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A B S T R A C T

The use of hydrogen as an energy vector calls for an in-depth analysis of the associated risks and the
development of mitigation strategies. In the case of liquid hydrogen storage, there are virtually no norms
for uses concerning the general public and there is little background on safety measures for an industrial use
–with the notable exception of rocket propulsion, which is a very specific domain. The present works addresses
the accidental release of liquid hydrogen, resulting in a pool that would create a flammable cloud because
of its fast evaporation. This cloud is characterized by strong temperature and composition gradients that are
likely to strongly affect the propagation of a flame kernel, in the event of an accidental ignition. The present
work is dedicated to the prediction of the initial acceleration of the flame front in a canonical case: a tube with
an axial stratification typical of a liquid-hydrogen spill. Numerical simulations and analytical developments
are performed and compared in order to unravel the driving mechanisms and identify the risks of various
scenarios. It is shown that ignitions in lean regions may be particularly hazardous because of flame-front
instabilities as well as composition gradients favoring acceleration.
1. Introduction

Hydrogen is a promising energy vector for the decarbonization of
many sectors, including industry, transportation and heating. One of
the major issues with hydrogen is its low power density per volume. As
a solution, two technologies are employed: compression up to 700 bar
and liquefaction. The use of liquid hydrogen will require new safety
regulations and procedures that are yet to be defined. An accidental
release will create a hazardous environment, where an ignition may
have disastrous consequences. Some studies have already been per-
formed in order to assess the risks associated with an hydrogen spill
on the ground. In the late 50’s, Little [1] reported on a series of ex-
periments where various amounts of liquid hydrogen were spilled and
ignited. One of the main findings was that no transition to detonation
was observed in this series. An other large liquid hydrogen spill was
performed by Witcofski et al. [2], to analyze the cloud resulting from
a release and one of the conclusions was that the flammable region
resulting from a rapid spill would dissipate faster than that of a slow
spill. More recently, a large number of experiments and simulation with
cryogenic hydrogen were performed during the PRESLHY Project [3].
In the so-called pool experiment [4], where liquid hydrogen is spilled
over different soils (concrete, sand, gravel, etc.) placed in a bucket
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and subsequently ignited, huge damage was recorded in one case and
attributed to a liquid hydrogen-condensed oxygen explosion.

A liquid-hydrogen spill on the ground is a strongly multiphysics
phenomena. Heat transfer from the ground drives the evaporation
rate of the pool. Mixing is controlled by a combination of buoyancy
and/or convective effects. Additionally, because of the extremely low
temperature of liquid H2 (< 20 K), water vapor usually freezes and
nitrogen and oxygen can also liquefy and even freeze as well. The
result is a strongly stratified plume with temperature and hydrogen
concentration gradients, as well as potential liquid or solid particles.
This is likely to strongly affect flame propagation. First, Cheikhra-
vat et al. [5] have shown that the impact of water on flame propagation
depends on the droplet sizes’ distribution. The influence of variable
hydrogen content on flame propagation was also the subject of many
studies, mainly in closed tubes/channels. For example the so-called
Gravent database from TUM [6] is a reference for H2/Air with strat-
ification and water mist. One of the main conclusions of this study
is that a transverse gradient yields a stronger flame acceleration and
shorter distance for the transition to detonation. Finally, several studies
were also dedicated to the effect of cryogenic temperature on flame
propagation. Kuznetsov et al. [7] showed that, compared to ambient
conditions, H2-air mixtures at temperatures close to cryogenic exhibit
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Fig. 1. Relation between equivalence ratio 𝜙 and temperature 𝑇 in the cloud above a
liquid hydrogen spill: ( ) PRESLHY experiment [10]; ( ) perfect mixing 𝜙 = 𝑝𝑚(𝑇 ).
Upper (UFL) and Lower (LFL) flammability limits are also shown.

a stronger flame acceleration, reduced run-up distances to detonation
(by half) and higher detonation pressures (2 to 3 times). Recent work
by Shen et al. [8] confirm these findings for hydrogen–oxygen mixtures
at even lower temperature and initial pressure.

On the numerical side, the flame acceleration enhancement by low-
temperature mixtures was successfully reproduced by Yang et al. [9].
Unfortunately, to the authors’ knowledge, the case of simultaneous
gradients in temperature and hydrogen content has not been addressed,
despite its crucial importance in scenarios encountered in an accidental
spill of liquid hydrogen. Indeed, Fig. 1 shows the relation between
the local equivalence ratio 𝜙 and the temperature 𝑇 in the plume
of an evaporating pool of liquid hydrogen. A perfect mixing rela-
tion, describing the ideal mixing between cold H2 and ambient air, is
shown to match fairly closely the experimental results of the PRESLHY
project [10], especially at relatively high temperatures 𝑇 ≥ 150 K. The
gap observed at lower temperatures can be attributed to the presence
of condensed water in the experiment, not taken into account in the
perfect mixing relation. The upper and lower flammability limits [11],
indicate the conditions where the mixture above the pool can ignite
and produce a flame kernel. The paper will therefore focus on the
region between these two limits and will consider stratification cases
consistent with the conditions found above a liquid H2 pool (mixing
relation 𝜙 = 𝑝𝑚(𝑇 ) will be used to link temperature and composition).

The objective of the present work is to evaluate the influence of
the stratification on the propagation of a flame front above a liquid
H2 pool. As a first step, this problem is addressed in the canonical
configuration of ignition in a tube, which allows to study the combined
effect of wall-confinement and stratification on flame acceleration. In
Section 2 numerical simulations, based on the framework developed
in [12] are conducted. Then, the theory governing the early stages of
flame acceleration in tubes, based on the work of [13], is extended to
account for mixture stratification in Section 3 and confronted to the
simulations in Section 4.

2. Numerical investigation of flame acceleration under mixture
stratification

This part of the paper investigates numerically the early stages of
flame acceleration in mixtures with axially stratified temperature and
mixture composition.
2

Fig. 2. Configuration used for the study of the early stages of flame acceleration:
boundary conditions of the simulation on the top half tube and flame characteristic
shape on the bottom half tube.

Table 1
Initials conditions of simulation with stratification. 𝛥𝑇𝑥=𝑅 = ±24 K, depending of the
initial gradient.

Case At 𝑥 = 0 ∇𝑇 [K∕m] 𝛥𝜙𝑥=𝑅

A
𝑇0 = 225.4 K
𝜙0 = 1.0

0 0
A-1 −1200 0.514
A-2 1200 −0.397

B 𝑇0 = 138.0 K
𝜙0 = 4.0

1200 −1.216

C 𝑇0 = 263.9 K
𝜙0 = 0.4

−1200 0.352

2.1. Numerical setup

The numerical investigation is performed using the massively paral-
lel solver AVBP [14], developed by CERFACS. It solves the multispecies,
compressible reactive Navier–Stokes equations on unstructured meshes.
It is a cell-vertex/finite element code, explicit in time. The configura-
tion of interest is two-dimensional and sketched in Fig. 2. A tube of
radius 𝑅 = 20 mm and length 𝐿 = 5𝑅, closed on one end and open on
the other is considered. Only half of the tube will be simulated and a
symmetry condition is imposed on the central axis. An adiabatic and
slip wall condition is imposed on the closed end and top boundary
conditions. A non-reflecting boundary condition is used for the open
end of the tube with a NSCBC formalism [15]. A small kernel (radius
1 mm) of hot combustion products is used to ignite the mixtures at
the closed end of the tube. A constant pressure, 𝑃 = 1 atm, and
quiescent mixture is set initially inside the tube. Both homogeneous
and axially-stratified temperature fields are imposed initially and the
perfect-mixing relation in Fig. 1 is used to set the mixture composition
from temperature field, thereby mimicking the conditions encountered
above a liquid H2 pool. The flame properties at the location of ignition
(𝑥 = 0) are denoted by the subscript ∗0 and used as scaling parameters
in the paper.

Table 1 recalls the conditions considered in the present work and
Fig. 3 displays the evolution of associated flame properties (their spatial
profile is also provided in the supplementary material for complete-
ness). Both the planar consumption speed 𝑠𝐿 and the gas expansion
ratio 𝜎 ≡ 𝜌𝑢∕𝜌𝑏 are shown, where 𝜌𝑢 and 𝜌𝑏 are the unburnt and burnt
gas densities, respectively. For cases A, A-1 and A-2, the condition at
the ignition point is set to 𝑇0 = 225.4 K corresponding to a stoichiomet-
ric mixture. The mixture is homogeneous in case A and a negative (resp.
positive) constant temperature gradient is imposed for cases A-1 (resp.
A-2). Cases A-* correspond to a flame ignited at the stoichiometric
condition and propagating either towards (A-1) or away from (A-2) the
liquid pool. As shown in Fig. 3, the mixture stratification in cases A-*
is imposed such that the flame will propagate towards more (A-1) or
less (A-2) reactive mixtures with initially increasing (resp. decreasing)
𝑠𝐿 and 𝜎.

Case B corresponds to the scenario where the flame is ignited at
rich conditions close to the liquid pool and essentially propagates
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Fig. 3. Evolution of the planar consumption speed 𝑠𝐿 ( ) and expansion factor
𝜎 ≡ 𝜌𝑢∕𝜌𝑏 ( ) with mixture conditions. Temperature and equivalence ratio
are linked by the perfect mixing relation. Arrows indicate the direction of the
temperature-composition stratification.

away from the pool, hence the positive temperature gradient. Finally,
case C corresponds to the scenario where the flame is ignited at very
lean conditions far away form the pool and propagates towards more
reactive mixture conditions that can be found closer to the liquid pool,
hence the negative temperature gradient. Note that in both cases B and
C, the flame propagates towards more reactive mixtures as highlighted
in Fig. 3. The magnitude of ∇𝑇 is the same for both cases.

The same mesh is used for all the simulations. The cell size (𝛿𝑐𝑒𝑙𝑙 =
31.6 μm) is uniform inside the tube and ensures at least 8 cells within
the front with the smallest laminar thermal flame thickness 𝛿0𝑇 among
the conditions considered in Table 1, i.e. at 𝑇 = 191 K and 𝜙 = 1.8.
The San Diego [16] chemical scheme is used to model H2/air kinetics,
without the NOX sub-model. The validity of the San-Diego mechanism
up to temperature conditions relevant for the present work is verified
in the supplementary material. A simplified transport model for the
species is used with constant mixture Prandlt number and a constant
Schmidt number for each species. The second-order in space and time
Lax–Wendroff scheme is used for the advection term and a second-order
finite-volume scheme is used for the diffusion terms. The perfect gas
equation of state is used. The validity of this assumption for the initial
conditions considered in this work is verified in the supplementary
material.

2.2. Numerical results and discussion

This section is devoted to the analysis of flame acceleration ob-
served in the simulations. The flame-tip position 𝑥𝑡𝑖𝑝 is tracked over
time. As highlighted in Fig. 2, 𝑥𝑡𝑖𝑝 is defined as the axial position of
the flame front on the symmetry axis, which coincides exactly with
the axial position of the flame leading point 𝑥𝑚𝑎𝑥 for cases A–B, in
accordance with the finger flame theory [13] and is close to 𝑥𝑚𝑎𝑥
for case C, as discussed later. The flame propagation speed is simply
defined by 𝑢𝑡𝑖𝑝 = 𝜕𝑡 (𝑥𝑡𝑖𝑝).

Fig. 4 displays the evolution of 𝑢𝑡𝑖𝑝 versus the time 𝑡 for all cases.
The initial flame speed is identical for cases A, A-1 and A-2 since they
share the same initial conditions at the ignition point. Because of the
confinement induced by the side wall, the homogeneous case A exhibits
an exponential-like evolution of the flame speed with time, as predicted
theoretically [13].

The impact of mixture stratification can be assessed by comparing
case A, with A-1 and A-2. While case A-1 clearly enhances flame
acceleration, the opposite effect is observed with case A-2. This result
can be attributed to the gradient of flame properties associated to
3

Fig. 4. Evolution of the flame propagation speed 𝑢𝑡𝑖𝑝 versus time 𝑡 for Case A (
), Case A-1 ( ), Case A-2 ( ), Case B ( ) and Case C ( ).

Fig. 5. Evolution of the flame propagation speed 𝑢𝑡𝑖𝑝 versus normalized time 𝜏 ≡ 𝑠𝐿,0𝑡∕𝑅
for Case A ( ), Case A-1 ( ), Case A-2 ( ), Case B ( ) and Case C (

).

the stratification imposed initially. As shown in Fig. 3, the flame in
case A-2 propagates towards a less reactive mixture with decreasing
planar consumption speed 𝑠𝐿 and gas expansion factor 𝜎, thereby
xplaining the mitigation effect that stratification has on flame ac-
eleration on this case. For cases B and C, the flame propagation
peed 𝑢𝑡𝑖𝑝 (Fig. 4) is initially much lower than cases A* owing to
he smaller spherical flame expansion velocities 𝜎0𝑠𝐿,0 at the ignition
onditions: 𝜎0𝑠𝐿,0 = 13.6(𝐴 ∗), 4.39(𝐵) and 0.73(𝐶). Overall, cases B and
also show an exponential-like flame speed evolution with time, albeit
uch lower flame speeds compared to cases A* (especially case C),
ue to the lowest reactivity of the mixtures involved (more specifically,
ower initial 𝜎0𝑠𝐿,0).

The results of Fig. 4 are displayed in Fig. 5 using a time 𝜏 ≡ 𝑠𝐿,0𝑡∕𝑅
ormalized by the initial laminar flame speed 𝑠𝐿,0 and the tube radius
. In this new coordinate system, the slope of the 𝑢𝑡𝑖𝑝 − 𝜏 curves

is much more pronounced for cases B and C compared to cases A*,
thereby suggesting that cases B and C undergo a much stronger flame
acceleration than cases A* relative to their initial reactivity.

An indication of the mechanisms driving the flame accelerations
observed in the simulations is found in Fig. 6, which shows the flame
shape for all cases at the same normalized time 𝜏 = 0.1 (the evolution in
time of the flame shape is also provided in the supplementary material).
The homogeneous case A exhibits a finger-like shape, further confirm-
ing that the flame acceleration in case A is induced by the strong
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Fig. 6. Flame surface at an isoline of temperature 𝑇 = 350 K, for the different Case
at 𝜏 = 𝑠𝐿,0𝑡∕𝑅 = 0.1.

Fig. 7. Simulation Case C at 𝜏 = 0.1, with temperature in burnt gases and equivalence
ratio in fresh gas.

confinement caused by the presence of the side wall in accordance with
the finger flame theory. The stratified cases A-1, A-2 and B exhibit the
same finger-like shape, thereby suggesting that wall confinement also
drives the flame acceleration observed in Fig. 5 in stratified cases and
that stratification plays an enhancing role in cases A-1 and B (hence a
stronger flame acceleration) and a mitigating role for case A-2 (reduced
flame acceleration compared to A). Case C stands out from all other
cases and exhibits an overall finger-flame shape with a marked cellular
structure. This is caused by thermo-diffusive instabilities characteristic
of very lean H2/air flames, which enhance the finger flame acceleration
as highlighted in [12].

Further emphasis is put on case C in Fig. 7, where the temperature
field in the burnt gases and the field of equivalence ratio in the unburnt
mixture ahead of the flame are displayed. The image is truncated
to focus on the fame region. At 𝜏 = 0.1, the flame front is fed by
hydrogen/air mixtures over a wide range of equivalence ratios ranging
from 𝜙 ≈ 0.8 at the flame tip to 𝜙 ≈ 0.4 close to the ignition plate.
This has a direct impact on the temperature field in the burnt gases
with higher temperatures close to the flame tip. Therefore, Fig. 7
suggests that the flame acceleration observed for case C is the result of
a synergistic coupling between wall confinement, mixture stratification
and thermo-diffusive instabilities. Temperature and equivalence ratio
fields for all the cases are provided in the supplementary material.

The present simulations suggest a potential enhancement of the
explosion hazards in case of ignition above H2 liquid pools. A coupling
between wall-confinement and mixture stratification effects is high-
lighted. The next section delves into the theoretical modeling of this
phenomenon by revisiting the finger-flame theory to include the effects
of stratification.
4

3. Extension of finger flame theory to mixture stratification above
hydrogen liquid pools

The early stages of flame acceleration in a tube are fairly well
described by the finger flame theory proposed in [13] for the case of
an homogeneous mixture. The theory was also extended to account
for compressibility effects in [17], which become important for highly
reactive mixtures like H2∕O2 near stoichiometry. In the present work,
it is extended to cases with axial stratification in a manner analogous
to [18] who addressed the case of radial stratification. A derivation is
sought, accounting for the combined effects of temperature and com-
position stratification associated to mixtures above a liquid-hydrogen
pool (Fig. 1). This will serve as the baseline tool to analyze the results
of Section 2.

The derivation follows the one proposed in [13] and will be briefly
exposed in this section, with particular emphasis on the modifications
needed to account for mixture stratification. Similarly to the configu-
ration studied in Section 2, a 2D cylindrical tube of radius 𝑅 with one
end closed is considered here. The flame is ignited at the end wall at
the symmetry axis. The initial mixture stratification is represented by
an axial gradient of temperature and equivalence ratio (𝜕𝑥 (𝑇 ) ≠ 0, 𝜙 =
𝑝𝑚(𝑇 )). The tube radius 𝑅 and the planar consumption speed 𝑠𝐿,0 taken
at the ignition wall is used for scaling: 𝜏 ≡ 𝑠𝐿,0𝑡∕𝑅, (𝜉, 𝜂) ≡ (𝑥, 𝑦)∕𝑅 and
(𝑣,𝑤) ≡ (𝑢𝑥, 𝑢𝑦)∕𝑠𝐿,0.

The finger flame theory focuses on the evolution of two particular
points on the flame front, indicated in Fig. 2: the flame position at the
ignition wall (flame skirt) and the flame position on the symmetry axis
(flame tip). The whole derivation essentially relies an four hypotheses:
(1) infinitely thin flame front; (2) irrotational flow at the vicinity
of the ignition wall (𝜉 → 0) and to the symmetry axis 𝜂 → 0 and (3)
locally planar flame front close to the two points of interest (tip and
skirt). Hypotheses (2-3) are mutually consistent.

For simplicity, the flow is considered incompressible here (see [17]
for compressibility effects) and the flow is described by the continuity
equation:
𝜕𝜌𝑣
𝜕𝜉

+
𝜕𝜌𝑤
𝜕𝜂

= 0 (1)

We are interested in the flow in the burnt and unburnt regions,
separated by the flame front and denoted by ∗𝑏 and ∗𝑢 respectively.
Solutions to Eq. (1) close to the wall (𝜉 → 0) are obtained under a
potential flow assumption, following (2), for the axial velocity under
the boundary condition 𝑣 = 0 at 𝜉 = 0:

𝜌𝑢𝑣𝑢 = 𝜌𝑢,0𝐴𝑢𝜉, 𝜌𝑏𝑣𝑏 = 𝜌𝑏,0𝐴𝑏𝜉 (2)

𝐴𝑢 and 𝐴𝑏 can be time-dependant and the impact of axial stratification
is through variable densities 𝜌𝑏 ≠ 𝜌𝑏,0 and 𝜌𝑢 ≠ 𝜌𝑢,0 for 𝜉 > 0. Focusing
on the region close to the ignition wall (𝜉 → 0), solutions to Eqs. (1)–(2)
read:

Unburnt flow: 𝑣𝑢 = 𝐴𝑢𝜉, 𝑤𝑢 = 𝐴𝑢(1 − 𝜂) (3)

Burnt flow: 𝑣𝑏 = 𝐴𝑏𝜉, 𝑤𝑏 = −𝐴𝑏𝜂 (4)

where the boundary conditions 𝑤𝑢(𝜂 = 1) = 0 and 𝑤𝑏(𝜂 = 0) = 0 have
been taken into account. The system of flow Eqs. (3)–(4) is closed by
including the jump conditions across the flame front 𝜂 = 𝜂𝑓 :

𝑤𝑢 −𝑤𝑏 = 𝜎0 − 1; 𝑣𝑢 − 𝑣𝑏 = 0 (5)
𝜕𝜂𝑓
𝜕𝜏

−𝑤𝑢(𝜂𝑓 ) = 1 (6)

where Eq. (5) describes the jump in normal component and conti-
nuity of the tangential component of velocity across the flame front.
Eq. (6) expresses a fixed flame propagation velocity 𝑠𝐿,0 with respect
to fresh gases. These jump relations allow to fix the velocity parameters
𝐴𝑢 = 𝐴𝑏 = 𝜎0 − 1 and lead to the following equation governing the
evolution of the radial position of the flame skirt:
𝜕𝜂𝑓 − (𝜎 − 1)(1 − 𝜂 ) = 1 (7)

𝜕𝜏 0 𝑓
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This equation for the flame skirt is exactly the same as the homo-
geneous case, owing to the fact that mixture composition is constant
across the ignition plate in the case of axial stratification.

Focusing on the flame tip, an equation governing the evolution
of its axial position can also be found. Following (3), the flame tip
propagates at the planar speed 𝜎𝑠𝐿 with respect to burnt gases, hence:

𝜕𝜉𝑡𝑖𝑝
𝜕𝜏

− 𝑣𝑏(𝜉𝑡𝑖𝑝) = (𝜎𝑠𝐿)(𝜉𝑡𝑖𝑝) (8)

here 𝜎𝑠𝐿 varies with the flame position because of the axial stratifi-
ation. The axial velocity 𝑣𝑏 on the symmetry axis obeys the potential
low relation (2) and must coincide with Eq. (4) as 𝜉 → 0, hence :

𝑏 =
𝜌𝑏,0
𝜌𝑏

(𝜎0 − 1)𝜉 (9)

Eq. (8) now reads:
𝜕𝜉𝑡𝑖𝑝
𝜕𝜏

− (𝜎0 − 1)𝑓𝜌𝑏 (𝜉𝑡𝑖𝑝)𝜉𝑡𝑖𝑝 = 𝜎0𝑓𝜎𝑠𝐿 (𝜉𝑡𝑖𝑝) (10)

ith: 𝑓𝜌𝑏 ≡
𝜌𝑏,0
𝜌𝑏

, and 𝑓𝜎𝑠𝐿 ≡
𝜎𝑠𝐿
𝜎0𝑠𝐿,0

(11)

This equation governs the evolution of the flame propagation speed
𝜕𝜉𝑡𝑖𝑝∕𝜕𝜏. The difference between Eq. (10) and the one obtained in [17]
for the homogeneous case lies in the presence of two stratification terms
𝑓𝜌𝑏 and 𝑓𝜎𝑠𝐿 , which account for the impact of stratification on burnt
gas density (thermal expansion) and flame properties respectively.
They reduce to unity in the homogeneous case. Eq. (10) involves 𝜉𝑡𝑖𝑝-
dependant parameters 𝑓𝑖(𝜉𝑡𝑖𝑝) and cannot be solved analytically in the
general case. It will be solved numerically in the present work. We
stress that solving Eq. (10) requires a knowledge about the unburnt-
gases properties at the flame tip position 𝑓𝑖(𝜉𝑡𝑖𝑝). A simple closure is
to assume a frozen stratification, where the mixture composition and
temperature are not impacted by flame propagation and are equal to
their value imposed before ignition. Because the fresh gases are set in
motion by combustion, this is a crude assumption and Eq. (10) may
require a closure model for the evolution of the effective stratification:

Frozen stratification: 𝑓𝑖(𝜉) = 𝑓𝑖(𝜉)
|

|

|𝜏=0
(12)

Effective stratification: 𝑓𝑖(𝜉) = 𝑓𝑖(𝜉, 𝜏) (13)

The implications of the frozen stratification assumption (12) and the
ability of Eq. (10) to explain the numerical results of Section 2 will be
addressed in the next section.

4. Mechanisms of finger flame acceleration under stratification

4.1. Flame skirt behavior: cases A*

First, the theoretical description of the flow close to the ignition
wall is confronted to the numerical results of Section 2. Fig. 8 displays
the evolution of the flame skirt speed �̇�𝑓 with its radial position 𝜂𝑓
for the simulations A* and the theoretical solution Eq. (7). First, the
numerical results clearly show that axial stratification has no impact
on the behavior of the flame skirt close to the wall, in accordance with
the theory. Second, the deceleration of the flame skirt as it approaches
the side wall is also accurately predicted by the theory (slope of the
curve �̇�𝑓 = 𝑓 (𝜂𝑓 ) given by the thermal expansion term 𝜎0−1 in Eq. (7)).
Note that, contrary to the theoretical prediction Eq. (7), the flame skirt
in the numerical simulations propagates with non-zero radial velocity
towards the side wall until it reaches the extreme vicinity of the wall,
a consequence of the corner-type flow governing this region and not
taken into account in the theory. Nevertheless, despite the simplicity of
the derivation proposed in Section 3, it provides an accurate description
5

of the flame skirt behavior close to the ignition wall.
Fig. 8. Evolution of the flame skirt speed �̇�𝑓 ≡ 𝜕𝜂𝑓 ∕𝜕𝜏 with its radial position 𝜂𝑓
extracted from the numerical simulations for Case A ( ), Case A-1 ( ) and
Case A-2 ( ). The theoretical solution of Eq. (7) is shown in ( ).

Fig. 9. Evolution of the flame propagation speed �̇�𝑡𝑖𝑝 with the flame position 𝜉𝑡𝑖𝑝.
Simulation results of Case A ( ) compared to the theoretical prediction of Eq.
(10) ( ), with 𝑓𝜌𝑏 = 𝑓𝜎𝑠𝐿 = 1.

Fig. 10. Evolution of the flame propagation speed �̇�𝑡𝑖𝑝 with the flame position 𝜉𝑡𝑖𝑝.
Simulation results of Case A-1 ( ) and Case A-2 ( ) are compared to the
theoretical prediction of Eq. (10) under frozen stratification closure (12) (green) and
imposing the effective stratification (13) from the simulation (red).
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4.2. Flame tip behavior: cases A*

The focus is now on the evolution of the flame tip position. Figs. 9
and 10 compare the evolution of the flame tip velocity �̇�𝑡𝑖𝑝 ≡ 𝜕𝜉𝑡𝑖𝑝∕𝜕𝜏
versus flame-tip position 𝜉𝑡𝑖𝑝 obtained numerically (cases A*) to the
theoretical value given by Eq. (10). As already demonstrated in [17],
Fig. 9 shows that the homogeneous finger-flame theory (𝑓𝜌𝑏 = 𝑓𝜎𝑠𝐿 = 1)
is fairly accurate for case A. The extension to stratified cases (Eq. (10)),
given by Fig. 10, under the frozen stratification assumption (12) per-
forms reasonably well for the stratified case A-1. For case A-2, however,
the theory predicts that the stratification (here towards less reactive
mixtures) dominates the finger flame mechanism and induces a deceler-
ation of the flame, which is not observed in the simulation. The reason
behind this contrasted performance can be found in Fig. 11, where the
initial stratification is compared with the effective stratification that the
flame actually feels as it propagates through the mixture. The latter
is computed by extracting the mixture conditions, a distance of 3𝛿𝐿,0
ahead of the flame tip, and deducing the effective flame acceleration
parameters 𝑓𝑖,𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 in Eq. (10) during the whole propagation phase.
Fig. 11 shows that the effective mixtures burnt by the flame are
much closer to the conditions seen initially by the flame close to the
ignition plate, owing to the fact that the flame acts as a permeable
piston pushing the gas ahead of it, thereby ‘‘smoothing out’’ the axial
stratification imposed before ignition. Moreover, Fig. 11 also shows that
cases with stronger initial stratification (case A-2) exhibit a larger gap
between the effective and frozen stratification parameters with relative
gaps (𝑓𝑖,𝑓𝑟𝑜𝑧𝑒𝑛 − 𝑓𝑖,𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒)∕𝑓𝑖,𝑓𝑟𝑜𝑧𝑒𝑛 at 𝜉𝑡𝑖𝑝 = 2 of approximately 250%
and 30% for cases A-2 and A-1, respectively. This implies that the flame
propagation has a mitigating effect on the actual conditions at the flame
front, owing to the piston effect induced on the flow ahead of it, and
that this mitigating effect increases with stronger initial stratification.
This explains the contrasted performance of Eq. (10) under frozen strat-
ification closure (see Fig. 10) which accuracy decreases with stronger
initial stratification.

Fig. 11 suggests that the frozen stratification assumption, also
adopted in [18], is not valid especially for strong stratification cases
and Eq. (10) requires an additional evolution equation for the strat-
ification. This is beyond the scope of the present study and will be
addressed in a future work. An a posteriori test is performed however
where the effective flame acceleration parameters extracted from the
simulations are used to close Eq. (10). The results are shown in Fig. 10
where a drastic improvement of the theoretical predictions is observed
leading to the conclusion that the extension of the finger flame theory
to axial mixture stratification does provide a reliable description of
the flame acceleration mechanism at play, which remains essentially
a wall confinement effect (finger flame) either enhanced (𝑓𝑖 > 1, A-1)
or mitigated (𝑓𝑖 < 1, A-2) by the mixture stratification. The deviation
from the homogeneous case is entirely controlled by the gradient of
reactivity imposed by the effective stratification, i.e. by how much 𝑓𝑖
deviates from unity.

4.3. Flame tip behavior: cases B and C

Fig. 12 confronts the evolution of the flame tip speed obtained with
the numerical simulations with the predictions of Eq. (10). The same
conclusions drawn for cases A* are still valid for case B and the the-
oretical curves provide a reasonable agreement with the simulations,
especially when the effective flame acceleration parameters, measured
in the simulation, are imposed, showing that the present theory is able
to take into account changes in the mixture conditions, i.e. ignition
location in the cloud above a hydrogen liquid spill. The evolution of
the effective stratification parameters 𝑓𝑖,𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 for cases B and C is
not shown here for conciseness but is provided in the supplementary
materials. Case C stands out again from the other cases. Imposing the
effective parameters mitigates the strong flame acceleration observed
6

with the frozen stratification assumption as expected but is still far
Fig. 11. Evolution of the flame acceleration parameters 𝑓𝜌𝑏 and 𝑓𝜎𝑠𝐿 in Eq. (10)
with the flame position. Frozen conditions (12) (green) are compared to the effective
conditions (13) extracted from the simulations (red). Case A-1 and A-2 are shown in
the upper and lower parts respectively.

Fig. 12. Evolution of the flame propagation speed �̇�𝑡𝑖𝑝 with the flame position 𝜉𝑡𝑖𝑝.
Simulation results of Case B ( ) and C ( ) are compared to the theoretical
prediction of Eq. (10) under frozen stratification closure (12) (green) and imposing the
effective stratification (13) from the simulation (red).

from the simulation result. The remaining gap between the effective
theory and the simulation is attributed to the intrinsic thermo-diffusive
instability characteristic of very lean hydrogen/air mixtures as already
highlighted in Figs. 6–7. This result is consistent with the findings
of [12] who demonstrated the instability-induced enhancement of the
finger flame acceleration. Of course, the finger flame theory does not
account for any flame-front stretch effect and predicting the flame
acceleration for very lean hydrogen-air mixtures with high accuracy is
a limitation of the current theory.

5. Conclusion

The problem of flame propagation in a tube filled with an axially
stratified mixture has been investigated numerically and theoretically.
The stratification cases considered are consistent with ignition scenar-
ios above a liquid H2 pool. It is shown that the mechanism responsible
for flame acceleration in such scenarios remains essentially a wall con-
finement effect (finger-flame), similar to the homogeneous case, which
can be either enhanced or mitigated depending on the gradient of
reactivity imposed by the stratification. Two stratification parameters
𝑓 and 𝑓 are shown to account for the impact of stratification on
𝜌𝑏 𝜎𝑠𝐿
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the finger flame mechanism. The paper also highlights the large gap
that can be observed between the effective stratification experienced
by the flame and the stratification imposed before ignition, attributed
to the piston effect induced by the flame on the unburnt mixture ahead
of it. This gap is also larger with stronger initial stratification. This
observation has strong implications for the problem of flame ignition
in stratified mixtures, where the initial conditions are shown here to
fail to properly characterize the impact on flame acceleration. Further
work is needed to complement the theoretical derivation provided in
this paper with a simple closure model for the effective parameters that
would not hinder its practical use.

Novelty and significance statement

A combined numerical and theoretical investigation of the effect of
axial mixture stratification –temperature and composition– on flame
propagation in tubes is performed for the first time, in conditions con-
sistent with the characteristics of reactive clouds above liquid-hydrogen
pools. The work theoretically identifies two stratification parameters,
directly linked to the strength and nature of the coupling (synergistic
or competing) between stratification and wall confinement effects. The
study also highlights that the impact of stratification cannot be prop-
erly characterized by the initial stratification conditions, with strong
implications for the problem of flame ignition in stratified mixtures.
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