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e Simulations with detailed kinetics of the combustion chamber in a condensing boiler.

e Conjugate Heat Transfer to model the coil.

e Interaction of premixed flames from neighbor holes and slits of the burner.

e Successful validation of the model against measurements of CO and NO emissions.

e Adding hydrogen has a beneficial effect on both CO and NO emissions.
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The addition of green hydrogen to the gas mixture feeding domestic boilers may help the
ecological transition of the residential sector. However, there are concerns about the
combustion process as hydrogen shows power density and reactivity that are much
different than those of natural gas. In this work, we perform three-dimensional simula-
tions with detailed kinetics to describe and comprehend the combustion process in a real
modern boiler, equipped with a perforated premixed burner (presenting a pattern of small
holes and slits), with the purpose also to evaluate the impact of green hydrogen. The flame
structure is complex and characterized by the interaction of flames exiting from neighbor
holes and slits; these flames may merge and lead to very intense flames, especially at high
flow rates. The presence of a flow distributor, upstream of the burner, induces different
velocities at the holes and slits, ultimately affecting the morphology, propagation and in-
teractions of the flames. This behavior is observed for all investigated H, concentrations,
i.e., up to 50% by vol. The model is validated against available measurements of carbon
monoxide and nitric oxides in flue gases, which both indicate very satisfactory predictions.
More specifically, the addition of green H, has a beneficial effect on both CO and NO
emissions. More specifically the CO emissions at the nominal power are observed to
diminish from 154 to 18 ppm when shifting from 0 to 50% H, in the fuel mixture, while NO
emissions decrease from 20 to only 5 ppm. This latter reduction is a surprising and
encouraging result; the reason is due to the fact that the addition of hydrogen in the fuel
mixture leads naturally to more dilute operating conditions in a condensing boiler. We

E-mail address: rachele.lamioni@unipi.it (R. Lamioni).

https://doi.org/10.1016/j.ijhydene.2023.02.040

0360-3199/© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.


mailto:rachele.lamioni@unipi.it
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2023.02.040&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2023.02.040
https://doi.org/10.1016/j.ijhydene.2023.02.040
https://doi.org/10.1016/j.ijhydene.2023.02.040

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 48 (2023) 19686—-19699

19687

believe that the proposed model represents a valid tool to explore strategies to improve the
combustion process with alternative fuels.
© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The European Commission recently presented Fit for 55 pro-
gram, a roadmap with specific actions and targets until 2030 to
achieve a climate-neutral and resource-conserving Europe by
2050 as declared in the EU Green Deal. More specifically, the Fit
for 55 program plans a 55% reduction in CO, emissions by
2030, compared to those in 1990 [1], thus asking for an urgent
increase of the share of renewables. This is also extremely
important to diversify our energy mix, to improve the resil-
ience of our energetic system by reducing our dependence on
suppliers of fossil fuels (“REPowerEU” action [2]).

In Europe, the residential sector accounts for approxi-
mately 30% of final energy consumption, and to fulfill the
above environmental targets, it is well accepted that at least
two-thirds of this energy should be provided by electricity by
2050. However, this goal requires expensive upgrade of our
heating infrastructure, which is actually rather obsolete [3,4].
Gas boilers are the main heating devices, being for instance
installed in more than 85% and 90% of homes in the UK and
the Netherlands, respectively [S]. Recently International En-
ergy Agency, recommends that only zero carbon-ready gas
boilers, i.e., compatible with hydrogen, can be sold after 2023
[6,7].

Indeed green hydrogen, produced by water electrolysis
from excess wind and solar power [8], can strongly help the
decarbonization of residential heating by providing an energy
vector to be burn in gas boilers [9,10]. Hydrogen benefits from
the potential of retrofitting the existing natural gas grid for
storage and distribution, even though this transformation to
deal with 100% H, would require substantial efforts and take
place gradually [11-15], highlighting the need for innovative
solutions [16]. However, there are very encouraging demon-
stration of hydrogen addition into the existing gas network up
to 20% [12,17—-20].

Modern condensing boilers are equipped with perforated
burners injecting a premixed mixture into the combustion
chamber. So far, the burner design is based on the manufac-
turers’ experience [21]; however, the upcoming changes in gas
composition, with the introduction of hydrogen would require
a better understanding of the combustion process, to better
optimize the burner and the flame detector, which should be
specifically designed for each fuel. Indeed hydrogen shows
reactivity and power density differing significantly from those
of natural gas. For instance the adiabatic flame temperature is
approximately T,4 = 2380K, thus much higher than that of
methane, i.e., Tog = 2220K, and this may lead to adverse effects
on formation of nitric oxides, whose thermal formation
pathways is strongly enhanced at high temperatures. Even
more dramatic is the change in the flame speed, which is
S. = 2.7 m/s for hydrogen, thus about eight times larger than

that of methane, i.e., S; = 0.35 m/s. These differences asks for
a better comprehension of the combustion physics inside
domestic condensing boilers to well deal with green fuels by
ensuring efficient and safe conversion with a low impact on
the environment [22].

In this context, the application of mathematical models
based on computational fluid dynamics (CFD) which is able to
provide us with a large details of information, is partially
hampered by the complexity of premixed flames, as well as by
the computational cost required to describe transport, reac-
tion, and heat exchange in complex domains.

Indeed, only a few numerical simulations of burners in
domestic boilers can be found, and most of them are limited to
the mixing problem or to simplified computational domains.
As an example, Zhao et al. [23] carried out non-reactive CFD
simulations to estimate the influence of the geometry on the
gas distribution from a perforated cylindrical burner, while
Zhang et al. [24] used CFD to optimize the gas mixing system
upstream of the burner.

Altay et al. [25] performed 2-dimensional numerical sim-
ulations of laminar premixed methane-air flames from a
single hole of a flat perforated multi-hole burner and observed
that the flame morphology strongly depends on the heat ex-
change between the flame and the burner plate. Kedia and
Ghoniem [26] carried out 2-dimensional simulations to
investigate the stabilization mechanism of a laminar
methane-air premixed flame issuing from a multi-hole
burner. Jithin et al. [27] showed through 3-dimensional sim-
ulations of premixed propane-air flames from a flat perforated
burner that the flame stand-off distance increases with the
thermal conductivity of the burner plate. Numerical simula-
tions were employed by Veetil et al. [28] to analyse how the
pattern and hole-to-hole distance affect the flames from a flat
perforated plate. Detailed kinetics was used by Lamioni et al.
[29] to investigate the effect of the hole-to-hole distance on the
flame structure of premixed laminar flames from a multi-hole
burner fed with H,-enriched natural gas. Simulations showed
how the addition of hydrogen leads to an anticipation of the
flame front. Detailed kinetics was used by Lamioni et al.
[29,30] to investigate the effect H, addition on the structure of
premixed flames issuing from multi-hole and multi-slit
burners. Simulations showed how the addition of hydrogen
leads to an anticipation of the flame front. Besides, different
and complex flame morphologies were observed for different
thermal loads.

Hassan et al. [31] developed a 2D CFD model of the com-
bustion chamber of a domestic condensing boiler equipped
with a cylindrical multi-hole burner. The domain consists on a
slice of the chamber. The authors showed a decrease of CO
emissions when reducing the inlet velocity in accordance with
experimental data, even though the CFD model significantly
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over-predicted the CO values. This behavior was imputed to
the fact that the model does not take into account the heat
exchanges and thus neglects the residence time there.

Hinrichs et al. [32] developed a 3-dimensional model with
detailed chemistry of a premixed methane-air flame from
single hole in a perforated cylindrical burner. The authors
included in the domain a region emulating the heat exchange,
and showed how the CO concentration depends strongly on
the fuel gas cooling. Indeed, the amount of CO in the flue gases
was significantly higher than the chemical equilibrium one
that should be nearly zero at the outlet temperature. Indeed,
as the flue gases cross the heat exchanger, the CO oxidization
reactions to CO, are hampered as the radical concentrations
quickly drop. Very recently the same research group [33]
developed a CFD model of the entire combustion chamber of a
domestic condensing boiler by treating the chemistry with the
flamelet progress variable. The multi-hole cylindrical burner
was modeled as a porous medium while the cooling coils were
included in the computations through the Conjugate Heat
Transfer approach. Results highlighted the complexity of the
flow-field and flame structures, due to locally varying burner
outflow velocities. The model provided reasonable predictions
of pollutants: the CO emissions were underestimated by 47%,
while NOx emissions were over-predicted by 18%.

In this work, we develop a 3-dimensional CFD model with
resolved kinetics of the combustion chamber of a domestic
condensing boiler. The boiler is equipped with a perforated
cylindrical burner presenting a pattern of small holes and slits
that inject a premixed gas consisting of H,-enriched natural
gas and air. The model is applied to different cases spanning
different thermal loads and H, contents in the gas mixtures up
to 50% by vol. and validated against experimental measure-
ments of pollutant emissions, i.e., of carbon monoxide and
nitrogen oxides. Hence, our ultimate goal is to provide a tool to
be used for the burner design to ensure the efficient use of
green energy vectors for decarbonizing domestic heating,
while also limiting other pollutants such as nitric oxides.

Test case and operating conditions

The domestic condensing boiler under investigation has a
nominal power of 25 kW and is manufactured by Immergas
S.p.A. The boiler is equipped with a perforated cylindrical
burner with an inner diameter of 60 mm (see Fig. 1a) from
Polidoro S.p.A [34], and a stainless steel coil condensing unit
(Fig. 1) from Condevo S.p.A [35]. The burner injects the pre-
mixed fuel-air mixture thanks to a pattern of small holes and
slits, generating short-length flames that accommodate the
compact volume of the chamber within the coil.

In the testrig, the boiler is fed with natural gas, i.e., G20 test
gas, and two H,-admixtures, i.e., G222 and H2NG gases, whose
H, contentis 23% and 50% by volume, respectively, as reported
in Table 1. For the G20 test gas, a run was also performed using
a minimum power, i.e., 4 kW.

The nominal thermal power of 25 kW holds for the refer-
ence case with natural gas (G20). In this case the optimal
equivalence ratio is ¢ = 0.8 [36]. The addition of H, in the gas
mixture causes a change in both the thermal power and the

equivalence ratio as explained in Ref. [37] and also applied in
Ref. [29].

Indeed, at constant supply pressure, the fuel volumetric
flow rate F changes with composition, and hence, with density
as

1
Ve/po

with po being the density of air at 0°C. This behavior causes
a change in the thermal power which ultimately results to be
proportional to the Wobbe index W as:

Fo

(1)

HHV
Ve/po

The estimated Wobbe indexes (at 25°C) and thermal
powers for the three investigated gas mixtures are listed in
Table 1.

The equivalence ratio can be expressed as a function of the
stoichiometric air requirement, i.e., LdV, which is the volume
of air required to oxidize one volume of fuel [37], as:

Py =F-HHV «

o« W 2

(E/A)
(F/A)s

where F and A are the volumetric flow rates of the fuel and air,
respectively, while the subscript st denotes the stoichiometric
conditions.

At constant supply pressure, the pressure of the fuel
entering the burner does not depend on composition and
therefore the momentum of the fuel jet is constant. In this
conditions the air flow rate, i.e., A, will also be constant, in
burners having a Venturi to draw air [37]. The replacement of
the G20 gas with Hy-admixtures, leads to smaller equivalence
ratios according to the following relationship [37]:

Ldugyo P
AQ = Przaam — Pc20 = P20 {m \ /% -1 4)
adm 'H2adm

The estimated equivalence ratios for the H,-admixtures
are reported in Table 1.

The positive effect on decarbonization, resulting from the
substitution of part of methane with a non-carbon fuel, is
provided in the last column of Table 1. The percentage
reduction in CO; is estimated here by normalizing it to the
same thermal input (as Py, changes for different H, contents).
We notice how the use of 23% of hydrogen in the fuel mixture
leads to an 8.7% cut of CO, emissions, while 50% of hydrogen
ensures a CO, reduction of 24.2% with respect to methane, i.e.,
G20 test gas. For each experimental condition, pollutant
emissions in terms of CO and CO, are measured using Carbon
dioxide analyzer (Siemens ULTRAMAT 7), while NOx are
measured using a single-channel multi-gas analyzer (nCLD 63,
Eco Physics AG, Diirnen, Switzerland).

= (F/A)-Ldv 3)

Numerical model
Computational domain

The computational domain of the entire chamber is rather
complex as there are aspects that cannot be neglected or
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Fig. 1 — Picture of (a) the burner (courtesy of Polidoro S.p.A) and (b) the heat exchanger (courtesy of Condevo S.p.A.).

simplified if we want to well reproduce its real behavior.
Indeed, as described above, the burner shows a pattern of
small holes and slits: more specifically there are more than
2000 of them. We should be able to model every single flame
which means that we should resolve its flame front. Luckily,
we can exploit the burner symmetry and restrict our domain
to just a 20° wedge. Besides, the burner is equipped internally
with a cylindrical distributor, which also presents a series of
holes. Actually, the presence of the distributor may affect the
gas velocity in each hole and slit of the burner and ultimately
the morphology of the flames; so the distributor should be
considered in the model to make it more faithful to reality.
However, since reactions do not occur upstream of the burner,
we can carry out non-reactive simulations there to reduce the
computational cost. Indeed, these non-reactive simulations
allow estimating the velocity in the holes and slits to feed the
reactive model of the combustion chamber. More specifically,
a 20° wedge is also considered for the distributor model.
Finally, since we are interested also in estimating CO emis-
sions, which greatly depend on the quenching of CO oxidation
reactions [32] due to the flue gas cooling, the heat exchanger
has to be included in the domain. For this purpose, we employ
the Conjugate Heat Transfer in which the heat transfer is
solved in both fluid and solid domains. In this manner we
overcome the problem of setting unknown boundary

Table 1 — Composition of the test gases, corresponding

Wobbe index, thermal power, equivalence ratio and CO,
reduction per unit power for the investigated runs.

Test gas H, CH, W Py ¢ CO,reduction
[% by vol] [% by vol] [-] [kW] [-] [%]

G20 0 100 535 4 0.8 0

G20 0 100 535 25 0.8 0

G222 23 77 50.5 23.6 0.74 8.7

H2NG 50 50 47.0 22.0 0.67 24.2

conditions at the wall of the coils, as this boundary is required
when modeling just the fluid zone. Practically, the coil is
treated as a solid domain with a heat sink. The amount of heat
that is removed is estimated from the operating conditions,
taking into account that we are modeling a 20° wedge. More
specifically, the sink of heat is estimated just dividing the
actual power by the volume of the coils.

An overview of the whole computational domain is given
in Fig. 2a. Please note that the non-reactive simulations of the
flow distributor are performed separately and obtained results
feed to the reactive simulations involving the combustion
chamber, the heat exchanger and the outlet region. For sake of
clarity, the distributor region is depicted in Fig. 2b. Here we
can notice the two semi-rows of holes of the flow distributor
upstream of the holes and slits of the burner.

As for the computational grid, 400k polyhedral cells
(Fig. 3b) are needed, according to a preliminary grid indepen-
dence study (carried out with a number of polyhedral cells
ranging from 200k to 1.2 M) for the flow distributor region. The
combustion chamber alone requires a polyhedral grid made of
4.6 M polyhedral cells. In addition to the grid independence
study, preliminary 1D simulations of freely propagating
laminar premixed flames are carried out by using Cantera [38]
to determine the flame front thickness and hence the required
cell size to well describe the combustion process [29]. The
remainder of the domain, ie. outlet region and heat
exchanger, is also meshed with a polyhedral grid. The overall
grid including the combustion chamber one, is shown in
Fig. 3a, and contains approximately 6.0 M cells.

Physical model

The regime is laminar with typical Reynolds numbers Re < 50,
as holes and slits are very small. The problem can be described
by the Navier-Stokes, energy and transport/reaction equa-
tions for chemical species. As mentioned before, in the
distributor model, only the former equations are solved. Since
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Fig. 2 — (a) Entire computational domain and (b) flow distributor domain.

fluid domain &7

(half) slits

(b)

Fig. 3 — Computational grid for (a) combustion chamber and heat exchanger and (b) for the flow distributor.

we do not expect instabilities for the present operating con-
ditions and hole/slit dimensions, these equations can be
written and solved in the steady-state form as:

Ve(pv) =0 ©)
V- (pvv) = Vp + V-(7) 6)
V+(V(pE+p)) = V+(RVT) + Sy, @)
(pY;) + V- (ovY;) = —pD;iV2Y; +R; 8

where v is velocity, 7 is the stress tensor, Sy is the energy
source term, including the contribution of radiation, Y; is the
mass fraction of the i-th chemical species and k is the effective
thermal conductivity. R; is the net rate of production or
destruction of the i-th chemical species by chemical reaction.
D; is the molecular diffusion coefficient of the i-th chemical
species in the mixture. Binary diffusion coefficients are firstly
calculated following the kinetic theory and a modification of
the Chapman—Enskog formula; then D; is obtained by

applying Wilke's mixing rule. The kinetic mechanism is KEE-
58 [39] oxidation scheme, which consists of 17 chemical spe-
cies and 58 reversible reactions. This choice is verified by
performing preliminary simulations on a smaller portion of
the domain with the complete GRI3.0 scheme, showing good
agreement. In particular, these results are shown in Appendix
A.

Radiation is taken into account with the P1 model [40,41]
using the weighted-sum-of-gray-gases model with co-
efficients from Smith [42] to estimate the spectral properties
of the gas media. Emissions of nitric oxides are estimated by
including the thermal, prompt, N,O and NNH-intermediate
pathways. The thermal formation is modeled from the Zel-
dovich scheme by assuming a steady-state for the N radical
[43], while the O radical are available in the KEE-Mech scheme.
The prompt NO formation from methane is estimated from
the one-step mechanism proposed by De Soete [44], while the
N0 intermediate from the 2-step scheme of [45] by assuming
a steady state for N,O. As for the NNH route, the mechanism of
Konnov [46] is implemented in the code through a bespoke
subroutine as explained in Refs. [47,48].
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Boundary conditions

An uniform velocity is set at the entrance to the flow distrib-
utor. The velocity value is estimated in the range of the
experimental powers, i.e., 4 and 25 kW. Subsequently, as
explained before, the predicted velocity profiles in the holes
and slits are given to the reactive flow simulations. As for the
solid domain corresponding to the heat exchanger, an heat
sink per volume is imposed. The value is obtained by dividing
the power to the total volume of the coil. Symmetry conditions
are given to the lateral walls of the domain while a pressure
outlet condition is imposed to the outlet.

Solution methodology

The above set of equations with related boundary conditions
is solved with the pressure-based coupled algorithm available

Velocity Magnitude
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24

- 20

- 1.6

F 1.2

- 0.8
0.4
0.0

[ms]

Velocity Magnitude

22.0

- 19.8
176
154
13.2
1.0
8.8
6.6
44
22
0.0

[m/s]

in the finite volume code FLUENT 19.2 [43] by ANSYS Inc.,
using a central differencing scheme for diffusion terms and
second-order upwind scheme for convection terms. The
computation of the chemistry is carried out through the direct
integration method. The fuel-oxidizer mixture is ignited by
patching a region near the inlet with a temperature higher
than the adiabatic one, i.e. with T = 2500 K. At convergence,
normalized residuals do not change with iterations and are all
below 10°°.

Results
Effect of flow distributor

As mentioned above, a preliminary analysis is carried out to
determine the effective flow velocity at each hole and slit to
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Fig. 4 — Velocity field at the burner entrance predicted for: (a) the minimum power (4 kW) and (b) the nominal power (25 kW).
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fed the CFD model of the chamber. In this analysis, non-
reactive simulations are carried out. Results are shown in
Fig. 4 for the minimum and maximum thermal load. We
observe for both conditions that the flow field is not uniform,
with some holes being more fed than others. The same occurs
for the slits. Besides, some slits show velocity gradients.
Hence we may expect a complex behavior, that is different
from what one would expect by feeding uniformly the burner.

Effect of thermal load

Fig. 5 shows the temperature field for a plane passing through
a row of holes and a row of slits for the minimum power, i.e.,
4 kW, when feeding natural gas, i.e, G20 test gas. Although the
CFD simulations cover the combustion chamber and the heat
exchanger regions, the fields shown here refer only to the near
burner region fro the sake of clarity. Similarly, Fig. 6 reports
the distribution of OH, a well-known marker, to appreciate the
structure of the flames issuing from the groups of holes and
slits. We can notice how the morphology of the flames in the
region of holes (Fig. 5a) is much different than the one in the
region of slits (Fig. 5b). Indeed a flat flame occurs from the

Static Temperature
1.88e+03

1.73e+03
1.57e+03
- 1.41e403
- 1.25e+03
1.09e+03
9.34e+02
7.75e+02
6.17e+02
4586402

3.00e+02
[K]

Fig.

holes, even though a slightly higher OH distribution is noticed
in the central region of the burner. Conversely, the flames
from the slits appear more intense. Besides, the different local
velocity, due to the presence of the distributor upstream of the
burner, promotes the merging of flames issuing from neighbor
slits, leading to rather big flames. Finally, we can also observe
that flames are not produced in the group of slits at the edge of
the burner located on the opposite side to the gas entrance.
Even though the combustion chamber is not accessible for
measurements, some images in the open air are available
from the burner supplier, i.e., Polidoro S.p.A [34]. The image
for the minimum load, i.e., 4 kW, is reported in Fig. 7a.
Although such images should be considered only as indicators
of qualitative behavior, as they refer to open air, i.e. without
the confinement due to the chamber, we can notice the
merging of the flames from the groups of slits. Considering
one of the areas characterized by the groups of slits (white
box), we notice the merge of the flames generated by the slits.
In addition, flames appear less intense near the edge of the
burner, as also we can deduce from the OH fields of Fig. 6.
With increasing the power to the nominal value, i.e., 25 kW
shown in Fig. 8, we observe a modification of the flame

(b)

Mole fraction of oh
6.50e-03

5.85e-03
520e-03
- 455603
3.90e-03
3.25e-03
260e-03
1.95e-03
1.30e-03
6.50e-04
0.00e+00

(b)

Fig. 6 — OH field for a plane passing through a row of (a) holes and (b) slits for the nominal power (4 kW).
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(a) (b)

Fig. 7 — Images taken in open air for: (a) the minimum power (4 kW) and (b) the nominal power (25 kW). Courtesy of Polidoro
S.p.A.
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Fig. 8 — Temperature field for a plane passing through a row of (a) holes and (b) slits for the nominal power (25 kW).
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Fig. 9 — OH field for a plane passing through a row of holes (a) and slits (b) for the nominal power (25 kW).
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Fig. 10 — Temperature field at the heat exchanger region for the (a) the minimun (4 kW) and (b) the nominal power (25 kW).
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Fig. 11 — Comparison between experimental and predicted molar fractions (dry basis) of (a) CO and (b) NO in the flue gases

for different thermal loads.

morphology. In particular, some flames issuing from the holes
also merge as we can observe from the thermal field in Fig. 8a.
This behavior reflects the fact that some holes are more fed
than others by the distributor, as preliminary shown in Fig. 4.
The interaction between neighbor flames is even more
evident in the region of the slits, where a complex flame
structure is present: we observe that the flames issuing from a
group of four slits merge into a single intense flame. Not all
flames are equal, reflecting the fact that the slits are fed with
different flow rates from the distributor. Furthermore, there
are extinguishing zones in the extreme regions of the burner,
as we can see in the plane crossing the slits (Fig. 8b). This
phenomenon is well in agreement with the experimental tests
carried out in open air shown in Fig. 7b.

Fig. 10 shows the thermal field in the heat exchanger region
for the minimum and nominal load. The flow field is also
shown through black vectors. We can observe how the flue gas
crosses the heat exchanger region toward the outlet.

A good prediction of the flue gas cooling is essential for an
accurate estimation of the emission of carbon monoxide, as
discussed and shown in the paper of [32]. The comparison
between experimental and predicted CO emissions is pro-
vided in Fig. 11a. We observe that the agreement is very
satisfactory for both loads. In particular, the model well esti-
mates the amount of CO of few ppm for the smallest load,

while correctly predicts that the CO emissions rise to
approximately 120 + 150 ppm for the nominal load. We high-
light that the predicted CO emissions are very dependent on
the heat exchanger model. Indeed, even though detailed ki-
netics is used for the flame region, the conjugate heat transfer
approach is mandatory as it enables a more realistic predic-
tion of the heat exchanger region. Other treatment of the
cooling regions, ads for instance by modeling the coils with
uniform wall temperature as boundary condition, lead to
erroneous CO estimation.

Nitric oxides are given in Fig. 11b. Again, we observe an
excellent prediction of the CFD model, especially by consid-
ering that the emissions are of a few ppm. This evidence
demonstrates that the thermochemical field is well captured
with the detailed kinetics as NO emissions depend strongly on
temperature and radicals such as the O radical.

Effect of H, content

The impact of hydrogen addition to the gas mixture on the
combustion process in the condensing boiler is analysed by
considering H, content up to 50% by vol. As described in
Section 2, when we add hydrogen to the gas mixture, we
observe a decrease of both thermal load and equivalence ratio,
as estimated in Table 1. This means that naturally the boiler
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Fig. 12 — Temperature field for a plane passing through a row of +(a, c) holes and (b, d) slits for the nominal power (25 kW)

and for: (a,b) G222, (c,d) H2NG test gases.

tends to operate in more dilute conditions, i.e., by with-
drawing more excess of air. The thermal field in the burner
region is reported in Fig. 12 for the G222 (23% by vol. of
hydrogen) and H2NG (50% by vol. of hydrogen) at the nominal
load, by showing the same planes crossing the groups of holes
and slits as for natural gas (i.e., G20 in Fig. 8). Firstly, we
observe how the peak temperature diminishes with
increasing the H, content from 1970 K with the G20 test gas to
1870 K and 1740 K for the G222 and H2NG mixtures. Indeed,
even though we all know that hydrogen gives a higher adia-
batic flame temperature than methane, this behavior is well
compensated by the higher dilution, that ultimately leads to a
reduction of the peak temperatures. The flame morphology
can be appreciated by the OH fields, reported in Fig. 13. Here
we can see that the high reactivity of hydrogen is hampered by
the larger dilution. Indeed the OH levels are weaker than for
methane. In particular for methane we observed a strong
interaction between flames from neighbor holes (see Fig. 9),
while this interaction can hardly be discerned for 23% of H,
(Figs. 13a) and 50% of H, (Fig. 13c). As for the region of the slits,

we observe a strong interaction between neighbor flames that
merge for all hydrogen contents. In all cases the behavior is
similar, with a decrease of the OH peaks and of the flame
height with increasing the hydrogen content (please, compare
Fig. 8b for G20 to Fig. 12b,d in presence of increasing per-
centage of Hy).

The impact of hydrogen addition on pollutant emissions is
summarized in Fig. 14 which compares measured and pre-
dicted emissions for the three investigated gas mixture at
25 kW. Adding hydrogen leads to a reduction of the CO
emissions, from 153 ppm (experimental measurement, while
120 ppm is the predicted value) for natural gas to 18 ppm
(predicted value is 24 ppm) when feeding 50% by vol. of H,.
Logically, increasing hydrogen, we have a decrease of the
available carbon; moreover the thermal load also decreases
favoring lower CO emissions. As for NO, we observe that the
addition of hydrogen leads to a significant decrease in the
emissions, the measurements indicating a reduction from
20 ppm for natural gas to 5 ppm with 50% of H,. This is an
important result, as one of the major concerns in using


https://doi.org/10.1016/j.ijhydene.2023.02.040
https://doi.org/10.1016/j.ijhydene.2023.02.040

19696 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 48 (2023) 19686—-19699

Mole fraction of oh
6.50e-03

5.85e-03
5.20e-03
- 4.55e-03
3.90e-03
3.25e-03
2.60e-03
1.95e-03
1.30e-03
6.50e-04
0.00e+00

Mole fraction of oh
6.50e-03

5.85e-03
5.20e-03
4.55e-03
3.90e-03
3.25e-03
2.60e-03
1.95e-03
1.30e-03
6.50e-04
0.00e+00

(c) (d)
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G222, (c,d) H2NG test gases.
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Fig. 14 — Comparison between experimental and predicted molar fractions (dry basis) of (a) CO and (b) NO in the flue gases
for different H, contents at the nominal power (25 kW).

hydrogen is the high adiabatic flame temperature that may fields of Figs. 9 and 13). As a result, the thermal NO formation

boost the production of NO emissions via the thermal route. is hampered. The presence of H, favors other NO formation
Here, we observe exactly the opposite. Indeed, the domestic routes, such as the NNH one [29], taken into account in the
boiler naturally adjusts itself towards more dilute conditions, present work; however, this formation path does not prevail

which limit the temperature peaks (as observed in the thermal over the reduction of the thermal route. As for the prediction,
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we observe an excellent agreement with the measurements
for all H, contents, indicating can correctly predict the com-
bustion process, including the production of pollutants.

Conclusions

A numerical model based on CFD with detailed kinetic is used
to estimate the impact of adding hydrogen to the gas mixture
fed into a condensing boiler equipped with a perforated
burner. Importantly, the model has to include the flow
distributor, located upstream of the burner as it influences
strongly the flow velocity at each hole and slit. This velocity
has a direct impact on the flame morphology. Indeed, in the
high-velocity region, we observe a strong interaction of flames
issuing from neighbor holes or slits. Indeed, while for low
velocities and thermal load the flames from groups of holes
appear separated, for the high velocity typical of the nominal
power, we see some flames merging from neighbor holes. This
behavior always occurs for the slits, where a group of 4 slits
generates a single intense flame. The general behavior of the
combustion chamber does not change with adding hydrogen,
even though the peak temperatures decrease and the flames
are less intense, as proved by the distribution of the OH rad-
icals. The reason for this behavior is that when with add
hydrogen, the boiler naturally withdraws a higher amount of
air that dilutes the flames.

The CFD model ensures very good predictions of the NO
emissions for all investigated power and hydrogen concen-
trations, indicating that in all cases the accuracy of the ther-
mal and concentration fields. Indeed, NO depends strongly on
both temperature and chemical species (including radicals)
which are transported when using detailed kinetics. Indeed,
this level of agreement cannot be achieved with global ki-
netics. Emissions of nitric oxides diminish with the thermal
load but also with hydrogen. This is a surprising result that is
opposite to the common opinion that the use of hydrogen
leads to a higher production of NO. The reason for this positive
effect is due to the natural increased dilution which mitigates
the thermal formation of NO. Indeed, although hydrogen may
promote formation of NO via the NNH intermediate, the
thermal route still is the predominant pathway [29] at least up
to the maximum H, content considered here. Hence, the
introduction of green hydrogen has a beneficial effect non
only on the CO, reduction, but also on the emissions of nitric
oxides.

As for CO emissions, also in this case predictions match
closely the experimental measurements, which indicate a
reduction of CO with increasing the H, content. This agree-
ment is possible only when treating accurately the heat
exchanger, which is effectively included in the domain by
adopting the conjugate heat transfer approach. Indeed, as well
discussed in Ref. [32] the accurate prediction of the flue gas
cooling is needed to capture the CO emissions.

We believe the present model may provide a practical tool
to investigate the effect of feeding some amount of green
energy vectors to domestic condensing boilers to help the
ecological transition of the residential sector. The model may
be used to devise strategies to improve combustion and limit
emissions, also by paying attention to the distributor and

burner zone. Indeed combustion is domestic boiler has not
been an issue so far, with the burner design being manly
driven by trial-and-error procedures. The availability of reli-
able numerical model offers us the opportunity to understand
and comprehend the combustion physics inside the boiler and
this comprehension is highly needed to effectively implement
low-carbon solutions in condensing boilers.
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