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1 Introduction

Accelerating flames, typical for large-scale explosions, are in absence of turbulence dominantly driven
by the Darrieus-Landau (DL) instability [1]. As the flame grows, wrinkled under the influence of the
DL instability, its characteristic self-similar structure can be observed [2–4]. The onset of cellular insta-
bilities occurs for both lean and rich mixtures alike, once the flame reaches a critical distance [3], which
itself is a function of stoichiometry [4]. Modeling the effects of DL instability is important for under-
standing and mitigation of industrial explosions, especially their early stages. Present work proposes an
approach that is applicable to explosion simulation at large geometric scales. This is accomplished by a
sub-grid closure, i.e. without resolving the flame structure.

2 Numerical Modeling

A numerical method [5] is used that solves unsteady, compressible, reacting flow equations by means of
a density-based, all-speed, finite volume solver. The implementation is based on a widely known open-
source code OpenFOAM. The reacting flow modeling is accomplished by solving a transport equation
for the reaction progress variable b, defined as b = 1 in the unburned and b = 0 in the burned mixture [6].
The source term of the equation, representing the burning rate, is given as

ω̇ = ρuΞSl|∇b| (1)

where ρu is the unburnt mixture density, Sl the laminar flame speed, Ξ the flame wrinkling factor.
Experimentally derived values for unstreched laminar flame speeds are used [7], corrected for the ther-
modynamic state according to [8]. The flame wrinkling factor Ξ represents a ratio between wrinkled
and unwrinkled flame surfaces—its calculation is the main aim of the combustion model presented next.

The fractal theory [9] provides a general way of describing the wrinkled flame surface, according to
which the flame wrinkling factor is

ΞDL =

(
εo
εi

)β
(2)
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where εi and εo are the inner and the outer cut-off scale and the exponent β is named fractal excess.

A novel modeling approach is developed in present work where the outer cut-off scale εo is given by a
closure model. In that way, the model can be applied to cases where the outer cut-off scale is largely
unresolved (sub-grid). The model assumes εo to be proportional to the flame von Karman length scale
such that

εo = CDLLvk,f . (3)

Here, CDL is the proportionality constant and the flame von Karman scale Lvk,f is defined as

Lvk,f = κvk

∣∣∣∣ ∇Uf

∇2Uf

∣∣∣∣ (4)

where κvk = 0.41 is the von Karman constant, and Uf is the gas velocity field in the flame normal
direction, defined as Uf = nf (nf ·U), where nf = ∇b

|∇b| is the unit normal vector of the flame surface.
The definition of the outer cut-off scale is based on an observation that, for the flames wrinkled by
the DL instability, the hydrodynamic strain caused by thermal expansion is directly evidenced by the
velocity gradient field. An assumption that the scale of flame wrinkling is proportional to the scale
of hydrodynamic perturbations is in line with the understanding of the DL-wrinkled flame as a vortex
sheet [1]. A similarly defined von Karman scale, albeit without the relation to the flame front normal,
was used for estimating the length scale of resolved turbulent flow structures by scale-adaptive URANS
turbulence models in [10].

In conditions of negligible turbulence, the inner cut-off scale can be assumed to be equal to the laminar
flame thickness

εi = δl =
λu

ρucp,uSl
. (5)

With that, Eq. 2 becomes,

ΞDL =

(
CDLLvk,f

δl

)β
(6)

where the proportionality constant was found to be CDL = 0.5. An experimentally derived fractal
excess β can be used, which was found by [4] to be β = 0.243 for hydrogen-air mixtures.

When lean hydrogen flames are considered, there are additional factors influencing the flame speed in
addition to wrinkling induced by Darrieus-Landau instability. The influence of the thermal-diffusive
(TD) instability on the flame wrinkling is modeled by the effective Lewis number approach

ΞTD = Le−0.8eff (7)

as described in [8]. Furthermore, the influence of local curvature on the flame speed is taken into account
by

Fc = (1 + Lκ)−1 . (8)

Here, κ is the geometric small-scale local curvature defined in [8] to be κ = π
2κref (p/pref )0.55 using

OH-PLIF experiments and highly resolved two-dimensional simulations of propagating flames, where
κref = 500 m−1 and pref = 1 bar. Furthermore, L is the Markstein length, derived empirically from the
data of multiple experimental investigations [11–14].

The final flame wrinkling factor, including above-described individual contributions is given by

Ξ = ΞDL · ΞTD · Fc. (9)
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3 Model Validation and Discussion

3.1 Spherical Flame Propagation [4]

Model validation is first shown on a geometrically simple case of a spherically propagating flame in
conditions of negligible initial turbulence. The validation data comes from experiments [4] performed
in a rectangular 64 m3 vented enclosure with homogeneous lean hydrogen mixtures. Flame position
data was measured in the area that is 0.6 m in diameter. The computational setup for this case consists
of a large enough domain to ensure boundary conditions do not interfere with the flame propagation
initiated in the middle. The domain was discretized by an unstructured polyhedral computational grid
with uniformly distributed cell size of approx. 3

√
Vcell = 90mm. The advantage of polyhedral meshes is

their efficiency when applied with FVM, and general ease of automatic generation. Flame propagation
was initiated by switching the progress variable to burnt state in the middle of the domain. After ignition,
the flame propagated outwards in all directions. Gravity was neglected in the computational setup since
a spherical shape of the flame was observed in the experiments [4], leading to the conclusion that gravity
effects did not play a significant influence.

0.05 0.1 0.15
0

0.2

0.4

0.6

Time [s]

Fl
am

e
Po

si
tio

n
[m

]

Experiment
Simulation

0 0.1 0.2 0.3 0.4 0.5 0.6

3

3.5

4

4.5

Radius [m]

Fl
am

e
Sp

ee
d

[m
/s

]

Experiment
Simulation

Figure 1: Spherical flame propagation [4] results for the xH2 = 12% mixture. Left: change in the
position of the flame in time. Right: change in observable flame speed along the flame radius.

Two lean hydrogen-air mixtures are shown in the results: first with xH2 = 12% vol. (Fig.1) and second
with xH2 = 19.08% vol. (Fig.2). Left sides of both figures show the time evolution of the flame position
and the right side shows the change in the observable flame speed along the flame trajectory (i.e. radius).
The flame position was defined by the value of reaction progress variable b = 0.5. The model reproduces
the flame’s accelerating (exponential) behavior. The observable flame speed is slightly underpredicted
in the simulations, despite of which the results of the flame position agree well with the experiments for
both hydrogen contents.

A steep drop in flame speed is visible between the fourth and fifth measurement location (r > 0.4 m)
in the experimental results. Generally, the flame acceleration in a homogeneous mixture is expected to
follow the exponential acceleration curve [2, 3]. Although this slowdown was not discussed in [4], it is
possible that it originates from dilution of the fuel mixture by the surrounding air, happening at distances
further away form the center of the test rig—an effect that was reported in a similar, large-scale hydrogen
deflagration experiment in [15]. In the simulations, flame speeds seem to be approaching an asymptotic
value that is mixture dependent.
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Figure 2: Spherical flame propagation [4] results for the xH2 = 19.08% mixture. Left: change in the
position of the flame in time. Right: change in observable flame speed along the flame radius.

3.2 Hydrogen Deflagration in the THAI Facility [16]

The second validation case is concerned with large-scale hydrogen deflagration in the THAI [16] test
vessel. Experiments were conducted in a cylindrical vessel, 9.2 m in height and 3.2 m in diameter with
a total volume of 60 m3. A simulation was carried out for the test HD12 [16], where a homogeneous
xH2 = 8% vol. mixture was ignited near the bottom of the vessel. The computational domain considers
the entire vessel volume, discretized into an unstructured polyhedral grid of uniformly-sized (approx.
3
√
Vcell = 200 mm) control volumes. Considering the significant height of the vessel, gravitational

effects were taken into account. The ignition was accomplished by changing the value of the progress
variable in a single control volume at the experimental ignition location. During ignition, the increase
in the burnt fraction was calculated from the time necessary for the flame to travel the entirety of the
control volume at the laminar flame speed.

Fig. 3 shows the time evolution of the flame vertical position along the vessel centerline (Fig. 3, left)
and the observable flame speed along the vessel centerline (Fig. 3, right). Both show a good agreement
between experiments and simulations. The pressure plot in the Fig. 4 shows simulations predicting a
higher pressure peak, together with an earlier rise in pressure. The possible explanation could be that
only sensible heat transfer to the vessel wall was considered in present work, while no radiation modeling
was applied. It was concluded in the benchmarking exercise in [16] that computational models which
included appropriate heat transfer modeling obtained better agreement with the pressure measurements
in both predicting the pressure peak, as well as its time-evolution. The the difference in peak pressure
between models with, and without heat losses modeling could be as high as 0.75 bar [16]. Although the
THAI facility had no means of quantifying the relative importance of different heat transfer mechanisms
[16], computational work by [17] suggests that radiative heat transfer played the most significant role in
overall heat loss. Considering that, addition of a radiation model is planned for future work.

Pressure oscillations near the peak that are present in the simulations, have not been measured for the
experimental case HD12, although oscillations due to parametric instability did occur in cases with
different hydrogen content, e.g. HD22 [16]. It remains to be investigated whether these oscillations
persist after radiation heat transfer is modeled, which can be expected to reduce the overall pressure
level.
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Figure 3: Hydrogen deflagration case HD12 (xH2 = 8%), THAI vessel [16]. Left: change in the flame
vertical position in time. Right: change in observable flame speed along the vessel center line.
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Figure 4: Pressure rise in time for the THAI [16] hydrogen deflagration case HD12 (xH2 = 8%).

4 Conclusions and Future Work

The present work introduced a new sub-grid modeling concept for Darrieus–Landau instability effects
on lean hydrogen flames. The model is suitable for RANS simulations and uses scale-adaptive, fractal-
based closure. The advantage of the model is that it allows for industrial-scale explosion simulation
without prohibitive computational cost.

Model validation was performed on medium and large scale experiments, using coarse grids (where
the grid spacing is significantly larger than the laminar flame thickness ∆x � δl), in conditions of
negligible turbulence and in presence of gravitational effects.

There are several considerations, important for the application in the explosion safety domain—especially
related to nuclear reactor accidents—that the developed model remains to be validated for. Those in-
clude the presence of diluents such as inert steam, and the presence of additional fuels such as carbon-
monoxide. Finally, considering the significance of heat losses due to thermal radiation in slow deflagra-
tion cases, an appropriate radiation model would improve the overall modeling approach.
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