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a b s t r a c t

In this work, the possibility of the natural gas and syngas co-firing was numerically and experimentally
investigated. The computational fluid dynamics (CFD) modelling of an exemplary, commercial, natural
gas burner was conducted to analyse the natural gas and syngas co-firing in an unmodified burner. It was
found that only at a lower syngas thermal share (10%) it was possible to co-fire the natural gas and
syngas, but when a higher thermal share of syngas (40%) was considered, it was difficult to co-fire natural
gas and syngas due to the increase of the flow resistance and high velocities of the gas mixture. Burner
modifications were proposed to address these issues but required significant construction changes.
Therefore, a new burner geometry was proposed in order to provide stable natural gas and syngas co-
firing. The new design was numerically investigated in different configurations and operating condi-
tions and experimentally tested. The pilot test experiments confirmed that the new burner designed for
natural gas and syngas co-firing exhibited a stable flame in a wide range of operational conditions. On
this basis, three scaled-up burners (400 kW) were manufactured and installed in a preheating furnace in
the steel sector.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Current world efforts to fulfil the Paris Agreement to limit the
rise of the global temperature to “well below 2 �C00 or even to 2 �C
by 2100 are not sufficient to achieve these goals [1]. The rate of an
increase in the share renewable energy sources, fuel switching to
natural gas (NG), nuclear power deployment, and efficiency in-
creases do not compensate for the steady increases in the energy
demand, transportation growth, logging of the rainforests, and
wildfires all over the world. Thus, the comprehensive and wide-
spread efforts, covering all human activities, must be undertaken
to achieve Paris Agreement targets.

Process industries (chemical, petrochemical, iron and steel,
cement, paper and pulp, other minerals and metals) accounted for
around 19% of global CO2 emissions to the atmosphere in 2017 [2],
with significant potential for its reduction. There are a number of
measures to address this issue, for example, an increases in energy
rcog).
efficiency, feedstock recycling, carbon capture utilisation and stor-
age or fuel switching. The last offers immense potential for CO2

emission reduction through process industry retrofitting with so-
lutions that will enable reductions in fossil fuel use [3]. This can be
achieved by complete or partial replacement of fossil fuel with CO2-
neutral fuels [e.g. syngas (SG) coming from the biomass gasification
process, biogas, biooil, solid biomass, or hydrogen].

Liu et al. [4] investigated the impact of SG impurities on steel
slabs in multizone reheating furnaces. They analysed the effect of
an alkali species present in the biogenic syngas on the scales for-
mation, which can cause corrosion and slagging in the conditions
corresponding to reheating furnaces.

The application of low calorific gases in the industrial combus-
tion systems was successfully evaluated by Szewczyk et al. [5]. A
novel Zonal Volumetric Combustion technology, derived from High
Temperature Air Combustion technology, was developed, incor-
porating improved control of the flue gas recirculation zones
enabling high efficiency and low emission of fuel nitric oxides
during combustion of low and high calorific fuels.

Habib et al. [6] numerically investigated the syngas combustion
and emission characteristics of different SG fuels in a two-burner

mailto:jaroslaw.hercog@ien.com.pl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.energy.2020.118552&domain=pdf
www.sciencedirect.com/science/journal/03605442
http://www.elsevier.com/locate/energy
https://doi.org/10.1016/j.energy.2020.118552
https://doi.org/10.1016/j.energy.2020.118552
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200 MW package boiler and compared with the case of pure
methane combustion.

Ilbas and Karyeyen [7] have investigated numerically the impact
of the turbulator angle on the combustion characteristics of a low-
calorific value SG in a generated SG burner integrated with a
combustor. They concluded that changes in the turbulator angle
have large effects on the temperature, emissions, and velocity
gradients of the SG flame along the combustor, whereas there is
only a slight influence on pressure drop near the burner inlet zone.
The high temperature zone moves to the upstream of the burner
due to the effect of the tangential velocity and the flame temper-
ature levels rise as the turbulator angle is increased because of the
better fueleair mixing. It was also demonstrated that CO2 emis-
sions increase while CO emissions decrease in the flame zone with
increases the turbulator angle.

García-Armingol and Ballester [8] have investigated the main
issues in SG combustion such as the stability range, combustion
instabilities and pollutant emissions, and found that the fuel
composition and burner configuration have an important effects on
the stability range, especially on the appearance of flashback the
premixed flames.

An investigation of the blowout and emission characteristics of
model CO-rich and H2-rich SG fuels was performed by using a
swirl-stabilized dump combustor under premixed combustion
mode by Samiran et al. [9, 10]]. They found that higher CO content
SG resulted in lean blowout at higher equivalence ratios, posing
stability issues. High fractions of unreactive CO2 and reactive CH4 in
SG resulted in higher lean blowout limit. Moreover, higher fraction
of CO resulted in higher NOx emissions, in particular for equivalence
ratios >0.8, while the effect on CO was more obvious in the fuel-
lean region. On the other hand, higher fraction of H2 produces
lower lean blowout limits due to the characteristics of high diffu-
sivity of hydrogenmolecules and high flame speed that assist in the
stabilisation of the flame under flame-lean conditions.

Effects of inert dilution on SG lean blowout characteristics were
studied towards gas turbine applications by Li et al. [11]. Lean
blowout limits were obtained for a real SG fuel with awide range of
dilution ratios using a model combustor equipped with a swirl
burner. Results showed that the SG flame is more prone to lean
blowout upon inert dilution. In addition to the thermal quenching
effect of N2 and CO2, the chemical effect of CO2 also plays an
important role in undermining the flame stability by modifying the
kinetics of syngas flame.

Williams et al. [12] investigated the operation at atmospheric
pressure of a small, optically accessible swirl-stabilized premixed
combustor, burning fuels ranging from pure methane to conven-
tional and H2-rich and H2-lean SG mixtures. The presence of H2 in
the SG fuel mixtures results in more compact, higher temperature
flames, resulting in increased flame stability and higher NOx
emissions, whereas the stoichiometry of lean blowout decreases
with increasing H2 content in the SG. Similarly, the lean stoichi-
ometry at which CO emissions become significant decreases with
increasing H2 content.

The effect of the swirl number on the stability limits of various
SG compositions in an atmospheric premixed variable-swirl burner
was investigated by Sayad et al. [13]. They concluded that for all of
the tested fuel mixtures increasing the H2 content reduced the
equivalence ratios at which flashback and lean blowout occurred,
while replacing all or part of the CO content of the fuel mixturewith
CH4 while keeping the H2 content constant, increased both the lean
blowout and flashback equivalence ratios considerably. Finally, as
the swirl number decreased, flashback became more sensitive to
the fuel composition. This suggested that at the lower swirl number
flashback dependedmore on the flame speed, which is a function of
fuel composition.
A comparison of the conventional and flameless combustion
strategies of low calorific biogas was performed numerically by
Hosseini et al. [14]. The effect of oxidizer temperature on conven-
tional combustion was discussed. It was found that in conventional
combustion of preheated biogas, fuel consumption decreases but
NOx formation increases drastically, whereas in flameless mode,
NO formation is reduced due to the elimination of hot spots and
low level of oxygen. Also, the low concentration of O2 in the
flameless mode is attributed to dilution of oxidizer and the com-
plete and quick mixing process. Indeed, a very high concentration
of CO2 species in biogas flameless products leads to a higher heat
capacity and better radiation heat transfer in the system.

Three innovative preheated burner technologies, namely an
oxy-fuel flameless burner, a double regenerative burners, and a flat
flame regenerative oxy-fuel burner, were designed for 100% blast
furnace gas (BFG) and successfully demonstrated in a steel
reheating furnace by Cuervo-Pi~nera et al. [15]. It was found that
reheating furnaces can be operated with 100% BFG if the fuel gas is
preheated with either oxy-fuel burners or regenerative burners,
while NOx emissions are kept below the required limits.

The performance of a porous inert media burner in terms of
radiative efficiency, fuel flexibility, pollutant formation, and reli-
ability was investigated experimentally by Keramiotis et al. [16].
The operation of the two-stage porous burner with a 10-ppi foam
with virtual blends of model fuels was assessed. It was concluded
that for low thermal loads, the CO levels remained systematically
below 30 ppm in all of the studied cases. A strong influence of the
air excess ratio was indicated in the measured NO levels, which
overall ranged below 20 ppm in most of the cases studied, reaching
values of 2e3 ppm for ultra-lean mixtures.

A common method of fuel staging for flame stabilisation in lean
combustion in gas turbine combustors has been demonstrated for
SG flames by García-Armingol et al. [17]. The impact of fuel staging
on widening the stability range of SG flames and reducing
flashback-induced instabilities was studied. Additionally, the in-
fluence of the injector geometry was also analysed by comparing
the results of different configurations. It was concluded that fuel
staging is a promising alternative for avoiding some flashback-
related issues and can widen the stability range of the different
fuels and that the proper selection of the injector geometry has a
significant influence on stable combustion, with low CO and NOx
emissions.

The impact of SG as a supplemental fuel in co-firing and
reburning in a coal-fired boiler was numerically investigated byWu
et al. [18]. The SG fuel was either injected in the burner centreline as
a co-firing fuel or injected above the main coal burners as the
reburning fuel in different configurations. They found that SG can
be an effective reburning fuel reducing NOx emissions by up to 46%,
although the unburnt carbon loss increases for all but one
reburning configurations.

Moreover, all over the world there are an enormous number of
industrial furnaces fed with NG which can be retrofitted to at least
NG and SG co-firing, enabling reductions of fossil CO2 emissions.
The potential of partial NG substitution in a preheating furnace
representative of the steel industry was numerically investigated
[19]. It was found that the 40% (on a thermal basis) of the NG can be
successfully replaced by biogenic SG without compromising the
heat transfer and furnace load treatment processes. To achieve this,
different co-firing scenarios could be adopted in the combustion
chamber: indirect and direct co-firing. The former is based on the
implementation of two different types of burners e for NG and SG
fuels ewhile the latter would require the combustion of both fuels
in a dual-fuel (hybrid) burners. The possibility of adapting the
burner to enable NG and SG co-firing in a full-scale burner in a



A. Kiedrzy�nska et al. / Energy 211 (2020) 118552 3

Po
br

an
o 

z 
ht

tp
://

re
po

.p
w

.e
du

.p
l /

 D
ow

nl
oa

de
d 

fr
om

 R
ep

os
ito

ry
 o

f W
ar

sa
w

 U
ni

ve
rs

ity
 o

f T
ec

hn
ol

og
y 

20
23

-0
5-

24
ceramic sector furnace was assessed by means of CFD analysis [20].
The authors found that when aiming at higher SG shares, the NG-
SG fuel mixture properties change dramatically with a significant
impact on the flame behaviour, requiring burners modifications.

It can be hypothesised that it is possible to at least partially
substitute the fossil fuel used with carbon neutral one in industrial
furnaces and specifically in gas-fired burners, but this requires
careful design to account for the greatly changed fuel mixture
properties, which have a profound impact on the fluid mechanics,
heat transfer, and chemistry and thus on the emissions, combustion
efficiency, and flame stability.

In this study we focused on the most important aspect of in-
dustrial furnace retrofitting for NG-SG co-firing: the influence of
the burner design and operational conditions on flame stability and
emissions. A comprehensive approach was adopted: numerical
studies of different burner configurations and a new design were
combined with experimental trials. The feasibility of NG-SG co-
firing was investigated in three burners configurations: an NG
burner without any modifications, an NG burner with geometrical
adaptations and a new non-premixed burner concept. The results
provide guidelines for industrial furnaces owners or operators on
how reductions in fossil fuel usage and environmental impact can
be achieved.
2. Methodology

When decisions about the application of the NG-SG co-firing
strategy are made in an industrial unit, it is necessary to consider
different options for retrofitting, taking into account capital and
operational costs, capabilities and limitations, technology maturity,
and reliability. At least three different approaches can be proposed.

Firstly, the possibility of NG-SG co-firing in the existing burners
designed for pure NG firing can be explored. It is necessary to
analyse whether it is feasible to use the current burners without
any modifications. This approach is limited to auxiliary equipment
(such us pipelines, fans, valves), but the burners construction re-
mains intact.

Secondly, if there are any constraints on NG-SG co-firing in
existing burners, one can assess whether any modifications, pref-
erably not significant ones, can be adapted to the burner con-
struction to overcome the limitations. This solution can extend the
range of operational conditions of the original burners, but the
downside is that their performance warranty may be voided.

A third solution that can be proposed, if none of the above is
satisfactory, is a new burner design fulfilling all the requirements
(such as stability, flexibility, emissions and durability).

The above procedure can be realized by both physical and nu-
merical investigations, depending on the timeframe, equipment,
and capital availability.

In this work, we propose the combined approach. Firstly, a
combustion model, considering reaction mechanism adequate for
SG combustion was developed, implemented in commercial CFD
code, and validated against well documented data. Secondly, an
exemplary commercially available NG burner was analysed
numerically in different co-firing scenarios. Thirdly, an analysis of
the potential modifications of the NG burner was conducted to
overcome the issues encountered during NG-SG co-firing in an
unmodified burner. And finally, a new burner designwas proposed,
numerically analysed, manufactured and tested in a combustion
test rig. In this way, a flexible, time-efficient, and economical tool
for burner testing was created e a 3D CFD model, which was
validated against the laboratory experiments.
2.1. Combustion model development

The gas phase combustion is mainly described by the reaction
mechanism and corresponding reaction rates. Usually, the com-
bustion process is described by either a detailed reaction mecha-
nism or a simplified global one. Detailed mechanisms of gas
combustion can include thousands of elementary reactions [21-23].
In general, the detailed mechanisms are therefore not applicable to
CFD simulations due to the unacceptably long computation time
required to solve a large system of differential equations associated
with such a mechanism when reaction kinetics are included. Thus,
simplified global and quasi-global mechanisms are formed to
model the overall behaviour with a reduced number of reactions
[24-26]. Additionally, to implement the combustion model, it is
necessary to define the rate of the individual reaction. In the cur-
rent study, the rate ri of the i-th reaction is defined by the approach
combining both the Arrhenius finite rate model and the eddy-
dissipation model [20]. Well-documented global reaction mecha-
nisms of Westbrook-Dryer [24-26] were selected and compared in
numerical tests to form the final reaction mechanism presented in
Table 1, which was used in computations of NG combustion for the
test case (NG combustion in the Burner Engineering Research
Laboratory, BERL) and all other numerical simulations of gas com-
bustion presented in further sections of the study. The final reaction
mechanism is a two-step one that takes advantage and avoids the
disadvantages of both the Westbrook-Dryer and Jones-Lindstedt
reaction mechanisms. More details can be found here [20].

Numerical simulations validating the combustion model pre-
sented above were carried out for the well-documented experi-
mental results of NG combustion performed in the BERL. The
experimental results are included in the IFRF report [27]. The IFRF
experiment was carried out in the BERL 300 kW test furnace with a
gas swirl burner installed. Experimental results presented in the
IFRF report are used here to validate the computational combustion
model applied in numerical simulations of NG combustion.

Fig. 1 presents the temperature, axial and tangential velocity
components, O2, CO, and CO2 mole fractions as numerical and
experimental results for the selected cross-section inside the BERL
furnace, located 27 mm from the furnace front wall where the gas
burner is located. The numerical results, that is, points representing
numerical results, describe values of specific quantity in the whole
individual cross-section, while the experimental points were ac-
quired at only one sampling radius. In general, numerical results
correctly predict the experimental data so that the combustion
mechanism is successfully validated for further applications. All
profiles show the occurrence of three separate zones, namely the
recirculation zone, the thin combustion surface zone, and the outer
zone located between the combustion surface and the furnace wall.
2.2. CFD simulations of NG-SG co-firing in the pilot-scale burner

In the next step, the 3D CFD model of the burner with com-
bustion chamber was created and the simulations were performed
using Ansys Fluent 18.0.

Reynolds-averaged Navier-Stokes (RANS) approach and realiz-
able k-ε model are used to cover turbulent gas flow. The numerical
domain may contain the eight chemical components: CH4, C2H6,
CO, CO2, H2, H2O, O2, and N2. Volumetric reactions between the
components follow the finite rate/eddy dissipation mechanism
described above. Heat transfer can occur through convection (the
influence of gravity is considered) and radiation (solved with the
discrete ordinates method and weighted-sum-of-grey-gases
model). The coupled pressure-velocity scheme was used to



Table 1
Combustion mechanism applied in the current study.

no. reaction hr, kJ/mol rk, kmol/(m3s) A, a n, - E, kJ/mol

1 C2H6 þ 2.5 O2 / 2 CO þ 3H2O �863 A Tn exp(-E/(RT)) [C2H6]0.10 [O2]1.65 7.310 � 109 0 125.6
2 CH4 þ 1.5 O2 / CO þ 2H2O �510 A Tn exp(-E/(RT)) [CH4]0.70 [O2]0.80 5.012 � 1011 0 202.6
3 CO þ 0.5 O2 / CO2 �283 A Tn exp(-E/(RT)) [CO] [O2]0.25[H2O]0.50 2.239 � 1012 0 167.5
4 CO2 þ M / CO þ 0.5 O2 þ M 283 A Tn exp(-E/(RT)) [CO2] [M] b 1.600 � 1026 �3.72 363.5
5 H2O þ M / H2 þ 0.5 O2 þ M 242 A Tn exp(-E/(RT)) [H2O][M] b 3.066 � 104 1.90 360.0
6 H2 þ 0.5 O2 / H2O �242 A Tn exp(-E/(RT)) [H2][O2] 9.870 � 108 0 31.0

a unit of A is so defined that the unit of the reaction rate is kmol/(m3s).
b third body effect: a ¼ 1.2 for diatomic molecules (H2, O2, CO, N2, …), a ¼ 6.5 for other (C2H6, CH4, H2O, …).
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calculate pressure.
The term “SG thermal share” refers to the amount of energy

obtained from complete combustion of SG in the NG-SG mixture.
Thermal share TSSG is calculated as follows:

TSSG ¼
mSG,LHVSG

mNG,LHVNG þmSG,LHVSG
:

The aim of the experiments was to investigate the flame sta-
bility, CO content, and temperature distribution in the combustion
chamber. They were conducted in two series: for 100% SG and
different burner powers and for different values of TSSG at similar
burner power. Table 2 presents operational conditions for 100% SG
firing at different burner powers. The burner power was varied in
the range of 19e91 kW, while keeping the similar air-to-fuel ratio
(AFR). One can observe that the lower heating value (LHV) of the SG
changes significantly with the total power, and the gasifier output.
The lower the gasifier output, the lower the temperature inside its
reactor; thus the composition and LHV of the SG changes.

Table 3 presents the operational conditions for NG-SG co-firing
studies. As one can observe, the TSSG was in the range 30e100%,
while the burner power was kept constant at around 50 kW, and
the LHV of the SG was in the range of 4.1e4.8 MJ/m3 and was very
stable compared to 100% SG firing tests. This was due to limited
change of the gasifier output, so the temperatures inside the gasi-
fication reactor did not change significantly.
2.3. New burner design and physical test trials

On the basis of the engineering experience and numerical
simulations, a prototype burner design is proposed (see Fig. 2). The
main elements of the burner are the NG nozzles [13], movable
conical bluff body element [11], concrete burner quarl, secondary
air swirler [9], ignition [12] and ionisation [6] electrodes. The po-
sition of the bluff body element can be adjusted to maintain the
optimal SG velocities at different burner powers and to create the
flue gas recirculation at the outlet of the burner quarl. The nominal
burner power is 100 kW.

A schematic of the combustion test stand with the main di-
mensions, position of the burner, and measurement points is pre-
sented in Fig. 3. The wood chips, stored in hopper [2], are
transported by the screw feeder [3] to the downdraft gasifier [1]
where gasification takes place. The reagent gas for the gasification
process is air. The volatiles released from the feedstock are partially
combusted outside of the pyrolysis tube, facilitating the auto-
thermal gasification process. Thanks to this, the SG produced is
much cleaner than that coming from the traditional “in-berta”
gasification process. The downside is that the LCV of the SG is not
high e it is usually in the range of 4e7 MJ/m3 [28].

SG produced in the gasifier then goes to the cyclone, where the
residual solid particles are separated, and through the pipeline [5],
which is electrically heated up to 300e350 �C, to the burner [7]
installed in the combustion chamber [6]. The primary and
secondary air coming from the air fans [8] is electrically heated by
the preheaters [9] to the required temperature. The flue gases are
analysed by a number of sensors [12]: temperature, composition,
and heat transfer, introduced through a series of sampling ports.
The flue gases are removed from the combustion chamber by a flue
gas fan [10], while the whole process is monitored and controlled
by a computer system [11]. The combustion chamber is also
equipped with two quartz windows located on the right-hand side
and at the top which enable visual observation and optical inves-
tigation of the flame. The locations of the t0, t1, t2, and t3 temper-
ature sensors along the burner axis are 52, 88, 180 and 340 cm,
counting from the burner outlet.
3. Results and discussion

3.1. CFD modelling of the NG-SG co-firing in an unmodified current
burner

A geometrical model of an exemplary, commercially available
burner, designed to combust NG, is shown in Figs. 4 and 5. The
burner has been placed in a cylindrical combustion chamber (inner
diameter ¼ 200 mm; length ¼ 1040 mm), with the burner head
ending 40 mm inside the combustion chamber. The composition of
the NG varies depending on the place of extraction but is mostly
composed of lower hydrocarbons, mainly methane. It has been
assumed that the NG combusted in the burner consists of methane
(98% by volume) and ethane (2% by volume) only. As a result, the
LHV of NG is 50.05 MJ/kg.

The alternative fuel chosen to replace NG as a source of heat is
synthesis gas obtained through the process of biomass gasification.
As mentioned before, the LHV of the biomass-derived SG varies
between 4 and 6MJ/kg if air is used as a gasification agent. Thewide
range of LHV values is a result of the unsteady chemical composi-
tion of this SG. To overcome this issue, the following exemplary,
time-averaged composition of SG has been adopted for modelling
purposes: 21% CO, 14% H2, 12% CO2, 3% CH4, 1% O2, and 49% N2 (by
volume). The resulting LHV is 4.52 MJ/kg.

In order to analyse the impact of substituting NG with the low-
calorific SG on the combustion process, three firing cases have been
analysed (with different SG substitution rates as in Table 4). The
case where no SG is fed, that is, NG is the only source of heat in the
furnace, is regarded as a reference case.

A constant power of 200 kW fed with fuel is kept to ensure the
comparability of the results. For the same reason, the amount of
supplied air is adjusted so the air-fuel equivalence ratio (l) is 1.05 in
all cases. The temperatures of both fuel and air streams are set to
20 �C (i.e. they are not preheated).

The effects of the TSSG on temperature and on the CO and O2
contents along the burner axis are presented in Figs. 6 and 7
respectively.

Temperature and velocity profiles for the analysed powering
cases can be seen in Figs. 8e10.



Fig. 1. Numerical and experimental results of the BERL furnace on the 27 mm cross-section.
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The results of the CFD simulations of the original unmodified
burner show that substituting 10% of the NG (on a thermal basis)
with SG does not lead to substantial changes in the combustion
process - the profiles of the temperature levels for cases 1 and 2
shown in Fig. 6 are very similar, and the curves showing the CO and
O2 contents in the flue gas are comparable as well (see Fig. 7). The
resemblance in the temperature and velocity fields between cases 1
(Fig. 8) and 2 (Fig. 9) further confirms the validity of this hypothesis.
At the same time, the results of case 3 show a significant change

in the combustion process - the temperatures near the burner are
much lower than in the other two cases (ca. 1200 to ca. 1800 �C),
and the concentration of O2 at this location is ca. 15 vol%, while for
cases 1 and 2, oxygen is nearly absent there. This leads to the
conclusion that the combustion no longer takes place in the burner



Table 2
Composition of syngas and operating parameters for syngas combustion at different burner power.

Parameter unit A1 A2 A3 A4 A5 A6 A7

Pth kW 90.8 75.2 53.1 40.4 29 25.7 19.5
TSSG % 100 100 100 100 100 100 100
AFR e 1.29 1.37 1.29 1.25 1.36 1.34 1.55
SG composition, dry H2 %vol. 16.1 15.7 13.9 12.3 11 11.6 12.1

CO %vol. 24.8 23.1 17.9 15.9 15.5 16.2 16.9
CO2 %vol. 11.4 12.2 13.6 14.7 13.7 13.5 12.9
CH4 %vol. 3.0 2.8 2.1 2.0 1.1 1.0 0.7
N2 %vol. 44.9 46.4 52.7 55.3 58.8 57.8 57.5

LHV MJ/m3 5.9 5.6 4.5 4.0 3.5 3.6 3.7
Vi SG mN

3/h 61.3 53.8 47.2 40.0 32.9 28.2 21.2
NG mN

3/h 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Air mN

3/h 89.7 87.7 58.3 43.1 32.9 28.6 24.8

Table 3
Composition of syngas and operating parameters for SG and NG co-firing.

Parameter unit C1 C2 C3 C4 C5 C6 C7 C8

Pth kW 53.1 51.6 51.5 47 47.3 48.2 49.4 63.5
TSSG % 100 90 80 70 60 50 40 30
AFR e 1.56 1.68 1.72 1.82 1.72 1.61 1.43 1.35
SG composition, dry H2 %vol. 15.9 15.6 15.7 15.5 15.1 15.9 17.3 17.7

CO %vol. 17.4 16.8 15.1 13 13.4 13 12.4 11.8
CO2 %vol. 13.5 13.6 15 15.6 15 15.6 15.6 16
CH4 %vol. 2.6 2.4 2.7 2.4 2.2 2.2 2.1 1.9
N2 %vol. 51.1 51.9 51.8 53.9 54.7 53.8 53 53

LHV MJ/m3 4.8 4.7 4.6 4.2 4.1 4.1 4.2 4.1
Vi SG mN

3/h 44.0 40.0 36.2 31.7 27.7 23.3 19.0 18.7
NG mN

3/h 0.0 0.5 1.1 1.5 2.0 2.5 3.1 4.7
Air mN

3/h 64.2 69.3 73.3 73.3 71.3 69.8 65.3 81.1

Fig. 2. Co-firing burner prototype design. Fig. 3. Schematic of the combustion test stand.
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vicinity (the flame is no longer attached to it), but occurs further
along in the combustion chamber. Confirmation of the changed
burning regime is provided by the chalice-like temperature contour
presented in Fig. 10 which shows that flame lift-off occurs, and that
recirculation zones in the vicinity of the burner for cases 1 and 2 are
no longer present.

As the amount of fuel changes fivefold while the fuel inlet area
remains the same, the issue of flow resistance must be analysed.

Table 5 presents the simulation results regarding the velocity of
the fuel at the inlet of central tube (see Fig. 4b), at the nozzles
outlets (Fig. 5), and the flow resistance. One can see that
substituting 40% (on thermal basis) of the NGwith SG increases the
pressure drop over 10 times to an unacceptable value of ca. 25 kPa.
This is related to the soaring velocity of the fuel in the fuel channels
and the hydraulic resistance associated with it.

All of the above suggests that replacing 10% of the NG with a
low-calorific alternative is feasible without any NG burner modi-
fications, while replacing 40% or more of the NG cannot be done in
an efficient way, which is also confirmed by Hernandez et al. [29].
Therefore, to make it possible to combust in one burner either 100%
NG or the mixture of NG-SG with up to 40% TSSG, a modification of
the burner design is needed.



Fig. 4. Geometry of the burner model with the air (A) and fuel (B) inlets marked.

Fig. 5. Burner geometry: walls (grey) and the location of the fuel channels ends (red),
where the fuel mixes with the air. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Table 4
Analysed fuel mixtures and the respective inlet boundary conditions.

case TSSG, %th fuel mass flow, kg/s air mass flow, kg/s

1 0 0.003996 0.07275
2 10 0.008036 0.07100
3 40 0.020158 0.06575

Fig. 6. Temperature along the burner axis for NG substitution rates of 0%, 10% and 40%.

Fig. 7. CO and O2 molar contents along the burner axis for NG substitution rates of 0%,
10% and 40%.
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3.2. CFD analysis of the modified NG burner to enable NG-SG co-
firing

As mentioned earlier properties of NG and SG gases are signif-
icantly different. As a consequence of these differences, gas mix-
tures supplied to the burner have different chemical compositions,
mass flow rates and temperatures. Their properties are presented
in Table 6. The primary role of the burner is to generate a stable
flame for all gas mixtures with an acceptable level of flow resis-
tance. The main reason for the burner modification is to provide an
acceptable level of flow resistance during combustion of the above-
mentioned mixtures. Due to the lower calorific value of the SG, to
ensure the same burner power, a higher mass flow of gas mixtures
to the burner is required.

The highest mass flow of gas was observed for the NG mixture
with 40% SG. The mass flow of this mixture was 4.7 times higher
than the mass flow of NG.

Providing this mixture through the original set of gas nozzles
resulted in a too high flow resistance, exceeding an acceptable level
of 10 kPa.

Since, according to the design assumptions, the acceptable level
of flow resistance through the burner cannot exceed 4.5 kPa, it was
necessary to design additional gas nozzles. Three options for
additional gas supply were considered (Figs. 11e13):

� Case 1. Expansion of existing original gas nozzles or addition of new
nozzles near existing ones

� Case 2. Implementation of an additional gas duct on the outside of
the original gas duct

� Case 3. Implementation of an additional gas duct on the outside of
the original air duct

In the first considered case, the expansion of original gas nozzles
or implementation of new ones was limited by the space avail-
ability. In this way, it was found to be possible to increase the gas
inlet area by a maximum of 100%, which did not guarantee
obtaining the required flow resistances for co-firing of all gas
mixtures.

In the second case considered, the additional gas duct had to be
so large that it obscured the original inner gas nozzles, which made
it difficult to mix the gas stream with the oxidant (air) stream.

The third case, in which an additional gas stream was fed by an
additional duct implemented on the outside of the original air duct,
was considered as the best variant. The following advantages of this
solution were found:



Fig. 8. Temperature (a) and velocity (b) contours - case 1 (TSSG ¼ 0%).

Fig. 9. Temperature (a) and velocity (b) contours - case 2 (TSSG ¼ 10%).

Fig. 10. Temperature (a) and velocity (b) contours - case 3 (TSSG ¼ 40%).

Table 5
Fuel mixtures velocities and pressure.

case TSSG, %th Average velocity - central tube inlet, m/s Average velocity - fuel channels outlets, m/s Gauge pressurea, kPa

1 0 18.82 58.04 2.30
2 10 30.07 90.13 5.33
3 40 63.83 188.27 25.03

a Gauge pressure in relation to the combustion chamber outlet.

Table 6
Properties of fuel mixtures.

Mixture composition

TSSG, %th 0 10 40
LHV, kJ/kg 50052 25725 10255
mass flow, kg/s 0.00431 0.00832 0.02035
Inlet temperature, K 293 553 774
ch4, % 96,31 45,84 13,74
o2, % 0,00 0,66 1,08
co2, % 0,00 10,88 17,80
co, % 0,00 12,10 19,79
h2, % 0,00 0,58 0,95
c2h6,% 3,69 1,72 0,47
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C the small radial dimension of the additional duct (at the
same surface area as in case 2) meant that the original gas
nozzles were not obscured,

C optimal mixing with the air stream was noticed,
C the outflow of 100% of the additional gas streamwas directed

to the stator blades of the swirler originally placed in the
further part of the burner, causing longer fuel residence time
in the burner zone,

C easy modification of the burner design was realized.

The anticipated modification of the burner would consist in
cutting it and inserting an additional pipe, which together with the



Fig. 11. Case 1 of the burner adaptation.

Fig. 12. Case 2 of the burner adaptation.

Fig. 13. Case 3 of the burner adaptation.

Fig. 14. The anticipated modification of the burner.
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existing outer burner pipe, would form an additional gas duct
(Fig.14). This duct would end at one sidewith nozzles supplying gas
to the burner and at the opposite side with a gas collector placed
just behind the connection flange. An additional gas stream would
be supplied from the collector by a series of holes located circum-
ferentially on the outer pipe of the burner. An additional gas stream
would be supplied to the collector by the connection pipe. The
amount of additional gas stream should be adjusted by a control
valve, which in the case of high calorific mixtures would be closed.
In the case of combustion of low calorific gas mixtures, this valve
should be completely opened. For safety reasons, a shut-off valve
must be installed in front of the control valve.

Multivariant numerical calculations were carried out for all
mixtures of NGwith syngas (Table 6). The gas distribution between
the main existing nozzles (original) and additional nozzles was
proposed through the optimisation. The percentage of gas distri-
bution and the resistance of the flow through the burner are shown
in Table 7. For all cases considered, a stable flamewas obtained. The
results of the calculations of the NG-SG co-firing are shown
graphically in Figs. 15e17.

From the results of the analyses the following conclusions were
formulated:

� Mixtures of SG at different TSSG cause the burner to be supplied
with significantly different mass flows of fuel.

� The maximum gas stream (4.7 times higher than the stream of
NG) occurs when 40% of SG is burned. Supplying this mixture to
the original gas nozzles causes unacceptable mass flow
resistance.

� Adaptation of the burner geometry to enable stable NG-SG co-
firing is possible, but requires the installation of an additional
gas nozzle with regulated mass flow.
3.3. CFD analysis of the new burner concept

The existing burners dedicated to NG combustion as well as
their modified versions do not ensure an efficient means of co-
combustion of NG and SG. Therefore, a new burner was designed.
The main assumption regarding that burner is that it must allow
stable flame during NG and SG co-firing, ideally from 100% NG to
100% SG. The SG is fed in as hot gas (300 �C) and NG is fed in at
ambient temperature (20 �C). The burner should be universal and
allow combustion of different types of SG fuels and off-gases.

The design of the burner is based on a burner with high swirl
and is presented on Fig.18. NG is dosed by a probewith four nozzles
(diameter of 3 mm each) whose tip is chamfered to achieve the
outlet direction at a 45� angle and is symmetrically positioned in
the burner (marked in red). The NG probe is exits from a diffuser
where the primary air is fed through a pipe 19.8 mm in diameter.
The diffuser and NG probe are insterted 20 mm deep into the quarl.
SG is dosed by the adjacent axisymmetric inlets with diameters of
25 and 56 mm (marked in green). The outer duct is fed by the
secondary air inlets of diameters 68 and 81 mm (marked in yellow)
which is highly swirled by the angle of 45� with the baffles (which
are not simulated in detail but as the specific boundary condition).
Table 7
Flow distributions and resistance in the modified burner.

TSSG, %th 0 10 40

mass flow to original gas nozzles, % 100 17 14
mass flow to additional gas nozzles, % 0 83 87
flow resistance, Pa 4300 2750 4500



Fig. 15. Contours of temperature (a) and velocity (b) - TSSG ¼ 0%.

Fig. 16. Contours of temperature (a) and velocity (b) -.TSSG ¼ 10%

Fig. 17. Contours of temperature (a) and velocity (b) -.TSSG ¼ 40%

Fig. 18. Novel burner design: (a) computational mesh on surfaces (b) geometry with marked inlets: red e NG, green e SG, blue e primary air, yellow e secondary air. (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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Fig. 19. Temperature profiles inside the combustion chamber for selected cases: a) case A1, b) case A3, c) case A5, d) case A6.
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The burner was installed in a test facility located at the Institute
of Power Engineering. The facility consists of a cylindrical com-
bustion chamber (internal diameter ¼ 600 mm;
length¼ 2350mm)with a confusionwith a length of 1060mm. The
flue gas is then directed into the duct, where it is cleaned and
Fig. 20. Temperature profiles inside the combustion chamber for
cooled down (this part is not included in the model). The prototype
burner was mounted on the front wall axisymmetrically to the
combustion chamber.

The simulations were carried out in the same conditions as the
experimental tests. The conditions are summarised in Tables 2 and
selected cases: a) case C1, b) case C4, c) case C5, d) case C8.



Fig. 21. Comparison measured and calculated temperature profiles along the com-
bustion chamber axis for cases A.

Fig. 22. Comparison measured and calculated temperature profiles along the com-
bustion chamber axis for cases C.

Fig. 23. Comparison calculated and measured concentration of carbon monoxide at
the outlet from the combustion chamber for cases A.

Fig. 24. Comparison calculated and measured concentration of carbon monoxide at
the outlet from the combustion chamber for cases C.

Fig. 25. The profiles of CO along the chamber axis for cases A.

Fig. 26. The profiles of CO along the chamber axis for cases C.
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3. Air for combustion had a temperature of 100 �C andwas split into
core and secondary air in a ratio of 1:4.88. NG was fed in at room
temperature (20 �C), while SG was dosed directly from the gasifier
at 300 �C.

The results of the gas temperature profiles are presented in
Fig. 19 for the burner fuelled with SG only. The flame which can be



Table 8
Results of the prototype burner testing.

Case TSSG, %th AFR, - Pth, kW CO, mg/mN
3
u t0, �C t1, �C t2, �C t3, �C

A-1 100 1.29 90.8 75 902 802 626 453
A-2 100 1.37 75.2 43 901 814 615 447
A-3 100 1.29 53.1 105 754 682 490 422
A-4 100 1.25 40.4 90 585 615 466 400
A-5 100 1.36 29.0 404 452 429 396 359
A-6 100 1.34 25.7 291 400 370 350 336
A-7 100 1.55 19.5 1231 352 324 298 292
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observed as the field of high temperature is attached to the burner.
It indicates stable combustion conditions for awide range of burner
capacity from 90 to 20 kW (of fuel power). The only observable
change is the shorter zone of the flame and lower temperatures
inside the combustion chamber.

Fig. 20 presents the temperature profiles for the selected case C
when the burner is working in the co-firingmode, that is, fuelled by
both SG and NG. For the TSSG above 70% one zone of the flame is
Fig. 27. Temperature (a) and CO (b) distribution in the comb

Table 9
Results of the prototype burner testing.

Case TSSG, %th AFR, - P_th, kW CO, m

C-1 100 1.56 53.1 104
C-2 90 1.68 51.6 149
C-3 80 1.72 51.5 218
C-4 70 1.82 47.0 439
C-5 60 1.72 47.3 454
C-6 50 1.61 48.2 508
C-7 40 1.43 49.4 1677
C-8 30 1.35 63.5 2490

Fig. 28. Temperature (a) and CO (b) distribution i
observed (Fig. 20a). When the share of NG exceeds the share of SG,
the two zones of the flame appear. The SG combustion front forms
an annulus at the outlet of the burner quarl, while the NG is injected
at higher velocity and is combusted at a distance from the axis of
the burner (Fig. 20b and c). The lower the thermal share of SG, the
higher the total flow of air, as the NG requires a larger amount of air
for stoichiometric combustion. This causes higher swirl of the
secondary air, which results in the flame becomingwidely spread in
case C8, where only 30% of SG is fed in (Fig. 20d).

Temperature profiles along the chamber axis are comparedwith
measured temperatures at the selected points inside the chamber
in Figs. 21 and 22. For the burner fuelled with SG only (cases A), the
results of the experiments are almost identical for burner capacity
of 75e90 kW, while during the simulations, visibly shorter flames
can be observed (cases 1e2). When the capacity is decreased to
30 kW, the measured flame is shorter than calculated (cases 3e5).
For the lowest burner capacity of 20e25 kW, the thermocouples are
positioned outside the flames zone and the temperature profile is
almost flat and is consistent with the simulations results (cases
6e7).
ustion chamber at 100% SG and different burner power.

g/mN
3
u t0, �C t1, �C t2, �C t3, �C

572 459 344 340
565 447 349 342
551 428 351 346
495 402 342 335
481 450 347 342
491 494 351 344
508 508 364 358
562 454 380 359

n the combustion chamber at different TSSG.
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For co-firing of SG and NG gas, the calculated and measured
temperature profiles are compared in Fig. 22. During the experi-
ments, the flame was shorter than calculated and smaller differ-
ences between cases were observed. For case C7, the flame is wider,
which results in a decrease in temperature at the chamber axis. For
case 8, the flame is observed at the internal part of the burner.

The concentration of carbon monoxide at the outlet from the
combustion chamber increases with decreasing capacity of the
burner down to 30 kW (Figs. 23 and 24). This was observed during
both simulations and experiments.

The profiles of CO along the chamber axis (Figs. 25 and 26) show
that the a higher value of CO is observed close to the burner, where
there is intensive combustion of CH4 from SG. Then CO is com-
busted to CO2. At lower capacity, a strong internal swirl is observed
from the outer zones of the flame. That causes a new portion of CO
to be sucked into the axis of the chamber. Due to the lower tem-
perature, CO is not combusted as intensively as it would be for
higher power, resulting in higher CO emissions.

3.4. Measurements of the new burner concept

Consequently, the burner test trials were divided consequently
into two parts: the first for testing of the 100% SG flame at different
burner powers; the second for different values of TSSG at the same
burner power.

The results of the 100% SG burner test trials are presented in.
Table 8 and Fig. 27. A stable flame was achieved for the whole of

the examined burner power range, that is, from 19 to 91 kW. Un-
surprisingly, as the burner power increases, all temperatures
recorded along the combustion chamber increase steadily, which
has a profound effect on the CO burnout. It can be observed that
when the temperature t0 exceeds 600 �C, the CO emission drops
significantly to below 100 mg/mN

3
u.

The results of the NG-SG co-firing at constant burner power are
presented in Table 9 and Fig. 28. When investigating the burner
behaviour at different values of TSSG, it can be observed that the
temperature along the combustion chamber remains relatively
constant (except for the small drop for the middle thermal share,
cases C-4 to C-6, caused most likely by the increase in AFR). Despite
this, the CO concentration increases significantly with the decrease
of the TSSG. At thermal shares below 70% it exceeds the 200 mg/
m3

Nu by a significant amount. This is very likely caused by the
delayed mixing of the comburent air with the NG fed through the
nozzles located on the burner axis. Even though the temperature in
the combustion chamber remains constant there is not enough
time to achieve complete combustion.

4. Conclusion

In this study the possibility of NG-SG co-firing in commercially
available burners designed for 100% NG was investigated in four
steps.

Firstly, the unmodified burner version originally designed for
100% NG was numerically analysed. It was found that it is possible
to co-fire NG and SG only at lownumbers of TSSGe up to 10%. Above
this value, the gases’ hydraulic resistance becomes unacceptable
(>25 kPa).

Secondly, an analysis of the possible burner modifications was
performed to overcome the above-mentioned issue. Several burner
changes were proposed, of which the most efficient one was the
addition of an SG duct outside of the original air duct. This solution
increases the cross-section for SG, decreasing the hydraulic resis-
tance without obscuring the original gas nozzles and additionally
improves mixing the SG and air.

Thirdly, when burner modifications are not possible, for
example due to the risk of voiding the warranty, new burner
dedicated to NG-SG co-firing should be proposed.

A novel burner design for NG-SG co-firing was proposed by way
of CFD modelling. Its main feature is the movable chalice-shaped
bluff body (diffuser), which enables formation of a recirculation
zone at the burner outlet and stabilisation of the SG flame. Stable
burner operation was achieved for the whole of the power range
examined (19e91 kW, which corresponds to a turndown ratio of
2:10).

Finally, the burner prototype was manufactured and tested in a
combustion test rig and the measurements are in good agreement
with the simulation data.

The proposed in this work comprehensive approach combining
CFD simulations of different burner configurations and experi-
mental trials a new burner designwas demonstrated as an effective
tool for industial furnaces retrofitting to NG-SG co-firing.

On this basis, three scaled-up burners (400 kW) were manu-
factured and installed in the preheating furnace in the steel sector.

This work proved that it is possible to reduce the environmental
impact of the process industry, relying on the use of fossil fuels, by
introducing a retrofitting solution based on NG-SG co-firing.

Although, this work focuses only on the NG substitutionwith SG
coming from the biomass gasification, other SG fuels (for example
from sewage sludge, municipal solid wastes, or residue derived
fuels) or off-gases (for example blast furnace gas, coke oven gas, or
basic oxygen furnace gas) can be potentially used which will be the
subject of the further study.
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Nomenclature

A preexponential factor, different units
AFT adiabatic flame temperature, K
AFR air-to-fuel ratio (l)
BFG blast furnace gas
BSG biogenic syngas
CFD computational fluid dynamics
E activation energy, kJ/mol
FR fuel-to-air ratio
hr reaction heat, kJ/mol
LHV lower heating value, different units
M molecule
mi mass flow of the i-th fuel, kg/s
mg/mN

3
u dry mg/mN3, at 6% O2

n reaction order
NG natural gas
Pth power, kW
rk kinetic reaction rate, kmol/(m3s)
SG syngas
ti i-th temperature, �C
TSSG syngas thermal share
Vi volumetric flow of the i-th component, mN3/h
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