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The performance of a scaled industrial, non-premixed, low-swirl burner design was experimentally investigated
for hydrogen addition to natural gas. Two strategies for introducing hydrogen are considered, namely,
conserving (i) heat input and (ii) velocity/volumetric flow of the original fuel. This work characterises the effects
on key performance metrics of the burner as hydrogen fraction is increased. Compared with natural gas, the
results with hydrogen showed a 33 % reduction in the radiant fraction and up to a 380 % increase in NOx
emissions. The lift-off height was reduced by a maximum of 23 % and 51 % for addition of 10 and 30 vol%
hydrogen addition, respectively, with 100 % cases becoming completely attached to the burner. The influence of

hydrogen-addition strategy and air adjustment was shown to be significant with respect to NOx emissions but
less significant than the resulting changes in fuel composition and heat input with respect to flame appearance,
stability and radiant heat transfer.

1. Introduction

Hydrogen has gained considerable attention in recent years as the
world continues to look toward alternative energy sources. The potential
of a renewable production process and zero carbon emissions make
hydrogen an ideal candidate as an alternative to fossil fuels. In partic-
ular, hydrogen is a strong candidate for partial or complete substitution
with fuels such as natural gas in a variety of domestic and industrial
combustion applications, especially those which are not well suited for
electrification. Unknowns about the method and magnitude by which
hydrogen impacts the performance of current gas appliances are a sig-
nificant risk faced by end-users, appliance manufacturers, and
regulators.

High-temperature, direct-fired combustion applications such as
those used in iron pelletising, cement and glass manufacturing are all
well-suited for hydrogen adoption. Operating existing burners on fuels
for which they were not designed is challenging, especially for fuels such
as hydrogen, which has vastly different combustion characteristics to
natural gas. Common features of these burners, such as swirling flows,
create added difficulty when attempting to accurately predict the out-
comes of using hydrogen as a complete or partial fuel alternative.
Furthermore, the addition of hydrogen has the potential to alter critical
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flame characteristics such as heat transfer on which the industry relies,
and to alter emissions. The geometric complexities of the kilns and
furnaces further add to the challenge.

Swirl geometry is commonly incorporated into the design of indus-
trial burners to improve performance via enhanced fuel/air mixing and
increased flame stability. Fundamentally, swirl burners reduce the axial
momentum of the flow after it leaves the burner by introducing a
tangential momentum component to fuel and/or air streams by using
either a series of tangential inlet jets or swirl vanes. Swirl burner flames
can be broadly classified into two categories: high-swirl burners (HSB)
and low-swirl burners (LSB). A variety of factors differentiate HSB and
LSB in practical applications, most notably, the fraction of stoichio-
metric air commonly supplied through the burner. HSB are typically
supplied with most, if not all, the required stoichiometric air, whereas
LSB flames have only a small fraction of primary air supplied, with the
remainder from secondary sources. A fundamental distinction between
LSBs and HSBs is the recirculation characteristics and flame-stabilisation
mechanisms [1,2]. HSB flames induce a vortex-breakdown which forms
a strong recirculation of reactants and hot combustion products which
stabilises the flame [1,3], as swirl intensity increases air entrainment
and flame length are typically increased and decreased, respectively [4].
In LSB flames, the swirl is not large enough to induce vortex-breakdown
and the resulting recirculating flows, instead stability is achieved by
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Nomenclature Qs Heat flux
Q: Total heat input
HSB High swirl burner R Distance from flame centreline to sensor
LSB Low swirl burner LHV Lower heating value
d diameter HHV Higher heating value
Re Reynolds number m Mass flow rate
S Swirl number m Mass
Rn Hub radius EI Emission Index
R Swirl radius U Velocity
[ Vane angle \Y Volumetric flow rate
HAB Height above burner P density
Q Radiant heating fraction ® Equivalence ratio

creating a low-velocity region [1,3,5]. Due to this mechanism of stabi-
lisation, typical LSB flames are often lifted (detached) from the burner
surface, and consequently, the turbulent burning velocity of the fuel is a
critical parameter [6,7]. Although a lifted flame can be useful for
keeping burner surface temperatures low, lifted flames have a high
susceptibility to blow-off. This can be a limiting factor when trying to
maximise energy input via a high flow rate of fuel [1,3].

Much of the available work on hydrogen addition to non-premixed
LSB considers temperature and NOx emissions, as these are major
challenges for hydrogen adoption in the context of industrial combus-
tion. Hydrogen addition to an industrial low-swirl burner has been
shown to cause an increase in peak flame temperatures, most notably in
the initial portion of the flame, which caused significant increases in
NOx emissions [8]. For the hydrogen natural gas fuel blends, the ma-
jority of NOx emissions were shown to be formed via the thermal
pathway. For blends containing 25 %, 50 %, 75 % and 100 % hydrogen
(as a fraction of total heat input) resulting in NOx emission increases of
93 %, 220 %, 360 %, 486 % respectively [8]. Others have reported
similar increases in NOx and flame temperature in non-premixed swirl
burners, in addition to reductions in soot [9,10] and shrinking of the
swirl recirculation zones [11] all of which were associated with
hydrogen addition.

The role of soot is critically important in practical combustion ap-
plications, which depend on radiation as a primary mode of heat
transfer. Carbonaceous soot particles are responsible for the majority of
the radiant heat transfer and contribute significantly to the luminosity of
hydrocarbon flames [12-18]. The displacement of carbon-based fuels to
reduce carbon emissions can have undesirable consequences to the heat
transfer efficiency of flames.

The location of fuel supply has also been shown to be a contributing
factor the performance of hydrogen-blended flames in co-annular
burners. NOx emissions are reported much higher when hydrogen is
added to the outer annulus of a co-annular burner, compared to the
inner annulus [11]. The underlying cause for these effects was deduced
to be due to the enhanced or inhibited capacity for diffusion of air into
the reaction zone, coupled with the increased diffusibility of hydrogen
compared with natural gas. In the same study [11], supplying fuel
through the inner annulus caused the recirculation zone to shrink
compared with the outer or both annuli.

The impact of hydrogen addition on swirl structure and resulting
fuel/air mixing and residence time has been investigated previously
[19-21] where it was shown that excess fuel-stream momentum can
disrupt mixing and causes undesirable changes in properties such as heat
radiation [19-21] and combustion stability [21]. This is especially
relevant for non-premixed regimes, since the fuel/air mixing at the jet
nozzle is highly sensitive to changes in stoichiometry which may come
about by changes in mixing [20,21]. Some examples of practical im-
plications of this on performance is shown via excessive wall heating due
to the changes in flame length induced by excessive swirl [19] or
increased NOx formation due to increases in residence time [3,22]. It is
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worth noting that some studies report blending with hydrogen can in-
crease size and robustness of the reaction zone in non-premixed swirl
burner flames, which may be desirable in industrial applications [23].
The influence of co-annular air supply on fuel/air mixing is an important
parameter with respect to the combustion reaction, heat distribution
and emissions [24-29]. A numerical study on the effect of swirling in-
tensity on the NOx emissions in a methane-air flame showed how
increasing the swirl intensity promotes a uniform temperature distri-
bution a lower thermal NOx production [26]. Reduced peak flame
temperatures and thermal NOx formation as a result of modification of
the swirling co-annular air supply to optimise mixing at the jet exit have
also been shown experimentally in non-premixed turbulent combustion
in a rotary kilns [24,25].

Adjusting the co-annular air supply may be a simple and cost-
effective approach to limit the impact of hydrogen addition. The lower
energy density of hydrogen will impact fuel stream velocity and mo-
mentum flux, depending on which strategy is employed to add hydrogen
(e.g. conservation of heat input) and the increased diffusivity of
hydrogen can induce vortex breakdown in swirl burner flames [28]. The
impact of hydrogen addition on swirling structures is well documented
in the context of high-swirl or premixed flames [9,30,31] but less is
known about the effects in non-premixed LSB flames.

The available literature on LSB flames has shown, as with other
burners, hydrogen addition to LSB flames increases NOx emissions via
the thermal route [8,11]. The effect of hydrogen on stability and swirl
structure has been shown to be impacted in several ways via changes in
fuel stream momentum [19-21], differential-diffusion [32,33] and
burning velocity [34] as a result of hydrogen blending.

The influence of hydrogen addition and co-annular air adjustment
strategies are not sufficiently addressed with respect to practical per-
formance metrics in industrial burner designs. In particular, the addition
of hydrogen has not been investigated in low-swirl, co-annular, dual-
swirl designs. This gap in knowledge creates a risk for industries look-
ing to adopt hydrogen which rely on this mode of operation. Metal/
mineral processing, cement and glass manufacturing industries which
utilise high-temperature, direct fired heating often feature swirl burner
designs. More experimental work of this sort is required in order to
continue to develop the models which will eventually be used to predict
the outcomes of hydrogen addition to full-scale industrial combustors
[35]. The co-annular air supply and swirled geometry play a crucial role
in flame stabilisation, fuel/air mixing and system cooling in these ap-
plications. Many of these industries are potential candidates for
hydrogen adoption but will require a more thorough investigation of the
opportunities and challenges involved in a partial or full integration of
hydrogen.

The novelty of this work is the bridging of the aforementioned gaps
in understanding by experimentally investigating the effect of hydrogen
addition to a scaled industrial low-swirl burner. Key performance
criteria are quantified, in particular, flame appearance and lift-off
behaviour, heat transfer characteristics and NOx emissions. The
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quantification of these practical performance parameters for a turbulent,
non-premixed, hydrogen-blended flame in a scaled industrial low-swirl
burner provides a valuable insight to industrial applications which uti-
lise this design.

2. Methods
2.1. Burner apparatus

The burner used for this investigation is depicted in Fig. 1 with di-
mensions specified in Table 1. It is a co-annular, low-swirl burner design,
adapted from an industrial burner used in direct-fired, high-temperature
combustion applications.

The burner was scaled down from 20 MW using constant velocity
principles. The design was 3D printed from titanium and features two
co-rotating swirled annular channels and a central bluff-body hub. In
these experiments, fuel and air were supplied separately, with fuel
supplied via the inner channel and air supplied via the outer channel. A
geometric swirl number (S) is used to describe the geometry of the
burner, following methods described by Cheng et al. [36]. The equation
for geometric swirl number is presented in Eq. (1) where Ry and R; are
the hub and swirling radii, respectively, and 6 is the swirl vane angle. In
this case, the inner channel is calculated to be 0.77 using a 13.7 mm hub
radius, 29 mm swirling radius and a 45° vane angle. Similarly, the outer
swirl number is calculated to be 0.83 from a 29 mm hub radius, 47.3 mm
swirling radius and a 45° vane angle.

ds
ds
d3
d>

v

Fig. 1. Photograph of the swirl nozzle used in this investigation, showing diameters
of the central bluff-body hub (dy), inner swirled annulus (d;-ds), outer swirled
annulus (ds-d4) and outer wall outside diameter (ds). One of the fuel and air
channels has also been highlighted yellow and blue, respectively. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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Table 1

Burner specifications.
Measurement Value
d 13 mm
dy 17 mm
ds 19 mm
dy 27 mm
ds 33 mm
Vane angle of fuel channel (8) 45°
Vane angle of air channel (6) 45°
Total area of fuel channels 91 mm?
Total area of air channels 107 mm?

No. of fuel channels 8
No. of air channels 12

2 {M] an 6) M

L~ (R/R,)’

2.2. Experimental diagnostics

The diagnostic techniques used in this investigation are chosen to
provide a global perspective of the impact of hydrogen addition to a
scaled industrial swirl burner. Additionally, these diagnostic techniques
are relevant performance metrics for the practical implementation of
hydrogen in industry. Specifically, visual photography and OH* chem-
iluminescence imaging, axial heat flux, in-flame temperature and
emission measurements are used to characterise the performance of this
swirl burner for various hydrogen-natural gas fuel blends and air supply
rates. Given the sparsity of experimental and numerical data on
hydrogen addition to a co-annular LSB, a considerable effort was made
in this investigation to collect experimental data in sufficient detail to be
utilised for future CFD model development. All error ranges presented
account for the measurement accuracy of the equipment used, these are
specified in the figure captions as appropriate.

Flame images were captured with a Canon EOS 6D DSLR camera
fitted with a 50-mm lens. All photographs are taken using a 10-s expo-
sure time, f/22 aperture and a white balance of 4900 K. Although the
visibility of pure hydrogen flames can be poor, hydrogen flames do emit
a small amount of visible light, with previous work highlighting the pale
red colouration of a pure hydrogen flame [37,38]. In this experiment,
the visible emissions of the pure hydrogen flames were dominated by a
bright orange colour. Orange colouration of hydrogen flames has been
reported previously, where flame spectrometry data showed this was a
result of a sodium impurity from the surrounding air [18,39-41]. The
visible emission from sodium peaks at 589 nm. To eliminate this un-
controlled artefact, imaging was through a 594-nm (23-nm full-width at
half maximum) notch filter to eliminate the orange colour.

A camera with an intensified charge-coupled device (ICCD) was used
with a 50-mm, f/3.5 UV lens and 310-nm bandpass filter (FWHM = 10
nm) to capture chemiluminescence data of the OH* radical for each
flame. The OH* species only occurs within the reaction zone of a flame,
which allows for location and quantification of the flame front, elimi-
nating the ambiguity associated with traditional photography. The OH*
images are presented in green false colouration, to distinguish them
from true-colour images. Height above burner (HAB) measurements are
provided on all flame image figures to provide a sense of scale. Addi-
tionally, OH* chemiluminescence data is used to quantify the lift-off
height of each flame. Based on techniques adapted from previous
work [42-44], the flame boundary is defined as the point at which OH*
chemiluminescence intensity is less than 15 % of the peak intensity. This
allows for the quantification of flame lift-off height from the burner.

A Medtherm heat flux sensor was used to quantify the radiant
heating energy from the flames. The sensor was positioned on a vertical
traverse and fitted with a view restrictor to narrow the view angle to 20°.
This allows for the isolation of individual sections of the flame,
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providing greater resolution of the heat flux profile. Heat flux samples
were collected axially along to flame by traversing the heat flux sensor
up and down the length of the flame. A sampling range of 0-1200 mm
above the burner was used with a total of six sample locations (every
200 mm). The background reading was subtracted from the raw data.
Radiant heat fraction is calculated using a point-radiation assumption
and Eq. (2), similar to previous work [45-47]. The radiant fraction (Q;)
is calculated as the sum of axial heat flux samples (Q;) along the flame
multiplied by the radiative area (47R?) and normalised by the total heat
input from the fuel stream, given by the multiplication of lower heating
value (LHV) and mass flow rate () of the fuel. Here, R is the distance
from the flame centreline to the sensor.

4R Y Q,,

& ="THvm @

A Testo 350 gas analyser was used to collect flue gas NOx emission
samples in the post-flame region. Axial measurements were taken to
confirm any variation was a result of dilution and not reacting samples.
Unless specified otherwise, the NOx data presented here is sampled from
2000 mm above the burner. A water-cooled probe is used to collect
gaseous samples. The raw data is processed using previously established
methods [39] where the background reading on the day of collection is
removed before being corrected to 0 % Oz and converted to an emission
index using Eq. (3) where m is the mass of some pollutant (e.g. NO) in
the sample and HHV is the higher heating value of the fuel blend.

m
El=—— 3
HHV ®
In-flame temperature measurements were taken using a sheathed R-
type thermocouple with an outer diameter of 1.5 mm. Sampling was
done in 200 mm increments from 100 to 1200 mm above the burner exit
plane. All temperature data presented has been corrected for radiation

heat transfer using methods described previously [48].

2.3. Flame cases
The base case operating conditions specified in this investigation are
derived from the typical operation of the full-scale burner which the

present burner is modelled after, using constant velocity scaling. In these
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experiments, the base case is defined as natural gas supplied at a rate of
97 kW via the central channel. Air is supplied via the outer channel
giving a fuel-to-air momentum ratio of 1.68 and an equivalence ratio of
14.4. All flames are operated in a vertical orientation, in an unconfined,
open-air environment.

As hydrogen is blended with natural gas, the total fuel flow is
adjusted to conserve either total heat input or fuel stream velocity/
volumetric flow rate, as these are two likely strategies which hydrogen
may be introduced to an existing burner system. For the purposes of this
investigation, fuel and air supply channels are kept constant throughout
the experiments (i.e. fuel supplied through inner swirled channel and air
supplied through outer swirled channel). In the initial cases presented in
Sections 3.1-3.3, volumetric air supply is kept constant as hydrogen is
added. To characterise the effect of co-annular air supply, alternative
scenarios are considered where air supply is adjusted to conserve either
fuel/air momentum flux ratio or equivalence ratio as hydrogen content
changes, data for these flames is presented in Section 3.4. The list of
flame cases considered in this investigation is presented in Table 2. A
case code is assigned to the different conditions by which hydrogen was
added and air supply was adjusted. For all calculated values (e.g. Re)
that require a diameter, a hydraulic diameter is used for the fuel and air
channels respectively.

3. Results and discussion
3.1. Visual observations

A combination of DSLR and OH* chemiluminescence imaging is used
to characterise how hydrogen addition impacts the flame colour, visi-
bility, length and lift-off height. In this section (Section 3.1), images for
different hydrogen concentrations at constant heat input and jet velocity
are compared to each other and referenced to the base natural gas case
(NG). Each respective fuel blend are presented as split images, with the
left half representing hydrogen added at constant heat input and the
right half representing hydrogen added at constant velocity, with a blue
and white line used to show the splitting axis. The flames presented in
the initial sections (Sections 3.1-3.3) are for hydrogen addition at either
constant heat input or constant velocity (Q and U prefixes, respectively),
with a fixed volumetric air supply (-NA cases). Filtered DSLR images are

List of flames investigated, including hydrogen in natural gas vol%, heat input (Q,), fuel velocity (Uge)), air volumetric flow rate (Va,;), fuel/air momentum flux ratio,
equivalence ratio and total fuel/air Reynolds number (Re) of each fuel blend. Case code: ‘Q’ and ‘U’ are used for cases where hydrogen is added at constant heat input
or constant velocity, respectively. ‘NA’, ‘MF’ and ‘ER’ are used for cases where air supply is not adjusted, adjusted to conserve fuel/air momentum flux ratio or adjusted

to conserve equivalence ratio, respectively.

Case code H,, (vol%) Q: (kW) Upet (m/5) Vair (SLPM) (PUDguel @ Refuel ( x 10%) Reair ( x 10%)
(PU™air
NG 0 (natural gas) 97 32 119 1.68 14.4 19.4 13.0
Q-NA 10 97 35 119 1.79 14.3 18.7 13.0
30 97 40 119 1.98 14.0 17.8 13.0
100 97 105 119 2.26 11.7 10.0 13.0
U-NA 10 91 32 119 1.52 13.3 17.4 13.0
30 77 32 119 1.24 11.1 14.1 13.0
100 29 32 119 0.21 3.5 3.02 13.0
Q-MF 10 97 35 122 1.68 14.4 18.7 13.3
30 97 40 125 1.68 13.5 17.8 14.1
100 97 105 138 1.68 10.1 10.0 15.1
U-MF 10 91 32 114 1.68 14.4 17.4 12.4
30 77 32 108 1.68 13.5 14.1 11.2
100 29 32 42 1.68 10.1 3.02 455
Q-ER 10 97 35 118 1.79 14.4 18.7 12.9
30 97 40 116 1.91 14.4 17.8 12.6
100 97 105 97 3.45 14.4 10.0 10.5
U-ER 10 91 32 110 1.79 14.4 17.4 12.0
30 77 32 101 1.91 14.4 14.1 10.0
100 29 32 29 3.45 14.4 3.02 3.18
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presented in Fig. 2 for hydrogen addition to natural gas at 10, 30 and
100 %. Note that the exposure of the pure hydrogen flames has been
increased by a factor of four for all pure hydrogen flame images to
improve visibility.

The results in Fig. 2 show a reduction in flame length and visibility
with hydrogen addition up to 100 %. The distinction between constant
heat input (left-split) and constant velocity (right-split) flames with
respect to visible flame length is negligible up to 10 vol% hydrogen. The
difference in visible flame length increases to ~14 % and ~32 % for 30
and 100 % hydrogen cases. Complete substitution of natural gas for
hydrogen resulting in a 33 % and 50 % reduction in visible flame length
for constant heat input and constant velocity cases, respectively. The
discrepancy in flame length between constant heat input and constant
velocity cases is presumed to be a consequence of reduced heat input at
constant velocity as hydrogen fraction increases — this also explains
why the discrepancy is greater for larger fractions of hydrogen.

Regardless of whether heat input or velocity were conserved,
hydrogen addition of 10 and 30 vol% had no appreciable effect on vis-
ibility and remained a distinctive yellow colouration attributed to lu-
minosity from soot. The pure hydrogen flames appeared a pale red
colour that was almost invisible to the naked eye, much fainter than the
appearance depicted in Fig. 2. The reduced visibility of pure hydrogen
flames has been reported previously [18,49,50] with the cause primarily
associated with the absence of soot whose incandescence contributes the
majority of luminosity in hydrocarbon flames.

Some noteworthy observations in the initial 300 mm portion of the
flames presented in Fig. 2 are a colour shift from blue to yellow and a
lifted/detached flame up to 30 vol%. The blue colour suggests a more
well mixed fuel and air mixture [51-53]. This is consistent with the
assumption that fuel-air mixing is greatest near the base of the flame
where the co-annular air was injected and recirculation/swirl intensity
is strongest. Axial temperature measurements for the constant velocity
cases, discussed in Section 3.3, were also observed to peak at ~300 mm
above the burner, supporting the hypothesis that fuel-air mixing is
highest in this region.

A detached flame is a typical feature of a LSB flame which can limit
the heat input that can be supplied without exceeding blow-off limits [1,
3]. The flames in Fig. 2 were visibly detached from the burner during
operation, maintaining a consistent lift-off height which reduced as
hydrogen fraction increased. This is more clearly visualised in Fig. 3,
which shows the OH* chemiluminescence images of the base of each
flame. A similar lift-off observation to the DSLR images can be seen with
the images of the OH* chemiluminescence — that is, a lifted flame

1200

900
600
300

HAB (mm)

U-NA  Q-NA || U-NA

I 1
Q-NA''U-NA Q-NA'

NG 10% 30% 100%

Fig. 2. Flame photographs for hydrogen addition to natural gas (NG) (v/v %) at
either 0 % (NG), 10 %, 30 % or 100 % hydrogen. Photographs are split: (left) Q-
NA for constant heat input and (right) U-NA for constant fuel-stream velocity.
The volumetric flow rate of swirled co-annular air is not adjusted from the base
case for all flames. HAB represents height above burner. Exposure time 10 s.
Image intensity for the pure hydrogen flames has been increased four-fold to
assist with visibility.
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U-NA Q-NA
NG 10% 30% 100%

U-NA Q-NA

Fig. 3. OH* chemiluminescence images for hydrogen addition to natural gas
(NG) (v/v %) at either 0 % (NG), 10 %, 30 % or 100 % hydrogen. Photographs
are split: (left) Q-NA for constant heat input and (right) U-NA for constant fuel-
stream velocity. The volumetric flow rate of swirled co-annular air is not
adjusted from the base case for all flames. HAB represents height above burner.
Exposure time 1 s. The image intensity of each flame was increased two-fold in
postprocessing to assist with visibility.

which becomes reattached at 100 %. The pixel intensity from the images
in Fig. 3 is used to quantify the lift-off heights from the burner for each
flame using previously established techniques [42-44], as outlined in
Section 2.2. The measured lift-off heights for each flame are presented in
Fig. 4.

The results in Fig. 4 show a reduction in lift-off height with hydrogen
addition of 10 and 30 vol% and attachment of the flame at 100 %
hydrogen. The base natural gas flame is shown to be lifted 33 mm from
the burner exit plane. Addition of hydrogen up to 10 vol% reduces the
lift-off height by 21 % and 23 % depending on if heat input or velocity is
conserved with hydrogen addition, respectively. Further addition of up
to 30 vol% results in a 38 % and 51 % decrease relative to the base case,
depending on if heat input or velocity is conserved with hydrogen
addition, respectively.

The stabilisation of lifted non-premixed flames has been charac-
terised previously [7,54], which details the theory of a competing
relationship between the local gas velocity and flame propagation speed,
with the flame base stabilising where these two properties are equal. As
highlighted in Section 1, the axial component of gas velocity is reduced
with the addition of swirl. This extends the blow-off limit and permits a
larger heat input which is desirable in many industrial applications.
Similarly, increasing the propagation rate or burning velocity can also
increase stability. The burning velocity of a stoichiometric methane
mixture is increased dramatically by blending with hydrogen, increasing
from 0.25 m/s to 2.9 m/s — however, this increase is non-linear and is

35 '
[ Lq
30
@
r0.8 0
251 s
E @
£ 20 0.6 38
oy o
m .
= o]
= 15 o
Q 0.4 %
= £
—10+ 5
P4
0.2
5,
0 ‘ ‘ . T 0
0 20 40 60 80 100

Hydrogen in natural gas (vol %)

Fig. 4. Flame lift-off height determined from OH* images for hydrogen addi-
tion to natural gas (NG) at constant heat input (Q-NA) and constant jet velocity
(U-NA) - refer Table 1. The volumetric flow rate of swirled co-annular air is
maintained in both instances.
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only small for weak blends of hydrogen in methane [55]. The implica-
tions of this effect on burning velocity are the most likely cause for the
observed discrepancy in lift-off height from 10 to 30 vol% hydrogen
when jet velocity is conserved, as shown in Fig. 4. Note also that the
reduction in lift off height is less significant in the constant heat input
cases compared with the constant velocity cases. As mentioned previ-
ously, this is a result of an increase in volumetric flow rate of fuel which
increases velocity as hydrogen is added (due to its lower volumetric
energy density). In either case, at 100 % hydrogen, the flames are
observed to completely reattach to the burner. An attached flame may
result in increased burner surface temperature but would also mean
increased resistance to blow-off. This would allow for a much higher
heat input to be achieved while avoiding extinction, a desirable feature
for industrial combustion applications.

3.2. Radiative heat transfer

Quantifying the degree to which the displacement of hydrocarbon-
based fuels impacts heat transfer is a vital step in the de-risking of
alternative fuels such as hydrogen. Fig. 5 shows the axial heat flux
profile for hydrogen addition to natural gas at either constant heat input
(top) or constant velocity (bottom) from 0 to 1200 mm above the burner.

The axial heat flux profiles of almost all flames takes a similar shape,
reaching a maximum at ~500 mm above the burner which correlates
with the location of maximum flame width observed in Fig. 2. Similarly,
heat flux approaches zero towards 1200 mm above the burner, consis-
tent with the visual flame heights presented in Fig. 2. A qualitative
observation can also be made that the flame images which appeared the
most luminous were also the most radiant, consistent with the
assumption that soot is the primary cause for radiant heat transfer and
luminosity.

The effects of hydrogen addition were dependent on whether heat
input or velocity were conserved. For constant heat input cases, the
influence of hydrogen addition on the magnitude and shape of the heat
flux profiles was negligible up to 30 vol%. For 100 % hydrogen, a
reduction of almost 30 % in radiant heat flux was observed on average
across the full length of the flame, compared with natural gas. Since heat
input is conserved for these cases, any reductions in radiative heat
release are attributed to the displacement of sooting species. As ex-
pected, lower heat flux measurements were observed for the U-NA cases
compared with Q-NA cases due to the subsequent decrease in heat input.

1.2 a '
—4—NG
——-10%
—5—30%
0.6 —2—100% [
-
E
3 0 T T
£ o0 400 800 1200
= |
= b
= 1.2 .
Q
B
0.6 1 :
0 /\\M .
0 400 800 1200

HAB (mm)

Fig. 5. Axial heat flux measurements for hydrogen addition to natural gas (NG)
at for constant heat input (Q-NA) (a) and for constant jet velocity (U-NA) (b) —
refer Table 1. The volumetric flow rate of swirled co-annular air is maintained
in both instances. The error bars represent the 0.005 % of the measured value,
which is the accuracy of the measurement equipment.
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To directly assess the influence of hydrogen on radiant heat transfer,
the results in Fig. 5 have been converted to a radiant fraction and pre-
sented in Fig. 6 as a function of hydrogen fraction in the fuel. In this case,
a closer trend between constant heat input and constant velocity cases is
observed. Radiant fraction (refer Eq (2), is normalised by heat input. The
radiant fraction of the natural gas base case is calculated to be 15.3 %,
complete replacement of natural gas for hydrogen results in a 30-36 %
reduction on overall radiant fraction, depending on if heat input or
velocity were conserved when hydrogen is added. Hydrogen addition up
to 10 vol% showed a minor (4-7%) reduction in radiant fraction — but
30 vol% hydrogen showed only a 0-2% reduction.

Since radiant fraction is normalised by heat input, it can be used to
analyse the radiative capacity of a given fuel blend irrespective of its
supply rate (heat input). Given the close agreement between constant
heat input and velocity cases in Fig. 6, it can be inferred that the effect of
hydrogen addition, or rather, of soot displacement, with respect to the
radiant fraction is consistent regardless of heat input. That is, at the
complete displacement of natural gas with hydrogen will lead to a 33 %
reduction in the overall radiant fraction of the flame, regardless of how
the supply rate is adjusted with fuel composition.

3.3. Influence of Hy on flame temperature and NOx

A critical component of an investigation on the effects of hydrogen
addition to a particular burner design is a characterisation of the effects
of hydrogen on flame temperature and NOx emissions. Axial centreline
temperature profiles from 0 to 1200 mm above the burner and NOx
emissions in the post-flame region (2000 mm above the burner) are
presented in Figs. 7 and 8, respectively.

Flue gas NOx samples for the base natural gas case are measured to
be 20 mg/MJ. Hydrogen addition up to 10 vol% increases NOx emis-
sions by as much as 25 % with a negligible distinction between whether
hydrogen is added at constant heat input or constant velocity. the 30 vol
% hydrogen blends produced 47 % and 31 % more NOx emissions,
depending on if heat input or velocity were conserved, respectively. The
100 % hydrogen cases increased NOx emissions by a factor of 2.2 and
1.8, depending on if heat input or velocity were conserved, respectively.
The influence of hydrogen addition strategy (constant heat input versus
constant velocity) was not shown to significant with respect to NOx.
That is, the distinction between constant heat input and constant ve-
locity cases is insignificant.

The centreline temperature data presented in Fig. 7 shows the peak
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Fig. 6. Radiant heat fraction (%) for hydrogen addition to natural gas (NG) at
constant heat input (Q-NA) and constant jet velocity (U-NA) — refer Table 1. The
volumetric flow rate of swirled co-annular air is maintained in both instances.
The error bars represent the 0.005 % accuracy of the measurement equipment.
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Fig. 8. Flue gas NOx measurements taken in the post-flame region (2000 mm
above the burner) for hydrogen addition to natural gas (NG) at constant heat
input (Q-NA) and constant jet velocity (U-NA) — refer Table 1. The volumetric
flow rate of swirled co-annular air is maintained in both instances. The error
bars represent the 0.1 % of the measured value, which is the accuracy range of
the measurement equipment.

flame temperature, which is a good indicator of thermal NOx formation
rates [56-58], is similar, varying by less than 2 % for each fuel blend,
regardless of how hydrogen is added. This is consistent with the similar
trends observed for NOx emissions for hydrogen addition at constant
heat input and constant velocity in Fig. 8. Although hydrogen addition
did not shift the location of peak flame temperature downstream, as
reported in previous work [8], it is noteworthy that the location of peak
flame temperature is shifted upstream toward the burner for constant
velocity cases compared to constant heat input. The reduction in fuel
flow to conserve velocity as hydrogen is added shortens flame length, as
discussed in Section 3.1. This shortening of overall flame length causes
the peak flame temperature to shift upstream. As discussed in Section
3.2, it is concluded the fuel-air mixing is more intense closer to the
burner. A peak flame temperature closer to the region where air (the
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source of nitrogen) is most effectively mixed with the fuel may also
contribute to NOx emissions and is further discussed is Section 3.4.

3.4. Influence of swirled co-annular air

Changing the properties of the fuel stream with no adjustment of the
air supply, such as the cases discussed in Section 3.1-3.3, can result in
large changes in the parameters which are fundamental to a swirl burner
operation. This section (Section 3.4) considers the implications of
hydrogen addition under conditions where the fuel/air momentum flux
ratio or equivalence ratio have been conserved. In particular, co-annular
air was adjusted to conserve either fuel/air momentum ratio (Q-MF and
U-MF) or equivalence ratio (Q-ER and U-ER) as hydrogen fraction is
varied. A more detailed description of the flame cases is presented in
Table 1. By comparing the effects of co-annular air supply via its asso-
ciated parameters (equivalence ratio and fuel/air momentum flux ratio)
a more complete characterisation of the effects of hydrogen addition to
the burner can be achieved.

The adjustment of co-annular air to conserve either fuel/air mo-
mentum flux ratio or equivalence ratio did not significantly impact the
flame appearance hence, DSLR and OH* chemiluminescence images
have been presented separately in the Supplementary Material. To
visualise how momentum flux ratio and equivalence ratio vary between
flame cases and to quantify their impact on performance, the data in this
section are presented as a function of momentum flux ratio or equiva-
lence ratio. Specific flame cases are distinguished using different
formatting as outlined in the respective figure legends.

The mixing and stability of swirl burner flames is heavily dependent
on fuel and air supply and specifically on the fuel and air momentum
flux ratio [36,59]. Fundamental stability metrics such as lift-off height
can be significantly affected by subtle changes in fuel properties or
supply ratios with co-annular air. As a result, it is important to charac-
terise how changes in fuel/air momentum flux affect these metrics. The
lift-off height, as determined from the OH* chemiluminescence images
in Fig. 3, Fig. S2 and Fig. S7, is presented in Fig. 9 as a function of
momentum flux ratio and equivalence ratio.

The results from Fig. 9 show a correlation between hydrogen fraction
and lift-off height, with distinction between 10, 30 and 100 % hydrogen
flames being apparent. The 10 vol% hydrogen flames were all lifted
25-30 mm above the burner, a 9-24 % reduction in the lift-off height
relative to the base natural gas case. The 30 vol% flames were less lifted
than the 10 vol% flames but more distributed, with lift-off heights
varying between 13 and 20 mm observed, a 39-61 % reduction in lift-off
height compared with the base case. Finally, all pure hydrogen flames
were observed to be attached to the burner.

The data points in Fig. 9 are clustered, primarily by fuel composition
(hydrogen fraction) and heat input. As discussed in Section 3.1, it is
expected that a reduction in axial velocity will contribute to reducing
lift-off height and an eventual anchoring of the flame to the burner.
Similarly, changes in fuel composition which increase burning velocity
are also expected to decrease lift-off height. This is consistent with the
observations presented in Fig. 9. Cases which conserve heat input have a
higher volumetric flow rate of fuel and as a result, are lifted more than
lower heat input cases. This is most clearly seen for the 30 vol%
hydrogen cases, where for a 26 % increase in velocity, the 97 kW cases
are 25 % more lifted than 77 kW cases.

The fuel/air momentum flux ratio has been shown to be a dictating
parameter of co-annular swirl burner flames [36,59], however, in this
case, no clear correlation could be drawn between lift-off height and
fuel/air momentum flux ratio. A minor decrease in lift-off height is
observed for the 30 vol% hydrogen (constant velocity) cases as
co-annular air supply is reduced but this observation could not be
observed for other cases.

To understand the role of fuel composition on thermal radiation,
radiant heating fractions for each flame are presented as functions of
momentum flux ratio and equivalence ratio in Fig. 10.
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Fig. 9. Flame lift-off height extracted from chemiluminescence images pre-
sented as a function of fuel/air momentum flux ratio (a) and equivalence ratio
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filled and open markers, respectively. Lift-off height is defined as the point
along the axial centreline from the burner exit to the flame at which OH*
chemiluminescence intensity reaches 15 % of the flame’s peak intensity. 30 vol
% H, data points have been annotated to show their respective heat inputs.

The results in Fig. 10 show a similar observation to that discussed in
Section 3.2. That is, there is a clear reduction in radiant fraction by
complete substitution of natural gas for hydrogen. The distinction be-
tween natural gas and the 10 and 30 vol% hydrogen mixtures is less
significant, regardless of co-annular air supply.

For the 10 and 30 vol% blends presented in Fig. 10, minor changes in
radiant fraction relative to the base natural gas case are observed but no
clear correlation between is apparent — noting that radiant fraction
accounts for heat input and so variation due to supply rate is eliminated.
There is, however, a positive relationship between radiant fraction and
both momentum flux ratio and equivalence ratio (i.e. with decreasing
the air supply). This observation is most pronounced in the pure
hydrogen cases where velocity is conserved (i.e. for 100 % Hy 29 kW
cases) but can also be seen to a lesser extent in the 10 and 30 vol%
blends. Momentum flux ratio and equivalence ratio are increased from
0.21 to 3.53, to 3.45 and 14.41, respectively, radiant heating fraction for
the 29 kW pure hydrogen cases increases linearly (R% = 0.99) by up to
57 % for the 100 % hydrogen cases.

A reduction in air supply would typically result in an increase in soot
formation, leading to increased radiant heat transfer. However, for pure
hydrogen cases where there is no carbon present this cannot be the
cause. Instead, it is likely that by reducing the flow rate of gas exiting the
burner, the entrainment of surrounding secondary air is reduced which
may have been contributing a diluting/cooling effect, lowering the heat
release. This would also explain why the effect is not observed for the 97
kW cases, which have a much higher flow rate of fuel and therefore
entrain a greater volume of dilution air.

An increase in flame dilution would be expected to impact other
factors, such as thermal NOx production. The interactions between fuel
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Fig. 10. Radiant heat fraction for hydrogen addition to natural gas (NG) in a
co-annular swirl burner for various fuel/air momentum flux (a) and equiva-
lence ratios (b). Constant heat input (Q-) and constant velocity cases (U-) are
identified with filled and open markers, respectively. The data points for pure
hydrogen flames have been annotated to also include their respective heat in-
puts. The error bars represent the 0.005 % of the measured value, which is the
accuracy of the measurement equipment.

and air in a co-annular swirl burner have the potential to influence local
temperature zones and resulting thermal NOx emissions. To investigate
and characterise these effects, the changes in NOx emissions with
respect to fuel/air momentum flux ratio and equivalence ratio are pre-
sented in Fig. 11.

Overall, the results from Fig. 11 suggest fuel/air momentum flux
ratio does not have a consistent impact on NOx emissions for a given fuel
blend. For most fuel blends, any changes in NOx emissions are too small
to be evidence of any correlation with momentum flux. The highest
increase in NOx emissions relative to the base case was for pure
hydrogen at constant velocity, producing 4.8-times more NOx than the
natural gas base case — this is also the case which has the peak cen-
treline flame temperature occurring closest to the burner exit, as shown
in Fig. S9 in the Supplementary Material. This observation further
supports the hypothesis made in Section 3.3. That is, the fuel and air
mixing is presumed to be strongest nearer to the burner and a region in
which maximum fuel-air mixing and peak flame temperature are
occurring creates an environment for increased thermal NOx formation.

The results in Fig. 11 show that for hydrogen addition at 29 kW
(constant velocity), decreasing swirled co-annular air supply increases
NOx emissions. The observation is partially observed for 97 kW (con-
stant heat input) cases but cannot be observed for other fuel blends.
Decreasing co-annular air supply may contribute to reducing NOx
emissions by reducing fuel/air mixing close to the burner exit and
shifting the location of peak flame temperature downstream, where
fuel/air mixing is poorer. Furthermore, by reducing the primary swirled
air supply, a greater amount of secondary air must be entrained in the
downstream portion of the flame to sustain the reaction.

The effect of conserving heat input versus velocity appears negligible
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Fig. 11. Flue gas NOx measurements taken in the post-flame region (2000 mm
above the burner) for hydrogen addition to natural gas (NG) in a co-annular
swirl burner for various fuel/air momentum flux (a) and equivalence ratios
(b). Constant heat input (Q-) and constant velocity cases (U-) are identified with
filled and open markers, respectively. The data points for pure hydrogen flames
have been annotated to also include their respective heat inputs. The error bars
represent the 0.1 % of the measured value, which is the accuracy of the mea-
surement equipment.

with respect to its impact on the normalised NOx emissions in the flue
gas. This is explained by the consistent peak flame temperatures for each
fuel blend. Any variation in NOx with heat input can be explained by a
changing of the mixing intensity and location of the peak flame tem-
perature, as a result of the fuel and air flow ratios. This observation is
significant as it may allow for a strategic adjustment of fuel and air
supply to mitigate the increased NOx emissions as a result of hydrogen
addition. This would be a simple and cost-effective solution strategy
compared with, for example, changing the vane angles of the nozzle,
which would require a complete redesign and replacement of the
burner.

The mixed sensitivity to co-annular air with respect to stability,
radiant heat transfer and NOx is most likely a consequence of the non-
premixed and low-swirl nature of the flames tested in this investiga-
tion. For applications where the flames are stabilised by different
mechanisms within the swirl structures, such as premixed and/or HSB
flames, fluctuations in equivalence ratio or momentum flux may have a
different effect. In general, it could be said that non-premixed and low-
swirl burners are well suited for use with hydrogen-natural gas due to
the high turn-down capacity, relatively low impact of hydrogen as lower
blend ratios and the capacity for simple and cost-effective adjustments at
higher blend ratios. Furthermore, the increase stability gained by
operating with hydrogen, even at low blending ratios, can be considered
an improved feature which may be desirable in many industrial appli-
cations and for many future fuel opportunities such as operating with
biogas.
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4. Conclusions

The performance of a scaled industrial co-annular LSB design was
investigated for various non-premixed turbulent hydrogen-natural gas
flames up to 100 % hydrogen. Hydrogen was added conserving either
heat input or velocity. Additionally, the influence of co-annular air was
investigated via three different approaches for the change in fuel blend:
co-annular air was either left unadjusted (constant volumetric flow),
adjusted to conserve fuel/air momentum flux ratio or adjusted to
conserve equivalence ratio as the fuel blend changed. Four key findings
may be summarised as:

1. The visual distinctions were mostly negligible for 10 and 30 vol%
hydrogen addition with only small reductions in visible flame length.
No colour or luminosity changes were observed up to 30 vol%
hydrogen. Complete replacement of natural gas with hydrogen
resulted in a shorter and narrower flame that was almost invisible to
the naked eye. There was no noteworthy distinction between
hydrogen addition at constant heat input versus constant velocity,
except for a reduction in flame size due to the difference in volu-
metric flow rate.

. The characteristic lifted flames of a LSB were shown to decrease their
lifted height from the burner both as hydrogen concentration
increased and as heat input decreased. Hydrogen addition of 10 %
and 30 % reduced lift-off height by 9-24 % and 39-61 %, respec-
tively, depending on how/if co-annular air was adjusted. At 100 %
hydrogen the flames became attached to the burner. The cause for
this was determined to be an increase in burning velocity due to
hydrogen and a decrease in burner fuel exit velocity as heat input
decreased.

. Hydrogen addition had a negligible effect on the radiant heat
transfer properties of the flames for the 10 and 30 vol%. Complete
substitution of natural gas for hydrogen caused a 33 % reduction in
the fraction of radiant heat generated from the flames that was
consistent regardless of whether hydrogen was blended at constant
heat input or constant velocity. This was deemed to be a result of soot
displacement.

. Hydrogen addition caused an increase in NOx emissions along the
flame centreline in the post-flame region, most notably for the 100 %
hydrogen case. Addition of 10 % and 30 % hydrogen increased NOx
emissions by up to 25 % and 47 %, respectively. Compete substitu-
tion of natural gas for hydrogen resulted in up to 4.8-fold increase in
NOx emissions. Conserving velocity compared to heat input had a
negligible effect of magnitude of peak flame temperature but did
cause a shift in location of peak flame temperature upstream toward
the burner. The influence of co-annular air adjustment become more
significant as hydrogen fraction increased. This highest NOx emis-
sions were recorded for the constant velocity hydrogen addition and
lowest co-annular air supply. NOx emissions could be reduced by
increased fuel flow rate and increased co-annular air supply — this
may be a potential simple and low-cost approach to mitigating the
high NOx emissions associated with hydrogen flames.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.ijjhydene.2023.11.164.
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