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1 Introduction

Significant pressurization during hydrogen-air explosions in open areas [1,2], and experiments showing
the deflagration-to-detonation transition of low-speed hydrogen-air flames in vented geometries [3–9]
have been widely reported. It is believed that the main mechanism of flame accelerations and pressure
loadings under such conditions is the turbulent mixing caused by the generation of turbulent flow fields
ahead of the flames [9,10]. A speculative theory on the origin of flame turbulization is the interaction of a
flame with expansion waves generated during the sudden pressure venting. Solberg and co-workers [11]
suggested that the Taylor instabilities resulting from the interaction between the flame front and the
expansion waves may dominate all other mechanisms that are commonly believed to be important in
governing the pressure loadings. Indeed, this same mechanism is expected to control the flame inter-
action with shock waves [12]. It was shown by Yang and Radulescu’s work [13] that the interaction
of stoichiometric cellular hydrogen-air flames with shock waves can lead to a volumetric burning rate
increase by one order of magnitude for a shock wave with a modest overpressure of only approximately
3. Unfortunately, the basic physical aspects of interactions between flames and expansion waves are still
not well understood.

In the present study, we addressed the flame burning rate increase from expansion waves through a series
of two-dimensional direct numerical simulations. These simulations are designed to isolate the interac-
tion of a single expansion wave with a flame, without the presence of other effects typically associated
with the experimental setup such as Helmholtz bulk oscillations that are caused by wave reflections
inside the experimental vessels [14], turbulence generation upon venting, etc. It is well known that
planar laminar flames are unstable to hydrodynamic, thermo-diffusive, and buoyancy instabilities [15].
In lean hydrogen-air flames, it is expected that the increase in the cellular instability brought by the
thermo-diffusive effects associated with low Lewis numbers significantly amplifies flame deformation.
The role of low Lewis numbers in hydrogen-air flames has also been correlated with faster flame accel-
eration [16]. In scenarios considering the ignition of a fuel-air cloud generated by an accidental leak of
hydrogen, where flame-expansion wave interactions are important, the reactive mixtures are most likely
lean to stoichiometric. We thus aim to systematically investigate the controlling mechanism and param-
eters for these conditions. Special attention was given to the direction of the expansion wave, notably,
whether it originates from the side of the fresh gas or burnt gas, the distance from the expansion wave
origin to the flame, and its strength.
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2 Numerical method and physical model

We formulate a two-dimensional problem in a rectangular domain, for which we model the problem
by the reactive Navier-Stokes equations. The simulations were performed using a finite-volume code
with a second-order accurate Godunov Riemann solver and adaptive mesh refinement [17, 18]. The
input parameters for the model are given in table 1, calculated to fit the laminar free flame with initial
conditions of 17.2 kPa, 294 K, and an equivalence ratio of φ = 1.0 and φ = 0.5 for a hydrogen-air
mixture. The detailed procedure for calculating these parameters can be found in Yang and Radulescu
[13].

Following [13], the cellular flame before the interaction was developed by imposing a small perturbation
on a one-dimensional flame in the longitudinal direction and placed in the middle of a rectangular
channel with a domain length of 1000 Lfs and height of 16.5 Lfs, with Lfs = K

ρuSLcp
being the

characteristic length scale of the flame. Once the flame sufficiently propagated to form the desired
cellular flame structure, a numerical diaphragm was placed at a given distance from the cellular flame.
Upon rupturing this diaphragm, which separated the domain from a low-pressure region, an expansion
wave was generated with a pressure ratio between 1.6 and 2.4, as shown in Figure 1. The temperature
in the low-pressure region was kept at 294K. The length of the channel was then varied within a range
of 1500Lfs and 3000Lfs to investigate the flame evolution after the interaction.

Flame

Numerical diaphragm

Flame

Expansion wave Contact surface Shock wave

a) An example of the initial setup of flame expansion wave interaction with the expansion wave initiated from the burnt side.

b) Expansion wave propagating towards the flame. 

Low pressure region

Figure 1: Sketch of the numerical set-up of the flame-expansion wave interaction.

Table 1: Thermo-chemical properties and model parameters for the hydrogen-air mixtures combustion
at T=294 K and p0 = 17.2 kPa.

ρ0 (kg/m3) SL (m/s) K/(ρcp) (m2/s) Lf (m) γ µ (pa s)
φ = 1.0 0.1474 1.98 2.60 ×10−4 0.0034 1.4013 1.81 ×10−5

φ = 0.5 0.1706 0.76 2.05 ×10−4 0.0031 1.4007 1.82 ×10−5

Ea/R (K−1) Q (J/kg) A (s−1) Pr Le
φ = 1.0 27390 3.00 ×106 4.43 ×1011 0.4655 1.0
φ = 0.5 15160 1.72 ×106 6.85 ×109 0.5205 0.53

3 Results and discussion

3.1 Establishment of a cellular flame

Figure 2 shows the maximum heat release of the φ = 1.0 and φ = 0.5 flames to illustrate the evolution
of the initially perturbed flame. For the flame with φ = 1.0, the surface area and burning velocity
initially increased exponentially until approximately 35 tfs, after which the flame stabilized to a cellular
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structure with a speed of 1.3 SL and an amplitude of 11.6Lfs. With the development of the cellular
structure, the nonlinear effects became important, and the flame began to accelerate and advance.

Unlike the stoichiometric hydrogen-air flame, one notices in Figure 2 that the lean flame with φ = 0.5
developed a more wrinkled structure and had a higher overall burning velocity. The initial exponential
increase in burning rate was also more intense. The formation and division of large cells with the
oscillations of the flame burning rate were continuously observed until approximately 41 tfs. After this,
the flame began to accelerate and advance. The final burning velocity was 1.94 SL, which is about 1.5
times the burning velocity of the φ = 1.0 flame.

At 49 tfs for the stoichiometric condition and 28.7 tfs for φ = 0.5, the flames reached their maximal
burning velocity. The flame structures at these times were then chosen to interact with the expansion
waves initiated at their corresponding conditions.
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Figure 2: Time evolution of: (a) the maximum heat release contour for φ = 1.0 and φ = 0.5 flames at
times t/tfs = 0, 20, 25, 27.5, 28.7, 31, 36, 39, 41, 49 and 59.5, the red and blue curves mark the time at
which the flames were chosen to interact with the expansion waves, (b) flame burning velocity.

3.2 Interaction of a cellular flame and an expansion wave

Figure 3(a) illustrates the detailed evolution of the interaction of a φ = 0.5 cellular flame and an expan-
sion wave with a pressure ratio of 1.6. The expansion wave was initiated from the burnt side at a distance
of L0 =141 Lfs from the flame. The first frame shows the incoming expansion wave and the flame in-
terface before the interaction, the pressure contours mark the gradient of the expansion wave. Similar
to the results of the flame interacting with the shock which originated from the unburned side in [13],
the interface was reversed (2nd frame) and dragged backwards (3rd frame to the last) to the burned
gas. Certainly, the substantial thickness of the expansion wave compared to the shock wave results in
a longer interaction time. From the 2nd frame, the flame developed a shape similar to funnels caused
by the Richtmyer-Meshkov instability, which also agrees with the experimental results of Laviolette et
al. [19]. As the funnel-shaped interface propagates further, the flame front progressively developed into
a very long and narrow neck. In the last two frames, the flame burned out the gases located along the
neck due to the non-linear effect caused by the baroclinic instability during the interaction, leaving only
the cellular root. After this, the remaining flame front gradually decayed into another cellular flame.

Figure 3(b) shows the evolution of the flame which interacted with the expansion wave coming from
the fresh side. It is obvious that the interaction also gave the flame front a mushroom shape, a flame
surface area and amplitude increase, and a later burn-out of the funnel neck and the formation of a new
cellular structure. However, two obvious differences can be observed compared to the expansion wave
coming from the burnt side. Firstly, there is no flame front reverse. Rather, the interaction led to a direct
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stretch of the flame front. Secondly, the expansion wave originating on the fresh side is more effective
in deforming the flame than that originating from the burnt side.

(a) (b)

Figure 3: Density profiles illustrating the interaction of the φ = 0.5 flame and the expansion wave from
the (a) burnt side and (b) fresh side of the flame at times t/tfs = 0, 0.25, 0.35, 0.66, 0.75, 1.25 and 1.92.
The white lines show the gradient of the expansion wave before interaction.

Figure 4a shows the burning velocity evolution of the flame after the interaction with the expansion
wave from both the burned and unburned sides. For comparison, the burning rate evolution of the
flame interacting with a shock wave with the same pressure ratio of 1.6 is also plotted. It is apparent
that the highest maximum burning velocity is caused by the expansion wave generated on the fresh
side, followed by the shock wave with the same pressure ratio, and then the expansion wave from the
burned side. Contrarily to the interaction with the fresh side expansion wave, the burning rates initially
decreased as the shock and the burnt side expansion wave reversed the flame. The time for the flame
to reach the maximum burning rate is 0.68 tfs, 0.83 tfs and 1.24 tfs for the expansion wave from the
fresh side, burned side and the shock wave from the fresh side, while the burning rate increases by a
factor of 7, 4.5, and 5, respectively. The lateral burn-out of the funnel neck led to a decrease in the
burning velocity. It appears that although the expansion wave from the fresh side quickly increased the
flame burning velocity to its maximum value, the burning velocity of the other cases stayed in the large
burning rate regime for a longer duration. The overall large flame-burning rate regimes last for about
2.5 flame times.

3.3 Influence of flame equivalence ratio

Figure 4 compares the burning velocity of φ = 0.5 and φ = 1.0 flames following the interaction with the
expansion and shock waves. It is evident that the overall burning rate evolutions for the stoichiometric
flame followed the same trend as the φ = 0.5 flame for all three scenarios. Note that due to the
thermo-diffusive instability, the initial burning velocity of the lean mixture is larger than that of the
stoichiometric one. With an increase in flame equivalence ratio from 0.5 to 1.0, the increase in flame
burning velocity is slower and less pronounced.
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(a) φ = 0.5 (b) φ = 1.0

Figure 4: Time evolution of the burning velocity of φ = 0.5 and φ = 1.0 hydrogen-air flames after the
interaction with expansion waves with the pressure ratio of 1.6.

3.4 Influence of the distance from the initiation location of the expansion wave to the flame

In this section, we isolate the problem of flame interacting with a single expansion wave generated at
a distance of L0, 1.5L0, and 5L0 from the flame. As the detailed flame evolution shown previously,
Figure 5 summarizes the maximum burning velocity as a function of time for the initial conditions
studied. For the flame interacting with the expansion wave initiated from the fresh side, the flame’s
maximum burning velocity increases with the distance from the expansion origin to the flame. The
highest maximum burning velocity increases by a factor of about 6 to 9. The flame evolution after the
interaction with the burnt-side expansion wave seems to be controlled by the competing effect between
the pressure gradient of the expansion wave and the interaction duration time. This suggests an optimal
distance between the flame and the expansion origin which is associated with the maximum burning
velocity, itself a factor of 2 to 5. The time for the flame to reach the maximum burning rate is about 4
times longer for stoichiometric hydrogen-air flames than φ = 0.5 flames.

3.5 Influence of expansion wave strength

The simulation of stoichiometric hydrogen-air flame interacting with a stronger expansion wave initiated
from the burnt side with a pressure ratio of 2.4 was also performed. It was found that following the
interaction with this stronger expansion wave, the flame amplitude started to increase after the interaction
whilst the flame burning velocity remained around a small near-zero value. This might suggest that a
strong expansion wave may possibly quench the flame. However, whether a strong expansion wave, in
reality, may quench a flame and the quenching mechanism needs further investigation.

4 Concluding remarks

In this study, expansion waves interacting with cellular hydrogen-air flames in a rectangular channel
were systematically investigated by direct numerical simulations. The φ = 0.5 and φ = 1.0 hydrogen-
air flames, which are the representative of the likely conditions for industrial accidents, interacted with
expansion waves initiated from both the burned and fresh sides at varying distances from the flame, and
with varied strengths. Although the lean flame has a low expansion ratio, the thermo-diffusive effects
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Figure 5: Summary of the maximum flame burning velocity as a function of time.

associated with low Lewis numbers caused the lean flame to be more unstable, this also led to a higher
maximum burning velocity and larger growth rate following the interaction with the pressure wave. The
expansion wave generated on the fresh side caused the highest increase in burning velocity by a factor
of 6 to 9, whereas the expansion wave generated on the burnt side increased the burning velocity by a
factor of 2 to 5. The time for the flame to reach the maximum burning rate is about 4 times longer for
stoichiometric conditions than at φ = 0.5. An optimal distance between the flame and the expansion
wave origin appears when the wave is generated on the burnt side, resulting in a global maximal burning
rate. This seems to be controlled by the competition between the expansion wave’s pressure gradient and
the interaction’s duration. A strong expansion wave coming from the burned side may possibly quench
the flame. Considering greater or shorter distances results in less flame enhancement stemming from the
interaction. For the flame interacting with the expansion wave coming from the fresh side, the flame’s
maximum burning velocity increases with the initial distance separating the expansion wave and the
flame. Further investigation will focus on quantifying the burning velocity evolution and rationalizing
the observations with a model.
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