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Abstract

Objectives: To study the behavior of these parameters following the variation of CH4-H2 fuels in air. Methods/Statistical
Analysis: We simulated the behavior of the turbulent methane-hydrogen/air flame, generated by a three-dimensional
non-premixed cylindrical combustion chamber. The numerical simulations are carried out using the calculation code
CFD “FLUENT”. Mathematical methods were used to solve the Navier-Stokes equations governing the flow phenomenon.
Findings: The numerical results are compared and validated with the experimental data. In these conditions, the same
parameters considered previously are used in the study of combustion behavior. The parameters characteristics of the
flow were characterized such as the axial velocity, the temperature and the mass fraction of the carbon monoxide CO.
Application/Improvements: The results show that the variation of the fuel influences the considered parameters. In
addition, we confirm that hydrogen is a clean fuel without emitting CO into the environment.
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1. Introduction

The majority of aerospace engines, such as turbojet
engines and rocket engines, operate due to the combus-
tion process, which is also responsible on the formation
of pollutant chemicals that are harmful to nature'2 One
of the major difficulties encountered in the development
of these systems is the ability to control the aerothermo
chemical conditions prevailing in the combustion cham-
ber at all engine operating ranges (taxiing, take-off or
cruising). The optimization of combustion systems
requires the study and analysis of the interactions of
all these phenomena, which are strongly coupled?. This
fact is done through both experimental and numerical
approaches. The last approach is the most used. Indeed,
the computer tool is increasingly used for engine design
because of the high cost of prototypes and experimental
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measurement techniques and the ever-increasing speed
of computers associated with the development of com-
mercial CFD software and the constant improvement
of numerical models*>. On the one hand, there is the
modelling and simulation of the turbulence aspect of the
combustion, and on the other hand there is the model-
ling of the chemical kinetics of combustion®. Among
the approaches dedicated to turbulence modelling are
Large Eddy Simulation (LES) and the Probability Density
Function (PDF) which are modern and highly sophisti-
cated methods and which until recently were limited to
the academic applications. In industrial gas burners, a jet
of combustible gas is often injected into the centre of a
peripheral air flow in the same direction. Again turbulence
plays a beneficial role to mix the gases in the presence,
combustion gas and fuel gas but also gas burn. This is due
in large part to the high velocity gradient between the air
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and gas velocity. Experience shows that the length of a
turbulent diffusion flame does not depend on the rate of
arrival of gas, when the stabilization is successful, whereas
that of a laminar diffusion flame is proportional to this. In
this way the length of the flame does not increase even for
large gas flows in the burner®.

In the present study, the objective is to study the numer-
ical simulation of a non-premixed turbulent combustion
in a cylindrical burner supplied by methane-hydrogen/
air. The calculation was carried out using mathematical
models in order to overcome the closure of the system
of aerothermo chemical balance equations. Particularly,
we have used the CFD code Fluent, to calculate the mean
axial velocity, the temperature and the mass fraction of
carbon monoxide CO. In the first step, we validate the
mathematical models'™? with the experimental data in
the same stations and the same conditions. The results
show that the select models give a satisfactory agreement
with all considered regions. In the second step, the same
parameters considered previously are used in the study of
the combustion behavior of methane-hydrogen fuels. The
two fuels CH, and H, are compared in order to choose
the least carried out on the environment. The obtained
results confirm that hydrogen is considered a clean non-
polluting fuel compared to methane.

2. Material and Methods

2.1 Equation of Mathematical Model

In this study, we studied the behavior of non-premixed
turbulent combustion in three dimensions using calcula-
tion of the CFD code Fluent. We can write the control
equations for the compressible flux in Cartesian coordi-
nates™,
The continuity equation is written in the following
form:
op

o
—_—+— )=0
or " ox, (ou,)

(1)

The momentum equations are written:

0~ . i
o oy PR =l ] o,

BNG/RC)
ox,
The energy equation is written:
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The species equations are written:

0— 0 — o 0 _—— _o. = (4
R C O LA A R @)
Where:i=1,2,3andj=1,2,3, p,l, , @i, tare density,
velocity vector, fuel reaction rate and time respectively.

The Thermodynamic state is defined as follows:
P=pR:T (5)

In these equations, the unresolved Reynolds stresses
(u,u, —i1,i,) requirea sub grid scale turbulence model.
The unresolved ﬁcies fluxes (,Y, —i@,¥,) and the
enthalpy fluxes (w2 —,h)

Requirea probability density function (PDF) approach.
The filtered chemical reaction rate is characterized by

a y

The tensor of the unsolved constraints 7, as the ten-
sor velocity of deformation S, for sub grid models by the
intermediary of a turbulent viscosity (1,), and a sub grid
kinetic energy ( &, ). Therefore, we focus on the assump-
tion of Boussinesq in which the small scales influence the

large scales via the sub grid-scale stress*%:

7, =2pv,5, —%k,é} (6)
Where, the filtered strain rate tensor is defined by:
- 7 O,
5, = 1( om, L 94, —lﬁ, 5, (7)
2 ox; Ox 3

The use of this WALE-eddy viscosity model to express
the eddy viscosity term in the momentum equation (2)
is motivated by:

o Recovering the proper behavior of the eddy viscos-
ity near the wall in the case of the wall-bounded
flows;

o DPreserving the interested properties such as the
capacity to provide no eddy-viscosity in the case
of vanishing turbulence (property required for the
transition from laminar to turbulent states);

o Relying on the fact that no information about the
direction and distance from the wall are needed
(avoiding the use of any damping function);

o Being suitable for unstructured grids, where evalu-
ating a distance to the wall is precarious.

The residual stress tensor of the WALE eddy viscosity
model can be found as**:
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Ox,

Cw: is the WALE model constant (Cw=0.49). The
model constants used for all the computations in this
paper have been set up for academic configurations such
as turbulent combustion and homogenous isotropic tur-
bulence* and, A is the spatial filter width.

The statistical distribution function of the mixture
fraction performs much better than the commonly used
sub grid scale models perform for the mixture fraction
variance. Therefore, the mixture fraction is considered as

the scalar variable>!3:

y=[, v P2Z)yz (11)
With a simple global reaction rate, non-premixed
combustion can be presented by a reactant mass fraction
Y,(X,t), which is described in (4)>.
For non-premixed combustion, additional scalar vari-
able of mixture fraction Z (X ,t) is needed. The transport
equation of mixture fraction is such as:

0—5. 0 — 5 0 — 0 3
—pZ+—(pu,Z)y=——(pD—Z
Ve +ax,. (pu,2) o, (p o, ) (12)

The above two equations can be combined to be
applied in whichever premixed, partially premixed, or
non-premixed flames*. In the case of simple global reac-
tion rate, progress variable ¢ (X,t) is often used instead
of 17/ (X ,t) for convenience. In the thin premixed flame,
progress variable changes from zero to unity. And with
progress variable and mixture fraction, lean reactant mass
fraction can be defined by:

Z.(}?,t)=);[5()?,t),2()?,t)] (13)

But for the premixed combustion with co flow of air

or pilot product, following equation can be applied to

express the lean reactant mass fraction>,

v, (X.t)=Y, . Z(X,1). [1-c (X, t)] (14)

Y, Is the mass fraction of fuel in the main fuel/air mix-
ture inflow?
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For the unburnt reactants Z =1 and ¢ = 0;
For the burnt product Z =0and ¢ =1.

For homogenous combustion Z (X, t), the equation
(14) is reduced to traditional progress variable equation
for non-premixed combustion®*:

ope 0 .___ ) o, _ 0 . —
+—(puc)=——-r1, +—(pD—0)+ pair. (15
o "o PO =Tt o (PP 8+ po, (15)

In this work, the PDF method is employed as a Sub
Grid Scale (SGS) closure in LES of a turbulent non-pre-
mixed combustion of methane-hydrogen/air. The joint
probability density function of the SGS scalars is deter-
mined via the solution of its modeled transport equation.

2.2 Experimental Configuration and
Application Domain

The configuration which confines the combustion
chamber is given in Figure 1. It was a matter of numer-
ous experimental researches because of its relatively
simple geometry and its similarity to the gas turbine
burner. The cylindrical combustion chamber®*!, pre-
senting a radius R4=61.15 mm and a length L=1 m, is
provided by two coaxial jets CH, or H /air. The central
jet presents an internal radius equal to R1=31.57 mm
and an external radius R2=31.75 mm, in order to inject
methane or hydrogen with an inlet velocity V1=92.78
cm/s at a temperature equal to T1=300 K. The annular
jet has an internal radius equal to R3=46.85 mm, which
injects air with an inlet velocity equal to V2=20.63 m/s
and a preheated temperature T2=750 K. The chamber of
Combustion is pressurized by a value equal to p=3.8 atm
and a constant temperature wall equal to T=500 K. The
presentation and comparison of the results are based on
the normalization of length and velocity using the radius
of the injector (R=R3) and the velocity of the inlet air
(U=V2).The equations of the balance sheet are solved by
the finite volume method. In our case, the grid used for all
the simulation is realized by Gambit. In these conditions,
the meshes used are of the parallelepiped type. The grid
is smooth and refined for the nearly solid limits of the
burner and in the longitudinal direction in the interaction
level of air and fuel, to receive more information in the
solid boundary and the flame zone. The volume contains
about 2.7 million cells. The size of a cell ranges between
3.057304 10° m*and-2.934596 107 m>.
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Figure 1. Geometric Parameters of the Combustion Chamber.
3. Result and Discussion
12- —=— Present results
In this study, a comparison of our results and those 10 e Exprimen 7
obtained experimentally for the profiles of the axial veloc- / AN
ity, temperature and mass fraction of carbon monoxide 08 /' . A\. R
‘CO; shows a good agreement of the results. In addition, 0.6 i, \
the same parameters used for validation are also used to E 04- /
control the flame behaviour provided by CH, or H.. 2 02 /-/

3.1 Models Validation

3.1.1 Axial Velocity

Figure 2 illustrates the comparison of the radial profiles
of the mean axial velocity between the numerical
calculations and the experimental data'’. These results
are presented in the x/R=0.38 and x/R=1.27 stations.
Globally, numerical and experimental results have almost
the same tendency. Thus, the high values of the axial
velocity are located in the center of the chamber presented
by the peaks in the stations previously. The creation of the
recirculation zones upstream from the wall is due to the
sudden widening of the combustion chamber generating
a sudden variation in the parameters (surface, pressure,
etc.), which can be explained by the significant negative
values observed close to the wall presented in the two
stations x/R=0.38 and x/R=1.27. A second recirculation
zone, caused by the delayed flow, occurred at the centre
of the combustion chamber. The delayed flow of methane
produces shears which give rise to this recirculation zone.
The zone of the flame is the seat of the great values of the
speed. The results obtained from the simulation carried
out in this study show that the velocity field is sensitive
to heat, chemistry and geometry. The mean relative gap
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Figure 2. Radial Profiles of the Axial Velocity.
between the numerical calculations and the experimental

reference data!* is about 7%. These results confirm the
validation of the numerical method.
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3.1.2 Temperature

As presented in Figure 3, the obtained temperature pro-
files are in good agreement with those of the experiment
considered in reference, for the stations defined by x/
R=0.89 and x/R=>5.20. Numerical and experimental pro-
files have almost the same tendency. The high temperature
values are located in the flame area and the temperature
begins to decrease with the increase of the radial dis-
tance. The observed difference between the numerical
and experimental results can be explained by the experi-
mental conditions where the walls are cooled by water to
keep a constant temperature equal to T=500 K1, which
cannot achieve the wall condition isotherm. However, in
our simulation calculations, the walls are considered iso-
thermal. On the other hand, the deviations obtained can
be justified by the uncertainties of the instrumentation of
temperature measurement (thermocouple). The average
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Figure 3. Radial Profiles of Mean Temperature.
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of relative gap between the numerical calculations and the
experimental reference data is about 10%.

3.1.3 CO Mass Fraction

The flame region is rich in carbon monoxide ‘CO’ which is
a resultant species of combustion. Figure 4 illustrates the
simulation results in good agreement with experimental'*
of the mass fraction of carbon monoxide CO for different
stations defined by x/R=3.16 and x/R=7.41. The results
obtained show that the temperature behaves in the same
way as the mass fraction of the carbon monoxide CO. The
temperature is high in the area of the flame and decreases
as the flame moves away. This is the same trend observed
for the evolution of the mass fraction of CO. Chemical
reactions and soot formation generates radiation accu-
mulation, which causes an increase in temperature in the
different areas of the flame. The gap between the numeri-
cal results and the experimental data is about 5%.
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Figure 4. Radial Profiles of CO Mass Fraction.

Indian Journal of Science and Technology I 5 -



Numerical Simulation of Methane-Hydrogen Combustion in the Air: Influence on Combustion Parameters

3.2 The Behavior of these Parameters due to
the Variation of CH ~H, Fuels

3.2.1 Axial Velocity

Figure 5 illustrates the comparison between the radial
profiles of the mean axial velocity of H, and CH,. These
profiles are characterized by the peaks in the different sta-
tions defined by x/R=0.38 and x/R=1.27. The numerical
profiles of the H, have the same shape with the profiles of
CH,. The curves present a variation of the average speed
in the cylindrical combustion chamber not premixed
over the radial distance. Indeed, it has been noted that
the different profiles are superimposed in the same way
as a slight increase in the average speed which is affected
by the fuel H, and the values of hydrogen velocity ele-
vated with respect to the values of the methane in the two
stations. The velocity values of the hydrogen are higher
than in the second station. Thus, we can also see nega-
tive values in the velocity profiles in the x/R=0.38 and x/
R=1.27 which correspond to the recirculation regions in
the centre of the burner and close to the walls. In these
conditions, the values of the axial velocity in the middle
of the combustion chamber are higher with H, compared
with CH,, especially in the first station. Thus, we can also
see the profiles of the H, speed completely applicable on
the CH, profiles near the burner walls in both stations.
Indeed, it has been observed that the axial velocity of
hydrogen is greater than the rate of methane almost the
mass of hydrogen is less than the mass of methane.

3.2.2 Temperature

The distribution of the average temperature of hydrogen
and methane in a non-premixed combustion chamber
is shown in Figure 6. In the flame area, the radial tem-
perature profiles show peaks in the stations defined by x/
R=0.89 and x/R=5.20 and then decrease to the wall tem-
perature equal to T=500 K. The high temperature values
are located in the flame area for the two fuels H, and CH,.
The same chemical reaction zone and these reactions are
considered as exothermic reactions. The temperature val-
ues decrease as we move away from the flame zone, with
a slight increase in H, temperature values relative to CH,.
Moreover, it should be noted that the temperature in the
two curves takes the same shape with different values, and
the positions of the peaks displace at the jet of air for the
case of H.. In the case of CH, fuel, it has been noted that
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Figure 5. Profiles of the Axial Velocity Considered for H,
and CH,.

the extreme of the curve corresponds to a temperature
equal to T=900 K in the middle of the combustion cham-
ber at T=600 K for the H, fuel in the first case defined by
x/R=0.89. On the other hand, in the second case defined
by x/R=5.20, the extreme of the curve in the centre of the
burner for CH, of temperature variation corresponds to
an equal value at T=1100 K and at T=600 K for the hydro-
gen.

3.2.3 CO Mass Fraction

In this section, we choose carbon monoxide as a chemical
species of pollutant. The carbon monoxide field is varied
between two stations x/R=3.16 and x/R=7.41 in Figure 7.
The comparison is made between the mass fraction of the
carbon monoxide ‘CO’ produced during the combustion
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Figure 6. Profiles of the Temperatures Considered for H,
and CH,.

of the fuel H, and CH, with the air. The results clearly
illustrate that the values of the fuel CO of hydrogen is a
much lower amount compared to the fuel of methane.
The obtained results show that the temperature behaves
in the same way as the mass fraction of the carbon mon-
oxide CO. This means that the region of the flame is rich
in CO which is a species produced by combustion. In the
first case defined by x/R=3.16, it has been noted that the
extremity of the methane curve corresponds to a mass
fraction of CO equal to yco=0.13 which is located in the
r/R=0.7 position. In the second case defined by x/R=7.41,
the extremity of the CH, curve corresponds to a CO mass
fraction equal to yco=0.14 which is located in the r/R=0.6
position, where the mass fraction of CO of the hydrogen
curve is equal to yco=0 over the entire radial distance.
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Figure 7. Radial Profiles of CO Mass Fraction Considered
for H, and CH,.

CO mass fraction

However, the CO produced by the combustion of H, is
equal to 0 in all the stations of the combustion chamber.

4. Conclusion

In this study, we have developed numerical calculations
using the CFD-FLUENT tools in a simple 3-D geometry
fed by two methane-hydrogen/air fuels. Moreover, we
have studied the behavior of combustion of fuels CH-H,.
The obtained results confirm that:
o The simulation results of this work are in good
agreement with those of the experiment.
o The emission of carbon monoxide is non-existent
for combustion of hydrogen in the combustion
chamber at all stations, but exists for methane.
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« Higher temperature for hydrogen fuel was observed
compared to methane fuel in different stations.

o The results show that the hydrogen velocity field is
faster than that of methane since the molar mass of
hydrogen is smaller than methane.

 After comparing the CH, and H, fuels to choose
the least carried out on the environment, the
results obtained that hydrogen is a clean non-pol-
luting fuel compared to methane.

With these results, we confirm that hydrogen fuel is

better than methane, which is cleaner and less harmful to
the environment.

This study can be extended to include the effects of

instabilities and to use the pollutant model to determine
the fractions species of the OH radicals and emissions of
NOx.
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