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HIGHLIGHTS

o Flashback limit of a self-aspirating burner extended up to 100 vol% H, by increasing dje:.
e Primary air entrainment is reduced by increasing dj,.

e Positive non-linear relationship between equivalence ratio and flame length.
¢ Negligible reductions in radiant heat transfer with H, addition under in modified burner.
o Negative linear relationship between NOx emissions and equivalence ratio.
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ABSTRACT

The ability for existing burners to operate safely and efficiently on hydrogen-blended fuels
is a primary concern for the many industries looking to adopt hydrogen as an alternative
fuel. This study investigates the efficacy of increasing fuel injector diameter as a simple
modification strategy to extend the hydrogen-blending limits before flashback. The
collateral effects of this modification are quantified with respect to a set of key perfor-
mance criteria. The results show that the unmodified burner can sustain up to 50 vol%
hydrogen addition before flashback. Increasing the fuel injector diameter reduces primary
aeration, allowing for stable operation on up to 100% hydrogen. The flame length, visibility
and radiant heat transfer properties are all increased as a result of the reduced air
entrainment with a trade-off reported for NOx emissions, where, in addition to the effects
of hydrogen, reducing air entrainment further increases NOx emissions.
© 2023 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).

Introduction

natural gas in domestic and industrial combustion applica-
tions. The potential benefits from adoption of hydrogen are
well-documented, in particular, a renewable and ethical pro-

Due to the current state of climate change, there is a need to

; ) duction process, carbon-free emissions and improved per-
consider the effects of hydrogen (H,) as an alternative fuel to

formance. For the many high temperature commercial
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Nomenclature

p density

U velocity

A area

R radius

A% volumetric flow rate

m mass flow rate

o equivalence ratio

HHV higher heating value

LHV lower heating value

%r radiant fraction

Q: total heat input

Q total radiated power

X mole fraction of methane
SLPM  standard litres per minute
EI emission index

Dy dilution correction factor
MW molecular weight

PCC Pearson correlation coefficient
HAB height above burner

v ratio of entrained air to fuel flow
Re Reynolds number

applications looking to utilize renewable, low-carbon tech-
nology which are not well suited for electrification, hydrogen
combustion is a promising alternative [1].

Despite the advantages, adding hydrogen to natural gas
burners changes the combustion characteristics around
which the burners were designed [2—4]. Hydrogen has a higher
laminar burning velocity and adiabatic flame temperature,
which increases the potential for flashback and thermal NOx
production. The lack of carbon in hydrogen also poses a
challenge of reduced radiant heat transfer and visibility — the
radiant heat and much of the visible emissions from typical
hydrocarbon flames are primarily a result of carbonaceous
soot particles [3,5-9]. Much of the recent investigations of
hydrogen combustion has been focused on solving these
challenges via alternative combustion regimes [10], fuel ad-
ditives [11—13] and various modifications to burner design
[14]. The effects of blending with hydrogen vary depending on
the fuel type, performance metrics and fraction of total fuel.
The consensus is most natural gas burners can tolerate
around 10 vol% hydrogen before any impact on performance
is observed, although higher tolerances have also been re-
ported [1,12,15—19]. Although the 10 vol% mark serves as a
good initial target for early adopters of hydrogen, it will not be
sufficient in the long term to reduce carbon emissions and
limit our dependence on non-renewable fuels. The long-term
goals of governments and industries looking to transition to
hydrogen will need to achieve higher blend ratios closer to
100 vol% to have an impact on carbon emissions.

The focus of future burner design needs to address the
challenges of hydrogen adoption on industry-applicable
burners for blending scenarios beyond 10—-20% and where
possible, propose strategies to smoothly integrate hydrogen as
a primary fuel for combustion. Hydrogen research is rarely

conducted on commercial burners due to the additional scale
and complexity of their design, which is not intended for
fundamental-level study. Studying small scale burners with
simple designs is useful for detailed analysis of underlying
chemistry and physics but this approach does not provide a
global context of the effects of an alternative fuel. In partic-
ular, when studying hydrogen addition in self-aspirating
burners it can be difficult to quantify important parameters
such entrained air, which is critical to describe the premixing
behaviour [16]. The subtle complexities of practical commer-
cial burners make predicting the outcomes of alternative fuel
use difficult. Modern self-aspirating burners often include
unique and bespoke design features that require targeted in-
vestigations to bridge the knowledge gap on the effects of
hydrogen addition and inform manufacturers, end-users and
policy makers of the benefits and challenges involved in a
transition to hydrogen.

Self-aspirating burners are commonly used in a wide range
of applications, from small Bunsen burners and domestic
cooktops, up to medium and larger scale burners used in
commercial kitchens and metal processing. The principle of
operation of these types of burners has been known for many
years [20,21]. A fuel gas mixture exiting an injector with
enough momentum to entrain atmospheric air, creating a
partially-premixed fuel-air mixture [20—22]. The amount of
entrained air is a function of fuel momentum (pU?), therefore,
factors such as burner geometry, fuel type and fuel pressure
are important dictating parameters of the fuel/air mixture and
overall performance [23,24]. This sensitivity to multiple fac-
tors means that a subtle variation in experimental methods
can yield conflicting results between similar investigations.

The operating limits of self-aspirating burners on hydrogen
has become a notable area of interest in recent years. This
new motivation for studying hydrogen in self-aspirating
burners has highlighted the challenges in predicting the safe
upper limit for hydrogen addition to existing domestic and
commercial burners. In principle, flashback occurs when the
burning velocity of a fuel exceeds the gas velocity at which itis
being issued [25—27]. In practice, flashback can occur as a
result of instabilities in temperature, pressure, flame propa-
gation dynamics or a number of other factors. The critical
flashback limit of a given burner or fuel needs to be described
with some degree of insight to the operating conditions. For
example, the flashback limit of a burner during ignition may
not be the same as the limit during steady state operation. As
the system approaches the flashback limit, fluctuations in the
temperature of inlet gases or burner components, fuel/air flow
or changes in the supply/turndown rate may trigger a flash-
back event. The reported upper limit for hydrogen addition to
any given burner is often inconsistent due to the sensitivity of
flashback to steady or unsteady operating conditions,
confined or unconfined combustion and other subtle varia-
tions in the design and testing methodology. Zhao et al.
[17,18,28,29] has contributed a large body of work on the topic
of flashback in self-aspirating burners due to hydrogen addi-
tion. In an investigation on hydrogen addition to a 22 kW self-
aspirating furnace room heater, the burner would flashback
during ignition at 20% but could sustain up to 45% hydrogen
during steady-state operation [30]. A similar investigation of a
self-aspirating cooktop burner found the limit of hydrogen
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addition before flashback to be 75% during steady-state
operating conditions but this value is reduced to 20% when
the ignition/turn-down capacities of the burner are included
in the test [17]. In the same study, intermittent flashback
limits were discovered by changing operating conditions
slightly, such as, for example, the use of a cooking pot. In-
teractions between the pot surface and the flame caused the
steady-state hydrogen limit before flashback to be reduced to
55%. Other investigations also concluded that the upper limit
for hydrogen addition before flashback during ignition or
similar was 10-30% [1,15,18,29,31—33]. It is noteworthy,
however, that this limit can be significantly extended with
simple modifications to the burner or the operating procedure,
such as, for example, increasing the hydrogen fraction under
steady state conditions [17,29].

The efficacy of a burner modification strategy to extend
the hydrogen blending limit must also be weighed against its
impact on other key performance parameters. Flame length,
visibility, radiant heat transfer and NOx emissions are
commonly cited areas of concern when considering
hydrogen blending [34—37]. Many commercial burners utilize
the self-aspirating design to entrain cool primary air to pro-
vide a critical cooling effect to the burner components. In an
investigation on the effects of hydrogen addition to a self-
aspirating water heater, it was reported that 40% hydrogen
could be blended with natural gas before the burner surface
temperature exceeded safe limits [38]. The adiabatic flame
temperature of hydrogen is much higher than other fuels,
including natural gas. The increased flame temperature may
pose added risk to the burner equipment. However, flame
temperatures also depend on stoichiometry, which is a
function of burner design and operation, and temperatures
of burner components depend on heat transfer, which also
depends on design and operation. These factors also impact
the formation of thermally sensitive species such as NOx.
The potential increased flame temperature as a result of
hydrogen addition is frequently correlated with increased
thermal NOx formation. For counterflow partially-premixed
flames in internal combustion engines, numerical simula-
tions have shown that the extent of partial premixing
(equivalence ratio) and strain rate both have an effect on NOx
emissions, and that the prompt NOx mechanism can domi-
nate over the thermal mechanism [39]. For inverse diffusion
flames it has been noted that hydrogen blending can slightly
increase NOx emissions [40]. It is interesting to note that the
impact of hydrogen on NOx emissions is frequently reported
as negligible in self-aspirating burners for 20—25 vol% [18,28],
40-50vol% [17,38,41] and even up to 80 vol% [42]. The impact
of hydrogen addition >50 vol% is rarely investigated for
commercial self-aspirating burners due to the risk of
flashback.

In addition to increased flashback potential and NOx
emissions, hydrogen-blended flames have also been reported
to impact heat transfer efficiencies [36,43—47]. The zero
carbon-dioxide emission profile is a flagship feature of
hydrogen as an alternative fuel compared to natural gas and
other hydrocarbon fuels. Given the absence of carbon-species
in hydrogen, a partial or complete replacement of carbon-
based fuels for hydrogen will play a significant role in
reducing carbon emissions in industries which choose to

adopt hydrogen. However, although counterintuitive, the
presence of carbon is a critical component to the heat transfer
properties of a flame. Soot particles are responsible for the
majority of the radiant heat transfer in hydrocarbon flames.
Their presence is critical to the thermal efficiency of
numerous commercial heating applications that rely on ra-
diation in addition to convection heat transfer. Other species
such as water vapour do contribute to radiant heat transfer
but are not as efficient emitters as soot particles. The reduced
radiant heat transfer of hydrogen flames has been previously
correlated with a reduced soot volume fraction due to dis-
placed carbon in the fuel.

The impact of hydrogen blending on the flashback limits
and performance of commercial self-aspirating burners, and
in particular, the Atmospheric Nozzle or “AN” burner, is not
sufficiently addressed in the current literature. Similarly, an
analysis of the efficacy and collateral effects of the modifica-
tion of fuel injector size to extend the flashback limit has not
been adequately investigated. The differences in the burner
structure and operating conditions in previous studies, have
resulted in a divided consensus on the safe upper limit for
hydrogen blending in commercial applications. Classification
of equipment failure can be highly subjective across in-
dustries and policy guidelines. The changes in equipment
surface temperature, heat transfer efficiencies or emission of
some combustion species due to hydrogen addition may be
acceptable to some but intolerable to others. Much of the
contemporary research concludes that current self-aspirating
burners have varying tolerances to hydrogen but in general
20% hydrogen can be added without flashback or other any
negative consequences. There is evidence to suggest that the
potential for flashback can be reduced via simple modification
to the burner geometry, in particular, the fuel injector size [29].
More work and data are needed to establish the efficacy of
such burner modifications and their collateral effects on
performance.

The aims of the present investigation are to quantify
the effects of hydrogen addition to a commercially avail-
able, self-aspirating, atmospheric burner,
commonly referred to as an AN-burner. The AN-burner
and its design features are commonly used in a wide
range of domestic and industrial applications, many of
which are potential adopters of hydrogen in the future.
The first aim is to quantify the effects of various
hydrogen/natural gas fuel blends under normal operating
conditions. The primary air entrainment is measured for
each hydrogen/natural gas fuel blend and the upper limit
of hydrogen addition before flashback is determined. The
second aim is to establish the effectiveness of a simple
modification of the fuel injector to extend the hydrogen
blending limit before flashback. Finally, in addition to the
impact of hydrogen addition, the collateral effects of this
modification strategy are assessed with respect to several
key performance criteria, namely, flashback resistance,
flame visibility/appearance, radiant heat transfer and flue
gas NOx emissions. The knowledge generated from these
results will provide new understanding of (i) the impact of
hydrogen use in existing gas appliances at various blend
ratios and (ii) the efficacy and collateral effects of a sim-
ple, low-cost and retrospective modification strategy to

nozzle
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extend hydrogen blending limits. The novel experimental
data generated from this work will contribute to de-
risking the adoption of hydrogen by providing insight
into the manner and magnitude by which hydrogen-
blending affects burner performance. Overall, this work
will build on discussion on the merit of hydrogen as an
alternative fuel in existing burner infrastructure and pro-
vide a basis for future work to investigate implementation
strategies for hydrogen.

Methods
Burner apparatus

Partially-premixed flames are common in domestic and
commercial applications because of their combination of
soot-free combustion, utility, and safety. A rich premixed
blend of fuel and air helps to reduce soot and carbon mon-
oxide levels, while maintaining flame stability. In practice,
partially-premixed flames are most commonly achieved using
a self-aspirating design.

Self-aspirating burners operate by utilising fuel stream
momentum to entrain primary air from the surrounding at-
mosphere into a mixing tube upstream of the burner exit. The
rich fuel/air mixture is ignited at the burner exit where sec-
ondary air sustains the reaction. The rate of entrained primary
air is a function of fuel momentum and so factors related to
fuel properties or burner geometry can have a stronginfluence
on the entrainment potential of the burner and the stoichi-
ometry of the resulting mixture [22]. Practical self-aspirating
burners have geometric features such as fuel injector diam-
eter based on fuel properties and required power output of the
burner to ensure a high level of flame stability and good
combustion efficiency. Momentum flux (pU?) is most
commonly used in gas-entrainment applications [23,24],
however, since the geometry (area) is not a fixed variable in
this investigation, a momentum flow (pU?A) term is also used.

The burner apparatus used in these experiments was a
35 kW, commercially available, self-aspirating, natural gas
burner with an atmospheric nozzle. A diagram of the burner
apparatus is presented in Fig. 1. Fuel was issued into the base
of the burner tube via a 4 mm diameter fuel injector (dje).
Primary air was entrained from the surroundings into a
68.5 mm diameter venturi inlet from where it was allowed to
mix in the 112.5 mm burner tube with the fuel before exiting
the burner head. Surrounding air in entrained radially through
the two open-walled sections of the venturi inlet. The primary
air inlet also features an adjustable valve at the venturi to
control the primary aeration. For this investigation, the valve
was kept completely open to maximise air intake, which is a
common operating state of the AN-burner.

Standard operation of the AN-burner uses a pressure
regulator to control the supply rate of natural gas with pri-
mary air naturally entrained by the momentum of the fuel.
However, in this investigation, the pressure regulators were
removed from the burner apparatus and the mass flow rate of
hydrogen and natural gas was controlled manually using in-
dividual mass flow controllers. The use of mass flow con-
trollers allows for precise control of individual fuel flow rates
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Fig. 1 — Diagram of AN-burner showing major components
and their sizes in millimetres. Fuel injector jet diameter(s)
is interchangeable as dje: = 4 mm, 8 mm or 12 mm. Fuel is
issued via the central jet with diameter dj; and air is
entrained radially from the surroundings via the open-
walled design of the venturi inlet. The air chamber is
shown in the open position (slid down to allow normal
atmospheric air entrainment) but can be raised and sealed
to the mounting flange to measure and control the air

supply.

to conserve the heat input of the base natural gas case at
various hydrogen-natural gas blend ratios. This approach
allowed for an analysis of the upper hydrogen limit before
flashback under steady state operating conditions. The
entrainment of primary air was also measured using mass
flow controllers. A known mass flow rate of air was fed
through diffusers to a sealed chamber around the air intake of
the burner. A manometer was used to create an open control-
loop to ensure atmospheric pressure was maintained inside
the chamber during operation. This approach, adapted from
previous work, enables the quantification and control of the
mass flow of air for the burner when operating on different
fuel blends [48]. This measured primary air is also compared
with theoretical values which have been generated using a
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predictive model from literature [18,22]. The model, presented
in Eq. (1), is a function of fuel density (pg), air density (pg;),
inner (fuel) tube area (A;) and outer annulus (air) area (A;) to
determine a ratio (¥), of entrained air to fuel supply. In this
case, A is calculated using d; and A; is calculated using the
venturi air inlet diameter (68.5 mm), as shown in Fig. 1. The
agreement between measured experimental data and the
theoretical calculation is discussed further in Section 3.1, in
addition to the influence of changes in density and fuel stream
velocity caused by hydrogen addition.

Puel Ay
- (2o 1
Pair ( Ay ) ( )

The addition of hydrogen changes the equivalence ratio of
the fuel blend due to its own unique stoichiometry and its
increased propensity for air entrainment when blended at
constant heat input. The impact of hydrogen addition may be
mitigated using this insight by modifying the fuel injector size.
Increasing fuel injector diameter is a simple approach that can
be made retrospectively to existing burner systems. Increased
fuel injector size will lower jet velocity and decrease the
entrained air. The resulting equivalence ratio will be richer
and may allow for increased hydrogen blending before flash-
back. In order to study how changes in fuel composition and
consequently, momentum, affects the performance of the
burner, the fuel jet diameter is increased from the stock 4 mm,
up to 8 mm and 12 mm. Note that the same effect could also be
achieved by setting the venturi valve such that the same
amount of air is entrained — however, manipulating the
venturi valve is less precise and more difficult to repeat than
replacing the fuel injector. Unless otherwise specified, all data,
including flashback limits are reported at full rate (35 kW) for
operation at steady state conditions.

Flame cases

Typical operation of the AN-burner consists of natural gas
supplied at 35 kW through a 4 mm fuel injector at 1-2 kPa. The
heat input from the fuel stream is held constant at 35 kW and
is achieved by adjusting the fuel supply pressure, albeit indi-
rectly through the electronic mass flow controllers. The
motivation for the work is understanding the role of hydrogen
addition on combustion performance, and it is assumed the
heat requirements for a future application would be constant.
Pressure regulator settings may need to be adjusted in prac-
tical retrofitting applications when using hydrogen. A topic for
future work in this area is to investigate the modification of a
burner which can operate at 100 vol% hydrogen and constant
inlet pressure. For indicative purposes, Fig. S3 in the Supple-
mentary Material reports calculated pressure values for the
various jet diameter cases presented in this work.

The most common air setting is for the venturi valve to be
kept completely open, allowing maximum air entrainment.
The natural gas used in these experiments was from the
municipal network, with an approximate composition pro-
vided in Table S1 of the Supplementary Material. The
hydrogen gas used was industrial grade (assay: 99.5%) from
cylinders. All gas flow rates were controlled using Alicat mass
flow controllers.

The wider flammability range of hydrogen compared with
natural gas means as the hydrogen fraction is increased the
fuel mixture's flammability limits widen and less air is
required to form a combustible mixture inside the burner
head. Additionally, the increase in volumetric fuel flow
required to maintain heat input for larger fractions of
hydrogen will entrain more primary air, pushing the equiva-
lence ratio closer to stoichiometric [22]. Consequently, the
likelihood of flashback is predicted to increase for each in-
crease of hydrogen in the fuel stream. Initially, hydrogen
fraction was increased by 10 vol% for each fuel injector
diameter until flashback (or other undesirable characteristic)
— once the safe limits for hydrogen addition were established,
a select set of hydrogen-natural gas fuel blends were more
closely examined for their impact on the key performance
criteria of the burner. The combinations of fuel injector size
and primary air entrainment settings considered are outlined
in Table 1.

Hydrogen was added to the AN-burner without any modi-
fication to injector diameter is considered while allowing
either maximum air entrainment (A4 cases), that is, with the
air chamber open, or no air entrainment via closing the air
chamber (non-premixed, NP cases). The NP cases refer to a
simple non-premixed flame where no primary air can be
entrained. For many applications, primary air contributes to
other factors beyond just the stoichiometry of the fuel
mixture, such as critical cooling of the burner. In these ap-
plications, complete restriction of primary air may not be
possible and hence, modification strategies which do not
completely restrict primary air are incorporated into the scope
of this investigation. Two additional jet diameters are
considered, an 8 mm (A8) and 12 mm (A12) jet diameter, both
allowing full air entrainment.

Diagnostics

A variety of diagnostic equipment was used to measure the
impact of hydrogen and burner modifications on relevant
performance parameters.

Chemiluminescence data of the OH* radical was collected
for full flame profiles. OH* only occurs within the reaction

Table 1 — Burner operating conditions and respective
case codes.

Code H, (vol%) Air entrainment djer (Mm)
HO000-A4 0 Full 4
H010-A4 10 Full 4
HO050-A4 50 Full 4
HO000-NP 0 Non-premixed 4
HO010-NP 10 Non-premixed 4
HO50-NP 50 Non-premixed 4
HO090-NP 90 Non-premixed 4
H100-NP 100 Non-premixed 4
HO010-A8 10 Full 8
HO050-A8 50 Full 8
HO090-A8 90 Full 8
H010-A12 10 Full 12
HO050-A12 50 Full 12
H090-A12 90 Full 12
H100-A12 100 Full 12
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zone, which makes for an ideal marker of parameters such as
reaction zone location and flame length. The isolation of OH*
to the reaction zone allows for analysis separate from the
ambiguity associated with other techniques. OH* chem-
iluminescence was captured with an ICCD camera using a
50 mm {/3.5 UV lens through a 310 nm bandpass filter
(FWHM = 10 nm). The OH* images are presented in green false
colouration, to distinguish them from true-colour images. A
DSLR camera (Canon EOS 6D) with a 50 mm lens was used to
capture flame photographs. All photos were taken witha 3.2's
exposure time, an aperture of f/22 and white balance of
4900 K. An ISO sensitivity of either 100, 400 or 800 was chosen
to accommodate for the differing brightness of the flames,
image meta data is documented for all flame photographs in
the respective figure captions. The hydrogen flames appeared
orange, attributed to sodium impurities from the air, as has
been reported previously [42,43]. To eliminate this uncon-
trolled artefact, imaging was through a 594-nm (23-nm full-
width at half maximum) notch (NTC) filter to eliminate the
orange colour. Spectrometry data, included in Fig. S1 of the
Supplementary Material, shows a peak at 589 nm, corre-
sponding to the well-known sodium emission lines, and
photographs with and without the notch filter are shown for
comparison. Fig. S1in the Supplementary Material also shows
the OH* chemiluminescence at 310 nm.

Photograph scale bars are provided on true-colour and OH*
chemiluminescence figures to provide a sense of scale for flame
length. Additionally, OH* chemiluminescence flame lengths
are provided in a separate figure (Fig. 7) which are defined at the
axial distance along the flame centreline at which signal in-
tensity from OH* chemiluminescence falls below 50% of the
measured peak intensity. The time-averaged OH* images pre-
sented in this work are statistically stationary, however, due to
the turbulent nature of the flames, the variability in the spatial
location of the flame brush leads to a smearing of the mean
OH* signal. The 50% intensity threshold was found to ensure
consistency with the determination of the flame length whilst
reducing the effects of noise. The exact value of the threshold
does not affect the trends or the discussion of the results.

Axial heat flux measurements were taken using a Med-
therm sensor and view restrictor positioned on a vertical
traverse. The modified view angle of the sensor was 20° so that
the downstream evolution of the heat flux profile could be
resolved. The error is calculated as the sum of the measure-
ment accuracy (0.5% of the reading) and the standard devia-
tion of the sample population. Each sample is corrected by
subtracting a dark charge of the laboratory on the day of
collection. Radiant heat fraction is calculated using a point-
radiation assumption and Eq. (2), similar to previous work
[36,49,50] where the radiant fraction (y,) is calculated as the
sum of axial heat flux measurements (Q,) multiplied by the
radiative area (4wR?) and divided by the total heat input (Q;)
from the fuel stream. Here R is the distance from the flame
centreline to the sensor.

Q _47rR22Qp
oo T IHV @

Teledyne T200/T300 gas analysers were used to measure
NOx concentrations in the flue gas on a wet basis. Samples

were taken from 1800 mm above the burner exit plane, inside
a capture-hood to minimise dilution. The error is calculated as
the sum of the measurement accuracy (0.05% of the reading)
and the standard deviation of the sample population. Each
sample is corrected for background readings present in the
laboratory on the day of collection. Raw NOx data is corrected
to 0% O, and converted to an emission index (EI) with units
mg/MJ using Eq. (3) where nis the moles of some pollutant (e.g.
NO,) per mole of fuel and HHV is the higher heating value of
the fuel blend. A more detailed derivation of Eq. (3) is provided
in the supplementary material.
n

El= v (3)

Results and discussion
Impact of H, on burner function and effect of increased dje;

Fuel momentum and equivalence ratio

The ability to predict and control the fuel/air ratio of a burner
is critical to ensuring optimal combustion efficiency, stability
and safety. Self-aspirating burners are designed to be operated
on a specific fuel or fuel blend, such as LPG or natural gas. Fuel
injector jets and air intake orifices are sized to entrain the
appropriate amount of air to optimise a variety of factors
including stoichiometry, velocity, and stability. Operating a
self-aspirating burner on a fuel which it was not designed for
can have a significant impact on performance and safety. In
this case, hydrogen was added to natural gas while conserving
the total heat input until the burner flashed back. Using the air
chamber mentioned in Section 2.1, air supply was adjusted
such that the pressure inside the chamber was equal to 0 Pa(g)
for each hydrogen/natural gas fuel blend and for each fuel
injector diameter, A4, A8 and A12, respectively. The
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Fig. 2 — Measured (markers) and predicted (lines)
volumetric air entrainment normalised to the respective
stoichiometric air requirements for varying hydrogen/
natural gas fuel blends at constant heat input (35 kW). The
upper fraction of hydrogen addition before flashback is
highlighted with asterisks (*).
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corresponding entrained air for each of the hydrogen/natural
gas blends up to the point of flashback are presented in Fig. 2
as both fraction of stoichiometric air and equivalence ratio to
highlight changes in stoichiometry. Predicted air entrainment
values from a simple model (Eq. (1)) [18,22], described in Sec-
tion 2.1 are also presented in Fig. 2.

The measured primary air entrainment for the base natu-
ral gas case was 390 SLPM, creating a rich fuel/air mixture
inside the burner head with a ¢ = 1.54. As the hydrogen con-
tent in the fuel was increased, the total volumetric fuel flow
was increased to conserve total heat input due to the lower
volumetric energy density of hydrogen. This resulted in an
increase in the fuel jet velocity while the fuel density
decreased — consequently, there is an opposing dual action of
hydrogen with respect to fuel momentum. The results in Fig. 4
show peak momentum is achieved at 80 vol% hydrogen. This
is due to competing effects caused by a linear decrease in
density and an exponential increase in velocity of the fuel
stream as hydrogen fraction is increased. The normalised
entrained air increased by 20% with the addition of 50 vol%
hydrogen in the 4-mm case, entraining up to 78% of stoi-
chiometric air, creating a fuel-air mixture inside the burner
head with ¢ = 1.27. Overall, hydrogen addition at constant
heat input had an increasing effect on primary air entrain-
ment for each dj.: considered. As noted in the introduction, the
addition of hydrogen also extends flammability limits and
increases laminar flame speed, which both contribute to an
increased propensity for flashback. The determined upper
limits of hydrogen addition before flashback are discussed in
Section 3.1.2 but it is noteworthy that the increased entrain-
ment caused by the addition of hydrogen adds to the risk of
flashback by pushing the fuel-air mixture closer to
stoichiometric.

The impact of increasing dj.. has a strong reducing effect on
primary air entrainment. A doubling of the dj; value results in
a four-fold increase in jet area and a sixteen-fold decrease in
fuel momentum flux and a four-fold decrease in momentum
flow. The fuel momentum in a self-aspirating design is
directly proportional to the entrainment capacity of the
burner [22]. The results from Fig. 4 show increasing dj.: to
8 mm and 12 mm changes the fuel momentum by almost an
order of magnitude, which is a significantly larger impact than
the change in velocity or density caused by the addition of
hydrogen. The significant reduction in fuel momentum causes
the fuel-air mixture inside the burner head to become signif-
icantly richer. The equivalence ratio ranges from
¢ = 1.27—-1.54 with the 4 mm jet but increases to ¢ = 2.88—3.75
and ¢ =5.76—7.87 for the 8 mm and 12 mm cases, respectively.
The trends for experimentally measured air entrainment
presented in Fig. 2 support the notion that momentum is the
dominant parameter affecting entrainment in self-aspirating
burners.

The results presented in Fig. 3 show a positive linear trend
between entrained air and fuels-stream momentum. The
trends for measured entrained air, predicted entrained air and
calculated fuel stream momentum each exhibit a positive
linear relationship with increasing hydrogen fraction up to
~80 vol% at constant heat input, above this the trends become
non-linear up to 100 vol%. The volume of entrained air in a
self-aspirating burner is often reported to be directly

proportional to the momentum of the fuel stream [22] and so
fuel momentum is a good predictor of the entrainment po-
tential of a burner. To quantify how well the measured air
entrainment data correlates with the calculated fuel mo-
mentum a correlation factor can be used. The Pearson Cor-
relation Coefficient (PCC) for the measured normalised air
entrainment in Fig. 2 and the calculated momentum flow in
Fig. 4 is 0.985, 0.995 and 0.588 for the 4-mm-, 8-mm- and 12-
mm-diameters, respectively. It is noteworthy that the corre-
lation between the 12-mm-diameter entrained air and mo-
mentum is slightly less compared with the 4-mm and 8-mm
— however, the 12-mm cases cover a greater range of
hydrogen blends which do not maintain a linear trend above
~80 vol%. In fact, if the correlation coefficient for the 12-mm
case is calculated excluding the 100 vol% hydrogen case, the
PCC become 0.797. Further restricting the range of hydrogen
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Fig. 3 — Measured (markers) and predicted (lines)
volumetric air entrainment normalised to the respective
stoichiometric air requirements for varying fuel-stream
momentum flow values.

0.08 ' ' ' :
d_ =4mm
Jet
==== d_=8mm
Jet
I dlet=12mm |

0.07

0 20 40 60 80 100
Hydrogen in natural gas (vol%)

Fig. 4 — Calculated momentum flow values (at the injection
point) for varying hydrogen/natural gas fuel blends at
constant heat input (35 kW).
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blends (<80 vol%) continues to improve correlation with
calculated momentum flow. The correlation coefficients for
the predictive model with experimental results are of 0.988,
0.997 and 0.591, where, similar to momentum flow, improved
correlation can be achieved by excluding experimental data
for hydrogen blends >80 vol%. In general, there is a good
ability for relatively simple analysis of fuel properties and
burner geometry to produce the air entrainment for alterna-
tive fuels blend, but their accuracy is reduced for large frac-
tions of hydrogen.

The lesser correlation for larger fractions of hydrogen
can also be correlated with a lower Reynolds number. The
influence of turbulence has been previously discussed as a
factor affecting the entrainment of air in a self-aspirating
burner [20,51]. The non-linear reduction in Reynolds num-
ber highlighted in Fig. S2 in the Supplementary Material
may inhibit the model in Eq. (1) to predict the entrained air
across a wide range of turbulent intensities. Alternatively,
or additionally, the discrepancy in Fig. 2 may be related to a
higher sensitivity to the aerodynamic effects of the burner
geometry. The use of fuel momentum or the model in Eq. (1)
only includes the density of the fuel/air streams and a
simplistic assumption of co-axial geometry. Aerodynamic
effects are a complex interaction of forces relating to pa-
rameters such as drag coefficient, dynamic pressure and
aerodynamic design — many of which vary exponentially or
otherwise non-linearly with flow properties like velocity and
density. As the hydrogen fraction in the fuel is increased
and the total volumetric fuel flow is increased in order to
maintain the heat input, the impact of burner features like
venturi-style inlets, injector recesses and non-uniform
aerodynamics may become more significant leading to
reduced prediction accuracy.

Flashback limits

A primary concern for hydrogen addition in partially-
premixed combustion is the risk of flashback. There are
several factors which are reported to increase the propensity
of flashback events — hydrogen addition to natural gas lowers
the stoichiometric air requirement, widens the flammability
limits and increases the laminar flame speed [52]. These fac-
tors, combined with the increase in primary aeration shown
in Fig. 2, all contribute to the likelihood of flashback by
creating a scenario where the fuel/air mixture inside the
burner head can be ignited and burn at the fuel injector
instead of at the intended burner head [53].

In the present investigation, the practical limit for
hydrogen addition at constant heat input was determined to
be 50 vol%. Above 50 vol% the flame became increasing visu-
ally and audibly unstable, with flashback occurring after a
sustained period of operating at ~60 vol% hydrogen. Flashback
could be easily identified by visual inspection, where a lit-back
flame is attached to the fuel injector and burning inside the
burner head. Flashback also resulted in a significant increase
in combustion noise as the limit is approached before a loud
pop, signalling the flashback event itself, which is consistent
with previously reported flashback observations [40].
Increasing dj.; to 8 mm extended the safe operating limit of
hydrogen to 90 vol%, the 8-mm-jet flashed back after a short
period of sustained operation near 100 vol% hydrogen. Further

increasing dj.; to 12 mm allowed for stable operating of up to
100 vol% hydrogen without flashback at all.

It should be noted that burner surface temperature has
been shown to be a contributing factor to flashback propensity
in some burners [16,54]. The high cross-sectional to surface
area ratio of the burner head allows for sufficient cooling of
the burner surface to not contribute to flashback. Further-
more, each flame was allowed to operate for a sustained
period of time to ensure operational equilibrium was ach-
ieved. Although an analysis of burner surface temperature
was beyond the scope of this investigation, it will be included
as a topic in upcoming future work on the flashback pro-
pensity in hydrogen-blended flames.

The simple modification of fuel injector size may be a
practical solution to overcome the issue of flashback. In this
investigation, primary air was reduced by increasing dj,; from
4 mm to 8 mm and 12 mm. The larger jet diameters extend the
blending limits of hydrogen before flashback from 50 vol% to
90 vol% and 100 vol%, for 8 mm (A8) and 12 mm (A12) cases,
respectively. These flashback limits are used as the fuel
blends to be investigated in more detail. The following sec-
tions consider a base case (NG), two milestone blending points
(10 and 100 vol% H,) and critical limits of hydrogen addition
before flashback (50 vol%, 90 vol% H,).

It should be noted that although this investigation is pri-
marily concerned with the steady state flashback limit, due to
the large reduction in fuel jet velocity, the impact on the
turndown limit is also quantified for the HO00-A4 and H100-
A12 cases and presented in Table 2. Turndown refers to
operation of the burner with a sub-maximal heat output.
Many commercial burner designs feature user-controlled gas
supply, often in the form of control dials or “low” settings.
Although not the focus of this investigation, it is an important
limitation to recognise for the practical implementation of
strategies which lower jet velocity. That is, the operation of
the modified burner with hydrogen has a much smaller
turndown ratio than the unmodified burner on natural gas.

Performance of Hp-blended flames in the modified burner

Flame appearance

Flame length and visibility are important characteristics that
may be impacted by hydrogen blending. To quantify these
effects, true-colour photographs and OH* chemiluminescence
images have been collected, as described in Section 2.3. As
hydrogen content in the fuel is increased, the flammability
limits of the fuel mixture are widened. Furthermore, the pri-
mary air entrainment is increased. In combination, the pro-
pensity for flashback is increased. Initially, hydrogen fraction
was increased by 10 vol% for each fuel injector diameter until

Table 2 — Turndown limits before flashback as minimum

heat input values and percentage of maximum heat
input.

Code Heat input (kW) Fraction of maximum
heat input (%)

H000-A4 42 11.9

H100-A12 18.8 53.7
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flashback (or other undesirable characteristic) — once the safe
limits for hydrogen addition are established, a select set of
hydrogen-natural gas fuel blends are more closely examined
for their impact on the key performance criteria of the burner.
The combinations of fuel injector size and primary air
entrainment settings considered are outlined in Table 1 (a
pure natural gas, a pure hydrogen case, and 10 vol%, 50 vol%
and 90 vol% blended cases). At each blending ratio, the flame
is presented as a split image, corresponding to with and
without air entrainment, on the left- and right-hand side of
each of the images in the figures. In the 90 vol% and 100%
hydrogen cases where an aerated flame was not stabilised due
to flashback, only the cases without air entrainment are pre-
sented. Fig. 5a shows true-colour images and Fig. 5b shows
OH* chemiluminescence images for hydrogen addition to
natural gas with the base (4-mm-diameter) fuel injector.

Presentation of both true-colour and OH* chem-
iluminescence flame image data allows for a multifaceted
look at the effects of hydrogen addition and dj.; modification.
Flame images presented in Fig. 5a indicate that hydrogen
addition reduces the visible flame length. Hydrogen addition
reduces visibility of true-colour flame images and increases
the intensity of OH* chemiluminescence images. A substan-
tial increase in flame length can be seen in Fig. 5a and b for the
non-premixed (NP) cases compared with the base (A4) cases.
The relative reductions in visible flame length for non-
premixed (NP) cases have been shown previously for smaller
laminar flames [45]. The typical blue and yellow colouration of
natural gas flames changed with increased hydrogen content,
tending to a purple colour with 90 vol% hydrogen and a pale
red colour at 100 vol% hydrogen. Closing the primary air
supply resulted in an increase in yellow/orange colour of the
flames with up to 50 vol% hydrogen, as expected due to the
increase in soot formation corresponding to the non-
premixed flame configuration [45,55]. The increase in soot
volume fraction in richer fuel/air mixture flames is expected
to result in increased radiation heat transfer, which will be
investigated and quantified in Section 3.2.2. For the cases with
no aeration (NP), the 0%, 10% and 50% flames initially
appeared to be lifted from the burner however, no lift-off is
observed for any flames in OH* chemiluminescence images
(Fig. 5). Overall, hydrogen addition and increasing d;.; have a
strong influence on the flame length and visibility. Further
analysis and discussion of flame length is reported later in this
section (Section 3.2.1).

The base case (H000-A4) natural gas flame was entirely
blue in colour, changing to yellow/orange when the primary
air was restricted (the HO00-NP case). Near flashback, at 50 vol
% hydrogen, the flame took on two distinct regions, a bright
blue inner core and pale blueish-red outer plume. This can
also be seen in the OH* chemiluminescence data in Fig. 5b. A
strong chemiluminescence signal is observed in the core of
the 50 vol% (A4) flame, surrounded by a lower-intensity outer
plume. This observation is unique to the HO50-A4 flame case,
not seen in any of the other flames. The existence of a two-
zoned flame has been known for many years and has been
previously described as the result of unreacted fuel mixing
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Fig. 5 — a: Photographs of flames at different volume
percentages of hydrogen blended with natural gas (NG) (up
to 100% H,). Constant heat input (35 kW) through a 4 mm
fuel injector. Air entrainment is indicated as either full (A)
or none (NP). Where blending ratios produced a stable
flame for both types of air entrainment, the A and NP cases
are presented as a split image. Height above burner (HAB)
indicates physical scale. Exposure time: 3.2 s. White
balance: 4900K. Photographs have ISO settings of 400/100,
400/100, 400/100, 800, 800, respectively. b: OH*
chemiluminescence images of flames at different volume
percentages of hydrogen blended with natural gas (NG) (up
to 100% H,) through a 4 mm fuel injector. Air entrainment
is indicated as either full (A) or none (NP). Where blending
ratios produced a stable flame for both types of air
entrainment, the A and NP cases are presented as a split
image. Height above burner (HAB) indicates physical scale.
Photographs taken using 50 mm lens and 310 nm
bandpass filter. Exposure time: 3 s. A height above burner
(HAB) scale also is provided.
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with secondary air to form a second outer reaction zone [20].
Consider a rich but combustible fuel and air mixture, such as
the fuel and entrained primary air in a self-aspirating burner.
Initially, the mixture will react and consume all of the primary
air but the unreacted or partially reacted fuel (e.g. carbon
monoxide) will escape the reaction zone since the initial fuel/
air mixture was too rich to ensure complete consumption of
the fuel. As this unreacted mixture escapes the initial/central
reaction zone, it can react with secondary atmospheric air,
producing a secondary, outer reaction zone [20]. Additional
factors such as the wider flammability limits and preferential
diffusivity of hydrogen may contribute to this effect to pro-
duce the distinct two-zoned flame observed for the H050-A4
flame case in Fig. 5a.The notion of a double reaction zone was
also been reported previously by Naha et al. [39] who
described how partially-premixed flames can be classified
into two distinct flame regimes, namely, a double flame and a
merged flame. In this case, it was reported that a double flame
region is induced by a relatively low equivalence ratio and low
strain rate, with the flame transitioning to a merged flame as
primary air and/or strain rate is increased [39]. This is also
consistent with the present observations, where for the 50 vol
% hydrogen case, where the double flame region is observed,
the equivalence ratio is reduced by 17% and fuel jet velocity,
which is related to strain rate, is increased by 53% relative to
natural gas. Physically separate reaction zones imply a non-
uniform temperature profile which may have a significant
effect on NOx emissions.

Since increasing dj.; is an effective means of extending the
blending limits of hydrogen in natural gas, its effect on flame
length and visibility also requires investigation. The impact of
increasing dj.; is presented as photographs and OH* images for
the 8- and 12-mm jet cases, in Fig. 6a and b, respectively. Each
image is split between the 8-mm-diameter and 12-mm-
diameter fuel injectors, on the left- and right-hand side of the
images, respectively.

The partial reduction in primary air caused by increasing
djer (Section 3.1.1) produced flames which appeared as in-
termediates between the A4 and NP cases. Overall, flame
visibility increased as primary air was reduced, due to an in-
crease in soot formation from A4 to A8, A12 and NP, consistent
with the reduction in primary aeration. The colour of the 90
and 100 vol% hydrogen flames was not affected between NP,
A8 and A12 cases — although, the colour intensity increased
with the addition of primary air. It is noteworthy that the
inception of the yellow/orange colour, which is assumed here
to indicate soot, was first observed at the end of the flame.

Both visible and OH* chemiluminescence flame length
appear to be highly sensitive to both hydrogen fraction and
primary aeration. Flame length is a critical metric to consider
when making changes to a burner design or the properties of
fuel. Knowledge of how flame length is impacted by the
intricate relationships between fuel composition and air
stoichiometry is critical to practical applications. In applica-
tions where a flame is a part of a larger system such as a
commercial oven or kiln, a change in flame length may result
in the combustion reaction taking place in zones where it is
not desired or heat protection is not present or where opera-
tors are working. Inferring how the flame length can be
affected if fuel composition or primary aeration is changedis a

useful tool for practical implementation of the methods
investigated in this work and knowledge of how flame length
will be affected and strategies to replicate the properties of
existing NG flames is critical to minimising the impact of a
transition toward hydrogen.

In addition to the visible flame length scale provided on
Figs. 5a and 6a, OH* chemiluminescence flame images are
used (in Figs. 5b and 6b) to provide an alternative perspective.
Chemiluminescence of the OH* radical is particularly well
suited to measuring flame length at it only occurs within the
reaction zone, and thus avoids ambiguity associated with
other techniques. To highlight the effect of hydrogen addition
on the burner modifications considered, a plot of OH* chem-
iluminescence flame length is presented in Fig. 7. Addition-
ally, to highlight the effect of changing the aeration, a plot of
OH* flame length normalised to the base case (H000-A4) is
presented in Fig. 8 as a function of fraction of stoichiometric
air supplied.

The natural gas base case (H000-A4) has an OH* chem-
iluminescence flame length of 620 mm which is in good
agreement with true-colour images presented in Fig. 5a. As
hydrogen was added under the full air operating conditions
(A4), the OH* flame length decreased by 9% and 18% for HO10-
A4 and HO050-A4 flames, respectively. Similar decreases in
flame length have been reported previously with hydrogen
addition, in addition to the aforementioned change in colour
to a pale red flame [40].

The OH* flame lengths presented in Figs. 7 and 8 highlight
some discrepancies, where some OH* flame lengths are
notably shorter than their true-colour alternatives presented
in Figs. 5a and 6a. In particular, highly sooting flames such as
the NP cases (0—50 vol% hydrogen) which were much more
visible as a result of the increase soot content. The presumed
increase in soot volume fraction is most likely the cause of
these discrepancies. The higher soot content of these flames is
not well-represented by the OH* chemiluminescence data
since soot typically forms in locations of fuel-rich combustion,
whereas OH* typically forms in fuel-lean regions of the flame.
Consequently, increasesin flamelength as aresult of increased
soot content are not shown in the OH* flame length analysis.

Fig. 8 shows that the degree of premixing had a strong,
non-monotonic influence on OH* flame length. For 10, 50 and
90 vol% blends, OH* flame length initially increased as pri-
mary air was added, peaking after addition of ~15% of stoi-
chiometric air at 1.2—1.4 times the length of the base (H000-
A4) natural gas case. As the mixture became leaner, >15%
of stoichiometric air, flame length decreased, with the
shortest flame lengths resulting from the leanest fuel blends.
This is primarily a result of a lower requirement to entrain
secondary atmospheric air to achieve a local stoichiometric
mixture, which reduces residence time for complete com-
bustion [56,57]. As the fuel/air mixture inside the burner
head approaches stoichiometric conditions (¢ = 1), the
combustion reaction can occur at a reduced residence time
and consequently, reduced flame length. Additional/alter-
native contributing factors to the reduced flame length of
hydrogen-blended flames may be an increased molecular
diffusivity of hydrogen compared to natural gas which has
been previously reported to contribute to a reduced flame
length [45,58—60].
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Fig. 6 — a: Photographs of flames at different volume
percentages of hydrogen blended with natural gas (NG) (up
to 100% H,). Constant heat input (35 kW) through an 8 mm
(A8) or 12 mm (A12) fuel injector. Full air entrainment (A) is
permitted for each flame. Where blending ratios produced
a stable flame for dj; values, the A8 and A12 cases are
presented as a split image. Height above burner (HAB)
indicates physical scale. Exposure time: 3.2 s. White
balance: 4900K. Photographs have ISO settings 400/400,
400/400, 800/800, 800, respectively. b: OH*
chemiluminescence images of hydrogen addition to
natural gas (NG) by different volume percentages at
constant heat input (35 kW) through an 8 mm (A8) or

12 mm (A12) fuel injector. Full air entrainment (A) is
permitted for each flame. Where blending ratios produced
a stable flame for djet values, the A8 and A12 cases are
presented as a split image. Height above burner (HAB)
indicates physical scale. Photographs taken using 50 mm
lens and 310 nm bandpass filter. Exposure time: 3 s. A
height above burner (HAB) scale also is provided.

Overall, the impact of hydrogen on flame visibility was
significant for blends with 90 vol% hydrogen or more, where
the flame became less visible and changed to a purple/red
colour. Increasing dj.; did improve flame visibility, presumably
due to a slower oxidation of methane and resulting increased
soot formation and luminosity, for blends with lower
hydrogen content. However, for the 90 vol% hydrogen blend
visibility was low since there was very little carbon in the fuel
and for 100% hydrogen which has no capacity to generate
soot.

The measured flame lengths follow non-monotonic trends
with percent of hydrogen in the fuel and dj,; values considered
in this investigation. Primary air addition appears to have a
more significant influence on reducing flame length than
hydrogen addition, although both contribute to shorter flames.

Radiant heat transfer

The reduced soot formation and resulting radiant heat
transfer of hydrogen-blended flames as a result of carbon
displacement is a noteworthy concern for the practical
implementation of hydrogen for industries which rely on ra-
diation as a primary mode of heat transfer. Insight into the
magnitude by which various hydrogen blends impact radiant
heat transfer in practical combustion systems is critical to
facilitating a transition away from hydrocarbon-based fuels.
Similarly, the efficacy of approaches to help integrate
hydrogen into existing gas infrastructure should be weighed
against their impact on key performance criteria such as
radiant heat transfer. This is especially relevant for strategies
which affect equivalence ratio, as this is also closely linked to
the radiant heat transfer capacity of premixed flames [61].

Derivatives of the AN-burner design are also used for
mining and minerals processing applications, where radiant
heat transfer is also an important mode of heat transfer.
Radiant heat transfer is quantified by taking time-averaged
heat flux samples in 200 mm vertical steps axially along
each flame. The axial heat flux data are presented in Fig. 9.
Additionally, to provide a more global perspective to the axial
data, the overall radiant heat fractions of each flame are
calculated using Eq. (2) and presented in Fig. 10.

The axial heat flux data presented in Fig. 9 displays a non-
monotonic shape across all cases, peaking 300 mm down-
stream of the burner exit plane. The radiant heating fraction
of all flames is between 10 and 20% of total heat input. The
axial heat flux of the base case (H000-A4) peaked at 0.34 kW/
m?. The percentage of total heat output coming from radiation
in the H000-A4 case was 13%. The addition of hydrogen under
the base case (A4) operating conditions had a negligible effect
up to 10 vol% on the axial heat flux profile and overall radiant
heating fraction, which reduced to less than 12%. A negligible
effect on radiant heat transfer with the addition of 10 vol%
hydrogen is consistent with the majority of previous work [45].
The addition of 50 vol% hydrogen using the 4-mm injector
caused a notable change in axial heat flux profile, although
this resulted in a negligible overall impact on radiant heating
fraction. The HO50-A4 flame had a significantly shorter axial
profile and exhibited a high peak heat flux in the initial 200-
mm of the flame. The OH* chemiluminescence data for the
HO050-A4 case also showed a significantly shorter flame length
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Fig. 7 — OH* chemiluminescence flame lengths for
hydrogen addition to addition to natural gas (NG) by
different volume percentages at constant heat input

(35 kW) through a 4 mm, 8 mm or 12 mm jet, allowing
either full (A) or no (NP) air entrainment. Flame length is
defined here as the axial distance along the flame
centreline at which signal intensity from OH*
chemiluminescence falls below 50% of the measured peak
intensity.
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Fig. 8 — Normalised OH* chemiluminescence flame lengths
for various hydrogen addition (v/v %) ratios to natural gas
(NG) in a 35 kW self-aspirating burner. Flame length is
normalised to the base case (H000-A4) and presented as a
function of the primary air entrained (normalised to the
stoichiometric requirement).

and a peak chemiluminescence intensity in the initial 200 mm
of the flame (Fig. 5a and b).

The reduction (A8, Al2 cases) or complete absence (NP
cases) of primary air entrainment had a significant impact on
the radiant heat transfer of flames. Importantly, these

modifications enabled an increase in the blending ratio of
hydrogen. The 8-mm-diameter injector enabled up to 90 vol%
hydrogen before flashback — this resulted in an increase in
peak heat flux with aeration relative to the base natural gas
case (H000-A4) and the other fuel blends (H010-A8 and HO050-
AB) considered for the 8-mm-diameter. The H090-A8 flame
case had a slight (2%) increase in overall radiant fraction,
compared with the base (H000-A4) case. Increasing dj. to
12 mm enabled operation of a pure hydrogen flame which
produced a radiant fraction 10% lower than the base case
(HO00-A4) despite a good replication of the axial heat flux
profile. It is interesting to note that the radiant fraction of the
H100-A12 flame does not differ significantly from the 10 or
50 vol% A4 cases despite a noteworthy reduction in radiant
fraction compared to natural gas. It is also worth noting that
the elimination of primary aeration (NP) produced the highest
heat flux measurements across all cases up to 90 vol%
hydrogen, due to the presence of soot, whereas for 100 vol%
hydrogen the aerated case, H100-A12, yielded a 7% more
radiant flame. In other words, for 0—90 vol% hydrogen cases,
the addition of primary air resulted in a decrease in radiant
fraction, whereas, for the pure hydrogen flames, a partially-
premixed flame had a higher radiant fraction then a diffu-
sion flame. The result for the H100-NP case is unlikely to be
related to changes in flame length since the visual and
chemiluminescence flame lengths are similar. Instead, it is
most likely that the addition of primary air to the non-
premixed H100-NP case pushed the reaction closer to
¢ = 1.1, where adiabatic flame temperature typically peaks
[62]. The only radiative species in pure hydrogen combustion
is water. If complete combustion is assumed and all hydrogen
in converted to water vapour, an increase in adiabatic flame
temperature may increase radiant heat transfer.

Adjusting the fuel composition and burner geometry
changes the combustion stoichiometry. As hydrogen fraction
increases, the stoichiometric air requirement is reduced while
the physical entrainment of air is increased due to the added
momentum (refer Section 3.1.1). To more clearly analyse how
the underlying changes in stoichiometry, caused by increases
in hydrogen fraction and dj., affect the radiant heating prop-
erties of the flames, the radiant heating fraction of each flame
is normalised against the base natural gas (H000-A4) case and
plotted against the percentage of stoichiometric air entrained,
as measured in Section 3.1 for each fuel blend and dj; value.
The results are presented in Fig. 11.

Fig. 11 shows that there is a general trend for each fuel
blend, with some exceptions, that increasing the fraction of
stoichiometric air supplied decreases the radiant fraction.
Simple dilution effects may contribute to this observation,
however, the reduced soot volume fraction as a result of
partial premixing and greater oxidation may also contribute.
Note that the rate at which addition of primary air reduces
heat flux decreases as hydrogen fraction increases —in fact, at
100 vol% hydrogen, the normalised radiant fraction increased
by 8% with the addition of 13% of stoichiometric air.

The trends observed in Fig. 11 highlight that increasing
either hydrogen fraction or primary air entrainment caused a
reduction in the radiant fraction of the flames. These results
are consistent with similar investigations [63] where
hydrogen-enriched flames increased their radiative heat
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Fig. 9 — Axial heat flux measurements for hydrogen addition to natural gas (NG) in a 35 kW self-aspirating burner, where A4
represented a 4 mm fuel jet allowing full air entrainment, NP represents a 4 mm fuel jet allowing no air entrainment, A8
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Fig. 10 — Radiant heat fraction for hydrogen addition (v/v %)
to natural gas (NG) in a 35 kW self-aspirating burner with a
4 mm, 8 mm or 12 mm jet, allowing either full (A) or no (NP)
air entrainment.

transfer as the fuel/air mixtures became richer (¢ = 1-3). It
should also be noted that this study [63] demonstrated a
strong influence of the Reynolds number at the fuel jet with
respect to the impact of equivalence ratio. The reducing effect

of hydrogen on thermal efficiency was shown to increase for
low Reynolds numbers (Re = 300—500) and low equivalence
ratios (¢ = 1-3) [63]. This is especially significant since, to
increase the fraction of hydrogen in a fuel mixture while
conserving heat input, Reynolds number and equivalence
ratio decrease as a result of reduced fuel density and a com-
bination of increased air entrainment and lower requirement
for stoichiometric air, respectively. A table of Reynolds
numbers calculated for each dj.; value is presented in Fig. S2 of
the Supplementary Material.

In summary, hydrogen blending reduces radiant heat
transfer, which is consistent with previous investigations
[45]. Increasing dj.; to 8 mm, which permitted up to 90 vol%
hydrogen blending without flashback, resulted in a 2% in-
crease in radiative heat transfer, compared with the 4 mm
natural gas base case (HO00-A4). A further increase in dj; to
12 mm, which permitted operation with 100 vol% hydrogen
without flashback, resulted in a 10% reduction in radiant
heat transfer compared to the base case (HO00-A4). Operating
the burner under a non-premixed regime (NP cases)
increased radiant heat transfer compared to cases where air
was permitted, except for 100 vol% hydrogen, in which
radiant heat transfer increased by 8% from H100-NP to H100-
Al2.

Overall, increasing dj.; to permit operation with hydrogen
without flashback did not negatively impact radiant heat
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transfer. In fact, the resulting reduction in primary air is
shown to improve the radiant properties in all flames (except
the 100% hydrogen case) — with an inverse-linear correlation
observed. This is a result of several factors but primarily an
increase in soot formation due to a rich combustion of nat-
ural gas. The increased radiant heat transfer in the pure
hydrogen flame due to primary air addition is likely a result
of improved combustion, higher temperatures, and
increased conversion of H, to H,O, which is the main radia-
tive species present.

NOx emissions

Hydrogen-enriched combustion is well-documented to in-
crease NOx emissions via the thermal route, primarily due to
an increase in adiabatic flame temperature [35,64—67]. NOx
emissions have also been shown to be highly sensitive to
equivalence ratio due to its effect on flame temperature, with
NOx emissions frequently reported to peak at ¢ = 1.0-1.1
[68,69]. Results presented in Section 3.1 showed that the
addition of hydrogen to a self-aspirating burner can signifi-
cantly impact the entrainment of air and the resulting stoi-
chiometry of the mixture.

Quantifying the impact of hydrogen blending on NOx
emissions for specific burner designs is a critical step toward
the adoption of hydrogen in commercial heating applications.
Similarly, proposed strategies for assisting the adoption of
hydrogen should be examined for their collateral effects on all
performance criteria, including NOx emissions. The effec-
tiveness of increasing fuel injector size is weighed against its
impact on other performance criteria such as radiant heating
capacity and NOx emissions. In the present study, NOx mea-
surements were taken 1800 mm above the burner inside a
hood to minimise dilution. Data is presented as an emission
index (mg/M]J), calculated using Eq. (3). The NOx emission
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Fig. 11 — Radiant heat fraction (y,) for various hydrogen
addition (v/v %) ratios to natural gas (NG) in a 35 kW self-
aspirating burner. Radiant heat fraction is normalised to
the base case (H000-A4) and presented as a function of the
primary air entrained (normalised to the stoichiometric
requirement).

index is presented in Fig. 12 for all flame cases. Additionally, to
provide further insight into how the changes in stoichiometry
induced by increasing d. affect NOx relative to the base nat-
ural gas case, normalised NOx measurements are plotted as a
function of fraction of stoichiometric air in Fig. 13.

The base natural gas (H000-A4) case produced approxi-
mately 22 mg/MJ of NOx emissions. Hydrogen addition up to
50 vol% to the unmodified (A4) burner had a negligible effect on
NOx compared with the base natural gas case. Previous in-
vestigations have reported negligible increases in NOx emis-
sions for hydrogen addition in self-aspirating burners, where
the cause is often attributed to an external heat sink such as
heat losses to the atmosphere due to open-air combustion or
heat losses to the burner materials [17,18,28,38,41,42]. It is
interesting to observe unremarkable variation in NOx for the
HO050-A4 flame considering the large disparity highlighted in
the true-colour, OH* chemiluminescence and heat flux data in
previous sections. In particular, a comparably large increase in
OH* chemiluminescence intensity and measured increases in
heat flux would suggest higher local temperatures which could
be expected to increase NOx emissions. Furthermore, the low
equivalence ratio of the H050-A4 compared with other cases
would also be expected to produce some level of differentiation
in measured NOx. Fig. 13 highlights a negative relationship
between primary aeration and NOx emissions for all fuel
blends.

Increasing dj.; as a means of extending the operating limits
of hydrogen before flashback resulted in a reduction in pri-
mary air and a measured increase in NOx emission. This in-
crease in NOx emissions can be considered separate or in
addition to the increase caused for hydrogen addition since
variation in dj; in Fig. 12 or equivalence ratio in Fig. 13 even
when hydrogen fraction is held constant. The data presented
in Fig. 12 shows that addition of hydrogen up to 50 vol% under
unmodified conditions increases NOx emissions by 1%
(negligible in the context of experimental error) relative to the
base (H000-A4) natural gas case, whereas addition of 50 vol%

120 : :
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A— A12

0 20 40 60 80 100
Hydrogen in natural gas (vol%)

Fig. 12 — Measured NOx emission index for hydrogen
addition to natural gas in a 35 kW self-aspirating burner
with a 4 mm, 8 mm or 12 mm jet, allowing either full (A) or
no (NP) air entrainment.
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hydrogen without primary air entrainment (H050-NP) results
in a 50% increase relative to the HO00-A4 case. Above 50 vol%,
the effect of hydrogen became non-negligible. Relative to the
base case, NOx emission rates increased by 80% and 280% for
H090-A8 and H100-A4 cases, respectively. The NOx-increasing
effects of lowering primary air also became more significant
for larger hydrogen fractions, with the highest NOx emission
rates being recorded for NP cases, followed by A12 and A8
cases.

The negative relationship between primary aeration and
NOx emissions is surprising given a fuel/air mixture closer
to ¢ = 1.0—1.1 is expected to increase adiabatic flame tem-
perature and NOx formation [68,69]. Similar results have
been reported previously [70], where NOx emissions
increased as the mixture became richer but this testing was
done at much leaner conditions (¢ = 0.2—0.5) and may not
be indicative of the conditions in the present investigation.
The cause for the negative relationship between NOx and
primary air may also be related to dilution effects. A higher
amount of air dilution increases the amount of excess air-
—which does not participate in the combustion reac-
tions—therefore acting as a diluent. In contrast, when air
dilution is reduced the higher flame temperature may in-
crease thermal NOx production. This notion is supported by
the observation that the heat release, discussed in Section
3.2.2, also decreases for a given fuel blend as primary air
entrainment is increased. The increased supply of cold fuel
and air may also contribute to a cooling of the burner
components, which has been previously correlated with
reductions in NOx emissions [71,72] — however, these ef-
fects are unlikely to be significant in the present investiga-
tion since the burner head maintained a relatively cool state
during operation.

Other or additional contributing factors may be the
increased flame length in reduced-air flames highlighted in
Section 3.2.1 — an increase flame length will increase resi-
dence time which has been previously reported as an impor-
tant parameter in the formation of NOx [73]. Reduced NOx
emissions as a result of decreased flame length have been
documented previously where the underlying cause was re-
ported as a combination of reduced residence time and a
reduction in volume of the reaction zone [74].

The impact of reducing primary air entrainment (via
increasing dj) as a mechanism of extending the blending
limits of hydrogen in natural gas resulted in an increase in
NOx emissions, in addition to the increase associated with
hydrogen addition alone. That is, there is a trade-off between
the benefit of extending the hydrogen-blending limit and the
measured increase in NOx emissions by reducing primary
aeration. This highlights the potential for establishment of an
optimum dj,; value which extends the flashback limit but does
not increase NOx emissions beyond acceptable limits. The
specific d.; value will depending on a number of factors per-
taining to application and relevant policy/regulations.

Conclusions

The addition of hydrogen to natural gas in a commercial
35 kW self-aspirating burner was investigated. Practical per-
formance metrics were used to quantify the impact of both
hydrogen blending and a low-cost, burner modification
strategy, to mitigate the challenges of hydrogen. In particular,
primary air entrainment behaviour, steady-state flashback
limit, flame visibility and length, radiant heat transfer and flue
gas NOx emissions were quantified using experimental data.
The efficacy of a modified dj; to extend the blending limits of
hydrogen was presented with its collateral effects on these
key performance criteria quantified.

1. Hydrogen addition to the unmodified burner was achiev-
able up to 50 vol% while maintaining a stable flame.
Beyond 50 vol% the flame became unstable with flashback
occurring at approximately 60 vol% hydrogen. At 50 vol%
hydrogen, normalised primary air entrainment increased
by 20%, entraining up to 78% of stoichiometric air (¢ = 1.27).
This produced a significantly shorter and louder flame than
the base case natural gas flame. Increasing fuel injector
diameter from 4 mm to 8 mm and 12 mm extended the
hydrogen-blending limit to 90 vol% and 100 vol%, respec-
tively. The entrainment behaviour of the burner for
different fuel blends and fuel injector sizes was well-
predicted by the calculated momentum flow of the fuel
stream and a basic model taken from literature [18,22].

2. Flame appearance was mostly unaffected by hydrogen
addition up to 10 vol% in all cases. In the unmodified (4-
mm injector) burner, hydrogen addition up to 50 vol%
hydrogen reduced flame length by approximately half and
took on a unique dual-flame appearance, however, less
significant effects were observed for other -cases.
Increasing dj.;: improved flame visibility due to reduced
oxidation and increased luminous soot formation, which
became less effective for 90 vol% hydrogen flames since
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there was very little carbon in the fuel, and irrelevant for
100% hydrogen flames. The OH* chemiluminescence flame
lengths followed non-monotonic trends with hydrogen vol
% and air entrainment. Primary air addition reduced flame
length more significantly than hydrogen addition,
although both contributed to shorter flames.

. Radiant heat transfer from all flames was unaffected by
hydrogen addition up to 10 vol%, and for most injector di-
ameters unaffected up to 50 vol%. In general, increasing
primary air entrainment caused non-linear reductions in
radiant heat transfer. Manipulation of primary air
entrainment was an effective strategy to increase any re-
ductions in radiant heat transfer caused by the addition of
hydrogen, with the potential for good replication of the
heat transfer properties of natural gas on large fractions of
hydrogen.

. There is a noteworthy trade-off between the benefits of
extending the flashback limit and increase NOx emissions.
Hydrogen addition had a negligible effect of NOx emissions
up to 50 vol% with significant increases observed at 90 and
100 vol% hydrogen. The reduced primary aeration resulting
from increased fuel injector size correlates with an in-
crease in NOx emissions for all cases, with the non-
premixed fuel blends exhibiting the highest NOx levels
overall. For applications looking to achieve high blend ra-
tios of hydrogen while maintaining low NOx emissions, a
refinement of the methods investigated in this paper is
required to determine the optimal dj; and resulting pri-
mary aeration.
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