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Abstract. Atmospheric, laminar, stoichiometric, premixed hydrogen-air flames in a diverging channel are
investigated by means of Computational Fluid Dynamics. This configuration has been recently used in a

series of experimental investigations to determine the burning velocities and quenching distances for
premixed flames of different fuels. The purpose of the present investigation is the validation of the
prediction procedures for the burning speeds and quenching distances for hydrogen flames by comparing
them with these measurements. Global and detailed reaction mechanisms are applied to describe the
combustion process. For assuring an adequately fine resolution of the flame fronts, adaptive grid refinement

techniques are applied. A reasonable agreement is observed with the experiments, where the detailed and
global mechanisms are slightly overpredicting and underpredicting the quenching distance, respectively.

1 Introduction

Power generation by thermal machinery, including the
gas turbine and steam turbine plants, largely depends on
combustion. Parallel to the efforts for exploiting new
energy sources [l], combustion is still playing an
important role in power generation.

Combustion of hydrogen containing fuels plays an
especially important role in clean and efficient energy
supply. On the one hand, hydrogen is an attractive
alternative to store excess renewable energy [2]. On the
other hand, the gasification of solid fuels is a good
possibility for clean power generation [3]. The
gasification product contains significant amounts of
hydrogen. Further, there is an increasing trend in
hydrogen production by nuclear power plants [4].

Combustion of hydrogen has importance also for
safety engineering, since hydrogen has a high diffusivity
and its leakage is more likely to be an issue compared to
other gases.

Burning hydrogen containing gas in combustion
systems is a big challenge. In comparison to other gases,
hydrogen has very different material properties, so that
even in small percentages, it can largely change the
characteristics of the mixture.

A principal problem in premixed combustion systems
is the so-called “flashback™ [5]. A cause for this is the
lower flow speed compared to flame speed, which may
be caused by a change in the burner operation. By its
high reactivity and flame speed, hydrogen increases the
flashback propensity considerably. A measure to prevent
flashback is the use of a quenching mesh. Here, the
flame propagation is prevented by quenching the flame,
mainly by heat loss to walls, when the mesh size is
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sufficiently small. The distance, where the flame is
quenched near the wall is the quenching distance.
Although experimental values for quenching distances
can be found in the literature [6], there is a need for a
better understanding of the phenomenon with respect to
the influence of different conditions [7].

Until recently a number of further experimental [8]
and theoretical [9] studies were performed on the
subject. Computational investigations [10,11] are,
however, still rare and bound to simplifications leaving
room for further exploration.

In recent years, a special experimental method was
applied to measure the burning velocities and quenching
distances for premixed flames of different fuels [12-14].
The measurements for a premixed hydrogen flame are
taken as the experimental basis for the present paper.

2 Problem description

The measurements of Jung et al. [13] are considered.
They were based on the use of a water-cooled annular
stepwise diverging tube. The varying flow velocity along
the tube length, due to the changing flow area, allows the
flame to be stabilized at different axial positions
corresponding to different channel heights. This
provided suitable means for burning speed and
quenching distance measurements.

3 Models

In the present paper, a stoichiometric hydrogen-air
mixture [15] is considered. The transport equations of
the chemically reacting mixture are solved, assuming a

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (http://creativecommons.org/licenses/by/4.0/).



E3S Web of Conferences 128, 01012 (2019)
ICCHMT 2019

https://doi.org/10.1051/e3sconf/201912801012

subsonic flow and an ideal gas behavior [15,16].
Buoyancy is neglected. The radiative heat transfer [17] is
also neglected. Laminar flames are considered. Thus,
modelling errors with respect to the modelling of
turbulence [18] and turbulence-chemistry interaction
[19] are avoided. Considering the multi-component
diffusion, the Soret and Dufour effects are also
neglected, in the species transport and energy equations,
respectively [15,16].

For the numerical simulations, ANSYS Fluent 18.0
[20]. As Navier-Stokes solver, the SIMPLEC [20]
scheme is used. For discretizing the convective terms, a
second-order upwind scheme [20] is used. The chemical
kinetics software Cantera [21], is also used 1D
calculations for verifying different reaction mechanisms.

Flame propagation depends on the material
properties. Thus, their accurate modeling is attempted.
The specific heat capacities as function of temperature
are obtained using a pair of fourth order polynomials
[22], for low and high temperature ranges. Transport
properties are obtained from the kinetic theory [23,24].

Chemical kinetics rate coefficients are modeled by
Arrhenius expressions [15]. A single-step mechanism
and three detailed reaction mechanism are considered.
The single-step mechanism is that of Marinov et al. [25]
(M). The detailed mechanisms are: GRI-Mech 3.0 [26]
(GRI), the mechanism of Li et al. [27] (LI) and the
mechanism of Conaire et al. [28] (CON).

4 Results

As a basis validation, the propagation speed (S.°) of a
1D flame 1is calculated with different reaction
mechanisms for different equivalence ratios, using
Cantera [21]. The results are shown, and compared with
the measurements of Taylor [29] and Aung et al. [30] in
Figure 1. One can see, that the detailed mechanisms
show a very good agreement with each other and a quite
fair agreement with the measurements. The single-step
mechanism shows a fair agreement with measurements
for stoichiometric and lean mixtures (Fig. 1).
Subsequently, a steady, 2D formulation is applied to
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Figure 1. S.° as function of ¢ for atmospheric, adiabatic,
laminar, planar, unstretched hydrogen-air flames: Predictions
by different mechanisms compared with measured value

predict an atmospheric, laminar, stoichiometric,
premixed Hy/Air flame stabilized in a diverging
channel. The geometry is sketched in Figure 2 (h = 0.4
mm, H = 4.0 mm, o = 2°). This geometry is not identical
with that of the one used in [13]. However, we assume
that the differences are not of significance for the results.

At the inlet, a uni-directional flow is prescribed with
constant profiles for all relevant variables. At the outlet,
the static pressure is prescribed with zero-gradient
conditions for other variables. At walls the no-slip
condition applies. At the inlet and isothermal walls, the
temperature is kept constant at 300K.

In our previous study [31], it was concluded that a
cell size of 0.01 mm is sufficient for resolving the flame
front of a stoichiometric Ho/Air flame, which is taken as
reference. A structured baseline grid is generated, first.
With an equidistant cell size of 0.1 mm in the
longitudinal direction. In the traversal direction, with 20
equidistant cells in the half-domain 20 the resulting
maximum cell size turns out to be 0.1 mm. For resolving
the flame front a local grid adaption is used at the flame
front to achieve a cell size of 0.01, locally.

Fields of the temperature, and mass fractions of H»
and H,O as predicted by the mechanism M, for ¢=1.0,
for a prescribed flow rate are displayed as detail plots in
Figure 3. One can see that for this case, the flame front is
strongly curved (Fig. 3). It can also be observed that it is
predicted to be very thin. Cooling by the channel walls
can easily be observed in the temperature field (Fig. 3a).
Despite the heat loss to the walls, the flame is stabilized
at a position in the channel.

The fields of temperature as well as H, and H,O mass
fractions predicted by the mechanism LI, for ¢=1.0, for
the same flow rate (Fig. 3) are displayed as detail plots in
Figure 4. One can observe that a strongly curved flame
front is also predicted by the mechanism LI. However,
the flame stabilization position in considerably
downstream compared to that of mechanism M (Fig. 3)
implying a lower flame burning velocity. The predicted
mass fraction fields of H, O, OH, HO; by the mechanism
LI, for the same case (Fig. 4) are presented in Figure 5,
where the distributions of these radials across the flame
front can be observed.

Please note that the Flame Propagation Velocities
(FPV) for the present configuration cannot directly be
compared with S;° for several reasons, including the fact
that the flames in the present configuration are curved
and stretched. FPV is given by the unburnt flow velocity
in front of the flame [13] for a steady-state problem.
However, the corresponding flow velocity is afflicted
with uncertainty. The flow speed varies along the
diverging channel (which actually enables a flame
stabilization). Jung et al. [13] defined the flow velocity
by its area averaged value at a small distance upstream
the flame front.

Figure 2. Configuration for flame stabilized in diverging duct
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Figure 3. Predicted fields of (a) temperature, (b) H> mass
fraction, (c) H2O mass fraction, mechanism M, ¢=1.0 (detail)
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The predicted quenching distance (&) by the applied two
mechanisms (LI, M) are compared with the
measurements (EXP) of Jung et al. [13] in Table 1. One
can see that the predictions are not reproducing the
experimental results exactly but they are quite close to
the measurements. The detailed mechanism (LI) slightly
overpredicts the measured value, whereas the latter is
slightly underpredicted by the single-step reaction
mechanism (M). This trend, i.e. the predicted quenching
distance by the detailed reaction mechanism to be larger
than that of the single-step mechanism was also observed
in the previous study [31].

0.00e+00 3.00e02 6.0De-D2 9.00e-D2 1.20e-31 150e-DI 1B0e-D! 21De-01 2 50e-D1

Yhy0 — (©) Table 1. Measured [13] and presently predicted quenching
distances.

Figure 4. Predicted fields of (a) temperature, (b) H> mass

fraction, (c) H20 mass fraction, mechanism LI, ¢=1.0 (detail) EXP LI M

3 (mm) 0.65 0.74 0.44

The calculations are performed for different flow rates.
With decreasing flow rate, and thus, decreasing flow

velocities (compared to the flame speed) the flame front 5 Conclusions

moves upstream in the diverging tube, and gets stabilized Atmospheric, laminar,  stoichiometric, premixed
ata position', where the flow speed and flame speed are hydrogen-air flames in a diverging channel are
balanced. With the upstream movement of the flame, the computationally investigated. For the prediction of the
corresponding channel width gets smaller. quenching distance, a reasonable agreement is observed

Using the approach applied by Jung et al. [15], the with the experiments. The detailed mechanism was
channel width at the position, where thp flame cannot slightly overpredicting the measured value, while the
move further upstream by further reductions of the flow global mechanism was slightly underpredicting the

rate is identified as the quenching distance. same.
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