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A B S T R A C T   

A natural gas and carbon dioxide fuel mixture was enriched by hydrogen to experimentally measure the per
formance of a hydrogen and surrogate biogas fuel. The performance of various biogas qualities and hydrogen 
blend ratios was investigated for use in a commercial self-aspirating burner by quantifying the impact on primary 
air entrainment, blow-off and flashback limits, NOx emissions, radiant heat transfer and flame appearance. The 
results showed operating limits of a biogas or hydrogen flame alone could be extended by blending one with the 
other and by increasing fuel injector size (lowering primary air entrainment), with the latter being more 
effective. The collateral impact of carbon dioxide and hydrogen addition on radiant heat transfer could be 
mitigated by increasing injector size, with the carbon dioxide content in biogas maintaining NOx levels at or 
below the level of natural gas. Overall, there appears to be merit for hydrogen and biogas to operate as a 
mutually beneficial fuel in a commercial self-aspirating burner design.   

1. Introduction 

The need for alternative sources of energy continues to grow as the 
climate situation worsens and fossil fuel reserves are depleted. For many 
heating applications which currently utilise combustion, switching to 
electricity may not be a viable decarbonisation approach. For these 
combustion applications, many have begun to investigate hydrogen (H2) 
as an alternative fuel. 

Combustion of H2 produces no carbon dioxide (CO2) emissions, it can 
be produced using a variety of methods, including renewable pathways 
such as electrolysis of water. This method allows for H2 to be used as an 
energy storage medium for electricity generated from renewable sources 
such as wind or solar. The combustion properties of H2 are distinct from 
many current fuels and so provide unique opportunities and challenges 
for sectors looking to use H2 in their existing burners. Quantifying the 
magnitude by which these challenges will impact different applications 
and ultimately de-risking the adoption of H2 for a range of combustion 
applications is a critical first step towards decarbonisation. 

In addition to H2, biogas is also a strong contender to replace non- 
renewable fossil fuels. Biogas refers to the gas mixture produced from 
the anaerobic digestion of bio-waste and is therefore a renewable and 
potentially carbon-neutral fuel alternative [1]. The primary feedstock 

for biogas in these regions come from crop residuals, animal manure and 
municipal solid waste. Many industries have the potential to produce 
biogas as a by-product of their normal operations with anaerobic di
gesters. Europe is the largest producer of biogas in the world, followed 
by the US and China, who collectively account for 90 % of the world’s 
biogas production [2]. 

The composition of biogas depends on the feedstock and biodigester 
conditions, but a typical analysis contains 40–80 % CH4 with the balance 
CO2, and low concentrations of other species such as CO, N2, H2, O2, 
H2S, H2O, dust and siloxanes also present [2–6]. The high concentration 
of inert CO2 can make use of biogas for combustion challenging as it 
dilutes the fuel and limits the combustion process. Separation of the fuel 
from these inert species adds to the cost of production [1]. 

The challenges of biogas combustion primarily are a result of its low 
volumetric energy density, low flame speed and narrow flammability 
limits due to the high concentration of inert species [6–9]. These chal
lenges make utilisation of raw biogas in commercial burner designs 
difficult. In fact, raw biogas is often reported as ineligible for use in 
commercial burners — the low volumetric energy density, as a result of 
the high inert content, means a considerable increase in total volumetric 
fuel flow is required to maintain heat input. This, combined with the low 
burning velocity, result in either much lower heat inputs or extinction 
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due to blow-off when using biogas [6,10]. 
Considerable effort is being made to improve the upstream produc

tion quality of biogas by optimising digestion techniques [11–13]. From 
a downstream, end-user perspective, one approach to improve the 
burning velocity and flammability limits of biogas flames for heating 
applications, is the blending with H2 [10,14–20]. The high flame speed 
and wide flammability limits of H2 may improve the properties of biogas 
and make it useable in a variety of commercial heating applications. 
From an alternative perspective, the high inert content of raw biogas 
may be an opportunity to address the challenges associated with H2 
combustion. The inert content of biogas may contribute to lowering the 
high NOx emissions from H2-blended flames and the (renewable) CO2 
source may also improve the radiant heat transfer properties of the flame 
[21]. 

To study the effects of H2-enrichment of biogas, a CH4–CO2 gas 
mixture can be used to simulate the properties of raw biogas [19,20, 
22–24]. Investigations of biogas flames under a variety of configurations 
have shown significant impacts on stability, flame temperature, flame 
length and heat transfer properties as a result of H2 addition as low as 
5–10 vol% [10,19,20]. Interestingly, it was shown that H2 addition had 
a diminishing effect, that is, from 0 % to 5 vol% H2 had a greater relative 
impact than from 5 % to 10 vol% H2 with regard to increasing the upper 
limit of fuel velocity before critical instability occurred [10,19,20,22]. 
Characteristic reductions in flame length and radiant heat transfer were 
also observed in both the premixed and non-premixed cases [10,19]. 
The influence of H2 to the non-premixed case caused a reduction in heat 
transfer, whereas H2 addition to the premixed case enhanced heat 
transfer [10,19]. In the self-aspirating case [20], H2 fraction is consid
ered up to 50 vol% with the aforementioned trends still observed. For 
fully- and partially-premixed flames, equivalence ratio (φ) contributes 
significantly to overall performance. In a study of H2 addition to a biogas 
surrogate mixture, it was shown that changes in equivalence ratio can 
have significant effects on heat release, especially under rich (φ = 1.2) 
conditions [25]. These effects were improved with the presence of H2 
but worsened by the presence of CO2 due to physical, chemical and 
thermal effects. 

An important consideration when investigating alternative fuels for 
industrial use is the collateral effects on heat transfer. Inert dilution has 
been shown previously to impact the radiant heat transfer properties of 
flames [26–28]. The displacement of soot as a result of H2 blending is 
beneficial from a health and environmental perspective but can be 
detrimental to the performance of some combustion applications. 
Blackbody radiation from soot particles contributes the majority of 
radiative heat transfer and is responsible for the colour and luminosity of 
non-premixed hydrocarbon flames [21,29–34]. In addition to the 
reducing effects of H2 on soot loading, CO2 has been numerically shown 
to decrease the soot formation of laminar hydrocarbon diffusion flames 
via chemical, thermal and dilution pathways [35,36]. In fact, although 
H2 and CO2 both reduced soot formation to a similar degree, albeit via 
different pathways (H2 suppressed the soot inception and CO2 supressed 
the HACA surface growth pathway), the combination of CO2 and H2 was 
shown to be significantly more effective at lowering soot formation than 
either added alone, reducing total soot inception by almost 40 % for 
addition/dilution ratios of 30 % each [35]. 

It is worth noting that although H2 has a higher specific energy 
density than biogas, H2 still has a relatively low volumetric energy 
density. Thus, to maintain heat input with a mixture of H2 or biogas, an 
increase in total volumetric flow of fuel is required. In diffusion biogas 
flames, it has been shown that increasing the fuel nozzle size improved 
the blow-off limit via a decrease in axial velocity [22]. In self-aspirating 
burners, the added volumetric flow rate provides a unique challenge 
where the momentum of the fuel stream dictates the amount of primary 
air entrainment and resulting equivalence ratio inside the burner. 

In a self-aspirating burner design it has been shown that blending H2, 
while conserving heat input, increases the entrainment of primary air 
which can lead to flashback and/or performance issues [37]. It was 

found that increasing the fuel injector size lowered the momentum of the 
fuel stream and resulting primary air entrainment, and was an effective 
approach to permit larger fractions of H2 to be blended without flash
back [37]. The drawback to increasing the fuel injector size and 
lowering primary air intake was found to be reduced performance, 
primarily in the form of increased NOx emissions [37]. There is potential 
for these NOx emissions to be partially mitigated by diluting the fuel 
with an inert species such as CO2. To make this process more 
cost-effective, the source of the CO2 could come from raw biogas. 
Furthermore, the increased reduced fuel stream velocity induced by a 
larger fuel injector size, and higher burning velocity of H2 may extend 
the blow-off limit of a low-quality biogas (i.e. one which contains high 
amounts of CO2). The multi-variable issue of CO2 dilution, H2 combus
tion and the increased primary air entrainment has not been thoroughly 
investigated with respect to industry-relevant performance criteria. 

Although some insight can be drawn from existing literature, there 
remain several gaps in understanding with regards to the operability and 
performance of biogas blended with H2 in commercial burner designs, 
particularly, in partially-premixed self-aspirating designs. The modifi
cation of the fuel injector in a self-aspiring design, which has shown 
previous success extending the flashback limit for operation with H2, has 
potential as a solution for H2-biogas mixtures. Additionally, the per
formance of a H2-biogas mixture has not been investigated in the context 
of a modified self-aspirating burner. It is therefore necessary to better 
understand how H2 addition to biogas of various qualities (CO2 con
centrations) will impact blow-off and flashback behaviour, NOx emis
sions, radiant heat transfer and flame appearance in a self-aspirating 
burner design. 

This paper compares the performance of a commercial self-aspirating 
burner operating with H2-biogas fuel blends compared to its typical 
operation on natural gas and its operation on H2-natural gas blends, 
characterised in previous work [37]. A significant novelty of this work is 
the detailed characterisation of a commercial burner design using 
industry-relevant performance metrics. The upper and lower limits of H2 
addition before flashback or blow-off are quantified for a range of biogas 
compositions. The efficacy of increasing fuel injector size, as a simple 
and cost-effective means of lowering fuel stream velocity and primary 
air entrainment is also considered for its ability to extend these limits 
and its impact on overall performance. The practical performance of the 
burner is characterised using the criteria: flame appearance (visibility 
and length), radiant heat transfer and NOx emissions. The work pre
sented in this paper goes beyond previous investigations by considering 
not just the minimum fraction of H2 required to achieve stable com
bustion, but the maximum permissible fraction H2 before flashback, in 
addition to several intermediate cases — all of which have been char
acterised using the above-mentioned performance criteria. Overall, an 
analysis is provided which describes the ability of a commercial burner 
design to be adapted to operate effectively on various H2-biogas blends. 

2. Methods 

2.1. Burner apparatus 

The experimental results presented in this paper were conducted on a 
commercial self-aspirating burner known as an atmospheric nozzle (AN) 
burner. Fuel is supplied via a central injector jet with enough mo
mentum such that surrounding atmospheric air can be entrained as 
primary air. A diagram of the burner is presented in Fig. 1, modified 
from a previous investigation [37]. The rate of primary air entrainment 
is a function of the fuel stream momentum (M), which is calculated from 
the density (ρ) and velocity (U) of the fuel stream, as in Eq (1) [37–39]. 

M=ρU2 (1)  

In addition to the base 4-mm-diameter fuel injector, two addition sizes 
were investigated, an 8- and 12-mm-diameter. The larger injector size 
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lowers the fuel stream velocity and, according to Eq (1), the fuel stream 
momentum. The resulting lower axial momentum and reduced 
entrainment of primary air was investigated as a means of improving 
performance and operating limits of the AN-burner on H2-biogas fuel 
blends by lowering the fuel stream velocity and increasing equivalence 
ratio to increase the window of operation between blow-off and 
flashback. 

The volume of primary air entrained for a given fuel blend or injector 
size was estimated using a predictive model [40,41], presented in Eq (2). 
The model has been shown previously to be a good predictor of primary 
air entrainment in self-aspirating designs [37]. Where the ratio of 
entrained air to fuel (Ψ) was calculated using fuel (ρfuel) and air (ρair) 
density, inner annulus area (A1), given by the fuel injector geometry (4-, 

8- or 12-mm-diameter), and outer annulus area (A2), given by the 
venturi air inlet geometry (68.5-mm-diameter) 

Ψ=

̅̅̅̅̅̅̅̅ρfuel

ρair

√ ( ̅̅̅̅̅
A2

A1

√

− 1
)

(2)  

2.2. Experimental diagnostics 

The diagnostic techniques selected for this investigation were chosen 
to provide a global characterisation of the burner and various fuel 
blends. In particular, visual and OH* chemiluminescence imaging, axial 
heat flux and emission measurements are used. All error ranges pre
sented account for the measurement accuracy of the equipment used, 
these are specified in the figure captions as appropriate. 

All photographs were taken using a 3.2-s exposure time, f/11 aper
ture and a white balance of 4900 K. Flame images were captured with a 
Canon EOS 6D DSLR camera fitted with a 50-mm lens and 594-nm (23- 
nm full-width at half-maximum) notch filter. The filter is used to remove 
the orange colour (~589 nm) caused by sodium, attributed to impurities 
in the ambient air. The presence of this impurity has been documented 
previously [42,43] and to ensure a fair representation of the flames in 
this paper with others where this sodium impurity may not occur, an 
optical filter is used which removes the visible emissions attributed to 
the uncontrolled sodium in the air. 

To quantify flame length, an ICCD camera is used with a 50-mm, f/ 
3.5 UV lens and 310-nm bandpass filter (FWHM = 10 nm). This set up 
allows for the capture of chemiluminescence data of the OH* radical. 
The OH* species only occurs within the reaction zone of a flame, which 
allows for location and quantification of the flame front, separate from 
the ambiguity associated with traditional photography. A height above 
burner (HAB) scale is provided for both true-colour and OH* chem
iluminescence images. Additionally, flame length is quantified from the 
OH* chemiluminescence data using a previously established approach 
[44–46]. In this case, the flame boundary layer is defined as the point at 
which OH* chemiluminescence intensity falls below 10 % of the peak 
intensity for each flame. This allows for the quantification of flame 
length. 

Radiant heat transfer was quantified using a Medtherm heat flux 
sensor, fitted with a view restrictor. The view angle was restricted to 20◦

to isolate individual sections of the flame and provide greater spatial 
resolution of the heat flux profile. Axial heat flux measurements were 
taken using a vertical transverse, over a sampling range of 0–1200 mm 
HAB with a total of six sample locations. Radiant heat fraction is 
calculated from the axial heat flux data using Eq. (3), which is an 
approach adapted from previous work [47–49]. In this case, the radiant 
fraction (Qr) is calculated as the sum of axial heat flux samples (Qs) 
multiplied by the radiative area (4πR2) and normalised by the total heat 
input from the fuel stream, given by the multiplication of lower heating 
value (LHV) and mass flow rate (ṁ) of the fuel. Here, R is the distance 
from the flame centreline to the sensor. 

Qr =
4πR2 ∑Qs,n

LHV⋅ṁ
(3) 

A Teledyne gas analyser was used to collect NOx emission data. Flue 
gas samples were collected at 1800 mm above the burner using a capture 
hood. Raw data was corrected to 0 % O2 and converted to an emission 
index using previously established techniques [37], shown partially in 
Eq. (4) where m is the mass of some pollutant (e.g. NO2) and HHV is the 
higher heating value of the fuel blend. 

EI =
m

HHV
(4)  

2.3. Flame cases 

The standard operation of the AN-burner utilises natural gas, with a 
maximum heat input of 35 kW. In this investigation, a controlled H2- 

Fig. 1. Burner diagram, adapted from previous work [37], showing major 
components and their sizes in millimetres. The fuel injector jet size (djet) was 
varied from 4 mm to 8 mm or 12 mm. Fuel is issued via the central jet and 
primary air is entrained from the surroundings via the open-walled design of 
the venturi inlet. 
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biogas mixture is used instead. Given biogas is composed primarily of 
CH4 and CO2, a surrogate biogas mixture composed of natural gas and 
CO2 is used, as in previous investigations [19,20,22–24]. An analysis, 
presented in Table S1 of the Supplementary Material, showed the 
municipal network natural gas is approximately 97 % methane, with less 
than 0.4 % higher alkanes, and so has been used in place of pure CH4. 
Three surrogate biogas mixtures are considered, namely, BG40, BG60 
and BG80 — these mixtures contain 40 %, 60 % and 80 % natural gas 
with the balance CO2, with higher CH4 contents representing higher raw 
biogas quality [23]. The heating values of the three surrogate biogas 
mixtures are 13, 20 and 27 MJ/m3, respectively. As H2 is added to the 
fuel, the flowrate of natural gas is reduced to conserve the total heat 
input at 35 kW. The flowrate of CO2 is reduced in proportion to natural 
gas, conserving the NG/CO2 ratio for the respective fuel blend (80/20, 
60/40 or 40/60). A table of fuel compositions and related details is 
presented in Table 1. 

Initially, H2 is blended with each of the surrogate biogas mixtures to 
establish (i) the minimum H2 fraction required to achieve combustion 
with each fuel blend, and (ii) the maximum H2 fraction before flashback 
occurs under steady state conditions. These limits were established for 
all three injector sizes specified in Section 2.1. Unless otherwise speci
fied, all H2 fractions are calculated excluding CO2, that is, as a per
centage of fuel gases. A plot of the calculated Reynolds numbers for each 
fuel composition and injector size is presented in Fig. S1 in the Sup
plementary Material. Additionally, a table of the total volumetric per
centages is presented in Table S2 in the Supplementary Material for 
reference. 

In Section 3.1, H2 fraction was blended in 10 vol% increments from 
the minimum to the maximum values which could be achieved while 
maintaining stable combustion for each fuel blend. Sections 3.2-3.4 
presents a selected sub-set of this data, focussed primarily on the upper 
and lower limits of H2 addition to each fuel blend, where the impact on 
the key performance criteria of the burner is investigated. The focus of 
this investigation is to establish the minimum and maximum H2 frac
tions able/required to be blended three common fuel blends to avoid 
flashback or blow-off. To highlight the extremities of each fuel blend, a 
detailed analysis of flame appearance, NOx emission index and radiant 
heat transfer is provided for these maximum and minimum H2 fractions, 
determined in Section 3.1. The heat input is maintained at 35 kW as fuel 
composition is varied. An approximate composition of the natural gas 
used in these experiments is outlined in Table S1 of the Supplementary 
Material. The H2 and CO2 gas used was industrial grade (assay: 99.5 % 
and 99.9 %, respectively) from cylinders. All gas flow rates were 
controlled using Alicat mass flow controllers. 

3. Result and discussion 

3.1. Operating range of fuel mixtures 

The upper and lower fractions of H2 able/required to be blended 
with three natural gas-CO2 mixtures before flashback or blow-off are 
presented in Fig. 2 for three fuel injector sizes. Since H2 fraction is varied 
in 10 vol% increments, error bars are given to highlight the accuracy 
(±10 vol% H2) to which these limits are known. 

Fig. 2 shows that for the standard (4-mm) injector size, no fraction of 
H2 was found that could establish a stable BG40 flame. For the BG60 
mixture, 60 and 70 vol% H2 was required to be blended to avoid blow- 

off and flashback, respectively. The BG80 blend was resistant to blow off 
at 0 % H2, with up to 60 vol% H2 able to be blended before flashback 
occurred — 10 vol% more than for a standard natural gas mixture. 

Increasing the injector size significantly widened the operating 
ranges for all fuel blends. By increasing the injector size to 8 mm, a BG40 
mixture could be stabilised with a minimum of 40 vol% H2 in the fuel — 
and flashing back at above 80 vol% H2. BG60 and BG80 mixtures were 
both stable with no H2 blending into the fuel, flashing back above 90 vol 
% H2. 

Further increasing the injector diameter to 12 mm allowed a BG40 
mixture to resist blow-off with only 10 vol% H2 added. The upper 
(flashback) limit of the BG40 blend was increased to 90 vol% H2. The 
operating limits of the BG60 mixture did not change by increasing the 
injector diameter from 8 mm to 12 mm, however, the upper limit for H2 
addition was observed to decrease by 10 vol% for the BG80 blend. In this 
case, although an 80 vol% H2 in natural gas could be established, the 
addition of a small amount (<5 vol% of total gas supply) of CO2 induced 
a flashback event. 

Because the heat input was conserved for all cases, there is an in
crease in total jet velocity as both H2 and CO2 content are increased. 
Consequently, it is likely that the cause for flashback in the 12 mm BG80 
80 vol% flame was a result of increased primary air entrainment caused 
by the added fuel stream momentum as a result of the added CO2. Fig. 3 
shows calculated primary air entrainment values as a percentage of the 
respective fuel’s stoichiometric air requirement. From Fig. 3 it can be 
seen that that even small amounts of H2 or CO2 addition, such as the 
added CO2 from a high-quality biogas (i.e. BG80), caused the percentage 
of stoichiometric air entrained to increase from 86 % to 106 % in the 4- 
mm injector, making flashback more likely. 

3.2. Visual observations and OH* chemiluminescence 

To characterise the visual effects of fuel composition and injector 
size, a series of flame photographs are presented in Fig. 4. 

From Fig. 4 it can be seen that the 4-mm base case (NG) flame had a 
consistent blue colour and a visual flame length of almost 750 mm. The 
BG80 gas mixture in the 4-mm injector, which required no H2 in order to 
stabilise, appeared much shorter and produced two distinct regions 
within the flame, a bright inner core and a dim outer plume. The 
additional gas flow from CO2 and/or H2 increases the fuel stream 

Table 1 
Fuel composition details.  

Case code Natural Gas (vol%) Carbon Dioxide (vol%) 

NG 100 0 
BG80 80 20 
BG60 60 40 
BG40 40 60  

Fig. 2. Minimum and maximum fractions of hydrogen able to be blended into 
various natural gas (NG) and biogas (BG) fuels before blow-off or flashback 
while conserving heat input. 
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velocity and, as highlighted in Fig. 3, increase the volume of primary air 
entrained. This decrease in equivalence ratio means that the reaction is 
less reliant on diffusion of secondary air to sustain itself, thus shortening 
the flame length, with such observations reported in previous work [50, 
51]. For the BG80 mixture, nearly all of the stoichiometric air require
ment (92 %) is entrained and so a much shorter flame length is required 
to complete the combustion reaction. A secondary effect is the increase 
or decrease in burning velocity by addition of H2 or CO2, respectively — 
the changes in burning rate caused H2 and CO2 has been previously 
linked to decreases and increases in flame length [10]. 

Increasing the fuel injector size decreases the fuel stream mo
mentum, lowering the volume of primary air being entrained, and 
increasing equivalence ratio, as highlighted in Fig. 3. Consequently, the 
larger injector sizes produced flames which appeared much longer than 
the smaller injector flames. Increasing the injector size to 8 mm and 12 
mm produced flames which appeared similar to the base (NG) case 

without H2 for a BG60 and BG40 fuel mixture, respectively. As with the 
4 mm injector, increasing the total gas flow via CO2 or H2 addition 
caused a shortening of the flame length and produced a second inner 
core in the 8 mm injector, albeit at higher flow rates compared to the 4- 
mm injector, suggesting the cause is related to primary air entrainment. 
Visually distinct flame regions have been previously documented where 
it was described as the result of unreacted fuel mixing with secondary air 
to form a second outer reaction zone [37,52–54]. 

A rich mixture will consume the primary air and leave unburnt or 
partially unburnt fuel such as carbon monoxide, since the initial fuel/air 
mixture was not at stoichiometric conditions and therefore cannot 
achieve complete combustion of the fuel. Secondary air must diffuse 
from the surrounding atmosphere in order to complete the reaction and 
hence factors such as flammability limits, differential diffusion and 
dilution ratio will impact this and potentially induce a second reaction 
zone large enough to be observed. The increased presence of H2 will also 
impact this, via the preferential diffusion of H2 — this can be observed in 
Fig. 4 when comparing left and right split photographs, which corre
spond to minimum and maximum H2 fractions. 

The 12-mm injector flames appeared more consistent across the of 
fuel mixtures tested, shortening only slightly. This flame shortening is 
likely a combination of the increased primary air entrainment, as 
explained above, and the effects of H2 which often produces a shorter 
flame due to the increased burning rate [10]. In the 12-mm injector 
cases, where all three fuel mixtures could be stabilised without H2, it can 
be seen that the effect of CO2 had little impact on visibility. In contrast, 
H2 addition caused a significant reduction in visibility as H2 fraction 
approached 100 %. In these cases (0 % H2 BG80 and BG60 in the 12-mm 
injector), the mean image intensity decreased by 8 % and 12 %, 
respectively, when the H2 fraction increased to 90 vol%. To supplement 
the flame photographs (Fig. 3), OH* chemiluminescence images are 
provided in Fig. 5. These images are used to quantify flame length, 
which is presented in Fig. 6. 

The OH* chemiluminescence flame length for the base (natural gas, 
4-mm) case was 700 mm. As observed in Fig. 4, the addition of a CO2 
component in the fuel mixture caused a significant reduction in flame 
length, up to 78 % for the BG80 mixture. 

Increasing the injector size and reducing the primary air entrainment 
caused an increase in flame length. For the BG80 mixture, increasing the 
injector size to 8 mm and 12 mm increased flame length by 6- and 6.2- 
times, with similar increases observed for other fuel mixtures. 

Fig. 3. Calculated primary air entrainment from Eq. (2), presented as a fraction 
of stoichiometric air for each fuel mixture. Solid, dashed and dotted lines 
represent 4-mm, 8-mm and 12-mm injector diameters, respectively. 

Fig. 4. True colour flame photographs of the base natural gas (NG) case flame and split photographs for hydrogen addition at the minimum (left split) and maximum 
(right split) volume fraction before blow-off or flashback to three fuel blends (BG80, BG60 and BG40) in a self-aspirating burner with different injector diameters: (a) 
4-mm, (b) 8-mm or (c) 12-mm. All images are taken with a 594-nm notch filter at a 3.2-s exposure time, and 4900K white balance. (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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The addition of H2 causes a modest decrease in flame length up to 60 
vol%, similar to previously documented trends [55]. The maximum 
addition of H2 typically resulted in a decrease in flame length of ~30 % 
compared to the base case, depending on the CO2 content and injector 
size. In combination with the larger (12-mm) injector size, the addition 
of 90 vol% H2 produced a flame length equivalent to that of the base 
(NG) flame with the BG40 fuel mixture. 

The results show the increased primary air entrainment and dilution 
effects as a result of adding CO2 to the fuel stream are significant on 
affecting the flame length. However, the combination of H2 addition and 
strategic modification of fuel injector size (or other methods to reduce 
primary air intake) can be used to replicate the flame appearance of the 
standard operation with natural gas. 

3.3. Influence of fuel composition and injector size on NOx emissions 

NOx emissions are an important metric when considering the per
formance of a commercial burner, especially when investigating its use 
with H2. Furthermore, a potential benefit of the inert content in a H2- 
biogas fuel blend is a reduced NOx emission index. Fig. 7 presents NOx 
emission data for each fuel mixture and injector size. Results from pre
vious work [37] have been included as a reference to H2-natural gas 
data, that is, without CO2 addition. A separate analysis of NO and NO2 is 
also provided in Fig. S2 of the Supplementary Material. 

The base case, a standard (4-mm) injector, operated with the 
maximum nominal supply of natural gas (35 kW), produced 22 mg/MJ 
of NOx [37]. The addition of CO2 in the BG80 mixture had a less than 5 
% reducing effect on NOx emissions compared with the base case (21 
mg/MJ). The maximum H2 fraction for the BG80 mixture (60 vol%) 
produced approximately 1.5-times the NOx of the base case (33 mg/MJ). 
Increasing the CO2 further (BG60) resulted in a five-fold reduction in 
NOx emissions for both the 60 and 70 vol% H2 blends. In addition to a 
higher adiabatic flame temperature, H2 addition is also expected to push 
the system closer to stoichiometric conditions due to the increased pri
mary air entrainment and a lower stoichiometric requirement for air, 
compared with natural gas. Given these impacts of H2 addition, an in
crease in thermal NOx emissions is expected and consistent with the 
observations in Fig. 7. The increased primary air entrainment as a result 
of CO2 addition causes an increase in the oxidation of NO to NO2, as 
shown in Fig. S2 of the Supplementary Material. This has been observed 
in previous work, where an increase in equivalence ratio caused a 
decrease in the NO2 to NOx ratio [56]. That is, as the mixture becomes 

Fig. 5. False colour OH* chemiluminescence images of the base natural gas (NG) case flame and split images for hydrogen addition at the minimum (left split) and 
maximum (right split) volume fraction before blow-off or flashback to three fuel blends (BG80, BG60 and BG40) in a self-aspirating burner with different injector 
diameters: (a) 4-mm, (b) 8-mm or (c) 12-mm. All images are taken with a 310-nm bandpass filter. All images are taken with an exposure time of 2 s. Note the intensity 
scale for the 4-mm BG80 and BG60, and 8-mm BG40 flames is increased by a factor of four to account for the larger much larger intensity. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. Flame length (from OH* chemiluminescence images) for hydrogen 
addition to a natural gas (NG) or surrogate biogas (BG) mixtures in a 35 kW in a 
self-aspirating burner fitted with different injector diameters: (a) 4-mm, (b) 8- 
mm or (c) 12-mm. 
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richer, the conversion of NO to NO2 is decreased. It is noteworthy that 
H2 addition also increases the entrainment of primary air, albeit to a 
lesser extent than CO2 for the same volume flow, which may explain 
why, in some cases, the conversion of NO to NO2 increases as H2 is 
added. In addition, the formation of NO is temperature dependent and 
although H2 addition increases the entrainment of primary air, it may 
also increase flame temperature resulting in increased thermal NO for
mation [54,57]. 

When modified with the 8-mm injector, blending H2 with the BG80 
mixture had a similar impact on NOx emissions compared to natural gas. 
As CO2 content increased, NOx emissions were observed to decrease. 
The BG60 mixture produced 33 % less NOx on average than the base 
BG80 mixture for the same H2 blends. NOx emissions remained below 
that of the base case up to 60 vol% H2, at 90 vol% blended into the BG60 
mixture, NOx levels were 39 % higher than the base case. The BG40 
mixture had the lowest NOx emissions and the narrowest operating 
range, producing 59 %–45 % less NOx than the base case. 

The wider operating range that is achieved for the larger CO2 dilu
tion fuel mixtures by increasing the injector size to 12 mm, allows for 
operation with up to 90 vol% H2 with NOx production equivalent to the 
base case. Overall, increasing the injector size further has an increasing 
effect on NOx emissions, for all fuel blends. It might be expected that the 
leaner cases (closer to φ = 1) would have a hotter flame temperature and 
produce higher NOx emissions, however. it is also noted that non- 
premixed flames also burn at φ = 1 at the reaction zone, which 

explains why NOx emissions increase in the cases with very high 
equivalence ratio [58,59]. In addition to the physical effects of CO2 
dilution, added thermal effects may have also contributed to the lack of 
NOx emissions, where CO2 may have absorbed most of this heat and 
reradiated it, resulting in the high peak heat flux. Residence time may 
also be a contributing factor. Although flame temperature typically 
dominates the formation of thermal NOx, residence time also plays an 
important role. Since the flames with a high primary air entrainment are 
shorter, as observed in Fig. 3–6, it could be reasonably expected that the 
shorter residence time did not allow for a high formation of NOx. 

There are two main factors which contribute to NOx formation under 
the present conditions, primary air entrainment and H2 fraction, as these 
are variables which impact flame temperature. Previous work has shown 
that as primary air entrainment is decreased (via increasing the fuel 
injector size), NOx emissions increase, with this effect most significant at 
higher fractions of H2 [37,60]. Note that this effect was observed in 
addition to the effects of H2, that is, for the same fuel composition. As 
CO2 content in the fuel increases, a dual effect is observed with respect 
to NOx emissions. As CO2 content increases, primary air entrainment is 
increased due to the added fuel stream momentum, and a diluting effect 
is also incurred since CO2 does not contribute to the combustion 
reaction. 

Fuel injector diameter can be used as a tool to operate with a higher 
dilution of CO2 as and/or to operate with a greater fraction of H2, but in 
general should be minimised in order to maintain low NOx emissions. 
For example, if the goal of a specific process was to blend 90 % H2 with 
BG60 mixture, this can be achieved by increasing the injector size from 
4 mm to 8 mm, however, a further increase in injector size only serves to 
increase the NOx emissions. In reality, it is unlikely that the ultimate 
goal will be a specific blend ratio. It is more likely that adopters of H2 
and biogas will be looking to widen the available operating ranges, 
maximise H2 addition or utilise the lowest quality of biogas. The re
quirements of different practical uses will vary significantly but the re
sults presented in Fig. 7 suggest that modifying injector diameter is an 
effective tool to achieve a variety of targets. 

3.4. Collateral impact of CO2 dilution on radiative heat transfer 

An important aspect of inert dilution research is the implications on 
radiant heat transfer. In this section, the collateral impact of diluting a 
H2-natural gas fuel mixture with CO2 on the radiant heat transfer ca
pacity is presented. Fig. 8 shows the radiant fraction (refer Equation (2)) 
of each fuel blend and injector diameter. 

The standard (4-mm) injector has a radiant fraction of 0.13 when 
operated with natural gas at the nominal 35 kW [37]. This is mostly 
unaffected when H2 is added up to 50 vol% (the flashback limit). From 
Fig. 8 it can be seen that when the CO2 is added, a reduction in radiant 
fraction is observed. Operation with a BG80 blend, without H2, lowers 
the radiant fraction by 66 %. Addition of H2 up to the flashback limit (60 
vol% H2) reduced the radiant fraction by 18 %. Increasing the CO2 
content further, with the BG60 mixture, caused a significant reduction 
— lowering radiant fraction by 66 % and 64 % compared to the base 
case for 60 and 70 vol% H2 blends, respectively. 

As fuel injector size increases, the difference between radiant frac
tion for each fuel composition decreases. In general, the effect of 
increasing injector size and consequently, lowering primary air 
entrainment, is to increase the radiant fraction of the flames. For the 
BG80 mixture, blended with 0, 30 and 60 vol% H2, the radiant fraction 
increases by 34 % and 37 % on average for the 8-mm and 12-mm injector 
sizes, respectively, compared to the standard 4-mm-diameter. 

Several effects work to both increased and decrease the radiant 
heating fraction of the fuels. As the fraction of both H2 and CO2 in the 
fuel increase, soot formation, which is the primary contributor to radiant 
heating capacity in hydrocarbon flames [21,29–34,61], is inhibited via 
multiple chemical, thermal and physical effects [35,36]. Although soot 
is a large contributor to radiant heat transfer, CO2 also acts as a radiative 

Fig. 7. NOx emission index for hydrogen addition to a natural gas (NG) or 
surrogate biogas (BG) mixtures in a 35 kW in a self-aspirating burner fitted with 
different injector diameters: (a) 4-mm, (b) 8-mm or (c) 12-mm. The error bars 
represent 10 % of the measured value, which is the accuracy of the measure
ment equipment. 
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species, albeit less effectively than soot. The increased flame tempera
ture incurred by blending with H2 and reducing primary air intake, 
combined with the added radiative properties of CO2 both work to 
counter the displacement of soot and maintain or increase radiant 
fraction. 

To provide a more detailed analysis of how injector size and quality 
impact the radiant heat transfer properties of each flame, the axial heat 
flux profiles, from which the radiant fractions are calculated is presented 
in Fig. 9. 

The axial heat flux profiles presented in Fig. 9 show that, although 
the total radiant fraction did not vary significantly, the axial profiles can 
be significantly affected. The effect of H2 is to increase the magnitude 
and shift the location of peak axial heat flux, while lowering the average 
radiant fraction of the flames. The poor preservation of axial heat 
transfer properties may be significant for applications which rely on a 
consistent heat distribution along a known flame length to a furnace 
wall or other impinging point [62]. In Section 3.2 it was observed that as 
H2 or CO2 content in the fuel increases the flames become shorter and 
more luminous. It is also predicted in Fig. 3 that as fuel stream velocity 
increases, primary air intake increases. A combustion at or near stoi
chiometric conditions will result in high flame temperatures and 
consequently, high heat flux [63]. For example, H2 addition to the BG40 
blend in the 8-mm injector (subplot ‘f’ in Fig. 9) has a relatively high 
peak heat flux measurement in the initial portion of the flame but a 
relatively short overall radiant length. Per Fig. 3, these flames 

(BG40-H40-80 with 8-mm injector) entrain 75–100 % of the stoichio
metric requirement for air. This high primary air entrainment shortens 
the flame, as observed in Fig. 4–6, and causes a strong peak in heat flux 
closer to the burner. Similarly, for flames which entrain greater than 
their stoichiometric requirement of primary air (e.g. BG60-H60-70 in 
the 4-mm injector), the flame becomes shorter, but the peak heat flux is 
relatively low compared to other cases. Additionally, the high peak heat 
flux for flames which use more CO2 support the hypothesis that CO2 is 
acting as a heat sink, absorbing heat and lowering thermal NOx for
mation (evident in Fig. 7) and reradiating thermal energy, producing the 
peaks nearer to the burner (evident in Fig. 9). 

Although the overall radiant fractions did not vary considerably 
between fuel compositions and injector sizes, the high variance of the 
individual axial heat flux profiles warrants concern when looking to 
implement and/or H2 into existing self-aspirating designs. In applica
tions where radiant flame length is important to performance, an in
crease in peak radiant intensity upstream at the expense of a decrease in 
radiant length may be detrimental to operation, however, this appears to 
be partially mitigated by increasing fuel injector size and lowering the 
primary air entrainment. It is noteworthy that the impact of CO2 dilution 
is less significant in the larger (12-mm) injector size. A good replication 
of the base (NG) axial heat flux profile was achieved in the larger 12-mm 
injector size, with increased variability between H2 cases seen for higher 
CO2 content blends. Section 3.3 showed that the increased NOx emis
sions caused by reducing primary air intake could be mitigated with 
CO2. This suggests a middle ground can be achieved where a larger 
injector size expands the operating limits of each fuel mixture and re
duces the collateral impact on radiant heat transfer, while the added CO2 
content maintains low NOx emissions. 

4. Conclusions 

A natural gas and carbon dioxide fuel mixture was enriched by 
hydrogen to experimentally investigate the performance of a hydrogen 
and surrogate biogas fuel. The performance of the various biogas qual
ities and hydrogen blend ratios was investigated for use in a commercial 
self-aspirating by quantifying the impact on primary air entrainment, 
blow-off and flashback limits, NOx emissions, radiant heat transfer and 
flame appearance. The key finding of the paper are summarised below.  

1. The CO2 content of the fuel mixtures was shown to significantly 
impact the stability and operation of the unmodified burner — with 
only high quality (low CO2) fuel blends able to be stabilised in the 
standard 4-mm injector. Reducing the velocity of the fuel stream via 
increase fuel injector size permitted much higher CO2 content before 
blowing off. The addition of H2 also contributed to extending the 
blow-off limit of various fuel mixtures due to the increase burning 
velocity, albeit to a lesser extent than by modifying the fuel injector 
size. Likewise, the CO2 content contributed to extending the flash
back limit of H2 blended fuels, again to a lesser extent than the 
modification of the fuel injector size.  

2. The added CO2 component caused a significant shortening of flame 
length (up to 78 %) due to the increased entrainment of primary air 
as a result of an increased axial momentum of fuel stream. Increasing 
the fuel injector size reduced this axial momentum component and 
produced longer flames with similar visibility to that of natural gas. 
The addition of H2 contributed further to reductions in flame length 
and significantly reduced visibility.  

3. The presence of CO2 in the flames acted to reduce NOx emissions via 
dilution effects and an increased primary air entrainment. Increased 
NOx emissions as a result of H2 blending or an increased fuel injector 
size were able to be mitigated with the addition of CO2.  

4. The overall radiant fractions of the flames were mostly unaffected by 
the CO2 or H2 content in the fuel. Instead, primary air intake, which 
is indirectly related to fuel composition in self-aspirating burners, 
was the most significant variable with regard to overall radiant 

Fig. 8. Fraction of total heat transfer coming from radiation for hydrogen 
addition to a natural gas (NG) or surrogate biogas (BG) mixtures in a 35 kW in a 
self-aspirating burner fitted with different injector diameters: (a) 4-mm, (b) 8- 
mm or (c) 12-mm. The error bars represent 0.5 % of the measured value, which 
is the accuracy of the measurement equipment. 
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fractions. Axial heat flux profiles were shown to vary significantly 
with CO2, but this effect could be mitigated by increasing fuel 
injector size and reducing primary intake. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The authors acknowledge the support from the Australian Research 
Council, The University of Adelaide and the Future Fuels CRC. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijhydene.2023.11.322. 

References 

[1] Giurcan V, Movileanu C, Musuc AM, Mitu M. Laminar burning velocity of biogas- 
containing mixtures. Literature Rev Process 2021;9(6):996. https://doi.org/ 
10.3390/pr9060996. 

[2] International Energy Agency. Outlook for biogas and biomethane. Tech Rep 2020. 
Available from: https://iea.blob.core.windows.net/assets/03aeb10c-c38c-4d10-b 
cec-de92e9ab815f/Outlook_for_biogas_and_biomethane.pdf. [Accessed 8 January 
2023]. 

[3] Ren F, Xiang L, Chu H, Jiang H, Ya Y. Modeling study of the impact of blending N2, 
CO2, and H2O on characteristics of CH4 laminar premixed combustion. Energy 
Fuel 2020;34(2):1184–92. https://doi.org/10.1021/acs.energyfuels.9b02108. 

[4] Jung C, Park J, Song S. Performance and NOx emissions of a biogas-fueled 
turbocharged internal combustion engine. Energy 2015:86. https://10.1016/j. 
energy.2015.03.122. 

[5] Taleghani G, Shabani Kia A. Technical–economical analysis of the Saveh biogas 
power plant. Renew Energy 2005;30(3):441–6. https://doi.org/10.1016/j. 
renene.2004.06.004. 

[6] Hosseini SE, Wahid MA. Development of biogas combustion in combined heat and 
power generation. Renew Sustain Energy Rev 2014;40:868–75. https://doi.org/ 
10.1016/j.rser.2014.07.204. 

[7] Acero MJ, Pacheco LE, Díaz CA. Numerical Study of the Effect of hydrogen addition 
on the laminar flame speed and premixed flame structure of biogas. Int J Renew 
Energy Resour 2018;8:1098–104. 

[8] Suhaimi M, Saat A, Wahid A, Rahman M, Daierobbi G. Effect of hydrogen addition 
on biogas combustion and flame propagation. Jurnal Mekanikal; 2018. 

[9] Acero-Caballero M, Pacheco-Sandoval L, Díaz-González C. Effect of hydrogen 
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