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Abstract

The present work reports new experimental and numerical results of the combustion properties of
hydrogen based mixtures diluted by nitrogen and steam. Spherical expanding flames have been studied
in a spherical bomb over a large domain of equivalence ratios, initial temperatures and dilutions at an
initial pressure of 100 kPa (Tini= 296, 363, 413 K; N2/0»=3.76, 5.67, 9; %Steam=0, 20, 30). From these
experiments, the laminar flame speed Sp.°, the Markstein length L’, the activation energy Ea and the
Zel’dovich B number have been determined. These parameters were also simulated using COSILAB® in
order to verify the validity of the Mével et al. [1] detailed kinetic mechanism. Other parameters as the
laminar flame thickness & and the effective Lewis number Leetr were also simulated. These new results
aim at providing an extended database that will be very useful in the hydrogen combustion hazard
assessment for nuclear reactor power plant new design.

Keywords: nuclear safety; combustion parameters; laminar flame speed; hydrogen



1. Introduction

During severe accident in Pressurized Water Reactor (PWR), the interaction between the fuel rod and
steam leads to the build-up of an explosive atmosphere inside the containment building [2]. This
atmosphere is mainly composed of hydrogen, oxygen, nitrogen and water vapor. In case of an ignition
by an energy source (electrical discharge spark, hot surface, etc.), a flame occurs and is capable to
threaten the containment building. To assess such scenario, CFD codes permit to model flame
propagation in equivalent environment [2-3]. Furthermore, under certain conditions the flame which is
propagating in the containment building can accelerate and undergo transition to detonation [4-5]. For
these reasons it is a need to determine the laminar flame speed of H2/N2/O> mixtures. First because the
laminar flame speed is one of the fundamental input data to the CFD codes. Then it permits to evaluate
fundamental parameters (laminar flame thickness 0, effective Lewis number Leesr, overall activation
energy Ea, Zel’dovich number [3) which are directly involved in the criterion of flame acceleration
permitting to distinguish fast flames from slow flames [2,5]. Substantial work has been conducted to
determine laminar flame speed of hydrogen/air mixtures in ambient conditions (Tini=296-300K; Pixi=
100-101.3kPa) [6-16]. Fewer experiments were performed at high temperature with or without steam.
Some of them were directly addressed to the hydrogen/air mixtures [16-19] while some others
concerned mixtures of syngas (H2/CO) on restricted equivalence ratio domain [20, 21] or stoichiometric
hydrogen/oxygen mixture [22]. Then, also a limited number of studies have been conducted on the
dilution with nitrogen [6, 9, 19, 23].

In the present investigation, new experimental data on the laminar flame speed were obtained using the
spherical bomb method of H2/N2/O2/Steam mixtures over a wide range of initial conditions (Tini= 296,
363, 413 K; Pini= 100kPa; N2/O02=3.76, 5.67, 9; %mol.Steam=0, 20, 30). The fundamental parameters

mentioned above were calculated from numerical simulations using the Mével mechanism [1] and some



of them were derived from the experimental data. For Hz/Air mixtures at 296 K and Hz/Air mixtures
diluted with 20%mol.Steam at 363K several kinetic models (the model of Li [24] and the GRI-Mech 3.0
mechanism [25]) were used in order to compare their impact on these combustion parameters and on
St°.

2. Material and method

The experiments leading to the laminar flame speeds measurements were conducted in two different
stainless steel spherical bombs. The first one [26] was used for ambient temperature studies (296K), and
the second one [27] for high temperatures studies (363, 413K). These two vessels are similar, they
differs only by their volume: 93L and 56L. Both vessels are made of two concentric spheres permitting
the circulation of a heat transfer fluid in order to regulate the inside temperature. For the high
temperatures studies, a septum injector nut is directly connected to the vessel for the liquid water
injection. For both devices, two opposite quartz windows for optical observations are mounted. The
spark- ignition of the mixture is realized by two thin tungsten electrodes located along a diameter of the
sphere which are linked to a high voltage and adapted probes to monitor the input power. High
frequency pressures transducers (Kistler 601A/6001) are mounted flush with the inner wall to measure
the pressure during the combustion. To observe the flame propagation and measure the laminar burning
velocity, a Z-type Schlieren arrangement and high-speed camera are employed.

Two different cameras were used: for S° higher than 3m/s we used Phantom V2520 up to 39 000
image/s and for St lower than 3m/s we used Phantom V1610 up to 25 000 image/s. The flame radius is
extracted from the images via a home-made code based on Matlab® [28] which detects the position of
the flame front [27] with an uncertainty of *1pixel. The spark triggers the camera recording, the

measurement of the pressure and the input power via a TTL generator connected to the electrodes.



The mixtures were prepared directly in the bomb using the partial pressure method. All the gas
components were supplied by Air Liquide (purity>99.9999%). The air is composed of 20.9% O: +
79.1% N». For experiments with steam, water vapor was obtained by the vaporization of liquid water
(distilled water). Each time, the water vapor partial pressure was checked to be less than the saturated
value in order to make sure that all the liquid phase has evaporated. The partial pressures and the initial
total pressure were measured using different capacitance manometers: MKS 690A Baratron and MKS
631. The uncertainties on the equivalence ratio and on the steam molar fraction are respectively +0.8%
and +0.15%. For experiments conducted in the 93L bomb, considering the large vessel volume the 8
fans were used in order to mix the mixture during 2 minutes. After this time, fans were stopped and the
mixture was resting during 5 minutes before the ignition in order to dissipate the turbulence induced by
this mixing process. This time was considered to be sufficient since there was no significant difference
in the measured laminar flame speed over 20 minutes of resting is reported in the Fig. S1 in the
Supplemental material. In the same way for experiments conducted in the S6LL bomb, mixtures were also
resting during 5 minutes after the filling process to remove any turbulence [27]. The initial temperature

was checked prior to the ignition. Experiments were conducted at initial pressure of 100 kPa and initial

temperatures of 296, 363, 413 K.

The laminar flame speed is defined as the unburned gases velocity in a normal direction relative to the
flame front. Considering an outwardly expanding flame, curvature and strain rate have to be considered
to determine this velocity. Indeed, local stretch induces a modification of the flame front upstream flow
[29]. From the flame front images obtained in the spherical bomb ((Fig. 1(a)) the flame radius is
deduced from which one can easily calculate a burning speed Vs = dR¢/dt. Unstretched velocity Vs are
determined considering a non-linear variation of the flame speed with the stretch rate. Several relations

can be used [30-31]. In the present study, the non-linear equation proposed by Ronney and Sivashinsky



[32] and modified later by Kelley and Law [33] (noted NQ for Quasi-steady Nonlinear model in [31])
was used. The laminar flame speed S.° and the Markstein length are derived from the solution of the

following equation [27, 34]:
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Fig. 1. Example of results for a Ho/air flame at @=3.6, Tin=296K, Pi,i=100kPa. (a): flame images, (b): recorded pressure
profile, (c) flame speed versus stretch rate.

An example of the unstretched velocity extraction is given in Fig. 1(c). The range of experimental radius
used in this data processing was from 10 to 70 mm in the 93L vessel and from 10 to 46 mm in the 56L.
vessel. The minimum radius was defined in order to remove the influence of the ignition energy while
the maximum radius was chosen to avoid pressure effect on the laminar flame speed [35] (Fig. 1(b)).
Since the pressure remains constant during the observation time, the laminar flame speed, Sr° is

determined by the ratio Vs°/0, 0 being the expansion ratio (=pu/Pb). The densities of the unburned and

burned gases (respectively pu and pp) are calculated by using the equilibrium code of COSILAB® [36].



3. Numerical calculations

To establish criterion of flame acceleration for the safety analysis, the combustion parameters (0, Leetr,
Ea, ) of Ho/N»/O»/Steam mixtures have to be determined by the laminar flame speeds simulations.
Therefore, the detailed kinetic mechanism which should be used has to be selected based on his
capability to reproduce experimental results for H2/N2/O2 mixtures over a wide range of initial
conditions. For the present study, the Mével mechanism was used [1] because of its validation against a
variety of experimental results for H2/N2/O2 mixtures [37] (laminar flame speeds, ignition delay times,
detonation velocities and detonation cells widths). These simulations were conducted by using the one
dimensional freely propagating flame code of COSILAB® [36].

Following the Zel’dovich analysis [38], The activation energy is the slope of the plot of 2*InS.” =
f(1/Tb).

To calculate the Lewis number of our mixtures, the definition corresponding of a weighted average of
the reactants Lewis number was used [39].

4. Results and discussion

4.1. Laminar flame speed uncertainties

Many parameters can be potential uncertainties on the laminar flame speed determination from a
spherical expanding flame [31, 40-41]. These parameters were carefully taken into account in the
present study: experimental conditions, radiative heat losses and extrapolation process. This section
presents how these uncertainties sources were fixed in order to assess the accuracy of the experimental
results.

4.1.1 Experimental conditions

For each experiment, the initial conditions were well-known (AP, = £0.5kPa, ATi = £1K, A@=

+0.8%). The ignition energy for each test was measured (10mJ maximum). There had been very careful



consideration of the electrodes implementation (alignment, gap between the tips, diameters) in order to
reduce flame-electrodes interactions.

4.1.2 Radiative heat losses

Radiative heat losses can lead to a decrease of the flame speed [42]. In the present study, in order to
verify that flames were not greatly influenced by radiation, the equation proposed in [43] was used to
calculate the radiation-corrected flame speed. Results are presented in Fig. 2. One can see that
differences between laminar flame speed experimentally obtained and radiation-corrected flame speed
varies from 0.37 to 0.67 cm/s leading to a maximum uncertainty of 2%. Furthermore it was also checked
that any bending was observed on flame speed profiles (Fig. 1(c)). Indeed as investigated in [44],
bending on the flame speed profiles is a characteristic of flames which are greatly affected by the

radiation effects.
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Fig. 2. Evaluation of the radiation-corrected flame speed according to [43].



4.1.3 Extrapolation process

As aforementioned in the previous section, different relations can be used to extract the unstretched
velocity Vs using the spherical expanding flame method [30-31]. To verify that the present data are not
impacted by the extrapolation method, the four extrapolation methods have been used to derive Vs°
obtained at 413K for Hy/Air mixture: Linear model based on curvature (LC), Linear model based on
stretch (LS), Nonlinear model with 3 fitting parameters (N3P), Nonlinear model in expansion form (NE)
and Quasi-steady nonlinear model (NQ) (notations based on the one used in [31]). The results obtained
with these different models are presented in Fig. 3. It is visible that all the models give very close results
on the entire equivalence ratio domain, with a maximum standard deviation (9.65cm/s) obtained at
@=2.11. We can also notice that the uncertainties of the results obtained with the model used in the
present study (NQ) encompass the results obtained from the other results. This good agreement is due to
the large radii used here to derive the laminar flame speed [30]. The impact of the extrapolation process
can also be studied by using the relation proposed in [31] which corresponds to the product between the
Markstein number (obtained using the LS model) and the Karlovitz number calculated at the middle
radius for each experiment. Wu et al. [31] showed that to minimize extrapolation uncertainties,
experiments should be conducted in the range of -0.05<Majinear.Kamiaae<0.15. The product
Maijinear. Kamiadle Was calculated for all experiments conducted in the present study and reported with
these limits in Fig. 3. One can see that only few experiments in lean and rich conditions may be slightly

less accurate due to non-unity values of the Lewis number [31].
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Fig. 3. Extrapolation models on Si° (a) and {MajnearxKamiaaie} parameter (b) for Ho/Air mixtures, Tini=296K, 363K, 413K,
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4.2, Laminar flame speed and Markstein lengths

The laminar flame speeds obtained from the spherical bomb method are reported in Fig. 4 for the three
initial temperatures and the three ratios N2/O> investigated. Results obtained for Hz/Air mixtures at
363K and 413K with 20 and 30%mol. of steam are also reported. It has to be noted that for N2/O>=9 at
Tini=296K and for N»/0»=3.76 at Tini=363 and 413K, investigated domain of @ was reduced due to non-
ignitable mixtures in rich conditions. Results obtained for Ho/Air mixtures at 296K were compared with
the literature ones. This comparison is reported in the Supplemental material, Fig. S2. In each case, the
maximum of the laminar flame speed is obtained for equivalence ratio between 1.6 and 1.8. As
expected, the flame speed increases with increasing the initial temperature and decreasing ratio N2/O2
(nitrogen playing the role of diluent). For a fix ratio No/O>=3.76 the steam dilution presents also a strong
impact on the speed profile. In average S1° decreases of 41-42% or 62-65% when 20%mol. or 30%mol.
of steam is added to the Ho/Air mixtures at 363K and 413K. Fig. 4 also contains the simulated Si°
obtained with Mével mechanism [1]. Overall the simulation results follow the same trend as the

experimental results. They are in very good agreement for lean and stoichiometric mixtures in dry

10



conditions, and for ultra-rich mixtures with steam. Nevertheless, two other kinetic mechanisms [24-25]
were used in order to operate a comparison on the laminar flame speed for Ho/Air mixtures at 296K and
Ho/Air mixtures diluted with 20%mol.Steam at 363K. The comparison between the results from these
numerical calculations is reported in the Supplemental material, Fig. S3. For dry and wet cases, the
models results are quite in agreement with S.” obtained experimentally. For Ho/Air mixtures at 296K
large discrepancies can be observed for lean mixtures between experimental and numerical results.
Indeed for all the reaction models these differences oscillate between 8.9 and 11.8%. Better agreements
are obtained for the largest laminar flame speeds (1.4<¢<1.8) while divergences increase for ultra-rich
mixtures except with the GRI kinetic mechanism at @=2.4 and @=2.9 where the differences are lower
than 4.5cm/s. Considering the experimental errors, the Li model presents the best predictions with an
average error around 3%. For Hy/Air/Steam mixtures at 363K, all the reaction models underestimate the
laminar flame speeds although they present the same trend as the experimental results. This can be
explained by the fact that radiations effect is not taking into account in the simulations. Indeed,
radiations absorption by fresh gases plays an important role in enhancing Si° especially with three
atomic molecules like water vapor which heat capacity is important. However, it appears that the Mével
reaction model permits to present the best predictions on the entire equivalence ratio domain with an
average error of 7.1%.

Eq(1) permits also to obtain the burned gases Markstein length Lg and consequently the unburned gases
Markstein length L’ (L’=Lg/c). For the experimental sets in Fig. 4, L’ are reported in Fig. 5. Except for
certain flames in lean mixtures (especially for mixtures diluted with steam), one can see that for each
initial condition on almost the entire range of equivalence ratio studied flames are stable (L’>0). While
the initial temperature does not affect the response of the flame to the stretch, it appears that increasing

the nitrogen dilution (increasing ratio N»/O) leads to an increase of the instabilities for lean and

11



stoichiometric mixtures. As an example, for stoichiometric mixtures L’ is becoming negative when
N2/Oz is increasing from 3.76 to 9. For N2/O2=3.76, the steam dilution appears to have a stronger impact
on the Markstein length, making unstable flame from lean mixtures and more stable flame from ultra-

rich (¢>2) mixtures.
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As mentioned previously, combustion parameters for safety analyses are inferred from laminar flame
speeds such as the laminar flame, the thickness o, the effective Lewis number Lees, the overall
activation energy Ea and consequently the Zel’dovich number [3.

4.3. Laminar flame thickness

The definition of the flame thickness can be based on the thermal diffusivity (8merm=Mp.Cp.SL°) or on
gradient of temperature (OgradT=(Tburned gases- Lunburned gases)/(dT/dX)max)). 1-D simulation was operated in
order to obtain the flame temperature profile and the other thermal parameters. Fig. 6 reports the values
of Ograar for the mixtures considered in the present study while Omerm is reported in the Supplemental

material, Fig. S4.
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Fig. 6. Calculated Ograar of Ho/No/O»/Steam mixtures with the Mével model, Tini=296K, 363K, 413K, Pi,=100kPa.

The results from the two methods can present important differences. Indeed, the calculation using the
temperature gradient leads to thicknesses higher than the ones calculated from the thermal diffusivity by
a factor between 4.17 to 19.64. It can be noted for both flame thickness calculations the ratio N2/Oz is
the parameter which has the most influence. For the calculation based on thermal diffusivity, the
temperature appears to have a minor impact except for the ratio N2/O>=9 where the lowest temperature
leads to have the thicker flame. On contrary, for the calculation based on gradient of temperature a
measurable variation is observed when the initial temperature is varied and the maximum flame
thickness is obtained at 413K.

As for Si°, laminar flame thicknesses were also calculated with two others kinetic mechanisms for
H>/Air mixtures at 296K and H/Air mixtures diluted with 20%mol.Steam at 363K in order to study the
impact of the kinetic model. A comparison between the numerical results is presented in the

Supplemental material, Fig. S5. One can see as in the previous results that for each reaction model, dgradr

always gives much larger values than &merm. For dry and wet mixtures all the mechanisms present very
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similar Omerm excepted for lean and ultra-rich mixtures while noticeable differences can be noted on
Ogradt. For Ho/Air mixtures at 296K, the models of Mével and Li provide comparable results whereas the
GRI mechanism gives always lower values excepted at @=3.5 and 4. For Hy/Air/Steam mixtures at
363K, Ogaar can present large variations (from 29.5 to 90.4pum) according to the kinetic mechanism
used.

4.4. Effective Lewis number

Fig. 7 reports the values of Effective Lewis numbers for the mixtures considered in the present study.
The Lewis numbers of the reactants (H2 and O2) are also figuring in order to illustrate that the Leesr of

the mixture is driven by Lenz in lean conditions and by Leo: in rich conditions [39].
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Following the trend of L’ (Fig.5), it has to be noted that the majority of the studied flames are stable
(Leesr>1) except for some conditions (=1 at N2/O2=3.76 with 20%mol.Steam, @=1 at N»/O>=9 and also

for lean mixtures in every conditions). It is also visible that the dilution by N> (increasing ratio N2/Oz) or

15



by steam leads to a decrease of the Leetr. In particular we can notice stoichiometric mixtures which are
becoming unstables (Lefr<1) when the ratio N2/Oz increases from 5.67 to 9 or when the steam is added.
4.5. Overall activation energy and Zel’dovich number

Calculation results of the Overall Activation Energy are reported in the Supplemental material, Fig. S6.
The evolution of 3 with the equivalence ratio is presented in Fig. 8. In each case, the minimum of B is
obtained at the equivalence ratio for which the laminar flame speed is the highest one. As it could be
intuitively predicted, the reactivity of the mixtures of interest increases with the temperature and
decreases with the dilution by nitrogen or steam. The decrease of [3 with the initial temperature increases
when the dilution by N> increases. The average decreasing at N2/O»>=3.76 is around 13.1% while it is

approximately 22.6% at N2/O2=9.
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The model dependency of 3 can be studied with the Figure S7 in the Supplemental material where
numerical results from the mechanisms of Li, Mével and GRI 3.0 are presented for Hy/Air mixtures at
296K and H/Air mixtures diluted with 20%mol.Steam at 363K. As for the laminar flame thickness

Omerm, the reaction models of Mével and Li present quite similar 3 for dry and wet mixtures. From the
16



GRI mechanism, 3 is always higher on the entire domain of equivalence ratio. Furthermore, the results
from the Mével model are always the smallest ones except at ¢=2.9, 3.6 and 4 for Ho/Air mixtures at
296K and at @=0.8 for Ho/Air/Steam mixtures at 363K.

For dry mixtures 3 was also derived from Si° obtained experimentally. A comparison between the 3
derived from experiments and the one obtained numerically with Mével model is reported in the
Supplemental material, Fig. S8. In order to increase the number of data, a fit was applied on the
experimental curve Sp’=f(¢) as reported in the Supplemental material, Fig. S9. As one can see, trends
are very well reproduced with the mechanism for ratios N2/O2=5.67 and 9. Furthermore, an excellent
agreement can be observed at 363 and 413K for N2/O,=5.67 while for N2/O2=9, 3 is always slightly
overpredicted. For N»/O»=3.76 and Tin=296K, results from simulation are shifted toward the richer
mixtures, whereas at 363 and 413K large discrepancies and an excellent agreement can be noticed
respectively for @<2 and @>2.

5. Conclusions

Expanding spherical flames of H2/N2/O> mixtures have been studied for a wide range of equivalence
ratios @ (0.8 < ¢ < 4), initial temperatures (296, 363 and 413K) and N2/O» ratios (3.76, 5.67, 9) at 100
kPa. From these experiments, S1.°, L’ have been determined. Moreover, the effect of steam addition to
the mixtures was also investigated (20, 30%mol of steam). Higher temperatures and ratio N2/Oz promote
faster flame propagation while steam addition has a suppressing effect. Mével chemical kinetic model
was used in order to simulate laminar flame speeds in the same initial conditions and was compared to
the results. Good agreements between experimental and simulated results were observed. This validation
demonstrates that this model can be used to simulate premixed flame properties relevant to combustion
hazard evaluation in NPP [45]. Moreover, Si° is also important for the use of CFD codes where it is

used as a normalizing parameter for the determination of the turbulent flame speed. The model was

17



subsequently used to perform calculations of the following parameters: laminar flame, thickness 9,
effective Lewis number Le.fr, overall activation energy Ea, Zel’dovich number (3. These new data permit
to estimate the flame acceleration criterion in case of mixtures diluted with water vapor.
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