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out within the framework of the EC-GA contract no 723803. 
Neither Project Coordinator, nor any signatory party of VULKANO Project Consortium Agreement, 
nor any person acting on behalf of any of them: 

(a) makes any warranty or representation whatsoever, express or implied, 
(i). with respect to the use of any information, apparatus, method, process, or  

similar item disclosed in this document, including merchantability and fitness for 
a particular purpose, or 

(ii). that such use does not infringe on or interfere with privately owned rights, 
including any party's intellectual property, or 

(iii). that this document is suitable to any particular user's circumstance; or 
(b) assumes responsibility for any damages or other liability whatsoever (including any 

consequential damages, even if Project Coordinator or any representative of a signatory 
party of the VULKANO Project Consortium Agreement, has been advised of the possibility 
of such damages) resulting from your selection or use of this document or any 
information, apparatus, method, process, or similar item disclosed in this document. 
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ABBREVIATIONS 

BSG: Biogenic syngas 

CFD: Computational Fluid Dynamics 

DLV: Deliverable 

FR: Fuel to air ratio 

LHV: Low Heating Value 

NG: Natural gas 

POG: Process off-gas 

SG: Syngas 

WP: Work Package 



vi D5.2 CFD simulation of syngas/natural gas co-combustion results 

 

 

 

Document: 

Author: 

Reference: 

D5.2 CFD Simulation of syngas/natural gas co-combustion 

IEN Version: 

Date: 

1 

D5.2 VULKANO G.A. 723803 20/03/2018 

 
 

EXECUTIVE SUMMARY 

The main objective of this deliverable is to assess the feasibility of natural gas – syngas co-firing in 
the current, existing burners, coming from the steel and ceramic sectors, in regard to syngas 
composition and share. An impact of the natural gas substitution on the furnace characteristics 
and process material is also analysed. 

 
The combustion mechanism of the natural gas, originally developed by Westbrook-Dryer, has 
been adopted to correctly account for the CO2 and H2O thermal dissociation process. The model 
was validated against the well-documented experimental data acquired during combustion tests 
in Burner Engineering Research Laboratory (BERL) furnace burning natural gas. In general, 
numerical results correctly predict the experimental data so that the proposed combustion 
mechanism can be used in further applications. 

 
An analysis of the co-firing in the existing, unmodified burners, one from ceramic sector 
(TORRECID’s furnace) and one representative to steel sector (VALJI’s furnace), has  been 
conducted to assess the combustion stability, efficiency, composition of the combustion products 
and NOx emission. 

 
On the basis of the results from the D5.1, the test matrix has been formulated including three 
syngas fuels (BSG-1, BSG-3 and POG-2) and two thermal shares (10 and 40%). 

 
At lower thermal share (10%) of syngas it is possible to co-fire the natural gas and syngas in the 
unmodified burner, and even the flame stability increases. 

 
On the other hand, when the high thermal share of syngas (40%) is considered, the current design 
of the steel and ceramic sector’s burner makes it difficult to co-fire natural gas and syngas due to 
the increase of the flow resistance and high velocities of the gas mixture. The flame detaches  
from the structure of the burner and obtains a chalice shape. In the context of the furnace this  
can be a problem due to the long jet of the exhaust stream coming out of the burner – flue gases 
may be able to reach the load, overheating it locally. 

 
Therefore, adaptations of the burners’ geometries were proposed to provide stable natural gas 
and syngas co-firing. They included: 

- installation of an additional gas nozzle with regulated mass flow, 
- installation of the syngas swirl to increase the mixing with the combustion air. 

 
In result stable combustion has been achieved, with high combustion efficiency, while the overall 
NOx emissions decreased. 
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It maybe be concluded that it is possible to co-fire natural gas and syngas up to 10% thermal share 
in the burners dedicated for natural gas firing without their modifications. When the thermal 
share increases to 40% some adaptations of the burners would be necessary to obtain stable 
flame. This in result could cause the necessity of the new certifications of the burners or even 
installation of the new ones. 

 
The results shown in this report gave also some hits for the development of the new burner 
concepts which are designed in upcoming activities of the project. The dedicated burner for firing 
pure syngas is being already analysed via the CFD simulations, while the new concept of the  
hybrid burner, overcoming all limitations already identified, is being prepared. 
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1 INTRODUCTION 

This  document  covers  the  results  of  the  CFD  simulations  of  the  syngas-natural   gas   co-
firing in current and modified burners and is prepared under the Project VULKANO EC-GA contract 
no 723803. 

 
This Deliverable 5.2 has been developed under Task 5.2 entitled: “Burners CFD Simulation of 
syngas/natural gas co-combustion” within the DoA of the VULKANO project. 

 
The intended audience of the deliverable are the main stakeholders of the VULKANO project, i.e. 
steel, ceramic and aluminium producers, furnace manufacturers, burners manufacturers and 
thermal process design engineers. 

 
The purpose of this document is to provide an inside of the issues related to the co-firing of 
natural gas and syngas in the burners designed initially for the former gas and provide the 
recommendations for possible burners adaptations to overcome some of the challenges. 

 
 

2 METHODOLOGY 

Three syngases were selected for the study based on results from task 5.1 described in [1]. The  
proposed index, named: “global assessment”, allows qualifying the suitability of substitution of 
each gas. Score ten means that natural gas (NG) could be substituted without modifications in the 
burner. Lower values imply new burner design for gas mixture co-firing or new design of separate 
burners for syngas combustion. For CFD simulations studies the following syngases were selected: 
BSG-1, BSG-3 and POG-2 (see Table 1) plus natural gas (NG-BOSIO) as the reference fuel. 

 
Table 1: Ratio of gas substitution qualification 

 

Global Assesment 10% 20% 30% 40% 50% 100% 

 BSG-1 5 4 3 2 2 1 
BSG-2 5 5 5 4 3 3 

 BSG-3 5 5 5 5 4 3 
POG-1 10 5 5 4 4 4 

 POG-2 5 5 5 5 5 4 
POG-3 5 2 2 1 1 1 

*BSG=Biogenic syngas, POG=Process Off-gas 

 
Fuels 

NG-BOSIO 
The basic fuel fed into BOSIO 1 furnace is natural gas. The composition of natural gas may vary 
depending on the source, so the information provided by the industry representative was used. 
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According to this data, considered natural gas consists of nearly 98% of methane, 0.76% of ethane 
and less than 0.5% of higher hydrocarbons (by volume). On top of that, carbon dioxide and 
nitrogen each constitute 0.08% of the natural gas volume. 
The employed combustion model (Sec. 3 “Combustion model formulation and validation”) 
includes ethane as the highest hydrocarbon, and the amount of non-flammable components is 
negligible, so the following natural gas composition was adopted: 98% CH4, 2% C2H6 (vol.). 

 
BSG-1 

The next fuel taken into consideration is syngas originating from the biomass gasification process 
using air as agent. This syngas is produced on-site in the BOSIO’s fluidized bed gasifier and it is 
meant to be specifically used in BOSIO 1 replica furnace in the demonstration tasks of the project. 
From this perspective CFD analysis of the usage of this syngas appears to be one of the priorities  
of this task. Its composition has been given initially in the working report from task 5.1 [5] and 
included finally in D5.1 [1]. As the NG substitution desk studies concentrated (reported in D5.1  
[1]) on the dry alternative fuels, water content was not included in the fuel (but its presence in  
the combustion air has not been omitted). This syngas fuel is characterised by comparatively low 
value of Low Heating Value (LHV), which will require significant increase of the mass flow of the 
alternative fuel, and some amount of hydrogen (~14%), which on the other side could improve  
the ignition and combustion of the fuel. 

 
POG-2 

Another alternative fuel chosen to partially replace natural gas is process off-gas coming from the 
steel sector (more specifically: blast furnace gas). Its composition has been given initially in the  
working report from task 5.1 [1] and included finally in D5.1 [1]. Main feature of this syngas is the 
high content of CO (~62%), which can potentially cause issues with complete combustion 
(especially at lower furnace temperatures). 

 
BSG-3 

The last considered fuel is another biogenic syngas originating from a gasification process, in  
which steam (instead of the air as in BSG-1) serves as oxidizer. BSG-3 parameters have been 
presented initially in the working report from task 5.1 [1] and included finally in D5.1 [1]. Main 
characteristics of this gas are the higher LHV comparing to BSG-1 (~ 2 times) and high content of 
the hydrogen and ethane (44.2 and 10.5 % respectively) which in theory should improve the flame 
stability. 
Chemical composition of the fuels listed above and their basic properties are shown respectively 
in Table 2 and Table 3. 
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Table 2: Fuels chemical composition 
 

compound volume content (%) 

NG-BOSIO BSG-1 POG-2 BSG-3 
CO2 0 12 19.7 0.0 

CO 0 21 61.7 20.2 
CH4 98 3 0.3 23.9 
C2H6 2 0 0 10.5 
H2 0 14 3 44.2 
O2 0 1 0 1.2 
N2 0 49 15.3 0.0 
H2O 0 (dry) 

 
 
 

Table 3: LHV of the fuels 
 

property fuel 

NG-BOSIO BSG-1 POG-2 BSG-3 
3 

LHV (MJ/mN ) 35 5.21 8.23 11.46 

LHV (MJ/kg) 50 4.50 6.07 13.98 
 
 
 

Mixtures 
One of the goals of the VULKANO project is to replace up to 40% (counting on thermal input) of 
natural gas by alternative fuels. Therefore, the following mixtures of fuels have been studied 
(Table 4). 

 
Table 4: Type of fuel mixtures considered 

 

fuel mix 
type 

thermal ratio* (%) 

NG-BOSIO BSG-1 POG-2 BSG-3 

A 100 0 0 0 

B 90 10 0 0 

C 60 40 0 0 

D 90 0 10 0 

E 60 0 40 0 

F 90 0 0 10 

G 60 0 0 40 
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* The term thermal ratio refers to the amount of energy obtained from complete combustion of the given 
component of the fuel mixture. Thermal ratio 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 of each fuel mixture component can be calculated as 
follows: 

 

 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 
𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑖𝑖𝑖𝑖 

 
 

𝑖𝑖𝑖𝑖 𝑛𝑛𝑛𝑛 
𝑖𝑖𝑖𝑖=1 𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑖𝑖𝑖𝑖 

where 𝑚𝑚𝑚𝑚𝑚   𝑖𝑖𝑖𝑖 is mass flow of the one of the fuel compounds in kg/s and 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑖𝑖𝑖𝑖 is its lower calorific value in kJ/kg. 

 
The mixtures listed above serve as the core of the test matrix, and an impact of their composition 
on the combustion quality (expressed in terms of completeness of combustion, CO and NOx 
content in the exhaust gases, maximum temperature, etc.) can be performed. 

 
 

3 COMBUSTION MODEL FORMULATION AND VALIDATION 

 
3.1 Computational model 

The governing equations describing turbulent combustion of natural gas may be expressed in 
different forms. However, the governing equations normally are represented as transport 
equations for over-all mass conservation, individual species mass conservation, momentum 
conservation, energy conservation and additional equations and scalars that describe turbulence 
of the flow, or spatially- and temporary resolve the thermodynamic state of the mixture. The 
governing equations are augmented by initial and boundary conditions, as well as constitutive 
relations (e.g. reaction, molecular diffusion, equations of state, etc.). 
The gas phase combustion is mainly described by the oxidation reactions of combustible species 
as follows 

 
Fuel  +  Oxidizer  →  Product1  +  Product2 + … . (1) 

 
Usually, in the case of natural gas combustion, hydrocarbons and carbon monoxide are fuel 
species, oxygen is oxidizer and CO2, H2O are the final stable products. The detailed description of 
all  reactions  describing  the  combustion   process   is   shown   below   in   the   next   section.   
The implementation of the combustion model requires to define the rate of the individual 
reaction. In the current study, the rate ri of the i-th reaction is defined by the approach combining 
both the Arrhenius finite rate model (FR) and the eddy-dissipation model (ED) as follows 

 
ri = min(rt, rk) (2) 

 
where rt is the turbulent mixing rate defined for the non-premixed (diffusion) combustion as 
[8],[16]. 
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(3) 

 
 

where Y is the mass fraction of oxidizer O, fuel F or product P, A = 4.0 and B = 0.50 are empirical 
constants, ν is the stoichiometric oxygen to fuel mass ratio, and ε and k are turbulence  
parameters determined by a turbulence model adequate for the flow conditions. 
The Arrhenius rate, rk, of the k-th reaction is defined as [7], [9], [10]. 

 

                                                         (4) 

where A is the pre-exponential factor, n is the temperature exponent, E is the activation energy, 
C is molar concentration of the Y species. 
It is important to note that the rate of decomposition reactions depends only on the kinetic 
conditions of the flow expressed by the Arrhenius formula while the reaction rate of other 
reactions, like synthesis or replacement reactions, additionally depends on the turbulent mixing 
rate. 

 
The numerical simulations have been carried out using Ansys Fluent 18.0. The turbulent 
combustion process of natural gas has been modelled as a stead turbulent incompressible flow of 
a viscous fluid composed of several species creating a reacting gas mixture. The conservation 
equations of total mass and momentum have been solved by the coupled numerical scheme. The 
realizable k-ε turbulence model has been applied to describe the turbulence of the flow. The gas 
mixture has been composed of C2H6, CH4, H2, O2, CO, H2O and N2. The combustion reactions 
applied to the current combustion study are described below in section 3.2. The discrete  
ordinates method was used to solve the radiation transfer equation governing the radiation heat 
transfer. The emissivity of the gas mixture was described by the weighted-sum-of-gray-gases 
model (WSGGM). 

 
3.2 Combustion mechanism 

The collection  of  chemical  reactions  necessary  to  describe  the  combustion  process  is  called 
a reaction or combustion mechanism. Usually, the combustion process is described by  either        
a detailed reaction mechanism or a global simplified reaction mechanism. Detailed mechanisms of 
gas combustion can include thousands of elementary reactions [4], [13], [14]. In general, the 
detailed mechanisms are therefore not applicable to CFD simulations due to the unacceptable  
long computation time involved to solve the large system of differential equations associated with 
such a mechanism  when reaction kinetics  are  included. Thus,  simplified global and  quasi-global 
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mechanisms are formed to model the overall behaviour of the detailed reaction mechanism with  
a reduced number of reactions. 

 
The Westbrook-Dryer [15], [12] and Jones-Lindstedt [5] reaction mechanisms are well-known and 
well-documented multi-step global reaction mechanisms that are often applied in combustion 
modelling of hydrocarbons. In the current study of natural gas combustion, the two-step reaction 
mechanism is used due to its simplicity. 
Table 5 presents the Westbrook-Dryer [15] two-step reaction mechanism applied to air 
combustion of natural gas. The first step of the reaction mechanism is partial combustion of 
hydrocarbons (CH4 and C2H6) forming CO and H2O. The final step is created by further complete 
oxidation of CO forming CO2 with an additional complementary reaction of CO2 thermal 
decomposition that provides both the proper heat of reaction and pressure dependence of 
[CO]/[CO2] equilibrium. 

 
 

Table 6 presents the Jones-Lindstedt [5] two-step reaction mechanisms applied to air combustion 
of natural gas. The first step of the reaction mechanism involves partial oxidation of hydrocarbons 
(CH4 and C2H6) forming CO and H2 and water steam (H2O)-hydrocarbons (CH4 and C2H6) reforming 
reactions forming CO and H2 as well. The final step is further created by complete oxidation of H2 

forming and H2O with the additional complementary reaction of H2O decomposition and the 
water-gas shift reaction but without reaction of CO2 thermal decomposition. For the reverse 
reactions, i.e. the H2O decomposition and the reverse water-gas shift reaction, Jones-Lindstedt 
propose to use the appropriate equilibrium constants that have to be evaluated from thermal 
data by itself. 

 
In the current study, both the Westbrook-Dryer and Jones-Lindstedt reaction mechanisms have 
been tested in numerical simulations of natural gas combustion in order to validate the results 
they predict. Unfortunately, both original reaction mechanisms predict unreal results at the 
current application of the BERL natural gas combustion. So, since the application of the 
Westbrook-Dryer and Jones-Lindstedt reaction mechanisms lead to unreal physical results, thus 
arises a requirement to form such a reaction mechanism that is able to correctly predict the 
combustion process. 

 
In the Westbrook-Dryer mechanism, the activation energy of the CO2 decomposition reaction is 
the same one as the activation energy of the CO oxidation and such a situation is quite impossible 
and results in no possibility to start any valid computations. Moreover, the exclusion of the CO2 

decomposition reaction from the Westbrook-Dryer mechanism results in unacceptably unreal  
high temperature of the gas (above 2300 K) since there is no endothermic reaction left or present 
in the mechanism. So, the realisable improvement of the Westbrook-Dryer mechanism would   be 
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an application of the CO2 decomposition reaction with proper values of the kinetic parameters, 
i.e. in particular high value of the activation energy (above 200kJ/mol) is highly recommended to 
use that would correctly describe the CO2 thermal dissociation process. 

 
Next, since Jones and Lindstedt have explicitly specified no values of kinetic parameters for the 
reverse reactions as stated above, the Jones-Lindstedt reaction mechanism has been tested in 
numerical simulations of BERL natural gas combustion without the reverse reactions as stated in 

Table 6. However, although no reverse endothermic reactions have been used in numerical tests, 
unacceptably unreal low temperature of the gas (below 1400 K) have been predicted. 

Table 6 and Table 5 as well additionally present the reaction heat that is released during the 
specified reaction. The analysis of the reaction heats in the original Jones-Lindstedt reaction 
mechanism reveals high endothermicity of the water steam-hydrocarbons reforming reactions 
compared to the oxidation reactions that in overall results in low temperature predicted by 
numerical simulations. So, it appears that the realisable improvement of the Jones-Lindstedt 
mechanism would be to retire the endothermic reactions in order to predict correct gas 
temperature. 

 
In the current study, the above-mentioned existing and well-documented reaction mechanisms 
have been selected and compared in numerical tests to form a final reaction mechanism 
predicting the results correctly describing the BERL experimental combustion of natural gas. 

Table 7 present the final reaction mechanism used in computations of test natural gas  
combustion in the BERL furnace and all other numerical simulations of gas combustion presented 
in farther sections of the report. The final reaction mechanism is two-step reaction mechanism 
that takes advantages  but  avoids  disadvantages  of  both  Westbrook-Dryer and  Jones-  
Lindstedt reaction mechanisms. The first step of the final mechanism involves the exothermic  
C2H6 and CH4 partial oxidation reactions forming to CO and H2O. The other step consists of the CO 
oxidation reaction forming CO2 with additional complementary reactions of CO2 and H2O 
decomposition. H2 formed during the H2O decomposition reaction is further again oxidized to  
form H2O. Additionally, the values of Dryer and Glassman [3] kinetic parameters have  been 
applied for the CH4 partial oxidation reaction. The thermal decomposition reactions of CO2 and 
H2O are important in the current mechanism since the decomposition reaction lower the 
temperature to real physical values measured during the BERL experiments. It is also important to 
note that the rate of the thermal decomposition reactions is governed only by the finite rate 
model defined by the Arrhenius formula while other reaction rates additionally depend on the 
turbulent mixing rate. 
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Table 5: The Westbrook and Dryer’s [15] two-step combustion mechanism applied to combustion of gas hydrocarbons 
 

no. reaction reaction heat, 
kJ/mol 

reaction rate, 
mol/(cm3×s) 

CM(1) A, (2) n, - E, 
kcal/mol 

1 2 3 4 5 6 7 8 

1 C2H6  +  2.5 O2   →    2 CO  +  3 H2O -863 A Tn exp(-E/(RT)) [C2H6]0.10 [O2]1.65
 fred 1.30×1012 0 30.0 

2 CH4  +  1.5 O2   →   CO  +  2 H2O -510 A Tn exp(-E/(RT)) [CH4]-0.30 [O2]1.30
 fred 1.50×107 0 30.0 

3 CO  +  0.5 O2   →  CO2 -283 A Tn exp(-E/(RT)) [CO] [O2]0.25[H2O]0.50
 fred 3.98×1014 0 40.0 

4 CO2   →   CO  +  0.5 O2 283 A Tn exp(-E/(RT)) [CO2] fr 5.00×108 0 40.0 

(1) CM = combustion model, i.e. fred = finite rate-eddy dissipation model, fr = finite rate model, 
(2) unit of A is so defined that the unit of the reaction rate is mol/(cm3×s). 
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Table 6: Jones and Lindstedt combustion mechanism [5] applied to combustion of gas hydrocarbons 
 

no. reaction heat, 
kJ/mol 

reaction rate, 
kmol/(m3×s) 

CM(1) A, (2) n, - E, kJ/mol 

1 C2H6  +  2 H2O   →   2 CO  +  5 H2 346 A Tn exp(-E/(RT)) [C2H6] [H2O] fred 3.00×108 0 125.6 

2 CH4  +  H2O   →   CO  +  3 H2 206 A Tn exp(-E/(RT)) [CH4] [H2O] fred 3.00×108 0 125.6 

3 C2H6  +  O2   →    2 CO  +  3 H2 -137 A Tn exp(-E/(RT)) [C2H6]0.50 [H2O]1.25
 fred 4.20×1011 0 125.6 

4 CH4  +  0.5 O2   →   CO  +  2 H2 -36 A Tn exp(-E/(RT)) [CH4]0.50 [H2O]1.25
 fred 4.40×1011 0 125.6 

5 H2  +  0.5 O2   →  H2O -242 A Tn exp(-E/(RT)) [H2]0.50[O2]2.25[H2O]-1.0
 fred 2.50×1016 -1 167.5 

6 H2O  +  M   →   H2  +  0.5 O2  + M 242 not used in computations     

7 CO  +  H2O   →   CO2  + H2 -41 A Tn exp(-E/(RT)) [CO] [H2O] fred 2.75×109 0 83.74 

8 CO2  +  H2   →   CO  + H2O 41 not used in computations     

(1) CM = combustion model, i.e. fred = finite rate-eddy dissipation model, fr = finite rate model, 

(2) unit of A is so defined that the unit of the reaction rate is kmol/(m3×s). 
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Table 7: Combustion mechanism applied in the current computation, i.e. Westbrook and Dryer’s [15] two-step combustion mechanism with kinetic parameters of Dryer and Glassman [3] 
for methane oxidation, with CO2 and H2O dissociation reactions 

 

no. reaction reaction heat, 
kJ/mol 

reaction rate, 
kmol/(m3×s) 

CM(1) A, (2) n, - E, 
kJ/mol 

1 C2H6  +  2.5 O2   →    2 CO  +  3 H2O -863 A Tn exp(-E/(RT)) [C2H6]0.10 [O2]1.65
 fred 7.310×109 0 125.6 

2 CH4  +  1.5 O2   →   CO  +  2 H2O -510 A Tn exp(-E/(RT)) [CH4]0.70 [O2]0.80
 fred 5.012×1011 0 202.6 

3 CO  +  0.5 O2   →  CO2 -283 A Tn exp(-E/(RT)) [CO] [O2]0.25[H2O]0.50
 fred 2.239×1012 0 167.5 

4 CO2  +  M   →   CO  +  0.5 O2  + M 283 A Tn exp(-E/(RT)) [CO2] [M](3)
 fr 1.600×1026 -3.72 363.5 

5 H2O  + M →   H2  +  0.5 O2  + M 242 A Tn exp(-E/(RT)) [H2O][M](3)
 fr 3.066×104 1.90 360.0 

6 H2  +  0.5 O2   →  H2O -242 A Tn exp(-E/(RT)) [H2][O2] fred 9.870×108 0 31.0 

(1) CM=combustion model, i.e. fred = finite rate-eddy dissipation model, fr = finite rate model, 
(2) unit of A is so defined that the unit of the reaction rate is kmol/(m3×s). 

(3) third body effect: α = 1.2 for two-atomic molecules (H2, O2, CO, N2, …), α =6.5 for other (C2H6, CH4, H2O, …). 
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3.3 Numerical simulations 

Numerical simulations validating the combustion model presented above have been carried 
out for the well-documented experimental results of natural gas combustion performed in 
BERL. The combustion of natural gas has been experimentally studied in the BERL 300 kW test 
furnace with a gas swirl burner installed. The experimental results, included in  the  IFRF 
report (IFRF F40/y/11) [11] on “Scaling characteristics of aerodynamics and  low-NOx 

properties of industrial natural gas burner, Part IV: The 300 kW BERL test results”, describe 
experimental setup and experimental data measured in-flame (temperature, axial and 
tangential velocity components, turbulence (rms), flue gas composition (CO, CO2, NO, NO2, O2, 
H2)) in several cross sections of the BERL furnace and the furnace-outlet global results (NOx as 
a function of burner power, combustion air temperature, O2 excess, swirl number, staging 
ration). Experimental results presented in the IFRF report are valuable data that are here used 
to validate the computational combustion model applied in numerical simulations of natural 
gas combustion. 

 
BERL geometry model and computational mesh 

 
Figure 1 illustrates the BERL furnace used at experiments of natural gas air combustion and 
Figure 2 presents a full 3D geometry model of the BERL furnace including a gas burner with 
separate inlets of air, natural and flue gas, octagonal furnace, 8 inlets of natural gas on the 
front wall of the furnace, outlet. Figure 3 presents the details of the natural gas burner. 

 

 

Figure 1: The BERL experimental furnace [11] 
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tagon 1082 

    g  
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Figure 2: 3D geometry model of the BERL furnace 
 
 
 

 

Figure 3: Dimensions of the natural gas burner (Do = 87mm) [11] 
 
 

Figure 4 presents the fragment of the computational mesh around the burner. The mesh 
contains  5.57  million  of  computational  cells,  and  since  1.78  m3  is  total  volume  of     the 
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geometry model then the average cell size of the whole domain is 6.83 mm. The burner part  
of the model contains 3.48 million cells, and since 1.45 dm3 is volume of the burner then the 
burner average cell size is 0.748 mm. 

 

Figure 4: Computation mesh around the natural gas burner 
 

 
Properties of natural gas 
Table 8 presents  composition of the  natural gas  that  was  reported in the  IFRF report [11]. 
In numerical simulations, small H2O amount of 0.01% was applied since it is impossible to 
operate with completely dry gas unless conditioning of the gas is applied. The LHV of the 
natural gas was 46.7 MJ/kg. The temperature and the flow rate of natural gas were 308 K and 
22.7 kg/h respectively. No fuels staging and flue gas recirculation were applied during 
numerical simulations similar to the case considered in experiments. 

 
Table 8: Composition of natural gas 

 

gas component unit mole fraction 

CH4 % 96.50 

C2H6 % 1.70 
H2O % 0.00 
CO2 % 0.30 
N2 % rest 

 
Properties of air 
The air was composed of 20.6v% of O2, 1.60v% of H2O and rest of N2. The temperature and  
the flow rate were 312 K and 444 kg/h respectively. Since the air flow was swirled, the air flow 

flue 
gas 

wall 

natural 
gas 

5.57 million is a total number of computational cells, 
1.78 m3 is volume of the model 
so 6.83 mm is the average cell size (whole domain), 
3.48 million cells for the burner only, 
1.45 dm3 is volume of the burner 
so 0.748 mm is the average cell size in the burner 

swirling 
air 

natural 
gas 
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was uniformly set by both axial and tangential velocity components that have to be derived  
by itself as axial velocity = 33.45 m/s, and iterated final tangential velocity = 23.96 m/s on the 
air velocity inlet. The uniform value of the tangential velocity component has been iterated 
during numerical simulations to reach the swirl number S = 0.560 that was calculated on the 
internal air surface, and the swirl number S was calculated as 

                                                                (5) 

where A is the internal air surface, u is the velocity vector, U and W is axial and tangential 
velocity component, respectively, R = 43.5mm. 

 
3.4 Model validation 

Figure 5 presents numerical results as a sequence of contours describing the natural gas 
combustion in the BERL furnace (in the steady state). The combustion process of natural gas is 
performed by a swirl burner, i.e. air flow is swirled and fuel is introduced into the air stream. 

 
In general, application of a swirl burner creates a recirculation zone, i.e. a specific region with 
a backward flow in regard to the main bulk flow, which is located behind the burner. The 
velocity and temperature presented in Figure 5a, Figure 5b and Figure 5c reveal the 
occurrence of the recirculation zone with high temperature inside resulting from the  
backward flow of hot combustion products formed at the thin combustion surface. Figure 5d-i 
present all gas species involved in the combustion process. 
The O2 concentration is the highest in the fuel-air stream introduced into the furnace by the 
burner. When the cold mixture of air and fuel is heated by the hot flue gas from the 
recirculation zone and hot furnace walls, the oxidation reactions activate and the combustion 
process begins. 

 
The exothermic oxidation reactions of combustible species (CH4 and C2H6 from fuel and CO 
formed from partial oxidation) take place in the thin reaction or combustion surface where 
reaction heat is released in high amount of around 150 MW/m3 (v. Figure 5j). The high 
temperatures, greater that 1700 K, are reached in the reaction surface and inside the 
recirculation zone. Hot flue gas, consisting of O2 and CO2, H2O, CO, H2 formed in the 
combustion surface, is transported into the recirculation zone where the oxidation reactions 
of CO and H2 and the decomposition reactions of CO2 and H2O simultaneously take place 
reaching the state of equilibrium. 

 
Distribution of H2 species, shown in Figure 5i, formed by the H2O decomposition reaction, 
occurs only inside the recirculation zone, in particular in small regions near or at the reaction 
surface where the gas temperature reaches the highest values (above 2000 K), i.e. where the 
rate of the H2O decomposition reaction reaches its highest values. It is important to note that 
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exclusion of the CO2 and H2O decomposition reactions from the combustion  mechanism 
results in high temperature values that have not been measured during experiments. 
Moreover, Figure 5j presents volume power density, PD, defined as the time rate of energy 
released per unit volume 

                                                                    (6) 

where Qi is the heat of the i-th reaction released at the rate of ri, V is volume. The  
combustion surface, i.e. the surface where the combustion reactions and heat release take 
place, is defined by the surfaces of the volume power density that has a shape of the thin bell 
surface. 

 
 

a) velocity magnitude, m/s 

 
 
 
 
 
 

b) axial velocity component, m/s, negative values indicate the recirculation zone behind the burner 
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c) temperature, K 

 
 
 
 
 
 

d) O2 mole fraction, %-dry 

 
 
 
 
 
 

e) CH4 mole fraction, %-dry 
 

 



17 D5.2 CFD simulation of syngas/natural gas co-combustion results  

 

 

Document: 

Author: 

Reference: 

D5.2 CFD Simulation of syngas/natural gas co-combustion 

IEN Version: 

Date: 

1 

D5.2 VULKANO G.A. 723803 20/03/2018 

 
 
 

f) CO mole fraction, ppm-dry 

 
 
 
 
 
 

g) CO2 mole fraction, %-dry 

 
 
 
 
 
 

h) H2O mole fraction, % 

 
 
 
 
 
 

i) H2 mole fraction, ppm-dry 
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j) volume power density, MW/m3 

Figure 5: Contours of selected numerical results describing combustion of natural gas in the BERL furnace 

 
Figure 6, Figure 7, Figure 8 and Figure 9 present selected numerical and experimental results 
on selected cross-sections inside the BERL furnace respectively located 27mm, 109mm, 
191mm and 343mm from the furnace front wall where the gas burner is located. The 
numerical results, i.e. points representing numerical results, describe values of specific 
quantity in the whole individual cross-section while the experimental points have been only 
acquired from one radius traverse. 

 

In general, numerical results correctly predict the experimental data so that the combustion 
mechanism is successfully validated for further applications. All profiles show occurrence of 
three separate zones, i.e. the recirculation zone, the thin combustion surface zone and the 
outer zone located between the combustion surface and the furnace wall. The predicted 
profiles of CO, O2 and CO2 present small discrepancy. The final CO2 concentration expressed at 
dry conditions reached at the furnace outlet directly depends on the amount of H2O 
introduced into and formed in the furnace. So, it is important to specify the correct non-zero 
content of H2O in natural gas and air that always contain some amount of H2O in order to 
increase the CO2 concentration expressed at dry conditions. In the recirculation zone, the CO 
and O2 concentration is higher compared to the experiment due to the H2O and CO2 

decomposition reactions that have to be applied to reach proper temperature profiles. 



19 D5.2 CFD simulation of syngas/natural gas co-combustion results  

 

 

Document: 

Author: 

Reference: 

D5.2 CFD Simulation of syngas/natural gas co-combustion 

IEN Version: 

Date: 

1 

D5.2 VULKANO G.A. 723803 20/03/2018 

 
 
 

a) temperature, K b) axial velocity component, m/s 

 
 
 
 
 

 
c) tangential velocity component, m/s 

 
 
 
 
 

 
d) O2 mole fraction, %-dry 

 
 
 
 
 

 
e) CO mole fraction, ppm-dry 

 
 
 
 
 

 
f) CO2 mole fraction, %-dry 

Figure 6: Numerical and experimental results on the 27 mm cross-section 
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a) temperature, K b) axial velocity component, m/s 

 
 
 
 
 

 
c) tangential velocity component, m/s 

 
 
 
 
 

 
d) O2 mole fraction, %-dry 

 
 
 
 
 

 
e) CO mole fraction, ppm-dry 

 
 
 
 
 

 
f) CO2 mole fraction, %-dry 

Figure 7: Numerical and experimental results on the 109 mm cross-section 
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a) temperature, K b) axial velocity component, m/s 

 
 
 
 
 

 
c) tangential velocity component, m/s 

 
 
 
 
 

 
d) O2 mole fraction, %-dry 

 
 
 
 
 

 
e) CO mole fraction, ppm-dry 

 
 
 
 
 

 
f) CO2 mole fraction, %-dry 

Figure 8: Numerical and experimental results on the 191 mm cross-section 
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a) temperature, K b) axial velocity component, m/s 

 
 
 
 
 

 
c) tangential velocity component, m/s 

 
 
 
 
 

 
d) O2 mole fraction, %-dry 

 
 
 
 
 
 
 

e) CO mole fraction, ppm-dry 

 
 
 
 
 
 
 

f) CO2 mole fraction, %-dry 
Figure 9: Numerical and experimental results on the 343 mm cross-section 
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4 CFD SIMULATIONS OF THE CURRENT, UNMODIFIED BURNERS 

To evaluate the possibility to partially replace natural gas, which currently serves as a source of 
heat in the furnace, the study on syngas addition impact on the combustion and flow parameters 
had to be performed. 

 
4.1 Geometry of the burner from ceramic sector 

The TORRECID furnace geometry is shown in Figure 10, as well a position of the burner. The total 
length of the furnace is 5m and it has been represented as a cylinder in order to simplify the 
calculations. 

  
Figure 10:  Ceramic sector furnace 

 

The 3D representation of the burner is shown in Figure 11, where its different inlets are also 
detailed. Green zones are the entrances of an air stream. 

  
Figure 11: Ceramic sector burner with its inlets 



24 D5.2 CFD simulation of syngas/natural gas co-combustion results  

 

 

Document: 

Author: 

Reference: 

D5.2 CFD Simulation of syngas/natural gas co-combustion 

IEN Version: 

Date: 

1 

D5.2 VULKANO G.A. 723803 20/03/2018 

 
 

The ceramic sector current burner inlets are listed here and shown in Figure 12: 

• Gas inlet (orange): the natural gas and bio-syngas flow is introduced to the burner  
through a horizontal pipe with an inlet diameter of 6cm. At the end of the inlet there is a 
narrowing to increase the inlet velocity of the gas. 

• Air inlet (green): the air is introduced to the burner vertically through a 260mm pipe. An 
elbow redirects the air horizontally through a 280mm pipe (see Figure 10). After that, the 
air is introduced into the furnace through 4 different inlets (taking from outside to inside): 
the outer width (with outer diameter and inner diameter of 280mm and 270mm 
respectively), the wreath shaped with four ribs (outer diameter of 264mm, inner - 
230mm), the 8 holes (diameter of 22mm) and the wreath shaped premixed zone (outer 
diameter of 55mm and an inner diameter of 43mm). 

 

Figure 12: Cutting plane of the burner 
 

With the current configuration of the ceramic sector burner it is not possible to introduce natural 
gas and syngas for the same duct because the flux is much higher and the theoretical velocities 
obtained are too high and unfeasible (see Table 9). 

 
Table 9: NG/Syngas mixture inlet velocity in ceramic sector burner without modification 

 

Fuel Velocity, m/s 

NG 42,17 

BSG-1 10% 134,71 

BSG-1 40% 418,56 

BSG-3 10% 95,11 

BSG-3 40% 248,36 

POG-2 10% 92,70 

POG-2 40% 241,70 
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As a result of reviewing the geometry of air intake, it was concluded that the burner without 
modifications was not viable to be used with the planned mixtures. 

 
The following figure shows the results obtained with the current geometry of the burner and the 
combustion of natural gas. To show the results, the velocity profiles (Figure 13), temperature 
(Figure 14) and pressure (Figure 15) are shown along the plane x = 0m 

 
Figure 13: Absolute velocity profile in x=0m ceramic sector current burner (m/s) 

 

Figure 14: Static temperature profile in x=0m ceramic sector current burner (K) 
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Figure 15: Absolute pressure profile in x=0m ceramic sector current burner (Pa) 
 
 

 

4.2 Geometry of the burner from steel furnace 

Burner 
Since the exact construction of the burners placed in the BOSIO 1 furnace is not known, the need 
for choosing different reference burner of comparable power has arisen. Based on the data 
provided by the partner on natural gas consumption rate (60 m3 /h) and its heating value (35 
MJ/m3  ), and all 4 burners combined capacity (1.6 MW)1, other commercial natural gas burner   
has been selected. 

 
Burner power output is limited to 200 kW, while the energy consumption per burner, derived  
from the obtained data, is about 145.8 kW. The burners currently used in BOSIO 1 furnace provide 
a certain, unspecified swirl rate to the gas stream, and so does the exemplary burner. The main 
difference between the BOSIO’s and the exemplary burner is that the first one runs on preheated 
air (to 60 °C currently, to 200 °C according to the modernization plan), and the other one at the 
room temperature. 

 
 

1 J. Mele, Task 2.1 and 2.2 - Gas furnace (Technical description and process data), p. 14 
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4.3 Computational domains and boundary conditions of steel 
sector burner 

Computational domain 
The burner has been measured and its virtual, 3D representation has been created. The burner 
has been placed in the tube (inner diameter = 200 mm, length = 1040 mm) in a way the end of the 
burner enters the tube 40 mm deep. The view on the model geometry has been shown below in 
Figure 16. The walls colored green mark the burner inner components included in the model. 

 
Figure 16: Geometrical model of the burner set 

 

The interiors of the burner and the tube have been discretized using polygonal mesh. The mesh 
consists of 2,314,221 nodes and 620,919 cells with minimum orthogonal quality above 0.1. 

 
CFD model 
The model domain may be filled up with 8 different species: methane, ethane, carbon monoxide, 
carbon dioxide, hydrogen, nitrogen, oxygen and water vapour. The influence of gravitational 
acceleration (acting opposite to the y-axis) is present in the calculations. To cover the turbulent 
flow of the gases realizable k-ε model of turbulence with enhanced wall treatment has been 
adopted. The density of the gases, which are treated as incompressible, changes according to the 
ideal gas law. 
The heat is exchanged through convection, gas conductivity and radiation. To simulate the 
radiation impact on heat distribution, indispensable for determining the correct flame 
temperature, the discrete ordinate radiation model has been used. Absorption of radiation by 
triatomic gases is covered by weighted-sum-of-gray-gases model. 
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Figure 17: Inlets location 
 

The combustion is carried out according to the 6-reaction finite-rate/eddy-dissipation mechanism, 
details of which have been presented in Sec. 3. The model calculating the formation of nitrogen 
oxides (thermal and prompt ones) has been included as well. 
The software used to perform the simulations was Ansys Fluent 18.0. 

 
Boundary conditions 
It was assumed that the external walls of the tube are 20 mm thick and they are made of material, 
which thermal conductivity is 2 W/m∙K and emissivity is 0.8. The ambient temperature was set to 
300 K, and assumed heat transfer coefficient for the external walls was 15 W/m2K. The heat 
transfer in the combustion system occurs only through convection. 
Power in fuel fed to the burner has been set to the upper limit of output of the burner, i.e. 200 
kW, regardless of the type of fuel used. The amount of supplied air was adjusted so the air-fuel 
equivalence ratio is 1.05. 2% (by vol.) air humidity content has been applied. As it is shown in 
Figure 17, the air enters the model through face A, and the fuel flows in perpendicularly to face B. 
Resulting from the conditions above values of fuel and air mass inflows have been gathered in 
Table 10. Take into account that fuel mix type description was provided in Table 4. 

 
Table 10: Inlet mass flow rates 

 

fuel
 mi

  

fuel mass flow multiplier* air mass flow multiplier* 

kg/s kg/s 

A 0.00399587 1.00 0.0727455 1.00 

B 0.00803647 2.01 0.0709969 0.98 

C 0.02015825 5.04 0.0657513 0.90 

D 0.00688977 1.72 0.0706854 0.97 

E 0.01557147 3.90 0.0645052 0.89 



29 D5.2 CFD simulation of syngas/natural gas co-combustion results  

 

 

Document: 

Author: 

Reference: 

D5.2 CFD Simulation of syngas/natural gas co-combustion 

IEN Version: 

Date: 

1 

D5.2 VULKANO G.A. 723803 20/03/2018 

 
 
 

F 5.02665 1.26 71.5530 0.98 

G 8.11897 2.03 67.9754 0.93 

* Column “multiplier” shows how many times the flow is bigger than the flow in the reference case (i.e. 
combusting natural gas only, labelled “A”). 

As the burner runs on not preheated air nor fuel, temperatures of both of them were set to 20 °C 
in each case, ignoring the fact that the syngas, if not cooled down, would raise the fuel 
temperature significantly, especially in cases C and E. Resulting relative air humidity, according to 
Mollier chart, is about 80%. 

 
4.4 Simulations results of steel sector burner 

According to the data presented in 
Table 10, mass flow (and consequently: volumetric flow) varies among the considered cases. That 
raises the question of the gas velocity in the burner and the resulting flow resistance. To answer 
this question, values of velocity at the fuel channels outlets and at the plane intersecting the 
burner (as seen in Figure 18) have been obtained from the simulations. 
The results regarding gas velocities and pressure losses have been presented in Table 11. In 
addition to that, the contours showing velocity of the gas at two planes intersecting the burner’s 
volume have been presented in Figure 19. 
Temperature profiles can be seen in Figure 20. Flue gas composition, along with NOx 
concentrations at the outlet of the tube, has been presented in Table 12. 

 
Figure 18: Velocity measurement surfaces: fuel channel ends and z = 0.3 m plane intersecting the burner (marked 

red). 
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Table 11: Velocity and pressure loss. 
 

case fuel inlet air inlet fuel channels 
outlets 

z = 0.3 m plane 

velocity, m/s gauge p.*, kPa velocity, m/s gauge p.*, kPa velocity, m/s velocity, m/s 

A 18.82 2.30 13.49 1.59 58.04 39.50 

B 30.07 5.33 13.17 1.71 90.13 39.97 

C 63.83 25.03 12.19 2.31 188.27 47.26 

D 25.30 4.08 13.11 1.64 76.17 39.21 

E 44.67 13.71 11.96 1.67 132.45 39.48 

F 22.88 3.03 13.27 1.64 69.53 39.44 

G 35.04 6.48 12.61 2.03 104.47 41.35 
* Gauge pressure in relation to the outlet 

 

 

  

a)    Case A 

 
 
 
 
 

 
b)    Case B 
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c) Case C 
 

d) Case D 
 

e) Case E 
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f) Case F 
 

g) Case G 
 
 
 

 
Figure 19: Velocity profile at the plane intersecting the fuel channel ends (left) and at the z = 0.3 m plane (right). 

 
 

case A 
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case B 
 
 
 
 
 
 
 

case C 
 
 
 
 
 
 
 
 
 
 

case D 
 
 
 
 
 
 
 
 
 
 

 
case E 
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Figure 20: Temperature profiles (mid-section of the burner) 
 

Table 12: Flue gas composition (incl. NOx) 
 

compound content unit case 

A B C D E F G 
CO2 % vol. 6.54 7.04 10.59 8.14 15.90 7.24 9.16 

CO 1.20 0.39 1.39 0.28 1.29 0.71 1.46 
CH4 - - - - - - - 
C2H6 - - - - - - - 
H2 - - - - - - - 
O2 4.64 5.99 2.89 5.87 3.39 5.06 3.24 
N2 70.38 71.77 70.16 71.14 66.42 69.74 66.51 

case F 

case G 



35 D5.2 CFD simulation of syngas/natural gas co-combustion results 

 

 

 

Document: 

Author: 

Reference: 

D5.2 CFD Simulation of syngas/natural gas co-combustion 

IEN Version: 

Date: 

1 

D5.2 VULKANO G.A. 723803 20/03/2018 

 
 
 

H2O  17.24 14.81 14.97 14.57 13.01 17.26 19.63 

NOx ppm (dry) 29 16 19 15 14 20 34 

 

4.5 Conclusions from the current burners simulations 

Reviewing the geometry of ceramic sector, it is showed that the burner was not viable to be 
used with the planned mixtures. The NG/Syngas mixtures inlet velocities are extremely high for 
the proposed mixtures and it would not be possible to introduce natural gas and syngas through 
the existing fuel duct. 
In all cases, the inlet velocity is higher than 90m/s and NG/SYNG 40% presents velocities above 
240m/s. The head loss of fuel stream would be inadmissible. These values make that the use of 
the mixtures is not viable and it was necessary to propose modifications in the current ceramic 
sector burner. 
In all considered cases of the steel sector burner, combustion, in regards to chemical reaction, 
proceeds at a satisfactory level of completeness and perfection. Co-firing alternative fuels, 
compared to the original solution, even manages to reduce NOx emissions. In Figure 20 (especially 
cases B and D) it can be seen that the addition of hydrogen allows to increase the stability of 
combustion, what is in accordance with the current state of knowledge. 
Combustion of the mixture containing 40% of its energy in BSG-1 (case C) immensely differs from 
burning natural gas only. The flame detaches from the structure of the burner and obtains a 
chalice shape. In the context of the furnace this can be a problem due to the large width of the 
exhaust stream coming out of the burner – exhaust gases may be able to reach the load, 
overheating it locally. 
It can be seen that in the case of adding 40% (th.) of POG-2 (case E), the flame has not gained a 
chalice shape, and it is still attached to the core of the burner, in contrast to adding the syngas 
from the gasifier. This can be explained by the higher heating value of POG-2 mixture. The 
obtained data show that despite the soaring CO content in POG-2 fuel, there is no excessive 
concentration of this component at the outlet of the combustion chamber, what suggests high 
combustion efficiency. It appears that small addition of alternative fuel lowers the carbon 
monoxide residue in every case. 
It should be emphasized that the current design of the burner makes it difficult, if possible at all, 
to use the tested mixtures of natural gas and syngas due to the expected flow resistance. The 
consequence of this state of affairs is the need to redesign the burner in order to adapt it to 
serve several times larger streams of fuel. Moreover, it is very likely that similar adaptation 
process will be unavoidable for all burners originally designed for natural gas combustion. 
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5 CFD SIMULATIONS OF THE ADAPTED BURNERS 

 
5.1 Proposed changes in burners geometry to enable stable 

NG+SG co-firing 

The physicochemical properties of natural gas and mixtures of natural gas with synthesis gases  
are different. These differences result from: 

• different compositions and calorific values of synthesis gases, 

• different percentages of synthesis gases in the mixture with natural gas. 

As a consequence of these differences, gas mixtures supplied to the burner have a different 
chemical compositions, mass flow rates and temperatures (Table 13). 

 
Table 13. Properties of gas mixtures supplied to the burner 

 

 Gas composition 

NG NG+10% 
BSG-1 

NG+40% 
BSG-1 

NG+10% 
BSG-3 

NG+40% 
BSG-3 

NG+10% 
POG-2 

NG+40% 
POG-2 

LHV, KJ/kg 50052 25725 10255 40263 25040 29863 13299 
mass flow, 

kg/s 
0.00431 0.00832 0.02035 0.00531 0.00831 0.00718 0.01576 

Inlet temp., 
K 

293 553 774 413 647 511 747 

CH4, % 96,31 45,84 13,74 72,65 35,79 52,18 15,94 
O2, % 0,00 0,66 1,08 0,00 0,00 0,00 0,00 

CO2, % 0,00 10,88 17,80 13,05 33,38 13,13 23,92 
CO, % 0,00 12,10 19,79 9,81 25,09 26,13 47,58 
H2O, % 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
H2, % 0,00 0,58 0,95 1,30 3,34 0,09 0,17 

C2H6,% 3,69 1,72 0,47 2,69 1,15 1,99 0,61 
 

The primary role of the burner is to generate a stable flame for all gas mixtures with an  
acceptable level of flow resistance. 
The main reason of the burner modification was to provide an acceptable level of flow resistance 
in the gas feeding channels during combustion of the above-mentioned mixtures. Due to the  
lower calorific values of the syngas fuels it is required to provide much higher mass flow of gas 
mixtures to the burner to ensure the same burner power. 
The highest mass flow of gas provided to the burner was noticed for the NG mixture with 40% of 
BSG-1. The mass flow of this mixture was 4.7 times higher than mass flow of natural gas. 
Providing this amount of mixture through the original set of gas nozzles would cause too high flow 
resistance - according to the design assumptions, the acceptable level of flow resistance   through 
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the burner cannot exceed 4.5 kPa. Thus it is necessary to increase the cross section of the gas 
supply channels. 

 
The ceramic sector burner new geometry tries to adapt the current burner to the new conditions 
(Figure 21). A new duct for the syngas stream and the swirl plate have been added to the burner 
construction. Green zone is where the air comes into the burner, orange zone - natural gas, dark 
brown zone – BSG and clear brown zone represents swirl plate to achieve a better mixing in the 
burner. 

 
Figure 21. Ceramic sector burner with proposed modifications 

 

 
Table 14. Average velocity per gas in syngas/NG mixtures 

 

Velocity, 
m/s 

NG 
BSG-1 
10% 

BSG-1 
40% 

BSG-3 
10% 

BSG-3 
40% 

POG-2 
10% 

POG-2 
40% 

Air 70,39 71,85 67,96 72,08 68,88 71,09 64,90 

SG - 16,51 66,06 9,35 30,80 9,19 32,98 

NG 42,17 39,75 26,50 39,75 26,50 39,75 26,50 

 
With these modifications, the inlet gas velocities have been lowered compared with the initial 
case (Table 14 and Table 9). Thanks to this the flow resistance at the gas inlets can be at 
acceptable level. 

 
An operational problem with a new geometry is the difficulty to mix natural gas with air because 
the natural gas is separated from the air by the syngas stream (see Figure 21). With the proposed 
geometry, the syngas is next to the air therefore they mix more easily. On the other hand, the 
smaller velocity differences between the air and the syngas and between the syngas and the 
natural gas, more difficult the mixing of the streams is. This is more pronounced at higher thermal 
share of the syngas in combustion mixture (see Table 14). 
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In addition, after the combustion of the syngas, a kind of insulation film is created which  
separates the natural gas flow from the airflow. This film is formed mainly by products of 
combustion: H2O and CO2. There is a risk that the mixing of natural gas with air would not be 
carried out. To solve this problem, two typologies of swirl plates, that alter the gas pathlines and 
facilitate the mixing, have been designed. 

 
Two different geometries of the swirl plate have been proposed (Figure 22 and Figure 23). Both 
geometries have blades at 22.5° angle. The main difference between the two designs is that in the 
first one the syngas flows through the group of blades and the natural gas goes through straight 
axial duct, while in the second one all incoming fuel flows go through the blades and diffusion 
cone. In the second geometry, a conical element (Figure 23) has been placed to facilitate the flow 
of natural gas through the blades in order to increase the gas mixing. Details of both geometries 
are shown in the following two figures. In section 5.2, CFD simulations results are presented and 
analysed to determine which of the two geometries is optimal. 

 

Figure 22. Detail of Swirl 1 proposed (Geometry 1) 
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Figure 23. Detail of Swirl 2 proposed (Geometry 2) 
 
 

In the case of BOSIO Burner, three options of additional gas supply were considered: 
Case 1. Expanding of existing, original gas nozzles or adding new nozzles near existing ones (see 
Figure 24). 

 
Figure 24. Case 1 of the burner adaptation 
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Case   2.   Implementation   of   an   additional   gas   duct   outwards   the   original   gas          duct. 

 
Figure 25. Case 2 of the burner adaptation 

 

Case 3. Implementation of an additional gas duct outwards the air duct. 

Figure 26. Case 3 of the burner adaptation 
 

In the first considered case, expanding of original gas nozzles or implementation of new ones was 
limited by the availability of space in the burner material. It was found that, in this way, it is 
possible to increase the gas inlet area by a maximum 100%, which did not guarantee obtaining  
the required flow resistances for co-firing of all gas mixtures. 
In the second considered case, the resulting, additional gas duct had to be so large that  it 
obscured the inner original gas nozzles, which made difficult to mix the gas stream with the 
oxidant (air) stream. 
The third case was considered as the best option, in which an additional gas stream was fed by an 
additional duct implemented outwards the air duct. The following advantages of this solution 
were found: 

• small radial dimension of additional duct (at the same surface area as in case 2) caused 
that the original gas nozzles were not obscured, 

• optimal mixing with the air stream was noticed, 
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• outflow of 100% of additional gas stream was directed to the stator blades of swirler 
originally placed in the further part of the burner, caused longer fuel residence time in the 
burner zone, 

• easy modification of the burner design was possible. 

The anticipated modification of the burner would consist of cutting the burner main tube and 
inserting an additional, co-axial pipe, which, together with the existing outer burner air pipe, 
would form an additional gas duct (Figure 27). This duct would end at one side with nozzles 
supplying gas to the burner and at opposite side with gas manifold placed outwards the burner 
just behind the connection flange. An additional gas stream would be supplied from the manifold 
by a series of holes located circumferentially on the outer pipe of the burner. An additional gas 
stream would be supplied to the manifold 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 case of the low calorific gas mixtures combustion, i.e. NG + 40% BSG-1 or NG + 40% 
POG-2, this valve should be completely opened. For safety reasons, a shut-off valve must be 
installed in front of the control valve. 

 

Figure 27. The anticipated modification of the steel sector burner 
 

5.2 CFD simulations results of ceramic sector burner 

Before the combustion modelling, a methodology has been proposed and developed that allows 
the evaluation of the degree of streams mixing. This reduces the computational costs and 
increases the speed of the analysis. 
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The velocity and temperature profiles of each mixture have been simulated, in order to evaluate 
how effectively each of the combustion reactant (CO, H2, CH4 and C2H6) is mixed with oxygen 
consequently ensuring a proper combustion. This mitigates the need for simulations of the 
complex combustion models that require large computational costs. Figure 28 and Figure 29 show 
the gas pathlines in the case of BSG1 10% with swirl no 1 and 2 design respectively. 
Pathlines representing the airflow, BSG and natural gas are shown in green, red and yellow colour 
respectively. 

 
Figure 28. CH4 mass fraction pathlines with Swirl 1 design 
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Figure 29. CH4 mass fraction pathlines with Swirl 2 design 
 

Mixing of each of the combustion reactant with oxygen can be evaluated separately, but a 
parameter that groups them all together has been defined. Therefore, to evaluate whether the 
air-fuel mixing is effective, the fuel to air ratio parameter is used. With this parameter, the mixing 
of all reagents (CH4, C2H6, CO and H2) with oxygen is taken into account. 

 

 
𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅 = 

𝑌𝑌𝑌𝑌𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶4 ∗ 2 + 𝑌𝑌𝑌𝑌𝐶𝐶𝐶𝐶2𝐶𝐶𝐶𝐶6 ∗ 3,5 + 𝑌𝑌𝑌𝑌𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∗ 0,5 + 𝑌𝑌𝑌𝑌𝐶𝐶𝐶𝐶2 ∗ 0,5 
𝑌𝑌𝑌𝑌𝐶𝐶𝐶𝐶2 

- FR>1: fuel excess (defect of air) 
- FR=1: stoichiometric air 
- FR<1: air excess 

 
The optimum combustion proceeds when the fuel to air ratio value is close to 1 (which ensures 
completeness of the chemical reactions and maximum flame temperatures). The fuel to air ratio is 
evaluated on four cross sections surfaces close the burner mixing zone. The location of each 
surfaces are shown in Figure 30 (y= 125mm, y= 250mm, y= 375mm, y = 450mm). 
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Figure 30. Measuring cross sections in the burner 
 

The results obtained in each of the surfaces and for each of the gas are shown in Table 15 and 
Table 16. 
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Table 15. Fuel to air ratio for different syngas/NG compositions in 4 burner positions for geometry 1 

 

GEOM1 NG BSG1 10% BSG1 40% BSG3 10% BSG3 40% POG2 10% POG2 40% 

 

y=125 
mm 

 

   

 
 
 
 
 
 
 
 
 
 
 
 
 

 

y=250 
mm 

 

y=375 
mm 

 

y=450 
mm 
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Table 16. Fuel to air ratio for different syngas/NG compositions in 4 burner positions for geometry 2 

 

GEOM2 NG BSG1 10% BSG1 40% BSG3 10% BSG3 40% POG2 10% POG2 40% 

 

y=125 
mm 

  

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

y=250 
mm 

 

y=375 
mm 

 

y=450 
mm 
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Both tables show the fuel to air ratio in four measurement surfaces for two different geometries. 
The results are quite similar in both cases, but the combustion products are more uniformly 
distributed in respect to the initial (non-modified) burner. A certain difference can be observed in 
case of geometry 2 for BSG1 40% and POG2 40% at 450mm where a higher fuel to air ratio 
appears. This effect is less pronounced for geometry 1. 
These both swirl configurations ensure a proper mixing of the compounds and a fuel to air ratio 
within the values to achieve a correct combustion. Proposed swirls allow the three streams: air, 
natural gas and syngas (either BSG or POG) to be properly mixed in all six combustion cases 
considered. 

 
The next parameter taken into account is the pressure loss caused by the new ducts and the swirl 
plate. Table 17 and Table 18 show the flow resistance for the geometry 1 and 2 respectively. 

 
Table 17. Flow resistance for Geometry 1 

 

ΔP GEOM 1 
(Pa) 

NG 
BSG1 
10% 

BSG1 
40% 

BSG3 
10% 

BSG3 
40% 

POG2 
10% 

POG2 
40% 

Air 1314 1563 1326 1562 1438 1519 1265 

BSG - 259 1585 360 138 328 262 

NG 17 465 334 512 250 496 121 
 
 

Table 18. Flow resistance for Geometry 2 
 

ΔP GEOM 2 
(Pa) 

NG 
BSG1 
10% 

BSG1 
40% 

BSG3 
10% 

BSG3 
40% 

POG2 
10% 

POG2 
40% 

Air 1314 1686 1360 1689 1531 1644 1332 

BSG - 271 1250 360 99 335 329 

NG 17 55 161 66 103 61 88 

 
As shown in above tables the flow resistance is lower than 4.5 kPa, thus the introduced pressure 
loss is not a limiting criterion in both geometries. 

 
The last criterion, determining the most suitable geometry, is the construction rigidity.  The  
second geometry introduces a problem with thermal stresses on the diffusion cone where the  
flame is located. This problem doesn’t exist for the first geometry. 
It is considered that the second proposed geometry is less robust from the construction point of 
view. The first geometry has been chosen as the more reliable one, also due to the satisfaction of 
the previous criteria (acceptable fuel to air ratio and pressure drop), so in CFD simulations this 
geometry has been used. 
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In Annex 1 several figures of longitudinal cuts have been presented for the mixing simulations  
that give an idea of the length that the flame could reach, as well as the mixing of streams and 
compounds. 

 
For the ceramic sector burner simulations only the NG+10%BSG-1 mixture has been used, since it 
is considered as the most representative one. Gasification with air is most widely used technology 
since there is no cost or hazard of oxygen production and usage, nor the complexity and cost of 
multiple reactors. BSG-1 can be considered the most available gas within all biogenic syngases. 
Furthermore, process off-gases are available in very specific locations of steelworks facilities, so 
their use will be reserved for those production activities that have this gas source on-site. This is 
not the case of TORRECID furnaces, so the co-firing of off-gases has not been considered in 
simulations of ceramic sector burners. 

 
Temperature, pressure and velocity profiles NG+10%BSG-1 mixture are shown in Figure 31 to 
Figure 33 respectively. 

 

Figure 31. Static temperature profile in x=0m ceramic sector current burner (K) 
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Figure 32. Absolute velocity profile in x=0m ceramic sector current burner (m/s) 
 
 

Figure 33. Static profile in x=0m ceramic sector current burner (Pa) 

 

5.3 CFD simulations results of burner from steel sector 

Multivariate numerical calculations were carried out for all six mixtures of natural gas with the 
different syngas fuels (Table 13). The optimization of the gas distribution between main existing 
nozzles (original) and additional nozzles was proposed by way of optimization. The percentage gas 
distribution and the resistance of the flow through the burner are shown in Table 19. 
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For all considered cases reasonable levels of flow resistance (max. 4.5 kPa) is observed, mainly in 
the gas inlet region and the primary mixing zone. It doesn’t exceed the maximum allowable value, 
even for significantly higher mass flow of the combustion gases in case of higher share of syngas  
in the mixture. 

 
Table 19. Distribution of the additional gas to the burner 

 

 Gas composition 
NG NG+10% 

BSG-1 
NG+40% 

BSG-1 
NG+10% 

BSG-3 
NG+40% 

BSG-3 
NG+10% 

POG-2 
NG+40% 
POG-2 

mass flow to original 
gas nozzles, % 

100 17 14 50 17 25 15 

mass flow to 
additional gas 
nozzles, % 

0 83 87 50 83 75 85 

flow resistance, Pa 4300 2750 4500 2800 3900 2575 4400 
 

The results of the calculations are also graphically shown in Figure 34 to Figure 45. 
 

In case of NG+10%BSG-1 co-firing the flame is stable and attached to the burner. High maximal 
temperatures are obtained ensuring complete combustion (Figure 34). 

 
Figure 34 Contours of temperature in Kelvin - NG+10%BSG-1 

 

 
In Figure 35 high velocities can be observed in regions where the gas inlets and the primary 
combustion zone are. 
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Figure 35. Contours of velocity in m/s - NG+10%BSG-1 
 

When higher thermal share of the BSG-1 is considered the flame is a little bit switched towards 
the exit of the burner mouth (Figure 36), but still flame is attached to the burner and high 
temperatures are observed. 

 
Figure 36. Contours of temperature in Kelvin - NG+40%BSG-1 

 

Higher inlet velocities of the inlet gases form the conical shape flame observed in Figure 37. 
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Figure 37. Contours of velocity in m/s - NG+40%BSG-1 
 

When the NG+10%BSG-3 co-firing is considered the similar flame shape to - NG+10%BSG-1 and 
high stability is observed (Figure 38). Somewhat larger high-temperature combustion zone can be 
noticed. 

 
Figure 38. Contours of temperature in Kelvin - NG+10%BSG-3 
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In Figure 39 gas velocity profile is presented. One can observe typical values (~40 m/s) in most of 
the combustion zone with some higher values (~70 m/s) where syngas inlet is located. 

 
Figure 39. Contours of velocity in m/s - NG+10%BSG-3 

 

When 40% thermal share of BSG-3 is considered high-temperature zone is located right after the 
mixing plate – inside the burner tube (Figure 40). This is most likely caused by the higher content 
in the NG+40%BSG-3 mixture and increased combustion rate (laminar flame velocity). 

 
Figure 40. Contours of temperature in Kelvin - NG+40%BSG-3 
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Due to an increased gas mass flow and intensive combustion in the near-burner zone the gas 
velocity reaches values up to 80 m/s (Figure 41). 

 
Figure 41. Contours of velocity in m/s - NG+40%BSG-3 

 

In case of NG+10%POG-2 combustion the stable and well-attached flame can also be observed, 
with comparable length to other synthesis gases considered (Figure 42). 

 
Figure 42. Contours of temperature in Kelvin - NG+10%POG-2 
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Gas velocities are not very high and reach the average values of 40 m/s (Figure 43). 

Figure 43. Contours of velocity in m/s - NG+10%POG-2 
 

In case of NG+40%POG-2 combustion one can observe a stable, but a little bit stretched out  
flame. The temperature is more evenly distributed in the computational domain suggesting that 
the combustion occurs in whole combustion volume (Figure 44). This can be caused by increased 
content of CO in considered mixture. 

 
Figure 44. Contours of temperature in Kelvin - NG+40%POG-2 
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As the velocity profiles are considered the increased values are observed ate the gas inlets and in 
the main combustion region (Figure 45). 

 
Figure 45. Contours of velocity in m/s - NG+40%POG-2 
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5.4 Conclusions on the current burners adaptations to enable 
stable co-firing of NG+SG 

In the case of ceramic sector burner, the following conclusions can be obtained: 

 
• The high velocity of syngas/NG mixture in the 6 cases considered requires the  

modification of the burners. This high velocity leads to an unacceptable flow resistance 
and excessive head loss. 

• The proposed modifications are focused on the way to introduce the combustible gases in 
the burner. It is considered to introduce the gas in an annular form to the input of natural 
gas taking advantage of the existing geometry to adapt the velocity of the syngas to 
reasonable values. 

• It is possible to achieve reasonable velocities in the syngas duct for the cases. The highest 
value is obtained in the case of BSG1 40% due to the flow increase. Nonetheless, the  
value rises to 66 m/s, acceptable value. The flow resistance in all the simulations  is 
correct, under the limit value of 4.5 kPa. 

• The mixture of air, natural gas and syngas has been evaluated for all cases and it is 
considered necessary to include a swirler to ensure the proper mixture of the three 
streams. The evaluations has been done considering and representing the fuel to air ratio 
in different cross sections. A proper mixture is achieved and it is considered the 
compounds are sufficiently well mixed with the air for combustion to occur properly. 

 

In the case of steel sector burner, the results of the analyses allow to formulate the following 
conclusions: 

• Mixtures of syngases with different proportions of natural gas causes that the burner is 
supplied with significantly different mass flow of fuel. 

• The maximum gas stream (4.7 times higher than the stream of NG) occurs when NG +   
40% BSG1 is burned. Supplying of this mixtures 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. 
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6 CONCLUSIONS AND RECOMMENDATIONS 

On the basis of the CFD simulations results of the natural gas / syngas co-firing in industrial 
burners the following conclusions can be formulated: 
1. Numerical simulations validating the combustion model of natural gas have been carried out 

for the well-documented experimental results of natural gas combustion performed in the 
Burner Engineering Research Laboratory (BERL). Both the Westbrook-Dryer and Jones- 
Lindstedt reaction mechanisms have been tested. Combustion mechanism, applied to the 
current computation, consist of Westbrook and Dryer’s two-step combustion mechanism with 
kinetic parameters of Dryer and Glassman for methane oxidation, with CO2 and H2O 
dissociation reactions. Numerical results correctly predict the experimental data so that the 
combustion mechanism is successfully validated for further simulations of the burners from 
ceramic and steel sectors. 

2. It can be observed that co-firing of syngas fuels with natural gas, compared to the pure 
natural gas case, allows to increase the stability of combustion (thanks to the addition of H2 

with syngas stream), and even manages to reduce NOx emissions. 
3. Combustion of the mixture containing 40% BSG-1 differs from burning natural gas as the  

flame detaches from the structure of the burner and obtains a chalice shape. This can be a 
problem due to the large width of the exhaust stream coming out of the burner – exhaust 
gases may be able to reach the load, overheating it locally. 

4. In the case of co-firing the 40% of POG-2, the flame has not gained a chalice shape, and it is 
still attached to the core of the burner, in contrast to adding the syngas from the gasifier. This 
can be explained by the higher heating value of POG-2 mixture. 

5. The obtained data show that despite the increased CO content in POG-2 fuel, there is no 
excessive concentration of this component at the outlet of the combustion chamber, what 
suggests high combustion efficiency. It appears that small addition of alternative fuel lowers 
the carbon monoxide residue in every case. 

6. The current design of the natural gas burners makes it difficult, if possible at all, to use the 
tested mixtures of natural gas and syngas due to the expected flow resistance. The 
consequence of this state of affairs is the need to redesign the burners in order to adapt it to 
serve several times larger streams of fuel. 

7. Three modifications of the steel sector burner, to enable the higher syngas thermal share, 
were considered: 

 Expanding of existing, original gas nozzles or adding new nozzles near existing ones. It was 
limited by the availability of space in the burner material. It is possible to increase the gas 
inlet area by a maximum 100%, which did not guarantee obtaining the required flow 
resistances for co-firing of all gas mixtures. 
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 Implementation of an additional gas duct outwards the original gas duct. The additional 

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

 Implementation of an additional gas duct outwards the air duct. 
8. The CFD simulations showed that the best modification of the steel sector burner is to 

implement the additional gas duct outwards the air duct. 
9. In case of the ceramic sector burner, the following burners adaptations were proposed and 

tested: 
 A new duct for the syngas stream 
 Two geometries of the swirl plate have been proposed: 

o syngas flows through the group of blades and the natural gas goes through 
straight axial duct, 

o all incoming fuel flows go through the blades and diffusion cone. 
10. The first swirl plate geometry has been showed as the more reliable one, also due to the 

satisfaction of the fuel to air ratio and pressure drop criteria. 
11. Adaptation of the burner geometry to enable stable NG+SG co-firing in higher thermal share  

is possible, but requires the installation of an additional gas nozzle with regulated mass flow 
and gas swirl plate, to enhance the mixing between gases. That may eventually cause that the 
new burners should be designed to co-fire such mixtures. 
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7 IMPACT ON SPIRE ROADMAP 

The main objective of deliverable 5.2 is to understand the limits of syngas substitution into NG 
industrial furnaces and evaluate the effect of the present burners’ adaptation. To this purpose, 
this DLV5.2 aimed to address the key components included within SPIRE Roadmap through the 
development of the following specific actions directly related to these two key actions (KA): 

 
Key Action 1.4: Advancing the role of sustainable biomass/renewables as industrial raw 
material 

DLV 5.2 has taking into consideration two types of syngas from biomass gasification: BSG-1 

(biomass gasification with air as oxidizer) and BSG-3 (steam as oxidizer) which can partially 
substitute the natural gas. The results show the possibility of adaptation of the existing burners 
for NG-firing for additional combustion of the syngas. However, the design of the existing burners 
allows for only partial NG substitution (up to 10%th). The results show the methodologies for 
burner modification to using available biogas (even in small amounts) for heating processes. This 
will ensure the strategy to manage risk of operation disruptions (from resource and/or energy 
scarcity, climate change impacts, geopolitical problems, etc.) 

 
Key Action 1.2: Optimal valorisation of waste and side streams as feed 

DLV 5.2 has considered the assessment of process off-gas from blast furnace (POG-2). The 
valorisation of this waste and side streams as feed for the ceramic, steel or aluminium sector will 
contribute to news values market creation by means of business opportunity through innovative 
and cost-effective resource-related opportunities in new market segments and geographies. 

 
Key Action 2.4: More efficient systems and equipment 

DLV 5.2 presents the process innovation by possible modification of existing equipment (burners) 
to feeding with two gas resources: natural gas and syngas or off-gas. This will improve the 
efficiency of the system by reduction in emission (NOx) and non-renewable fuels (natural gas). 
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ANNEXES 

 
ANNEX 1 

Annex 1 contains longitudinal cut section in steel sector modified burner considering the two 
considered geometries of swirls. 

  
 

Figure 46. Fuel to air ratio BSG1 10% swirl 1 Figure 47. Fuel to air ratio BSG1 10% swirl 2 

 
 
 
 
 
 

Figure 48. Fuel to air ratio BSG1 40% swirl 1 

 
 
 
 
 
 

Figure 49. Fuel to air ratio BSG1 40% swirl 2 
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Figure 50. Fuel to air ratio BSG3 10% swirl 1 Figure 51. Fuel to air ratio BSG3 10% swirl 2 

 
 
 
 
 
 

Figure 52. Fuel to air ratio BSG3 40% swirl 1 

 
 
 
 
 
 

Figure 53. Fuel to air ratio BSG3 40% swirl 2 
 


	DELIVERABLE FACTSHEET
	Approvals
	DISCLAIMER OF WARRANTIES
	ABBREVIATIONS
	EXECUTIVE SUMMARY
	TABLE OF CONTENTS
	1 INTRODUCTION
	2 METHODOLOGY
	Fuels
	BSG-1
	POG-2
	BSG-3
	Mixtures

	3 COMBUSTION MODEL FORMULATION AND VALIDATION

	3.1 Computational model
	3.2 Combustion mechanism
	3.3 Numerical simulations
	3.4 Model validation
	4 CFD SIMULATIONS OF THE CURRENT, UNMODIFIED BURNERS

	4.1 Geometry of the burner from ceramic sector
	4.2 Geometry of the burner from steel furnace
	Burner

	4.3 Computational domains and boundary conditions of steel sector burner
	Computational domain
	CFD model
	Boundary conditions

	4.4 Simulations results of steel sector burner
	4.5 Conclusions from the current burners simulations
	5 CFD SIMULATIONS OF THE ADAPTED BURNERS

	5.1 Proposed changes in burners geometry to enable stable NG+SG co-firing
	5.2 CFD simulations results of ceramic sector burner
	5.3 CFD simulations results of burner from steel sector
	5.4 Conclusions on the current burners adaptations to enable stable co-firing of NG+SG
	6 CONCLUSIONS AND RECOMMENDATIONS
	Key Action 1.4: Advancing the role of sustainable biomass/renewables as industrial raw material
	Key Action 1.2: Optimal valorisation of waste and side streams as feed
	Key Action 2.4: More efficient systems and equipment

	8 REFERENCES
	ANNEXES


