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ABSTRACT

The decarbonization of energy-intensive industrial sectors requires the implementation of low-carbon fuels and
advanced combustion technologies. This study investigated the co-combustion of hydrogen and natural gas in
an industrial diffusion burner, with particular emphasis on pollutant emissions and heat transfer. Experimental
investigations and theoretical analyses were conducted for the fuel blends containing up to 60 vol.% hydrogen
over a broad range of operating conditions. A modified burner incorporating staged combustion air, with primary
and secondary air supplied separately, was tested in a semi-industrial combustion chamber under high-temperature
conditions. The results showed that hydrogen addition increased the total heat flux by up to 3.5%, primarily
because of the higher combustion and flue-gas temperatures and changes in the radiative properties of the combus-
tion products, particularly CO2 and H-O. However, the higher oxidation rate of hydrogen reduced the flame length,
partially limiting radiative heat transfer directly from the flame. Experimental evaluation of the proposed combus-
tion strategy confirmed stable burner operation with very low carbon monoxide emissions, typically not exceeding
a few ppm, even at high secondary air ratios. Although hydrogen enrichment initially increased NO emissions,
the application of air staging significantly suppressed NO formation, achieving reductions of more than 55% at a
secondary air ratio of 0.5. The emission-reduction strategy was more effective at lower excess-air ratios. Overall,
the results demonstrated that hydrogen—natural gas co-combustion in industrial furnaces is feasible and can main-
tain NO emissions below 50 ppm under the investigated operating conditions without requiring secondary flue-gas
treatment technologies. The proposed approach, therefore, represents a promising pathway for the decarbonization
of high-temperature industrial processes.

Keywords: natural gas hydrogen blend, air-staging combustion, heat transfer, toxic compounds emission, nitric oxides.

INTRODUCTION

Decarbonizing industries that require high
levels of process heat is crucial for achieving
global climate targets because of their substantial
greenhouse gas (GHG) emissions and continued
reliance on fossil fuels. Aluminum production is
one such process, with an estimated carbon foot-
print of approximately 11.7 Mg CO: per Mg of
product. Other energy-intensive sectors include
metal heat treatment and steel production, with
CO:2 emissions of approximately 2.1 and 1.8 Mg
CO: per Mg of product, respectively. These pro-
cesses are often conducted at temperatures rang-
ing from 1080 to 1780 K.
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Industry is exploring numerous decarbon-
ization strategies, including the electrification
of heating systems, the integration of renewable
energy sources, the use of alternative fuels such as
hydrogen and ammonia, the optimization of pro-
duction and auxiliary processes, and the imple-
mentation of carbon capture, utilization, and stor-
age (CCUS) technologies. However, CCUS has
the major drawback of high energy consumption,
typically amounting to approximately 3—4 GJ
per Mg of captured CO:, which can significantly
reduce the overall efficiency of the system [1].

Electrification enables precise and efficient
heat generation through technologies such as
resistance, induction, and electric-arc heating.
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Nevertheless, its widespread implementation is
constrained primarily by the capacity and avail-
ability of the electricity grid infrastructure [2].
Fossil-fuel consumption may also be reduced by
integrating solar energy with thermal energy stor-
age (TES) systems, which can provide heat for
industrial processes [3]. However, the tempera-
ture limitations of many solar-thermal systems
and the intermittent nature of solar irradiance
remain important challenges to the wider applica-
tion of this approach.

Another strategy for decarbonizing high-tem-
perature industrial processes is the combustion
of alternative fuels. Low-emission synthetic and
renewable fuels can be produced through electrol-
ysis using the electricity generated from renewable
sources, allowing them to serve as chemical energy
carriers and storage media [4]. Among these fuels,
hydrogen deserves particular attention. Global
industrial hydrogen consumption is projected to
increase approximately eightfold by 2050, reach-
ing around 700 million Mg annually [5].

However, hydrogen differs substantially from
hydrocarbon fuels in terms of its physicochemi-
cal and combustion properties, which affect the
operation of thermal equipment with respect to
combustion behavior, pollutant emissions, heat
transfer, and operational safety. The parameters
that differ most significantly from those of natural
gas (NG) include laminar flame speed, adiabatic
flame temperature, flammability limits, and lower
heating value.

Dong et al. [6] demonstrated that, under oper-
ating conditions representative of low-power boil-
ers (T, =293 K, P=1 bar, and ¢ = 0.8), the ratio
of the laminar flame speed of hydrogen to that of
natural gas (SL_H, to SL_NG) is approximately
6.7. The substantially higher laminar flame speed
makes hydrogen combustion more susceptible to
flashback in premixed burners, which may pose a
significant safety risk.

The higher adiabatic flame temperature of
hydrogen, expressed by a ratio of (TA H»/TA
NG = 1.1), may contribute to increased nitro-
gen oxide emissions. At the same time, it may
intensify radiative heat transfer within the com-
bustion chamber, potentially improving process
efficiency. The volumetric lower heating value
of hydrogen is approximately one-third that of
natural gas. Consequently, hydrogen substitu-
tion may reduce the thermal input of existing
equipment unless the fuel supply system and
burner are appropriately modified [7].

Another important property of hydrogen is its
wide flammability range in air, extending from
approximately 4 to 75 vol.% under normal con-
ditions, compared with approximately 4.3 to 15
vol.% for natural gas. Hydrogen is also charac-
terized by a very low minimum ignition energy
of approximately 0.02 mJ, compared with about
0.28 mJ for natural gas [8, 9].

The distinct combustion properties of hydrogen
have prompted numerous research institutions to
investigate the optimization of hydrogen combus-
tion and co-combustion technologies for both sta-
tionary energy systems and transport applications.

El-Ghafour, El-Dein, and Aref conducted
experimental investigations of a free turbulent
diffusion jet flame surrounded by a co-flowing
air stream. The experiments were performed
at a constant jet Reynolds number of 4000 and
hydrogen volume fractions ranging from 0 to 50
%. The results showed that increasing the hydro-
gen content improved flame stability, shortened
the flame, and increased the combustion tempera-
ture. An increase in NO emissions was observed,
whereas CO emissions initially increased and then
decreased at higher hydrogen fractions [10]. Lind-
miiller et al. investigated hydrogen enrichment
in an unmodified natural-gas swirl burner. Their
results showed that hydrogen addition increased
the NOy emission index by up to a factor of three
while the thermal input was maintained constant
[11]. Daurer et al. performed experimental and
numerical analyses of an industrial low-swirl
burner operating with hydrogen fractions of 0,
20, 50, and 100 vol.% over a thermal input range
of 75-120 kW. Increasing the hydrogen content
enhanced heat transfer to the cooling lances by up
to 20 %, resulting in an efficiency improvement of
5-10 percentage points. For a hydrogen fraction
of 50 vol.%, NOy emissions decreased by 5-10
% at all operating points. During pure hydrogen
combustion at furnace temperatures below 1473
K, the reduction reached approximately 20 %.
The authors attributed these trends primarily to
changes in the flow regime and flame structure
[12]. Gee et al. investigated a scaled industrial
low-swirl burner and found that complete sub-
stitution of natural gas with hydrogen reduced
the radiant heat fraction generated by the flame
by 33%. The authors attributed this effect to the
elimination of soot radiation. Hydrogen addition
also increased NOx emissions by 25% and 47% at
hydrogen fractions of 10% and 20%, respectively.
Pure hydrogen combustion resulted in a 4.8-fold
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increase in NOy emissions [13]. As the studies
discussed above demonstrate, hydrogen addi-
tion may lead to different trends in nitrogen oxide
emissions during combustion. These inconsisten-
cies indicate that further research is required to
better understand how hydrogen affects emission
levels under different operating conditions. In the
present study, an experimental investigation was
conducted using a diffusion gas burner modified
to enable air-staged combustion of fuels contain-
ing high hydrogen fractions under high-temper-
ature conditions. The experimental results were
complemented by a heat-transfer analysis, mak-
ing the findings presented in this paper a useful
knowledge base for the researchers and engineers
interested in the application of H2/NG blends in
atmospheric-pressure combustion systems.

METHODS

Heat transfer analysis

The total heat flux transferred to the com-
bustion chamber consists of flame radiation,
exhaust gas radiation, and convection, and can be
described by Equation 1.

THF = Qpg + Qrrg + Qc [W] (D

where: THF — total heat flux, O, e flame radia-
tive heat transfer, Q, o flue gas radia-
tive heat transfer, O .— convection heat
transfer.

A change in fuel type affects the parameters
governing all of these heat-transfer mechanisms.
Therefore, the present study analyzed the influ-
ence of the physicochemical properties of the
investigated fuels on heat transfer. The calcula-
tion procedure used to determine the heat-transfer
rate to the combustion chamber walls is described
by Equations 2—5. The radiative heat-transfer rate
from the flame to the chamber walls was calculat-
ed using Equation 4, following the methodology
reported in [14].

4 4
Qn1 =567 n s [G2) - @) W)
er F \ew

The flame emission coefficient (g;) for the
analyzed fuels was determined according to for-
mula (5) using the model described in [15, 16],
where the weighting factors were calculated

based on model proposed by Elhme et al. in [17].
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g = zi_lai [1 —exp(—k;XPL)] )

where: F 'S flame area; €~ flame emissivity
coefficient; ¢ — wall emissivity coeffi-
cient; a, — weighting factor; k, — absorp-
tion coefficient; L — length; p — pressure
in combustion chamber; X — sum of the
molar fraction of absorbing species; T,
— adiabatic flame temperature, 7 — com-
bustion chamber wall temperature.

The heat-transfer rate between the flue gas at
temperature T, and the furnace wall at tempera-
ture T accounting for the wall emissivity, was
determined using the methodology described in
[18, 19]. The effective emissivity of the flue gas
was calculated as a function of the partial pres-
sures of CO: and H20 and the mean flue gas tem-
perature in the combustion chamber, following
the procedure reported in [20].

QR,fg = 567 F (SW + 1) .

Trg\* T, \*
€ g(Tsg) (m) ~ & g(1) (m) W] 4

where: F — heat exchange area; €, ~ flue gas
emissivity coefficient.

For the convective heat flux, the Mendeleev
correlation (5) was applied. This equation is valid
for Reynolds numbers in the range of 2300 to
10000 [21].

0.35
Q. = 0.00263F

“Re%%8- (ng - w) [W] (5)

[

where: /1 — heat exchange coefficient; Re — Reyn-
olds number; Pr — Prandtl number; L, —
characteristic length.

Since the combustion chamber walls are made
of insulating brick, a constant wall emissivity coef-
ficient of € = 0.7, corresponding to a temperature
of 1073 K, was assumed in the calculations. In
addition, an average wall temperature of T = 1088
K was adopted, corresponding to the wall average
temperature during the experimental tests.

Experimental investigations

Experimental studies were conducted in a
combustion chamber equipped with a modified
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Figure 1. Scheme of gas burner: a) diagram of air and fuel distribution, b) photo of nozzles

industrial natural gas burner to assess the effect
of air staging on the emission characteristics of
natural gas—hydrogen blend combustion. Air was
supplied to the primary combustion zone through
a stabilizer plate and to the secondary zone
located at a distance corresponding to half of the
burner diameter. The natural gas—hydrogen blend
was injected into the primary zone through a fuel
nozzle positioned along the burner axis. A sche-
matic diagram and a photograph of the burner are
presented in Figure 1.

The hydrogen and natural gas flow rates
supplied to the fuel line were controlled using
Bronkhorst mass flow controllers to ensure the
required fuel composition. Primary and second-
ary air were supplied by two separate blowers
equipped with frequency converters and butterfly
valves for flow-rate regulation. A total heat-flux
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probe was installed 450 mm downstream of the
burner to measure changes in heat transfer. Dur-
ing the experiments, the combustion chamber
wall temperature was monitored using a K-type
thermocouple located at the mid-length of the
chamber to ensure stable, steady-state operating
conditions. The wall temperature was regulated
using an air-cooled heat exchanger installed in
the floor of the combustion chamber and was
maintained at 1088 + 11 K. The flue gas composi-
tion, including the concentrations of NO, Oz, CO,
and CO2, was measured using an NGA 2000 gas
analyzer manufactured by Rosemount Inc. The
sampling point was located in the exhaust stack
downstream of the heat exchanger. The measured
emission concentrations were normalized to a ref-
erence oxygen concentration of 0% O: according
to Equations 6 and 7 [14]. A schematic diagram

Heat
exchanger

Diffusion

N

burner

| T _air

Chamber
cross—section:
600 x 600 mm

Figure 2. Schematic diagram of the combustion test rig
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Table 1. List of measurement devices

Sensor/devices Measurement Measurements range Accuracy
02: 0-21%
Gas analyzer Rosemont- CO: 0-100 ppm o
Emerson NGA300 Flue gas NO: 0-100 ppm 1% FS
CO2: 0-25%
Mass flow controller . o
Bronkhorst EL-FLOW NG flow rate 0-150 NI/min +0.5% FS
Mass flow controller . o
Bronkhorst EL-FLOW H2 flow rate 0-200 NI/min +0.5% FS
Manometer MRU DM9200 Fuel pressure 350 mbar +1 % FS
Thermocouple Type K Temperature -20t0 1273 K +1.5K
Heat flux probe Total heat flux 200-600 kW/m? +1.5 % MV
Table 2. Selected properties of tested fuel blends
NG H, H, heat power contribution T, S, LRV
Fuel name
% vol. % vol. % K cm/s MJ/Nm?
NG100 100 0 0 2212 329 36.1
NG_H2_45 54 46 20 2241 48.6 244
NG_H2_60 41 59 30 2255 60.3 211
Note: 'Calculated for NG/H, blend in T=273.15 K, P=1bar, A = 1.
of the experimental setup is presented in Figure ~ Table 3. Experimental test parameters
2, whl.le ‘Fhe m.easurement equipment used in the Testrumber | Fuel name X AR
study is listed in Table 1.
21— 0y ref 1 NG100 1.05 0
NOoy = NO ppm] (6) 2 NG100 1.05 0.2
21 - 02 mes
3 NG100 1.05 0.3
where: NO — measured NO emission, 0,,,~ ref- 4 NG100 1.05 0.4
erence oxygen concentration, O, = — 5 NG100 105 05
measured oxygen concentration. 6 NG H2 60 105 0
21 = Oy rer 7 NG_H2_60 1.05 0.2
COoy = COT—5 [ppm] (7 8 NG_H2_60 1.05 0.3
2 mes
N co 4 CO emission. O . 9 NG_H2_60 1.05 0.4
where: — measure emission, 0, .~ ref- 10 NG H2_60 105 05
erence oxygen concentration, O
. 2 mes 11 NG_H2_45 1.05 0
measured oxygen concentration.
12 NG_H2_45 1.05 0.2
The experimental investigations were con- 13 NG_H2_45 1.05 0.3
ducted at a constant thermal input of 70 kW and 14 NG_H2_45 1.05 0.4
a constant air temperature of 295 K. Pure natu- 15 NG_H2 45 1.05 05
ral gas and fuel blends containing 46% and 59% 16 NG H2 60 116 0
hydrogen by volume were investigated. These 17 NG_H2 60 116 03
1 0
glgodrogfenh fractllorllls corlre.sponded to .ZOIA) ;rﬁd 18 NG_H2_60 116 05
. /o of the 1tﬂi).ta tfegllla'mpu:., rets%e(;tlvle gl de 19 NG100 116 0
asic properties of the investigated fuel blends
prop . . g 20 NG100 1.16 0.3
are summarized in Table 2. v G100 16 0a
During the experiments, the effect of the dis- ' .
. . . . 22 NG100 1.16 0.5
tribution of air between the primary and secondary
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combustion zones on flue-gas emissions was
investigated. In the following sections, this param-
eter is referred to as the secondary air ratio (SAR),
defined as the ratio of the secondary air mass flow
rate to the total air mass flow rate. The experiments
were conducted at SAR values ranging from 0 to
0.5 and at two oxygen concentrations in the dry
flue gas, namely 1% and 3%, corresponding to
excess-air ratios (A) of 1.05 and 1.17, respectively.
A summary of the experimental cases and their
operating parameters is presented in Table 3.

Each experimental run consisted of two
stages: stabilization of the operating conditions
and acquisition of the measurement data. During
the experiments, the following parameters were
recorded: combustion chamber temperature, flue
gas temperature, combustion air temperature, nat-
ural gas and hydrogen flow rates, heat flux, and
flue gas composition. For each operating condi-
tion, data were collected for 120 s at a sampling
frequency of 1 Hz. The recorded values were sub-
sequently averaged and used in further analysis.

RESULTS AND DISCUSSION

Effect of fuel composition on heat transfer

Experimental and numerical investigations
were conducted to determine the effect of fuel
composition on heat-transfer phenomena in a
semi-industrial furnace for all investigated fuels.
The calculations were performed at a constant
excess-air ratio of A = 1.05 and a constant combus-
tion chamber wall temperature (T, = 1100 K)
corresponding to the experimental conditions.
The flame length used in the heat-transfer calcu-
lations was determined by analyzing images of

a) b)

k...

the gaseous flames, with flame luminosity adopt-
ed as the primary criterion. The flame region was
defined using a threshold corresponding to 80%
of the maximum image brightness [22]. An exam-
ple of the flame-length determination procedure
is presented in Figure 3.

Experimental and numerical studies of the
effect of changes in the chemical composition of
fuel on heat transfer phenomena in a semi-industri-
al furnace were carried out for all types of studied
fuels. The calculation has been prepared for a con-
stant value of air excess ratio equal A =1.05 and a
constant temperature of combustion chamber walls
related to experimental result (T = 1100 K). The
flame length used for heat transfer calculations
was determined based on the analysis of gas flame
images, using flame luminosity as the primary cri-
terion. It was assumed that the flame region cor-
responds to 80% of the maximum brightness [22].
An example of the flame length determination pro-
cedure is presented in Figure 3.

In addition to the fuel composition and oxi-
dizer flow rate, flame length is influenced by
the diameter and geometry of the burner nozzle.
Therefore, the measured flame lengths were nor-
malized with respect to the value obtained for the
reference fuel, NG100. The results indicate that
hydrogen addition reduced the flame length by
5.3% and 11% for NG _H2 45 and NG_H2 60,
respectively. The shorter flame affects radiative
heat transfer from the flame to the combustion
chamber walls. However, it should also be noted
that increasing the hydrogen content increases the
combustion temperature. The results of the heat-
transfer analysis were normalized with respect to
the values obtained for natural gas combustion
and are presented in Table 4.

©)

Figure 3. An example of the flame length determination procedure (NG_H2 45; A = 1.05): a) raw photo,
b) grey scale, ¢) flame contour for 80 % of maximum luminosity
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Table 4. Heat transfer normalized to NG100 fuel

Parameter Symbol NG_H2_45 NG_H2_60
Convective heat flux Q, 1.020 i 1.027 I
Radiative heat flux from flue gases QRfg 1.015 1 1.046 1
Flue gas emissivity coefficient in T, €y 0.938 ! 0.940 !
Radiative heat flux from flame Qg 0.987 l 0.978 l
Flame emissivity coefficient g, 1.039 1 1.099 1
Total heat flux (THF = Qc+Q,  +Qg () THF 1.021 1 1.050 1
Experimental total heat flux THFexp 1.023 T 1.035 i

Experimental measurements of the total heat
flux (THF), performed using a water-cooled
probe, yielded results consistent with the analyti-
cal calculations of heat transfer from the flame
and flue gases in the semi-adiabatic combus-
tion chamber. Compared with the reference fuel,
NG100, the THF increased by 2.3 % and 3.5 %
for NG _H2 45and NG _H2 60, respectively. The
theoretical analysis indicates that this increase
was primarily attributable to enhanced convective
and radiative heat transfer from the flue gases.
For the hydrogen-enriched fuels, the reduction in
effective flue-gas emissivity was compensated for
by an increase in the flue-gas temperature. At the
same time, radiative heat transfer directly from
the flame decreased by 1.3% and 2.2% for NG _
H2 45 and NG_H2 60, respectively, despite the
increase in flame emissivity. This effect resulted
from a reduction in the flame surface area associ-
ated with the shorter flame length caused by the
higher hydrogen combustion rate.

Analysis of toxic compounds emission

Pollutant emissions are among the key chal-
lenges associated with the combustion of fossil
fuels. Therefore, as part of the present study on
the co-combustion of hydrogen and natural gas
in a semi-industrial furnace, nitrogen oxide and
carbon monoxide emissions were measured.

The available literature does not provide a
clear consensus on whether increasing the hydro-
gen content in the fuel leads to higher or lower NO
emissions, as the observed trends strongly depend
on the combustion system configuration and oper-
ating conditions. Preliminary investigations con-
ducted by the authors showed that the combustion
of natural gas—hydrogen blends in an industrial
diffusion burner increased NO emissions from
56 ppm for NG100 to 73 ppm and 76 ppm for
NG _H2 45 and NG _H2 60, respectively. These
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values correspond to increases of 30% and 38%
relative to the reference fuel.

To mitigate the increase in NO emissions, the
burner was modified by staging the combustion
air. Primary air was supplied in the vicinity of the
fuel outlet, whereas secondary air was introduced
at a distance corresponding to 0.5 burner diam-
eters downstream of the burner outlet, as illus-
trated in Figure 1. The emission results obtained
for the investigated fuels at secondary air ratios
ranging from 0.2 to 0.5 are presented in Figures
4 and 5. Stable burner operation was maintained
at a SAR of 0.5, as confirmed by the low carbon
monoxide emissions recorded during the experi-
ments and presented in Figure 6.

As shown in the results, dividing the com-
bustion air into primary and secondary streams
reduced NO emissions for all investigated fuels
when the SAR exceeded 0.3. At SAR = 0.2, a
slight increase in NO emissions was observed.
This may be attributed to the combination of suf-
ficiently high temperatures and the availability of
atomic oxygen in the vicinity of the fuel nozzle,
which promoted NO formation through the ther-
mal mechanism. Increasing SAR reduced the
amount of oxidizer supplied to the primary com-
bustion zone, thereby creating locally fuel-rich
conditions. Consequently, the combustion tem-
perature decreased by more than 200, 350, and
500 K at SAR values of 0.3, 0.4, and 0.5, respec-
tively. These conditions suppressed NO forma-
tion, but simultaneously increased the concentra-
tions of carbon monoxide and CH radicals, which
subsequently had to be oxidized by the secondary
air. The measured NO emissions for the hydro-
gen-containing fuels remained higher than those
for natural gas under the corresponding operating
conditions. Nevertheless, at SAR values of 0.4
and 0.5, the NO mole fractions were lower than
those measured during the pure natural gas com-
bustion in the unmodified burner.



Advances in Science and Technology Research Journal 2026, 20(12), 10-20

100
90

80 A

70
60
50
40
30
20
10

NO@O0,=0% [ppm]

6
A
a
o é
A
2 <
O
ONG100 <©NG_H2_45 ANG_H2_60
0,1 0,2 0.3 0.4 0,5 0,6

SAR []

Figure 4. Molar fraction of nitric monoxide in the flue gas versus SAR for A = 1.05
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Figure 5. Molar fraction of nitric monoxide in the flue gas versus SAR for A =1.17
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Figure 6. Molar fraction of carbon monoxide in the flue gas versus secondary air ratio
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Figure 8. NO reduction (relative to SAR = 0) for the investigated fuels at A =1.17

As shown in Figure 6, carbon monoxide emis-
sions did not exceed 10 ppm for most measure-
ment points. The only exception was observed
for NG100 at SAR = 0.5, for which the CO con-
centration increased to 76 ppm. This increase was
attributed to the formation of a highly fuel-rich
mixture in the primary combustion zone, com-
bined with a relatively low flue-gas temperature
in the secondary zone.

The NO emission reduction factors presented
in Figures 7 and 8 indicate that the applied miti-
gation strategy was more effective at lower global
excess-air ratios. For example, for NG_H2 60 at
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SAR =0.5, the reduction in NO emissions relative
to the corresponding baseline case for the same
fuel at SAR = 0 was 50% at A = 1.05 and 44% at
A = 1.17. The greater oxygen availability in the
primary combustion zone at A = 1.17 increased
the flame temperature and the concentration of O
radicals, thereby intensifying the NO formation
through the Zeldovich mechanism.

The results of the emission analysis indicate
that the combustion of the NG/H: blends with
high hydrogen content in high-temperature com-
bustion systems used in industrial furnaces is fea-
sible while maintaining low pollutant emissions.
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CONCLUSIONS

The combustion of pure hydrogen or its co-
combustion with hydrocarbon fuels reduces specif-
ic carbon dioxide emissions. However, hydrogen
addition may also affect key combustion-process
parameters, including heat transfer and pollutant
formation. The theoretical analysis, supported by
experimental heat-flux measurements during the
combustion of hydrogen-enriched gaseous fuels,
demonstrated that hydrogen addition had a benefi-
cial effect on heat transfer. Increasing the hydro-
gen content in the fuel increased the total heat flux
by 2.3% and 3.5% for fuels containing 45 vol.%
and 60 vol.% Ha, respectively. The theoretical
analysis indicated that this enhancement was pri-
marily attributable to the higher combustion and
flue-gas temperatures and to changes in the radia-
tive properties of the flame and combustion prod-
ucts, particularly those associated with CO. and
H:0. A factor limiting radiative heat transfer from
the flame was the reduction in flame length result-
ing from the higher oxidation rate of hydrogen.

The results obtained for the proposed modifi-
cation of the industrial diffusion burner, based on
combustion-air staging in the fuel-injection region
through the division of air into primary and sec-
ondary streams, demonstrated its applicability to
both natural gas and fuels containing substantial
hydrogen fractions. The experiments showed that
the modified burner maintained stable combustion
conditions and generally produced very low car-
bon monoxide emissions. Even at SAR values as
high as 0.5, CO emissions did not exceed a few
ppm for the hydrogen-containing fuels. For SAR
values above 0.3, the measured NO emissions were
lower than the reference values obtained for pure
natural gas combustion without air staging. The
degree of NO reduction increased with the frac-
tion of air supplied to the secondary combustion
zone, reaching a maximum of more than 55 % for
the fuel containing 45 vol.% H:. The investigated
emission-reduction strategy was also found to be
more effective at lower excess-air ratios, making it
particularly suitable for high-temperature industri-
al combustion processes. The experimental results
and the analyses performed indicate that, within
the investigated range of operating parameters, the
co-combustion of hydrogen and natural gas using
the proposed high-temperature combustion tech-
nology is feasible while maintaining low pollutant
emission levels, without the need for secondary
emission-control measures.
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