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Highlights

e Hydrogen is a potential fuel for domestic burners

e NO, reduction can be achieved by flame splitting method

e Laminar and turbulent flames show opposite NO, trends with increasing inlet powers

¢ In low Reynolds number flames lower equivalence ratios imply higher NO,. concentrations
o Competing factors describing local NO, production intensity can be defined

Abstract

Thermal NO, formation in H,/air jet flames from a coaxial burner is studied experimentally and numerically. The aim is to study
possible NO, reduction strategies for domestic gas boiler burners. Following a flame splitting method strategy, a single burner
is studied at different inlet powers (from 0.2 to 1.0 kW). The effect of three different fuel-air ratios (or equivalence ratio ¢) is
considered by varying the coaxial air stream, with fuel-air ratios corresponding to values of ¢ < 1, relevant for domestic boiler
applications (here ¢ = 0.77, ¢ = 0.83 and ¢ = 0.91). NO, concentrations increase with increasing inlet power between 0.2 and
0.6 kW and numerical results are in good correspondence with available experimental data. The opposite trend is observed above
0.6 kW and no numerical results are obtained, indicating a transition from laminar to turbulent flames. On the other hand, in contrast
to the observations made in turbulent non-premixed flames, reducing the equivalence ratio implies higher NO, concentrations in
the low Reynolds number flames considered. The numerical results in the laminar regime are used to highlight and quantify three
competing main factors concerning NO, production in order to interpret the experimental observations: the volume of the region
where NO, is produced, and within this region, the competition between residence time and NO, reaction rate. Based on this

analysis, different design strategies for low NO, hydrogen diffusion burners are finally discussed.
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1. Introduction

Hydrogen is a potential alternative to fossil fuels in trans-
portation, industrial, commercial and residential sectors [1, 2,
3]. Since hydrogen can be generated through different renew-
able energy sources [4, 5, 6], the so-called hydrogen economy
could be an integral part of a renewable energy system, allowing
the substitution of pipeline natural gas with renewable hydrogen
to reduce carbon emissions as well as the dependence on fos-
sil fuels [2, 7, 8]. The end use of this renewable hydrogen has
been a research topic during the last decades. For instance, dif-
ferent studies focused on the use of generated renewable hydro-
gen as fuel in combustion devices such as internal combustion
engines or burners [9, 10, 11, 12]. An extensive research litera-
ture on hydrogen flames can be found, since its combustion be-
haviour presents several particularities compared to other con-
ventional gaseous fuels, due to its physical properties. Among
others, hydrogen presents a wide flammability limit in air (4-
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75 vol%), low ignition energy in air (0.019 ml]), low density
(0.0899 kg/m?) and high adiabatic flame temperature (2380 K)
[13, 14, 15, 16]. Hence, the variety of combustion devices in
different sectors still requires an in-depth research work to re-
adapt or re-design them so as to ensure safe and efficient op-
erating conditions when using hydrogen as inlet fuel. In this
context, the present study focuses on the use of gaseous hydro-
gen as fuel in domestic gas boiler burners. As discussed by
de Vries et al. [17], while fundamental changes in combustion
phenomena and exhaustive analysis of individual combustion
devices has been widely studied, there is no clear conclusion
concerning the maximum fraction of hydrogen that maintains
the performance of installed domestic combustion appliances
without adverse consequences.

The safety risk when burning hydrogen is closely related to
the flame flashback phenomena due to the high flame front
velocities in premixed and partially premixed flames, mainly
caused by an imbalance in the local flame and flow speeds,
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Nomenclature
Latin characters Greek characters
A; Grid cell surface area [m?] o flame thickness [m]
D Effective diffusion coefficient of NO [m?/s] € Emissivity [-]
h Heat transfer coefficient [W/(m?.K)] u Dynamic viscosity [kg/(mz.s)]
hy Sensible enthalpy [J/kg] loa Stefan-Boltzmann constant = 5.67037-10~8 [W/(m?.K*)]
h; Sensible enthalpy of species i [J/kg] T Characteristic time [s]
7,)- Diffusion flux of species i [kg/(m?.s)] Tres Residence time [s]
k Thermal conductivity [W/(m.K)] ¢ Equivalence ratio [-]
Ly Flame length [m] 0 Density [kg/m?]
Nu Nusselt Number W; Mass fraction reaction rate of species i [1/s]
Pr Prandtl Number @NO Inverse-velocity weighted average of NO reaction rate [1/s]
0 Heat transfer rate [W]
R; Reaction term for species i [kg/(m3.s)] Abbreviations
Ray, Rayleigh number
Re Reynolds number CFD Computational Fluid Dynamics
S Sensible enthalpy source term [W/m?] DO Discrete Ordinates
T Temperature [K] EINOx Normalized nitric oxide index [g NO, /kg H;]
v Velocity vector [m/s] ppm Parts Per Million
Vieac Reaction volume [cm?] WSGGM Weighted Sum of Gray Gases
Y: Mass fraction of species i [-]

when the former exceeds the latter [18, 19, 20, 21]. Recently,
Zhao et al. [22] studied the influence of hydrogen addition to
pipeline natural gas on the combustion performance of a par-
tially premixed cooktop burner. They concluded that the burner
could operate safely and efficiently with a maximum hydrogen
concentration of 20%. In addition, the measured NO, emissions
were over 100 ppm, without meaningful variations when adding
hydrogen. Similarly, Choudhury et al. [23] studied the admis-
sible hydrogen percentage in natural gas in low-NO, and con-
ventional water heaters, working with partially premixed and
lean premixed conditions. They analyzed characteristics such
as flashback, ignition delay, flame structure and emissions. The
most interesting conclusion was that the maximum hydrogen
tolerance in both low-NO, and conventional water heater was
below 10% by volume.

On the other hand, many combustors operate in the non-
premixed mode since they ensure safer operating conditions,
avoiding flashback and explosion risks [15, 24, 25]. How-
ever, in hydrogen flames around atmospheric pressure as in the
present study, where NO, formation can be correctly described
by the well known Zeldovich mechanism or thermal mechanism
[26, 27], the high adiabatic flame temperature of hydrogen dif-
fusion flames (peak temperatures above 2300K in this study)
can yield to high levels of NO, [28, 29, 30]. Therefore, the
main technological challenge in the design of hydrogen burners
is to maintain both a high hydrogen fuel content and acceptable
levels of NO, emissions. This clearly requires new or modified
existing combustion equipments for hydrogen. Non-premixed
combustion can be considered to be the best option to design
domestic hydrogen burners since they completely eliminate the
flashback phenomena, and voluminous research has been pub-
lished on turbulent non-premixed hydrogen burners. However,
laminar non-premixed hydrogen burners have been hardly stud-
ied in the literature. We summarize here some relevant studies.

Igawa et al. [31] examined the effect of splitting hydrogen
diffusion flames on NO, emissions for stove gas burners. The
experimental setup had no confinement or combustion cham-
ber for the flames, and hydrogen was mixed with the ambient
air through diffusion. They recorded measurements at different
nozzle diameters for individual and multi-flame burners (0.6,
1.2 and 2.6 mm) and at different nozzle intervals for multi-flame
measurements. They also experimentally concluded that split-
ting the flame was an effective method to decrease NO, emis-
sions in hydrogen diffusion flames, since they measured lower
NO, emissions when dividing a single flame burner into three
flames for the same total input power.

Chen and Driscoll [33] experimentally studied the effects of
coaxial air and fuel jet Reynolds number on NO, formation in
non-premixed jet flames. They aimed at deriving general scal-
ing laws for NO, production (in methane/air and hydrogen/air
flames, both with and without coaxial air, and both in lami-
nar and turbulent flames). The results showed that coaxial air
reduced NO, formation in hydrogen flames and had a negligi-
ble effect in methane flames at Re=5000. In addition, the re-
sults for simple hydrogen jet diffusion flames without coaxial
air showed a reduction of NO, levels when reducing the hydro-
gen inlet diameter from 0.37 to 0.16 cm in both laminar and
turbulent regimes. Their attempt to derive general scaling laws
is interesting in order to higlight what we will consider here as
the three main physical aspects that play a key role, and may
compete, in NO, production:

1. following the Eulerian approach of Peters et al. [34], they
related the production of NO, to a reaction volume Ve,
(proportional to Lj%.é, where Ly is the flame length and ¢
the flame thickness);

2. from a Lagrangian point of view, they pointed out how the
relevant dimension is a residence time Tyes (Within Vie,c);

3. they also indirectly considered the chemical time of NO,



production (i.e. the inverse of a reaction rate wnoy)-

Keeping this in mind, the following references are interesting
since they give some insight on these factors in laminar diffu-
sion flames.

Zhao et al. [35] studied the OH formation in a hydrogen dif-
fusion co-flow burner through chemiluminescence images and
CFD simulations. The flow conditions were fixed with and
without co-flow air with a central hydrogen jet of D=15 mm and
low thermal powers (~0.2 kW). The numerical results showed
a flame height of ~20 mm and were in good agreement with
the experimental measurements. The numerical results showed
slightly longer flames for the case with co-flow air as well as
higher maximum temperature. This could be attributed to the
higher inlet thermal power used in the flame with co-flow air.

Li et al. [36] experimentally and numerically investigated the
combustion and heat release characteristics of a hydrogen lam-
inar diffusion flame in a non-premixed micro-jet burner (1 mm
diameter for H, inlet and 3.16 mm for air) together with OH dis-
tribution measurements at various inlet powers (from 0.1 kW
to 1.0 kW) and equivalence ratios. The flame structure was
obtained by flame image detection and spectroscopic systems.
However, NO, emissions were not measured in this work. Lam-
inar flames were studied varying the inlet hydrogen Reynolds
number between 14 and 144, while the Reynolds number of the
inlet air flows varied between 2 and 52. Their experimental and
numerical results showed longer flames for higher inlet powers,
whereas different equivalence ratios would lead to similar flame
volumes at a given inlet power.

Khan and Raghavan [37] investigated non-premixed laminar
jet flames using carbon monoxide-hydrogen mixtures. Varying
the inlet composition, they carried out a numerical and experi-
mental analysis of the flame length, thermal plume width, tem-
perature and flame luminosity. They concluded that the flame
became shorter as hydrogen content was increased and that
thermal plume width got wider. In addition, when adding hy-
drogen to the inlet mixture, the maximum temperature isotherm
moved closer to the burner exit (moving the reaction volume to
a zone of shorter residence times 7.), but also showing an in-
creasing trend in the maximum temperature (and therefore pos-
sibly higher wnoy)-

In this paper, we present the results of experiments in a coax-
ial Hp/air burner at low Reynolds number in order to study
possible flame splitting strategies for NO, reduction in domes-
tic boiler burners. The different flames are modelled numer-
ically in order to further analyse the results observed experi-
mentally and better understand the different trends in thermal
NO, concentrations depending on inlet power and equivalence
ratio. Following the ideas suggested by Peters et al. [34], the
numerical results are used to extract the thermal NO, reaction
volume V. and a weighted average WO indicating the com-
petition between residence time T..s and chemical reaction time
1/wno within Vie,. In the light of this discussion of the mea-
sured NO, trends, different strategies are discussed for the de-
sign of low NO, hydrogen diffusion burners. Finally, the effect
of coaxial air on NO, reduction compared to a simple jet flame
is illustrated in the appendix.

2. Aims and Methodology

2.1. Single-burner experimental configuration

The flame under study was defined as a single flame from an
hypothetical array burner, as illustrated in Figure 1. The con-
ceptual design of such burner is based on the patent developed
by IK4-1kerlan [38]. Future steps in the design methodology
would involve the geometry optimization of the inlet jets, the
interaction between several flames and the design optimization
for burner integration in real boiler operating conditions.

Air

Figure 1: Single flame from an hypothetical array burner.

It can be noted that air is coaxially introduced to guarantee
hydrogen combustion within the chamber. Coaxial air introduc-
tion and low fuel-air ratios have been characterized as a good
alternative to reduce NO, formation in turbulent non-premixed
flames [33, 39, 40] (in the last parts of this paper, we will pro-
pose some possible explanations for such observations: shorter
and narrower flames when coaxial air is introduced and lower
spreading angles of the jet flames at lower fuel-air ratios, both
implying smaller reaction volumes). However, these alterna-
tives have been hardly studied for laminar non-premixed hydro-
gen flames. In the present work, the effect of fuel-air ratio on
NO, formation is studied for ¢ = 0.91, ¢ = 0.83 and ¢ = 0.77,
where ¢ is an equivalence ratio based on the injected mass flow
rates of fuel and coaxial air. We considered values of ¢ < 1,
relevant for domestic gas boiler burners.

In addition, the flame splitting method similar to the study of
Igawa et al. [31] is analyzed by varying the flame power from
0.2 to 1.0 kW, corresponding to increasing inlet mass flow rates.
Design limits are imposed by considering a domestic burner of
20 kW. For example, if individual flames of 1.0 kW were se-
lected as the best choice, the burner would require an array of



20 flames to cover the maximum power level. For lower thermal
loads (e.g. 5 kW) each flame would work with an inlet power of
0.25 kW. The single flame study was carried out in the cylindri-
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Figure 2: Combustor geometry showing the most relevant dimensions and heat
transfer mechanisms across the walls considered

cal combustor shown in Figure 2. The most relevant dimensions
are shown in the upper view, with the yellow surface referring
to the insulation. The total length of the combustor is 300 mm.

Moreover, in order to obtain temperature measurements, an
unconfined flame configuration was also considered with the
same coaxial burner, without the cylindrical combustion cham-
ber.

As discussed at the end of this paper, the analysis of NO,
formation trends in this single flame configuration is useful in
order to identify key design aspects for low NO, hydrogen dif-
fusion array burners, and consider different design strategies
depending on the burner regime (laminar/turbulent).

2.2. Numerical set-up

In order to reduce the computational costs, 2D axisymmetric
geometries were used. As previously mentioned, the numeri-
cal results were used to understand the NO, formation trends,
extracting the thermal NO, reaction volume Vi, and study-
ing the competition between residence time 7., and chemical
reaction time 1/wno within Vie,c.

A grid independence study was conducted considering three
structured meshes. Table 1 summarises the characteristics of

Table 1: Number of cells for the three grids considered: number of cells in the
radial direction in the Hy inlet pipe (Nu,), above the burner rim (Nyjp) and in
the coaxial air pipe (N,ir), and total number of elements in the grids. Obtained
maximum temperature values and NO, concentrations for three grids in the
case 0.4 kW, ¢ = 0.83

Nu, Nim Nir Elements Tp,  NO;

(K]  [ppm]
Grid 1 8 4 6 50752 2365 84
Grid 2 12 6 9 114192 2368 88
Grid 3 20 10 15 317200 2368 88

each grid. Each grid was constructed in the same way, with
a similar cell distribution. The smallest grid size in the do-
main is the same uniform grid size used in the radial direction
to discretize the fuel and coaxial air inlet pipes together with the
burner rim (implying the number of cells in each of these zones
reported in Table 1). At the burner exit, the grid size in the axial
direction is specified as twice this smallest grid size. The grids
are stretched both in the radial direction (from the coaxial air
edge to the insulation) and in the axial direction. Grid 2, shown
in Figure 3, proved to be sufficiently accurate to ensure grid-
independent solutions and all the calculations presented in the
following are performed on this grid.

Insulation

Figure 3: General and detailed view of the selected mesh (Grid 2).

A no-slip condition was imposed at the burner walls, with the
first normal derivatives of species mass fractions set to zero. It
can be noted that the conductive heat transfer along the insu-



lation was also modelled. In addition, combined heat transfer
(convection+radiation) was taken into account at the external
combustion chamber wall.

Numerical simulations were carried out using the software
ANSYS Fluent 2019 R3 [32], which employs a Finite-Volume
Method to solve the equations for the conservation of mass, mo-
mentum, energy and species. The discretized convective terms
of the mentioned conservation equations were solved using a
second-order upwind scheme, while gradients were evaluated
through the Least Squares method. Pressure-velocity coupling
was solved using the coupled algorithm. Additional simulations

Wall_lab
T=300 [K], e=1

A Pressure
outlet

T

300 [mm]

150 [mm]

Velocity 3
inlet i

Wall_burner
T=300 [K], e=1

Figure 4: 2D axisymmetric geometry for the unconfined flame.

were carried out in order to reproduce the unconfined flame.
The obtained comparative results could then be used to under-
stand and explain the main results of the confined flame since
identical models and solver schemes were used in both con-
fined and unconfined simulations. The boundary conditions
for the unconfined flame model are shown in Figure 4, with
the laboratory and burner base walls defined as black bodies at
Tins=300 K.

3. Experimental measurements

3.1. NO, emission measurements

The main components of the experimental setup are shown
schematically in Figure 5. Hydrogen is supplied from a high
pressure steel container and compressed air is taken from the
compressed air line. The flow rates are controlled by mass flow

Heat
exchanger
Exhaust tube
o
Testo 350
gas
analyser
l Combustion
E chamber
/Eﬂm%
H2 mass H2 I
@ rﬂggr rotameter "
Pressure Y
regulator Spark
@ Airﬂg:zss Air plug
meter rotameter
Compressed

air

Figure 5: Experimental setup scheme

controllers, and can be varied between 0-10 L/min for hydro-
gen and 0-20 L/min for air. Those mass flow controllers are
connected to a Brooks 0152 Microprocessor control&read out
unit® in order to control the fixed mass flow values manually.
Additionally, the mass flow values are verified using two ro-
tameters for hydrogen and air. Pressure regulators are employed
to fix hydrogen and air pressures at 2 and 5 bar respectively.

The cylindrical combustion chamber shown in Figure 6 was
fabricated with AISI 316L steel and painted with high temper-
ature thermographic spray paint. The chamber dimensions are
those shown in Figure 2. A tubular water heat exchanger was
used to cool the exhaust gases. Once cooled, the NO, and oxy-
gen levels were measured using a Testo 350%® gas analyzer on
a dry basis and corrected to 0% O,. In addition, measurements
were carried out with an hydrogen detector located downstream
the outlet in order to ensure safe operating conditions. Each
measurement was maintained for five minutes to ensure steady
state.

3.2. Axial temperature measurements

Since temperature is one of the most critical variables for
thermal NO, formation, axial temperatures were measured at
different locations along the axis using a Pt-6%Rh/Pt-30%Rh
(B-type) thermocouple as shown in Figure 7. An adjustable
controlled mechanism was used to move the thermocouple ver-
tically, allowing displacements of 1 mm. The measured signals
were processed with Agilent 34972A® data logger. Temper-
ature readings at each height presented fluctuations of about
+15°C and were averaged by measuring on intervals of 180s.
It can be seen that the combustion chamber was removed to



Figure 6: Experimental combustion chamber.

permit the measurements and to control the axial position with
the motorized mechanism.

Figure 7: Axial temperature measurements in the unconfined hydrogen flame.

Finally, the measured temperatures were corrected follow-
ing the procedure of Bradley and Matthews [41]. Applying an
energy balance from Equation (1) at the thermocouple tip, gas
temperature was estimated following an iterative calculation.

W(Thame — Tie) = €0 (Toe — Titp) (1)

The mean thermocouple emissivity €. was characterized by
changing the emissivity of the thermal camera FLIR Therma-
Cam P25® until it matched the instantaneous temperature mea-
surement of the thermocouple. A final value of ¢, = 0.3 was
obtained. The heat transfer coefficient # was calculated from
the Nusselt number, which was in turn calculated as a function
of Reynolds number and Prandtl number. Following the same
approach as in [42], temperature dependent values of mixture
viscosity, conductivity, specific heat and density were taken
from air properties. Also following [42], the Reynolds num-
ber was evaluated using the mean axial velocity taken from the

numerical results and introducing the thermocouple diameter
(D =1.8 mm).

4. Modelling

The steady two-dimensional axisymmetric flow field was ob-
tained by solving the exact Navier-Stokes equations. Moreover,
species transport equations including chemical reaction source
terms and the sensible enthalpy transport equation including a
radiative heat loss source term were solved. We give here some
details on the modelling of these source terms, together with
the treatment of heat transfer within the insulation and through
the outer boundary. The post-processing of the thermal NO, is
finally described.

4.1. Species transport and finite-rate chemistry

The steady-state convection-diffusion conservation equation
for each species mass fraction Y; can be written as:

V. (oiY) ==V T +R ®)

where V is the velocity vector obtained from the Navier-Stokes
equations where the density p is obtained from the ideal gas law
at atmospheric pressure.

The first term on the R.H.S (right-hand side) represents
the species diffusive transport, which is particularly impor-
tant in non-premixed flames. In particular in the case consid-
ered, where hydrogen diffuses much more rapidly than other
molecules, the diffusive transport term should be properly mod-
elled. Here, the full multicomponent diffusion [43, 44] is taken
into account including thermal diffusive transport (Soret effect).
Note that recent developments for a more efficient evaluation of
the diffusion velocities [45] could be considered for future stud-
ies.

The last term on the R.H.S is the reactive term, which repre-
sents the formation and destruction rates of each specie i. The
species mass fraction reaction rates «; are obtained from the de-
tailed mechanism of O’Conaire et al. [46], including 10 species
(8 reacting species, plus N, and Ar) and 19 reactions.

The numerical resolution of (2) is done successively for each
species i, where the convective and diffusion terms are treated
implicitly, while the reactive terms are treated explicitly. In or-
der to avoid convergence problems related to the possible stiff-
ness of these explicit source terms, the approach used in AN-
SYS Fluent introduces an approximation that considers the ef-
fect of the reactive terms over small characteristic times 7, such

that: .
R =" f dt 3)
T Jo

This standard approximation used in ANSYS Fluent for station-
ary problems would deserve to be further investigated. Never-
theless, it proved to be sufficient for the present study.

4.2. Energy transport equation

The temperature was obtained by solving an energy transport
equation in both fluid and solid regions.



Combustion chamber. The steady-state transport equation for
sensible enthalpy reads:

V- (pihy) =V - (kVT - Zhjf,-) + Schem + Sraa (4)
j

The four terms on the R.H.S represent energy transfer due
to thermal diffusion, enthalpy transport due to species diffu-
sion, source of energy due to chemical reactions and radia-
tion heat loss, where the conductivity of the gas mixture k
was calculated using the Hirschfelder equation based on ki-
netic theory, and where 4; is the sensible enthalpy of species
i. The radiation source term S.,q was calculated using the dis-
crete ordinates (DO) method, which solves the radiative trans-
fer equation for a finite number of discrete solid angles. In the
present work four 6 and ¢ divisions for the angular discretiza-
tion were used, yielding to eight solid angles. The emittance
of the H,O molecules was calculated using the weighted-sum-
of-gray-gases model (WSGGM), which expresses the total gas
emittance as a weighted sum of gray gas emittances [47].

Heat conduction in outer insulation of the chamber. In the
solid regions, enthalpy transport equation reduces to heat con-
duction (heat transfer referred to as Qcong in Figure 2):

V- (k,VT)=0 (%)

where the temperature dependent thermal conductivity k,, in the
cylindrical insulation was obtained according to the data given
by the provider of the insulation material.

Heat transfer at external combustor chamber wall. In order to
model the heat exchange between combustor and ambient air, a
combined heat transfer (convection+radiation) boundary condi-
tion was imposed at the external chamber wall (corresponding
t0 Qcony aNd Oraq in Figure 2).

The convective heat transfer coefficient is given the fixed
value Ay = 6.5 W/m?K, such that:

Ocom = ho ) AT = To) ©)

where A; and T,; are the grid cell surface area at the external
wall and its temperature, respectively, and where T is the tem-
perature of the ambient air.

The value of the heat transfer coeflicient 4y was calculated
using the following Nusselt number expression [14]:

0.387Ra,’®

Nu =10.825 +
’ [1 +(0.492/Pr)o/16]8/27

N

where Ray is the Rayleigh number which is the product of the
Grashof and Prandtl numbers [14]. Hence, the heat transfer
coefficient hy can be calculated for each surface temperature
from the definition of Nusselt number. The mean value of 6.5
was obtained by varying the temperature of the external wall
from 320 K to 500 K.

Radiation heat loss from the external wall to the surrounding
ambient air was modelled assuming diffusive grey surface and

fixing the surface emissivity at & = 0.98. Such a high emis-
sivity was achieved by painting the external wall of the experi-
mental combustor with a matt nitroalkydale black spray, which
increases the emissivity of the painted surface. The value 0.98
was experimentally obtained by heating the wall and measuring
the temperature using a surface thermocouple and FLIR Ther-
maCam P25® infrared thermal camera. The emissivity of the
thermal camera was changed until it was equal to the instanta-
neous temperature measurement of the thermocouple.

With these parameters, the radiative heat transfer between the
external wall and the environment was modelled as:

Ora = 80 ) AT}, = T}) @®)

where o = 5.67 x 107 W/(m? K*) is the Stephan-Boltzman
constant.

4.3. Thermal NO, post-processing

The main objective of the study is to analyze the effect of in-
let power and equivalence ratio on NO, formation. As there are
no CH radicals and pressures are relatively low, prompt NO,
and nitrous oxide NO, mechanisms are neglected. Since ther-
mal NO, emissions mainly consist of nitric oxide [15, 25, 48],
its formation is modelled using the well known Zeldovich
mechanism formed by three elementary reactions, assuming
that all NO, is NO generated by the thermal NO, mechanism:

O+N>»S N+NO )
N+0, S NO+0 (10)
N+OH S NO+H (11)

The name thermal is used due to the high activation energy
of the reaction (9) caused by the triple bond in the N, molecule
and is only sufficiently fast at high temperatures. Thus reaction
(9) is the rate-limiting step of thermal NO formation due to its
low rate [15].

In order to obtain accurate results, this mechanism could be
accounted for by adding more elementary reactions to the de-
tailed mechanism in (2) [49, 50]. However, this would increase
the number of species to be transported as well as the solu-
tion matrix. Hence, NO, models are commonly decoupled from
the main reaction mechanism, computing their reaction rates in
a post-processing step through the converged temperature and
species concentration values [51, 52, 53].

The calculation was carried out disabling the main equations
(continuity, momentum, energy and main species transport) and
solving the transport equation for Yno:

V- (p¥Yno) = V - (0DVYno) + piono (12)

where D is an effective diffusion coefficient and wno is the re-
active source term calculated considering the above Zeldovich
mechanism (9)-(11) with rate constants taken from the evalua-
tion of Hanson and Salimian [54].



5. Experimental and numerical results

5.1. General observations

The power range under study was from 0.2 to 1.0 kW and
consequently the inlet Reynolds numbers increased with in-
creasing inlet mass flows rates. No steady solution could
be obtained numerically when increasing the inlet power
above 0.6 kW, suggesting that laminar-turbulent transition was
reached. This non-laminar regime is observed experimentally
in the unconfined flames at 0.8 kW as shown in Figure 8 for the
case ¢ = 0.91. Therefore, the computational study was limited
to the range 0.2-0.6 kW while experimental measurements were
maintained for the whole range (0.2-1.0 kW).

Figure 8: Image sequence illustrating the non-laminar regime of the unconfined
flame at 0.8 kW and ¢ = 0.91 (image sequence captured using a Canon EOS
M50® camera at burst mode with 10 fps).

Different trends of NO, concentrations will be observed in
the following depending on whether laminar or non-laminar
flames are considered. According to Chen and Driscoll [33],
the differences in NO, between laminar and turbulent regimes
can be explained by considering reaction volumes Vi, res-
idence times 7. and NO, chemical times 1/wno,. It will be
useful to consider the relative importance of each factor in or-
der to interpret the experimental and numerical results.

Before considering more detailed comparisons of tempera-
tures and NO, concentrations, we can observe in Figure 9 that a
general good qualitative agreement is obtained between experi-
mental and numerical results (here at equivalence ratio ¢ = 0.91
in the unconfined configuration).

5.2. Temperature validation in unconfined configuration

Figure 10 shows a validation of axial temperature in the un-
confined configuration for 0.2 kW at ¢ = 0.83. A good agree-
ment between simulation results and experimental data is ob-
served, in particular at heights below x = 15 mm. It can also be
observed that computational results slightly over-estimate the
maximum temperature value (~54 K). On the one hand, dis-
crepancies between measurements and modelling may be at-
tributed to the uncorrected conduction losses along the ther-
mocouple. In addition, experimental results were corrected
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Figure 9: Pictures of unconfined flames for two inlet powers at ¢ = 0.91 (top)
and corresponding numerical results for temperature and OH mass fraction
(bottom).
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Figure 10: Experimental and numerical axial temperatures (inlet power 0.2 kW,
¢ =0.83).

using the mixture properties of air, while the mean axial ve-
locities were taken from the numerical results. On the other
hand, the modelling assumptions and simplifications could be
improved, both for the reactive source terms that use the ap-
proximation (3), and in the treatment of radiative heat transfer



using WSGGM with a finite number of discrete solid angles
and boundary walls with constant temperature and emissivity.
Still, the good agreement between numerical results and exper-
imental data shown in Figure 10 for the unconfined configura-
tion suggests that the proposed numerical modelling framework
correctly captures the main physics of the laminar flames con-
sidered here.

5.3. Thermal NO, validation
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Figure 11: Experimental and numerical NO, concentrations for different equiv-
alence ratios, as a function of inlet power (top) and as a function of the Reynolds
number of the coaxial air stream (bottom).

Figure 11 shows the experimental and numerical NO, con-
centrations for each equivalence ratio, as a function of inlet
power (top figure) and as a function of the Reynolds number
of the coaxial air stream (bottom figure). The agreement is
good for the different laminar flames considered, and it can be
seen that numerical NO, results are able to predict the forma-
tion trends when increasing the inlet power, with a maximum
value at 0.6 kW. The experimental results show decreasing NO,
concentrations for inlet power of 0.8 and 1.0 kW (correspond-
ing to values of Reu;; above 2000), confirming a transition from
laminar to turbulent above inlet powers of 0.6 kW.

6. Discussion

Different trends have been observed in the results. NO, con-
centrations increase with inlet power in the laminar regime,
while the opposite trend is observed experimentally when
flames are not laminar. On the other hand, NO, concentrations
are higher at lower equivalence ratios, even out of the laminar

regime. Since the numerical results correctly capture the main
features of the flames considered, we will use them in order to
interpret the trends in the laminar cases.
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Figure 12: Contours of OH mass fraction at two inlet powers and two equiva-
lence ratios, together with the isosurface wyop = 0.1s57! defining Vyeae (black
line).

Some qualitative ideas on reaction volumes V., residence
times T and reaction times 1/wno can already be extracted
from Figures 12, 13 and 14. We will now try to consider these
different factors in more detail.

6.1. Influence of inlet power

In order to quantify the volume V., Wwhere NO, is produced,
we simply extract the volume from the numerical results where
the chemical reaction rate of NO is larger than a small number
(for instance wyo > 0.1571):

Ve = f f f v (13)
[wno>0.1571]

This is the volume within the isosurface wyo = 0.157! repre-
sented in Figure 12. Note that a definition could also be based
on a high temperature region, since this is a necessary condition
in order to activate the rate-limiting reaction (9), as previously
explained. However, the above definition seems more appropri-
ate by including all the factors describing a high NO production
zone, since not only high temperatures, but also for instance rel-
evant concentrations of O radicals are required for the activation
of reaction (9).
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Figure 13: Contours of O concentrations at two inlet powers and two equiva-
lence ratios, together with the isosurface wyo = 0.1s57! defining Vyeae (black
line).

As already discussed, the larger Vye,, the larger the zone
where NO, is produced. However, the intensity of NO, produc-
tion should also be considered within V,.. This can be related
to the competition between a residence time 7,5 (Which can be
assumed to be inversely proportional to the velocity magnitude
|\7’|) and a chemical time (inverse of wyp). We can consider for
instance the inverse-velocity weighted average of wno within

Vieac:
I ool
W =
NO ff\jgvreﬂcl 1 /|‘7)| d(v

which should give an idea of the intensity of NO, production
within Vie,e. The larger @no. the more intense the production
of NO, within Vieyc.

Figure 15 shows opposite effects for these two factors. On
the one hand, the reaction volume increases with increasing in-
let powers (longer laminar flames). On the other hand, o
decreases (high reaction rates found in regions of shorter res-
idence times). Hence, we can claim that the increasing NO,
concentrations with increasing inlet powers observed in Fig-
ure 11 in the laminar regime is mainly due to longer flames and
therefore larger NO, reaction volumes.

On the other hand, we can attribute the opposite trend ob-
served experimentally for non-laminar flames to the less in-
tense NO, production within Vie,.. This is in line with the
observations of Chen and Driscoll [33] for simple turbulent jet
flames (without coaxial air) where flame lengths remain rather

(14)
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Figure 14: Contours of wno at two inlet powers and two equivalence ratios,
together with the isosurface wyp = 0.1s57! defining Vyeac (black line).

constants (implying constant flame volumes since Viesc L?.(S
[34]), whereas they increase for laminar flames. Moreover,
in addition to shorter residence times, we could also expect
lower local reaction rates wyo at higher inlet powers in turbu-
lent flames, related to higher local strain rates and more intense
molecular mixing.

6.2. Influence of equivalence ratio

The trend of higher NO, concentrations for lower equiva-
lence ratios observed in Figure 11 is also explained by Fig-
ure 15. At low inlet powers, the reaction volumes are similar
at all ¢ and the difference in NO, concentration is directly ex-
plained by the higher reaction intensity at lower equivalence
ratios. We can indeed expect higher local values of wno due
to higher local concentrations of O when more coaxial air is
injected.

With increasing inlet power, however, this difference is re-
duced (experimental curves are closer above 0.6kW in Fig-
ure 11 (top)) because of smaller reaction volumes at lower ¢.
We can see from Figure 14 that this is due to a lower spreading
angle of the jet flames at lower ¢ (rather than shorter flames).
This is in line with the observation of Chen and Driscoll [33]
in fully turbulent flames where coaxial air reduced NO, emis-
sion index. We can therefore expect that the three lines in the
top plot of Figure 11 would cross for some inlet power values
above 1.0 kW, implying NO, reduction with lower ¢ values in
fully turbulent flames as observed by Chen and Driscoll. How-
ever, in the low Reynolds number flames considered here, the



55
50 °
A
45 -
. 40r
e
8‘35
L 30
£
=25
o
> 20 [
151 $=0.771
A 4o
ol $=0.83 |
. ® =091
5 ! | | | T
0.1 0.2 03 0.4 0.5 0.6 0.7
Inlet power [kW]
100 T T T
$=0.77
90 A 4-083|
® ¢=091
A
80
"m °
= nof
— A
S 60
3 °
50 A
40
°

30
0.1

0.3 0.4 05

Inlet power [kW]

0.2 0.6 0.7

Figure 15: Vyeae (top) and wno (bottom) from the different laminar flame cal-
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opposite effect is observed: stronger coaxial air streams (lower
equivalence ratios), implying higher local concentrations of O,
enhance NO, emissions, despite smaller reaction volumes and
shorter residence times. Therefore, in contrast to previous non-
premixed flame studies [33, 39, 40], it can be concluded that
lower equivalence ratios promote the NO, formation in laminar
diffusion hydrogen flames with coaxially introduced air.

6.3. Low NOx domestic hydrogen burner design strategies

Considering the discussed results, two opposite strategies
may be highlighted for the design of low NO, hydrogen dif-
fusion array burners depending on the flame regime.

Turbulent burners. A first strategy would consist in reducing
the number of flames, implying higher thermal power and pos-
sibly fully turbulent flames with lower NO, values. As previ-
ously discussed, we could indeed expect lower values of wno
and shorther residence times, while reaction volumes Vi,
would remain rather constant (expecting constant flame lengths
L¢, with Vigaer Lf,.é [34]). Within the fully turbulent regime,
equivalence ratio reduction and coaxial air introduction have
already been considered as good alternatives to NO, reduction
[33, 39, 40].

For low power applications such as domestic boilers, a ma-
jor drawback could be the need to considerably increase the
volume of the combustion chamber due to the longer flames.
Still, compact low emission turbulent burner designs could be
based on flame aerodynamics, where several techniques such as
cross flows, vortex generation, bluff bodies or swirling jets have
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been successfully used [27, 55, 56]. Another issue for such tur-
bulent domestic boilers would concern the maximum possible
inlet mass flows (and therefore inlet Reynolds number), consid-
ering the limitations of the standard blowers used to suction the
air into the chamber.

Laminar burners. A second opposite strategy would consist in
increasing the number of flames in order to reduce the inlet
power for each flame, ensuring a laminar regime where lower
V¢eac for each flame, would have a positive effect on NO, re-
duction despite the increase of wyo as it has been already con-
cluded from Figures 11 and 15. This is in line with the flame
splitting method studied by Igawa et al. [31]. This approach
would be more appropriate for domestic boilers or similar ap-
plications with spatial restrictions for burner integration in the
overall system. In this case, we can expect an array burner with
a large number of laminar flames of lower thermal power to re-
duce the NO, concentrations, as we could observe at 0.2 kW,
where the lowest NO, concentrations were measured. As an
example, considering a 20kW burner working at ¢ = 0.91,
100 flames of 0.2kW would generate approximately 55 ppm of
NO,, while 34 flames of 0.6kW would generate about 100 ppm.
Therefore the overall NO, concentration would be reduced by
v 45%. However the flame splitting method implies miniatur-
ized air and hydrogen inlet holes, which could yield to complex
geometries and manufacturing restrictions. In addition, further
studies are required in order to verify that interactions between
flames in an array burner do not alter the general observations
made here on single burners.

7. Conclusions

Thermal NO, formation in laminar H,/air coaxial diffusion
flames was analyzed through experimental measurements and
CFD simulations. The influence of inlet power and equivalence
ratio was experimentally and numerically analyzed varying the
power from 0.2 to 1.0 kW at ¢=0.77, 0.83 and 0.91. Numerical
results were compared to axial temperature measurements for
the unconfined flame, and to NO, concentration measurements
for the confined flame, showing satisfactory agreement in both
cases. Using the validated CFD results, the different trends in
NO, concentrations depending on inlet power and equivalence
ratio could be explained by considering different factors: a reac-
tion volume V.. and the competition between residence time
Tres and chemical reaction time 1/wno within Vie,c. Moreover,
the positive effect of coaxial air on NO, reduction compared
to a simple jet flame is also illustrated numerically in the Ap-
pendix.

In fully turbulent non-premixed hydrogen flames, low equiv-
alence ratios can be used to reduce NO, formation [33, 39, 40].
We observed the opposite effect in our laminar and low-
Reynolds non-laminar flames, where higher NO, concentra-
tions were measured at lower equivalence ratios. The situation
is indeed different than in fully turbulent flames, since the nega-
tive effects of lower Reynolds number (longer residence times)
and larger reaction volumes (wider spreading angles of the jet



flames) at higher equivalence ratios are overruled by the pos-
itive effect of lower local NO, reaction rates related to lower
concentrations of O. Therefore, this study corroborates that near
stoichiometric equivalence ratios would reduce NO, formation
in laminar flames.

Concerning the effect of inlet power on NO, formation, a
transition from laminar to turbulent was detected above 0.6 kW,
were the NO, formation trend is inverted. Therefore, consid-
ering the flame-splitting method for array-burner design, two
opposite strategies may be considered for NO, reduction: a re-
duced number of fully turbulent flames (with the possible draw-
back of too large combustion chambers for domestic boilers,
and with inlet mass flow rate limitations due to the standard
blowers used to suction the inlet air), or an increased number
of laminar flames (with the possible manufacturing restrictions
related to small inlets).

The insights gained from this study may be of assistance to
the initial phase of a low NO, hydrogen burner design. Like-
wise, this research has thrown up many questions in need of
further investigation such as the influence of the interaction be-
tween several flames on NO, formation or the parametric study
of different burner geometries.
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Appendix A. Effect of coaxial air on thermal NO,

The effect of coaxial air on NO, formation can also be anal-
ysed numerically. For that purpose, a flame at 0.4 kW is sim-
ulated without coaxial air (simple diffusion flame). Coflowing
air is introduced as a low velocity stream (5% of the main jet
velocity). Figure A.16 gives a qualitative picture of these re-
sults compared to the results of the confined flame at ¢ = 0.91.

The OH mass fraction contours indicate a shorter, narrower
and thinner flame in the confined coaxial air case. In order to
quantify this effect, the volumes V., (defined here as wno >
5s71) and the inverse-velocity weighted averages o are given
in Table A.2.

Table A.2: Maximum temperature values, Vieac, WNo and EINOx in two lami-
nar flames with inlet power 0.4 kW: (a) a simple jet flame and (b) the confined
flame with coaxial air (case ¢ = 0.91).

Case Tmax  Vieac Ono EINOx
K] [em’] [l/s] [gNO, /kgH;]
(a) 2463 7.68 177.43 8.79
(b) 2372 489 110.68 2.16

The numerical results show that maximum temperature is
91 K lower in the coaxial air case, and we see a reduction of
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Figure A.16: Temperature and OH mass fraction contours at inlet power
0.4 kW, for the confined flame with coaxial air stream (¢ = 0.91) and a simple
jet flame. The black line indicates the isosurface wyo = 557! (used to define
V¢eac in this case).

both Viese and wno (in line with shorter residence times). Con-
sequently, as show in Table A.2, the EINOx (emission index of
NO,: grams of NO, per kilograms of fuel) is reduced by ap-
proximately 75%, showing that coaxial air has a positive effect
on NO, reduction.
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