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ABSTRACT
The work was done with respect to hydrogen safety of ITER vacuum vessel in cases of loss of cooling
and loss of vacuum accidents. Experiments were conducted at sub-atmospheric pressures from 1 bar to
200 mbar and elevated temperatures up to 300 oC. Hydrogen concentration was changed from lower to
upper flammability limits in all the range of pressures and temperatures. The experiments were
performed in a spherical explosion bomb equipped with two quartz windows. The flame propagation
velocity was measured using pressure method and high speed shadow cinematography. The theoretical
flame velocities were calculated by Cantera code using Lutz and Mueller mechanisms. The influence
of the initial temperature and pressure conditions on the laminar flame speed SL, overall reaction order
n and Markstein length LM are presented in this work and compared with the results of a theoretical
model.
1.0 INTRODUCTION
Under hypothetical Loss-of-Cooling-Accident (LOCA) scenarios of International Thermonuclear
Experimental Reactor (ITER), hydrogen may be produced due to the reaction of hot beryllium
panels with cooling water. Another source of hydrogen in ITER sub-modules is hydrogen released
from cryo-pumps. Air ingress from ambient atmosphere into the Vacuum Vessel (VV) may lead to
formation of combustible hydrogen-air mixture. Ignition of the mixture by internal ignition source
and its combustion in the vacuum vessel may generate high pressure and thermal loads. The
hydrogen hazard in LOCA sequences was analysed systematically for vacuum vessel, cryo-pumps
and neutral beam systems [1, 2].
Typical ITER relevant initial conditions may vary in the range of a few Pa to atmospheric pressure
(1 bar) and temperature from cryogenic to 400 oC. Depending on hydrogen inventory and air
ingress the initial pressure may be changed from 50 mbar to atmospheric pressure. The
flammability limits of hydrogen-air mixtures at ambient temperature of 293K and reduced pressure
up to 30 mbar are shown in Fig. 1 for two different ignition sources [3].
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Figure 1. Flammability limits of hydrogen–air mixtures at sub-atmospheric pressures (T = 293 K) [3].
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The picture shows that the Lower Flammability Limit (LFL) is not sensitive to the initial pressure.
It remains at about 4% hydrogen in air, as it is at atmospheric pressure, independent of the initial
pressure. The Upper Flammability Limit (UFL) was found to be quite sensitive to the initial
pressure in the range of 50–1000 mbar. The UFL extends from 75%H2 at 1000 mbar to 80%H2 at
pressures in the range of 200–500 mbar, and then below 200 mbar the UFL reduces from 80%H2 to
50%H2 at a pressure of 50 mbar. The lower flammable pressure of hydrogen-air mixture is about
30-40 mbar.
Another problem to ignite the hydrogen–air mixtures at reduced pressures is the dependency of
Minimum Ignition Energy (MIE) on initial pressure p0 and temperature T0 as following [4]:
E ig , min ~ T0−2 · p 0−2 ,

(1)

This means that it will need more energy to ignite the same mixture at reduced pressures. Figures 2
demonstrate the minimum ignition energy for hydrogen-air mixtures as a function of initial
pressure and stoichiometric ratio of the mixture. We may roughly evaluate from both pictures that
to ignite a hydrogen-air mixture near the flammability limits it needs almost 1 J of ignition energy.

Figure 2. Minimum ignition energies (MIE) of stoichiometric hydrogen/air mixture for To=298 K as a
function of pressure (left) and hydrogen concentration at po = 1 atm (right) [5].
Effect of initial temperature on flammability limits of hydrogen-air mixtures is shown in Fig. 3.
The picture accumulates published data [6-7] on flammability limits at ambient pressure in wide
range of temperatures even up to the auto-ignition temperature [8]. The auto-ignition limit was
additionally calculated in [9] using Maas-Warnatz mechanism and INSFLA code. The dependency
of lower and upper flammability limits on temperature is almost linear. It extends from 4-75 %H2 at
20oC to 1.5-87.6 %H2 at 400oC [10].
The problem of air ingress into the ITER vacuum vessel filled with hydrogen at reduced pressure
was investigated in [11]. As an example for 20 kg of hydrogen inventory, during an air ingress the
internal pressure changes from 200 mbar to atmospheric pressure. Hydrogen concentration will
simultaneously change from 100 %H2 in the beginning to 20 %H2 at the end. Below the upper
flammability limit UFL=80 %H2, the gaseous mixture becomes flammable.
Within the flammability limits for hydrogen-air mixtures flame may propagate in different regimes
from quasi-laminar to sonic deflagration and even detonations. Critical conditions for flame
propagation regimes in confined volumes depending on geometry, scale and initial mixture
properties are written in papers [12-13]. As mentioned in these papers, the main mixture properties
governing the flame propagation regime from subsonic quasi-laminar to supersonic flame and then
detonations are expansion ratio, laminar burning velocity, speed of sound in reactants and products,
detonation cell size and many others. Expansion ratio gives a thermodynamic potential for effective
flame acceleration to sonic speed, the laminar burning velocity and speed of sound characterize
dynamic of the flame propagation. Hazard potential of combustible mixture in terms of pressure
and thermal loads will strongly depend on flame propagation velocity [12, 14].
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Figure 3. Flammability limits of hydrogen –air mixtures at ambient pressure (p0 = 1 bar) and different
temperatures up to the auto-ignition limit.
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Figure 4. State of hydrogen-air composition inside the ITER vacuum vessel for 20 kg of hydrogen
inventory during an air ingress until internal pressure will be equal to atmospheric (1 bar).
The laminar burning velocity (LBV) is one of important overall characteristics of the reactivity of
combustible mixtures. It is usually used as a measure of the combustion rate in numerical models to
predict dynamics of the combustion. The LBV can be used to evaluate the laminar flame thickness
δ, the overall activation energy Ea, and the reaction order n, for the dimensionless analysis of
turbulent combustion and to estimate flame stability and flame acceleration potential.
According to the Zeldovich - Frank-Kamenetskii theory [15], the overall activation energy Ea
represents the sensitivity of the laminar burning rate to the flame temperature as follows
⎛ E
S L (Tb ) ∝ S L ⋅ exp ⎜ − a
⎝ 2 ⋅ Tb

⎞,
⎟
⎠

(2)

where SL(Tb) and SL are laminar burning velocities at a given flame temperature Tb and at ambient
temperature T0. The pressure dependence of the laminar velocity as a function of the reaction order
n can be written in simplified form:
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n

−2

⎛ P ⎞2
S L ( P ) ∝ S L ( P0 ) ⋅ ⎜ ⎟ ,
⎝ P0 ⎠

(3)

The overall reaction order n indicates the pressure effect on the combustion rate. For instance, if
reaction order n < 2, the laminar burning velocity will decrease with an initial pressure increase.
This is why the laminar velocity of hydrogen-air combustion at reduced pressures and different
temperatures is an important issue from a practical point of view. The problem related to the
hydrogen safety of ITER sub-modules is that the only several experimental works are recently
known with the data on laminar burning velocity of hydrogen-air mixtures at reduced pressures and
normal temperature [3, 16-21]. Figures 5-7 show a comparison of laminar burning velocity of
hydrogen-air mixtures at sub-atmospheric pressures in these papers. One can see that laminar flame
speed increases with pressure increase for hydrogen-air mixtures within the range of 20 – 60%H2.
Out of this range, for very lean and very rich hydrogen-air mixtures, the pressure has a suppressing
effect on laminar flame velocity. Such a behavior was shown to depend on the overall reaction
order [3, 21] according to Eq. (3). It was experimentally found, the overall reaction order n > 2
within the range 25-65%H2 leads to promoting effect of pressure on laminar flame speed [3].
Almost the same range of hydrogen concentrations with reaction order n > 2 was calculated in [21]
using modified Yetter mechanism [22]. As shown in [20], the mechanism of Mueller et al. [23]
predicted reasonably well experimental results of the laminar burning velocities at lean and rich
equivalence ratios; however it tended to overestimate experimental values of SL at ultra-rich
equivalence ratios.
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Figure 5. Burning velocities of hydrogen-air flames [16]: (1) 986 mbar; (2) 613 mbar; (3) 387 mbar;
(4) 213 mbar.
Another effect of the pressure is related to the flame stability, specifically to the influence of flame
front stretch on laminar flame speed. According to Eqs. (4) –(5) assuming a linear correlation, this
effect can be specified by Markstein length LM:
S L = S L , s − L M ·K ,

(4)

where SL and SL,s are the stretched and free of stretch laminar flame velocities, A is the flame area,
K is the stretch rate calculated for spherical case as follows
K=

1 dA 2 drb
=
,
A dt rb dt

(5)
4

It was found numerically in [21] and experimentally in [3] that for all the concentrations, the
Markstein length increases with decreasing initial pressure. Lean mixtures with less than 25%H2 (φ
< 0.8) have negative Markstein lengths at sub-atmospheric pressures, while for stoichiometric and
rich mixtures positive Markstein lengths were measured. That is that for lean mixtures the stretch
effects cause an acceleration of the curved flame front to the planar, while for stoichiometric and
rich mixtures they cause a deceleration of the flames approaching to planar.
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Figure 6. Laminar burning velocities of H2/air flames at atmospheric and low pressures. Markers:
experimental results [16], [17] and [19]; lines: numerical results [21].

Figure 7. Unstretched laminar flame speeds vs. hydrogen concentration at different pressures and
initial temperature of 290K [3].
There is a lack of similar experimental data for sub-atmospheric pressures at elevated temperatures
above the normal temperature. Especially it is very interesting how the laminar flame behaves
under initial conditions in the vicinity of self-ignition limit when initial temperature is of the order
300-500 oC relevant to ITER operating conditions.
Objectives
The objective of the current work is to obtain experimental data on the laminar burning velocities
in hydrogen-air mixtures at reduced pressures in wide range of temperatures from 20 to 300 oC.
With these data the possibility of combustion events and their regimes can be evaluated for
hydrogen safety related to ITER applications using CFD simulations.
2.0 CALCULATIONS
Numerical calculations of the laminar burning velocities were obtained using Cantera code [24] for
5

unstretched (plane) flames. The main problem of the calculations was to achieve convergence of
the numerical solution for certain initial conditions close to flammability limits. To calculate
laminar burning velocities of hydrogen-air mixtures as function of initial pressures and
temperatures, two different H/O reaction mechanisms based on the Lutz scheme [25] and Mueller
mechanism [23], were used in this work.
As an example, the effect of initial pressure on the laminar burning velocity of H2-air mixtures at
different temperatures for Mueller mechanism [23] is shown in Fig. 8. It was found that for very
lean (< 20%H2) and very rich (> 65-80%H2) mixtures the initial pressure has a suppressing effect
on the laminar burning velocity. In contrary, for the middle hydrogen concentrations (20 – 65
%H2), the laminar flame velocity increases with a pressure increase from 0.1 to 1 bar. As usually
such behaviour of laminar flame velocity against initial pressure associates with an overall reaction
order. According to Eq. (3), this means, the overall reaction order n is higher than 2 in the range of
middle hydrogen concentrations.
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Figure 8. Calculated laminar flame velocities vs. hydrogen concentration at different pressures and
temperatures (Mueller mechanism): (a) - 20oC; (b) - 100oC; (c) - 200oC; (d) - 300oC.
Figure 9 shows a dependence of overall reaction order by Eq. (6) vs. H2 concentration at two
temperatures.
n=2

∂ ln (S L )
+2
∂ ln( p)

(6)

Similar behavior demonstrate calculated dependencies of overall reaction order against hydrogen
concentration for other initial temperatures of 100 and 200 oC. Almost the same curve was
experimentally obtained in paper [3] and numerically calculated in paper [21] for 20 oC. It was
found in the current work, similar to paper [21], that the overall reaction order increases at lower
pressures in the vicinity of upper and lower flammability limits.
Data of numerical calculations using Lutz and Mueller mechanisms for sub-atmospheric pressure
of 200 mbar and elevated temperature up to 300 oC are summarized in Fig. 9. Both mechanisms
6

give quite similar data on laminar flame velocity at reduced pressure of 200 mbar with a difference
that Lutz data a bit higher, especially at higher temperatures. Taking into account the opinion in
paper [20] that the Mueller mechanism is one of the best suitable for sub-atmospheric pressures, we
have chosen Mueller mechanism as a basic for further data analysis.

Figure 9. Calculated overall reaction order for T0=20oC and T0=300oC (Mueller mech.)

Figure 10. A comparison of calculated unstretched laminar flame speeds vs. hydrogen concentration at
different temperatures and initial pressure of 200 mbar: Mueller mech. (solid); Lutz scheme (dash line)
3.0 EXPERIMENTAL DETAILS
Experiments on laminar burning velocity were conducted in a spherical stainless steel explosion
bomb having an inner diameter of 25 cm (V = 8.2 dm3). The explosion bomb with a wall thickness
more than 34 mm and two quartz windows for optical observations, was designed to withstand a
static pressure up to 800 bar and a temperature up to 300°C (Fig. 11).
Premixed hydrogen – air mixtures within the flammability limits 5-75 %H2 were used in the tests.
The mixtures to be tested were prepared by mass flow rate controller. Each component of a gas
mixture was heated up to the required temperature separately before the mixing inside the test
volume. The mixture quality was controlled by a gas analyzer via bypass line before filling of the
test volume.
7

Figure 11. Explosion chamber for laminar velocity evaluation.
Combustion experiments have been done at initial temperatures of 20, 100, 200 and 300 oC and
pressures of 200, 500 and 1000 mbar. An insulated explosion bomb was heated by 4 kW heating
elements (Horst HT30) with a control by thermocouples. The gas temperature was measured using
a NiCr-Ni thermocouple of 0.2 mm thickness installed at 6 cm from the wall inside the test mixture.
The temperature control system has the initial temperature deviations ± 0.5 °C. The spatial nonuniformity of the temperature was less than ± 1 C.
A calibrated spark plug or glow plug were used to ignite the test mixture. For some mixtures close
to the flammability limit, the minimum ignition energy could be about 0.5 – 1.0 J [4]. Experiments
showed that both ignitors give reliable data on the flame velocity. Figure 12 shows experimental
data of our preliminary experiments on minimum ignition energy as function of initial pressure and
hydrogen concentration. The data are in perfect agreement with paper [4].

Figure 12. Minimum ignition energy as function of initial pressure and H2 concentration (T0 = 20 oC).
Measurements of laminar burning velocities were made using a high speed shadow cinematography
(up to 20 000 fps) and pressure transducers. Two piezo-electric pressure transducers with air
cooling system operating with a temperature limit of 350 °C and with a measuring pressure range
of 0 – 3.45 – 34.5 bar (PCB 112A22 and 113A36) were used to measure the combustion pressure.
8

4.0 RESULTS AND DISCUSSION
Free of stretch laminar flame velocity was calculated using Eq. (4)-(5). A high speed schlieren
technique and spherical bomb pressure method were used to measure flame radius vs. time. For the
pressure method assuming spherical shape of the flame, the flame radius rb and stretched flame
speed SL were evaluated in current work by Dahoe [26]:
1/ γ
rb (t ) ⎡ ⎛ p0 ⎞
pe − p ⎤
⎥
= ⎢1 − ⎜⎜ ⎟⎟
R
⎢⎣ ⎝ p ⎠ pe − p0 ⎥⎦

1/ 3

and

1
⎡
⎤
1 ⎛ p0 ⎢ ⎛ p0 ⎞ γ pe − p ⎥
R
⎜⎜ ⎟⎟ 1 − ⎜⎜ ⎟⎟
SL =
3 pe − p0 ⎝ p ⎠ ⎢ ⎝ p ⎠ pe − p0 ⎥
⎢⎣
⎥⎦
1

⎞γ

(7)
−2 / 3

dp
dt

(8)

Figure 13 shows a comparison of free of stretch laminar flame velocity SL with numerical calculations
by Cantera code and Mueller mechanism [23] for different pressures and temperatures in wide range
of concentrations. One can see very good consistency of optical and pressure measurements in current
work. Our calculations give much bigger discrepancy with experimental data. In contrary to work
[20], the Mueller mechanism [23] is quite close or underestimated the experimental values of SL at
lean and rich hydrogen concentrations. In the range of middle hydrogen concentrations the
calculations overestimated the experimental values of SL. We also may see that the lower the initial
temperature the better is agreement of calculations to experimental data.

Figure 13. Comparison of experimental and calculated laminar flame velocities at different
temperatures and sub-atmospheric pressures
Additionally to the laminar flame speed the Markstein length LM was extracted from experimental data
processing. Figure 14 (left) shows a general behavior of Markstein length at different hydrogen
concentrations as function of initial pressure at 200 oC. Similar behavior was found for other
9

temperatures. The Markstein length characterizes a flame sensitivity to diffusional-thermal instability.
A positive value indicates the flame is stable to the diffusional-thermal effect, whereas a negative
Markstein length indicates the flame surface will be distorted due to diffusional-thermal instability
leading to the acceleration of flame speed and the formation of a cellular structure. As we may see in
Fig. 13 (left), the threshold positive-negative LM shifts from very lean to higher hydrogen
concentrations with reduced pressures. A positive LM at lower pressure, for instance, leads to changing
of very fine cellular flame structure of 15 %H2-air mixture at 1 bar (LM < 0) to almost smooth flame
surface at 200 mbar (LM > 0) (Fig. 14 a,b). Effect of elevated temperature is not so significant but,
nevertheless, according to the temperature dependence of Markstein number LM (Fig. 13, right) the
cellular structure at 300oC becomes larger compared to very fine structure at 20oC (Fig. 14 b,c).

Figure 14. Markstein length vs. H2 concentration for different initial pressures at 200oC (left) and for
different initial temperatures at p0 = 0.5 bar (right).
5.0 CONCLUSIONS
Two methods to obtain flame speeds were presented: the pressure method and an optical method
based on a high speed shadow video technique. Free of stretch laminar burning velocities for
hydrogen-air mixtures within the flammability limits were determined for temperatures of 20, 100,
200 and 300 °C at reduced pressures from 200 to 1000 mbar.
An overall reaction order n as function of hydrogen concentration was evaluated. It indicates an
effect of initial pressure on the laminar burning velocity It explains that for very lean (< 20%H2)
and very rich (> 65-80%H2) mixtures the initial pressure has a suppressing effect on the laminar
flame velocity (n < 2).
It was found that the threshold positive-negative Markstein number LM shifts from very lean to
higher hydrogen concentrations with reduced pressures. A positive LM at lower pressure, for
instance, leads to changing of very fine cellular flame structure of 15 %H2-air mixture at 1 bar (LM
< 0) to smooth flame surface at 200 mbar (LM > 0).
Numerical calculations of laminar flame velocities using Cantera code with two different H/O
chemical kinetics mechanisms were performed. Experimental validation of the numerical code
showed, that better agreement gives Mueller H/O mechanism than Lutz scheme. Nevertheless, in
the range of middle hydrogen concentrations both mechanisms give overestimated calculated
laminar flame speed compared to experimental data.
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Figure 15. Cellular flame structure for 15 %H2-air at different initial pressures and temperatures: (a)
200oC, 200 mbar; (b) 300oC, 1000 mbar; (c) 20oC, 1000 mbar
REFERENCES
1. Necker, G., Breitung, W., Travis, J., ITER Accident Analysis: Loss of Vacuum Through on
VV/Cryostat Penetration Line, Report D2 for EFDA Task TW2-TSSSEA3.5 (Jan. 2004).
2. Necker, G., Kuznetsov, M., Redlinger, R., Breitung, W., Hydrogen Deflagration/Detonation
Analysis in ITER Cryo-pumps, HNB- and DNB boxes following a LOVA, Final Report for EFDA
Task TW4-TSS-SEA4.2a (Dec. 2005)
3. Kuznetsov, M., Kobelt, S., Grune, J., Jordan, T., Flammability limits and laminar flame speed of
hydrogen–air mixtures at sub-atmospheric pressures, International Journal of Hydrogen Energy,
37, 2012, pp. 17580-17588
11

4. Moorhouse, J., Williams, A., and Maddison, A.E., An Investigation of the Minimum Ignition
Energies of Some C1 to C7 Hydrocarbons, Combustion and Flame, 23, 1974, pp. 203 – 213
5. Hong Jip Kim, Suk Ho Chung, Chae Hoon Sohn, Numerical Calculation of Minimum Ignition
Energy for Hydrogen and Methane Fuels, KSME International Journal, 18, 2004, pp. 838-846
6. G.A. Karim, I. Wierzba, S. Boon, Cryogenics, 21, 1984, p. 305
7. Lewis, B., and von Elbe, G., Combustion, Flames and Explosion of Gases, 3rd Ed., 1987,
Academic Press, Orlando, 739 p
8. Zabetakis, M.G., Flammability Characteristics of Combustible Gases and Vapors, Bulletin 627,
US Bureau of Mines, XMBUA, 1965
9. Kuznetsov, M., Redlinger, R., Flammability limits of hydrogen-air and hydrogen-oxygen mixtures
at elevated temperatures. 2nd quarter-report, Icefuel Project, IKET, Forschungszentrum Karlsruhe,
2008
10. Schröder, V., Holtappels, K., Explosion Characteristics of Hydrogen-Air and Hydrogen-Oxygen
Mixtures at Elevated Pressures. International Conference on Hydrogen Safety, Pisa, September 810, 2005
11. Kuznetsov, M., Grune, J., Kobelt, S., Sempert, K., Jordan, T., Experiments for the hydrogen
combustion aspects of ITER LOVA scenarios, Fusion Engineering and Design, 86, 2011, pp.
2747-2752
12. Dorofeev, S.B., Sidorov, V.P., Kuznetsov, M.S., Matsukov, I.D., Alekseev, V.I., Effect of scale on
the onset of detonations, Shock Waves, 10 (2), 2000, pp. 137-149
13. Dorofeev, S.B., Kuznetsov, M.S., Alekseev, V.I., Efimenko, A.A., Breitung, W., Evaluation of
limits for effective flame acceleration in hydrogen mixtures, Journal of loss prevention in the
process industries, 14 (6), 2001, pp.583-589
14. Kuznetsov, M., Matsukov, I., Dorofeev, S., Heat Loss Rates from Hydrogen-Air Turbulent Flames
in Tubes. Combustion Science and Technology, 174 (10), 2002, pp. 75-93
15. Zeldovich, Ya.B., Frank-Kamenetskii, D.A., Acta phys-chim. URSS, IX, 2, 1938, p. 348
16. Fine B. Stability limits and burning velocities of laminar hydrogen-air flames at reduced pressure.
NACA Technical Note 3833 (1956).
17. Aung, K.T., Hassan, M.I., Faeth, G.M., Effects of pressure and nitrogen dilution on flame/stretch
interactions of laminar premixed H2/O2/N2 flames, Combust Flame, 112, 1998, pp. 1–15
18. Egolfopoulos, F.N., Law, C.K., An experimental and computational study of the burning rates of
ultra-lean to moderately-rich H2/O2/N2 laminar flames with pressure variations, Symposium
(international) on combustion, 23, 1991, pp. 333–340
19. O.C. Kwon, G.M. Faeth Flame/stretch interactions of premixed hydrogen-fueled flames.
measurements and predictions. Combust Flame, 124, 2001, pp. 590-610.
20. Pareja, J., Burbano, H.J., Amell, A., Carvajal, J., Laminar burning velocities and flame stability
analysis of hydrogen/air premixed flames at low pressure, Int. J. Hydrogen Energy, 0360-3199, 36
2011, pp. 6317–6324
21. C.J. Sun, C.J. Sung, L. He, C.K. Law, Dynamics of weakly stretched flames: quantitative
description and extraction of global flame parameters. Combust Flame, 118 (1999), pp. 108–128
22. Tae J. Kim, Richard A. Yetter, Frederick L. Dryer, New results on moist CO oxidation: high
pressure, high temperature experiments and comprehensive kinetic modeling, Symposium
(International) on Combustion, 25, 1994, pp. 759-766
23. Mueller, M.A., Kim, T.J., Yetter, R.A., Dryer, F.L., Flow reactor studies and kinetic modeling of
the H2/O2 reaction. Int J Chem Kinet, 31, 1999, pp. 113–125
24. Goodwin, D.G., Cantera User’s Guide, California Institute of Technology, Pasadena, CA,
November, 2001
25. Lutz, A.E.. Sandia Report SAND88-8228 (1988).
26. Dahoe, A.E., Laminar burning velocities of hydrogen – air mixtures from closed vessel gas
explosions. J Loss Prev Proc Ind, 18, 2005; pp. 152-66.
12

