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ABSTRACT

Hydrogen flames are much thinner than hydrocarbon flames. They have a higher propensity to wrinkle
and are subject to thermo-diffusive instabilities in lean conditions. The large scale experiments of Sher-
man under partially vented conditions have shown that the transition to detonation is possible with only
modest flame acceleration to approximately 200 m/s, which is much lower than the commonly accepted
limits corresponding to choked flames. At present, the reason for this transition is not known. Vented
Hs-air explosions have also demonstrated the role played by expansion/flame interactions in deforming
the flame. The state of the art on flame burning rate enhancement by expansion waves will be provided,
along with the recent experimental and numerical results of head on interaction of flames with an ex-
pansion wave conducted in our group. We show that the expansion wave interaction can generate local
burning rate increases by more than an order of magnitude. The role of thermo-diffusive instability is
also assessed. The mechanism of flame deformation is via the vorticity generation by the misaligned
pressure gradient controlled by the expansion wave and the density gradient of the flame. Expansion
waves originating from the unburned gas severely elongate the cells until the flame folds burn out. Ex-
pansion waves originating from the burned gas side first invert the flames, then elongate them by the
same mechanism. The rate of elongation is controlled by the volumetric expansion of the gas and the
curvature-enhanced growth.

1 INTRODUCTION

Hydrogen-air mixtures are more sensitive to ignition and propagate stronger flames than hydrocarbon
mixtures. Detonations in hydrogen-air mixtures have smaller cell sizes, are more easily directly initiated
by a strong energy source, and are more difficult to quench. The acceleration of hydrogen-air flames
in confined tubes or in the presence of obstructions are also more rapid due to the very thin flames and
inability of turbulence to locally quench small scale flame folds. Thermo-diffusive instabilities promote
the sustenance of small scale flamelets and further contribute to wrinkling. The flame accelerations in
hydrogen mixtures are more likely to transit to detonations, owing the combination of the propensity
of the flame to accelerate and the auto-ignition sensitivity of the gas compressed by the flame driven
shocks.

Indeed, deflagration to detonation transition (DDT) in hydrogen-air flames has a long history of study
in the nuclear industry, where loss-of-coolant type accidents like Fukushima lead to a large production
of hydrogen in confined environments. The growing interest and adoption of hydrogen as an energy
carrier in the transportation and domestic industry thus raises novel challenges of safety considerations
associated with large scale releases and potential flame acceleration in other partially obstructed and
vented situations.

Recently, there have been a number of accidents involving hydrogen, such as the accidental venting of
hydrogen at a Norwegian hydrogen refuelling station, where detonation of the released fuel-air mixture is
suspected to have occurred [1]. This has caused some delays in the deployment of hydrogen technologies
in the country, and serves as an example of the price incurred by such incidents.



Studies of flame acceleration and propensity to DDT in hydrogen-air mixtures in large scale partially
vented experiments have revealed unsuspected sensitivity to DDT. The large-scale experiments of Sher-
man with lean hydrogen-oxygen mixtures suggest that transverse venting can be crucial in promoting a
detonation transition during flame acceleration [2]. Whereas non-vented experiments in the same study
without internal congestion had occasional DDT events located near the end of a 30.5 m tube, the in-
clusion of a 13% lateral venting area sufficiently enhanced the flame to shorten the DDT distance to
approximately 11 m. More surprisingly, the same study reported a transition to detonation when the
flame accelerated to only approximately 230 m/s. This speed is much lower than the anticipated speed
for a CJ deflagration speed, which is usually the criterion of transition in less sensitive hydrocarbon based
fuels [3], and approximately given by the speed of sound in the burned products in strongly confined or
closed tubes.

It is currently not clear whether the transition to detonation at such low speed is due to the more sensi-
tive nature of hydrogen auto-ignition. This is unlikely to be the principal cause, as simple estimates of
auto-ignition delay times at the corresponding states are simply too long to account for the DDT events.
Instead, we conjecture that the local acceleration of these flames is the culprit for the rapid transition to
detonation. A program of research has thus been initiated at the University of Ottawa in collaboration
with Shell in order to establish the mechanisms for enhanced flame acceleration and potential transi-
tion to detonation in hydrogen-air mixtures in flames propagating in vented vessels. We report on the
progress of our investigation studying the role of partial venting and rapid depressurization of hydrogen
explosions on the flame acceleration.

2 ROLE OF RAPID VENTING ON FLAME DYNAMICS

Flame propagation in vented vessels with impulsive depressurization has been long known to be sub-
jected to rapid deformation of the flame structure [4]. The mechanism at play is the interaction of
expansion waves with the flame front.

Rapid depressurization and venting leads to expansion waves. Venting is a common measure of miti-
gation of explosions to reduce the pressure in a system and minimize damage to equipment, buildings,
and occupants [5]. Cooper et al. illustrate well the sequence of events in a vented explosion experiment
consisting of the ignition of a flame in a pressure vessel, the bursting of a diaphragm due to the pressure
increase in the vessel, and the subsequent venting of the vessel contents to the atmosphere [4]. The
rupture of a diaphragm separating the contents of the vessel from the environment, such as a burst disk
or blowout panel, is the canonical Riemann problem which results in the generation of a shock wave
in the lower-pressure external medium and an expansion wave propagating upstream towards the flame.
Depending on the particulars of a vented explosion such as the size of the vent, burst pressure, dimen-
sions of the vessel, and combustive properties of the reactive mixture, additional acoustic waves may
be generated during later stages in addition to the initial venting process [6]. Dorofeev has suggested
that sudden venting of a pressurized vessel with an active flame could sufficiently enhance the flame to
trigger DDT [7].

The burning properties of flames have previously been shown to be sensitive to acoustic wave interac-
tions, which can enhance or diminish the flame [8-10]. Similarly, a large amount of work has been
done studying the flame enhancement and acceleration resulting from interactions with shock waves
[11-18]. Kilchyk and co-workers numerically studied the interaction of both a shock and an expansion
wave with a flame [19]. They found that the strongest flame amplification for shock flame interactions
was observed when a shock originates from the product gases. Expansion waves were also shown to
increase the flame burning rate, with fresh gas expansion waves offering larger flame enhancement. It
was noted that expansion-induced flame enhancement occurs over a longer timespan than shock-flame
interactions.

Laviolette [20] proposed an experiment to study expansion wave-flame interactions in propane-oxygen-
nitrogen mixtures, which evolves a spherical flame in a vertical tube and rupturing a diaphragm to



generate an expansion wave in the test gas. The flame front itself is greatly distorted by the interaction,
and a greater pressure increase is measured in cases with expansion wave interactions. A related work
using a more sensitive propane-oxygen-nitrogen mixture and a larger tube showed that the interaction
of the flame with an expansion could induce DDT earlier than a flame accelerating without expansion
wave-induced enhancement [21].

3 OUR RESEARCH PROGRAM

Recognizing the importance of flame-expansion wave interactions, our current program of study aims
to isolate the problem of flame interaction with an expansion wave in various canonical configurations.
This includes an expansion wave interacting with a wrinkled flame in which the former originates from
the front, back, and laterally via sudden depressurization. We aim to establish the mechanism of flame
deformation and develop numerical and scaling models to predict the enhancement of flame burning rate
caused by the interaction.

The configuration we study is an improvement of the shock-tube technique of Laviolette. It involves
generating a planar wrinkled flame, such that the mechanisms of flame enhancement are most transpar-
ent for study. This also removes other effects associated with vented explosion experiments, such as
Helmholtz bulk oscillations caused by the sequential bouncing of pressure waves through experimental
vessels [22], and the turbulence generated upon initial vent opening [23]. The canonical configuration
also allows comparison with numerical models. The configuration extends our previous work on the
head-on interaction of wrinkled flames with shock waves [18].

4 THIS PAPER

In the present paper, we report upon the progress we have made on modelling and design of the ex-
perimental configuration to study head-on interaction of wrinkled hydrogen-air flames with expansion
waves. We aim to establish the mechanism of flame enhancement and the magnitude of the burning rate
time history resulting from the interaction, highlighting the role of the direction of the expansion wave
(originating from the burned or unburned side of the flame). The mixtures studied are stoichiometric and
lean hydrogen-air, in order to also assess the role of thermo-diffusive instabilities in the lean hydrogen
flames. We also comment on the role played by the expansion wave gradient, controlled by the distance
separating the flame and the expansion wave.

5 NUMERICAL SIMULATION SET-UP

The problem we study in the numerical simulations is that of the head-on interaction between a cellular
flame and an expansion wave, as illustrated in Fig. 1. The simulations are conducted in two steps.
First, calculations are performed to establish wrinkled flames. These calculations are initialized with the
planar laminar flame solution. Small perturbations trigger the cellular instability. The calculations are
allowed to run until the flame develops a saturated cellular structure.

The wrinkled flame solutions are then used in separate calculations where the pressure in either the
burned or unburned gas is suddenly reduced, and separates the higher pressure zone containing the
flame by a numerical planar “diaphragm”. The sudden release of this diaphragm generates a nominally
one-dimensional expansion wave, which then interacts with the wrinkled flame structure.

The problem is studied in a two-dimensional rectangular domain, in which the flame is modelled using
the reactive Navier-Stokes equations. The reaction kinetics are modelled using single-step Arrhenius
chemistry, tuned to reproduce the desired flame properties. The horizontal domain boundaries use sym-
metric conditions, whereas the inflow and outflow boundaries are free. The Navier Stokes equations
are solved using a second-order accurate Godunov exact Riemann solver for the convective terms and
a second-order centred difference scheme for the diffusive terms [24, 25]. The chemistry is evolved
through second-order time-stepping. The model’s input parameters are shown in Table 1, calculated for
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Fig. 1: Sketch of the numerical set-up of the flame-expansion wave interaction.

po (kg/m?) | Sp (m/s) | K/(pcy) (m?ls) | Ly (m) v 1 (pas)
$=1.0 0.1474 1.98 2.60 x10~* | 0.0034 | 1.4013 | 1.81 x10~°
$»=0.5 0.1706 0.76 2.05 x10=* ] 0.0031 | 1.4007 | 1.82 x10~°

E,/RXK™N | Qdkg) A(s) P, Le Pu/ P
$»=1.0 27390 3.00 x10° 4.43 x10M1 0.4655 1.0 8.33
$»=0.5 15160 1.72 x10° 6.85 x10? 0.5205 | 0.53 5.88

Table 1: Thermo-chemical properties and model parameters for the hydrogen-air mixtures combustion
at T=294 K and pg = 17.24 kPa.

a stoichiometric (¢ = 1.0) and lean (¢ = 0.5) hydrogen-air laminar free flame with an initial fresh gas
temperature of 294 K and pressure of 17.2 kPa. The procedure for calculating these input parameters
and additional details on the numerical framework can be found in Yang & Radulescu [18].

A vertical laminar flame was initially placed in the centre of the rectangular domain, which has a length
of 1000 Ly, and a height of 16.5 L, with the characteristic length scale of the flame Ly, = ﬁ.
A small longitudinal perturbation was placed on the flame, from which a cellular flame was evolved.
Once the cellular flame has been sufficiently developed, a numerical diaphragm placed at a distance of
Lo = 141Ly, is ruptured to generate an expansion wave. The low pressure region on the other side
of the numerical diaphragm has an initial temperature of 294K. The strength of the expansion wave is
adjusted by varying the pressure of the low-pressure region, whereas the pressure gradient across the

expansion wave is adjusted by varying the distance separating the flame from the numerical diaphragm.
6 EXPERIMENTAL METHOD

A 3.4 m long shock tube with a rectangular cross-section of 203 mm by 19 mm was used for these
experiments. A high-pressure test section, initially filled with a hydrogen-air mixture to a maximum
pressure of 17.2 kPa, was separated from the low pressure section, initially filled with air, by the use
of a diaphragm. A tungsten wire igniter, similar to that used by Yang & Radulescu [18], was installed
vertically in the test section. The vertical tungsten wire was used to ignite a flat laminar flame. A series
of high-frequency piezoelectric PCB pressure transducers were mounted on the top wall of the shock
tube to record pressure histories. Z-type Schlieren photography was used to record the evolution of the
flow field over a region of 330 mm by 203 mm with an exposure time of 0.468 us. A schematic of the
shock tube can be seen in Figure 2. To visualize the evolution of the flame in absence of rarefaction
waves, the diaphragm was replaced by a solid wall.

Similar to Laviolette, controllably and reproducibly rupturing the diaphragm at low pressures has proven
to be very difficult due to the low pressure loading of the diaphragm. This in turn reduces the ability of
a puncture in a thin material to amplify into a large tear. An improved solution consisting of a hammer
which strikes thin glass diaphragms is currently underway. For these initial experiments, however, a thin
0.03 mm polyethylene film was used to separate the two regions. The flame-induced pressure increase
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Fig. 2: Illustration of the low-pressure experimental configuration. The tungsten wire igniter is placed
at either extremity of the channel, depending on whether the expansion wave is generated in the fresh or
product gases. All measurements are in millimetres.
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Fig. 3: Density profiles illustrating the interaction of the ¢ = 0.5 flame and the expansion wave from
the fresh gases at times ¢/t 75 = 0 (top), 0.25, 0.35, 0.66, 0.75, 1.25, and 1.92 (bottom). The white lines
in the topmost image show the gradient of the expansion wave before the interaction.

in the high-pressure region eventually raises the pressure beyond the film’s rupture pressure, causing the
generation of the expansion wave during the rupture of the diaphragm.

7 RESULTS

Figure 3 summarizes a typical result obtained for the interaction of a flame with an expansion wave
originating from the fresh gases, and shows the mechanisms of flame deformation. Beginning with the
interaction of the flame with the fresh gas expansion wave, the topmost image shows the profile of the
initial cellular flame and the expansion wave resulting from the rupture of a diaphragm located at a
distance of Lg. The following two frames show a significant increase of the flame surface area resulting
from the flame-expansion wave interaction as a severe elongation of a funnel, or ”spike” of fresh gas.
This increase in flame surface area is caused by the vorticity deposition by the baroclinic torque resulting
from the misalignment of the flame density gradient and expansion wave pressure gradient, as argued by
Laviolette [20]. Further deformation is then enhanced by the combination of gas expansion and thermo-
diffusive instabilities. This flame deformation lasts until the flame consumes the gas in the funnel. In
Fig. 5a, the time evolution of the flame burning velocity is shown for this interaction, in which the
increase in flame surface area manifests as a corresponding increase in flame burning velocity. A peak
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Fig. 4: Density profiles illustrating the interaction of the ¢ = 0.5 flame and the expansion wave from the
product gases at times t/tfs = 0 (top), 0.25, 0.35, 0.66, 0.75, 1.25, and 1.92 (bottom). The white lines
in the topmost image show the gradient of the expansion wave before the interaction.

burning velocity 10 times larger than laminar one is reached, after which the burning velocity decreases
as the fresh gas in the funnel neck is consumed and the flame surface area decreases. This mechanism of
the expansion wave-induced flame enhancement is similar to the shock-flame enhancement mechanisms
identified by Yang & Radulescu [18]. The enhancement of flame burning velocity resulting from the
interaction with a shock wave the same pressure ratio of 1.6 is also shown in Fig. 5a, following the
same trend. The mechanism of flame deformation is similar in both cases, as highlighted by Yang &
Radulescu, in that the passage of a pressure wave over the flame deposits vorticity on the latter, which
results in an area increase. They describe in detail the multiple phases of flame deformation, however
an important feature in such problems is the exponential feedback between the flame surface area and
burning rate increases. As a result of the greater thickness and lower propagation speed of an expansion
wave when compared to shock waves, the interaction time, and thus vorticity deposition time, is longer
than in shock-flame interactions. This results in a higher peak burning velocity.

Figure 4 shows a typical result obtained for the interaction of a cellular flame with an expansion wave
originating in the product gases at a distance of Ly from the flame. The flame initially reverses during
the interaction with the expansion wave, caused by the opposite sign of the vorticity deposited on the
flame during the interaction. Following this reversal, the flame deforms similarly to the deformation seen
following the fresh gas expansion wave interaction, in Fig. 3. This affects the flame burning velocity,
shown in Fig. 5a, which exhibits an initial decrease as the flame flattens and reverses. Following the
reversal, the flame burning velocity increases before reaching a peak burning velocity which is lower
than the peak velocities resulting from the fresh gas expansion-flame interaction and the shock-flame
interaction. Additionally, the time elapsed until reaching the peak burning velocity is longer in the
product gas expansion-flame interaction than the fresh gas expansion-flame interaction.

The equivalence ratio of the hydrogen-air mixture was varied to practically study stoichiometric and lean
flames. Lowering the equivalence ratio results a competition between the flame enhancement caused
by additional wrinkling stemming from the increase of thermo-diffusive instabilities at lower Lewis
numbers, but also the weakening of the flame caused by lower Darrieus-Landau instabilities stemming
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waves originating at Lg in a ¢ = 1.0 mixture, with varying pressure ratios.

from its lower expansion ratio. When considering only the lower expansion ratio across the flame,
one would expect the maximum burning velocity attained by the lean flame to be smaller than that of
the stoichiometric flame from neglecting the Lewis number effects. However, Figure 5 shows that the
maximum burning velocity of the lean flame is 75% - 100% higher than the peak burning velocity of
the stoichiometric flame, which emphasizes the importance of the additional wrinkling of the flame in
enhancing the flame. Thus, lower equivalence ratios result in larger peak burning velocities as thermo-
diffusive instabilities dominate.

The effect on the pressure gradient has also been studied by varying the initial distance separating the
cellular flame and the diaphragm from Lg to 1.5L¢ and 5L¢. Increasing the distance initially separat-
ing the flame from the diaphragm will result in shallower pressure gradients across the wave. Longer
distances from the flame to the expansion wave in the fresh gases leads to a negligible effect on flame
deformation, as the residence time of the vorticity deposition and the rate of vorticity deposition balance
such that the total vorticity deposited remains the same. However, thicker waves provide slightly more
wave enhancement. This can be seen in Fig. 6a, which shows a very weak increase in peak burning ve-
locities provided the expansion originates in the fresh gases. In contrast, increasing the distance between
the flame and the diaphragm when the latter is located in the product gases has a stronger effect on the
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Fig. 7: Experimental frames showing the ignition and propagation of the flame, with timestamps taken
from the moment of first ignition at the centre of the wire. The field of view changes between frames to
show the flame evolution throughout the tube.

flame’s peak burning velocity. This is a result of the negative phase of the flame reversal and non-linear
effects reducing the small-scale flame deformation.

The interaction of a flame with a stronger expansion wave whose pressure ratio was 2.4, originating from
the product gases, was studied. Despite a small initial increase in flame amplitude after the interaction,
the burning velocity evolved towards a very small, near-zero value, as shown in Fig. 6b. This suggests
that a sufficiently strong expansion originating from the product gases may quench the flame rather than
enhance it due to cooling during the initial flame reversal stage. While the flame weakens, local flamelets
can be extinguished by excessive strain rates.

8 EXPERIMENTAL RESULTS

The initiation and propagation of a flame in a mixture of 2Hy + O2 + 3.76N> with an initial pressure
and temperature of 17.2 kPa and 294 K is shown in Fig. 7. The flame is ignited at multiple points along
the tungsten wire, and initially propagates through the channel with two large cells. Soon thereafter, the
flame evolves to a flat cellular flame and continues propagating in this mode. The flame periodically
generates more cells as it flattens, resulting in a vertical wrinkled flame in the second and third frames.
After having passed the halfway point, the flame begins evolving into a tulip flame until reaching the
end wall. The generated flame is deemed to be sufficiently flat in these intermediate frames for these
experiments, and qualitatively resembles the flame generated by Yang & Radulescu to study shock-flame
interactions [18]. The flame initiation and initial flame growth is very reproducible between subsequent
experiments.

Flame-expansion wave interaction experiments were also performed, with a typical experiment shown
in Fig. 7. A flame initially propagates from right to left through the first three frames with an average
speed around 16 m/s, when measured along the top wall. At much later times, after the rupture of
the diaphragm on the product side of the flame, the flame is seen propagating through the field-of-
view in the opposite direction at a speed around 91 m/s. In the last three frames, one sees the flame
deformation caused by the interaction with the expansion wave, including the reversal of both the small-
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Fig. 8: Low-pressure experiments, with a reactive gas pressure of 17.2 kPa and an inert gas pressure of
1.7 kPa, for a pressure ratio of 10. A wrinkled flame propagates from right to left through the frame at
an average velocity around 16 m/s when measured along the top wall. The flame is seen propagating
across the field of view at a velocity around 91 m/s due to the expansion-driven flow acceleration. The
reversal of flame features of all scales is seen in the right-hand images.

scale features and the macroscopic tulip flame, suggesting a global reversal of all the features of the
flame resulting from this interaction. However, the longer timescales involved with the tulip flame
reversal prevents further investigation due to the presence of the reflected waves in the shock tube. New
experimental apparatus is currently under construction to increase the experimental time window relative
to the characteristic interaction time and study the later stages of the tulip flame reversal.

9 CONCLUSIONS

The enhancement of a cellular flame resulting from the interaction with an expansion wave was studied
in numerical experiments with lean and stoichiometric hydrogen-air flames. The deposition of vorticity
on the flame by baroclinic torque was identified as the flame deformation mechanism, enhanced by later
thermo-diffusive instabilities. The peak flame burning velocity resulting from the interaction of a flame
with a fresh gas expansion waves was shown to exceed that caused by shock-flame interactions, whereas
the initial reversal of the flames during the interaction of a flame with a product gas expansion wave
reduces the efficiency of the flame enhancement, resulting in lower peak burning velocities. In lean
low equivalence ratio mixtures, the increased importance of thermo-diffusive instabilities outweighs the
reduced expansion ratio. As a consequence, a net increase of the peak burning velocity with decreasing



equivalence ratio was identified. The thickness and pressure gradient of the expansion wave was found
to have a minimal effect on the peak burning velocity when propagating from the fresh gases, however
these parameters become important when the expansion wave originates in the burned gas. This stems
from the initial flame reversal during interaction with product gas expansion waves and non-linear effects
which reduce small-scale deformations. Finally, the strength of the expansion wave originating in the
product gases was increased and suggested a pathway to expansion-induced flame quenching which
relies on providing sufficient cooling during the flame reversal to overcome feedback effects caused by
flame surface area increases after the reversal.

An experimental method was proposed to study the interaction of a planar expansion wave and a flame
at low pressures. A flat laminar flame was ignited by the tungsten wire igniter and evolved into a wrin-
kled flame as it propagated through the channel. Preliminary experiments have shown the flame reversal
featured in the numerical work when expansion waves are generated in the product gas. Notably, obser-
vations of the reversal of flame features at all scales were presented, including the flattening and reversal
of a channel-height tulip flame. Despite this, the flame enhancement cannot yet be quantified. Im-
provements to the experimental setup, particularly the reproducibility and control of diaphragm rupture
mechanism and increasing the experimental time window are ongoing and remain a requirement prior
to experimentally quantifying the flame enhancement.

Our numerical experiments suggest that very large deformations of the wrinkled flame structure are ex-
pected in the presence of transient expansion waves. These were found to be larger than the burning
rate enhancement produced by shock waves with same absolute value of pressure jump. These punc-
tuated large enhancements of burning rate may thus explain why DDT events may appear during rapid
depressurization of vented explosions of sufficiently large scales. Clearly, future work should address
phenomena at larger scales, where turbulent local flame speeds may approach high enough values to
bring coupling between the flame-generated turbulence [26, 27] and auto-ignition phenomena in the
gases compressed by the flame acceleration.
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