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Abstract: This paper presents a novel numerical approach for assessing the turbulent limits of
hydrogen combustion. In the framework of this approach, the premixed combustion is studied
numerically in the externally generated turbulent field with defined parameters. Two-dimensional
calculations are carried out for hydrogen–air mixtures of different compositions, and all the possible
modes of near-limit combustion are reproduced. Among these modes are: combustion in the form
of spatially separated individual kernels and combustion in the form of kernels with subsequent
quenching. The critical conditions between the mentioned two modes correspond to the turbulent
limits of hydrogen combustion, which are necessary for the evaluation of the hazardous risks related
to hydrogen explosions.

Keywords: turbulent combustion; flammability limits; hydrogen combustion; hydrogen safety;
numerical analysis

1. Introduction

Today, hydrogen energy is of great research interest, among other concepts of green
energy. Hydrogen is one of the most hazardous gaseous fuels due to its wide flammability
limits [1] and low ignition energy [2]. That is why the development of hydrogen energy is
closely related to the issues of hydrogen safety, the risk assessment of hydrogen explosion,
and the elaboration of measures for its mitigation. Hydrogen safety is also widely studied
in the context of severe accidents at nuclear plants [3]. Scenarios of those accidents are
associated with the accumulation of large amounts of hydrogen, which can be exploded
after mixing with air. Moreover, there is a natural stratification of hydrogen, and the
composition of the hydrogen–air mixture can vary in different areas of the reactor building.
The same is true for the scenarios of accidental hydrogen release from storage systems [4,5].
So, evaluation of the concentration limits of different combustion modes can enable the
reliable quantitative assessment of possible hazardous scenarios.

Via conventional experimental tools [6,7], one can estimate the critical conditions
of the formation and propagation of a stable combustion wave in a premixed mixture
after localized ignition. Thus, the lower concentration limit of hydrogen combustion (lean
flammability limit) under normal conditions and terrestrial gravity is known to be in the
range of 4% [1] to 6% of hydrogen [8]. However, the stable deflagration wave can be
formed only in mixtures containing more than ∼8–10% [9], while in the range from 4–6%
to 8–10%, the combustion proceeds in the form of combustion kernels (flame balls or caps)
rising upwards under the action of buoyancy force [10]. In those “ultra-lean” compositions,
one can observe the flame propagation only upwards, and no combustion propagation is
observed if the mixture is ignited at the top wall of the vessel. As shown recently in [11,12],
the basic mechanism of combustion quenching in ultra-lean mixtures is related to the
stretch of the initial burning kernel by the convective flow arising in the process of the
kernel’s buoyant motion. As a result of stretching, the burning kernel breaks into smaller
ones, which cannot sustain an exothermic reaction due to the larger relative effect of losses.
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The same mechanism of flame quenching can be observed in a highly turbulent medium.
In that case, the flame is stretched under the action of intense pulsations, breaking the
flame front [13]. The continuity loss of the flame front results in the formation of separated
unstable burning kernels. That leads to local or total quenching of the combustion [14].
Due to that mechanism, intense turbulence can quench the flame even in mixtures far
from the concentration limits estimated in quiescent conditions [15,16]. the effect of the
described scenario of turbulent flame quenching on the combustion limits has not not
studied thoroughly [17].

Recently, numerous works have been devoted to the development of models of turbu-
lent combustion [18]. While direct numerical simulation (DNS) can provide useful insights
into the peculiarities of turbulent combustion, it is still out of reach to perform direct simula-
tions of this process on industrial scales [19]. However, DNS is highly suitable as a reliable
basis for the development and validation of simplified models appropriate to describe
one or another turbulent combustion mode [20]. One of the crucial concepts in turbulent
combustion is flame displacement speed, which is the speed with which a point on a flame
surface moves along the local normal of the flame surface relative to the local fluid velocity.
Many turbulent combustion models, such as models based on level-set equations [21] or
flame surface density formalism [22], require a robust way to obtain flame displacement
speed for relevant combustion conditions. One of the methods for flame displacement
speed evaluation is based on the relation between flame displacement speed and the flame
stretch quantified by Markstein length, provided by asymptotic theory [23]. A thorough
examination of this approach, performed in [24], has shown that the displacement speed
of a weakly-stretched flame depends only on two parameters—the stretch and curvature
of the flame surface, with the associated separate Markstein lengths, and the good agree-
ment between asymptotic theory and numerical simulation can be achieved if a proper
isotherm is chosen for the evaluation of the flame displacement speed. Later in [25], this
two-parameter Markstein length model was successfully implemented for the description
of premixed turbulent combustion and verified against the DNS data on turbulent flame
displacement speed. In the context of flame surface density methods, problems related to
the prediction of convection fluxes are of particular importance (see, e.g., [26]). Another
promising technique is employing a statistical description of the flow via evolution equa-
tions for probability density functions [27,28]. The probability density function method is a
well-established field in numerical modeling and has received significant attention in recent
decades [29]. However there is still room for improvement from both the conceptual and
applied points of view. Thus, in a recent paper [30], new joint/inverse modeling strategies
in the PDF method were introduced that allow the closed-form description of the com-
bustion characterized by fast chemical reactions, while in [31] a new framework for flame
front propagation in a turbulent medium at low Damköhler number was developed, which
expands the applicability of the PDF approach to the regimes with thick preheat zones.

Despite the wide research interest in the problems of turbulent combustion, the issues
related to the turbulent combustion limits have not been fully understood. There is no such
comprehensive research and application of the different modeling approaches mentioned
above for near-limit flames, and only a few papers employing numerical modeling to
address this issue can be mentioned here [32,33]. In [33], a direct numerical simulation
was performed to investigate the conditions for turbulent quenching of the flame kernel in
rich (φ = 4) hydrogen–air mixtures at different values of the root mean square turbulent
velocity urms. In [32], the authors proposed the problem setup for studying flame extinction
in turbulent flows and employed this approach to obtain a lean turbulent combustion limit
in hydrogen–air mixtures.

This paper is devoted to the formulation of a numerical model of the turbulent com-
bustion of hydrogen–air mixtures for analysis of the turbulent combustion limits in lean
mixtures. The proposed model is applied to estimate the turbulent combustion limit for
lean and ultra-lean hydrogen–air mixtures on the base of a two-dimensional problem setup.
The approach for the analysis of turbulent combustion limits is demonstrated in the case of
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the obtained numerical results. Further, the proposed model can be applied for full-scale
three-dimensional calculations, and better assessments can be achieved for the applied
problems of lean turbulent combustion of hydrogen-based mixtures.

2. Problem Setup

When simulating the combustion of gaseous mixtures of real compositions numerically,
it is necessary to resolve a local structure of the flame front, which is of the order of
1 mm in the case of lean hydrogen–air mixtures. That is the main difficulty of the direct
numerical simulation of combustion. Moreover, one should take into account the detailed
kinetics of combustion to reproduce the various chemical features of combustion accurately,
including the phenomenon of flame quenching. Both mentioned factors severely restrict
the opportunities for direct numerical simulations due to limited computational resources.
Consequently, one can carry out three-dimensional calculations only for rather small-scale
vessels, and currently, two-dimensional calculations are the main tool to study in detail the
non-steady development of the flame front, including its propagation, interaction with the
flow, and quenching. At the same time, however, the recent experience in the comparison
between the experimental and numerical data on lean hydrogen–air combustion [34] shows
that even two-dimensional calculations reproduce the experimentally observed features
with sufficiently good accuracy. As well, the two-dimensional calculations presented
in [12,35] agreed quite well with the experimental data on the combustion limits under
terrestrial [1,8] and microgravity [36] conditions. Given the similarity of the quenching
mechanism reported in [11] and the one responsible for turbulent flame quenching, one
can assume that even two-dimensional calculations would provide more or less accurate
quantitative characteristics of flame quenching under the action of turbulence, at least in
the case of lean hydrogen–air mixtures.

The governing equations represent the full Navier–Stokes model with an account
of the thermal conductivity, multicomponent diffusion, and energy release associated
with the chemical transformations [37]. Due to the low intensity of the process of near-
limit combustion, it is reasonable to utilize low-Mach approximation to avoid the strict
limitations on the time step of numerical integration [38]. The mathematical model used
here is presented below and can be found in detail in [39].
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dhs = Cp(Yk, T)dT (7)

Here, ρ is the mass density, ~u is the mass velocity, ui are the mass velocity vector
components, Yk is the mass fraction of the k-th component of the gaseous mixture, Mk
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is the molecular weight of the k-th component of the gaseous mixture, p̃ is the dynamic
component of the pressure fluctuations, which is by the order of magnitude much smaller
compared with the thermodynamic pressure p̄ and p(~x, t) = p̄(t) + p̃(~x, t), σ is the viscous
stress tensor, σij are the components of the viscous stresses tensor, H =

∣∣~u2
∣∣/2 + p̃/ρ is the

stagnation energy per unit mass, ~ω is the vorticity vector, hs is the specific sensible enthalpy
of the mixture, hs,k is the specific sensible enthalpy of the k-th component of the gaseous
mixture, T is the temperature, κ(Yk, T) is the thermal conductivity coefficient, µ(Yk, T) is the
viscosity coefficient, h0

f ,k is the enthalpy of formation of the k-th component of the gaseous

mixture, ~Vk,i is the diffusion velocity vector component of the k-th specie, and Cp(Yk, T) is
the specific heat capacity at the constant pressure of the mixture. Term ω̇k represents the
change in mass fraction of the k-th specie due to the chemical reactions.

When calculating the equation of state of the multicomponent mixture (7), the data
from [40] were used. The diffusion was modeled in the zeroth-order Hirshfelder–Curtiss
approximation [41]. Mixture averaged transport coefficients were obtained from the gas
kinetics theory [42]. The correction velocity approach proposed in [43] was used to calcu-
late the diffusion velocities. The chemical kinetics of hydrogen oxidation were modeled
according to the detailed kinetic mechanism from [44].

The governing equations were solved with the second-order predictor/corrector
method described in [45]. The computational cell size was chosen based on the specific
convergence tests carried out for each mixture composition and aimed at the definition of
the flame thickness. It was shown that using computational cells of 0.1 mm linear size was
enough to resolve the flame thickness in the 10% hydrogen–air mixture with only 0.19%
error relative to the limit value obtained by the conventional Richardson extrapolation
routine (Figure 1a). In Figure 1b, the characteristic dependence of the flame front thickness
on the hydrogen content in a mixture with air is presented for the computational cell
∆x = 0.1 mm. One can see that the flame thickness increased with the decrease in the
hydrogen content; so, the chosen resolution was enough for lean mixtures.
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Figure 1. (a) Convergence test: dependence of the flame thickness in 10% hydrogen–air mixture on
the grid resolution. (b) Dependence of the flame thickness on the hydrogen content in the mixture
with air (∆x = 0.1 mm).

We propose to use the concept of the synthetic generation of homogeneous isotropic
turbulence, which represents a stationary process by itself, to model turbulent combustion.
Such a concept is widely used in the literature [46–48], and in particular, in [49], it was
shown that the application of this concept in two-dimensional calculations provided quite
good agreement with the three-dimensional experiments. So, even knowing that the charac-
teristics of synthetic homogeneous isotropic turbulence in two- and three-dimensional cases
are different, one can use a two-dimensional problem setup as a first approximation. To
generate the stationary turbulence, let us introduce the following source to the momentum
Equation (3) [50]:
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~f (~x, t) =
κ√
τ
· Re

(
~k×~e√

~k2 − (~k ·~e)2
exp(i~k~x + iφ(t))

)
; (8)

here, ~u—velocity vector, t—time, ~x—coordinate vector, ~f —source term responsible for
turbulence generation, κ—magnitude of the perturbation, τ—time step of calculation,
~k—spatial frequency corresponding to the forcing scale λ f , |~k| = 2π/λ f , the direction of~k
is randomized at each time step,~e—unity vector, and φ(t)—random phase.

The combustion process is considered inside a two-dimensional domain with open
boundaries (Figure 2a) that mimic the combustion in the unconfined space. The space is
filled with a hydrogen–air mixture of a given composition at normal conditions (T0 = 300 K,
p0 = 1 atm). Firstly, the homogeneous isotropic turbulence was generated in the fresh
mixture according to Equations (1) and (2) with λ f = 5 mm, which corresponds to the
estimation of the Euler scale of turbulence in [51] (Figure 2b). After a stationary solution was
achieved (Figure 2c), the ignition was initiated in the central part of the domain (Figure 2a).
Such a problem setup was close to the experimental conditions [52], where the combustion
at the background of the homogeneous isotropic turbulence was studied.

Figure 2. (a) Schematic of the problem setup. (b) Stream traces at the background of the normal-
ized vorticity field illustrating the homogeneous isotropic two-dimensional turbulence generated
via Equations (1) and (2) with λ f = 5 mm. (c) Time dependence of the root mean square velocity
characterizing the development of the synthetic turbulence.

Although here we mainly discuss a numerical approach for the estimation of lean
turbulent limits and mechanisms of the flame quenching under the influence of turbulence,
possible uncertainties in the prediction of the lean turbulent limits should be highlighted.
First of all, the major source of uncertainty is related to the step of varying the urms value.
Thus, for the mixture with 8% hydrogen content, the stable combustion was observed in
turbulent flow with a urms equal to 3.8 m/s, while for urms = 4.35 m/s, the quenching of
the flame occurred. Thereby, the possible error reached ±0.5 m/s or about 10% relative
error. Similar estimations are valid for other mixture compositions. The second source of
error is related to the chemical mechanism applied for the modeling of hydrogen oxidation
kinetics. Two-dimensional calculations performed beforehand in quiescent conditions
have shown that the scatter in lean combustion limit assessed using various schemes
of chemical kinetics [44,53–56] comprises 0.10% of hydrogen content in a hydrogen–air
mixture or about 2% error relative to the obtained value of the lean combustion limit
equal to 5.4% of hydrogen in air. Finally, due to the stochastic nature of the turbulence
phenomena, local flow parameters can vary from one calculation to another. However, the
integral characteristics of the flow remain almost the same. Additional two-dimensional
calculations of the turbulent flame development in a sealed vessel have shown that the
maximum pressure realized in the vessel varies in a range ±3% in calculations under the
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same process conditions. So, the uncertainties in the lean turbulent limit determination are
mainly related to the step of varying the urms value, while the choice of the chemical kinetic
scheme and the local features of the flow field play only a secondary role.

3. Results and Discussion
3.1. Flame Structure in Lean Hydrogen–Air Mixtures

First, let us consider the flame structures of near-limit flames to estimate the governing
parameters of lean hydrogen–air combustion. Figure 3a illustrates characteristic temper-
ature and hydrogen concentration profiles in the reaction zone; either it is a deflagration
wave or an ultra-lean burning kernel. The fuel is consumed in the reaction zone, as the
temperature increases. That straightforward behavior is responsible for the formation of
gradients, and exactly those gradients define the flame structure. One can distinguish
two basic parameters δT and δH2 characterizing the thermal and diffusion thicknesses of
the flame front. As one can clearly see from Figure 3b, at about 11% hydrogen content in
the mixture, these spatial scales were equal, while at larger hydrogen content, δT > δH2 ,
and at lower hydrogen content, δT < δH2 . That means the diffusion of mass is dominant
compared with the heat transfer in leaner mixtures. At the same time, the key role belongs
to the heat transfer in richer mixtures, which is in accordance with the conventional rep-
resentations of the structure of a deflagration wave. As one can also see from Figure 3c,
the role of molecular hydrogen diffusion in the reaction zone propagation increased when
the diffusion became dominant over the heat transfer. As soon as the hydrogen content
reduced to ∼6.5%, the normal burning rate was mainly defined by the hydrogen diffusion,
which indicated the complete transition to ultra-lean flames [35]. Since there is a transition
between the basic mechanisms responsible for hydrogen combustion in the lean region,
it is reasonable to use both scales (δ, sL) when analyzing the effect of turbulence on the

combustion. In particular, two Damköhler numbers can be introduced, DaT =
λ f
δT

sL,T
urms

and

DaH2 =
λ f
δH2

sL,H2
urms

. Here, forcing scale λ f is taken as an integral spatial scale of turbulence

and urms as a pulsation of the velocity in the turbulent field. Currently, it is assumed that
Da > 1 is the most reasonable criterion for transition from the mode of combustion in the
form of separated burning kernels to the mode of flame quenching. Moreover, recently
in [32], the calculations via a similar model, although in the case of a closed vessel and
integral turbulent scale equal to the size of the vessel, showed that such a criterion was
sensible. The criteria for flame quenching by turbulence are considered in the next section.
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Figure 3. (a) Definition of thermal and diffusion thicknesses in the background of the temperature
and hydrogen concentration profiles. (b) Dependence of the thermal and diffusion thicknesses on
the hydrogen content in the lean hydrogen–air mixture. (c) Dependence of the characteristic velocity
scales on the hydrogen content in the lean hydrogen–air mixture.

3.2. Modes of Flame–Turbulence Interaction and Definition of the Turbulent Combustion Limit

When the flame is affected by turbulence, there are several characteristic modes of
turbulent combustion [32]. If the effect of turbulence is weak, the flame is corrugated only
by the local vortexes, and with the increase in the turbulence intensity, highly corrugated
flames are formed. The existence of highly corrugated flames is conventionally limited
with two critical values of the Karlovitz number, Kas and Kaq, from below and above,
respectively. Both these values are conditional and are not defined quantitatively. However,
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the highly corrugated flame starts breaking up into the separated burning kernels as
soon as the turbulence intensity achieves a certain critical value (Ka ∝ Re3/2). Further
intensification of turbulence leads to the mode in which the burning kernels formed in the
process of initial flame break up can not maintain combustion, and, finally, each of them
quenches, leading to the complete quenching of the combustion.

Figure 4 shows the critical points where the turbulent combustion quenching takes
place on the diagram in (urms/sL, λ f /δ) coordinates. Two sets of points calculated for dif-
ferent sets of spatial and velocity scales are shown ((δT , sL,T), green signs, and (δH2 , sL,H2),
red signs). Each point is presented for different hydrogen–air mixtures. The leaner com-
position corresponds to a larger δ and lower sL (Figure 3b,c). So the left bottom point
corresponds to the 5% hydrogen–air mixture, while the right top point corresponds to the
10% mixture. It is interesting to note that all the points are fitted well by a linear function
(both the green and red lines in Figure 4 are linear fits of the corresponding points). So, such
a line represents a margin between the combustion in the form of the separated burning
kernels and the quenching. The inserts in Figure 4 show characteristic flow patterns in the
case of the turbulent combustion development (insert in the right bottom corner) and in
the case of the combustion quenching (insert in the left upper corner). Both flow patterns
(temperature fields) are shown for the same value of urms. This demonstrates that the
turbulent combustion limit is achieved at a lower turbulence intensity for leaner and less
reactive mixtures.

Figure 4. Turbulent combustion limit defined with the use of thermal (green) and diffusion (red)
scales for hydrogen–air mixtures containing from 5.5% to 10% of hydrogen content. Points are shown
for 5.5%, 6%, 7%, 8%, and 10% hydrogen–air mixtures. The lines are the linear fits. The black lines
correspond to Da = 1, 10, and 100. The inserts show characteristic patterns of the flame kernels in
different ranges of turbulence parameters: stable combustion is demonstrated by the example of 10%
hydrogen content, urms = 5.8 m/s, quenching mode by 9%, urms = 5.8 m/s.

Conventionally, the turbulent combustion limit is associated with the Damköhler num-
ber equal to the unity (Da = 1). That is demonstrated by a black line urms/sL = Da · λ f /δ
in Figure 4. The lines for Da = 10 and Da = 100 are presented as well. The criterion found
here is also described by a linear law urms/sL = a · λ f /δ + b but with a shift from the center



Fluids 2022, 7, 343 8 of 11

of coordinates. The coefficient a is estimated as 27.9 when using scales δT and sL,T and 63.8
when using scales δH2 and sL,H2 , which is larger than unity by more than an order.

Let us now compare the obtained estimations for turbulent combustion limits with
the known experimental values from the literature. Figure 5 shows the calculated values
(black signs) in the background of the experimental data from [14,57,58]. One can see
that there is significant scatter in the experimental data. So, it can be concluded that the
calculations predict the turbulent combustion limits quite well. Nevertheless, there is a
certain underestimation, which can be related to the fact that the characteristics of two-
dimensional turbulence are distinct from those of three-dimensional ones. At the same
time, however, the obtained results seem to be promising, since even the two-dimensional
calculations according to the model proposed in this paper provide acceptable accuracy
in the reproduction of different modes of turbulent combustion and in the quantitative
assessment of the turbulent combustion limits in lean hydrogen–air mixtures.

- calculations

- 1

- 2

- 3

Figure 5. Turbulent combustion limits on the urms − [H2] plot compared with three experimental
series from [14] (1), [57] (2), and [58] (3).

4. Conclusions

In the present paper, we proposed a numerical model for the estimation of turbulent
combustion limits in lean hydrogen–air mixtures that is in demand because of hydrogen
safety issues. The proposed model was based on the direct numerical simulation of flame
propagation in the synthetically generated turbulent field with given parameters. Here, we
provided numerical data for the two-dimensional case of the initially cylindrical flame prop-
agation through the medium where a two-dimensional stationary homogeneous isotropic
turbulence was generated beforehand. The obtained numerical data were analyzed, and the
turbulent combustion limits were estimated. The obtained values were in good agreement
with known experimental data despite the two-dimensional approximation. In view of
this, it can be concluded that the proposed approach can be applied for the estimation of
turbulent combustion limits in lean hydrogen–air mixtures.
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