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HIGHLIGHTS

e Implementation of a two-step numerical model to analyse an Industrial Burner.

¢ Validation with Sandia Flame D experiments and Industrial burners.

e Computational optimisation techniques to reduce the computation time.

o Modification of primary to secondary air mass flow ratio to reduce NO emissions by a factor of 0.845.
¢ 76.8% reduction in CO and 41.8% increase in NO when enriching Natural Gas with 50% of Hydrogen.
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1. Introduction

NOy emissions, mainly nitric oxide and nitrogen dioxide, can
cause photochemical smog, acid rain, reduction in ozone
concentrations and various health impacts [1]. According to
the EEA [2] report, in 2020, the manufacturing and extractive
industry contributed 15% of NOy emissions, and 14% of NOy
emissions emerged from the energy supply sector. Further-
more, 64,000 premature deaths in Europe could be traced to
overexposure to NO, concentrations. The Austrian Govern-
ment has committed to reducing 69% of the nitrogen oxide
emissions by 2030 against the measured emission values from
2005 [3].

These NOy emissions can be reduced by pre-combustion,
combustion modification and post-combustion techniques.
Pre-combustion techniques mainly involve treating the fuel or
replacing air with pure oxygen, which is expensive. Combus-
tion modification techniques comprise reducing the amount
of oxygen or the flame temperature as the NOy formation
depends on flame temperature, stoichiometric ratio and
mixing degree of air and fuel. These can be achieved through
technologies such as Low Excess Air, Burners Out of Service,
Over Fire Air, Air Staged Low NOx Burner, Fuel Staged Low NOx
Burner and Flue Gas Re-circulation. Post-combustion tech-
niques consist of treating the emissions from the exhaust gas
by chemical, physical or biological processes. These post-
combustion methods help in reducing NOy to a greater
extent. The most common post-combustion technique used is
selective catalytic reduction [4].

Extensive research experiments and mathematical models
have been developed to understand the behaviour of NO
emissions from industrial burners. One of them is the flamelet
model, which is widely used by researchers to study turbulent
combustion. Lopez-Ruiz et al. [5] developed a numerical model
for hydrogen diffusion flames to reduce NOy emissions by
flame splitting method and investigated the model with
different flame power outputs. To precisely predict the NO4
emissions, Pitsch [6] modified the unsteady flamelet model
with a Eulerian approach by considering the local fluctuations
of the scalar dissipation rate. Vreman et al. [7] investigated
premixed and non-premixed flamelets with large-eddy simu-
lations. They concluded that the transport equation must be
solved for the NO mass fraction with sub-grid chemistry
models to predict the emissions of nitric oxides. Vujanovic¢
et al. [8] developed a post-processor for predicting NOy emis-
sions with a reduced chemistry mechanism using thermal and
promptNO. It could be recognised from these literature studies
that the flamelet model is unable to predict NO, emissions
correctly, so either a modification in the flamelet model or a
post-processing step is required. This is because of the lower
order of the chemical reactions time scale by the nitrogen
oxide formation path during the combustion, which results in
improper predictions of NOx emissions from the flamelet
model. Hence, a post-processor was developed by Pollhammer
et al. [9] with a detailed chemistry model. The available nu-
merical model by Pollhammer et al. [9] is optimised further for
reducing the computational effort by Swaminathan et al. [10].

With the recent developments, more and more countries
are introducing new regulations for industries to reduce

carbon dioxide emissions. The latest research has shown that
using hydrogen or blending hydrogen in the fuel mixture
shows a promising reduction in carbon dioxide emissions.
Nonetheless, it is also essential to observe that using
hydrogen as a fuel will increase nitrogen oxide emissions
[11,12]. Zhang et al. [13] conducted an experimental study to
investigate the effect of diluent gas with different hydrogen
fractions and analysed the flame propagation characteristics
on a premixed flame. Van Der Drift et al. [14] did an experi-
mental study on ceramic foam burners and detected that
increasing the hydrogen concentration in the fuel mixture by
more than 70% can cause flashback in burners designed for
low NOy emissions with premixed natural gas and air.
Therefore, it is necessary to investigate whether the burner
considered for modelling in this study is able to use larger
hydrogen concentrations in the fuel mixture. Choudhuri and
Gollahalli [15] found that increasing the hydrogen concen-
tration in the fuel mixture on diffusion flames reduces CO
emissions and increases NOy emissions. Cozzi and Coghe [16]
conducted experiments on a non-premixed swirled flame and
discovered that both CO and NO, emissions increase until 80%
of hydrogen is added to the fuel mixture. Accordingly, it is
required to analyse the effect of hydrogen enrichment in
natural gas on emissions for the desired effect, i.e. maintain-
ing the power output of the burner constant. In this study, the
optimised numerical model [9,10] is utilised to predict the NOyx
emissions from an industrial burner and then enhanced by
modifying the burner's primary to secondary air ratio to
reduce the NOy emissions. The improved burner design is
then investigated with different hydrogen-enriched natural
gas compositions containing 0%, 10%, 20%, 30%, 40% and 50%
of hydrogen by volume. The flame characteristics of different
fuel mixtures and their CO, CO,, NO and NO, emissions are
presented in detail.

2. Numerical model

The developed model uses a two-step approach to predict NOy
emissions. Firstly, the flamelet approach was used to solve for
velocity, pressure and temperature considering radiation
contribution. The basic continuity and momentum equations
were solved along with k — ¢ turbulence model using the
libOpenSmoke library developed by Cuoci et al. [17,18] in
OpenFOAM [19]. The obtained solution is then transferred to
the NO, model [9,10] and solved with a detailed reaction
mechanism. The following sections explain the flamelet
model, NO, model, model validation with experiments and
optimisation techniques to improve the computational effi-
ciency of the NOyx model.

The turbulent flow is solved using Reynolds-Averaged
Navier-Stokes (RANS) model with the following partial dif-
ferential equation system defining the conservation of mass,
impulse and enthalpy, respectively:
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where u denotes the velocity vector, p is the pressure, R is the
Reynolds stress tensor, r denotes velocity induced stress
tensor, H is the enthalpy, Q, is the radiation source term, «; is
the thermal diffusivity, and f;, stands for the gravitational
force. The turbulent transport properties, turbulent viscosity
and conductivity of the fluid are calculated using k — ¢ tur-
bulence model [20]. Radiative heat transfer in the system with
relatively high combustion temperature and participating
medium has a significant influence on the total heat transfer
in the system. The last term, Q,, in the enthalpy equation, is
evaluated using a radiative heat transfer equation in the s
direction within the discrete ordinates method (DOM) [21]:
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where [; is the radiation intensity, I, is the radiation intensity
of spectral black body, «; is the absorption coefficient, o,
stands for the scattering coefficient, 8, = x; + o5, is the
extinction coefficient, and @, is the scattering phase function.
Radiation propagation is solved without scattering, whereas
the composition-dependent absorption coefficient is
modelled using weighted-sum-of-gray-gases model [22].

2.1. Flamelet model

Numerical modelling of non-premixed combustion is based
on the steady laminar flamelet model, assuming that the local
flame structure consists of a large number of laminar flame-
lets. Under the assumption of much smaller chemistry time
scales compared to turbulent mixing, i.e. for very large Dam-
koehler numbers, chemistry adapts instantaneously to the
flow conditions. Furthermore, combustion takes place in a
very thin reaction zone, which is sufficiently small and doesn't
interact with the turbulent length scales. Counterflow flame
configuration enables one-dimensional formulation for the
flamelet transport equations under given conditions, in the
direction normal to the stoichiometric surface with the scalars
as a function of mixture fraction [23]:
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where p is the density, Y; stands for the mass fraction of the
chemical species, Z is the mixture fraction, T is the tempera-
ture, ¢, and ¢, are the mixture and species specific heat at
constant pressure respectively, h; stands for the specific
enthalpy of species and m; is the reaction rate.

In order to consider the non-adiabatic combustion state,
laminar flamelets for different stoichiometric scalar dissipa-
tion rates ys are calculated for different enthalpy defects ¢y,
where enthalpy defect is defined as the difference between
actual enthalpy H and the adiabatic enthalpy value. Using
libOpenSmoke [17,18] utilities, laminar flamelet profiles are
calculated for each enthalpy defect considering temperature

and mass fraction changes with the methodology described
above. The flamelet profiles were created with 200 points for a
range of scalar dissipation rates starting from 1 x 107> Hz and
continued until the flame was extinguished. And these
flamelet profiles are generated for positive enthalpy defects
ranging from 0 to 500 kJ/kg and for negative enthalpy defects
ranging from -5 kJ/kg and continued until the flame extin-
guishes. An in-house equilibrium flamelet generator was also
used to create flamelet profiles for higher negative enthalpy
defects when the libOpenSmoke tool was unable to create the
desired flamelet profiles.

Subsequently, generated laminar flamelet profiles are
extended to describe the turbulent flame front implementing
a statistical method, i.e. probability density functions (PDF).
The mean value ¢ of every physical quantity ¢(Z, xst, én) is
approximated by the joint probability density function as the
product of the statistically independent distributions for each
parameter: mixture fraction Z, scalar dissipation rate xs: and
enthalpy defect ¢y. With the tabulated chemistry, only two
additional Favre-averaged transport equations, one for
mixture fraction Z and another for mixture fraction variance
Z", are solved within the RANS context [23].
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where Sc, is the turbulent Schmidt number. After convergence
has been reached for the steady-state case, all relevant flow
fields are defined as the initial conditions for the transient
modelling of the NOy formation.

2.2. NO, model

As mentioned in Section 1 and by other researchers [24,25], the
flamelet model overestimates the NO, emissions. Therefore a
detailed chemistry model was implemented by Pollhammer
et al. [9] as a successive modelling step. The converged flow
parameters from the flamelet model are implemented asinitial
values for the NO, model, and all species involved in the for-
mation of the NO, mechanism are reset to zero. The developed
NOy model solves only the transient species transport equa-
tion with the GRI 3.0 mechanism [26] in specific regions of the
numerical domain. The regions are determined based on the
relative change in the species mass fraction in every compu-
tational cell and the flame temperature.

d(pYi)
Jt

+ V- (puY;) — V- e (VY3) = RR(Y)) (6)

where Y; is the species concentration, u.g is the effective tur-
bulent viscosity, and RR(Y;) is the source term which is the
reaction rate calculated from the detailed chemistry model.
The above equation is solved in specific regions when the
change in the species mass fraction is greater than 2.5% for all
53 species of the GRI 3.0 mechanism, and the whole numerical
domain is updated every 200 iterations. Finally, the NOj
emissions were calculated by integrating the reaction rates of
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nitric oxide and nitrogen dioxide over the entire domain after
the simulation is converged.

2.3. Model validation

The numerical model was developed in OpenFOAM 2.4 and
validated by Pollhammer et al. [9] in the Chair of Thermal
Processing Technology with experimental data from Barlow
and Frank [27] and also measured data from an industrial
furnace. The experiment is used by various researchers
[28—31] to validate numerical models, since the experiments
are more reliable and have only 1% uncertainity in the tem-
perature measurements [32]. The Sandia flame D experiment
by Barlow and Frank [27] was conducted with a burner having
ajetinner diameter (d) of 7.2 mm and a pilot outer diameter of
18.2 mm. The jet is composed of a mixture of 25% methane
and 75% air at 293 K with a velocity of 49.6 m/s. The pilot
inflow contains a lean mixture with a mixture fraction of
0.27 at 1880 K with a velocity of 11.4 m/s. The co-flow injects
air at 295 K with a velocity of 0.9 m/s. The burner was
modelled using a 2D axisymmetric approach, with a geometry
of size 0.9 m in length and 0.3 m in radius. The flamelet tables
were generated with libOpenSmoke [17,18] utility.

The simulation was performed with the flamelet model
and compared with experimental data, as illustrated in Fig. 1a,
along the axis of the burner nozzle. The temperature profile
along the axis is in good accordance with the experimental
data. The data from the flamelet model was used to initialise
the NO, Model, and the results from the NO, model are
compared with experimental data, as in Fig. 1b. The NOy
model underestimated the mass fraction of NO compared to
the experimental data throughout the axis of the burner
nozzle. On the other hand, these predictions are acceptable
compared to extremely high values predicted from the
flamelet model [24,25].

The model was also validated with an industrial furnace by
Pollhammer et al. [9]. The model predicted 63 ppm of NOy
emissions compared to the measurement data of 65 ppm with
ambient air temperature. In the case of preheated air with

2000
1800 | ; v
1600 e A

1400 : S

1200 .

1000 | *

Temperature (K)

800 - !
600 /

400 r « Barlow and Frank (2007)  »

rox Pollhammer et al. (2018) - - - -

0 10 20 30 40 50 60 70 80
Axial distance from burner nozzle x/d

(a)

200

472 K, the model predicted 78 ppm against the measurement
value of 92 ppm. For further details about the validation of the
industrial furnace, the reader is referred to Pollhammer et al.

[9].
2.4. Optimisation of NO, model

The developed numerical model was optimised further to
reduce the computation time without affecting the accuracy
of the predictions. Three different methods were investigated
and analysed. The NOy model solves only the species trans-
port equation while the temperature field remains constant
throughout the simulation. In OpenFOAM, during every iter-
ation, the forward and reverse reaction rate constants are
calculated based on the changing temperature field. In the
developed NO, model, it is unnecessary to calculate the re-
action constants for every iteration. As a first step, to mini-
mise the computational effort, the reaction rate constants are
only calculated and stored in the first iteration, and those
values are used in subsequent iterations. This method was
able to produce the results faster with smaller mesh sizes, but
when the number of computational cells was increased, the
memory storage occupied by the reaction constants was very
high and reduced the efficiency of the solver.

The second method to reduce the computation time was to
initialise the computational domain with nitric oxide pre-
dictions from the Zeldovich mechanism [33,34] instead of ini-
tialising with zero species concentration. This method was
able to reduce 31.8% of the computation time, and the accuracy
of the NO, predictions from this method can be seen in Fig. 1b.
The third method to reduce the computation time was to use a
mesh refinement only in the flame region and using a coarse
mesh in other parts of the domain, as the solver computes only
where the change in species concentration is more than 2.5%.
With this method, an optimal mesh size was used by reducing
the computational cells in regions devoid of flames, thereby
resulting in a 36.5% reduction in computation time. These
optimisation strategies are explained in detail at Swaminathan
et al. [10] and Spijker et al. [35] and are not repeated here.
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Fig. 1 — Model validation.
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Fig. 2 — Location of burner and burner geometry used for modelling.

3. Industrial burner
3.1 Industrial burner properties

The industrial burner considered for modelling is used in a
pusher-type furnace used for the heat treatment of
aluminium ingots before hot rolling. The aluminium ingots
are heated with high convection via a nozzle field. Large cir-
culation fans distribute the furnace atmosphere to the indi-
vidual nozzles. To heat the recirculated furnace atmosphere,
the gas burners are installed directly in the flow channels, as
in section 2a. The burner is modelled with Solidworks

Table 1 — Comparison of different meshes with

temperature and mass fraction of CO, computed at the
outlet.

Mesh  Number of Cells Temperature (K) CO, mass
(in million) fraction (-)
Coarse 4.03 784.2 0.11535
Medium 6.2 777.23 0.11297
Fine 7.79 778.28 0.11299

Table 2 — Species Composition (in mole fractions).

Specie Natural Gas Air Circulated Furnace Atmosphere

CH, 0.9797 = =
Tl 0.0105 = =

N, 0.0087 0.79 0.733
Co, 0.0011 = 0.072
0, = 0.21 0.051
H,0 = = 0.144

software with the dimensions of 2.4 m long, 1.2 m wide and
2.7 m in height. The geometry consists of fuel inlet, air inlet
and circulated furnace atmosphere, as shown in Fig. 2b. A
mesh independence study was conducted with three different
polyhedral meshes generated using ANSYS ICEM and Fluent
meshing tools [36,37] with a refinement near the flame region,
as mentioned in Table 1. The meshes were refined near the
wall region to maintain y + values of less than 4. The tem-
perature and mass fraction of CO, were measured at the
outlet, and the change between medium and fine meshes was
0.13% for temperature and 0.017% for the mass fraction of CO,.
Hence, the investigations were conducted with burner mesh
consisting of 6.2 million computational cells.

The burner is fuelled by natural gas at 300 K and uses air at
300 K as an oxidizer. The circulated furnace atmosphere is
maintained at 723 K. The species composition of fuel, air and
the circulated furnace atmosphere are mentioned in Table 2.
The fuel and air inlet were initialised with the mixture fraction
of 1 and 0, respectively. The exhaust air inlet was initialised
with the enthalpy and mixture fraction values determined
from the flamelet profile calculations. The standard wall
functions available in OpenFOAM were applied for k and ¢ for
the walls. The inlets were initialised with mass flow values as
in Table 4, and the outlet was set up with constant atmo-
spheric pressure.

3.2. Modelling for reducing NO, emissions

The mass flow of primary to secondary air ratio (my/ms) for
the burner was calculated from the converged flamelet model
and was estimated to be 0.52. To further reduce the NOy
emissions, two different mass flow ratios of 0.4 and 1.4 were
investigated by modifying the geometry of the burner. The

Table 3 — Species composition of different fuel mixtures (in mole fractions).

Specie 0% H2 10% H2 20% H2 30% H2 40% Hz 50% Hz
CH, 0.9797 0.88173 0.78376 0.68579 0.58782 0.48985
C,He 0.0105 0.00945 0.0084 0.00735 0.0063 0.00525
H, 0 0.1 0.2 0.3 0.4 0.5

CO, 0.0011 0.00099 0.00088 0.00077 0.00066 0.00055
N, 0.0087 0.00783 0.00696 0.00609 0.00522 0.00435
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Secondary Air
Primary Air
Secondary Air

Fig. 3 — Simulation strategy used for modelling different
mass flow ratios.

total airflow to the burner remains unchanged for all cases,
and only the ratio of primary to secondary air was modified.
To efficiently achieve the desired mass flow ratio, the nozzles
connecting the primary and secondary tubes were removed
from the burner and inlet patches were created in the location
of nozzles as in Fig. 3. Replacing the nozzles with inlet patches
made it simpler to set different mass flow ratios within the
same burner geometry and was used only as a simulation
strategy to reduce the computational effort. For both mass
flow ratios of 0.4 and 1.4, the mass flow of primary air was
equally divided between the number of nozzles and set as a
mass flow boundary condition in the nozzle inlet patches. The
mass flow of secondary air was set as a boundary condition in
the air inlet patch. An optimum mass flow ratio for reducing
the NOy emissions was determined by simulating both the
flamelet and the NO, model for all three cases.

3.3.  Modelling for blending of hydrogen with natural gas

The optimised burner geometry with reduced NOy emissions
was further investigated by mixing hydrogen with natural gas
to estimate the influence of hydrogen blending on emissions.
Five different fuel compositions containing 10%—50% of
hydrogen by volume were studied, as mentioned in Table 3,
and the carbon and nitrogen emissions were compared with
natural gas (0% hydrogen). The lower heating value of
different fuel mixtures was calculated from the lower heating
value of methane (35.883 MJ/m®) and hydrogen (10.783 MJ/m?).
The mass flow of the fuel mixture and the air was adjusted to
maintain the same power output, and the mass flow of the
circulated furnace atmosphere was maintained constant for
all simulations. From Table 4, it can be observed that
increasing the percentage of hydrogen reduces the mass flow
of the fuel mixture and air to produce the same power output
due to the lower heating value of the fuel mixture. For all fuel
mixtures, the flamelet profiles are created as mentioned in
Section 2.1, with both fuel and air temperature at 300 K. The
temperature of the circulated furnace atmosphere is

maintained at 723 K. Other boundary conditions are main-
tained the same as mentioned in Section 3.1.

4. Results and discussion
4.1. Optimisation of NO, emissions

Skreiberg et al. [38] investigated the influence of temperature
and air excess ratio on NOy emissions. They observed that
increasing the air excess ratio also increases the NO, emis-
sions and concluded that an increase in temperature alone
could not influence the NOy emissions. A further study was
conducted by Houshfar et al. [39], stating that peak reduction
in NOy emissions could be obtained when the primary air
excess ratio is maintained between 0.8 and 0.95. Spliethoff
et al. [40] stated that temperature has a significance on NOy
emissions depending on the flue gas atmosphere, i.e. when
the exhaust gas is air-rich, NO, emissions are high. Accord-
ingly, it is vital to investigate the excess air present in the
combustion zone.

Initial investigations on oxygen mass fraction from the
converged flamelet simulations indicate that the secondary
air entering the combustion zone was still unburnt. It can be
observed from Fig. 4e that unburnt oxygen is still left, sur-
rounding the flame region, which results in the NO formation
zones. Hence reducing the secondary air would also reduce
the NO formation zones. Therefore, the mass flow ratio of my/
ms = 1.4 was implemented and investigated as the first opti-
misation technique. However, introducing excess air in the
primary air resulted in higher velocities along the axis of the
burner, even up to 160 m/s, as in Fig. 5a. These higher veloc-
ities modify the flame structure by widening the flame and
making the flame longer. Consequently, the excess oxygen
present around the flame region, as in Fig. 4f for my/m = 1.4,
is more than the observed oxygen surrounding the flame
structure in the case of mp/mg = 0.52. Thus, another simula-
tion was carried out with m,/mg = 0.4 by reducing the primary
air.

The temperature profile along the axis of the burner at
x =0 m and x = 0.05 m is plotted from the flamelet model in
Fig. 5. Along the axis of the burner (Fig. 5c), for all mass flow
ratios of primary to secondary air, the temperature profile is
similar. The position y = 0 m is marked as the origin in the
burner geometry (Fig. 2b). The original burner geometry with
the mass flow ratio of my/mg = 0.52 reaches a maximum
temperature of 1917 K at y = —0.43 m below the origin. Other
mass flow ratios achieve the maximum temperature further
away from the origin between y = —0.6 and —0.7 m. This
phenomenon is observed because of the simulation strategy

Table 4 — Properties of fuel mixture.

0% H, 10% H, 20% H, 30% H, 40% H, 50% H,
mwgl) 1 0.98090 0.95871 0.93255 0.90134 0.86342
r‘n(m-,) 1 0.99463 0.98838 0.98103 0.97225 0.96158
M (gir—in—0%Hs)
Lower Heating Value (M}/m3) 35.883 33.373 30.863 28.353 25.843 23.333
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Fig. 4 — Temperature and mass fraction of oxygen for different mass flow ratios of primary to secondary air.
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Fig. 5 — Velocity and temperature profiles for different mass flow ratios of primary to secondary air.

implemented in which the ratio of 0.52 was analysed with
nozzles, and other mass flow ratios were investigated with
inlet patches instead of nozzles. The maximum temperatures
attained along the axis of the burner were 1953 K and 1884 K
by implementing mass flow ratios of 0.4 and 1.4, respectively.

Alongx = 0.05 m, the maximum temperatures observed are
1731 K, 1752 K and 1868 K, and along x = —0.05 m, the
maximum temperatures are 1673 K, 1711 K and 1858 K for
mass flow ratios of 0.4, 0.52 and 1.4 respectively. The
maximum temperature observed along x = —0.05 m and
x = 0.05 m is higher for the primary to secondary air flow ratio
of 1.4 as the flame width is widened, as seen in Fig. 4c, and
hence higher temperatures are observed near the burner wall.

On both sides of the burner axis, near the origin (y = 0 m),
the observed temperature is lower for the ratio of 1.4 as the
secondary air flow nozzles are very near the measurement
line. Also, the flame width is narrowed near the origin due to
increased primary airflow, and the secondary air injected with
ambient temperature fills in the void created by the narrowed
flame. The flame developed with my/ms = 1.4 does not
resemble the flame observed in mp/mg = 0.52.

The transient simulation with a detailed chemistry solver
was performed until convergence was observed by moni-
toring the emissions at the outlet. Fig. 6 shows the reaction
rates of nitric oxide and nitrogen dioxide for my/ms = 0.4,
which clearly indicates the formation zones in red where
excess oxygen is present in the combustion zone. The dif-
ference in NOy emissions between different cases is not
visible to the human eye as the change in reaction rates are
in the order of 1 x 107°. Hence the normalised NO emissions
are integrated at the outlet. The values are normalised with
the determined NO emissions for the original mass flow
ratio of my/ms = 0.52. The mass flow ratio of my/mg = 1.4
produces 1.382 times more NO emissions, and the ratio of
0.4 produces 0.845 times less emissions than the original
burner conditions. This is mainly because of the presence of
excess unburnt oxygen when increasing the primary air flow
(mp/mg = 1.4), as in Fig. 4f, and also the higher temperatures
observed near the burner wall, as in Fig. 5d. With less pri-
mary air (mp/ms = 0.4), the reduction rates of NO in the
flame region are higher, thereby resulting in lesser NOj
emissions.
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Hence the optimum mass flow ratio of primary to sec-
ondary air to reduce NO emissions is 0.4, and a reduction in
the nozzle diameter, which connects the primary and sec-
ondary airflow tubes, is required. To determine the optimum
nozzle diameter, geometries with different nozzle sizes were
investigated with the flamelet model by reducing the nozzle
diameter step by step and the optimum mass flow ratio of
primary to secondary air (my/ms = 0.4) was achieved by
reducing the nozzle diameter by a factor of 0.85. The change in
nozzle diameter was compared with the original
geometry(mp/msg = 0.52), and the change in temperature pro-
file was negligible as in Fig. 5c and did not influence the
combustion products.
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4.2. Investigation of the effect of hydrogen blending with
natural gas

For the investigation of hydrogen blending, the optimised
burner geometry with reduced nozzle size was used. It was
noticed that increasing the percentage of hydrogen in the fuel
mixture results in an increase in the observed maximum
temperature of the flame. Along the axis of the burner, natural
gas reached a maximum temperature of 1896 K, whereas
natural gas blended with 50% of hydrogen reached a
maximum temperature of 1986 K. A similar behaviour of the
temperature profiles was also observed by Refs. [41-44]. It
could also be observed from Fig. 7a that the temperature
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Fig. 7 — Temperature and Mass fraction of oxygen along the axis of the burner for different gas mixtures.

Please cite this article as: Swaminathan S et al., Numerical study of an industrial burner to optimise NO emissions and to evaluate the
feasibility of hydrogen-enriched fuel, International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijjhydene.2023.07.328



https://doi.org/10.1016/j.ijhydene.2023.07.328

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX 9

TK
1900

1800

1700

1600

(a) Natural gas

(b) 30 % of Hydrogen

TK) T

1900 1900

1800 1800

1700 1700

1600 1600

(c) 50 % of Hydrogen

Fig. 8 — Isocontours of temperature for different fuel compositions.

profile along the axis of the burner follows the same pattern
until 40% hydrogen is added to natural gas, and when 50% of
hydrogen is added, the temperature profile deviates slightly
after reaching a maximum temperature. This is due to the
change in flame profile, which can be observed in Fig. 8. The
isocontours of 1900 K show an apparent variation in the
observed profile. In the case of natural gas, the isocontours of
1900 K are smaller, and as the percentage of hydrogen in-
creases, the contour profile is elongated. Moreover, a minimal
increase in the flame length could be observed by comparing
the isocontours of 1600 K. Ge et al. [45] conducted experiments
with a radially-staged dry low emission burner for various
volume content of hydrogen and observed that the flame
shrinks as the hydrogen content increases when the volu-
metric flow remains constant. The same flame behaviour is
also observed by Leicher et al. [46], and also the NO, emissions
increase tremendously when the volume flows of both fuel
and oxidizer remain unchanged. They also observed that the
measured NO, emissions remain almost the same when both
the firing rate and the air excess ratio are kept constant. In this
study, the volumetric flow of both fuel and air was altered to
maintain a stable burner power output and, consequently, did
not influence the length of the flame to a greater extent. From
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Fig. 7cand d, it could be observed that increasing the hydrogen
content in the fuel mixture reduces the amount of CH and
increases the amount of OH. The oxygen mass fractions
(Fig. 7b) reduce with higher hydrogen content untily = —0.6 m,
and further down, increases due to the presence of oxygen in
the circulated furnace atmosphere.

Fig. 9a shows the carbon monoxide and carbon dioxide
emissions at the outlet obtained from the flamelet model.
Increasing the percentage of hydrogen results in a steady
decrease in CO and CO, emissions for more than 10% of
hydrogen in the fuel mixture. In the case of blending natural
gas with 10% of hydrogen, CO increased by 8.95%, and CO,
increased by 0.8%. Maximum reduction was observed with
50% of hydrogen in the fuel mixture, decreasing 76.8% of CO
and 15.76% of CO, emissions as also observed by Refs.
[11,47—49]. A significant parameter to be considered in inter-
preting these emission results is that the mass flow of the
circulated furnace atmosphere is held constant for all fuel
mixtures. As mentioned in Table 4, the mass flow of both air
and fuel decreases steadily when increasing the amount of
hydrogen in the mixture. This can cause an increase in CO and
CO, emissions in the case of the fuel mixture with 10% of
hydrogen as the circulated furnace atmosphere also contains
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NO, —<—

30 -

20 |

Change in Emissions (%)

20 — : : :
0 10 20 30 40 50

Amount of Hydrogen in the Fuel Mixture (%)
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Fig. 9 — Change in carbon and nitrogen emissions measured at the outlet.
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a limited amount of CO. This increase could not be observed in
other gas mixtures as the reduction in CO and CO, emissions
is larger than the limited CO present in the circulated furnace
atmosphere.

NO, emissions at the outlet were obtained from the NO,
model, as in Fig. 9b. Nitrogen oxide emissions increase rapidly
as the percentage of hydrogen in the fuel mixture increases.
With 50% hydrogen in the fuel mixture, an increase of 41.8%
NO was detected. On the contrary, NO, increased until 40% of
hydrogen was blended in the fuel mixture, and in the case of
50% of hydrogen in the fuel mixture, a decrease of 11.4% in
NO, emissions were detected. This behaviour can be attrib-
uted to the difference in temperature and oxygen profiles of
the flame with 50% of hydrogen as in Fig. 7, and also an abrupt
increase of 24.8% of N,O emissions was observed with 50% of
hydrogen compared with the N,O emissions from 40% of
hydrogen in the fuel mixture. Similar behaviour with an in-
crease in NO emissions was also observed by Wu et al. [50] and
Rortveit and Hustad [51]. This increase in NO emissions was
still under the permissible limits according to EG-L [3] regu-
lations. Hence, it is evident from the numerical investigations
that the modelled burner exhibits similar flame characteris-
tics until 40% of the hydrogen is added to natural gas.

5. Conclusion

The developed numerical model successfully predicted NOyx
emissions in alignment with experimental studies. To miti-
gate NO, emissions from an industrial burner, modifications
were made to the mass flow of primary and secondary air. By
adopting a primary to secondary air mass flow ratio of 0.4, NO
emissions decreased by a factor of 0.845. To achieve the
optimal mass flow ratio, the nozzle diameter needed to be
reduced by a factor of 0.85.

Furthermore, the enhanced burner design was evaluated
for its impact on enriching natural gas with up to 50%
hydrogen by volume, while maintaining a constant power
output. The burner exhibited similar flame characteristics
until 40% hydrogen was added to the natural gas. However,
the addition of 50% hydrogen resulted in a 76.8% reduction in
CO emissions, a 15.76% reduction in CO, emissions, and a
41.8% increase in NO emissions. Further enhancements to the
numerical investigation could involve varying the amount of
circulated furnace atmosphere rather than relying on a con-
stant value.
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