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RECENT COMBUSTOR DEVELOPMENTS FOR THE OP16 GAS TURBINE TO 
EXTEND THE FUEL FLEXIBILITY 

Thijs Bouten and Lars-Uno Axelsson 
OPRA Turbines International B.V. 

Hengelo, The Netherlands 
Email: t.bouten@opra.nl 

INTRODUCTION 
OPRA Turbines develops, manufactures, markets and maintains 

generator sets using the OP16 series of gas turbines, which is 

rated at 1.85 MWe. The gas turbine generator set comes in a 

containerized package that includes the OP16 gas turbine, fuel 

systems, generator, control system, air intake and ventilation 

system. The OP16 gas turbine, shown in Figure 1 is of an all-

radial design, which provides robustness, reliability and highest 

efficiency in its class. A key feature of the OP16 gas turbine is 

the ability to utilize a wide range of fuels. Natural gas and fuel 

oils are commonly used as gas turbine fuel. However, the 

potential range of gas turbine fuels is much wider. The wish to 

find alternatives for fossil fuels has led to an increasing interest 

to operate gas turbines on fuels originating from waste and 

renewable resources.  

OPRA’S COMBUSTION TECHNOLOGY 
Depending on the application and requirements, the appropriate 

combustion system will be mounted on the OP16 gas turbines. 

The 3A combustor is a conventional, diffusion type, combustor 

capable of operating on a wide range of gaseous and liquid 

fuels, including heavily contaminated and sour well-head gases. 

The 3B combustor is a dry low-emissions combustor 

specifically designed for low emission operation on natural gas. 

To meet the increasing demand to utilize alternative fuels, 

OPRA Turbines has initiated a research program to develop 

combustion technologies that will enable the use of low 

calorific fuels in the OP16 gas turbine. Based on this research, 

a new combustor (3C) has been developed [1]. This combustor  

Figure 1. The OP16 gas turbine 

is able to handle low calorific liquid and gaseous fuels 

efficiently. 

The volume of the 3C combustor is significantly larger than for 

the conventional combustion systems. This ensures sufficient 

burnout time for carbon monoxide in low calorific gaseous fuels 

and carbon content in liquid fuels such as residual and pyrolysis 

oil. The increase of the combustor volume can be achieved 

relatively easy in the OP16 gas turbine due to the reverse-flow 

mounting of the can combustors. 

OPRA’s OP16-3C gas turbine can handle gaseous fuels with a 

lower heating value (LHV) down to 7 MJ/kg. A lower LHV 

down to 5 MJ/kg, or even lower, might be allowed when 

sufficient hydrogen is present in the fuel. The 3C combustor is 

specifically designed for low calorific fuels but high calorific 

fuels (e.g. diesel and natural gas) can be used as backup fuels.  

TEST FACILITIES 
OPRA Turbines has access to various in-house test facilities, 

which includes an engine test cell for full-scale engine testing, 

a package test area for the whole gas turbine generator set and 

an atmospheric combustor test rig for combustor development 

tests.  

The atmospheric combustor test rig is shown in Figure 2. The 

main components of the rig are the air compressor, air pre-

heater and combustion chamber. The air is sucked from the 

surroundings by the air compressor and it is heated up to the 

same temperature as the combustor inlet temperature of the 

OP16 gas turbine. The pre-heated air is injected into the 

combustor module and the exhaust gases are emitted through an 

exhaust stack. The gaseous fuel is supplied by a gas mixing 

station, which can supply gas mixtures consisting of up to five 

different components from gas cylinders. These components 

include methane or propane, hydrogen, carbon monoxide, 

nitrogen and carbon dioxide. Five mass flow controllers 

continuously measure and regulate the gas flow of the different 

components. Various liquid fuels can be stored in liquid fuel 

tanks for supply to the combustor. The thermal input of the 

atmospheric combustor test rig can be varied from 0 to 300 kW 

for gas mixtures in the range of 5-70 MJ/kg and a large variety 

of liquid fuels. Pressures, temperatures and exhaust gas 

emissions are measured in the atmospheric combustor test rig. 

Furthermore, temperature profiles of combustor hardware can 

be evaluated with the use of thermochromic paint. The flame 

chemiluminescence can be evaluated through the combustor 

outlet (e.g. discussed in [2]). 

mailto:t.bouten@opra.nl


 

 
Figure 2. OPRA’s atmospheric combustor test rig 

 
Figure 3. Normalized NOx emissions for gaseous 

fuels with various heating values at different 
combustor loads in the 3C combustor.  

 
Figure 4. Normalized NOx emissions for various 

liquid fuels at different combustor loads in the 3C 
combustor.  

TEST RESULTS 
The 3C combustor has been tested successfully in OPRA’s test 

rig on several (ultra)-low calorific gases and liquid fuels, 

including syngas, pyrolysis oil and ethanol. More details of 

gaseous fuel combustion have been discussed in [3] and liquid 

fuel combustion in [4].  

The LHV of a fuel has a strong influence on the NOx emissions 

from the combustion process, as can be seen in Figure 3. The 

formation of NOx is strongly dependent on the temperature of 

the flame, whereby less thermal NOx is formed for a lower 

flame temperature. Fuels with a lower LHV, have a lower flame 

temperature due to the presence of e.g. dilutants in the fuel. This 

effect can also be seen for liquid fuels (Figure 4), where both 

ethanol and diesel are found to have lower emissions than 

diesel. It has to be noted that the wood based pyrolysis oil 

contains 0.1 wt% bounded nitrogen, therefore about 60% of the 

nitric oxides comes from the fuel itself [4].  

The volume of the low-calorific fuel combustor is significantly 

larger than for a conventional combustor. Therefore, the 

residence time of the gases at high temperature is longer for the 

low-calorific fuel combustor. The residence time strongly 

influences the formation of NOx in the combustor [5]. By 

providing a longer residence time at high temperature, thermal 

NOx has more time to be formed. This effect can clearly be seen 

in Figure 4 where the diesel emissions for a conventional 

combustor (3A) are significantly lower than for the 3C 

combustor. However, high-calorific fuels are only used for 

back-up in the 3C combustor and higher emissions during a 

shorter period is permitted. 

 

CONCLUSION 
To meet the growing demand for utilization of low-calorific 

fuels OPRA Turbines has developed a new combustor for the 

OP16 gas turbine fleet. The low-calorific fuel combustor has 

successfully been tested on various (low calorific) gaseous and 

liquid fuels 
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INTRODUCTION 

Residue2Heat is a H2020 Research and Innovation Action initiated by 9 partners from 5 countries 
which aims at developing a concept for renewable residential heating using fast pyrolysis bio-oil. 
Alternative sustainable fuels for residential heating are needed in the household sector to reduce 
greenhouse gas emissions. There is a particular need to improve efficiency of low emission biomass 
heating systems while widening the feedstock base. This means that new flexible and robust 
residential-scale low emission boilers for heat applications need to be developed which can run on a 
wider range of sustainable feedstock with high ash contents.  

 
Figure 1: The overall concept of the EU research project "Residue2Heat" focusses on the development of a standardized 

pyrolysis oil from biomass residues, which can be used as fuel in the residential heating market.  

 

OVERALL CONCEPT 

The overall concept of Residue2Heat is to use various streams of biomass waste for residential heat 
generation (Figure 1). The aim is, by means of a liquid fuel produced in a sustainable manner from 
agricultural and forestry biomass residues, to considerably reduce the CO2 emissions compared to 
fossil fuels. This 2nd generation bio-fuel is being produced employing a fast pyrolysis process in which 
organic material is heated in the absence of oxygen to about 500 °C within a few seconds. Under these 
conditions organic and aqueous vapours, pyrolysis gas and charcoal arise. The vapours are rapidly 
cooled and condensed into a highly viscous liquid, so-called pyrolysis oil or Fast Pyrolysis Bio-Oil 
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(FPBO). The FPBO has about 70% of the energy content of the biomass and about half of the heating 
value of a conventional fuel oil. The fuel is to be used for efficient heat generation in residential 
heating systems in the power range from 20 to 200 kW. Additionally, the valuable by-products 
(charcoal (10-15%) and low calorific gases (15-20%)) can be recycled. 
 

CHALLENGES ON THE COMBUSTION OF PYROLYSIS OIL 

 
 

The first challenge in this project is to produce FPBO despite its wide range of possible biogenic raw 
materials with a consistently high quality and highly standardized physical-chemical properties. The 
second central challenge is the fundamental aspects of FPBO combustion since the FPBO properties 
differ from those of conventional fuels. In order to control and improve a burner system a better 
understanding of FPBO combustion and spray parameters is essential. Particularly, in Residue2Heat 
the focus of development is on the mixture preparation, which is responsible for an efficient and low-
emission operation of the burner. The third central challenge is the technical adaptation of a highly 
efficient condensing heating system for the use of FPBO. The applied burner concept is based on a so 
called blue flame type leading to low emissions compared to standard yellow flame type burners. 

 

SUMMARY AND OUTLOOK 
The overall ambition in Residue2Heat is to address all technical and non-technical challenges 
associated with the use of residual biomass for sustainable residential heating. Advances beyond the 
state of the art include the production of high quality, standardized FPBO from high ash biomass 
residues as intermediate energy carrier, and optimizing the atomization and combustion of this 
dedicated biofuel. It results in the development of an integrated FPBO fired heating system -consisting 
of a blue-flame burner and condensing boiler unit- meeting all operational and environmental demands 
at a competitive price. 
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Synopsis 

 
The Flamelet Generated Manifolds (FGM) method has been implemented into the unstructured simulation system 

FINETM/Open with OpenLabsTM for the computation of industrial combustion processes. Although LES simulations 

for combustion are gaining larger acceptance in industry, design considerations still require rapid turnovers implying 

the need of RANS solutions. The RANS solver of FINETM/Open contains efficient and optimized algorithms for table 

look-ups and convergence acceleration methods based on the CPU-BoosterTM technology. A critical step in bringing 

the FGM method to industrial maturity was the development of the table generation tool TabGen/Chemistry to 

generate FGM tables in an automated, reliable, and efficient manner. Results from the simulation of various test cases 

ranging from elementary flames to practical configurations like furnaces and combustors are used to demonstrate 

the strength of the RANS-FGM method.  

 

Numerical Modeling and Convergence Acceleration 
 

The software environment FINETM/Open is used for solving the governing system of equations for flow, turbulence and 

combustion on unstructured, hexa-dominant grids. The fully integrated CFD software package consists of 

HEXPRESSTM/Hybrid for the generation of unstructured, hexahedral or mixed element meshes, FINE/Open for solving the 

flow equations, and CFView for postprocessing and visualization. In addition, the software package contains OpenLabsTM, 

which gives the user the possibility to add, modify as well as develop new models using a user-friendly meta-language. The 

flow solver applies a cell-centered finite volume method. All transport equations are advanced in time by means of an explicit 

4-stage Runge-Kutta scheme. Since the density is modeled as being dependent on the combustion transport variables, but 

not on the pressure, an artificial compressibility approach is employed. For convergence acceleration a local time-stepping 

procedure, parallelization and agglomeration multigrid method are used. In addition, a novel CPU-BoosterTM technique has 

been implemented, which speeds up combustion simulations significantly. The effect of the CPU-BoosterTM on the 

convergence rate of the simulation of TU Darmstadt’s Generic Gas Turbine combustor [1], which is operated at an elevated 

pressure and fuelled with methane, is shown in Fig. 1. The CPUBoosterTM leads to a significant convergence acceleration 

and reduces the CPU-time needed for convergence by a factor of three. 

 

Combustion Modeling and Table Generation Method 
 

In the current work, the Flamelet Generated Manifolds (FGM) method is used to model the combustion processes. This 

method is also known as the Flamelet Prolongated ILDM and was first introduced by van Oijen and de Goey [2] and Gicquel 

et al. [3]. As both names suggest, the idea of the method is to construct a manifold based on a set of flamelets. In the current 

work, the FGM tables have been generated using TabGen/Chemistry, which is a combustion table generation tool based on 

TU Eindhoven’s 1D-chemistry code Chem1D [4]. The FGMs are created from a library of non-premixed flamelets 

completely filling up the state-space between the mixing and the equilibrium lines by mapping the flamelets onto a two-

dimensional grid spanned by the mixture fraction and the progress variable. The FGM table generation method offered in 

TabGen/Chemistry is completely automated and is so robust that it can be used reliably for the simulation of industrial 

applications with complex fuels. 

 

The FGM tables are generated in a preprocessing step in dependence of the boundary conditions of the fuel and oxidizer 

streams and the chemistry calculations can be kept outside of the flow solver. In the FGM approach, only a transport equation 

for the progress variable, the mixture fraction, and the mixture fraction variance are solved in addition to the RANS equations, 

which makes this model computationally efficient. The dependent thermochemical properties as well as the reaction source 

term are retrieved from the FGM table.  

 

 Verification and Validation 

 
The combustion models have been verified and validated on a large series of elementary configuration and flames. The 

mixture fraction method has been verified on an inert propane jet of the International Workshop for Measurement and 

Computation of Turbulent Non-premixed Flames (TNF) [5], a flat diffusive plate, and a convective wave, whereas the 

progress variable framework has been verified on an analytical Bunsen and a 1D premixed flame. The FGM model has been 

validated on TNF’s Flame D, TU Darmstadt’s stratified burner, DLR Flame A, Gould’s premixed combustor, premixed 

TECFLAM burner, TNF’s Cabra flame, BERL combustor, among other test cases. 

 

 



The FGM Method for the Simulation of Industrial Combustion Processes 
 
To assess the performance of the FGM method for the simulation of industrial combustion processes, various furnaces and 

gas turbine combustors have been simulated. As examples for an industrial furnace simulation, the results of the computation 

of the reactive flow in the NG7 furnace [6] of IFRF will be shown. This furnace is a prototype for glass melting furnaces and 

in the simulations not only the combustion process, but also the radiative and conjugate heat transfer, as well the soot 

production was accounted for. To compute the radiative heat transfer the Finite-Volume-Method (similar to the Discrete-

Ordinate-Method) was used. Figure 2 shows the temperature contour in the mid-plane of the combustor and Fig. 3 shows the 

convergence of the mass flow with and without the use of the CPU-BoosterTM technique. Obviously, the use of the CPU-

BoosterTM method greatly enhances the convergence rate of the mass flows and drastically reduces the computational time. 

  

As an example from the propulsion sector, results from the simulation of the KJ66 micro aero-engine [7], which is fuelled 

with pre-evaporized kerosene, will be shown. Finally, computational results for the lean Cooretec gas turbine combustor of 

Siemens [8] will be presented. Figure 4 shows the simulated temperature in the combustor. The numerical results will then 

be compared against available data from Raman spectroscopy measurements. Overall, the industrial examples will 

demonstrate that the FGM method offered in FINETM/Open with OpenlabsTM is able to predict the reactive flow field reliably 

in complex industrial applications. 

 

 

                                                           
 

 

 

                            
Fig. 3: Convergence of the mass flow rates with and without        Fig. 4: Simulated temperature contour in Siemens’ combustor  

the CPU-BoosterTM for IFRF’s glass melting furnace (NG7) 
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Introduction 
The Partially-Averaged Navier-Stokes (PANS) method [1] belongs to so called bridging or seamless 
variable resolution methods. This approach adjusts seamlessly between Reynolds-Averaged Navier-
Stokes (RANS) and Direct Numerical Simulation (DNS). The PANS method is derived from the RANS 
model equations. It inevitably improves results when compared with its corresponding RANS model if 
more scales of motions are resolved. The turbulence model adopted in the present PANS variant [2] 
is the four-equation k-ε-ζ-f formulation [3] which is the variant of more known v2-f model based on the 
elliptic relaxation concept. As this model represents a practical and accurate RANS choice for a wide 
range of industrial applications, especially when used in conjunction with the universal wall approach, 
its PANS variant therefore guarantees that the proper near-wall model is used for any mesh resolution 
near the wall. Therefore, the primary goal of this study is to assess URANS k-ε-ζ-f and PANS k-ε-ζ-f 
cold flow predictions for the DLR gas turbine model combustor [4] using AVL FIRETM. Secondary, 
reacting flow simulations are performed using FGM [5] to describe the turbulent flame front. This work 
builds on previous work with URANS and DES [6] as well as LES [7,8,9].  
 
Model gas turbine combustor 
The gas turbine model combustor investigated in this study is schematically depicted in Figure 1.  
 

 
 Figure 1: Gas turbine model combustor geometry 

 
The air enters the plenum, depicted in green in figure 1(a). The air feeds into two concentric radial 
swirlers. The inner swirler is depicted in red in figure 1(c); it feeds to the combustion chamber through 
the central nozzle. The outer swirler (depicted in blue in figure 1(b)) is supplied with air from the 
plenum through twelve channels, and has a nozzle with a double-curved outer wall connected to the 
combustion chamber. Methane is injected into the combustion chamber through an annular ring of 72 
small fuel tubes, depicted in yellow in the top view in figure 1(b). The combustion chamber has a 
square cross-section measuring 85 x 85 mm, and a height of 110 mm. All walls in the geometry are 
treated as being adiabatic walls. The air plenum is included in this study, and assures a natural mass 
flow split between inner and outer swirler. 



 

 
Simulation set-up 
The cold flow condition for Flame A 
from [1] is investigated. Polyhedral 
mesh topology was used (Fig. 2), 
containing approx. 5.6 million cells. 
The cell size is ranging from approx. 
0.05 mm in the fuel nozzles and 0.1 
mm on the double-curved nozzle 
wall, via approx. 0.75-1.0 mm in the 
swirlers and flame zone to approx. 
5.0 mm in the downstream region of 
the combustion chamber. 
 
Simulation results 
The measured flow field [4] is very 
well reproduced by the URANS k-ε-
ζ-f simulation, see Fig. 3. The 
predicted velocity components for 
one measured plane (H = 5 mm) are 
shown in Fig. 3. All components are 
well captured. However, turbulent 
kinetic energy is under-predicted (not 
shown here) and in general, the 
PANS method is expected to 
improve the prediction of turbulent fluctuations. 
 

   
Figure 3: Predicted velocity components at the measured plane H=5mm. 
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INTRODUCTION 
Fire accidents are a major concern for the safety of refineries, power plants, petrochemical and offshore 
facilities. Accidental fires in industrial facilities are often in form of pool fires, which occur when accidently 
released flammable liquids accumulate and ignite. Fire safety analysis of pool fires are generally carried out 
using computational fluid dynamics (CFD) simulations, which require mass burning rates or fuel evaporation 
rates as boundary condition. This boundary condition is generally prescribed using experimental data or 
empirical correlations [1]. However, limited data is available in literature for determining the boundary 
conditions. Hence, the development of a model to predict the mass evaporation rate which can deliver the 
required boundary condition for CFD simulations is of highly relevance.  

In this work, a model based on a theoretical analysis of the time-dependent mass evaporation rate of liquid pool 
fires is used. The model is extended to be able to calculate multicomponent fuels. As reference fuels heptane, 
ethanol and their mixtures are used for the analysis. Implementation of the model is done in MATLAB®.  For 
validation, the model predictions are compared with the results of laboratory experiments.   

MODEL DESCRIPTION 
The model is based on the one-dimensional energy flux balance on the surface of the liquid pool, given by:  

1
∆

.		 1  

Where  denotes Temperature,  represents the time,  is the thermal conduction,  is the liquid heat capacity, 
 is the density and  the heat fluxes on the liquid surface. The liquid domain is spatially discretized using 50 

cells, where Δ  represents the height of the cell. The input heat source from the flame to the liquid surface 
consists of radiation and convection. The heat loss from the liquid surface consists of the energy needed to 
vaporize the liquid and the emitted radiation. After balancing, the remaining heat is used to heat up the rest of the 
liquid underneath the surface, given by the first term on the right side in Equation (1). The evaporation rate is 
calculated according to the film theory with consideration of the bulk-flow effect [2]. The gas phase and the 
chemical reactions are represented by a heat source. The heat feedback from the flame is calculated through 
correlations in form of radiation [3] and convection [4]. For multicomponent fuels, the mass evaporation rate of 
each species is calculated separately while the liquid properties are calculated as a mixture. The liquid mixture is 
assumed to be constantly ideal mixed.  

EXPERIMENTAL SETUP 
The experimental setup consists of a small stainless steel pan of 50.5 mm inside diameter and 11 mm depth filled 
with fuel. After Ignition, the mass decrements over time are measured by an electric scale with uncertainty of 
0.01 gram. A wooden plate as isolator is inserted between the pan and the scale. The experiment is done inside 
an experiment box to eliminate environmental influences.  
RESULTS 
Fig. 1(a) shows the results of the calculated and experimental obtained mass evaporation rate of a heptane pool 
fire. From the experimental results the progress of the mass evaporation rate can be divided into five stages: 1) 
initial start-up, 2) preheating, 3) transition, 4) steady state boiling and 5) decay. Similar progress has been 
observed in the literature [5]. Overall, a qualitative agreement of the mass evaporation rate can be seen, 
especially at the steady state stage near the end, with discrepancy around 10%. During the preheating stage the 
calculated values show the largest differences. The total burn out time is predicted about 12% faster in 
comparison to the experimental results. Using the analysis of the energy balance it can be concluded that the 
source of the raise in mass evaporation rate during the different stages is the heat requirement to heat up the 
liquid beneath the fuel surface. After the liquid surface reached the boiling temperature, the mass evaporation 
rate stays constant. During this time the liquid below the surface is still heated. After the bottom of the liquid 



begins to increase in temperature, the mass evaporation rate begins to increase. This is because the heat used for 
heating the liquid is at this point less than at the beginning. The remaining energy is used to vaporize more fuel 
until the maximum evaporation rate is reached when all of the fuel reached the end temperature. 

The results of the calculated and experimental obtained mass evaporation rate of an ethanol pool fire are 
presented in Fig. 1(b). Deviating from the heptane pool fire, the mass evaporating rate in the experimental results 
shows no distinct change during the preheating, transition and steady state phase. This can be attributed to the 
higher evaporation heat of ethanol. The overall modelled mass evaporation rate agrees qualitatively with the 
experimental results. The initial start-up and preheating stage shows the largest discrepancy with lower predicted 
values. 

As an example for calculating fuels with multicomponent compositions, a mixture of 80 vol% heptane and 20 
vol% ethanol is used as fuel. The results are presented in Fig. 1(c). Observing the experimental results, the mass 
evaporation rate first progresses to the steady rate of ethanol. Since the saturation pressure of ethanol is lower 
than heptane it will deplete first. After ethanol is burned out, the mass evaporation rate of the mixture raises to 
the rate of heptane. The evaporation model predicts a higher mass evaporation rate of the mixture and captures 
the burning out behaviour of the first component.   

 

 
Figure 1 : Comparisons of  predicted mass evaporation rate of (a) heptane, (b) ethanol and (c) mixture 80 vol% 

heptane and 20 vol% ethanol pool fire with experimental results. 

SUMMARY AND OUTLOOK  
From the above obtained results and comparisons it can be concluded that the model is capable of predicting first 
order approximation of the transient mass evaporation rate of small-scale pool fires for single and 
multicomponent fuels. The suitability of the model for larger pool fires need to be verified in further studies. In 
combination of the evaporation model with a CFD fire code the predicted mass evaporation rate can be used as 
an input for the fuel inlet boundary condition.  
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The Delft jet-in-hot-coflow (DJHC) experiments conducted by Oldenhof et al. have revealed 
many essential characteristics of lifted turbulent diffusion flames [1,2]. Unlike several well-
known experiments on JHC flames, the DJHC burner has a significant influence of heat loss 
on the ignition and stabilization of the lifted flames. In the current study, the DJHC-I flame 
for DNG as a fuel is modeled using the FGM approach in LES [3]. The effects of heat loss on 
the flame chemistry are modeled by using igniting mixing layer (IML) flamelets [4] for a 
range of oxidizer temperatures. The measured temperatures of the coflow boundary are the 
basis for the range of oxidizer temperatures. A transport equation for enthalpy is solved in the 
LES besides the mixture fraction and progress variable.  

From the preliminary 1D flamelet studies it is observed that the oxidizer temperature is of 
paramount importance when it comes to the prediction of ignition delay. A variation of 

oxygen concentration within the 
range of 9 to 6% does not show a 
strong influence on the ignition 
delay of the laminar mixing layer. 
Hence the current study assumes a 
constant oxygen concentration 
across the entire coflow, whereas 
temperature of the oxidizer varies 
along the radial direction. 
Temperature fluctuations are not 
included at the inlet boundary. 

The turbulence chemistry 
interaction is modeled using the 
beta PDF assumption for mixture 
fraction and progress variable and 
are investigated in separate 

simulations. The variances are estimated using an algebraic model. 

 

 



In the early LES studies, neglecting the heat loss in the coflow has led to an attached flame. 
The inclusion of heat loss tells a different story. 
As observed from the 1D studies, there is an 
exponential rise in the ignition delay on reducing 
the oxidiser temperature. Taking the heat loss into 
account, it captures the entrainment of hotter 
oxidiser into the fuel jet leading to sudden ignition. 
Whereas the inner region in the coflow with lower 
temperatures does not.  

An investigation of the influence the fuel jet 
Reynolds number confirms this phenomenon. At 
higher Re, the jet entrains the higher temperature 
zone in the coflow at an early point. This brings 
down the point of first ignition, reducing the flame 
lift off height.  

In comparison with the experimental 
measurements, the velocity field shows a good 
agreement. The simulated temperature field shows 
a more intense burning than in the experiments, 
the reasons for which is an open problem at the 

moment.   
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Abstract
Moderate or Intense Low-oxygen Dilution (MILD) combustion has been proven to be a clean and effi-
cient combustion technology in industrial process furnaces due to its capability of combining low NOx
emission and air preheating. Jet in hot coflow burners [1,2] were used to mimic the dilution of air by recir-
culation of combustion products in furnaces. Semi-industrial furnace [3] work in similar way as industrial
furnaces, and represent almost all their features, but it is very difficult to make detailed measurements
in it. Lab-scale furnaces [4–6] offer the best opportunities for studying, experimentally and numerically,
MILD combustion processes in the presence of significant recirculation and heat transfer.

The inner dimensions of the furnace are 320mm× 320mm with a height of 630mm, operating with
a recuperative Flame-FLOX burner. To heat up the furnace the burner first works in flame mode, with
premixed flames stabilised on the nozzles that subsequently when the burner operates in MILD mode are
used as air nozzles. The switch to MILD mode is made when the furnace temperature reaches 850◦C.
Then natural gas and air are injected through the central fuel nozzle (φ4.5mm) and four air nozzles
(4 × φ8.6mm), respectively. Flue gas is introduced into the recuperator to preheat the combustion air.
The top wall of the combustion chamber is air cooled and can act as a heat sink. Quartz windows provide
full optical access to the interior of the furnace to enable laser diagnostics.

The furnace was fired with Dutch natural gas (DNG) at 10kW , equivalence ratio 0.8 with one vertical
window (105mm×600mm) and without top plate cooling. The OH* chemiluminescence originates only
from the reaction zone so that it yields information about the position and size of the reaction zone [7].
To find out the location of reaction zone, the OH* chemiluminescence images were collected at different
heights with an intensified high-speed camera, equipped with a UV lens and a bandpass UV filter centred
at 308 nm with a bandwidth of 20 nm. In chemiluminescence measurements, 4000 single instantaneous
images were recorded and averaged, and then reconstructed. The reconstructed OH* chemiluminescence
image as shown in figure 1 covers the region from 165mm to 525mm above the nozzle and shows
reactions start from 300mm above the nozzle and intensity is relatively uniformly distributed around the
fuel jet axis.

Although Eddy Dissipation Concept (EDC) model shows its power in MILD combustion modeling
in furnace, it is too computational expensive when incorporating with detailed chemistry mechanism.
Flamelet Generated Manifold (FGM) approach is more attractive in this sense. The challenge of mod-
elling combustion in furnace with FGM approach is the dilution effect of internal recirculated flue gas.
FGM approach has been extended to consider the flue gas as a dilution stream [8–10]. In the extended ap-
proach, an additional independent variable, in addition to mixture fraction, progress variable and enthalpy
is introduced, namely a dilution variable Yd. It describes the dilution by recirculation and entrainment of
flue gas. Local gas mixture is consider as a mixture of fuel, air and diluent, and local mixture fraction
Z is written as: Z = (1 − α)Z0 + αZd, where Z0, Zd and α denote the mixture fraction of fresh fuel
and air, mixture fraction of flue gas and flue gas mass fraction, respectively. α is calculated as the ratio
between local dilution variable (Yd) and dilution variable in flue gas (Y dil

d ).
However, using flue gas as dilution is not appropriate when furnaces are working at lean condition.

On the one hand, the excess air left in the flue gas also takes part in reactions, especially it reacts with fuel
immediately when entrained by fuel jet. On the other hand, the local dilution variable is larger than that
in flue gas when local mixture fraction Z0 of fuel and air is at stoichiometric mixture fraction Z0 = Zst,
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Figure 1: OH* chemiluminescence Figure 2: Predicted temperature on the mid-
plane

resulting in mass fraction α > 1 which is not physical. How to define the dilution stream determines
the model is physical or not. To use combustion products at stoichiometric condition as the diluent is
proposed. Flue gas is treated as a mixture of excess air and diluent. The local mixture fraction Z is
then expressed as: Z = (1− α)Z0 + αZst. Now, Z0, Zst and α denote the mixture fraction of fuel and
air (excess air is included), mixture fraction of diluent and diluent mass fraction. The newly introduced
dilution variable is solved by its transport equation with a source term ω̇Yd

which transfer the products to
diluent at local condition when reaction is complete, that is progress variable equals to 1.

Numerical simulations are made based on the extended FGM approach including also the effects
of radiation. Influence of turbulence on local flame structure is taken into account by presuming β-
shape PDF for mixture fraction and progress variable. Control parameters in this approach are mixture
fraction, mixture fraction variance, progress variable, progress variable variance, enthalpy loss parameter
and dilution variable. The 6 dimensional tables are pre-calculated. Modeling results show the high
temperature zone (figure 2) is consistent with the reaction zone indicated by OH* chemiluminescence
measurements. The reactions between fresh fuel and air left in flue gas are predicted when fuel enters
the furnace. Radiation significantly influences the heat transfer inside the furnace.
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In non-premixed flames where preferential diffusion is present, curvature can play a crucial role by 
strengthening or weakening the preferential diffusion depending on the direction of the curvature and Lewis 
numbers of fuel and oxidizer [1]. Since almost all the practical flames are curved, the effects of curvature must 
be taken into account whenever the preferential diffusion effects are of importance. Therefore, suitable 
computational models must be developed to capture curvature effects. 

In terms of flamelet-based approaches, there are studies in the literature which modify the classical flamelet 
approach to take curvature terms into account [2, 3]. However, to our knowledge, there are no studies which try 
to model curvature effects for non-premixed systems using flamelet-based chemistry tabulation methods. This 
motivated us to extend flamelet generated manifold (FGM) method to model curved non-premixed flames. 

Firstly, 1D detailed simulations of strained and curved counter-flow flames were performed. The conditions 
were taken from the experiments of Dally et al. [4]. The fuel is composed of hydrogen and methane of equal 
volumes, and the oxidizer is hot and diluted so that the combustion is in MILD regime [5], and the mixture auto-
ignites. The strain rate has been fixed at 300 s-1 and the curvature radius has been changed from -1 mm-1 to 1 
mm-1. How the initial mass fraction of hydrogen in mixture fraction space and the ignition delay of the flame 
change with curvature is shown in Figure 1. 

                  

Figure 1. Effect of curvature on some variables: Initial mass fraction of hydrogen (left), maximum temperature 
of the flame (right). 

As can be seen from Figure 1, positive curvature (concave to the fuel) strengthens the effect of preferential 
diffusion, whereas negative curvature weakens it. As a result, ignition is considerably delayed when the flame is 
negatively curved. It should be noted that the situation would be reversed if the Lewis number of hydrogen were 
more than unity. 

Curvature increases the dimension of the manifold; hence it should be modeled using an extra control variable 
that can represent the effects of curvature properly. The obvious choice would be to use curvature itself as the 
control variable. However, this way the unsteady effects due to the change in curvature cannot be captured. We 
have decided to use a passive scalar that has the same diffusivity as hydrogen. This new variable can be 
considered as a new mixture fraction, and was named as “ZH” accordingly. The transported mixture fraction was 
used as the main mixture fraction instead of Bilger’s definition in order to make two mixture fractions (Zt and 
ZH) independent of each other. 

In order to capture both the pre-ignition and oxidation stages of the combustion, we used the multi-stage (MuSt) 
FGM approach as in our previous study [6]. HO2 and H2O were used as the first and second progress variables, 
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respectively. Using the detailed simulations, a 3D FGM table was created using Zt, ZH, and progress variables as 
control variables. For comparison purposes, a 2D FGM table without ZH as a control variable was created as 
well, using the detailed simulation for 0 curvature. Simulations with MuSt-FGM were performed for different 
curvature values. Evolution of the maximum of progress variables for 𝜅𝜅 = −1 𝑚𝑚𝑚𝑚−1 are shown in Figure 2. 

           

Figure 2. Change of maximum of PV1 (left) and PV2 (right) for 𝜅𝜅 = −1 𝑚𝑚𝑚𝑚−1 

It is clearly seen that the simulation with 2D FGM, which ignores the effects of curvature, cannot capture the 
ignition delay and miscalculates progress variables. On the other hand, the simulation with 3D FGM can predict 
all the pre-ignition, autoignition, and oxidation stages perfectly. To further assess the capability of this approach, 
a case with varying curvature was tested. The mixture was initialized without any curvature, and a curvature of -
1 mm-1 was applied during the simulation. Again the maxima of progress variables are shown in Figure 3. 

               

Figure 3. Change of maximum of PV1 (left) and PV2 (right) for 𝜅𝜅 = 0 𝑡𝑡𝑡𝑡 − 1 𝑚𝑚𝑚𝑚−1 

For this case, 2D FGM performs well for the beginning as well, because the initial condition of 0 curvature 
dominates in that region. However, as time progresses, 2D FGM fails to capture the change in curvature from 0 
to -1 mm-1. The 3D FGM is again successful throughout the entire simulation. 

We have shown that curvature can be modeled using MuSt-FGM by increasing the dimension of the manifold by 
1, and using a mixture fraction with the diffusivity of that of the main fuel component. In the future, we will test 
this method in simulations of a multidimensional flame. 
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Overall aim and key objectives 
Advances in optical imaging techniques over the past decades have revolutionized our ability to study 

chemically reactive flows encountered in air-breathing combustion systems. Emerging technology for 

unravelling clean- and efficient heat release is needed for advancing new reduced emission technology, and is on 

the central agenda for a wide variety of energy production- and transport industry. Combustion of fossil fuels 

remains our largest source of energy production in the world, and global concerns regarding energy security, 

environmental pollution, and anthropogenic climate change have motivated a large body of research devoted to 

the experimental measurement and numerical simulation of combustion systems. Clean combustion engineering 

is the search for improved efficiency by means of strengthen the systems fuel-economy and lowering the 

emission of NOx, particulates, CO and unburned hydrocarbons (incomplete combustion). New reduced emission 

technology, greatly rely upon the ability to control the heat release and the exhaust produced by the exothermic 

reactions between the fuel and the oxidizer in the chemically reactive flow. For the engineering system design, it 

exist a significant need to inform on the flame-physics involved based on direct observation of the combustion 

reaction progress and interaction, which is a demanding task for any measurement technique. Chemically 

reactive flows are inherently multiscale, fully characterized in three-dimensional space and evolving on rapid 

time-scales. The combustion environment imposes a significant challenge for diagnostics, where it needs to be 

collected complete information ideally with correlated-field multi-parameter measurement capabilities, 

exhibiting high spatial and temporal resolution and provided within a snap-shot to freeze the fast dynamics 

involved. Concurrent detection of major- and minor molecular species (multiplexing) and determining the three 

most important scalars; the temperature, the flow-field, and the mixture fraction, is vitally important in studies of 

the reactive flow. The temperature marks the evolution of heat release and energy transfer, while species 

concentration gradients provide critical information on mixing and chemical reaction.  

Optical imaging techniques have the advantage of being non-invasive, which means that the studied 

process is not significantly perturbed by the measurement technique, and allowing for the acquisition of statistics 

in-situ. Spectroscopy offer intrinsic chemical specificity, in that different classes of molecules have specific 

spectral signatures serving as unique fingerprints for their identification. Laser-based diagnostics may in general 

provide measurements with exceptionally high spatial- and temporal resolution, which is important in producing 

reliable and accurate experimental data. Coherent anti-Stokes Raman spectroscopy (CARS) is one such versatile 

technique, which has had a profound impact on a wide variety of fields. It was pioneered in composition- and 

temperature measurements almost 40 years ago, and is referred to as authoritative with the level of accuracy and 

precision it may provide. A limitation still, has been its main applicability as a single point-measurement 

technique, where the experimenter needs to raster-scan the measurement samples assembling the spatial image. 

Because many complex systems can be fully characterized in multidimensional space, there is a large motivation 

for the advancement of multidimensional CARS imaging techniques. 

 

 

 

 

 

 

CARS imaging of ignition-kernels and flame propagation in vitiated flows 

Flameless Combustion (FC) has emerged as one interesting option to be investigated for future gas-turbine 

operation, inspired by the progress obtained in furnaces- and fluidized-bed combustion applications (see for 

example [1]). FC is characterized by fuel oxidation at lower peak temperatures and with non-visible flames for 

the naked eye, where the combustion process occur in a more distributed reaction zone. The FC mode has 

demonstrated low emissions of NOx, particulates, CO and unburned hydrocarbons, and would be very beneficial 

for gas-turbines because of the more uniform temperature profile leading to lower combustor pattern factor, and 

reduced perturbation from thermo-acoustics in comparison with conventional combustors. To implement the FC 

The history development of gas-phase 

simultaneous CARS imaging. The first 2D-

CARS imaging technique was demonstrated 

in 2013, by me and Sandia researcher 

Christopher J. Kliewer. The hyperspectral 3D 

data cube (λ,y,x) is retrieved in a snap-shot 

(non-scanning) procedure.       



mode in aero-engines and gas-turbines used for power production is not straightforward, however; the 

implications related to the different physical scales relative a combustion furnace, makes it a difficult technical 

challenge and more insight is needed to mature this promising technology. The gas-turbine combustors need to 

be contained in a restricted volume, and requiring a broad operational range obtained with high stability and with 

low overall pressure losses. 

We will carry out the realization experiment of this new combustion mode in a fuel-flexible FC 

combustor (~250kW), with access to compressed air provided at a maximum mass-flow rate of ~250g/s up to 5 

bar. The combustor prototype will be operated with different fuels (methane and/or hydrogen) in mixtures with 

air and dilution gases (N2 and CO2) at variable mass-flow rates and thermal inputs. The air and dilution gases are 

pre-heated prior to the injection with the utility of exploring a range of input temperatures using an electric 

heater (maximum power of ~50 kW, ~900K). The flexibility will enable the attainment of FC and to acquire 

quantitative data on this combustion mode with its boundaries. The examination provided by the current multi-

parameter diagnostics platform is unique, since the in-situ information on temperature and its fluctuations is 

particularly important for understanding the thermal NO formation process, which is the predominant one in gas-

turbine combustion with a residence time ranging from 10 to 30 ms. CARS multiplexing across the entrance to 

the exit section of the combustor, will be able to provide information on the complete oxidation of the reactants, 

the air-entrainment- and the exhaust-gas-recirculation processes as a consequence of the complex fluid-dynamics 

involved. The realization experiment will serve as the primary input developing computational codes (CFD) on 

FC, which will be performed in direct connection to the experiment. The CARS system is built from the <35 fs 

output of a high-power femtosecond regenerative amplifier with a pulse energy of ~7mJ provided at a 1kHz  

repetition-rate. The setup is implemented with the two-beam femtosecond/picosecond phase-matching scheme, 

recently utilized for multi-parameter spatio-thermochemical probing of flame-wall interactions [2] (displayed in 

the figure below),  with an efficient coherent excitation bandwidth spanning the pure-rotational manifold of all 

Raman active species. The narrowband ps-duration probe-beam centered at 400nm, is efficiently produced by 

the principles of second-harmonic bandwidth compression [3], originating from a portion of the fs laser output 

being repetition-wise synchronized with the fs pump/Stokes-beam, and automatically phase-locked to the 

impulsive excitation pulse at the experiment with an arbitrary time-arrival. This ultrafast coherent Raman 

imaging is offering a well-benchmarked ~1% relative standard-deviation in single-shot precision thermometry. 

The new utility of image post-processing available from the spatially correlated measurements will improve the 

precision of the flame-data even further. In this way, the direct imaging will bring new possibilities for noise 

reduction with robust performance, and the claimed stability of the FC mode which is still an open question, can 

now uniquely be assessed at each the measurement locations in the combustor chamber. Statistics on single 

ignition-kernels is a goal and to watch the flame propagation from these events.  
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Introduction 
Harmful exhaust emissions of diesel engines in the automotive sector received a lot of media attention 
lately, as a result of fraudulent practices by large OEMs, involving mainly exhaust NOx levels. Besides 
NOx, diesel engines are also infamous for producing soot particles, making fuel-rich diffusion-type 
flames a research topic during the last decades. All kinds of different hydrocarbon fuels have been 
studied to determine their sooting tendency, in-flame soot levels are measured and quantified in terms 
of soot volume fractions, soot particle structure and composition have been investigated with electron 
microscopes, etc. The list of applied techniques and used combustion devices is endless; soot is complex 
matter. The topic of this study is the perceived higher sooting tendency of aromatic hydrocarbon fuels 
in diffusion flames, with emphasis on the transition of fuel to poly-cyclic aromatic hydrocarbons 
(PAHs), which act as precursors in the soot formation process. Current understanding of the PAH 
formation process attributes an important role to acetylene [1]. Mokhov et al [2] have shown that 
quantitative measurements of acetylene are possible using Raman scattering in a methane-air diffusion 
flame. Trying to extend this work, a spontaneous Raman scattering setup is built in order to identify 
major species along the central axis of a sooting heptane-toluene diffusion flame.  
The research is still ongoing, but the experimental approach will be explained and some preliminary 
results are shown. 
 
Experimental setup 
In this work a tube-in-tube co-flow burner is used, capable of burning vaporized liquid fuels. Via a 
heated line, the inner tube is fed with a vaporized 95%vol heptane - 5%vol toluene fuel mixture plus 
nitrogen carrier gas. The outer tube introduces an air co-flow. The burner is situated in a closed vessel 
with optical access to prevent flow perturbations by external factors. The liquid fuel is vaporized in a 
Bronkhorst CEM and flows are controlled by Bronkhorst mass flow controllers. 
Spontaneous Raman measurements are performed using a Nd:YLF laser (Photonics Industries DM20-
527) with an average power of 20W at a repetition rate of 1 kHz, wavelength of 527 nm and a pulse 
duration of 170 ns. Polarization of the laser beam is controlled by a half-wave plate in combination 
with a polarizing beam-splitter. The laser beam is focused down to a ‘line focus’ using a spherical ƒ = 
1000 mm lens, enters the burner vessel via the flue-gas exit and is directed downwards into the fuel 
tube of the burner. The positive lens is placed such, that the ‘line focus’ of the laser beam is positioned 
along the central axis of the diffusion flame, enabling spectral information as a function of height-
above-burner (HAB), see figure 1. The laser beam is dumped inside the burner at the bottom-end of 
the fuel line. Optical breakdown is prevented by the relatively long pulse duration of 170 ns. 

 
Figure 1: Picture of the diffusion flame and exciting laser beam (green). Relevant heights above burner have 
been indicated. 
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The Raman scattered signal is collected by an ƒ = 150 mm, ƒ/2,5 fixed focal length objective fitted 
with an Edmund Optics OD4 532 nm notch filter and is dispersed in an ƒ/5.6 Acton SpectraPro 500i 
spectrograph with 300 g/mm grating (blazed at 500 nm). The spectrograph is oriented such that its 
entrance slit is aligned parallel to the line focus of the laser beam. A Princeton Instruments PI-MAX 3 
ICCD camera, with filmless Unigen II intensifier, is used as detector. Synchronization of laser and 
camera intensifier is accomplished through a BNC Berkeley Model 555 pulse/delay generator. Each 
recorded spectrum is a result of 100,000 gates per exposure, and with the image intensifier keeping up 
with the laser repetition rate of 1 kHz, a measurement time of 100 seconds.  
Combining the equipment results in a field-of-view (vertical) of about 6 mm, a spatial resolution of 51 
pixels per mm and a spectral resolution of 0.083 nm/pixel. The spectrograph was lifted and lowered to 
capture the entire of 0-20 mm HAB. 
 
Preliminary results 
Right above the tip of the burner a clear Raman spectrum of the fuel mixture is observed, as can be seen 
in figure 2 below. When moving up along the central axis of the flame, the peaks originating from the 
fuel mixture disappear, peaks corresponding to CO2 (~1300 cm-1) and H2O (~3625 cm-1) arise and 
broadband laser induced soot incandescence appears. Unfortunately, no distinguishable Raman signal 
of acetylene (~1950 cm-1) has been observed in the recorded spectra. 
 
 

 
Figure 2: Example Raman spectrum at 1-2 mm HAB (red solid line) and 17-18 mm HAB (blue dashed line), 
showing intensity [a.u.] as a function of Raman shift [cm-1]. Spectrum is obtained by binning 51 pixels (1 mm) 
and gluing multiple spectra (stepping of the grating). 

 
Future steps 
Longer measurement times will be employed, focusing on the detection of acetylene at 1950 cm-1.  
Beam steering in the hot flue gases causes the focused light beam to oscillate around the flame center 
axis, moving out of the field of view. This decreases the already low efficiency of the spontaneous 
Raman scattering technique even further. To solve this, the laser beam will be introduced into the 
burner vessel from below, via a window under Brewster’s angle at the bottom end of the fuel tube.  
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Ashes of solid fuels form deposits of on heat exchanger surface in boilers. These deposits influence the heat transfer 

from the flame to the heating surfaces. Especially in the furnace of the boilers were radiation dominates the 

emittance characteristics of ash layer are of great importance. The emittance is influenced by physical structure of 

the surface (mean particle size, roughness of the layer) and by the mineral composition of the ashes. Oxy-fuel 

firing system - compared to air fired system – have significantly higher CO2 concentration in the combustion zone 

but also show an increased concentration of minor species like SO2 due to the intensive flue gas recirculation. 

Therefore, oxy-fuel ashes might contain more carbonates and sulfates than ashes from air-fired systems. The 

statements in literature whether carbonates or sulfates dominate are contradictory. Scheffknecht et al. [1] did find 

an increased amount of sulfates, especially CaSO4 in the ash deposits under oxy-fuel conditions, whereas Kull et 

al. [2] propose an enhanced presence of carbonates.  

Therefore, we examined the spectral characteristics of the emittance of typical carbonates and sulfates contained 

in coal ashes. Due to the size limit of the current contribution, we concentrate on CaCO3 and CaSO4, because Ca 

is typically contained in large amount in coal ashes and forms carbonates and sulfates. As a comparison we added 

K2SO4. Note that we have made a very detailed study on the emittance of Ca-, Mg- and Sr-carbonates as pure 

substances  and mixed with SiO2 which can be found in [3].  

The minerals CaCO3, CaSO4, and K2SO4 were prepared in powder form and sieved to defined particle size 

fractions. For CaCO3, CaSO4 we show results for a size fraction of 125 < x < 160 µm and for K2SO4 additionally 

for a size fraction of x < 32 µm). The comparability of the particle size distribution has been checked by laser 

diffraction. The measurements of the heat radiation are carried out in a facility where samples can be heated up to 

a temperature between 500 °C and 1000 °C. The test rig consists of a Fourier transform infrared (FT-IR) 

spectrometer and an electrical heating unit that includes both, the sample holder as well as the reference radiator, 

a black body. Radiation of the heated sample (22 mm diameter, 2 mm thickness) and the black body is guided to 

a FT-IR spectrometer via a gold coated off-axis parabolic mirror. Thermal radiation is detected in the range from 

1.6 µm to 12 µm. The sample surface temperature is determined by two thermocouples (type K, 0.25 mm diameter). 

They are installed 1 and 2 mm below the sample surface (in the central axis of the disk shaped sample). The sample 

surface temperature is calculated by assuming a linear temperature profile across the sample height. In order to 

obtain the spectral emittance (see Eq. (1)) the sample radiation 𝑆𝑠𝑎𝑚𝑝𝑙𝑒(λ, T) is compared with the radiation of a 

black body 𝑆𝐵𝐵(λ, T):   

𝜀(𝜆, 𝑇) =
𝑆𝑠𝑎𝑚𝑝𝑙𝑒(λ, T)

𝑆𝐵𝐵(λ, T)
 (1) 

As examples, for carbonates and sulfates, the spectral emittances of CaCO3, CaSO4 and K2SO4 are shown in Figure 
1 – 3 for selected temperatures. The general trend of the spectral emittances is similar and typical for minerals, i.e. 

also for coal ashes. The spectral emittance is small at low temperatures and increases with wavelength to values 

in the order of 0.8 to 0.9 above 10 microns. This spectral dependence is important for boiler lay-out. Coal ashes 

are strongly non-grey which has to be considered in spectrally resolved CFD simulations, or if non-spectrally 

resolved radiation balances are carried out, appropriate averaging of the spectral emittance has to be accounted for 

(e.g. a weighted averaging procedure using Planck’s law as weighting function, see [1]).  

Figure 1 presents the spectral emittance for CaCO3 for the particle size fraction 125 < x < 160 µm. Spectral bands 

of the characteristic CO3 group are shaded in grey. Thermodynamic calculation carried out with FactSage predict 

a decomposition at 775 °C for CaCO3 to CaO. Thus, CaCO3 is completely decomposed at 976 °C as evidenced by 

X-ray diffraction measurements. The phase change from CaCO3 to CaO can be clearly seen in Figure 1, emittance 

reduces during phase transformation. The characteristic spectral peaks present for CaCO3 are vanished at 976 °C. 

When comparing Figure 1 and 2 it is obvious that for calcium the spectral emittance of the corresponding carbonate 

(Figure 1) is higher than the spectral emittance of the corresponding sulfate (Figure 2), up to a value of 

approximately 4.5 µm. Above 4.5 µm, the spectral emittances of CaCO3 and CaSO4 are similar in the order of 0.9. 

Also CaSO4 (Figure 2) shows characteristics bands which occur in different ranges of wavelengths compared to 

CaCO3. Note that CaSO4 is stable at typical temperatures of coals ashes in boilers, indicating that the S-O bands 

can also been detected in real coals ashes which have seen very high temperatures. K2SO4 (Figure 3) shows the 

characteristics S-O bands as well. Also K2SO4 shows no phase transformation even at elevated temperature. 
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Figure 3 clearly indicates that higher particle sizes lead to higher emittance, a well-known effect [3]. This indicates 

that very fine ash layers (with low particle sizes) can effectively reflect thermal radiation in a boiler, un unwanted 

effect, whereas powders with larger particles sizes, i.e. rough ash layer surface can absorb heat to a larger extend. 

Note that the bands around 3 microns in Figure 1 to 3 are to the presence of CO2 in the sample surrounding air. 

 

 

 

Figure 1. Spectral emittance of CaCO3, particle 

size fraction 125 < x < 160 µm. 

 Figure 2. Spectral emittance of CaSO4, particle 

size fraction 125 < x < 160 µm. 
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Figure 3. Spectral emittance of K2SO4, particle 

size fraction x < 32 µm and 125 < x < 160 µm. 
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INTRODUCTION 

The adiabatic burning velocity is an important parameter governing the properties of combustion. It can for ex-

ample be used to validate reaction mechanisms. This is the reason that research has focused on the adiabatic 

burning velocity of several types of fuel-oxidizer mixtures. However, the adiabatic burning velocity is not easily 

measured. The heat flux method is one of the methods to measure the adiabatic burning velocity, developed by 

de Goey and van Maaren [1]. The heat flux burner consists of a thin, brass burner plate with a hexagonal pattern 

of holes. The burner plate is heated in such way that the premixed mixture flowing though the burner plate is 

heated. Now the heat gained by the unburnt mixture compensates the heat loss of the flame. The advantage is 

that mixture velocities higher and lower than the adiabatic burning velocity can be stabilized on this burner. In 

contrast to other methods, it is possible to determine the laminar burning velocity at a state of a nearly adiabatic 

stretchless flame by means of interpolation, rather than extrapolation. This has as advantage that the uncertainties 

due to extrapolation are circumvented. 

HEAT FLUX BURNER DESIGN AND RECENT IMPROVEMENTS 

The original burner head consists of a brass burner plate which is glued onto the heating jacket assembly. Our 

previous heat flux setup had a burner plate with a hole pattern with holes of 0.5 mm diameter and a pitch of 

0.7 mm. This configuration had a couple of shortcomings. Firstly, because the brass burner plate is glued onto 

the heating jacket assembly and heat conduction between the burner plate and the heating jacket is not efficient. 

Insufficient conduction between heating jacket and burner plate causes measurement inaccuracies, because in a 

situation where the observed temperature profile is flat, heat still might be transferred from the burner plate to 

the heating jacket, when the average plate temperature is higher than the heating jacket temperature 

Secondly, a hole diameter of 0.5 mm in combination with a pitch of 0.7 mm limits the velocity range of the un-

burnt mixture to around 60 cm/s. A smaller hole diameter permits higher unburnt mixture velocities before 

curvature effects become significant. The new burner head differs from the old one in the sense that it does not 

use a separate burner plate anymore (see Figure 1).  
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Figure 1: A flat plate/heat flux burner (left) and schematic section view of the new burner head (right).  



The heating jacket and burner plate are made out of one single piece of brass, increasing the conductivity be-

tween the heating jacket and the burner plate. This means that the temperature of the burner plate at the outer 

edges should reach the heating jacket temperature. Ideally, when a flat temperature profile is observed, the tem-

perature should be roughly equal to the heating jacket temperature. This indicates there is no heat transfer 

between burner plate and the jacket, thus representing an adiabatic flame. Furthermore, the diameter of the burn-

er plate holes is 0.4 mm, with a pitch of 0.47 mm for the new plate, permitting higher unburnt mixture velocities. 

Also, the number of thermocouples has been increased from 8 to 15 for the new burner head. 

RESULTS 

In Figure 2 preliminary results of a stoichiometric ethanol-air flame are shown. The results show that the tem-

perature at the edge of the burner plate reached the temperature of the heating jacket of approximately 110 °C, 

indicating that the heat conduction is significantly improved. Furthermore, the estimated laminar burning veloci-

ty of 44.43 cm/s is comparable to literature data (Figure 2 - right).  

 

SUMMARY AND OUTLOOK 

The heat flux experimental setup at OWI has been further improved to provide more accurate measurement data 

of the laminar burning velocity. The new burner head is a significant improvement. The heat conduction between 

heating jacket and burner plate has been improved and the thermocouple scatter has been reduced. A reduced 

hole diameter and pitch permits a larger range of unburnt gas velocities. Currently, commissioning tests are run-

ning and up-to-date results with special focus on liquid fuels such as ethanol and gasoline will be available 

within short notice.  
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Abstract : The temperature dependent electrical properties of the oxide layer formed on the
ionization pin placed at the flame front are investigated experimentally. All the necessary funda-
mental principles related to combustion, ionization current, electric fields, oxide layer formation and
their electrical properties are explained. Simulations of the internally cooled probe are used to deter-
mine the specifications of the setup and set-points for temperature control of the ionization probe.
An experimental setup was built, and detailed description on setup calibration is provided to have
accurate and reproducible setup conditions. Error sources are identified and quantified. Finally, cor-
relations and physical explanations are provided to support the measurement results. The measured
data is compared with literature. A look-up table is generated from the measured data with a linear
interpolation scheme and the accuracy is validated. Conclusions from this study are drawn and rec-
ommendations are made for future research.

Keywords : Ionization current, Langmuir probe, Oxide layer resistance, Kanthal APM.

Introduction : Bosch employs Kanthal APM
ionization pins to measure the ionization current
produced in the flame, for feedback control in
its Combustion Management System (CMS) [1].
Probes are placed directly at the flame front, and
are thus oxidized forming an oxide layer of pri-
marily alumina (Al2O3) on the surface. Alumina
has excellent thermal properties, effectively pro-
tecting the alloy from spallation, increasing the
lifetime of the probe significantly. However, with
increased oxidation (aging) there is a drop in ion-
ization current for the probe. This effect of aging
on ionization current is analyzed in this study to
detect, analyze and quantify the parameters that
cause the drop in ionization current.

Setup Description : The setup is divided
into four sections as shown in Figure 1. A burner
setup [2] to produce a well defined laminar flat
flame [3,4]; ionization current and temperature
measurement setup; air and water cooling setup.
Dimensions of probe samples were determined
from simulations which were also used to vali-
date the surface temperature of the cooled probe.
Probe samples are oxidized in an electric oven
at a constant temperature of 1473K for 10-600
hours in order to produce a homogeneous oxide

layer of α − alumina. Calibration of the burner
is done to have a correlation with the previous
research [5,6,7] and to have reproducible set of
measurements. Error sources are identified and
determined to analyze the accuracy of the setup.

Figure 1 : Setup Schematics

Results : The resistance of the oxide layer
is determined by correcting the stabilized ioniza-
tion current curves of the oxidized samples with
the IV-curve for an unoxidized sample. This re-
sistance contains a part which is dependent on
the concentration of electrons in the flame and a
part which is the physical resistance of the oxide
layer. Thus, in this study it is referred as the

1Corresponding author, email d.raj@student.tue.nl

d.raj@student.tue.nl


dynamic electric resistance of the oxide layer. It
is dependent on the applied voltage (Fig.2,3,4),
oxidation level (aging) (Fig. 2), equivalence ratio
of the mixture (Fig. 3), and surface temperature
of the probe (Fig. 4).

Figure 2 : Effect of oxidation time

Figure 3 : Effect of equivalence ratio

Figure 4 : Effect of probe’s surface temperature

Electric resistance for the oxide layer is smaller
then the electric resistance for pure aluminium ox-
ide [8] as shown in Fig. 5. This is because, impu-
rities in the oxide layer decreases resistance. The
impurities are mainly chromium and iron oxide.

Figure 5 : Oxide layer and alumina resistances.

Conclusion : The effect of parameters on
the ionization current is analyzed. Dynamic re-
sistance is determined which can be used to cal-
culate ionization current for any specific values of
voltage, equivalence ratio, oxidation time, surface
temperature of probe. Physical resistance can be
used to determine the composition of impurities
in the oxide layer.
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Abstract 
 The temperature profile of a laminar flat flame is required to run simulations. If the temperature of the flame is 

measured by a thermocouple, correction for radiation losses is needed. However applying the Electrical 

Compensation Method (ECM) is not always possible, since the required rise of the temperature by the Joule effect 

in the flame can increase the risk of breaking the thermocouple.  
 A solution to avoid ECM is to use a simple heat transfer model over the thermocouple wire that can predict the 

radiation losses based on the properties of the used thermocouple and the characteristics of the assessed flame.  
 In this presentation the effect of changing the equivalence ratio and the argon dilution on the radiation losses in 

ethylene flames is assessed, both experimentally and by modelling.  
 The model focused on predicting a correct value for the convection heat transfer coefficient, h, for the different 

assessed flames, since the radiation losses are most sensitive to this unknown parameter. 

By the ethylene flame experiments a value for h ranging from 63 to 200 W/m² K over a temperature interval of 600 

to 1200K is found. From the model the h values ranges from 116 to 258 W/m² K, which is the same order of 

magnitude as found experimentally. Also the effect of changing the equivalence ratio and the argon dilution is 

predicted correctly. 
  

Introduction 

To measure the temperature of flames, different methods can be used. The options can be divided into invasive and 

non-invasive methods. Thermocouples are an invasive method, which means that they can change the nature of the 

flame they are emerged in, leading to a difference between the measured values and reality. However they are 

cheaper and easier to use than the non-invasive methods based on laser induced changes in vibrational state and 

energy level of the molecules in the flame that are currently used [1].  

For this work a type B thermocouple is used, composed of PtRh6% and PtRh30% with a diameter of 0.1 mm. A 

coating of 7%BeO-93%Y2O3 of 0.02 mm is applied to avoid radical reaction on the thermocouple surface. This type 

of thermocouple can be used continuously at a temperature of 1600°C and intermittently to 1800°C. It is therefore 

suitable for flame temperature measurements. The welding point of the Pt alloy is the actual thermocouple and is 

placed in parallel to the flame as shown in Figure 1. 

Electrical compensation method 

As can be seen in Figure 1, the thermocouple radiates an unneglectable amount of 

the received heat of the flame, implying that the measured temperature (Tc) is lower 

than the actual temperature (Tg) of the flame. Next to radiation losses, convection of 

the burning gas stream to the thermocouple increases the measured temperature. 

Losses by conduction are not accounted for. If the gain by convection and the 

losses by radiation are in steady state, the power balance over the wire can be 

written as Eq. 1 

πhd(Tg − Tc) = πdϵσ(Tc
4 − T0

4) 
 

(1) 

Where T0 is the temperature of the surroundings, d is the diameter of the thermocouple, ϵ is the emissivity of the 

thermocouple, σ the Stefan-Boltzmann constant and h is the heat transfer coefficient for convection. 

With the ECM the real temperature of the gas can be found experimentally in two steps [2]. The first step is defining 

the characteristic curve of the thermocouple in vacuum. Only radiation plays a role in vacuum and the convection 

term in Eq. 1 is zero. The temperature of the thermocouple is increased by the Joule effect and the power balance 

over the wire in steady state contains now a term for the radiation losses and the current to the second power (I²) 

multiplied with the resistance of the wire (R) as a second term for the Joule effect (Eq. 2).  

R I² = πdϵσ(Tc
4 − T0

4) 
 

(2) 

Secondly, the flame of interest, where convection is present, is assessed with the Joule effect measurements. The 

power balance over the wire now contains a Joule effect, a convection and a radiation term (Eq. 3). 

R I² + πhd(Tg − Tc ) = πdϵσ(Tc
4 − T0

4) (3) 

Figure 1: The thermocouple is 
placed parallel to the flame.  
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At the intersection of Eq. 2 and 3 the measured temperature (Tc) equals the real temperature of the flame (Tg). So if 

the characteristic curve and the parallel curves obtained by Eq. 3 for different Tc values are plotted, the correction 

for radiation losses can be found visually. Tc is the temperature where the Joule effect term is zero (I²=0) on the 

parallels from Eq. 3, and Tg is the temperature found at the intersection of the parallels with the characteristic curve. 

Experimental results for the ECM for different ethylene flames are shown in Figure 1. The default value for the 

argon dilution is set to 70.8 mole%, while the equivalence ratio ranges from 1.00 to 1.43. In addition, an ethylene 

flame with an equivalence ratio of 1.43 and an argon dilution of 59.2 mole% is also investigated. The characteristic 

curve is the same for every flame. However for different compositions of the flames, the slopes of the obtained 

parallel curves by Eq. 3 are different, indicating that the radiation losses between the flames differ. If the flame with 

an equivalence ratio of 1.43 and an argon dilution of 70.8 mole% is set as reference, an increase of 40K for the 

radiation losses at a measured temperature of 1167K is found if the equivalence ratio is decreased to 1.00. The 

opposite effect is found when the argon dilution is decreased, than the radiation losses decrease with 28K (Figure 2). 

 

Figure 2: When 

ECM is applied on 

ethylene flames with 

different 

composition, parallel 

curves with different 

slopes are found, 

indicating that the 

value for h and the 

radiation losses differ 

between the flames.  

Figure 3: Changing 

the composition of 

a flame can affect 

the radiation 

correction. 

Decreasing the 

equivalence ratio 

seems to increase 

the radiation 

losses, while 

decreasing the 

argon dilution 

seems to decrease 

the losses. 
 

The ECM method can not be used in flames where the starting temperature is already high, like for new types of 

biofuels, to avoid deterioration of the thermocouple. Therefore we suggest to solve the rate of heat transfer (Eq.1) 

expressed in the following form: 

Tg = Tc +
ϵσ(Tc

4 − T0
4)

ℎ
 

(4) 

Three parameters, h, 𝜖 and T0 from Eq. 4 are unknown. The 𝜖 of the thermocouple can be derived from the 

characteristic curve, while for T0 a value of 320K is assumed. Finding a plausible value for h is more complex, since 

convection over a wire is depending on the composition of the gas stream, the diameter of the thermocouple, the 

pressure, the temperature and the velocity of the stream. 

To assess the sensitivity of h to the parameters it is depending on, the ethylene flames with varying compositions 

mentioned before were assessed, focusing on finding the same value for h experimentally and by simulation. 

The experimental h values found for the different compositions, ranges between 63 and 200 W/m² K (Figure 4). By 

simulations values ranging from 116 to 258 W/m² K are found (Figure 5), which is the same order of magnitude as 

experimentally. Also the same effect of changing the composition is found. To improve the fit, further investigation 

is needed, focusing on the sensitivity of h for the different input parameters and uncertainties of the model. 

 

Figure 4: h values 

found 

experimentally 

ranges from 63 to 

200  W/m² K  

Figure 5: By 

simulations higher 

values for h are 

found. Further 

investigation of the 

model is needed to 

improve the fit. 
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In the global chase towards sustainability and cleaner ways of generating power, the 

utilization of biomass for clean energy conversion process has become increasingly 

interesting as biomass is potentially a CO2-neutral energy source. Among the processes 

known to produce power, gasification represents an attractive and versatile technology to 

convert  wide variety of biomass into product gas mainly composed by  CO, H2, CO2, H2O 

and CH4, that can be used for (combined) heat and power (CHP) production, transportation 

fuels and chemicals. For small to medium scale biomass gasification, fluidized bed 

technology is attractive: the process takes place in a bed of small particles fluidised by a 

suitable gasification medium and the very good gas-solid mixing ensures temperature 

uniformity through the bed and leads to an excellent mass and heat transfer.  

In indirectly heated gasification, also known as second generation or allothermal  gasification,  

the heat needed for the desired reactions is provided by ex-situ oxidation reactions and this 

leads to a higher quality product. 

 

The project, which started in May 2016, is a four  years Doctoral research project carried out 

at the Delft University of Technology (TUD), in the Netherlands and it is in cooperation with 

the company Petrogas Gas-Systems, based in Gouda. In particular, Petrogas Gas-Systems and 

the TU Delft Process & Energy section are designing, engineering, and commissioning a 

small 50 kWth Indirectly Heated Bubbling Fluidized Bed Steam Reformer (IHBFBSR) heated 

by two radiant tube burners placed vertically inside the reactor. 

 

The aim of the work is to study how the use of this new concept of indirectly heating based on 

combustion, biomasses with different characteristics, various operating conditions and bed 

with different particle size affects the product gas yield and composition, the cold gas 

efficiency and, in particular, the carbon conversion. 

 

During the work, an experimental study on the heat transfer of radiant tube burners as well as 

an experimental gasification campaign will be carried out. Moreover, a process modelling  by 

using the flow sheeting software package Aspen Plus™ and a model of the heat transfer 

inside the radiant tube burners and the reactor by using  the computational fluid dynamics 

software package Fluent™ will also be developed. 
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Alternatives to combustion in aircraft engines are not 
expected to become feasible in the decades to come. 
As the aviation traffic increases and regulations 
become more stringent, reduction in pollutant 
emissions are needed. The Flameless Combustion 
(FC) regime has been one of the promising candidates 
to achieve lower emissions in gas turbine engines. 
This combustion regime is characterized by well-
distributed reactions, with low peak temperatures, 
resulting in lower emissions and acoustic oscillations. 
However, the attainment of the FC regime is not 
straight forward considering the conditions and 
requirements of gas turbines. Most of the previous 
combustor design attempts failed to provide broad 
operational range, high combustion efficiency, or were 
difficult to integrate in an engine. 

Along with a novel aircraft concept, the European 
project AHEAD (Advanced Hybrid Engines for 
Aircraft Development) resulted in the conceptual 
design of a gas turbine engine with two sequential 
combustion chambers1. As the aircraft concept allows 
the use of cryogenic fuels, the first combustion 
chamber was designed to operate with hydrogen or 
natural gas. The second is the inter-turbine combustor 
herein studied, which would operate under the FC 
regime burning conventional fuels. 

 

Figure 1 – Engine concept proposed along the AHEAD project1. 

As the incoming oxidizer in the inter-turbine 
combustor is the exhaust of the first combustor, 
temperatures would be high and oxygen concentration 
lower, helping the attainment of the FC regime. 

Furthermore, the power split between the two 
combustors would enhance the operational range. 

After the conceptual design was accomplished2, a 
scaled and simplified experimental combustor was 
built to assess the design and allow improvements. 
Instead of the full annular combustor, a 18 degree 
wedge was adopted, containing three fuel ports (Fig. 
2). The fuel employed was methane, to simplify 
operation and subsequent computational simulations. 
Data on emissions was acquired for several levels of 
oxidizer dilution with nitrogen. Air and nitrogen were 
mixed and preheated to temperatures around 580 K. 

 

Figure 2 – Section of the proposed annular combustor used during 
the experiments. 

The simulations here presented were performed in 
order to assess the use of CFD to improve the design 
of the combustor in relation to pollutant emissions. 
More specifically, the use of FGM (Flamelet Generate 
Manifolds)3 along with RANS was investigated, since 
its computational cost is considerably lower than other 
models (as the Eddy Dissipation Concept and the 
Conditional Source Term Estimation). ANSYS 
Fluent® was employed while combustion was 
modelled using both adiabatic and non-adiabatic 
FGM. The manifolds were generated using the GRI 
3.0 mechanism. FGM’s progress variable was defined 
in function of CO2 and CO mass fractions. Attempts 
using H2O did not provide better results. The k-ε 
turbulence model was employed as tests using k-ω 
SST and Reynolds Stress turbulence models did not 
significantly change the results in terms of emissions. 
Along with the non-adiabatic approach, radiation was 

Contra-rotating fan 

Lean-Premixed 
H2/NG combustor 

Flameless inter-
turbine combustor 



taken into account using the Discrete Ordinates model. 
In some simulations, heat conduction through the 
walls was included by imposing an estimated outer 
wall temperature, as well as their thicknesses and 
thermal properties. The NOx emissions were predicted 
using transport equations for the mass fraction of NO, 
N2O, NH3 and HCN, with their source terms 
calculated via Thermal and Prompt NOx mechanisms. 

 
Figure 3 – Damköhler number contours in the mid-plane of the 
combustor for two different oxidizer compositions. Simulations 

including radiation modelling. 

The computational mesh was refined until no relevant 
difference was spotted in the emissions and mid-plane 
fields results. The employed mesh was fully 
hexahedral and had 5.6 million nodes.  

 

 

Figure 4 – Temperature contours for the case without nitrogen 
dilution (left) and with 100 l/min nitrogen addition to the oxidizer 

stream (right). Simulations including radiation modelling. 

The cases simulated had different levels of N2 
dilution. The air (230 ln/min) and fuel flows were 
constant. The case with no N2 addition had global 
equivalence ratio of 0.2, taking into account both the 
dilution air and the combustion air that enters the 
chamber along with the fuel (in coflows). 

Analysing Figs. 3 and 4, it is noticeable that dilution 
possibly shifts combustion to the FC regime, as 
temperature and Damköhler number drop. 
Interestingly, 60 ln/min of N2 addition (right hand side 
of Fig. 3) results in very low NOx emissions and 
further dilution is not advantageous (Fig. 5). 

The computational modelling was able to predict the 
trend in both NOx and CO emissions with increasing 
amount of N2 in the oxidizer stream. NOx emissions 
were very sensitive to the inclusion of radiation, 
especially for cases without N2 or with little dilution. 

The peak temperatures in the combustor drop 
significantly with radiation. 

Although the trend was captured, CO emissions were 
overpredicted. Possibly, such limitation could be 
overcome using a multi-stage FGM approach, as 
suggested by Göktolga et al.4. Using more than one 
progress variable could be the solution to have more 
accurate predictions. 

 
Figure 5 –CO and NOx emissions as function of nitrogen addition 

in the oxidizer stream. 

When heat conduction through the walls was included, 
the predicted NOx emissions were too low. The 
discrepancy is attributed to the uncertainty in the 
estimated wall temperatures. No measurements were 
performed and the chosen values could  be wrong. 

Analysing the overall results, one can conclude that 
the set of models can be used to evaluate 
modifications and possible improvements in the inter-
turbine combustion. However, this should be done 
carefully, as only the qualitative behaviour is 
replicated. The flow field analysis shows most of the 
reactions happen close to the combustor walls. 
Therefore, the large recirculation region designed to 
accommodate the highly distributed reactions is not 
performing as expected. Different fuel injection 
positions and directions shall be tested, as well as 
modified cavity geometries. 
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High-Resolution True-Color Imaging of Reacting Sprays 
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The development of dedicated, scientific cameras has been primarily focused on fast response times, high 
sensitivity and well-known spectral sensitivity. The downside of these cameras is that they come at a high 
price tag, producing often gray-scale (intensity) image data and, when compared to modern day consumer 
cameras, their resolution (~1 megapixel) is rather low.  

Consumer cameras offer true-color (RGB) images at high-resolution (~20 megapixel) at a low price (in the 
order of 1 k€, compared to around 50 k€ for scientific camera systems). Downside of these cameras is the 
long insertion delay (54 ms for the Nikon D7000 camera used), high jitter (0.5 ms) and limited minimum 
exposure time (0.125 ms). 

Here, the goal is to create high-resolution true-color images of burning fuel sprays in the available optical 
setups. 

A wired remote is adapted to create a trigger box that enables TTL control of a Nikon DSLR camera. 
With the internal delay of the camera known, the camera can be synchronized with repetitive processes, to 
take pictures at a pre-selected time. Two combustion events will be imaged: burning Diesel sprays in an 
optical engine and the pre-burn and subsequent Diesel spray in a constant volume vessel. We present four 
images for each system. 

Optical engine 

This single cylinder, heavy-duty engine, with dimensions mimicking DAF production engines, is fitted 
with a quartz piston crown to allow optical accessibility of the combustion chamber. Fuel is introduced 
into the cylinder via an 8-hole injector using a double injection scheme, which explains the characteristic 
pattern in the images (A through D) in Figure 1 below.  

- A: Ignition of the pilot injection. Short injection pulse just before top-dead-center, fuel ignites after 
the pilot injection has ended. Combustion remains within the piston bowl region. 

- B: Spray-driven phase ‘quasi-steady flame thrower’ of the main injection pulse, fuel is burning 
while injection is still ongoing.  

- C: End-of-injection combustion recession is captured. Injection has ended, the tail of the fuel spray 
loses momentum and the flame progresses towards the injector nozzle. 

- D: burn-out phase. After the end of the main injection, fuel remnants are burned and most of the 
formed soot will be oxidized. 

 

Figure 1. Four example snapshots of a Diesel combustion event.  



Eindhoven High-Pressure Cell 

A constant-volume high-pressure spray vessel with a single-hole injector mounted to study (non-)reacting 
fuel sprays under engine-like conditions, without interference of moving parts or neighboring sprays. The 
desired thermodynamic conditions are created using a pre-burn approach, and after a relatively long cool-
down period, a Diesel-like fuel is introduced into the vessel. Figure 2 depicts two snapshots capturing the 
pre-burn event and two shots visualizing the (igniting) Diesel spray. 

- 1: Flame propagation in an acetylene/O2/N2 mixture during the early stage of the pre-burn event.  
- 2: Soot formation during the final stage of the pre-burn (at high-pressure and high-temperature). 
- 3: Ignition of the isolated fuel spray under engine-like pressure and temperature conditions (~60 

bar and ~900 K, respectively).  
- 4: “quasi-steady” matured Diesel spray. 

 

 

Figure 2. Four photographs of the combustion event(s) in the Eindhoven High-Pressure Cell. 
Exposure and ISO were adjusted to capture the faint chemiluminescence (no. 1 and 3). 



Unraveling the Obscurities of Soot Reduction by Post Injections

R. Dreezen, J. Vervaet, P.C. Bakker & R.C. Willems

To comply with ever more stringent emission standards, new methods for emission reduction in con-
ventional diesel combustion are being examined. A promising technique to reduce pollutant emission
and potentially increase efficiency is the use of a post-injection, which is a relatively short injection
pulse after the main injection. A substantial amount of research has already been conducted on
this topic, however results are often contradictory and fundamental understanding of the effects of a
post-injection is still lacking. The most pronounced effect of a post-injection, described in previous
work, is the reduction of engine-out soot. O’Connor and Musculus [1] give three frequently used
explanations:

• Enhanced mixing within the cylinder influencing the formation an oxidation process of soot

• Enhanced oxidation of soot by increased temperature

• Interruption in fuel-rich combustion, allowing oxidation of soot

Metal engine approach

In the current work research on a heavy duty metal test engine is combined with efforts on an optically
accessible engine to get a better insight in the effects of a post-injection.
The work on the metal engine focuses on engine-out emissions and efficiency over a variety of operating
conditions and post-injection timing and quantity. Design of Experiments (DOE) is used to test a
wide variety of operating points in a structured and efficient way. As a proof of concept concerning
use of DOE and to set a baseline case, single injection tests where carried out were the response of
emissions and efficiency to Start of Actuation (SOA), rail pressure, boost pressure and EGR rate
were examined. This yielded models to predict emission and efficiency over a variety of operating
conditions. An example is shown in Figure 1.
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Figure 1: ISFCn as function of boost pressure and SOA

Optical engine approach

Aside from the full metal engine experiments measurements on an optical engine are also performed.
Optical measurement techniques such as Laser-Induced Incandescence (LII) have the main advan-
tage of being able to measure in situ. Previous research validated the feasibility of high-speed LII
[2]. However, the strong temperature dependencies of the LII signal (∼ T 14) complicates decent
interpretation of the signal without any temperature information. Therefore, LII is combined with

1



the well-understood method of two color pyrometry. The ratio of the collected light at two distinct
wavelengths can be related to a temperature. This is achieved by calculating a theoretical ratio for
every temperature using both Planck’s law and the detection equipment’s transmission curve.
The engine used for these experiments is an optically accessible Ricardo Proteus single cylinder. Using
a quartz piston crown and a 45◦ mirror allows for in-cylinder imaging. An image doubler projects the
two differently filtered signals on a single chip to allow simultaneous collection of both wavelengths.
A simplified overview of the detection setup can be seen in Figure 2 below.

Photron Fastcam SA-Z Lambert HighCatt Imagedoubler

Bandpass filters

Figure 2: Schematic overview of image detection setup.

The collected images are matched spatially and a 2D temperature field is found and used to correct
the signal. So far only natural luminosity experiments have been performed. From these experiments
the bias of the signal towards higher temperatures becomes evident as can be seen in Figure 3. This
figure shows one of the eight sprays at 9 [CAD] after top dead center.
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Figure 3: Natural luminosity with the found temperature and the corrected signal.

Although the preliminary results look promising for volume fraction estimation, it has to be noted
that chemiluminescence and line of sight effects might influence the calculation [3]. During LII
experiments these issues are bypassed and should therefore give more conclusive evidence.
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This study is dedicated to the evaluation of the potential of broadening the data conventionally characterized by 
the Standard Reference Methods (SRM) to the Fourier Transform Infrared Spectroscopy (FTIR), that have a wide 
measuring range of organic and inorganic species. The method FTIR is under enhancement to be considered as a 
reference method by a European standardization working group CEN/TC264/WG36. The presented study has a 
link to the integrated efforts of that group since the organization of ISSeP is involved in environmental of industrial 
emission monitoring.  
The purpose of this work is to elaborate a measuring routine for different industrial sectors, to study the influence 
among different components of the exhaust in accordance with the gas matrix specifics to the industry; to determine 
the limit of detection and measurement uncertainty which can be reasonability achieved.   
The field measurements were carried out at the stack of the biomass power plant using as fuel wood pellets and a 
large scale wood pellets and chips production facility.  Tests have also been performed in a certified laboratory 
VITO where gas mixtures of known compositions were generated to verify the performance of the instrument.  
Gasmet DX4000 FTIR analysers with complementary equipment including pump, heated lines and a probe have 
been used in the study.  Either Horiba PG-300 Portable Gas Analyser or rack mounted setup consisted of analysers 
X-Stream Emerson for SO2, ABB AO2020 for CO and CO2 connected in series and X-Stream Emerson for NOx 
connected in parallel were used as SRM..  A dry sample technique was applied in each case.   
As every FTIR instrument is unique due to the optics features, the measurements of two analysers were compared 
in this work. FTIR1 of that list is the instrument of ISSeP. 
Series of measurements were carried at each industrial site.  The uncertainty of measurements are assessed from 
records applying the following formula recommended in ISO 20988:   

𝑢𝑢 = � 1
2𝑁𝑁
� (𝑦𝑦(1, 𝑗𝑗) − 𝑦𝑦(2, 𝑗𝑗))2𝑁𝑁

𝑗𝑗=1                                                                 (1) 

where:  N – number of measurements; y(1,j) – measurement of a reference instrument; y(2,j)– measurement of a 
certain instrument or an average value of measurements of several instruments compared to the reference.  
The values of those uncertainties are represented in Table 1 as the maximum, minimum and average emission 
values for every component.   
The present results reasonably agree with those of Larjava et all. (1997) and Jaakkola et al; (1998).  The uncertainty 
values are in general similar at different levels of concentration. Obviously they are more perceptible at lower 
concentrations. Several factors could cause those uncertainties. The systematic nature of uncertainties of different 
instruments attribute to the intrinsic properties of the devices’ mechanics and optics.  Spectral cross-interferences 
of the gas mixture components are also important in case of FTIR (Larjava et all., 1997).   
The comparison of FTIR measurements with exact concentrations generated during the laboratory tests indicating 
some interference of H2O, CO2, CO and NOx are shown in Table 2. The instrument’s software includes several 
options to correct those interferences and eliminate the systematic errors, though this work demonstrates the data 
obtained using original libraries and parameters provided by the supplier. The results for H2O and CO2, abundant 
in the flue gases, have the uncertainties of less than 1% of absolute concentration. Very high absorptivity of those 
components in the infrared region facilitates the quantitative measurements.  
Uncertainties found for CO, NOx and SO2 measurements by different instruments can depend on various factors. 
Expectedly, carbon monoxide variations in the stack are higher than other components. Being mostly below 10 
ppm, concentrations of this component occasionally produce sharp peaks of considerable amplitude influencing 
the overall uncertainty values since the difference of the response time of measuring devices on the sharp 
concentration changes. The NOx concentrations are represented as a sum of NO and NO2 measured by FTIR 
instruments and direct measurements by SRM. The detection of these components could depend on the water and 
carbon dioxide interferences due to the large overlap of the spectra, as seen from the Table2. The detection of 
nitrogen oxide, a major constituent of NOx, is hampered by its lower absorption coefficient. At the same time H2O 
and CO2 could influence on the chemiluminescent measurements used as SRM for NO, due to some quenching 
effect, decreasing the apparent concentrations of nitrogen oxide (Larjava et all., 1997). All data for sulfur dioxide 
are in good agreement, the majority of measured concentrations usually at the level below 10 ppm.  
During the measurements the discrepancies of the time steps produced by the equipment and the software are 
unavoidable. There could also be some difference in the above mentioned response time of the instruments. The 
errors associated with these discrepancies can become quite noticeable at lower concentrations. The formula (1) 



originally appropriate for the identical measurements could be used anticipating occurrence of those variations. 
As seen from the Table 2 the results can vary with interferometer conditioning, which can be flushed with pure 
nitrogen or ambient air. The importance of this parameter increases at lower measured concentrations approaching 
the detection limits since it could affect the zero concentration levels.   
 
Table 1. Uncertainties of measurements of flue gas components performed at different industrial sites. 

Component H2O, % CO2,  
dry % 

CO,  
dry ppm 

NOx,  
dry ppm 

SO2,  
dry ppm 

Production facility of wood pellets and chips 
max value 20.4 12.8 269.5 207.5 167.0 
min value 16.3 10.4 1.3 130.2 64.5 
Average emission 18.1 11.4 7.7 175.6 91.7 
u, FTIR,SRM - 0.5 9.8 30.4 11.7 
Biomass power plant 
max value 10.7 13.2 204 69 3 
min value 7.5 9.3 3 45 1 
Average emission 9.2 11.8 10 60 2 
u, all instruments 0.3* 0.2 10 1 1 
u, FTIR,SRM - 0.2 10 1 1 

* Measurements between two FTIR instruments are compared 
 
Table 2.  FTIR measurements of generated in the laboratory conditions gas concentrations 

Component H2O, 
% 

CO2, 
% dry 

CO, 
ppm dry 

NO, 
ppm dry 

NO2, 
ppm dry 

SO2, 
ppm dry 

Interferometer flushed with pure Nitrogen 

Matrix1 Real 10.2 12.0 15 54 5 3 
FTIR 10.4 12.3 15 50 4 10 

Matrix2 Real 18.9 10.6 3 70 0 3 
FTIR 19.1 10.9 2 59 0 8 

Matrix2' Real 0.0 10.6 3 70 0 3 
FTIR 0.0 10.5 3 75 0 2 

Interferometer flushed with ambient air 

Matrix1 Real 10.2 12.0 15 54 5 3 
FTIR 10.4 12.4 15 51 5 8 

Matrix2 Real 18.9 10.6 3 70 0 3 
FTIR 19.1 10.9 2 61 0 6 

Matrix2' Real 0.0 10.6 3 70 0 3 
FTIR 0.0 10.6 3 76 0 2 

 
Conclusions Measurements using FTIR analysers in comparison with SRM were carried out at the industrial sites 
and in the laboratory. The uncertainties of measurements determined using the recommendations of ISO 20988 
have systematic feature caused by different factors to be taken into account. At lower concentrations the 
uncertainties of measurements become comparable with the measured values.  Flushing the interferometer with 
nitrogen improves the results of measurements.  The influence of water present in the sample on measured 
concentrations is observed. The results are in reasonable agreement with literature data.   
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Introduction 

 
The worldwide concern regarding global warming has increased the interest of using biomass as a renewable and CO2 

neutral source of energy. Pyrolysis oil (PO), as one of the most important product of biomass conversion, has the 

potential to be used as a fuel oil substitute in many applications for heat and electricity generation. However, pyrolysis 

oil properties and its behavior during combustion are considerably different from conventional fossil fuels. From a 

chemical point of view, PO contains large number of oxygenated compounds derived from the decomposition of 

biomass during thermal treatment. It has also considerable amount of water originated from both moisture content and 

the decomposition reactions. Water is homogeneously dissolved in the oil and cannot be eliminated with drying 

processes without losing volatile hydrocarbon compounds [1]. From the physical point of view, bio-oils are 

characterized by high viscosity and surface tension, low heating value and, due to multicomponent composition, a very 

wide boiling range [2]. Moreover, they are thermally unstable and when heated, undergo polymerization processes, 

leading to the formation of carbonaceous solid material (char) in the fuel supply line, at the nozzle tip and in the 

combustion chamber [1]. Van Rossum et al. [3] found that pyrolysis oil evaporation is always coupled with the 

formation of char.  
Literature survey indicates that combustion behavior of pyrolysis oil is still unknown process. More investigations is 

required to understand PO spray formation, evaporation and combustion. Especially, the impact of char formation on 

the combustion characteristics, which has been not yet explored, needs detailed assessment. Knowledge and data about 

the specifics of the processes and phenomena which interact during combustion of PO will support efficiency increase 

and design of new generation of burners operating on this bio-fuel.  

The objective of this work is to investigate pyrolysis oil combustion, taking into account mutual interactions between 

gaseous, liquid and solid fields. A numerical model that takes into account liquid fuel evaporation and gaseous and char 

combustion has been developed in OpenFOAM. The char is considered to be present in the fuel droplets and its 

oxidation is modeled after complete evaporation of liquid.  

 

Modeling 

 
A new numerical model for combustion of multicomponent and multiphase fuels has been implemented into the open 

source CFD package OpenFOAM with the Eulerian-Lagrangian formulation, where the gas phase is a continuous phase 

but each particle/droplet is tracked with a Lagrangian approach. A two way data exchange is applied between particles 

and gas phase which makes a strong coupling between Eulerian and Lagrangian domain. Each particle consist of two 

phases (liquid and solid), while it interacts with surrounding gas phase by heat, mass and momentum transfer. Due to 
small particle/droplet size and low Biot number, the intra-particle gradient of temperature and species is neglected. The 

coupling model describes the interaction between particles and environment through heat and mass transfer. Energy and 

mass are transferred from gas to particles and/or particles to gas phase as heat and mass source, respectively. A uniform 

droplet size of 50μm was applied. 

Van Rossum et al. [3] observed that some amount of solid char is always produced during the evaporation of pyrolysis 

oil (8% - 30% on carbon basis). The amount of char formation is dependent on heating rate, where higher heating rates 

produce less char. However, the process of char formation inside the droplet is not well known. In this study, since the 

droplet size is relatively small, it has been assumed that there is constant amount of char in the particles, i.e. 10 wt.%. 

Phenol and water (25 wt.%, on liquid weight basis) are used as representative for pyrolysis oil. 

 

Results 

 
Figure 1 presents the species and temperature distribution in the burner as a result of spray combustion of pyrolysis oil. 

As can be seen in Fig. 1a and 1b, phenol and water in the particles evaporate and go to the gas phase, while char 

remains in the particle. The remaining char undergoes heterogeneous reaction with oxygen. High temperature and 

enhanced CO2 concentration downstream in the domain indicate char combustion. Phenol in the gas phase reacts with 

O2 and produces H2O and CO2. It is consumed totally before the char combustion is accomplished.  
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(a) (b) 

  

(c) (d) 

Figure1: Species and temperature distribution in spray combustion of phenol/water 

 

Conclusions 

 
The research presents combustion of renewable multicomponent fuel. As a representative for pyrolysis oil droplets, a 

phenol/water blend containing 10 wt% of solid char was used. Further char formation inside the droplets, due to heat 

flux from the hot combustion environment was neglected. An Eulerian-Lagrangian transient simulation was performed 

in OpenFOAM code to study the effect of multicomponent fuel combustion on flame behavior. It was observed that 

presence of char in the fuel influences combustion process significantly. Char combustion downstream of the primary 

combustion region may result in combustion chamber fouling, walls overheating and combustion device life time 

reduction. 
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Abstract

Diesel like combustion is mostly preferred for the internal combustion engines due to its efficiency.
However, it has several drawbacks at which emissions are one of them. Reducing emissions down while
keeping the efficiency high is a tough task to cope with. In this respect, multi-phase injection studies are
performed in order to control the combustion since diesel combustion is mostly a mixing controlled
process.  In  this  project,  nominal  condition  for  the  double  injection  Spray-A  case  from  Engine
Combustion  Network  (ECN)  is  modelled  with  Flamelet-Generated-Manifold  (FGM) in  OpenFOAM
computational fluid dynamics (CFD) tool with Reynolds Averaged Navier-Stokes (RANS) turbulence
model to validate the solver code that will be used for engine applications later on. FGM is an efficient
chemistry reduction method, which holds good accuracy while keeping the computational power lower
compared to the other reduction methods for chemical kinetics, shown in Figure 1. The solver code for
OpenFOAM  is  from  Lib-ICE  library  (Lucchini,  2013).  FGM  method  is  implemented  into  the
OpenFOAM solver since the original solver utilizes Tabulation of Dynamic Adaptive Chemistry (TDAC)
method for chemical kinetics. TDAC solves transport equations for chemical kinetics online; therefore
it’s limited to chemical reaction mechanisms with 50-species and 100-reactions whilst FGM method is
suitable for larger reaction mechanisms since the chemistry is decoupled from the flow field.

Figure 1. Comparison of the rises in average pressure between TDAC and FGM chemistry reduction methods for
double injection Spray-A case (Skeen, 2015) from ECN

FGM look-up table stores sources terms for transport equations and thermophysical variables that are
required for  transport  equations  with respect  to  user-defined controlling  variables.  Besides,  selected
species  can be stored in  the  look-up table  to  be retrieved with respect  to  the  controlling variables.
Furthermore, thermophysical  properties are updated with the virtual-fuel approach.  In this respect,  a
linear system is solved to evaluate virtual species mass fractions by satisfying the conservation of energy,
mixture properties, and elemental masses, as shown in Figure 2. 



This approach improves the computational time significantly, 30 times faster for each CFD simulation of
3 [ms], compared to the original OpenFOAM solver code with TDAC and provides comparable results.

Figure 2. Linear system that is solved to evaluate the virtual species mass fractions

Figure 3 shows the chemistry effects on ignition and lift-off length for both injections that are computed
in CFD simulations with respect to the different chemical reaction mechanism, which are for n-dodecane
surrogate fuel. The smallest mechanism (Yao, 2015) in terms of the number of species gives comparable
results for ignition delays and lift-off lengths with respect to the experimental results, (Skeen, 2015).

Figure 3. Comparison of the CFD results for different reaction mechanisms for split injection of 
0.5ms / 0.5ms dwell / 0.5ms profile
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 Improving the efficiency of Diesel engine while meeting low-emission regulations is 

one of the biggest challenge of the engine manufacturers. In that aspect, Computational Fluid 

Dynamics (CFD) modeling for the modern compression ignition engine conditions is of great 

interest due to its ability to provide information about combustion that cannot be obtained by 

even the most advanced experimental techniques. Solving Reynolds-averaged Navier-Stokes 

(RANS) equations is one of the approaches to simulate these conditions. While it is extensively 

used for engine optimization and provides averaged field data with low computational cost; it 

has lower accuracy, especially for emissions, compared to more advanced Large-Eddy 

Simulation (LES). 

 In this study, LES in conjunction with a chemistry tabulation method used to understand 

two-phase turbulent combustion characteristics by focusing on the so-called spray A conditions 

[1]. Chemistry tabulation method used in this study is the Flamelet Generated Manifold (FGM), 

which is developed by van Oijen [2]. Numerical framework of the LES-FGM approach is 

shown in Figure.1. In this framework, detailed simulations of the representative 1D flames are 

performed and then the combustion information is tabulated as a function of controlling 

variables which are mainly mixture fraction and progress of the combustion. As a result; in the 

CFD part, rather than solving detailed chemistry equations, only the controlling variables are 

transported in addition to the flow equations. 

 
Figure.1 - CFD-FGM interaction 

 

 The discussion includes an evaluation of the performance of the models to predict the 

most relevant reacting spray macro-parameters, which are the ignition delay and lift-off length 

(Figure.2). This is followed by the description of the temporal evolution and localization of key 

species during auto-ignition and flame stabilization in spatial coordinates (Figure.3) and in the 

mixture fraction-progress variable space. 

 

  
Figure.2 - Maximum temperature (left) and lift-off length (right) as function of time 

 



  
 

                                                                                                                                                                                                                
Figure.3 - Contour slice of temperature (top) and isosurface of carbon monoxide at 10% of its maximum 

mass fraction colored by temperature (bottom) at different times (left to right: 0.5, 0.75, 1.0 ms) 
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The Delft Jet-in Hot Coflow (DJHC) burner is used to investigate flameless combustion by imitating the 
recirculation flow characteristics appearing in a real complex furnace via a hot diluted coflow[1]. A well-
defined stream of high temperature, low oxygen concentration combustion products is injected around the 
fuel jet as oxidizer in order to obtain ‘Moderate and Intense Low-oxygen Dilution (MILD)’ combustion 
conditions. For a range of jet and coflow conditions detailed experiments were made [2] and also several 
numerical validation studies, see e.g. [4,5]. The Eddy Dissipation Concept (EDC) model for turbulence 
chemistry interaction modeling has been widely used for modeling MILD combustion. EDC is providing 
a closure for the mean chemical source term based on a proposed microstructure of the reacting flow 
following from energy cascade concepts. It assumes that chemical reactions can only happen in the 
smallest eddies, whose size are of the same order of magnitude as the Kolmogorov scales, the so-called 
fine structures. Thus, the fraction of fine structure 𝛾𝛾∗ and mean residence time 𝜏𝜏∗ (the reciprocal of it 
denotes the mass exchange between reactants inside fine structure and the surrounding) are necessary for 
EDC simulation. They are related to turbulent kinetic energy 𝑘𝑘 and eddy dissipation rate 𝜀𝜀 (which are 
calculated from turbulent models) via two constants 𝐶𝐶𝐷𝐷1  and 𝐶𝐶𝐷𝐷2 . It has been confirmed that 𝜀𝜀 =
2𝐶𝐶𝐷𝐷1𝑢𝑢∗3/𝐿𝐿∗ = 4𝐶𝐶𝐷𝐷2𝑢𝑢∗2/3𝐿𝐿∗2. 
 
 It has been found that the standard EDC model tends to predict too early ignition and too high peak 
temperature for the JHC systems [3,4]. But by a global change of a model constant (‘residence time scale’ 
𝐶𝐶𝜏𝜏) from its original value 2.1377 to the value 3 too early ignition can be avoided [5-7] and better 
predictions were obtained. Recently, Parente et al. [8] published an extension of the EDC model containing 
position dependent values of model constants, depending on a turbulent Reynolds number and a 
Damköhler number. In standard EDC, Kolmogorov scales are used as fine structure characteristics. 
However, due to “distributed” reaction zone and thus reduced temperature and species gradients in MILD 
conditions, the relevant characteristics 𝛾𝛾∗  and 𝜏𝜏∗  can be different. In the extended EDC model the 
assumption of reaction zones as small scale eddies of the Kolmogorov length scale 𝜂𝜂 = (𝜈𝜈3/𝜀𝜀)1/4 is kept. 
But the velocity scale is replaced by the turbulent flame speed 𝑆𝑆𝑇𝑇 = 𝑆𝑆𝐿𝐿�𝑅𝑅𝑅𝑅𝑇𝑇 + 1, where 𝑆𝑆𝐿𝐿 is the laminar 
flame speed and the Reynolds number 𝑅𝑅𝑅𝑅𝑇𝑇  is only related to fluid motion properties (𝑅𝑅𝑅𝑅𝑇𝑇 = 𝑘𝑘2/𝜈𝜈𝜀𝜀). 
Defining the chemical time scale as the time needed to traverse the fine structure with the laminar flame 
speed 𝑆𝑆𝐿𝐿, a Damköhler number based on the fine structure time scale and the chemical time scale can be 
defined and after some derivation two adjusted fluid motion based model constants are obtained: 

𝐶𝐶𝜏𝜏 = 1
2

1
�𝑅𝑅𝑅𝑅𝑇𝑇+1𝐷𝐷𝐷𝐷

                                                                    (1) 

𝐶𝐶𝛾𝛾 = [3
2

(𝑅𝑅𝑅𝑅𝑇𝑇 + 1)]1/2𝐷𝐷𝐷𝐷3/4                                                        (2) 
where 𝐶𝐶𝜏𝜏  and 𝐶𝐶𝛾𝛾  denote residence time constant and fine structure volume constant, respectively. 
Compared to Parente et al. [8] the exponent of Da has increased from ½ to ¾ by taking into account that 
the time scale needed to cross the small scale structure is not identical to the time scale needed to traverse 
the laminar flame thickness. In the EDC model the fine scale structures react as plug flow reactor over the 
Kolmogorov time and the mixing with the surroundings is controlled by the large scale turbulence time. 
The chemical time scale used in Da is derived from a one step mechanism [9]. A comparison of standard 
EDC, global modified EDC constants based on experimental data and extended EDC model are shown 
below. The new extended EDC model shows better agreement with the experimental data. 
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(a) Height 30 mm (b) Height 60 mm (c) Height 90 mm (d) Height 120 mm 

Fig. 1. Measurements and EDC model predictions of mean temperature at different heights 

    
(a) Height 30 mm (b) Height 60 mm (c) Height 90 mm (d) Height 120 mm 

Fig. 2. Measurements and EDC model predictions of mean axial velocity at different heights 
The overestimation of peak temperature is reduced significantly in the case of the extended EDC model, 
especially for further downstream area. The temperature on the axis is also in better agreement with 
experiment. It should be pointed out that different EDC models do not change the fluid field a lot, which 
respects to the concept that fluid motion dominates the reaction zones, only standard EDC model shows 
slightly difference.  

Fig. 3. Turbulence model effect  
The effect of turbulence model has also been investigated. It has been found that using the standard 𝑘𝑘 − 𝜀𝜀 
model the temperature peak is more overpredicted than using the Reynolds Stress Model (RSM). The 
prediction of the flow field (mixing) around the momentum shear layer is sensitive to the choice of 
turbulence model. 
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Abstract 

The goal of the present work is to investigate the effects of a heat exchanger on the instabilities in a Rijke tube. The 

motivation is the experimentally observed fact that the presence of the heat exchanger in a practical boiler changes 

the acoustics of the system. While the interactions between acoustic waves and premixed flames have been well 

studied in the literature, the thermoacoustic effects of the heat exchanger as a heat sink has mainly been ignored. In 

this study, we strive to reveal these effects on the stability of the system. This is achieved using a Helmholtz solver 

for modeling thermoacoustics in a Rijke tube including a heat source and a heat sink. We perform a parametric study 

on the interaction indices and time delays of the elements. The chosen values are then refined based on previous CFD 

calculations for a more detailed analysis. The results demonstrate that the heat sink can enhance as well as suppress 

the instabilities. Therefore, it is of utmost importance to study the thermoacoustics of both elements together to have 

a correct prediction of the system stability.  

 

Introduction 

Many researchers have investigated the thermoacoustic instabilities in lean premixed systems focusing on 

characterizing flame transfer functions for various types of flames [1-4]. While the interactions between acoustic 

waves and premixed flames have been well studied in the literature, the thermoacoustic effects of the heat exchanger 

as a heat sink has mainly been ignored. In this study, we strive to reveal these effects on the stability of the system. 

This is achieved using a Helmholtz solver for modeling thermoacoustics in a Rijke tube including a heat source and a 

heat sink. The chosen values for thermoacoustic properties of the elements are based on previous CFD calculations of 

a simplified setup comprising of wedge shaped (2D) premixed flames with cylindrical heat exchanger tubes placed 

downstream the flames [5]. This configuration is practically relevant as it is representative for the design of a majority 

of boilers and is composed of relatively simple elements that have been intensively studied separately [6-8]. 

 

Rijke Tube Model 

An illustration of the Rijke tube with its dimensions is shown in Figure 1. The tube length is 1m and the heat source 

and sink are located at X=0.25 and 0.75m, respectively.  

 
Figure 1. The Rijke tube model. 

 

The Helmholtz solver COMSOL was used to calculate the eigenfrequencies and corresponding growth rates of the 

system. The heat source and sink were modeled by an interaction index, n, and a time delay, , using the methodology 

described in [9]. We use subscripts 1 and 2 for the properties of the heat source and sink, respectively. The parametric 

study was performed for 0≤n≤1 and 0≤≤3ms for both elements. The effects of the mean flow and temperature 

variations are neglected in order to make the analysis simpler and isolate the effects of other parameters.  

 

Results and Discussion 

Figure 2 shows the eigenfrequencies and corresponding growth rates for varying 1 and 2 between 0 and 3ms when 

n1=n2=1. The eigenfrequency predominantly decreases with an increase in any of the time delays. For 1<2ms, 

maximum growth rate occurs for 2=0.5ms, with a large deviation from 2=0ms. This is specifically interesting because 

previous CFD simulations have revealed that the interaction index and time delay of a tube heat exchanger is much 

smaller than that of flames [5]. It can be seen in Figure 2 that smaller values of 2 are even more critical than larger 

ones. Therefore, further analysis was made for 0≤2≤0.5ms and the results are plotted in Figure 3.  



  
Figure 2. Eigenfrequencies and corresponding growth rates for 0≤1≤3ms and 0≤2≤ms when n1=n2=1.  

 

Figure 3 illustrates the eigenfrequencies and corresponding growth rates for 0≤n2≤1 and 0≤2≤0.5ms when n1=1 and 

t1=1ms. The results show that as long as n2 is not zero, any increase in the time delay of the heat sink (in the specified 

limits), increases the system instability. The same analysis for other values of 1, or further increase in 2 will result 

in local maxima which should be investigated per case and are beyond the scope this short communication. However, 

more detailed results will be orally presented.  

 

  
Figure 3. Eigenfrequencies and corresponding growth rates for 0≤n2≤1 and 0≤2≤0.5ms when n1=1 and 1=1ms.  

 

These results demonstrate that the heat sink can enhance as well as suppress the instabilities. Therefore, it is of utmost 

importance to study the thermoacoustics of both elements together to have a correct prediction of the system stability.  
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We report on a comparative study of model predictions of jet-in-hot-coflow flames. The Delft Jet-in-Hot-
Coflow (DJHC) burner was built to mimic the important characteristics of flameless combustion without 
the complications of a real furnace [1,2]. The DJHC burner has been used to create a turbulent diffusion 
flame of Dutch Natural Gas in a coflowing oxidizer stream of high temperature with low oxygen 
concentration. The experimental database contains the results of high speed chemiluminescence imaging, 
velocity statistics from LDA measurements and temperature statistics from CARS measurements. In 
recent years several computational studies have been made using the DJHC burner as validation database 
[3-9]. It has been shown before that predictions are sensitive to the coflow radial profiles of temperature 
and oxygen concentration, to the representation of effects of entrained air, and to turbulence-chemistry 
interaction and this is also the focus of the present study. Table 1 gives a summary of the models used. 
 

Table 1: Overview of submodels and boundary conditions 
 RANS-EDC RANS-CSE [8] LES-CSE [9] LES-FGM 

Domain (mm) 
Axial-radial 

2D 
225 x 80 

2D 
225 x 80 

3D cylindrical 
225 x 80 

3D  Cartesian  
250x43x43 

Grid size (#)  27175 31250 1.5 106 7.5 106 
Platform ANSYS OpenFOAM OpenFOAM In-house 

Turbulence  RANS RANS LES LES 
Closure model RSM Realisable k-ε Smagorinsky Vreman (2009) 
Kinetic scheme GRI 1.2 GRI 2.11 GRI 2.11 GRI 3.0 

Reduction DRM19 TGLDM 
 

TGDLM FGM: Igniting 
mixing layer Le=1 

flamelets  
Turb-chem-
interaction 

EDC 
Cτ=3 

Multistream CSE 
(two mixture 

fractions, β-pdf) 

Multistream CSE 
(two mixture 

fractions, β-pdf)) 

SGS fluctuations 
neglected  

Scalar equations Mean of species 
Mean of 
enthalpy 

Mean and variance 
of two mixture 

fractions 
 

Resolved mixture 
fractions and SGS 

variances 
Resolved enthalpy 

Resolved mixture 
fraction and resolved 

progress variable 
Resolved enthalpy 

Radiation Not included Not included Optically thin. 
TRI not included. 

Not included 

Scalar BC  
Coflow mean T 
Coflow Trms 
Coflow O2 
mass % 
 
Surrounding‘Air’  

 
From expt. 

Set to 0 
Mean 7,6% 
Profile from 

expt. 
Air 300K 

 
From expt. 

Set to 0 
Mean 7.6% 

Coupled to mean T 
Air 300K 

 
From expt. 

Set to 0 
Mean 7.6% 

Coupled to mean T 
Air 300K 

 
From expt. 

Set to 0 
Mean 9.5% 
Flat profile  

Coflow comp. at 
300K 



 
In the EDC model a model constant was changed from its default value to obtain the correct lift-off 
height. The CSE model [8,9] uses a double conditioned conditional source term estimation (CSE) 
formulation of turbulence chemistry interaction including two mixture fractions. The FGM model is 
based on flamelets computed using one-dimensional igniting mixing layers with constant unity Le. The 
progress variable is based on CO2, H2O and H2. In the FGM model, the SGS-variance of mixture fraction 
and progress variable are obtained from algebraic equations, but this information has not been used in 
calculation of subgrid scale influences on resolved properties (density, resolved temperature).  
 
Representation of the non-uniform radial profile of scalar properties at the inflow boundary is an issue for 
the mixture fraction based approaches. In the LES-CSE a second mixture fraction is used to represent 
temperature variation and oxygen variation is coupled to the same mixture fraction. In the LES-FGM 
temperature variation is included via the enthalpy equation and considering flamelets with heat loss at the 
oxidizer side. The oxygen variation is not taken into account. This simplification is based on a separate 
study showing that ignition delay is much more sensitive to temperature variation than to oxygen 
concentration variation. Figure 1 shows snapshots of scalar fields from LES-FGM.  The poster presents 
comparisons of predicted velocity and scalar statistics, also compared to experiments, at the heights 15, 
30, 60 and 90 mm above the burner exit. Figure 2 shows the good agreement obtained for mean 
temperature at 30 mm but for large axial distance significant differences are observed. Overall best results 
are obtained with the LES-CSE model of [9]. Additional results on the case studied here are presented at 
this meeting in the presentation by A. Vasavan and J.A. van Oijen and the poster by H. Bao et al.. 
                                                        
 

 
Figure 1                                                                                        Figure 2 
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In this work, we propose an innovative approach intended to improve the general accuracy of the 
Flamelet Generated Manifolds chemistry reduction method. It is based on increasing the dimensionality 
of the FGM by allowing for an additional degree of freedom. This extra dimension of the manifold 
accounts for chemical kinetics, describing conversion of one species into others. We follow the ideas of 
ILDM to perform a time scale analysis of chemical source term. It is done locally in each grid point of 
the FGM, yielding the local chemical time scales and the directions in composition space of their 
corresponding reaction groups. The assumption is that the chemistry evolution quickly vanishes in the 
directions of the fast reaction groups. This means that the reaction process develops only along the few 
“slowest” directions. Then the FGM is extended locally by the directions of the slow chemistry. Still, 
the movement in the direction of the extension is bound to the narrow vicinity of the original manifold. 
An additional transport equation needs to be 
solved for the secondary reactive control 
variable used to parametrize the movement in 
the direction of the extension. The movement 
on the manifold along the 1D FGM is still 
parametrized by the reaction progress variable, 
which is the main reactive control variable. This 
approach is not restricted to just one additional 
dimension. On the contrary, an arbitrary 
number of chemically reactive dimensions can 
be included. 

The performance of the new developed model 
is examined in one-dimensional test 
configurations, which simulate the process of 
expansion of a mixture of burnt gases. The 
purpose of this theoretical exercise is to obtain 
conditions severe enough for the 
thermochemistry to go off the FGM with one 
chemical degree of freedom, in the direction of 
the secondary reactive dimension. In the 
utilized test cases, this is achieved by the high 
rate at which the expansion happens. These fast 
time scales of the change of the thermodynamic 
variables can interact with the post flame 
chemistry, for example altering the 
concentration of the pollutants. The idea of expansion or compression of burnt gases can be related to 
several applications. Often, expansion of burnt gases is used to convert the released heat into work. 
Here, we adopt a somewhat idealized test case setup that resembles the idea of the gas turbine stators, 
also called the nozzle guide vanes (NGV). There, the burnt gases, formed in the combustor, are led 
through a decreasing area duct. Accompanied by the decrease of temperature and pressure, the velocity 

Figure 1: FGM with two reactive dimensions, Nr=2. FGM with 
one reactive dimensions is shown by the blue line. Directions of 
the two slowest reaction groups, �⃗�𝑣1 and �⃗�𝑣2, locally span the 2D 
manifold. Coordinate axes represent the scaled progress variable 
𝑐𝑐 and the mass fractions of CO and NO. To aid the visualization, 
the projections on the coordinate planes are shown in grey. 



increases almost up to the speed of sound. Due to the high velocity, the residence time inside the NGV 
is small, resulting in a high rate of cooling and expansion. 

The results of the test problems show that the FGM 
method with one additional reactive dimension 
yielded a better agreement with the detailed 
chemistry simulations. Improvements are observed 
for the source terms of the reactive control 
variables and for the species composition. Also, the 
accuracy of the CO and NOx predictions increased 
by an order of magnitude. 

Figure 2: NGV simulation results for the mass fraction of 
CO. The relative performance of the manifolds with one and 
two reactive dimensions (Nr=1 and Nr=2) is compared. 
Detailed chemistry (DC) predictions are used as reference 
for the FGM results. FGM with two reactive dimensions 
shows a good agreement with DC, in counterpart to the 
FGM Nr=1, which yields qualitatively incorrect predictions. 
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Fig. 1. Schematic of the light scattering setup. The 
angular orientations of the collection systems are 
stated with respect to the forward direction of the 
laser beam. 
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Combustion generated particles such as soot can have a significant impact on the environment 
and human health; an impact that is strongly linked to their size and structure. Primary soot 
particles generated in the incomplete combustion of hydrocarbons coalesces together into 
particles which subsequently form even larger aggregates of various shapes and sizes. Despite 
much research into this topic, modeling and predicting soot formation and growth in flames 
remains challenging. Experimental studies of the formation and growth of soot are 
indispensable to gain a better understanding of relevant processes. To investigate aggregate 
growth in premixed C2H4/air flames as a function of residence time, we used angle-dependent 
light scattering – which does not rely on detailed knowledge of the soot’s optical properties – 
as a quicker and less invasive alternative to ex-situ methods such as TEM. 
 
The flame temperature in these experiments is controlled by changing the exit velocity of the 
gas mixture and determined by solving the governing equations with Cantera suite code using 
the chemical-kinetic San Diego Mechanism. In addition, at least up to an equivalence ratio 𝜙𝜙 
of 2.1 we are able to measure the flame temperature through spontaneous Raman 
spectroscopy. The flame temperature was determined by fitting recorded spectra, using the 
same experimental setup and procedure as described by Sepman et al. [1]. In richer flames it 
becomes increasingly hard to recover the Raman signal from the high soot black-body 
background. 
 
The experimental setup used for the angle-
dependent scattering measurements (Fig. 
2) was used before for measurements of 
silica particles [2]. In short, a 532 nm laser 
is directed through the flame and the 
scattered light is measured simultaneously 
by photomultipliers placed at four distinct 
angles (42°-133°). The angle dependence 
of the scattered signal can be used to 
determine the mass-averaged root-mean-
square radius (radius of gyration) 𝑅𝑅𝑔𝑔 of 
the aggregates. One of the main 
challenges of this technique lies in the 
very weak angle dependence of the 



Fig. 2. Normalized scattering data for a 1600 K 
rich (𝜙𝜙 = 2.1) flame at multiple heights above the 
burner (HAB).  Linear fits provide the particles’ 
radius of gyration 𝑅𝑅𝑔𝑔: 10.2, 16.7 and 20.4 nm at 
HAB 15, 20 and 25 mm respectively. 

Fig. 3. Spontaneous Raman spectrum of Nitrogen 
in a rich (𝜙𝜙 = 2.1) ethylene flame. From fitting we 
find a temperature of 1600 K. 

scattering signal for small particles. This necessitates effective suppression of any background 
light (including black body emissions of soot) and accurate calibration of the measured 
signals, which we attain by using Rayleigh scattering from SF6. 
 
Some preliminary results are presented in the figures below. Fig. 2 shows the spontaneous 
Raman spectrum measured in a rich (𝜙𝜙 = 2.1) ethylene flame; fitting this spectrum gives a 
flame temperature of 1600 K. Fig. 3. shows scattering data obtained in this flame for multiple 
heights above the burner (HAB), as function of 𝑞𝑞2, where 𝑞𝑞 is the scattering wave vector (a 
function of the scattering angle). The soot particles’ 𝑅𝑅𝑔𝑔 is provided by linear fits of the data; 
results show that particle size increases with increasing HAB, which is in line with 
expectations. The apparent bend in the data warrants some more attention, but is likely an 
experimental artifact resulting from the very small relative changes in signal and slightly 
imperfect calibration. 
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In order to decrease the amount of CO2 that a household 

produces when using energy, a new concept is currently 

being tested. The heart of the new concept, baptized 3PX for 

Three Power Crossover, is a generator driven by an internal 

combustion engine, normally used as a range extender in a 

plug-in hybrid car. In this concept the hybrid car will use 

natural gas as a fuel to provide the household with heat, 

electricity and mobility. It is therefore a “bridge” between the 

three biggest household energy needs (see Figure 1). The 

concept can be operated in such a way that it becomes an important addition in the energy transition and a 

building block of smart grids. 

Benefits 
Model calculations show that by utilizing a plug-in hybrid electric vehicle as a micro-CHP, there is potential to 

decrease greenhouse gas emissions and energy costs with relatively low investment. The calculations 

demonstrated that this combination is energetically, economically and environmentally positive. Financially, a 

Dutch  household with an relatively well-insulated house will almost half the yearly energy costs, going from 

around 1200 euro to around 700 euro. Calculations indicate that the total CO2 emission of a household, including 

emission directly traceable to energy usage such as: 

emission from power plants, central boiler system and 

tailpipe emissions, but excluding material mining and 

production, can decrease from 9000 kg to 5000 kg. 

From the 4000 kg yearly decrease roughly half comes 

from the household heating and the other half comes 

from switching from a petrol powered car to a CNG-

electric-hybrid powered car. 

Additional benefits include the extra energy flexibility 

that this concept delivers, which can potentially 

increase the availability of intermittent renewable 

energy sources. With an increasing amount of 

photovoltaic energy, the difference in availability of 

energy during summer and winter (which is intensified 

by utilizing heatpumps), can be mitigated by using the 

concept. Both additional benefits are also noticeable 

with most other types of (micro-)CHP installations. 

Experimental results 

A setup is build (Figure 2), which can replicate the operation modes of a range-extender. It consists of a 

Suzuki 1.0 liter engine (left) running on natural gas, which drives a generator (right). The electricity 

that is produced is fed into the grid. The coolant passes the exhaust gas cooler (bottom), the engine 

block and the heat exchanger (right top, behind the generator). The heat exchanger simulates the heat 

use of a household and cools down the coolant. In Figure 3 a preliminairy result is shown in which the 

 

Figure 2: The test bench setup with the internal combustion engine 

and generator. 

 

Figure 1: Schematic overview of the 3PX concept. 



electrical as well as the thermal efficiencies are 

shown as a function of ignition timing. It can be 

seens that the maximum combined  efficiency, at 

ignition at 24 degrees before top dead center, is 

around 82%. The maximum electrical efficiency 

is 29.5%. This might seem low, however 

because of material constrains in the exhaust, the 

maximum intake pressure was 84 kPa at 1600 

rpm, whereas the maximum efficiency of this 

engine is expected to be at 3000 rpm and an 

even higher intake pressure. 

Future work 

The setup will be upgraded with an additional 

exhaust gas cooler in order to test higher engine 

loads. It is predicted that this will give higher 

efficiencies and more insight in the optimal engine parameters. In the near future different types of 

natural gas (such as green gas and Bio-LNG) will be tested. 

This will make sure the concept is futureproof and can be 

fully sustainable without major obstacles. Furthermore, 

research will continue to experimentally prove the concept 

both in laboratory as well as in realistic circumstances. To 

test the concept in a realistic environment a second setup 

will be build inside a Nissan Leaf (Figure 4). This electric 

car will then become a CNG-hybrid that will be connected 

to a household, in order to gain further insight in the 

feasibility of the concept and the effects on local (smart) 

energy grids. 

 

 

 

 

Figure 3: (Preliminary) efficiencies of the setup as a function of 

ignition timing. The red line is the electrical efficiency, the green 

line is the thermal efficiency and the blue line is the sum of the 

green and red line. 

 

Figure 4: A Nissan Leaf will be used to further test 

the concept. 



 
1. Introduction 

Using of non-equilibrium Plasma-assisted for 
ignition, combustion and high speed flow 
applications are rapidly developing in the last 
decades due to its ability to produce a large amount 
of radicals and excited species. Which has a great 
potential in flame stabilization and emission 
control.  

Although many studies have demonstrated the 
effectiveness of plasma to enhance combustion 
properties, the detailed enhancement mechanism is 
still highly unknown.  Toward a better 
understanding of the flame behavior under plasma 
effect, a one dimensional flame structure setup 
integrated with a non-thermal plasma source has 
been designed. 
 

2. Experimental setup 

Fig. 1 shows schematically of the burner setup. The 
main parts of the setup are the plasma reactor which 
is the source of the non-equilibrium plasma. This 
reactor uses the DBD (Dielectric barrier discharge) 
for non-equilibrium plasma generation. The reactor 
consisting of four layers of electrodes separated by 
three layers of dielectric material as shown in the 
detailed view. The 1mm think perforated burner 
plate has holes of 0.5mm diameter with 1.0 mm 

pitch drilled in hexagonal pattern. The upper and 
lower copper layers works as (cathode) grounded 
electrodes, while the inner electrodes are the 
(anode) high voltage side. This design allows the 
flow to interact with the plasma by pass through the 
plasma micro holes meanwhile it works as a burner 
plate.  

A non-thermal plasma is produced by a 
semiconductor based generator model (NPG-
6/15k). An electric positive polarity pulses of 3.5 
kV in amplitude, 10 ns in duration and 3ns rise time 
is created at a repetitive frequency of up to 20 kHz 
(Fig. 3). The generator is externally triggered by 
frequency generator model (FY22S). The voltage 
and the current are simultaneously monitored by 
data oscilloscope. The High voltage is recorded 
using a high-voltage probe model (HVP-18HF -
150MHz), and the current through the electrodes is 
measured using measured with a Pearson Coil 
(Model 2877) 

A nanosecond repetitively pulsed plasma (NRPP) 
has been used to stabilize and improve the 
efficiency of a lean laminar premixed Methane/air 
flame at atmospheric pressure. We show that, the 
plasma produces a radical pool as well as heat that 
helps the flame for stabilization. Optical emission 
spectroscopy measurements is used to determine the 
concentration of the active species produced by the 

Plasma Assisted Combustion: Interaction of a Flat Flame  
with a Nanosecond Dielectric Barrier Discharge Plasma 

Ahmed Elkholy, Jeroen van Oijen, Philip de Goey  
† Mechanical Engineering Department, Eindhoven University of Technology 

Contact: A.Elkholy@tue.nl  

Fig.1	schematic	of	the	test	
setup.	



plasma discharge.   
 

3. Experimental results 
Emission spectra of the plasma:  

In this study, spectra of the free radicals for the 
plasma were recoded using spectrograph (Acton 
sp300) and CCD (model PI-MAX III), the 
spectrometer lens is focused just above the plasma 
reactor. Example of such spectra are presented at 
different air flow rates in fig. 2. The signal is 
average over 1000 Pulses.   

It is highly noticeable that the plasma discharge of 
air in atmospheric pressure is very rich of excited 
radicals  

 

 

 

 

 

 

 

 

 

Fig. 2 emission spectra of the plasma for different 
flow velocity at atmospheric pressure. 

Lean flammability limit:  

Fig. 3 shows the effect of plasma at different 
frequencies on the lean blow-off equivalence ratio 

of the methane /air flame. 

Fig. 3 lean blow-off equivalence ratio as a function 
of plasma frequency 

Flame standoff height 

Fig.4 shows that plasma has been successfully 
reduced the stand-off height of the methane/air 
flame as a result of the thermal and chemical effect 
of the non-thermal plasma.  

Fig.4. direct image shows the comparison of the 
flame standoff height at the same flow conditions 
with (right) and without plasma (lift).  
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Abstract 

In the near future hydrogen will be added to the natural gas supply in the Netherlands. Addition 

of hydrogen in the natural gas leads to lean combustion, which in turn leads to low emissions. 

However, the stability of flames with hydrogen addition poses a problem with respect to blow-

off. Bluff body flames present an interesting case study for examining the effects of the 

hydrogen addition, both experimentally and numerically.  

In the current work, a numerical study of such flames is carried out using Ansys Fluent software 

for a number of cases with and without hydrogen addition into methane gas. Experimental 

studies are also performed using the setup shown in figure 1. A uniform flow profile is generated 

using perforated plates upstream of the bluff body. Bluff body is made from brass and is 

enclosed in a glass tube. Figure 2 shows the CH concentration contour obtained from the 

experimental results for a case with hydrogen addition. A similar numerical setup is modelled 

with the conjugate heat transfer. By varying the inlet flow velocity and the fuel equivalence 

ratio, flame stabilization, effects of preferential diffusion and blow-off phenomenon will be 

studied in detail.  

 

  

 

 

 

 

 

 

 

 

Temperature contours for different fuel equivalence ratios (phi) are shown in figure 3 and figure 

4 for inlet flow velocity of 1 m/s and 0.5 m/s respectively. The effect of flow velocity is evident 

from the difference in the flame shape and the curvature. Steady simulations have been 

performed for near lean blow-off limit. Analysis of the flame stretch rate, local equivalence 

ratio and heat transfer will reveal further knowledge about the stability of these flames. 

Figure 1 Experimental setup for bluff body flame 

Figure 2 Experimental CH concentration contours 
for inlet velocity =1 m/s and fuel equivalence ratio 
= 0.55 (fuel: 20%H2+80%CH4) 
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Figure 3 Temperature contours (in Kelvin) for 20% Hydrogen and 80 % Methane with inlet velocity of 1 m/s 

 

 

Figure 4 Temperature contours (in Kelvin) for 20% Hydrogen and 80 % Methane with inlet velocity of 0.5 m/s 
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