Characterization of premixed flames in slit geometry: morphology and
propagation.
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Abstract

Hydrogen from renewable energy can help decarbonizing domestic heating as hydrogen can be injected directly into
the natural gas grid. However, the combustion process in domestic appliances should be studied to evaluate how H2
addition impacts on the end-user performance. In this work, three-dimensional numerical simulations with skeletal
kinetic mechanism are carried out to gain insight into the structure of premixed flames issuing from a group of
neighbor slits, mimicking a portion of a perforated burner encountered in the domestic condensing boiler. Different
flow structures may arise depending on the flow rate in the range of the operating conditions; at large flow rates, the
flames issuing from neighbor slits merge leading to a single conical-shaped flame. The addition of H2 anticipates the

flame front and affects the flame morphology, especially at high flow rates.
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1. Introduction

It is well accepted that power-to-gas will play a key
role in the decarbonization of the energy scenario by
allowing to face the issues related or the storage and
transport of energy at the time of excess. In particular,
hydrogen can be produced in a very sustainable manner
through electrolysis from water employing wind or so-
lar power; then hydrogen acts as an energy vector that
may exploit the existing distribution infrastructure. In-
deed, it has been estimated that 25 TWh of hydrogen
could be blended into the European natural gas network
by 2030 and that hydrogen could provide about 18% of
the energy required for domestic heating in the EU by
2050 [1].

However, adding hydrogen to natural gas influences
fuel properties, leading to new challenges for the safe
and efficient operation of existing end-user appliances,
such as domestic burners and boilers. Even though max-
imum hydrogen fractions up to 20% are foreseen for
domestic applications, there is little proof of the ade-
quate performances of such systems when adding hy-
drogen [2].
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Domestic condensing boilers are usually equipped
with perforated burners that inject a premixed mix-
ture into the combustion chamber by providing enough
short-length flames to accommodate in compact vol-
umes [2]. The burner design is mainly based on the
manufacturers’ experience [3]; however, the upcoming
injection of hydrogen in the gas grid asks for a better
comprehension of the combustion process in such boil-
ers aimed at providing tools for ensuring optimal com-
bustion performances while limiting the pollutants.

This issue would benefit from mathematical models
based on Computational Fluid Dynamics (CFD), even
though we have to face the complexity of premixed
flames [4, 5], as well as the high computational cost
required to model the flow, chemical reactions, and heat
exchange in the combustion chamber. As concerned do-
mestic boilers, CFD has been mainly applied to the mix-
ing problem upstream of the burner [6-8] or to simpli-
fied geometries. Kedia and Ghoniem [9] carried out 2-
dimensional simulations with detailed kinetics to inves-
tigate the blow-off of a laminar premixed flame issuing
from a multi-hole burner. Jothin et al. [10] and Veetil
et al. [11] studied numerically the effect of hole-to-hole
distance from a multi-hole burner on laminar premixed
propane-air and methane-air, respectively, flames. Hin-
richs et al. [12] analyzed numerically a single hole of



a cylindrical perforated burner of a domestic condens-
ing boiler by developing a simplified zone to take into
account the presence of the heat exchange.

In all the above investigations, flames issue from cir-
cular holes; however, the typical perforated burners are
usually equipped also with groups of slits. The mor-
phology of flames issuing from groups of slits has been
poorly addressed in literature [13—15], especially at the
conditions relevant in domestic boilers. Some interest-
ing works on flames from slits exist, but they mainly
concern the acoustic response of such flames [16, 17].

This work is aimed at gaining insight into the struc-
ture of flames issuing from multi-slit configurations,
emulating portions of real burners fitted in the domes-
tic condensing boiler. Besides. we want also to analyze
the effect of hydrogen addition by comparing the G222
gas (23% H,, 77% CHy) to the conventional G20 gas
(100% CHy).

2. Numerical model

2.1. Physical model

The conservation equations for mass, momentum, en-
ergy, and the transport for the mass fractions of chemi-
cal species are resolved in steady-state conditions, as:

V-(v)=0 (1)
V.-(vw)=Vp+V.(7) 2)
V-(VE+p) =V (kepVT)+S,  (3)
(pY) +V - (pvY;) = -pD;V’Y; + R; 4)

where v is the velocity vector, T is the stress tensor,
Sy is the energy source term, including the contribu-
tion of radiation, Y; is the mass fraction of the i-th
chemical species and k. is the effective thermal con-
ductivity. O; is the molecular diffusion coefficient of
the i-th chemical species in the mixture. R; is the
net rate of production/consumption of the i-th species
due to chemical reaction. In particular, we imple-
mented the KEE-Mech [18] kinetic scheme consist-
ing of 17 chemical species and 58 reversible reactions.
Radiation is modeled through the P1 model [19, 20]
with the weighted-sum-of-gray-gases model with coef-
ficients from Smith [21] to evaluate the spectral proper-
ties of the gas media.

2.2. Computational domain and boundary conditions

The multi-slit geometry is shown in Fig. 1 and con-
sists of two slits having a length L and width w,; =
0.05L. The edge-to-edge distance between two neigh-
bour slits is d,, = 0.16L. The computational domain for
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Figure 1: Sketch (a) and computational grid (b) of the burner designs.

the configuration comprises two half slits and it is illus-
trated with a red short-dashed line in Fig. 1a. We noticed
how taking advantage of the symmetries, the above do-
main is representative of a group of 4 slits (black long-
dashed line in Fig. 1a) that are encountered in practical
burners [3].

The grid is fully structured and was generated by us-
ing ICEM by ANSYS Inc., implementing the O-grid
strategy to account for the round edges of the slits. Pre-
liminary, we evaluated the thermal flame thickness by
performing 1-dimensional simulation of freely propa-
gating flames, with the open-source code Open-Smoke-
Suite [22]. Then, the grids were generated to ensure
at least 10 nodes within the thermal flame thickness, re-
sulting in 310k computational cells.

2.3. Boundary conditions

Uniform velocity, temperature, and composition were
set at the entrance of the slits. To analyze the flame
structure, two different velocities in the operating range
of domestic condensing boilers, were chosen, i.e. v; =
0.88 m/s and v, = 2.33 m/s. The inlet temperature was



T = 300 K. The fuel is methane (G20) and methane-
hydrogen (G222), the equivalence ratio of the mixture
is ¢ = 0.8. Pressure outlet condition is set at the exit of
the domain, while symmetry conditions are prescribed
at the sides. As for the wall region between the slits,
a wall temperature of 7 = 750 K. Such temperature
was selected as it is a common value reported in lit-
erature [23-25]. We remark that the above conditions
ensure a fully laminar flow.

2.4. Solution methodology

The pressure-based coupled algorithm available in
the commercial code FLUENT 19.2 [26] by ANSYS
Inc., based on the finite volume method, was used to
solve the above governing equations. Discretization
was handled by using a central differencing scheme for
diffusion terms and a second-order upwind scheme for
convection terms. The flame ignition was ensured by
patching a region near the inlet with a temperature larger
than the adiabatic one, i.e. with T = 2500 K. At con-
vergence, the normalized residuals were all below 1076
and did not change with iterations.

3. Results

Figure 2a shows the thermal field for the G20 gas and
the lowest inlet velocity, i.e. v; = 0.88 m/s. To gain
a better insight into the 3-dimensional structure of the
flame, three longitudinal views are reported, i.e. XY,
X1Z, and X,Z planes (see Fig. 1b). We can notice how
the latter two planes cross the inner and outer slits, re-
spectively. At first glance the temperature distributions
on these two planes are similar to each other; the issuing
flame appears flat near the axis and subsequently bends
towards the edge of the slit. The XY view indicates that
the flames do not interact with each other, being well
distinct. The only difference is that the flame from the
outer slit is slightly tilted because of the different exten-
sions of the adjacent hot walls on its left and right sides.

The structure of the reaction region is visualized
through the distribution of OH in Fig. 2b. We can ob-
serve that the reaction zone is lifted near the plate ex-
ternal wall, i.e. on the right of the left panel, while it is
attached on the left, i.e. towards the inner slits.

The hydrogen addition, i.e., G222 gas, at the lowest
velocity, i.e., v = 0.88 m/s leads to a flame structure,
reported in Fig. 6, which is rather similar to the one de-
scribed above for the G20 gas. The front of the two
flames issuing from the slits remains well distinct. A
better insight is provided by the OH profiles along the
X and X, directions (see Fig. 1b) reported in Fig. 4a for
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Figure 2: Distribution of (a) temperature and (b) OH mole fraction for
G20 gas and vy on (from left to right) the XY, X;Z (i.e., crossing the
inner slit) and X»Z (i.e., crossing the outer slit) planes.

both G20 and G222 gas. We observe slight anticipation
of the reaction region with the G222 gas to the G20 one.
This can be explained by the fact that the G222 gas con-
tains a limited amount of hydrogen, which represents
23% by volume of the fuel (i.e. 3.6% by weight).

By increasing the inlet velocity to v, = 2.33 m/s we
observe a completely different flame structure. The re-
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Figure 3: Distribution of (a) temperature and (b) OH mole fraction for
G222 gas and vy on (from left to right) the XY, X;Z (i.e., crossing the
inner slit) and X»>Z (i.e., crossing the outer slit) planes. G222 mixture

sults for the G20 gas are shown in Fig. 5. The two
flames issuing from the slits are no more separated;
instead, they merge leading to a single conical-shaped
flame. As a consequence, we can observe that the flames
corresponding to the inner and outer slits differ from
each other remarkably (see X;Z and X,Z planes). In
particular, we notice a different penetration of the flames
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Figure 4: OH profile along slits axis for (a) v; and (b) v, for G20 and
G222 gases.

from the two slits, with the height of the reaction front
of the flame issuing from the outer slit (see right panel
of Fig. 5a) being much smaller than that of the inner
one. This behavior may be explained by the fact that
the flame issuing from the outer slit on the left side en-
counters strong streams of cold gas (i.e. high-velocity
flow from the inner slit), while on the right is affected
by the hot burner plate. Hence this flame is anticipated
to the flame issuing from the inner slit, which is im-
mersed and surrounded just by cold fresh gases. These
differences in the reaction zone are well visible from the
OH profiles in Fig. 4b.

Figure 6a shows the results for the highest velocity
in case of H, addition. Significant differences arise for
the G20 gas. Firstly, the flame front appears anticipates,
the maximum distance from the burner plate being of
X =~ 1.1L for G220 gas, while of X ~ 1.5L for the G20
one. Secondly, also the flame morphology is different.
The shape of the flame stemming from the merging of
the flames issuing from the slits is no more perfectly
conical, but it rather presents a positive curvature near
the X axis. The H, addition produces an acceleration of
the flame front and a different morphology of the flame
front. In particular, the flames generated by the inner slit
have a greater acceleration than the outer slit. The flame
issuing from the outer slit appears closer to the burner,
the flame tip being located at X ~ (.7L, than the inner
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Figure 5: Distribution of (a) temperature and (b) OH mole fraction for
G20 gas and v, case on (from left to right) the XY, X, Z (i.e., crossing
the inner slit) and X»Z (i.e., crossing the outer slit) planes.

flame, whose tip is at X = 1L, as we can see in Fig. 6b,
where the OH mole fraction is shown.
4. Conclusions

For low inlet velocities, the flame issuing from a
group of slits, emulating a portion of a perforated burner
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Figure 6: Distribution of (a) temperature and (b) OH mole fraction for
G222 gas and v on (from left to right) the XY, X;Z (i.e., crossing the
inner slit) and X»>Z (i.e., crossing the outer slit) planes.

in a domestic condensing boiler, is characterized by the
presence of well-separated flames each of them issuing
from a slit. Such flames show a flat region along the
slit length with a subsequent curvature near its edges.
Adding some H,, i.e. feeding the G222 gas instead of
G20 one, leads to slight anticipation of the flame front,
even though the flame structure is very similar.



Working at high loads, i.e. increasing the inlet veloc-
ity, generates a completely different flame morphology.
The flames issuing from neighbor slits merge producing
a single conical-shaped flame. As a consequence, the
distance of the reaction front from the burner differs re-
markably between inner and outer slits. The addition of
H, strongly anticipates the flame front, despite the lim-
ited amount of hydrogen in the G222 mixture. Besides
the flame is no more perfectly conical, rather exhibiting
a positive curvature near the X axis.
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