar cases is the wrinkling of the flame which isrenpronounced for the 2 bar case.



38ms 101ms 170ms

(a): 5.4%H,+94.6%0,-2bar-296K

38ms 67ms 106ms
(b): 9.5%H,+90.5%0,-2bar-296K

0.08ms

(c): 12.5%H,+87.5%0,-2bar-296K

Figure 7 Type of lean flame propagation of H /O, mixture at 2 bar and 296 K.

The evolution of the combustion overpressure ared dbmparison between,i and Ricc are
plotted in figure 8. As one can see, the maximuesgure depends strongly on thegdrcent in the
mixture, it increases strongly when the ¢bntent is increased. Moreover, the time of coribns
decreases as well when the pércent increases. When comparing<Ro Pacc, one can identify the
conditions for which only a partial combustion cheeved due to the fact that flame could propagate
only in the upward direction for Hpercent lower than 9.5 %.
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Figure 8 Evolution of the experimental combustion o verpressure versus time (a) and
theoretical (P acc) and experimental maximum pressure (P max) versus H , molar
percent (b). The mixtures were initially at 2 bara nd 296 K.

Flammability limits of H,/O,/N, mixtures




The variation of the LFL of MO, mixtures when Mis added to the mixtures has been studied by
applying the same methodology as previously. Ngrogas added to the binary mixtures gradually
from 20 to 90%. At an initial pressure of 1 bargiitie 9-a), when the N\content is between 20 and
80 % the LFL is hardly effected. A strong changeha flammability limit is obtained when the
percentage of Nis higher than 80 % where the LFL increases froB%4 to 5.15 %. Above 90% of
N2 no ignition was obtained no matter what thgrhblar percent was. This result is in very good
agreement with the study of Kumar [6].

At an initial pressure of 2 bar, the same behamMabtained, however it is only above 80 % of N
that the LFL varies strongly. As one can see fraguré 9-b, the LFL remains at 4.3 % when the N
percent varies from 0 to 80 %. Above 80 % of Me LFL increases rapidly when the diluent is
increased. Finally, above 90% of No ignition was obtained no matter what therkblar percent
was.
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Figure 9 Evolution of the flammability limit with t he N dilution. (a): 1 bar and 296 K;
(b): 2 bar and 296 K.

Close to the flammability limit, the flame propaigat is limited since it propagates only in the
upward direction and hence is responsible for &ddnincrease of pressure (Figure 10)



0.08ms 50ms 105ms
(a): 5%H,+6.2%0,-88.8%N2-1bar-296K

0.08ms 50ms 105ms 173ms

(b): 5%H,+6.2%0,-88.8%N2-2bar-296K

Figure 10 Typical flame propagation regimes for H  ,/O./N, mixtures close to the
flammability limit. (a): 1 bar and 296 K; (b): 2 ba rand 296 K

The different flammability limits measured in tlsgidy are reported in table 1.

Table 1 Experimental lower flammability limits for H2/O2/N2, mixtures at 296 K

N2 (%omol) Pini = 1 bar Pini = 2 bar
0 4.11+0.00205 4.2610.30
20 4.15+0.003 4.266+0.016
40 4.15+0.0028 4.266+0.016
60 4.2+0.0028 4.266+0.016
80 4.31£0.003 4.266+0.016
88.8 5+0.0037 5+0.014

Conclusions

During this work, the lower flammability limit (LPLof Hy/O./N, mixtures have been investigated
through the analysis of the flame propagation usiregexpanding flame in a closed spherical using
both high speed imaging and pressure measureméntsaamd 2 bar initial pressure at room
temperature. The lower flammability limit oKD, mixtures agrees very well with the literature both
at 1 and 2 bar. It was shown that close to therfiaility limit, the flame propagation is limited to
the upward direction and hence the combustion ogsspire is very small compared to the
theoretical value corresponding to complete isachmymbustion. This behavior is very important in
the risk analysis of the containment of nuclear tevcast was shown that in order to modify
substantially the LFL, large amount of Needs to be added to the binary®3 mixtures: at least
80 % of N is needed for both initial pressures. The minimaindiluent in order to suppress any



combustion over the whole range off & composition was found to be 90 %.

This work, which is still an ongoing investigatiomill be extended to higher pressures (up to 4 bar)
and to lower pressures (down to 0.3 bar). The eftécthe initial temperature will also be
investigated from 60 to 200°C.
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