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A B S T R A C T

Industries are exploring hydrogen fuel switching to achieve net-zero targets. Pure hydrogen combustion eliminates carbon dioxide emissions, but this could adversely 
affect the heating performance since much of the radiative heat transfer from hydrocarbon flames originates from hot carbon dioxide molecules and soot particles, 
absent from hydrogen combustion.

To investigate the effect of swirl number on a flame’s heat transfer, a generic swirl burner was operated at 25 kW thermal input, with three geometric swirl 
numbers, a fixed equivalence ratio of 1.0 and methane-hydrogen blends of 0–100 % by volume. Hydrogen and methane exhibited different radiative and convective 
heat transfer properties.

Results showed that increasing geometric swirl number produced shorter flames with lower radiative heat transfer. The maximum radiative heat flux of a flame 
occurred between ~50–70 % along the flame’s length. Increasing hydrogen blending resulted in an increased flame temperature. 25–50 % hydrogen blending 
enhanced methane flame’s radiative heat transfer, while further blending reduced it. Local convective heat flux correlated well with local gas temperature, regardless 
of fuel.

The ratio of radiation to convection was greatest early in the flame, with convection increasing along the flame’s length. Both heat transfer modes decreased at 
similar rates with radial distance from the burner centreline.

This study examined the temperature of a steel slab using a thermocouple array to analyse heat transfer. While the hypothesis was not confirmed, results showed 
process temperatures are influenced by multiple factors. Steel temperatures were setup specific. Heat flux, flame, and product temperature measurements provided a 
strong heat transfer assessment.

1. Introduction

With the growing global imperative to reduce carbon dioxide emis
sions, industrial sectors must take urgent and bold steps, such as net zero 
carbon fuel switching, to address the impacts of climate change and 
meet their net zero targets [1].

With the UK hydrogen strategy aiming to develop a thriving 10 GW 
capacity low carbon hydrogen sector by 2030 [2], research and devel
opment of fuel switching industrial applications is vitally important to 
de-risk manufacturing sites’ transition to net zero. Currently in the UK, 
the areas of generation and distribution for net-zero fuel switching are 
advancing with support from UK Government incentivised programmes 
such the Hydrogen Production Business Model [3] and Project Union 
[4]. The UK hydrogen strategy aims to decarbonise the “hard to elec
trify” industrial sectors. This includes large-scale industrial heating ap
plications, with the steel sector expected to create the greatest demand 
for low carbon hydrogen, alongside chemicals [2].

The South Wales Industrial Cluster (SWIC) Plan report [5] highlights 

the unknown risks involved with fuel switching, within Policy Driver 22 
stating, “The need for a Fuel Switching Centre of Excellence has been 
identified to support our industries through the technical aspects of fuel 
switching away from natural gas.” However, fuel switching from natural 
gas to hydrogen [6], with blends, will modify the radiative heat transfer 
in industrial furnaces. High temperature industrial processes greatly rely 
on radiative heat transfer, generated by combustion [7]. In industrial 
heating processes that exceed one thousand degrees Celsius, literature 
states that 90 % of the total heat transfer is attributed to radiative heat 
transfer [8]. For low temperature processes, convection is expected to 
play a much greater role in the overall heat transfer from flames [9].

In literature, it is stated that many industrial diffusion burners may 
be safely operated with hydrogen fuel with little to no modification [10]. 
It is stated by Leicher et al. [11] that natural gas and hydrogen com
bustion results in similar heat flux and temperature profiles. An example 
of this is a Computational Fluid Dynamics (CFD) study, which concluded 
that 66 % heating efficiency was achieved for both natural gas and 
hydrogen fired furnaces, suggesting that hydrogen may be used without 
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an evident impact on the heating efficiency of the furnace.
In other work, the impact of hydrogen blending was explored in a 

semi-industrial furnace. The hydrogen blends assessed were 0 %, 10 %, 
and 50 % by volume in natural gas. For these blends, the heat transfer 
impact was considered unchanged. It is also stated that in other simu
lated scenarios, if the furnace was unsuitably controlled, a significantly 
reduced heat flux occurred [12].

In a similar study, hydrogen and natural gas blends of 0 %, 10 %, 30 
%, 50 % and 100 % were used in a semi-industrial furnace. The study 
concluded that there are some challenges and open questions regarding 
the radiative characteristics of hydrogen and natural gas flames. The 
study suggested that there is a high level of specialization and optimi
zation required in thermal processing industries. The use of hydrogen 
admixtures in process heating will therefore require an equivalent level 
of specialization and optimization to avoid compromising the process’ 
performance [13].

Similarly, the testing of 0 % to 50 % natural gas and hydrogen blends 
at 100 kW, 200 kW and 300 kW furnace conditions has been performed 
in literature. Based on the exhaust gas temperature and thermal load on 
the experimental cooling tubes, a similar heat transfer was assumed 
across the hydrogen blending cases [14]. However, the distinctions be
tween radiative and convective heat transfer are not made and the 50 % 
limit on hydrogen blending cannot display the full impact of pure 
hydrogen combustion on a process.

Mayrhofer et al. [15] describe an experiment conducted using 
hydrogen-natural gas blends ranging from 0 % to 40 % in a semi- 
industrial scale furnace with a capacity of 165 kW. The furnace oper
ated with a 470 ◦C air preheat and utilized a radiant tube for indirect 
steel heating. By analysing the energy balance through flue gas losses, 
the study found that blending natural gas with 40 % hydrogen improved 
the furnace efficiency from 70.67 % to 71.84 %. While the efficiency 
change is marginal and the blending limited to 40 % in this experiment, 
the results demonstrate the potential use of radiant tubes as an alter
native approach for heating applications with hydrogen blending.

Xu et al. [16] investigated the impact of increasing hydrogen con
centration on the heat transfer to a lab scale furnace wall. Their findings 
indicated a marginal increase in overall heat transfer from the gas to the 
wall, with the furnace gas’ radiative heat transfer contributing between 
68.8 % and 82.3 % of the total heat flux. In this study by Xu et al. [16], 
fuel switching from natural gas to hydrogen resulted in a 29.4 % 
enhancement in radiative heat transfer from the gas to the wall, 
accompanied by a 16.8 % reduction in convective heat transfer. This led 
to an increase of 15 % in total heat transfer efficiency.

Daurer et al. [17] conducted an experimental study, supported by 3D 
CFD analysis, using a semi-industrial furnace with a burner delivering 
up to 120 kW of power. The research measured heat transfer efficiency 
to various cooling lances under hydrogen-enriched natural gas, with 
hydrogen levels ranging from 0 % to 100 %. Experimentally, it was 
observed that increasing hydrogen content led to an increase in the heat 
flux from the flame to the cooling lances. The CFD simulations identified 
the radiative and convective heat transfer components for each cooling 
lance. For many of the cooling lances, the CFD simulations did not show 
significant changes with varying hydrogen blends. Despite this, the 
study concluded that hydrogen enrichment could improve this process’ 
efficiency by 5–10 %, driven by higher temperatures and enhanced heat 
transfer within the furnace.

This work therefore will seek to provide insights into the individual 
radiative and convective heat transfer modes of 0–100 % hydrogen- 
methane blended flames, that may be applied to a broad range of pro
cesses, since there is a large degree of specialisation amongst specific 
industrial heating processes. It is then valuable to evaluate the findings 
of this study to the existing literature data, which predominantly ad
dresses hydrogen and natural gas blends of 0 % to 50 % by volume, at the 
semi-industrial scale.

The relationship between process temperature and the relative 
contribution of independent heat transfer modes is as expected, given 

the fundamental relationship of radiation and convection with temper
ature. As temperature increases, convection is expected to linearly in
crease, whereas radiation is expected to increase relative to T4. The 
fundamental equations for radiative and convective heat transfer are 
shown as Equations (1) and (2) respectively, where ε is emissivity, σ is 
Stephan-Boltzmann constant, A is the area of heat transfer, T is tem
perature and h in convective heat transfer coefficient [8]: 

Qrad = εσAT4 (1) 

Qconv = hA(ΔT) (2) 

Convective heat transfer is the result of conductive heat transfer, 
through a fluid flow to the surface. This is driven by a temperature 
difference, located at a boundary layer, close to the heat transfer surface. 
The thickness and development of this boundary layer is dependent 
upon the properties of the flow and of the fluid [8]. In the literature, 
direct flame impingement has been found to significantly increase the 
convective heat transfer from a flame to a product. Whilst not all pro
cesses adopt this set up, it can provide an opportunity to increase pro
ductivity or decrease fuel consumption [9].

Radiative fraction, χR, is a parameter used to characterise the radi
ative heat transfer from flames, Qrad, relative to the flame’s total heat 
release, due to the chemical reaction mfuelΔHc, where mfuel is the fuel 
mass flowrate and ΔHc is the heat of combustion [18]. This relationship 
is given by Equation (3): 

χR = Qrad/mfuelΔHc (3) 

In the literature, radiative fraction has been shown to increase with 
global residence time, τG [19]. Previous research in this area has studied 
the effect of residence time on the radiative fraction of pure hydrogen 
and pure methane flames [19]. According to the findings, for the same 
residence time, pure hydrogen flames exhibit a lower radiative fraction 
than pure methane flames. The reduced radiative heat flux from 
hydrogen flames is typically due to the absence of soot particles and 
carbon dioxide molecules, with soot particles in particular acting as 
black body emitters [20]. Global residence time is defined by Equation 
(4), where the flame length is Lf and the jet velocity of the fuel is Uf 

[21]. 

τG = Lf/Uf (4) 

When adjusting the hydrogen-methane blend at a constant thermal 
input power, the fuel jet velocity (Uf) varies with the changing densities 
of the fuel blends. Global residence time can also be modified by altering 
the swirl number of the burner [22]. Swirling flames are common in 
industrial heating processes [23]. Increasing the geometric swirl num
ber, Sg, is expected to decrease flame length, Lf , thereby decreasing the 
global residence time [22]. For a diffusion flame, the central fuel jet 
velocity, Uf, should remain unchanged in this case.

It is of research value to analyze the impact of swirl number and 
hydrogen blending on radiative fraction [18]. Cardiff University’s Gas 
Turbine Research Centre (GTRC) has previously used the Generic Swirl 
Burner (GSB) with hydrogen-methane blends to assess the effect of swirl 
number on combustion emissions, particularly NOx [24]. In this work, 
the same geometric swirlers have been used to investigate the influence 
of Sg on the radiative heat transfer of hydrogen-methane blends.

The work on flame radiation by Schefer et al [19] describes how 
radiative power from turbulent jet flames can be represented in terms of 
non-dimensional radiant power, C*, in Equation (5): 

C*(z/L) =
4πR2qrad(z/L)

Qrad
(5) 

In this case, R is the radial distance from the flame centreline, 
qrad(z/L) is the radiative heat flux profile along the flame length Lf , and 
Qrad is the total radiative heat from the flame. This work is of interest, as 
it is stated that for both hydrocarbon and hydrogen jet flames, the 
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profiles of C* converge onto a single curve relative to the nominal dis
tance along the flame in the axial Z-direction, z/Lf. This was a contin
uation of the work by Sivathanu and Gore’s on jet flames [25] suggested 
that the point of maximum radiative heat flux is observed at an axial 
distance of 0.5–0.7 Lf . Measurements of the radiative heat flux along the 
length of the flame are valuable to industries seeking to optimise com
bustion systems for maximum heat transfer directly from the flame to a 
product when transitioning to hydrogen fueling. This study aims to 
determine the variation in radiative heat transfer magnitude and dis
tributions between hydrogen-methane blends, assessing the impact of 
geometric swirl number (Sg). This study will also consider the effect of 
hydrogen fuel switching on the convective heat transfer of a flame. It is 
also of research value to investigate if the spatial distribution of a 
flame’s radiative power remains consistent when the swirl number of 
the burner is increased.

2. Experimental setup

Fig. 1The swirl number of a burner may be characterised as the ratio 
between axial flux of the swirling momentum and the axial flux of axial 
momentum, divided by the equivalent nozzle radius. The geometry of 
the swirler defines the geometric swirl number, Sg. [23]. In this case, the 
geometry of the GSB determines its Sg. The geometric swirl number is 
theoretically established with Equations (6) – (8), finding the geometric 
swirl number, Sg.

Sg is the geometric swirl number. B is the vane height of the swirler. 
R is the outer diameter to the exit duct. Rh is the inner diameter to the 
exit duct. Z is the number of vanes. T is the vane thickness. R1 is the 
distance from the burner axis to the vane. α is the vane angle [26]. This is 
shown in Equations (6), 7 and 8: 

Sg =
σR
2B

[

1 −

(
Rh

R

)2
]

(6) 

σ =
tan(α)

(1 − φ)
[

1 + tan(α)tan
(

π
z

)] (7) 

φ =
zt

2πR1cos(α) (8) 

This experimental work was performed at the GTRC, where a GSB 
was used, under atmospheric conditions. The GSB was operated in 
diffusion mode, whereby the fuel and air were delivered separately to 
the reaction zone [27]. In diffusion flames, the addition of swirl in
creases the fuel–air mixing rate. A plenum was used to supply air, prior 
to geometric swirling. This plenum was fed by two air supply hoses. A 
central fuel lance, with a 5 mm diameter orifice, delivered mass flow
rates of up to 0.500 g/s of methane and 0.208 g/s of hydrogen coaxially 

to the GSB outlet nozzle. This fuel lance was fed by a fuel supply tee, 
mixing the hydrogen and methane fuel lines. The geometric swirlers 
controlled the ratio of swirling air momentum and axial air momentum, 
whilst the central fuel lance produced a jet velocity dependent on the 
density properties of the fuel. The fuel lance exit was fixed 18.5 mm 
below the GSB exit, as shown in Fig. 2. This convention has previously 
been used for the Cardiff University Generic Swirl Burner by Runyon et 
al [28].

To vary the swirl number, three geometric swirlers were used, 
illustrated in Fig. 3. The values of Sg for the three swirlers were 0.8, 1.03 
and 1.47. These were calculated using Equation (9). In this case, Anoz is 
the burner nozzle exit area, Atan is the tangential inlet area, rtan is the 
effective tangential inlet radius, rnoz is the burner exit nozzle radius, Qtan 
is the tangential flow rate and Qtot is the total flow rate [28]. 

Sg =
Anoz • rtan

Atan • rnoz
•

(
Qtan

Qtot

)2

(9) 

The bulk flow was in the axial Z-direction, according to the X-Y axis 
legend in Fig. 3. The swirlers channel air through tangential inlets, 
directing flow into the internal swirl chamber, followed by the burner 
nozzle. These geometric swirlers were used for all hydrogen-methane 
blends, excluding the Sg = 0.8 pure methane case, which encountered 
stability issues with the flame lifting off the nozzle, resulting in flame 
extinction. This case was excluded from the test matrix.

The generic swirl burner therefore has two gaseous outputs, fuel and 
air. As previously mentioned, the central fuel lance had an orifice 
diameter of 5 mm. In this set up, the GSB had an exit orifice diameter of 
40 mm. It was important for this work for the flame to remain uncon
fined to model a burner in a large furnace, where the walls of the furnace 
do not affect the flame’s shape and its heat release properties. The ratio 
between the GSB exit diameter (40 mm) and the fire box characteristic 
diameter (300 mm) was 7.5, so that the effect of the walls on the flame’s 
behavior may be considered negligible. In literature, confinement ratios 
have been observed to alter the heat release properties in both the axial 
and radial dimensions and in turn alter the shape of the flame [29,30]. 
To represent a high confinement ratio burner in a large furnace, a high 
confinement ratio was used. This work seeks to represent industrial 
burners, in which this is the case, as literature has shown that a burner’s 
confinement ratio influences heat release [29,30]. These results are 

Fig. 1. CAD representation of Cardiff University’s geometric GSB model. (a) 
burner head and (b) swirler plate. The GSB shown has a geometric swirl 
number Sg of 0.8.

Fig. 2. The GSB cross section. Fuel streamline is shown in red and air 
streamline is shown in orange. All dimensions are in millimeters.
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expected to vary in industrial conditions with lower confinement ratios.
The first element of this research aimed to quantify differences in the 

radiative heating of hydrogen-methane blended flames, evaluating the 
effect of geometric swirl number. The radiative heat flux was measured 
using a Huskeflux GG01 Gardon gauge. Employing a thermocouple 
hot–cold junction principle, the Gardon gauge facilitated real-time 
monitoring of heat flux, generating a potential difference proportional 
to incoming irradiance [31]. To isolate the signal produced by radiative 
heat transfer only, a sapphire lens was placed over the Gardon gauge’s 
black-coated thermopile sensor, eliminating the convective heat transfer 
components [32].

The Gardon Gauge manufacturer’s data specifies a ±2.0 % non- 
linearity margin of error, calibrated at 100 kW/m2. This corresponds 
to an absolute error of ±2.0 kW/m2 for all heat flux measurements. 
Consequently, error bars of ±2.0 kW/m2 were included in all figures 
presenting heat flux measurements obtained using the Gardon Gauge 
[32].

When accounting for transmissibility losses involved with using a 
sapphire lens, the average transmittance of sapphire was factored in 
during the calculation of radiative heat flux. For the transmissibility of 
Sapphire, a range of 84–86 % is quoted in literature, comparable to glass 

[32,33,34]. According to the manufacturer’s data specification, the 
Gardon Gauge had a viewing angle of 150⁰ [32], when using the sap
phire lens.

Equation (3) was used to find the radiative fraction of a flame, 
dividing the radiative heat transfer, Qrad, by the 25 kW thermal input 
power. To find Qrad, the “line of sight radiative heat flux profile” was 
integrated over its emitted area, at the radial distance of 100 mm.

The second element of this work was to compare the radiative and 
convective heat transfer modes from hydrogen and methane flames, for 
a fixed Sg of 1.47. To calculate the convective heat flux component, it 
was assumed that only radiative and convective heat flux modes 
contributed to the total heat flux. Convective heat flux may then be 
calculated as the difference between measured total heat flux and the 
measured radiative heat flux. Total heat flux was measured using the 
same Gardon Gauge, but without the sapphire lens on the sensor’s sur
face. The respective values of radiative and convective heat transfer 
were expected to vary in intensity along the length of the flame [25], in 
addition to the radial direction from the flame, so measurements were 
taken from a variety of axial and radial locations.

For hydrogen-methane blends, assessing the effect of Sg and blending 
on radiative heat transfer, all measurements were taken from 100 mm 

Fig. 3. The GSB swirlers, Sg= 0.8, 1.03, 1.47, with characteristic measurements.

Fig. 4. Experimental set up, with thermocouple monitored steel slab, igniter, GSB nozzle. (Axis not to scale, for demonstration purposes only).
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radially from the Z-axis centreline, along the height of the flame (z1 =

120 mm, z2 = 240 mm, z3 = 360 mm, z4 = 480 m). This coordinate 
system is shown in Fig. 4. When comparing the convective and radiative 
heat transfer modes of hydrogen and methane flames, measurements 
were taken at further radial locations, in the X-axis direction from the 
flame (x1 = 100 mm, x2 = 125 mm, x3 = 150 mm). For each radial 
location assessed, measurements were made along the length of the 
flame, as done previously, shown in Fig. 4.

K-type thermocouple temperature measurements were taken at the 
burner Z-axis centreline, for each experimental case at each height. As 
seen in Fig. 4, a mild steel slab (140 mm × 140 mm × 20 mm) was 
positioned adjacent to the flame, 100 mm offset from the burner Z-axis 
centreline. The centre point of the steel slab was aligned to z2, a height 
240 mm along the Z-axis from the burner nozzle exit. This positioned the 
steel slab to be at a height, estimated to be within the band of maximum 
radiative heat flux, at 0.5–0.7 Lf, for each experimental case [19]. The 
distance of the steel slab to the burner Z-axis centreline was the same as 
the radiative Gardon Gauge measurements, at a radial distance of 100 
mm, for comparability. The position of the steel slab remained un
changed to effectively demonstrate any alterations in heating perfor
mance during fuel switching. Although the steel slab would not behave 
as a black body, the emissivity of a machined face of the mild steel slab 
was estimated to be 0.2–0.3 [35]. An exact value could not be accurately 
determined without a calibrated emissometer. Yet, the steel slab’s 
temperature response will remain as a semi-quantitative approach to 
evaluating the changes in heat transfer between hydrogen-methane 
blended flames to an industrially relevant product. It was hypoth
esised that the measured radiative heat flux will correlate to the steady 
state temperature of the steel slab.

The temperature profile of this steel slab was monitored continu
ously by four K-type, surface mounted thermocouples. Three thermo
couples were aligned vertically, at 35 mm intervals along the steel slab’s 
centreline. This centreline was parallel to the burner centreline, along 
the Z-axis. An additional thermocouple was positioned at an offset of 35 
mm in the Y-direction, as shown in Fig. 5.

The locations of the surface thermocouples on the steel slab aimed to 
allow investigation into the location of maximum heat transfer, mani
festing as the temperature profile of the plate. The arrangement of 
thermocouples examined if the point of maximum heat transfer had an 
impact on the temperature profile of the steel slab, or if conductive heat 
transfer through the steel compensated for this. Where the thermocouple 
measurements were comparatively even, conduction was assumed to be 

dominant and an average temperature, Tavg, was taken across the plate.
To assess the practical heating performance of hydrogen-methane 

blends, the temperature of the steel slab was measured over time. The 
steel slab increased in temperature with time due to the heat transfer 
from the flame. Natural convection and radiative heat losses from the 
steel slab increased as a function of the temperature of the steel slab [8]. 
The rate of temperature increase asymptotically approaches zero where 
the radiative and convective losses from the steel slab approach the heat 
transfer from the flame to the steel slab [36]. Flames of higher heat flux 
to the steel slab achieved higher steel slab temperatures as a result.

Each test on the steel slab was performed for a maximum of 60 min, 
balancing time restraints and fuel demands with confidence that the 
steel slab temperature had reached a steady state. Each test started with 
the steel slab at 20 ◦C. For safety reasons, the ignition for each test point 
was performed with methane, before adjusting the fuel composition to 
the desired condition, which took approximately 5 min. Data was only 
taken from the point at which the intended fuel composition was 
attained. Hence, temperature plots begin at 35 ◦C, the earliest common 
point at which all tests had successfully attained the correct fuel 
compositions.

Thermocouples develop inaccuracies due to radiative heat losses 
from the thermocouple itself, reading lower temperatures than the gas 
temperature that it is situated in, hence the thermocouple values for 
flame and gas temperatures were corrected. The thermocouple was 
considered to be convectively heated by the local gas, rising in tem
perature and emitting radiative heat as a result. By equating the 
convective heat transfer between the gas and the thermocouple to the 
radiative heat between the thermocouple and the surroundings, the true 
gas temperature was found. Empirical Nusselt number correlations were 
used to find the convective heat transfer components of the equation, 
considering the thermocouple as a cylinder in crossflow, a widely used 
methodology [37]. For the thermocouple data produced, instrumenta
tion uncertainty may be considered as the greater of ±2.2–2.5 degrees 
Celsius or ±0.75 % as per the thermocouple supplier [38,39]. For lower, 
ambient temperatures, a ±2.5 degrees Celsius uncertainty should be 
used. For greater flame temperatures, a ±0.75 % uncertainty should be 
used.

Table 1 contains the flame lengths in each experimental case. These 
flame lengths were calculated by digitally averaging a 10 s video (25 
frames per second) of each flame. A DSLR camera was used for direct 
flame photography. The averaged images were digitally binarised with a 
threshold limit of 30 %, to define the visible flame. The 30 % threshold 
value was chosen due to its ability to produce a precise contour of the 
flame tip using the binarised image, which aligned with the flame tip in 
the averaged images with acceptable sensitivity. The axial distance, on 
the Z-axis, from the burner nozzle exit to the furthest visible flame tip 
was used to define flame length, Lf . The averaged images can be seen in 
Fig. 6. The residence times for each experimental condition are also 
included in Table 1, using the same methodology shown in Equation (4). 
For this, the flame’s length, Lf , and the fuel jet velocity, Ujet are used.

Table 1 also presents the relevant fuel and air flow rates, with 
adiabatic flame temperatures (AFT) included, calculated using the 
ANSYS Chemkin Equilibrium model. AFT is the temperature achieved by 
a flame if all the heat of combustion is transferred to the combustion 
products, with no heat loss to the surroundings [40].

A constant 25 kW fuel supply was delivered to the GSB through the 
central fuel lance, based on the fuel blend’s lower heating value (LHV). 
The fuel supply was kept constant so that radiative heat flux measure
ments could be directly comparable, relative to a constant input power. 
The hydrogen and methane fuel inputs were controlled by a series of 
mass flow controllers and measured with Coriolis flow meters to record 
the mass flowrates of fuel and air. A stoichiometric mixture of fuel and 
air was used, maintaining an equivalence ratio of 1.0 across all test 
points.

Table 1 presents the jet velocities of the fuel blends, that were 
calculated by Equation (10), where D is the fuel orifice diameter (5 mm), 

Fig. 5. Mild steel slab, showing the location of the measurement 
thermocouples.
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ρ is the density of the fuel, Q is the fuel input power (25 kW) and 
LHVblend is the lower heating value of the blend on a mass basis: 

Ujet =
Q

ρ • π • (0.5 • D)2
• LHVblend

(10) 

The radiative and total heat flux data from the Gardon Gauge, in 
addition to the thermocouple measurements were collected with a Na
tional Instrument compact DAQ, monitored and recorded by its Flex
Logger software. The sampling rate for measurements was 1 Hz.

3. Results and discussion

Fig. 6 contains the averaged flame images in each experimental case, 
visually displaying how hydrogen blending, and geometric swirl num
ber, affect the visible flame length and appearance of swirling hydrogen- 
methane blended diffusion flames. As Sg increases, flame length de
creases for the same fuel composition, as indicated in Table 1.

Fig. 7 shows how the measured visible flame lengths and calculated 
residence times vary with hydrogen-methane blending and geometric 
swirl number, where increasing Sg shortens the length of the flame, for 
the same fuel composition. Residence times were calculated using 
Equation (4), considering the fuel jet velocity and flame length. 
Increasing hydrogen blending resulted in an increase in fuel jet velocity 
at a constant thermal input, due to the low density properties of gaseous 
hydrogen. This same increase in fuel jet velocity saw a decrease in the 
residence time, as suggested by the relationship in Equation (4). 
Increasing hydrogen blend also increased the reactivity of the fuel 

mixture. Increasing Sg was expected to decrease the visible flame length 
for the same fuel blend, which was observed. Hence, increasing Sg 

decreased the calculated global residence time of the fuel, in this 
diffusion flame set up. The longest flame lengths for the Sg = 0.8, Sg =

1.03 and Sg = 1.47 were at 25 % hydrogen blending, 50 % hydrogen 
blending and 25 % hydrogen blending, respectively. In these experi
ments, hydrogen-methane blending impacted the global residence time, 
τG, more than geometric swirl number, Sg.

The visual flame length measurements displayed in Fig. 7 may be 
used to more quantifiably visualise the effect of fuel blend and Sg on the 
axial flame length, captured visually in Fig. 6. Equation (4) was then 
used to calculate global residence time, as per the methodology used in 
the literature by Turns and Myhr [21].

Fig. 8 displays the flame temperature measurements along the Z-axis 
centreline of the burner, relative to the flame’s length, Lf , for each 
experimental case. In each instance, temperatures were greatest, earlier 
in the flame, between z/Lf = 0.3–0.7. Since higher Sg led to shorter 
flame lengths, temperature measurements were taken farther along the 
flame’s nominal length relative to its total length, z/Lf.

The general trend suggests that by increasing hydrogen blending, 
greater flame temperatures are achieved, which was expected when 
considering the corresponding adiabatic flame temperatures presented 
in Table 1.

Fig. 9 shows the radiative fraction of hydrogen-methane blends and 
the effect of Sg. It can be seen that increasing Sg results in a decrease in 
the radiative fraction for a given fuel composition. It is suggested that 
this decrease in radiative fraction is due to the reduced global residence 

Table 1 
Experimental conditions matrix.

Sg Hydrogen % (v/v) ṁCH4(g/s) ṁH2(g/s) ṁair(g/s) LHV (MJ/kg) Lf (m) Ujet(m/s) Residence time (ms) AFT (K)

0.8 0 0.500 0.000 8.595 50.000 0.486 35.583 13.67 2229
25 0.454 0.019 8.463 52.815 0.508 43.109 11.78 2242
50 0.384 0.048 8.259 57.816 0.498 54.673 9.11 2262
75 0.262 0.099 7.907 69.168 0.478 74.715 6.34 2298
100 0.000 0.208 7.146 120.000 0.473 117.952 4.01 2343

1.03 0 0.500 0.000 8.595 50.000 0.452 35.583 12.70 2229
25 0.454 0.019 8.463 52.815 0.465 43.109 10.79 2242
50 0.384 0.048 8.259 57.816 0.477 54.673 8.72 2262
75 0.262 0.099 7.907 69.168 0.433 74.715 5.79 2298
100 0.000 0.208 7.146 120.000 0.398 117.952 3.37 2343

1.47 0 0.500 0.000 8.595 50.000 0.436 35.583 12.25 2229
25 0.454 0.019 8.463 52.815 0.456 43.109 10.58 2242
50 0.384 0.048 8.259 57.816 0.441 54.673 8.07 2262
75 0.262 0.099 7.907 69.168 0.385 74.715 5.16 2298
100 0.000 0.208 7.146 120.000 0.341 117.952 2.89 2343

Fig. 6. Average diffusion flame images of hydrogen-methane blends at stoichiometric conditions, for three geometric swirl numbers, at ambient conditions.
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time caused by higher Sg. For the Sg = 0.8 case, radiative fraction 
decreased with hydrogen blend. However, without a 0 % hydrogen case, 
a true trend may not be explicitly described. As mentioned, this data 
point was not achieved due to the lifting and eventual unstable blowoff 
of the Sg = 0.8, methane flame. The maximum radiative fraction for the 
Sg = 1.03 case was measured with the 25 % hydrogen blend. For the Sg 

= 1.47 case, the maximum radiative fraction was measured with the 50 
% hydrogen blend. Both the Sg = 1.03 and Sg = 1.47 cases displayed an 
inverse parabolic relationship between hydrogen blend and radiative 
fraction. This relationship is expected to represent a trade-off between 
elevated flame temperatures from increased hydrogen blending, and the 
decrease in highly radiating species, such as soot particles and carbon 
dioxide molecules due to the same increase in hydrogen blending. In this 
experimental set up, moderate hydrogen blending of 25–50 % generally 
enhanced the radiative fraction of the flame, whereas higher hydrogen 
blending cases saw a decrease in radiative fraction, when compared to a 
pure methane base case. These results in Fig. 9 confirm the challenges 
and open questions regarding the radiative properties of hydrogen and 

Fig. 7. Measured visible flame lengths and calculated residence times with 
respect to hydrogen blending and geometric swirl number.

Fig. 8. Measured temperature along the nominal length of the flames with 
respect to hydrogen blending and geometric swirl number.
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methane flames by Leicher et al [13].
The observed increase in radiative fraction at 25–50 % hydrogen 

blends may explain how Mayrhofer et al. [15] and Meynet et al. [14]
reported no negative impact on heating efficiency with hydrogen blends 
up to 40 % and 50 % respectively. Yet, as shown in Fig. 9, beyond 50 % 
hydrogen blending by volume, radiative fraction decreased. This study 
does not directly contradict this existing literature. Whilst Fig. 9 displays 
the radiative properties of the flame, Mayrhofer et al. [15] and Meynet 
et al. [14] focused on a whole-system approach, considering both radi
ative and convective heat transfer modes, but only considered blends up 
to 50 %. This work extends the analysis to hydrogen blends of up to 100 
%, albeit on a laboratory scale. It is suggested that further work be done, 
assessing the impact on semi-industrial scale systems with blends up to 
100 % hydrogen.

From the radiative fraction trends in Fig. 9, it can be stated that in
dustrial heating processes should potentially explore a reduction in their 
burner’s geometric swirl number, should they wish to achieve maximum 
radiative heat transfer from the flame where hydrogen is blended with 
natural gas. Reducing the geometric swirl number of a burner maximises 
the flame length for a constant fuel condition. Radiative fraction shows 
correlation to measured flame lengths and calculated global residence 
time. This topic should be explored in greater depth in future studies, in 
particular through CFD simulation of flame residence times. A limitation 
of the current study lies in the absence of a validated CFD study. As this 
research prioritised experimental methods, the conclusions drawn are 
based solely on experimental results. A validated CFD study would offer 
the potential to better predict global residence times more accurately, 
further supporting the conclusions derived from the residence time 
calculations in Equation (4). The CFD study would also allow for particle 
tracking in the swirling flow to better measure the effect of swirl number 
on particle residence times. For this purpose, the characteristic di
mensions of the GSB have been provided in Figs. 2 and 3.

Fig. 10 shows the distribution of radiative heat flux along the nom
inal axial position along the flame, z/Lf. The trend in Fig. 10 indicates 
that there is a location of maximum radiative heat flux between ~ 
50–70 % of the visible flame length, orz/Lf = 0.5–0.7. Flames with 
shorter lengths have their maximum radiative heat flux location closer 
to the burner nozzle, while longer flames have this location shifted 
downstream. This agrees with the work performed by Sivanthanu and 
Gore [25], on methane, ethane and ethene flames whereby the distri
bution of radiative heat flux, relative to distance along the flame’s 
length. This infers that this relationship may also be applied to 

Fig. 9. Radiative fraction, χRad, with respect to hydrogen blending and geo
metric swirl number.

Fig. 10. Measured radiative heat flux along the nominal length of flames with 
respect to hydrogen blending and geometric swirl number.
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hydrogen-methane blends. To determine the location along the flame of 
maximum radiative heat flux with greater precision it is advisable to use 
reduced measurement intervals along the flame’s length.

Despite the significant error bars in Fig. 10, the overall trend in 
radiative heat flux remains consistent across all experimental cases, even 
with the most conservative interpretation of the error. This indicates 
that the relationship between nominal flame length and radiative heat 
flux is unaffected by the error bars, confirming the validity of the 
observed trend.

Fig. 11 displays the dimensionless radiative power, C*, as a function 
of the nominal axial position (z/Lf) along the flame length to better 
evaluate how Sg and hydrogen blending affect the nominal location of 
maximum radiative heat flux along a flame’s length. Previous studies by 
Schefer et al [19] and Sivathanu et al [25], have demonstrated that for 
turbulent jet flames, this data typically collapses onto a single curve, 
independent of the fuel used. In this analysis, for the lowest swirl case 
tested, Sg = 0.8, the relationship between C* and z/Lf does indeed 
closely align with the trend reported by Schefer et al. [18] for turbulent 
jet flames. As Sg is increased, the observed data progressively deviates 
from the expected trend, indicating that this universal relationship for 
jet flames does not hold true for higher swirl cases. In most cases, the 
maximum value of C* occurred betweenz/Lf = 0.5–0.7. This range 
aligns with the findings of Sivathanu et al. [25] despite deviating from 
the precise curve suggested by that literature, when testing higher swirl 
numbers.

Fig. 12 shows the transient response of the steel slab temperature, 
starting from 35 ◦C, approaching steady state within an hour. The 
temperature profile of the steel slab was evenly distributed, with all 
thermocouples producing very similar values throughout the length of 
the test. This suggests that the conductive heat transfer through the steel 
slab offset any differences in local heat flux distribution to the steel slab.

Fig. 13 displays the temperatures of the steel slab, once it had ach
ieved steady state. The Sg = 1.03 swirl burner produced lower temper
atures with increased hydrogen blending. The Sg = 0.8 and Sg = 1.47 
cases displayed unique relationships between steady state temperature 
and hydrogen blending. This further implies a complexity as to how 
geometric swirl number impacts the total heat transfer from a flame to a 
product. As previously shown, increasing Sg decreased radiative 
fraction.

The hypothesised relationship between radiative fraction and steady 
state steel slab temperature was not observed. This suggests that addi
tional factors such as convective heat transfer contributed to the steady 
state temperature of the steel slab. Flame length and shape are expected 
to influence the total heat transfer from the flame, and the steady state 
temperature of the steel slab. Both flame length and shape are affected 
by Sg.

Changing the Sg of a burner will change a flame’s length. By 
changing the flame length, the radiative heat flux profile will change. It 
has been previously shown that the location of maximum radiative heat 
flux is typically located at ~50–70 % along the flame’s visible flame 
length. Since the steel slab was fixed for all cases, this location of 
maximum radiative heat flux will change, relative to the steel slab. 
Changing the Sg of a burner will also change the flame’s shape. This will 
affect the temperature profile of the flame, relative to the steel slab. This 
change is expected to have a direct impact on the heat transfer to the 
steel slab. This infers how variations in burner characteristics, such as Sg, 
alter the effect of fuel switching on heating performance for a fixed 
product set-up.

Demonstrating this point further is the Sg = 1.47 case with 100 % 
hydrogen, which achieves the second-highest steady state steel slab 
temperature across all cases, 125 ◦C, despite registering the lowest 
radiative fraction, of all of the cases tested. When solely considering the 
radiative heat flux at a distance of 240 mm along the Z-axis, which 
corresponds to the height of the steel slab centreline, a direct correlation 
is still not apparent. The combination of a higher geometric swirl 

Fig. 11. Dimensionless radiative power C* along the nominal length of the 
flame with respect to hydrogen blending and geometric swirl number.
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number, inducing a rise in flow turbulence, combined with a higher 
flame temperature at 240 mm of 1035 ◦C, necessitates consideration of 
convective heat transfer. It is suggested that notable convective heat 
transfer is actively occurring in this case, given the 100 mm proximity of 
the steel slab to the flame. Convective heat transfer depends on the 
proximity of the flow of hot combustion products heating the steel slab 
[41]. A distance of 100 mm enables the flow of hot combustion products 
directly contact the steel slab, paired with the shorter and wider flame 
shape associated with the Sg = 1.47.

The height at which the steel slab is located, relative to the flame, 
will influence the relative intensities of both radiative and convective 
heat transfer to the slab. Altering the location of this slab would intro
duce changes in the steady state steel slab temperature, and thus the 
relationships shown in Fig. 13. Changing the distance between the steel 
slab and the Z-axis centreline is also expected to have an impact on the 
magnitude of radiative and convective heat flux. For example, a flame 
with its maximum heat flux at 240 mm might yield steel slab tempera
tures that surpass those of a flame with higher heating properties, where 
the maximum point of heat transfer is not aligned with 240 mm. The 
heating performance of flames depends on the location of maximum 
radiative and convective heat flux, relative to the targeted product, 
intended for heating, making these results set-up specific. These results 
indicate that there are inherent differences between the practical heat 
transfer characteristics of hydrogen and methane flames.

In the work prior mentioned by Daurer et al. [17], the results are 
setup-dependent, with factors such as thermal input power and the fuel 
blend influencing the flame’s length and heat flux profile in a semi- 
industrial furnace, ultimately affecting how the product is heated and 
thus affecting the process efficiency. However, in that work, hydrogen 
blending resulted in an increase in process heating efficiency, that is not 
represented by Fig. 13, where no noticeable trend is present across the 
three geometric swirl burners that were tested. This does however align 
with the suggestion by Leicher et al. [13] that integrating hydrogen 
admixtures into industrial heating processes presents significant com
plexities amongst different processes. The integration requires a high 
degree of specialization and optimization to prevent any negative 
impact on process performance, given the unique characteristics of in
dividual industrial heating systems.

For each geometric swirl number tested, the range in steel slab 
temperature in Fig. 13 is ~5–15 degrees Celsius. Although this may be 

Fig. 12. The transient temperature response of the steel slab, 100 mm from the 
burner Z-axis centreline.

Fig. 13. Steady state slab temperatures with respect to hydrogen blending and 
geometric swirl number.
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considered a small variation, this contradicts previous studies, which 
state no significant effect on product temperature with blends of up to 
50 % hydrogen [11,12,14]. These differences may be explained by 
fundamental variations in experimental conditions. In this study, ex
periments were conducted without air preheating and at a lab scale, 
while the literature findings referenced here were obtained at a semi- 
industrial scale with air preheating ranging from 1150 to 1400 de
grees Celsius. Additionally, the larger scale and whole-system approach 
in those studies may have influenced the results through factors such as 
direct flame impingement.

The findings of Xu et al. [16], in a lab-scale furnace without air 
preheating, show that when the flame is closely confined, with a lower 
confinement ratio than presented in this study, hydrogen flames result in 
a 15 % increase in heat transfer efficiency from the gas to the wall, 
compared to methane flames. In contrast, this study observed an un
confined flame, using a Gardon Gauge heat flux sensor, to directly 
measure radiative and convective heat transfer from the flame. This 
method sought to minimize the complex interactions between the wall, 
the flame, and the gas, providing a clearer understanding of the flame’s 
behaviour. In this work, there is also an absence of reflective furnace 
walls due to the nature of the unconfined experimental set up. There 
remains the need for semi-industrial scale testing for up to 100 % 
hydrogen blending, assessing a broad range of industrial heating pro
cesses and experimental conditions, addressing the impact of reflective 
furnace walls and greater furnace temperatures.

To compare the differences in the 2-dimensional convective and 
radiative heat flux, pure hydrogen and methane flames were used. These 
measurements were taken along the flame’s length, at 100 mm, 125 mm, 
and 150 mm radially from the burner Z-axis centreline. Measurements 
were taken by a Gardon Gauge, with and without a sapphire lens to 
distinguish the independent heat transfer modes. As shown in Fig. 14, 
the convective heat transfer exceeded that of radiative heat transfer. As 
previously mentioned, due to the relatively low local gas temperatures, 
when compared to large-scale industrial heating process, convection 
was expected to be the most dominant mode of heat transfer. If local gas 
temperatures were to exceed 1000 degrees Celsius, radiation would be 
expected to exceed convective heat transfer by an order of magnitude, 
accounting for ~90 % of the total heat transfer in an industrial furnace 
[8].

This study specifically measures radiation and convection directly 
from the reacting flame and its immediate exhaust gases, rather than 
including the heat transfer from large amounts of recirculating exhaust 
gases, that may be present in larger scale industrial heating processes. 
This data may not directly apply to large industrial furnaces in which 
this is the case. The process-dependent nature of heat transfer necessi
tates the scaling of this study for more specific industrial conditions. This 
experimental method serves as a crucial first step in understanding the 
overall mechanisms for heat transfer in high-temperature industrial 
processes.

Fig. 15 illustrates the ratio of local radiative heat flux to local 
convective heat flux, at various axial and radial positions. These mea
surements are plotted along the nominal axial position along the flame, 
z/Lf. The general trend shows that the radiation-to-convection ratio was 
highest near the burner nozzle and decreased with increasing axial 
distance along the flame’s length. Beyond a flame’s visible length, where 
z/Lf > 1.0, the majority of total heat flux is attributed to convective heat 
transfer. A noticeable deviation from this trend occurred close to the 
burner nozzle at z/Lf ≈ 0.3, where methane flames exhibited notably 
higher radiation-to-convection ratios compared to hydrogen flames at 
the radial locations tested. This is likely due to the higher radiative heat 
flux of methane that was measured at this axial distance along the flame, 
as shown in Fig. 14.

In Fig. 16, a graph showing the relationship between local gas tem
perature measurements and local convective heat flux measurements is 
shown. This data was taken from a variety of axial and radial locations 
for both pure hydrogen and pure methane flames. As one might expect, 

Fig. 14. The measured radiative and convective heat flux for both pure 
methane and pure hydrogen along the nominal length of the flame (Sg = 1.47).
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with increasing local gas temperature, the measured convective heat 
flux also increased. There is no pronounced impact of fuel type on this 
relationship. Much of this could be as a result of hot air being the con
vectively acting fluid at a distance of 100–150 mm from the burner 
centreline. This relationship is useful for industrial heating processes 
undergoing fuel switching, in that for the same temperature, a similar 
convective heat transfer can be expected across hydrogen and methane 
flames. This work did not consider direct flame impingement; this must 
be considered for industrial processes where there is direct contact be
tween the flame and the heated product.

Hydrogen flames displayed greater flame temperatures closer to the 
burner nozzle. This was expected due to a hydrogen flame’s faster rate of 
reaction [42] with shorter flame lengths, achieving maximum temper
ature earlier along the burner’s Z-axis centreline than methane flames. 
Hydrogen also has a greater adiabatic flame temperature than methane, 
as previously shown in Table 1, predicting a greater maximum achiev
able temperature. Beyond the visible flame length, the measured 

temperatures at the burner centreline decrease due to the shorter 
hydrogen flame length which is more pronounced at the locations tested 
than in methane flames.

It can be seen in Fig. 17, at the axial distances of 120 mm and 240 
mm, that local gas temperatures are greater adjacent to methane flames 
than adjacent to hydrogen flames. This is suggested to be as a result of 
the higher radiative heat transfer from methane flames, transferring 
energy to the local air. Despite lower flame temperatures, methane 
flames produced higher radiative heat transfer, which is believed to be 
due to highly radiative species, such as soot and carbon dioxide, 
enhancing the emissivity of the flame. In turn, the elevated local gas 
temperatures enhance the local convective heat transfer at that location. 
Later in the flame, adjacent local gas temperatures continue to increase 
for both fuels. This is expected due to the expansion of the hot exhaust 
gases, facilitated further by the radial momentum of the swirling flow 
[23], in addition to the radiative heat transfer from the flame. The fluid 
dynamics of the flow field must be considered to further evaluate, not 
only the temperature profile of the flame, but also the convective heat 
flux profile of the flame.

4. Conclusion

Three geometric swirl numbers and five hydrogen-methane blends 
were studied to investigate their impact on heat transfer from flames. 
This work is a crucial first step in de-risking the path to net-zero for 
industrial heating processes. Key conclusions include: 

• Higher hydrogen blending raised the adiabatic flame temperature, 
supported by experimental flame temperature measurements.

• A higher geometric swirl number reduced radiative fraction and 
visible flame lengths.

• For Sg = 0.8, radiative fraction decreased with increasing hydrogen 
blend, starting at 25 %.

• For Sg = 1.03, maximum radiative fraction was measured at 25 % 
hydrogen.

• For Sg = 1.47, maximum radiative fraction was measured at 50 % 
hydrogen, across all blends.

• Maximum radiative heat flux occurred at ~50–70 % along the visible 
flame length, as previously observed by Sivathanu et al [25].

Fig. 15. The ratio of radiative to convective heat transfer modes of hydrogen and methane flames for a diffusion flame with Sg = 1.47 at 3 radial locations.: x1,

x2, x3.

Fig. 16. The convective heat flux at a given location vs the measured local gas 
temperature at that given location (Sg = 1.47).
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• As Sg increased, the distribution of nominal radiative power, C* 
along the nominal flame length, z/Lf, deviated from the trend 
observed by Sivathanu et al [25].

• Local gas temperature correlated with convective heat flux, regard
less of fuel choice.

• Radiation and convection intensity from the flame decreased simi
larly with increasing radial distance.

• The radiation-to-convection ratio from the flame was greatest near 
the burner nozzle and decreased with axial distance.

The steady-state temperatures of the steel slab are specific to this 
experimental setup. In larger, higher-temperature processes, radiative 
heat transfer is expected to have a more significant impact on overall 
heat transfer. In lower temperature processes with mostly convective 
heat transfer, local gas temperature measurements can assist in esti
mating changes in convective heat transfer, due to the strong correlation 
between the two, regardless of the fuel used.

To further de-risk industrial heating applications transitioning to 
hydrogen, these experiments should be scaled to model the specific 
process, accounting for relevant operational factors. Since this work has 
shown that the effect of fuel switching is process-dependent, this 
approach provides a more accurate representation of the process, 

increasing confidence in the data obtained.
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