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Abstract

In this study, the NG+H2/air+O> turbulent flame is numerically investigated using the
Computational Fluid Dynamics CFD code. The modulation of combustion and radiation is
performed respectively by the Eddy Dissipation Model and the Discrete Ordinate Model. The
turbulence modeling is carried out by Shear Stress Transport (SST/k-w) turbulence model.
The H> amount in the fuel mixture varies under constant volumetric fuel flow between 0 and
60% and the oxidant is composed by 80% air and 20% pure oxygen. The results obtained
show the hydrogen addition to Natural Gas improves the mixing between the reactants,
reduces their residence time and reduces the length and thickness of the flame. On the other
hand, the hydrogen enrichment minimizes the CO> and CO production and increases the NOx

level.

Keywords: NG+Hb>/air+O; turbulent flame; Eddy Dissipation Model; Discrete Ordinate
Model; (SST) k- turbulence model; hydrogen enrichment

1. Introduction

Natural Gas is commonly used for heat production, electricity production and in automobile
and rocket engines. The main objective of researchers is to improve the combustion efficiency
and to ensure a clean combustion process in industries. The hydrocarbon enrichment by
hydrogen, the oxidant enrichment by oxygen, the MILD combustion... are very advanced
combustion technologies can used to achieve these objectives. The hydrogen is an energy
vector of the future, it can be partially substituted for hydrocarbons, because of its high
flammability, high combustion velocity, low ignition energy, low density and high molecular
diffusivity [1, 2]. The hydrogen is non-polluting and does not emit carbon dioxide, carbon
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monoxide and sulfur oxide. In recent years, the hydrocarbon / hydrogen mixture became the
subject of extensive research. Many experimental and numerical studies has been done to
present a better understand its combustion characteristics. The hydrogen addition to
hydrocarbon showed an increase in the flame temperature, a reduction in the length and the
thickness of the flame and improves the auto-ignition characteristics |3, 4]. The increase of
hydrogen in the fuel mixture reduces the CO and CO: emissions, but promotes the NOx
production |5, 6]. Experimental studies were performed on a spark ignition engine operates on
natural gas [7-9]. These studies show that the concentrations of CO and CO; emissions could
be reduced with the addition of hydrogen to natural gas. However, the increase of the flame
propagation velocity and the increase in the combustion temperature promote the formation of
NOx. The hydrogen addition to methane in Moderate or Intense Low-oxygen Dilution (MILD)
condition [10-12] leads to improve mixing, increase in the flame entrainment, increase in
reaction intensities, increase in the mixture ignitability and increase in the rate of heat release.
The effects of hydrogen addition on stability of lean natural gas—air flame were studied and
the results showed that the lean stability limit were extended by hydrogen addition [13-15]
due to the increase of OH concentration in the flame. The natural gas-hydrogen composite
fuel in a turbulent diffusion flame is studied experimentally [16] in terms of flame stability,
flame length, flame structure and exhausts species concentrations.

The oxygen enrichment reduces the nitrogen amount in the reaction, which increases the
flame temperature, reduce the time of increasing temperature in furnace and decrease the
volume of exhaust gas. The energy necessary for heating the nitrogen decreases with oxygen
enrichment. Many authors [17, 18] observed a decrease of 26% in fuel consumption when the
oxygen content changing from 21 to 30% by volume, for a furnace temperature 1200°C.

The oxygen addition to the oxidant minimizes the losses of unburned gas (CO and CxHy) and
increase the combustion efficiency. The propagation velocity of a laminar flame front increase
from 0.3 m/s of methane/air flame to 0.9 m/s of methane/air + 30% O flame and reach 3.9
m/s of methane/100%0O: flame [19-21]. The Oxygen enrichment increases significantly the
flame stability [22-27] and showed that the flame length decreases when the oxygen content
in the oxidant increases. The effects of hybrid hydrogen and oxygen enrichment on the flame
structure, on the flow dynamics along the flame and on the pollutant emissions at
stoichiometry and lean conditions are studied experimentally (28, 29]. They showed that the
mixed enrichment of hydrogen and oxygen favors the stability and existence flame in

important velocity oxidant injection and in very poor regime.



In the present paper, NG+H2/air+O> turbulent flame is numerically investigated. The main
objective of this work consists on highlighting the effect of hybrid hydrogen and oxygen
enrichment on the mixing and on CO;, CO and NOx production of the NG + H» / air + O>
flame. In the first part, the numerical code is validated using the experimental configuration of
Riahi et al. [28, 29]. The second parts of this works, shows numerically the effect of hydrogen

enrichment on NG+H»/air+O; flame characteristics.

Nomenclatue
dox diameter of oxidant jet, mm Greek symbols
dFuel diameter of fuel jet, mm p density, kg m™
T temperature, K u dynamic molecular viscosity, kg s m!
p static pressure, Pa v kinematic viscosity, m? s™!
u; mean velocity components along Xx; k turbulent kinetic energy, m?s
directions, ms’! v stoichiometric coefficient
u’ fluctuating velocity components, m s°! i Kronecker symbol
D molecular diffusion coefficient, m?s’! T stress tensor, kgs m'!
Ym mole fraction of species “m”
R net production rate of species “m”
E total mass energy, J/kg Other symbols
gravity acceleration, ms™ OFavre average
specific enthalpy, J kg'! 0 Reynolds
Sc turbulent Schmidt number average
Mn molecular weight of species “m”
r radial position, m
Io fuel jet radius, m

2. Presentation of the computational domain

The experimental configuration studied by Riahi et al. [28, 29] is used to study a confined
turbulent reactive flow issuing from coaxial burner figure.l. The Natural gas and hydrogen
mixture is injected through an internal cylindrical nozzle of diameter druel equal to 6 mm. The
air and oxygen mixture is injected through an annular nozzle with a diameter dox equal to 18
mm. The burner is located on the bottom wall of the combustion chamber, which is a 1200
mm high vertical tunnel with square cross section (600* 600 mm2). In this work, the
numerical study is interested by the turbulent diffusion flame (NG + H / air + O»). In the fuel
jet, the volume ratio of hydrogen varies between 20% and 60%. In the oxidant jet, the oxygen
volume fraction is 0.36 and the nitrogen volume fraction is 0.64. The compositions by volume

of Natural Gas are indicated in table. 1.




3. Numerical formulation

In this study, turbulent, incompressible and multi-species reactive flow is numerically studied
in 2D axi-symmetric geometry. The stationary state of conservation equations of mass,
momentum, species and energy are solved numerically. The density variation in the flow is

taken account using the Favre decomposition.
3.1. Conservative governing equations

Following the above assumptions, the mass and momentum conservation equations are

written as follows:
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The Reynolds stresses - are given by [24]:
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with H is the turbulence viscosity and k is the turbulent kinetic energy.

3.2. Turbulence modeling

The SST k-o turbulent model presented by Wilcox [30] and Menter [31] is used to model the
turbulent kinetic energy k and the specific dissipation rate ®. For the SST k-w turbulent
model, the turbulent viscosity is modified to account for the transport of the principal
turbulent shear stress. This characteristic gives the SST k-o model an advantage in terms of
performance over both the standard k- model and the standard k-¢ model. On the other hand,
the addition of a cross-diffusion term in the ® equation ensures the model equations behave
appropriately in both the near-wall and far-field zones. Huang et al. [32] have studied the
influences of the turbulence model on the transverse slot injection flow field. They showed

that, the numerical results obtained by the SST k-® turbulence model match better with the
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experimental data than the other turbulence models used. The transport equations for k and ®

expressed by:
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The effective diffusivities for the SST k- model are given by
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y is the distance to the next surface and D, is the positive portion of the cross-diffusion term.

11 ok Ow
a)axj axj

Dz)zmax 2p
0'60’2

The term Gy represents the production of turbulence kinetic energy
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The term Lk and L, represents the dissipation of turbulence kinetic energy and dissipation of

o respectively
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The term D, represents the Cross-Diffusion Modification is given by
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Model Constants
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(29)

ok1=1.176 ;0k2=1;061=2;002=1.168 ;01 =031; 0*«=1; 0% =0.024 ;00=1/9 ; 0
=0.52 ; Rw=2.95; Bi1 =0.075; Bi2 =0.0828 ; Bi = 0.072 ; f*» =0.09; Rg=8; Rk = 6; * =

1.5; M =0.25



3.3. Combustion modeling

To simulate the studied reacting flow, the Eddy Dissipation Model (EDM) is considered. The

species and energy conservation equations are written in the following form [33]:
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Sct the turbulent Schmidt number (Sc=p/6D) and R the reaction rate of species m.

h the enthalpy of species m, Ju is the diffusion flux of species m and S; is the source term due
to radiation heat transfer to wall boundaries and exchange with the second phase and pefr
represent the effective viscosity (Heft =p+LL).

The interaction model between turbulence and reaction chemistry (EDM) based on the work

of Magnussen and Hjertager [34], Where the net production rate of species "m" by the

n.n

reaction "r" (Rm,r) is given by the smaller of the following two expressions:
U M, A mln Y (33)
Ry~ "m p U M
& Z Y
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where A and B are empirical constant, v' et v" are the stoichiometric coefficients for reactant
and product in reaction, Mm is the molecular weight of species m, Yp and YR are the mass
fraction of the product species P and the particle reactant R. The chemistry is assumed to be
infinitely fast compared to the mixing of the reactants. To model the combustion of gas, we

employed three-step mechanism. The chemical equations for the combustion are defined by:

C.H, + 0.5 (x + 0.5y) 02 — x CO + 0.5 y H:0 (35)
H> + 0.5 02 < H20 (36)
CO + 0.5 0; < CO; (37)

3.4. Radiation modeling



The discrete ordinate "DQO" radiation model is suitable for optically thin problems (al. < 1)
[33]. Where, ' L ' corresponds to the combustor diameter and 'a’ the absorption coefficient. In
the current study, L equal to 0.3 m and a < 1. The discrete ordinate "DO" radiation model [35-
37| and absorption coefficient of weighted sum of gray gas "WSGGM" model [38, 39] is used

in this work.
3.5. NOx modeling

In the present study, the mass transport equation for NO species is solved, taking into account
convection, diffusion, production and consumption of NO

a (oY) = [pD af N°]+@ (38)

4. Numerical method and Boundary conditions

The mathematical modeling is based on a set of coupled conservation equations of mass,
momentum, energy, and chemical species transport and reactions. In this work, the turbulence
modeled using the SST k- turbulent model. The simulation of gas phase combustion is based
on the multi-step chemical reactions where Eddy-Dissipation Model is used to calculate the
interaction between turbulence and chemical reactive flows and the radiation heat transfer is
modeled by the Discrete Ordinate radiation model. The finite volume method with a second
order upwind scheme is used to discrete the conservative governing equations. The algorithm
SIMPLE was adopted for the coupling between velocity and pressure. The convergence
criterion of residuals was taken equal to 10 for energy and 107 for all other equations.

In the current study, total 9 species, such as CHy4, C2Hg, C3Hs, O2, CO, CO2, Hz, H>O and N»
are used in this model. A total number of 25650 quadrilateral cells were generated using non-
uniform grid. The considered mesh was sufficiently dense in the reaction zone and less tight
away from this zone.The computational domain is limited by the symmetry axis, the gas and
oxidant inlet, the walls and the exhaust gas (pressure outlet) figure.2. The boundary
conditions illustrated in figure.2 are summarized in table.2

The mesh quality affects directly the accuracy of the simulation results. In this study, several
meshes were tested (15500 cells, 25650, 35300 cells, and 50250 cells), to ensure numerical
results independency from grid density. Figure.3 illustrates the temperature profiles for
different tested meshes. In this figure, the mesh having 15500 cells provides a temperature

profile far from the rest of the other meshes. While, when the mesh is refined, the numerical



temperature profiles become closer. From a number of 25500 cells, the temperature profiles

become independent the mesh. As a consequence, this mesh is chosen.
S. Results and discussions

In this study, the effect of hydrogen and oxygen enrichment on Non-premixed flame issued by
coaxial burner is investigated numerically. The experimental results found by Riahi et al
[28, 29] are used to validate the numerical results. The coaxial burner configuration was
selected, because this burner type is widely used in industries. The numerical results are

validated in terms of temperature and velocity.
5.1. Numerical validation

Riahi et al [28] were used a K-type thermocouple to measure the exhaust temperature. This
thermocouple is placed at the furnace outlet to measure the fumes average temperature. In this
numerical work, the exhaust temperature evolution is validated by these experimental results
(figure.4). This validation gives a good agreement between the experimental and numerical
results.

The longitudinal velocity profile is compared by the experimental results of Riahi et al [28,
29]. Figure.5 illustrates the experimental and numerical radial evolution of longitudinal
velocity along the flame. Noticing that, for each height (y = 20 mm, 50 and 100 mm), there is
a good agreement between the experimental and numerical profiles. Along the flow, the
longitudinal velocity profile having a parabolic shape, decreasing radially and vanishes away

to the burner injectors.
5.2. Hydrogen enrichment effect on the flame temperature

The temperature distribution in the studied geometry is a good indicator of the flame
behavior. Figure.6 illustrates the temperature field in the flame from a coaxial burner as a
function of hydrogen content in natural gas. This figure shows that the flame temperature
depends on the hydrogen amount in the fuel mixture (NG + H>). Grace to its low density and
high diffusivity, the hydrogen addition becomes a very important factor promotes the
interaction between the fuel and oxidant jets and improves the mixing between them.
Consequently, the hydrogen adding to the fuel mixture increases the flame temperature and
reducing its length. The temperature variation curves along the burner axis (figure.7) allows to

determine the positions of the high temperatures in the flame as shown in table.3
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The peaks temperature positions indicate a clear idea on the flame length. The pure natural
gas flame is longer and less hot compared to the flame of natural gas enriched by hydrogen.
Indeed, at 100% natural gas the flame temperature is 2429 ° K with a length of 436 mm, On
the other hand with an enrichment of 60% by hydrogen, the temperature increases to 2644 ° K
and the length decreases to 310 mm. These variations of the flame length and temperature are
related to the properties of hydrogen. The hydrogen combustion reaction is faster, which leads
to rapid consumption of the reagents, consequently a decrease in the flame length. So, the
hydrogen reaction releases a significant heat amount which leads to an increase in the flame
temperature.

The term stoichiometric line it’s the all positions of the high temperatures along the flame.
These lines are shown in figure.8 depending on the hydrogen percentage in the fuel mixture.
They are shifted down when the hydrogen content in the fuel increases. These lines are
important indicators to estimate the end of the complete mixing zone between fuel and

oxidant, and consequently give an estimate of the flame length.

5.3. Species evolution in the reaction

In this paragraph, the fuel is a natural gas and hydrogen mixture. The radial profiles of the
fuel and oxygen mole fractions along the flame (y = 0.0l m, y=0.2m, y =03l mand y =
0.436 m), as a function of hydrogen content in the fuel, are shown in figure.9. For the studied
configurations, the shape of each mole fraction profile of the fuel (NG + H») starts with a
maximum which represents the maximum fuel quantity not consumed by the reaction. This
maximum located on the burner axis. These maximums decrease along the flame and vanish
at the end of reaction. Thus, these maximums strongly related to the amount of hydrogen
added to the fuel. The increase in hydrogen content in the fuel causes a reduction in the
maximum molar fraction of the fuel, and the reactants consumption becomes faster.
Therefore, the hydrogen addition to the fuel promotes the reaction rate. The molar fraction
fuel profiles are gradually decreasing up to the intersection point with the molar fraction
oxygen profiles. This point represents the internal mixing point between fuel and oxidant. In
the combustion reaction, the internal mixing point shifts towards the fuel jet, when the fuel
contains more hydrogen. The hydrogen addition is an important factor promotes the diffusion
between fuel and oxidant. So, with the hydrogen addition, we can have a short and thin flame.
Both profiles of fuel and oxygen mole fraction give an interesting idea about the mixing
quality between the reactants. In fact, at the mixing point, the mixture between the reactants
almost to the stoichiometric and the flame front located at this point. The zone located at the
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left of the mixing point, where the fuel is dominant, represents the rich combustion zone and
the zone located at the right of the mixing point, where the oxygen is dominant, represents the
lean combustion zone.

The radial profiles of CO2 and CO mole fractions with different hydrogen amounts in the fuel
mixture are illustrated in figure.10. The molar fractions of CO; and CO strongly depend on
the mixing quality between fuel and oxidant and depend on the hydrogen content in the fuel.
At an intermediate height in the flame (y = 0.2m) and at the fuel jet axis (r / ro = 0), the CO>
mole fraction is minimal, by against, the CO mole fraction is maximal. On the fuel jet axis,
the mixture between the reactants is rich which favors the CO production in this zone. In the
internal mixing zone between the reactants, the CO2 mole fraction reaches its maximum and
the CO mole fraction begins to decrease. The maximum of CO: profile decreases with
increasing hydrogen content in the fuel. Thus, the radial position of this maximum becomes
closer to the fuel jet due to the high hydrogen diffusivity. Without hydrogen, the maximum
mole fractions of CO2 and CO are 0.0983 and 0.026. By cons, with a 60% of hydrogen
content in the fuel, these maximums become respectively 0.066 and 0.017, leading to a
decrease by 32.8% in the CO> production and 34.6% in CO production. The hydrogen
enrichment promotes the mixture between the fuel and oxidant jets and optimizes the CO> and
CO production. The decrease of CO2 and CO maximums is due to the replacement of carbon
atoms by hydrogen atoms.

The Nitrogen Oxides (NOx) are formed mainly by chemical combination between oxygen and
nitrogen, during a very high temperature combustion. Figure.|l 1 shows the radial evolution of
NOx emissions as a function of hydrogen volume fraction in the fuel. This figure shows that,
the hydrogen addition to natural gas encourages the increase of NOx mole fraction in the
internal mixing zone between fuel and oxidant. Where the temperature in this zone is very
high. For pure Natural Gas combustion, the maximum mole fraction of NOx is 0.71073, and for
combustion of a mixture contains 60% of hydrogen is 1.3510. Tabet et al [6] have been
shown the same thing, that the hydrogen addition to the fuel promotes the production of NOx

in the flame.
6. Conclusion

This article is interested by the numerical study of the (Natural Gas + Hydrogen / Air +
Oxygen) turbulent diffusion flame from a coaxial burner, and to have the influence of the
hydrogen amount variation in the fuel on the flame structure, on the temperature distribution
and on the emissions of atmospheric pollutants. The numerical approach employed in the
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current study has been validated against the experimental data in the literature. We have come

to the following conclusions:

*  With a mixed oxidant, contains 80% air and 20% oxygen, the increase of the hydrogen
content in the fuel reduces the flame length. such that, the addition of 60% hydrogen leads
a reduction in the flame length by 29%

* The radial position of the maximum temperature becomes near the burner axis when the
hydrogen addition increases. which shows that the hydrogen addition improves the mixing
quality between the reactants

* The hydrogen addition promotes the flame temperature

* The hydrogen addition minimizes the formation of CO; and CO

» The presence of nitrogen in the reaction at high temperature promotes the NOx formation
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FIGURE

Figure.l. Schematization of the experimental configuration

Figure.2. Calculation domain mesh and boundary conditions

Figure.3. Temperature profiles for different meshes

Figure.4. Numerical and experimental comparison of the exhaust temperature

Figure.5. Longitudinal velocity profiles along the flame :(a) y = 20 mm; (b) y = 50 mm and
(c)y =100 mm

Figure.6. Temperature distribution

Figure.7. Axial temperature evolutions for different percentage of hydrogen

Figure.S. Stoichiometric lines for different hydrogen rate

Figure.9. Fuel and Oxygen mole fraction

Figure.10. Profiles of CO: and CO mole fraction

Figure.11. NO mole fraction
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Figure.2. Calculation domain mesh and boundary conditions
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Table.l Natural gas compositions

TABLE

Xcrs=0.85

Xc2n6=0.09
Xc3ns=0.03

Natural Gas
Xco02=0.01
Xn2=0.02

Table.2 Boundary Conditions

Domain

Boundary conditions

Fuel jet

Velocity Inlet

druer= 6 mm
Xng=1,0.8;0.6 and 0.4
Xu2=0;0.2;0.4 and 0.6
VEwer = 15 m/s

I, = 10%

T=25°C

Oxidant jet

Velocity Inlet

dox= 18 mm

X02=0.36 mixture 80% Air
XN2=0.64} and 20% O:
Vo= 10 m/s

I, = 10%
T=25°C

Confinement wall Wall

Symmetry axis  Axis

Exhaust gas

Pressure-Outlet

Table.3 Flame length and maximum temperature

Ly (mm) T (K)

100% NG 436 2429
80%NG + 20%H2 415 2497
60%NG + 40%H2 358 2577
40%NG + 60%H?2 310 2644






