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Abstract: In this paper, the effects of biogas hydrogen enrichment on the characteristics of co-flow non-
premixed flameless combustion and pollutant formation are developed experimentally and numerically. Biogas
(40% CO, and 60% CH.) is applied in the flameless furnace as a fuel and the combustion stability, temperature
uniformity inside the chamber and NOy formation are studied when hydrogen is added to the components of
biogas form 2% up to 10% by volume. A numerical approach by Flamelet combustion and turbulent standard
k—e model is applied. The results indicate that stability of the biogas flameless regime and uniformity of the
temperature within the chamber could be ensured by adding just 2% hydrogen to the biogas components. In the
further hydrogen concentrations, the peak temperature increases however compared to 2% hydrogen
concentration, the mean temperature throughout the chamber reduces. The rate of NOyx formation mitigates
when hydrogen is added to the biogas components up to 4% by volume. However, from 4% to 10% additional
hydrogen, the rate of NOy constitution intensifies due to high peak temperature.

Key-Words: Biogas, Hydrogen, Flameless combustion, Flamelet, NOy

1 Introduction feasible due to the low calorific value (LCV) of
Today, fossil crisis and pollutant formation cause biogas and biogas should be upgraded to remove
serious problems, which challenge the conventional impurities such as CO; and H.S [4]. In recent
fuel utilization patterns. To address these dilemmas, decade, rapid industrialization along with fossil fuel
a high quality fuel named hydrogen energy has been depletion, GHGs generation and global warming
introduced to replace the traditional one. However, (GW) have brought great attention to academic
storage and transport of pure hydrogen is difficult societies and industrial sections to reduce pollution
due to its high flammability and diffusivity nature. and increase the combustion efficiency. Flameless
Therefore, hydrogen enrichment of various gaseous combustion is a promising technology for replacing
fuels like methane (CH.) and propane (CsHs) have the conventional combustion technologies due to its
been developed. Hydrogen containing fuels (HCFs) capabilities to mitigate fuel consumption and control
could be achieved by biomass gasification to pollutants formation simultaneously. Flameless
generate electricity by direct combustion [1]. combustion technology could decrease_ the flame
Although the stability of flame is ensured due to temperature and reduce NOx concomitantly and
high flammability of hydrogen, NO, may be largely offering uniform temperature field. While reducing
formed via thermal-NO, mechanisms due to the the residence time and the oxygen concentration in
high adiabatic flame temperature of the HCFs [2]. the hlgh temperature reaction zone, the temperature
By using premixed combustion systems, NOx could gradient and the hot spots in the furnace are
be suppressed in very lean mixtures, however this suppressed [5]. Thus thermal-NOx can be reduced to
could produce flashback phenomena and stability a low level. Flameless combustion is generally
problems. Meanwhile, biogas generated from achieved when diluted oxidizer is preheated over the
anaerobic digestion (AD) of biomass is a renewable auto-ignition temperature of the fuel. Fuel oxidation
source of energy for combined heat and power process is distributed across a large volume of the
(CHP) generation. Likewise, environment could be combustion chamber rather than limited to a flame
preserved from greenhouse gases (GHGs) emissions front, subsequently eIiminat_ion (_)f peak temperatures
by capturing biogas from waste materials [3]. and thermal NOy suppression is expectable in the
However, industrial utilization of pure biogas is not flameless mode. Flameless combustion technology
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is suitable for those industries that high and uniform
temperature distribution inside the combustion
furnace is vital (e.g., in the glass making process,
steel and ceramic industries) [6]. Furthermore, since
combustion of LCV fuel in the flameless mode is
well sustained, biogas released from waste products
could be applied for CHP generation purposes in the
flameless chambers and waste-to-well strategy
could be adopted properly by biogas flameless
technology [7]. Indeed, flameless combustion of
hydrogen-enriched biogases could be interesting due
to specific properties of hydrogen such as very high
heating value, laminar flame speed and adiabatic
flame temperature and combustion could be
sustained when hydrogen is added to the fuel [8]. In
the other hand, depend on the biogas feedstock,
hydrogen could be one of the ingredients of biogas
and the percentage of hydrogen could be increased
by adding some additives [9]. Hence, study about
the behavior of hydrogen-enriched biogas
combustion is more highlighted in terms of
management of biogas resources. Recently, many
experimental and numerical investigations have
been performed to clarify various nuances of
hydrogen-enriched fuel in the flameless combustion
method. Derudi et al. [10] successfully utilized the
byproduct gases of the coke making process which
is called coke oven gas (COG) (a mixture of CH4
and Hz with 40% and 60% by vol respectively) in
flameless furnace. The numerical Kinetic results of
different CH4/H> mixture flameless combustion
simulated by Yu et al [11] were in agreement with
the experimental results. Sabia et al. [12] pointed
out that addition of small amounts of H,, reduces the
thermo-kinetic instabilities of CH. flameless
combustion. Since modeling of turbulence and
chemistry interactions plays crucial role to figure
out various aspects of flameless combustion
phenomena, numerical investigations have attracted
more attentions. In traditional combustion, the fuel
oxidation processes take place instantaneously and
the reaction rate is governed by turbulent mixing.
However, in flameless mode, the low reactants
concentration leads the combustion system to an
augmentation of the chemical timescales. The
turbulent mixing timescales decreases due to
enhance turbulence levels emerged by extremely
high speed of reactants. Consequently, the chemical
and turbulent timescales become similar and the
Damkohler number (the ratio of turbulent to
chemical timescale) approaches unity [13]. In these
circumstances both chemistry and mixing issues
should be taken into account in the numerical
analyses [14]. Christo and Dally et al [15] stipulated
that molecular diffusion plays crucial role in the
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simulation of a jet of CH4/H2 in hot co-flow (JHC)
flameless mode. They compared different models of
chemical Kkinetic, turbulence and combustion to
anticipate their experimental data and concluded
that the numerical results of Eddy Dissipation
Concept (EDC) model are accurate for high
percentages of oxygen in hot co-flow. They also
claimed that the accuracy of EDC modeling with
detailed chemical kinetics is more than global
mechanisms. Parente et al. [16] claimed that the
effects of molecular diffusion in the temperature of
the flameless semi-industrial burner are negligible
when internal exhaust gas recirculation is applied.
The effects of various combustion models (EDC and
Eddy Dissipation/Finite Rate (ED/FR)) and different
kinetic mechanisms (GRI-3, DRM-19 and global)
on CHs and CH4/H; mixture combustions were
investigated. Based on their numerical and
experimental results, the role of a detailed chemistry
approach in the modeling of flameless combustion
structure is more highlighted. It was concluded that
the role of molecular diffusion is depend on the way
in which flameless mode is achieved. In an
experiment done by Dally et al. [17], a jet of CH4/H>
was conducted to a hot co-flow oxidant stream in
flameless conditions and the effects of various O
mass fractions of co-flow on the characteristics of
combustion were investigated at different distances
from the burner. The effects of various turbulence
models (k —¢ and the Reynolds stress model (RSM))
on the flameless combustion structure under EDC
chemistry interaction were investigated by
Frassoldati et al. [18] and some differences in NO
prediction between experimental and numerical
results were reported. These discrepancies were
attributed to the overestimation of the temperature
in simulations. lhme and See et al. [19] modeled
MILD combustion by Large eddy simulations (LES)
where presumed probability density function (PDF)
was applied to simulate the turbulent chemistry
interaction. It was found that equality of numerical
results and experimental records significantly
depends on the selection of appropriate boundary
conditions. Moreover, LES method has great
capability to predict the behavior of flameless
combustion regime. The impacts of the fuel
Reynolds number on the structure of the MILD
flameless combustion was studied by Medwell et al.
[20] by analyzing the distribution of temperature,
CH,0 and OH in the furnace. Their results indicate
that the augmentation of the fuel Reynolds number
suppresses OH distribution and eliminate visible
local flames. Moreover, higher mass fraction of
CH20 in low oxygen concentration condition is
recorded due to reduction in reaction rates.
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Oldenhof et al. [21] applied Planar Laser Induced
Fluorescence (OH-PLIF), Laser Doppler
Anemometry (LDA) and Coherent Anti-Stokes
Scattering (CARS) to investigate the interaction of
chemistry and turbulence in the several hot co-flow
jet flames. They concluded that chemical reactions
cause a minor effect on the velocity in these flames.
Indeed, it was shown that in high jet Reynolds
numbers the jet lift-off increases [22]. In
combustion modeling of hydrogen-enriched fuel, it
was claimed that the Arrhenius reaction rate
increases due to the growth of the temperature, and
the rate of O, consumption in the lean mixture is
enhanced. It was found that in the combustion
simulation of hydrogen-enriched gaseous fuel, fast
chemistry models are superior due to their low
computational cost. Indeed, the conserved scalar
model as a subcategory of some other models such
as flame sheet, laminar Flamelet and conserved
scalar models with equilibrium chemistry is defined
based on the relationship of the flame thermo-
chemical characteristics as a function of the mixture
fraction. However, some researchers claimed that
due to the nature of chemical mechanisms of
hydrogen-enriched fuel flameless combustion,
ED/FR and EDC combustion mechanism should be
taken into account and fast chemistry approaches
like Flamelet and Eddy Dissipation Method (EDM)
are not appropriate [23].

On the other hand, wvarious chemical reaction
mechanisms have been applied in hydrogen-
enriched gases fuel simulation. llbas et al. [24]
employed only seven species and Yilmaz et al. [25]
used GRI mechanism with 18 species. GRI2.11 was
applied by Ravikanti et al. [26] and it was found the
simulated results are in good agreement with the
results of a reduced DRM-22 mechanism [27]. In
the combustion simulation done by Frassoldati et al.
[18], 600 reactions were implemented when 48
species were considered. Totally, a great variety of
turbulence modeling, chemical reaction and
interaction of these two have been introduced,
however there is no universal suitable model for all
turbulent combustion applications achieved. Each
model shows several advantages and disadvantages
and poses better performance only in specific
applications. Reynolds averaged Navier-Stokes
modeling (RANS) [28], large eddy simulation
(LES) and direct numerical simulation (DNS) are
the main methods have been applied for numerical
investigation of non-premixed combustions. In
turbulence modeling, despite the Reynolds Stress
Model (RSM) yielding proper results for prediction
of high strain rate flows and streamline curvature,
its function is under question due to different results
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issued by various researchers. In this paper the
impacts of hydrogen addition on the stability of
biogas flameless combustion and pollutant
formation is investigated. Pure biogas (40% CO.
and 60% CHgy) is applied as a fuel in a flameless
chamber experimentally. The numerical model of
biogas flow field and related chemical reactions are
investigated. After model validation, hydrogen is
added to the biogas and the impacts of such change
in fuel composition on the temperature distribution
in the furnace, flameless stability and pollutant
formation is investigated in six cases:

Casel (HO): 0% Ha, 40% CO2, 60% CH,

Case2 (H2): 2%H., 40%CO2, 58% CH,

Case3 (H4): 4% H:, 40% CO2, 56% CH,

Case4 (H6): 6% Ha, 40% CO2, 54% CH,

Case5 (H8): 8% Ha, 40% CO2, 52% CH,

Case6 (H10): 10% Ha, 40% CO2, 50% CHa).

2 Experimental Setup
Figl demonstrates the experimental setup of the lab-
scale hydrogen-enriched biogas flameless system.

Combustion !
Air Fan

Heat
Exchanger

Fig. 1 Experimental setup

Auxiliary Heater.

The burner consists of a biogas/hydrogen inlet jet,
mounted in the center which is surrounded by the
holes prepared for high temperature diluted oxidizer
inlet. The inlet diameter of the fuel nozzle and all
oxidizer jets are 5 mm and the diameter of the
exhaust is 50 mm. The diameter and the length of
the cylindrical furnace are 264 mm and 600 mm
respectively made of carbon steel. The inside
diameter of the chamber is 150 mm after installation
of refractory. Five holes are located at the top of the
furnace in a specific distance from burner to record
temperature and pollutants by K-type thermocouples
and gas analyzer respectively. The inlet pressure and
temperature of the biogas-hydrogen mixture and hot
diluted co-flow oxidizer are 1.013x10° Pa, 300K
and 900K respectively. The velocity of preheated
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oxidizer jet is kept constant at 90 m/s in the
flameless mode in all cases. In this experiment the
concentration of oxygen and nitrogen in the diluted
oxidizer is 7% and 93% respectively.

In order to achieve flameless mode, three steps
should be implemented. At the first step, furnace
should be heated up and the temperature inside the
chamber should be increased over the auto-ignition
of the fuel. Therefore, combustion system is run in
conventional mode. Since high temperatures could
not maintained by conventional combustion of
biogas, pure methane is applied to enhance the
furnace temperature [29]. Second step which is
called transient, is occurred when the temperature
inside the whole of the chamber becomes
significantly higher than biogas self-ignition (the
mean temperature of the chamber is 1500K). In this
circumstance, fuel is switched from methane to
biogas. In the third step, which is flameless mode,
fuel (biogas or hydrogen-enriched biogas) and
preheated and diluted oxidizer (900K, 7% oxygen
concentration) are injected to the furnace. In
flameless step, the density of the oxidizer decreases
dramatically due to preheating process (the density
of air is 1.177¢/l and the density of preheated and
diluted air is 0.383 g/l), thus in order to maintain
stoichiometric condition, oxidizer is injected to the
furnace at very high velocity. Therefore, desirable
turbulence circumstance for flameless mode is
provided.

3 Numerical Study

A three-dimensional (3D) computational domain is
simulated based on the experimental flameless
chamber geometry. 3D simulation is done by
ANSYS 14 using ANSYS Modeler to design the
chamber and ANSYS Meshing to mesh the
combustor [30]. To improve the convergence rate
and scalar properties, mesh refinement is done, thus
grid resolution for smooth flow representation is
ensured. Due to symmetry, only one eighth of the
furnace is simulated. The grid consists of 7769
nodes and 33798 elements. It is assumed that all the
properties of a cell have an average value at the
center of the cell. The second order upwind scheme
is selected to calculate the temperature, velocity and
pressure through the governing equations with
coupled algorithm. A mass-weighted averaging
method is set to interpolate the velocity values of
cell-center to face values. The temperature of fuel
and air inlet and pressure outlet is 300 K, 900 K and

1.013x10° Pa respectively and free stream
turbulence is set at 5%. The residual energy
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equation should drop below 10 and for all other
variables it is set at 10° to ensure the convergence
of the solution. The swirl velocity of components is
neglected in the steady-state computational fluid
dynamic (CFD) simulation and stoichiometric
equivalence ratios (®=1) is considered. The density
of biogas includes 40% CO; and 60% CHy, in the
standard temperature and pressure is considered
1.2146 g/l. The records of numerical solution with
7769 nodes and 33798 elements are in good
agreement with the experimental results. The grid
independent of the simulation is tested by changing
the number of meshes to the finer meshes. In this
simulation the number of elements was adopted
33798, 68453 and 100356 respectively. These
adoptions were motivated by this fact that the most
significant  conformity to the experimental
measurements could be achieved when the mesh is
so fine. However meaningful changes were not
observed in the records and the grid independent of
solution is confirmed.

3.2 Turbulence Modelling

The standard k—e model is applied to model
hydrogen-enriched biogas flameless combustion
with the laminar Flamelet combustion model. In the
standard k—¢ model, k and ¢ are modeled with
following transport equations [29]:

9 9 y=2 Be) Ok
ot (pk) +6xl- (pkul) - ox; [('u+ ak) ax]] + P+
Py — pe — Yy + Sk )

2 (pe) + aixi(psui) = 667] [(u + ?) :_9]:;] +

2
Cls % (Pk + C3€Pb) - CZep % + Se (2)
where u;,P, and Y, represent turbulent viscosity,
turbulence kinetic energy production and the
contribution of the fluctuating dilatation in
compressible turbulence to the overall dissipation

rate respectively which are described by:
2

k
e =pCu— 3)
Py = —puju; 6_x]i (4)
Yy = 2peM? (5)

3.2 Combustion Modelling

In the literature review it was pointed out that in the
most of the previous publications, simulation of
flameless combustion with EDC showed better
results. However, Damkohler number distribution
(Da), which represents the flow to chemical time-
scale ratio, is effective for combustion modeling
selection. Large Damkohler value corresponds to
mixing controlled flames and low Damkoéhler value
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indicates slow chemical reactions. It means that
reactants and products are quickly combined by
turbulence and the combustion system behaves like
a perfect stirred reactor. Therefore, Damkdhler
number should be taken into consideration to set
proper flow and chemical time-scales. Damkohler
(Da) number represents the behavior between
mixing and reaction in a system, given by the ratio
of a mixing or flow time-scale to a chemical time-
scale (t#/1c) [31]. Application of fast chemistry
approaches in the numerical set up are appropriate
when D2>1 [32]. In the present flameless furnace the
mixing time is long and chemical reaction time is
short (due to biogas utilization) and D, is greater
than one because of the specific geometry of the
furnace (the distance between the centerline of fuel
and oxidizer inlet is 52.5 mm). Therefore,
application of fast chemistry approaches indicates
better results in this geometry [33]. Using detailed
chemical mechanisms, FLUENT can calculate
laminar opposed-flow diffusion Flamelet for non-
premixed combustion. The laminar Flamelet are
then set in a turbulent flame using statistical PDF
methods. The sensible chemical Kinetic impacts can
be incorporated into turbulent flames by using the
laminar Flamelet approach. The chemistry can be
preprocessed and tabulated, offering enormous
computational savings. For developing the Flamelet
library, GRI3.0 mechanism includes 325 reactions
and 53 species is employed.

3.3 Radiation Modelling

In the simulation of turbulent combustion,
prediction of radiative heat transfer is very
important. If an accurate radiative heat transfer
method is not employed, notable discrepancies
could be found between experimental results and
numerical records in terms of pollutant formation
and combustion characteristics. Prediction of NOx
formation is sensitive to the trend of chamber
temperature, thus over prediction of NOy formation
occurs if the radiative heat loss is not taken into
consideration. Discrete ordinates (DO) radiation
model is used in this simulation because of its
reasonable computational cost. DO is widely used in
such similar computational investigation with no
significant error [34].

3.4 NOy formation

NOx reduction in combustion process of industrial
sectors is necessary to control GW, acid rain, smog,
ozone depletion and GHGs effects. NOy is usually
formed due to the reaction of nitrogen and oxygen
within a locally high temperature region. The

ISBN: 978-1-61804-298-9

56

environment and public health can be risked by
increasing NOy. At extremely high temperatures, N
and O, can react through chemical mechanisms
called Zeldovich formulation. Thermal NOx
formation is quickened at high temperatures and the
rate of formation increases quickly with increasing
temperature. Prompt or Fenimore NOx formation
occurs in fuel rich conditions and it was found that
the prompt NOx formation increases near
equivalence ratio of 1.4 [35]. N.O-intermediate
mechanism occurs in fuel lean, elevated temperature
and low pressures. It was claimed that NOy
formation by N>O mechanism is responsible for the
main NO, constitution in flameless mode. The
calculation of thermal NOx, prompt NOx formation
and N:O-intermediate is done from global model
presented in Ref [36].

4 Results and Discussion

When hydrogen is added to the biogas composition
the density of the fuel decreases, therefore the mass
flow rate of the fuel should increase to maintain
stoichiometric condition. In the presence of 2%
hydrogen in biogas components, the structure of
biogas flameless mode changes and the maximum
temperature increases. Indeed, the distribution of
temperature inside the flameless chamber becomes
more homogeneous. In the other word, the peak
temperature shrinks and moves further away from
the burner. In the further hydrogen concentrations,
the peak temperature increases however compared
to 2% hydrogen concentration, the mean
temperature reduces throughout the chamber.
Moreover, the temperature distribution within the
flameless chamber is more uniform when just 2%
hydrogen is added to biogas components. Fig2
depicts the contour of temperature inside the
chamber in the four cases and experimental photos.
Also, Fig3 display the impacts of hydrogen addition
on the axial temperature distribution along with the
flameless furnace.

Additional hydrogen changes the density of biogas
and the flow rate of fuel mixture increases. The
augmentation of temperature is not only attributed
to the higher specific energy content of hydrogen-
enriched biogas, but to the decreased radiation
losses caused by the reduction of dioxide carbon
formation [37].
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Fig.2 The contours of temperature distribution in the
chamber
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Fig.3 Effect of biogas hydrogen enrichment on axial
temperature distribution along with flameless
combustion furnace (numerical results)

The peak temperature of biogas flameless
combustion increases when the hydrogen content of
biogas is 2%. Further experiments with higher rate
of hydrogen depict that the thickness of the peak
temperature reduces. The peak temperature
thickness reduction can be attributed to the
augmentation of the mixing. The uniformity of
temperature (T,) defined based on Eq (6) is a value
that illustrate whether temperature inside the
chamber is homogenous or not [38]. Fig4 shows the
value of T, inside the chamber based on the
numerical and experimental results.

1 T;—-T
T, =1- [$E, (5 (6)

where T, is temperature uniformity inside the
chamber and N shows the total number of positions
that temperature was measured, T; is the temperature
in the ith position and T is the mean of all the
measured temperatures. The value of the T, is
between O and 1, where in perfect flameless
combustion regimes the value of T, approaches to
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one which demonstrates a perfectly uniform
furnace. The trend of temperature uniformity in
numerical results and experimental records is the
same in all studied cases and the temperature
uniformity in 2% hydrogen enrichment of biogas is
more than other cases.

0.96

—@— Experimental records
A Numerical results

0.94 4

0.92 +

0.90 +

0.88 o

Temperature Uniformity

0.86

0.84

T T T T T T
HO H2 H4 H6 H8 H10

Hydrogen-enriched biogas

Fig.4 Temperature uniformity inside the chamber
for experimental and numerical results

In the non-premixed combustion simulation,
mixture fraction indicates the mixing rate. While the
mixture fraction increases, it can be concluded that
mixing does not take place properly. Fig5 shows the
mixture fraction in axial and radial directions. When
the hydrogen content of biogas is intensified, the
radial spreading rate of mixture fraction is decreased
which can be a sign of mixing growth.

The contour of NOx constitution and the impacts of
hydrogen enrichment on NOx formation of biogas
flameless combustion are presented in Figé and
Fig7 respectively. From these figures it can be seen
that the rate of NOy formation decreases when
hydrogen (up to 4%) is added to the biogas
flameless regime. However, when the rate of
hydrogen in the biogas content increases (from 4%
to 10%) the rate of NOy constitution intensifies. This
phenomenon could be attributed to this fact that not
only high temperatures but also oxygen
concentration could play grate role on NOy
formation rate. Fig8 display oxygen concentration in
the flameless chamber in various conditions. The
rate of oxygen concentration in H2 and H4 is less
than flameless combustion of pure biogas. Therefore
low amounts of NO, formation in low level of
hydrogen enrichment of biogas could be expected.
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5 Conclusions

LCV of biogas could be one of the most important
barriers of biogas development which has been
modified by hydrogen-enrichment strategy and
using flameless combustion method. A numerical
and experimental investigation of hydrogen-
enriched biogas flameless combustion has been
presented. The effects of hydrogen enrichment on
biogas co-flow flameless combustion were
investigated and  flameless  characteristics,
combustion stability and NOy formation of pure
biogas (40% CO, and 60% CH.) and hydrogen-
enriched biogas (2-10% H: by volume) were
studied. It was found that stability of the biogas
flameless regime and uniformity of the temperature
within the furnace could be ensured by adding just
2% hydrogen to the biogas components. In the
further  hydrogen  concentrations, the peak
temperature raises however compared to 2%
hydrogen concentration, the mean temperature
throughout the chamber decreases. The rate of NOx
formation mitigates when hydrogen is added to the
biogas components up to 4% by volume. However,
from 4% to 10% additional hydrogen, the rate of
NOx constitution increases due to high peak
temperature. Numerical observations indicated the
major role played by kinetic mechanisms and the
turbulence chemistry interactions models in the
simulation of the hydrogen-enriched biogas
flameless combustion regime. It was found that the
geometry of furnace and Damkohler number
distribution (DJ), which represents the flow to
chemical time-scale ratio, have grate impress on
combustion model selection. Since in this project D,
is greater than one, Flamelet fast chemistry
approach is superior. In particular, Flamelet with
fast detailed chemistry provided results illustrating
more homogeneous distribution of temperature as
well as the reaction zone extension to a large portion
of the available volume in the furnace, as it would
be expected in hydrogen-enriched biogas flameless
combustion.

References:

[1] Moriarty P, Honnery D. Intermittent
renewable energy: The only future source of
hydrogen? Int J Hydrogen Energy
2007;32:1616-24.

ISBN: 978-1-61804-298-9

59

(2]

(3]

[4]

[5]

[6]

[7]

(8]

9]

[10]

[11]

[12]

Skottene M, Rian KE. A study of NOx
formation in hydrogen flames. Int J
Hydrogen Energy 2007;32:3572-85.

Hosseini SE, Wahid MA, Aghili N. The
scenario of greenhouse gases reduction in
Malaysia. Renew Sustain Energy Rev
2013;28:400-9.

Hosseini SE, Wahid M a., Abuelnuor AAA.
Biogas Flameless Combustion: A Review.
Appl Mech Mater 2013;388:273-9.

Wang F, Mi J, Li P. Combustion Regimes of
a Jet Diffusion Flame in Hot Co-flow.
Energy & Fuels 2013;27:3488-98.

Seyed Ehsan Hosseini, M.A. Wahid AAAA.
Pollutant Reduction and Energy Saving in
Industrial Sectors by Applying High
Temperature Air Combustion Method. Int
Rev Mech Eng Nov2012 1667;6.

Hosseini SE, Wahid MA. Biogas utilization:
Experimental investigation on  biogas
flameless combustion in lab-scale furnace.
Energy Convers Manag 2013;74:426-32.

ILBAS M, CRAYFORD A, YILMAZ I,
BOWEN P, SYRED N. Laminar-burning
velocities of hydrogen-air and hydrogen—
methane-air mixtures: An experimental
study. Int J Hydrogen Energy 2006;31:1768—
79.

Braga LB, Silveira JL, da Silva ME, Tuna
CE, Machin EB, Pedroso DT. Hydrogen
production by biogas steam reforming: A
technical, economic and ecological analysis.
Renew Sustain Energy Rev 2013;28:166-73.

Derudi M, Villani A, Rota R. Mild
Combustion  of  Industrial Hydrogen-
Containing Byproducts. Ind Eng Chem Res
2007;46:6806-11.

Yu Y, Gaofeng W, Qizhao L, Chengbiao M,
Xianjun X. Flameless combustion for
hydrogen containing fuels. Int J Hydrogen
Energy 2010;35:2694-7.

Sabia P, de Joannon M, Fierro S, Tregrossi
A, Cavaliere A. Hydrogen-enriched methane



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Recent Advances in Mechanics and Mechanical Engineering

Mild Combustion in a well stirred reactor.
Exp Therm Fluid Sci 2007;31:469-75.

Li P, Wang F, Mi J, Dally BB, Mei Z. MILD
Combustion under Different Premixing
Patterns and Characteristics of the Reaction
Regime. Energy & Fuels
2014:1403101025430009.

Galletti C, Parente A, Derudi M, Rota R,
Tognotti L. Numerical and experimental
analysis of NO emissions from a lab-scale
burner fed with hydrogen-enriched fuels and
operating in MILD combustion. Int J
Hydrogen Energy 2009;34:8339-51.

Christo FC, Dally BB. Modeling turbulent
reacting jets issuing into a hot and diluted
coflow. Combust Flame 2005;142:117-29.

Parente A, Galletti C, Tognotti L. Effect of
the combustion model and Kkinetic
mechanism on the MILD combustion in an
industrial burner fed with hydrogen enriched
fuels. Int J Hydrogen Energy 2008;33:7553—
64.

Dally BB, Karpetis AN, Barlow RS.
Structure of turbulent non-premixed jet
flames in a diluted hot coflow. Proc Combust
Inst 2002;29:1147-54.

Frassoldati A, Sharma P, Cuoci A, Faravelli
T, Ranzi E. Kinetic and fluid dynamics
modeling of methane/hydrogen jet flames in
diluted coflow. Appl Therm Eng
2010;30:376-83.

Ihme M, See YC. LES flamelet modeling of
a three-stream MILD combustor: Analysis of
flame sensitivity to scalar inflow conditions.
Proc Combust Inst 2011;33:1309-17.

Medwell PR, Kalt PAM, Dally BB.
Simultaneous imaging of OH, formaldehyde,
and temperature of turbulent nonpremixed jet
flames in a heated and diluted coflow.
Combust Flame 2007;148:48-61.

Oldenhof E, Tummers MJ, van Veen EH,
Roekaerts DJEM. Role of entrainment in the
stabilisation of jet-in-hot-coflow flames.
Combust Flame 2011;158:1553—-63.

ISBN: 978-1-61804-298-9

60

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Medwell PR, Dally BB. Experimental
Observation of Lifted Flames in a Heated
and Diluted Coflow. Energy & Fuels
2012;26:5519-27.

Coelho PJ, Peters N. Numerical simulation
of a mild combustion burner. Combust
Flame 2001;124:503-18.

Kaplan Y. Investigations of hydrogen and
hydrogen — hydrocarbon composite fuel
combustion and NO x  emission
characteristics in a model combustor
2005;30:1139-47.

Hossain M, Malalasekera W. Numerical
study of bluff-body non-premixed flame
structures using laminar flamelet model. Proc
Inst Mech Eng Part A J Power Energy
2005;219:361-70.

Hossain M, Jones JC, Malalasekera W.
Modelling of a Bluff-Body Nonpremixed
Flame using a Coupled Radiation/Flamelet
Combustion Model. Flow, Turbul Combust
2001;67:217-34.

Meier W, Keck O, Noll B, Kunz O, Stricker
W. Investigations in the TECFLAM swirling
diffusion flame: Laser Raman measurements
and CFD calculations. Appl Phys B Lasers
Opt 2000;71:725-31.

Li P, Mi J, Dally BB, Craig RA, Wang F.
Premixed Moderate or Intense Low-Oxygen
Dilution (MILD) Combustion from a Single
Jet Burner in a Laboratory-Scale Furnace.
Energy & Fuels 2011;25:2782-93.

Hosseini SE, Bagheri G, Wahid MA.
Numerical investigation of biogas flameless
combustion.  Energy Convers Manag
2014;81:41-50.

Fluent A. 12.0 Theory Guide. Ansys Inc
20009.

Isaac BJ, Parente A, Galletti C, Thornock
JN, Smith PJ, Tognotti L. A Novel
Methodology for Chemical Time Scale
Evaluation with Detailed Chemical Reaction
Kinetics. Energy & Fuels 2013;27:2255-65.



Recent Advances in Mechanics and Mechanical Engineering

[32] Ansys A. 14.0 Theory Guide. Fluent, Ansys,
140 Theory Guid Ansys Inc 5 n.d.

[33] Mi J, Wang F, Li P, Dally BB. Maodified
Vitiation in a Moderate or Intense Low-
Oxygen Dilution (MILD) Combustion
Furnace. Energy & Fuels 2012;26:265-77.

[34] Murthy JY, Mathur SR. Finite Volume
Method for Radiative Heat Transfer Using
Unstructured Meshes. J Thermophys Heat
Transf 1998;12:313-21.

[35] Pillier L, EI Bakali A, Mercier X, Rida A,
Pauwels J-F, Desgroux P. Influence of C2
and C3 compounds of natural gas on NO
formation: an experimental study based on
LIF/CRDS coupling. Proc Combust Inst
2005;30:1183-91.

[36] Khoshhal A, Rahimi M, Alsairafi AA. CFD
study on influence of fuel temperature on
NOx emission in a HIiTAC furnace. Int
Commun Heat Mass Transf 2011;38:1421-7.

[37] ILBAS M. The effect of thermal radiation
and radiation models on hydrogen—
hydrocarbon combustion modelling. Int J
Hydrogen Energy 2005;30:1113-26.

[38] Danon B, Cho E-S, de Jong W, Roekaerts
DJEM. Numerical investigation of burner
positioning effects in a multi-burner
flameless combustion furnace. Appl Therm
Eng 2011;31:3885-96.

ISBN: 978-1-61804-298-9 61





