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ABSTRACT

Effects of hydrogen enrichment and steam addition on laminar burning velocity of
methane—air premixed flame were studied both experimentally and numerically.
Measurements were carried out using the slot burner method at 1 bar for fresh gases
temperatures of 27 °C and 57 °C and for variable equivalence ratios going from 0.8 to 1.2.
The hydrogen content in the fuel was varied from 0% to 30% in volume and the steam
content in the air was varied from 0 to 112 g/kg (0—100% of relative humidity). Numerical
calculations were performed using the COSILAB code with the GRI-Mech 3.0 mechanism
for one-dimensional premixed flames. The calculations were implemented first at room
temperature and pressure and then extended to higher temperatures (up to 917 K) and
pressures (up to 50 bar). Measurements of laminar burning velocities of methane—
hydrogen—air and methane—air—steam agree with the GRI-Mech calculations and previous
measurements from literature obtained by different methods. Results show that enrich-
ment by hydrogen increases of the laminar burning velocity and the adiabatic flame
temperature. The addition of steam to a methane—air mixture noticeably decreases the
burning velocity and the adiabatic flame temperature. Modeling shows that isentropic
compression of fresh gases leads to the increase of laminar burning velocity.

1. Introduction

flammability range [1-3], low minimum ignition energy and
no emissions of HC or CO, [4,5]. Itis actually considered as one

Natural gas offers an interesting alternative to traditional
fuels to reduce pollutant emissions and to lower the energy
dependence of road vehicles on oil. The addition of hydrogen
to natural gas has even more advantages in terms of pollutant
reduction, thermal efficiency, and combustion stability
allowing some combustion systems to operate with lean
fuel mixtures. Hydrogen offers high flame speeds, a wide

of the most promising alternative fuels for future engines.
Combination of hydrogen with other fuels is one effective
approach to use of hydrogen for clean combustion. Recent
studies on internal combustion engines with hydrogen-
enriched fuels showed that hydrogen addition could
increase thermal efficiency, improve lean burn capability and
mitigate the global warming problem [4,6—8]. Due to lower
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temperatures of very lean flames, NOx emissions also
decreased significantly [9].

In many combustion systems, a factor which is often
neglected to predict combustion characteristics is the pres-
ence of water in the combustion air. This water may come
from the ambient atmosphere feeding the combustor. It may
also be introduced on purpose using for example EGR in
internal combustion engines, or liquid water injection in gas
turbines to reduce the NOx emissions [10—12]. The presence of
steam modifies the combustion process in a more or less
significant way. However, few studies on steam addition
effects on combustion characteristics were conducted. The
present work, therefore, aims at studying the combined
effects of hydrogen enrichment and water injection on
methane/air combustion and particularly on the laminar
burning velocity. Lif and Holmberg [13] studied the injection
effect of water-in-diesel emulsions on the emissions and on
the combustion efficiency in diesel engine. For an emulsion
containing 15% of water, the authors showed a decrease of
30% in NOx and 60% in particle emissions; however, the
CO and HC emissions increased. Other types of fuel have
also been studied such as LPG [14] and recently pure hydrogen
[15].

The enrichment by hydrogen or the addition of steam
modifies the laminar burning velocity. The laminar burning
velocity is an important parameter for validating chemical
kinetics, for the modeling of turbulent combustion and for the
design of practical devices. Flame velocities of methane—air
[16—20] and hydrogen—air [21—-25] mixtures have already been
extensively studied. Some studies have been independently
performed on methane—hydrogen—air [26,27,33,34] and
methane—steam—air mixtures [28,29,40,41]. However, very
limited studies have been conducted on the combined effects
of pressure and temperature on the combustion of these
mixtures. Milton and Keck [30] reported laminar flame veloc-
ities of hydrocarbon—hydrogen—air mixtures, as functions of
the mixture temperature and pressure, by using a spherical
combustion bomb. Because of the multitude of parameters of
the investigation, the study was limited to stoichiometric
concentrations. Yu et al. [26] extended the study to the
complete ranges of equivalence ratio under normal tempera-
ture and pressure. Halter et al. [31] investigated the pressure
effect on laminar burning velocity for CHy;—H, flames and the
results showed an increase in S; with H, addition and
a decrease in S; with the increase of initial pressure. Hu et al.
[32] studied the laminar burning velocities and onset of
cellular instabilities of methane—hydrogen—air mixtures
using a constant volume combustion chamber for equivalence
ratio of 0.8, at different initial pressures, initial temperatures,
and hydrogen fractions. The authors found that the
unstretched flame propagation speed and the unstretched
laminar burning velocity increase with the increase of initial
temperature and hydrogen fraction, and they decrease with
the increase of initial pressure. Wang et al. [33] recently
reported the chemical kinetics effect of hydrogen addition on
the characteristics of methane—air mixtures combustion by
using Premix in the Chemkin II program with the GRI-Mech 3.0
mechanism. They showed that the promotion of chemical
reaction with hydrogen addition is due to the increase of H, O
and OH mole fractions in the flame as hydrogen is added.

Tahtouh et al. [34] studied in the effects of hydrogen addition
and nitrogen dilution on the laminar flame characteristics of
premixed methane—air flames. Measurements were per-
formed at initial conditions of 0.1 MPa and 300 K and stoi-
chiometricmixture using spherically expanding flames in
a constant volume vessel.

The effect of steam addition on the burning velocity is
reported by some authors in the case of hydrogen—air flames
[22,35—39], whereas in the case of methane—air mixtures the
studies are very limited. The measurements of Fells and
Rutherford [28] and calculations of Le Cong and Dagaut [29] on
the CH,—air and natural gas—air flames, respectively, showed
that the addition of water vapor yields lower flame velocity,
lower adiabatic temperature, and reduced NOx formation.
Kinetic analyses indicated that the reduction of NO emission
by H,O injection is mostly due to dilution, reduction of N,
concentration, and thermal effects. Babkin and V’'yun [40]
investigated effects of water vapor on the CHy—air flame
velocity at high pressures by a spherical bomb apparatus for
a stoichiometricmixture. They noted the linear decrease of
laminar burning velocity with steam addition at both atmo-
spheric and elevated pressures. Recently, Mazas et al. [41]
investigated the effects of water vapor on the laminar
burning velocity of a methane oxygen-enriched flame at
atmospheric pressure and for an unburned gas temperature
Ty = 373 K. Flame velocities were measured by the Schlieren
method based on the flame area in a burner with a conical
flame. They showed that flame speeds decrease when the
steam concentration is increased. Their results indicated that
steam addition has a significant chemical effect on laminar
burning velocities, in particular in lean and near-
stoichiometric conditions. However this impact is reduced
when the oxygen concentration is increased in the reactive
mixture. For highly oxygen-enriched flames, steam can be
considered as an inert diluent, even at high steam
concentrations.

The measurement of laminar burning velocity has always
been a complicated issue leading to multiple methods. As
early as 1939, Laffitte [42] cited many methods to measure the
flame velocity. The various experimental configurations used
for flame velocities may be classified as follows: (a) conical
stationary flames on cylindrical tubes and nozzles; (b) flames
in tubes; (c) soap bubble method; (d) constant volume explo-
sion in spherical vessel; (e) flat flame methods. The methods
are listed in order of decreasing complexity of flame surface
and correspond to an increasing complexity of experimental
arrangement. Each has certain advantages that attend its
usage [43—45].

In the present work, the slot burner method is used to
measure the laminar burning velocity and COSILAB code [46]
using GRI-Mech 3.0 [47] for the calculations in order to char-
acterize the effects of hydrogen and steam addition on the
methane—air combustion over a wide range of operating
conditions. The measurement of flame speed by the slot
burner method is based on the measurement of the flame
surface. Many factors can influence the measurement: heat
loss, air entering the flame base, curvature, strain. Indeed, in
a previous study [48] the authors analyzed the effects of these
factors and showed that the burner method allows to measure
flame velocities with a good accuracy, comparable to other




measurement methods. The advantage of this method is its
simplicity of use since the flame is stationary and can be easily
characterized by its surface or angle.

2. Experimental method

The scheme of the slot burner is shown in Fig. 1a. It consists of
the burner head which is a nozzle of 150 mm high mounted on
a plenum chamber of 370 mm high. The system is designed to
have a homogeneous and laminar mixture at the nozzle exit.
The plenum is constituted of three parts: a mixer of cylindrical
form (70 mm high, & = 200 mm), then a square section con-
taining a pileup of glass balls (Jpan = 10 mm) with 100 mm
height and various honeycombs (15 mm high and 5 mm cell-
size), and finally a converging unit (100 mm high) sized up to
have a velocity profile as flat as possible at the exit. The slot
used to stabilize the flame is | = 10 mm wide and L = 100 mm
long. The nozzle is cooled by a regulated water circuit placed
on both sides of the nozzle to avoid high thermal gradients
within the flow. In the mixer, the air is injected tangentially in
order to create a swirling flow promoting mixing with fuel jets.
Flow rates are controlled and measured using Bronkhorst flow
meters (F-201AV-AAA-33-V for air, F-201CV-AAA-33-V for
CH,—H,, L23-AAD-33-0 for steam). The temperature of fresh
gases is controlled by heating air with a Bronkhorst heated
evaporator-mixer (Controlled Evaporator Mixer, CEM W-303-
330-K). The CEM is also used to generate air containing steam.

Flame velocities are measured at atmospheric pressure
and temperature of 27 °C and 57 °C of fresh gases and for
variable equivalence ratios (¢: 0.8—1.2). The mean bulk

velocity at the exit nozzle is fixed at U = 1.9 m/s. The hydrogen
mole fraction in the fuel

" CHs+H, @)

is varied between 0 and 0.3. The content of steam in air is
expressed by the specific humidity

Muy,o
3 = e+ Mo @
which is varied from 0 to 21.8 g/kg (0—-100% of relative
humidity) for T, = 300 K and from 0 to 112.1 g/kg (0—100% of
relative humidity) for T, = 330 K. It is worth noting that the
maximum value of steam content contained in the air is
increased significantly by the increase of the initial gas
temperature.

The principle of flame velocity measurements on a slot
burner type is based on the mass conservation between the
outlet nozzle and the flame front. The average flame velocity
along the flame surface in the transverse plane can be
expressed by:

S ®)
where U is the mean bulk velocity, I is the width of the slot and
Ly is the length of the flame front at the center of the burner.
Eq. (3) expresses from mass conservation between the burner
exit and the flame front, considering that the flame speed S; is
constant over the flame surface. The unstretched laminar
burning velocity S; can be obtained from S, and a factor of
correction due to three-dimensional effect, curvature, strain
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Fig. 1 — a) Schematic of the slot burner, b) Schematic of flame front from the slot burner, c) Example of CH,—air flame images

for equivalence ratios 0.8, 0.9 and 1.



and heat losses to the walls: S, = S.n. The correction factor is
equal to 1.059 in this work [48] and is kept constant for all
experiments. It was determined using numerical simulations
on the same geometry of the burner. The results showed
a small error (=0.5%) due to curvature, strain and heat losses
to the solid. The main error is due to the 3D effects (at the
extremities of the slot) and is about 5.4% according to
the velocity measurements carried out at the nozzle exit on
the one hand, and the analytical calculation based on the
study of Tatsumi and Yoshimura [49] on the other hand. This
error is due to the flow acceleration (5.4% increase compared
to the mean velocity over the entire nozzle) at the center of the
nozzle where the flame surface is measured.

The flame front area which allows to determinate the
flame velocity (S;) is determined by flame imaging. The flame
images are captured by a Guppy CCD camera of 1392 x 1024-
pixel array with a 200-mm Nikon Micro Nikkor lens (/4.0 D).
The camera system is of high sensitivity, large dynamic range
and large well capacity. Therefore, the flame images can be
captured clearly by the camera. An example of CHy—air flame
images for the equivalence ratios 0.8, 0.9 and 1 is illustrated in
Fig. 1c. For each experimental condition, 30 images of the
flame were captured to possibly eliminate the effect of small
fluctuations to the flame velocity. The images are processed in
Matlab software to locate the flame front and to measure the
flame area. The flame from the slot burner has a prismatic
form as shown in Fig. 1.b. The flame surface is determined at
the center of burner based on these visualizations.

3. Computational method

Numerical simulations of laminar, one-dimensional, pre-
mixed, and freely propagating flames are carried out with
COSILAB code using the GRI-Mech 3.0 mechanism for
CH,—air—H, and CH,—air—H,0 mixtures. GRI 3.0 consists of
325 elementary chemical reactions with associated rate
coefficient expressions and thermochemical parameters for
the 53 species. It includes a detailed combustion reaction
mechanism for hydrogen. The GRI 3.0 mechanism has been
validated by large experimental data for methane, ethane,
carbon monoxide and hydrogen. In the case of methane—hy-
drogen flames, GRI-Mech has been used by some authors
[1,31,50,51] and proven to have high accuracy. Measurements
and calculations of flame velocity for a CHs—air mixture with
steam addition are very limited. However, for a flame
CH4—0,—air—H,0, Mazas et al. [41] found a good agreement
between measured and computed laminar flame velocity
using GRI-Mech 3.0 mechanism. In the present work, the GRI-
Mech 3.0 is tested for different parameters such as initial
temperature, equivalence ratio and fraction of water vapor for
a CHy—air flame.

In the computations, the windward differencing on both
convective and diffusion terms are used. The gradient and
curvature values are 0.01 and 0.2, respectively, to control the
adaptive grid. The calculation domain is from 0 mm upstream
to 20 mm downstream; total number of grid points is typically
350—400.

The calculations are implemented first at atmospheric
pressure and room temperature (300 K, 1 bar) then at elevated

initial pressures and temperatures. The mole fraction of
hydrogen in the CHy + H, mixture is varied from 0 to 0.5 and
the equivalence ratio is varied from 0.6 to 1.4.

4. Results and discussion
4.1. Laminar burning velocity of methane/air flame

Fig. 2 shows the calculated and measured laminar burning
velocity as a function of equivalence ratio for methane—air
mixtures at 300 K and 1 bar. The present results are compared
with literature data [9,16—20,31] where measurements were
carried out using different measurement methods. The
experimental data obtained for the slot burner are compared
to the numerical calculations performed with COSILAB code
using the GRI-Mech 3.0 reaction mechanism. Measurements
are in very good agreement with the modeling for all equiva-
lence ratios (¢ = 0.8—1.2). The measurement data of the liter-
ature are a little scattered corresponding to the different
methods used by the authors and to measurement errors.
However, S; results globally follow a similar behavior as
a function of the equivalence ratio. In our data, the laminar
burning velocity peaks for an equivalence ratio of 1.05 and
falls off for both the rich and lean mixtures. Compared to the
different results from the literature, this peak of S; is either at
¢ =1.05[9,18,19] or at ¢ = 1.1 [16,17,20,31]. For a stoichiometric
mixture, the value of laminar burning velocity found by
different authors ranges from 33 to 43 cm/s. However,
the recent experiments converge toward a value around
S. = (36 £ 1) cm/s. The value of S, obtained from our slot
burner (37.2 cm/s) is very close to the results of Edmondson
and Heap [21] (37.0 cm/s, by the burner method), Van Maaren
et al. [16] (37.0 cm/s, by the flat flame-heat flux method),
Clarke et al. [52] (36.8 cm/s, by the closed vessel method),
Vagelopoulos and Egolfopoulos [17] (36.7 cm/s, by couterflow
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Fig. 2 — Calculated and measured laminar burning velocity
of methane/air mixtures, and comparison with
experimental data from literature using different
configurations. Symbols represent experimental data; line
represents calculation with COSILAB (using GRI3.0
mechanism).



method) and Gu et al. [18] (36.8 cm/s, by the closed vessel
method). This comparison shows that the present values of
flame velocities are consistent with the data from the litera-
ture. Over the measured range of equivalence ratio, it appears
that the results are slightly higher than other experiments for
lean flames, except for the data of Gu et al. [18], and slightly
below them for rich flames, except for the data of Halter
et al. [31]. Considering the error bars on all flame velocity
measurements (see for example a summary of measured
values by different methods for methane—air flames in [19]), it
is difficult to determine which method is the best, however
the present one obviously gives reasonable results and
matches GRI-Mech 3 mechanism results very well.

4.2. Effect of hydrogen addition

The effects of hydrogen addition on the laminar burning
velocity at temperature 300 K and atmospheric pressure are
shown in Fig. 3. Hydrogen content in the fuel is varied from 0%
to 30% in volume. In the case of 30% hydrogen, the
measurements only concern lean mixtures, because the
flame flashes back for the stoichiometricand rich conditions.
To prevent this flashback, it is necessary either to increase the
injection velocity thus the flow rate, or to decrease the area of
the exit burner. In Fig. 3 symbols represent measurements
and lines represent numerical calculations by GRI-Mech. For
a given equivalence ratio, when the hydrogen fraction in the
fuel increases, the laminar burning velocity increases, as
expected. This is due to the high mass and thermal diffusivity
of hydrogen in air and its high reactivity. Between 0 and 25%
of H, at stoichiometry, S; increases from 37 to 46 cm/s, an
increase of about 25%. This increase of laminar burning
velocity would lead to very different performances in real
combustion systems. For the different hydrogen fractions, the
variation of laminar burning velocity with equivalence ratio is
qualitatively the same. The maxima of S, are found in
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Fig. 3 — Laminar burning velocity as a function of
equivalence ratio for methane—hydrogen—air mixtures

(a: 0—30%) at 1 bar pressure and 300 K. Symbols represent
experimental data; lines represent calculations with
COSILAB (GRI3.0 mechanism).

a narrow range of ¢, from 1 to 1.1 in the studied range of
hydrogen fraction. The comparison between measurements
and calculations indicates a good agreement for an equiva-
lence ration range of 0.8—1.1. In very rich mixtures ¢ = 1.2, the
values of S; are more scattered, maybe because the flame
starts to lose its triangular shape. Many studies showed that
the maximum value of S, shifts to the rich mixture region
with increasing hydrogen fraction in fuel blends [2,33,50,53].
Ilbas et al. [2] obtained a maximum burning velocity
Simax = 3.2 m/s and was obtained at the equivalence ratio
¢ = 1.8. Tang et al. [53] found two regimes, 0—80% H, and
80—100% H,, of S; increment with H, fraction. They found that
the increment of S; from 80 to 100% is three or four times that
from 0O to 80%.

Fig. 4 shows measured laminar burning velocity as a func-
tion of equivalence ratio compared with those of the literature
[9,31] for different hydrogen content in the fuel. The
measurements of Coppens et al. [9] were performed using the
heat flux method (flat flame) while the investigation of Halter
et al. [31] was performed using the spherical bomb method.
Globally the variation of S; with equivalence ratio is practi-
cally identical for all authors. Our results of slot burner are
very close to those obtained by Coppens et al. [9] for H, mole
fractions 0, 15 and 25%. However there is a slight difference
between the two methods and with the results of Halter et al.
[31] due to measurement errors and the experimental
methods used.

In order to investigate the effect of hydrogen addition on
the flame speed more clearly, the measured laminar burning
velocity with hydrogen content is illustrated in Fig. 5, for the
equivalence ratios 0.8, 1 and 1.2 compared to the data from the
literature. The study of Uykur et al. [27] is a numerical simu-
lation performed by CHEMKIN III with GRI 3.0 as kinetic
mechanism. Ilbas et al. [2] determined the flame speed within
the bomb using a high-speed Schlieren photographic tech-
nique. The measurements of Shy and al. [55] were based on
flame propagation in a cylinder from a cruciform burner. The
results show that the laminar burning velocity increases
linearly with increasing hydrogen content over the range of
investigation (0—25% of H,). The present work gives data
consistent with results from the literature. The linearity of S,
with hydrogen fraction is found for all the equivalence ratios
and all experimental method, except for the study of Shy et al.
[55] for the case of ¢ = 0.8. The same behavior was observed
later by the authors Yu et al. [26], Halter et al. [31] and Di Sarli
and Di Benedetto [50]. For higher hydrogen contents (>50%) Di
Sarli and Benedetto [50] showed that the increase of S; is
significant and becomes non-linear. From 0 to 100% H,, Huang
et al. [54] found that the increments of the unstretched
laminar burning velocity increase exponentially with the
increase of hydrogen fraction in fuel blends.

The adiabatic flame temperature is an important param-
eter of combustion because it determines the amount of heat
from the flame and also acts on mechanisms of pollutant
formation. Any modification of this temperature therefore
leads to changes in other variables. Furthermore, since the
reaction rate coefficient in Arrhenius equation has high
temperature dependence, the temperature must have great
effect on the chemical reaction process. Calculated adiabatic
flame temperatures (Tn.q) are displayed in Fig. 6.a versus
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equivalence ratio for hydrogen fractions 0, 20 and 50 percent.
Fig. 6b shows T.4 variations with hydrogen fraction at the
stoichiometry. The flame temperature reaches its maximum
value around the stoichiometry. The addition of hydrogen
induces a slight increase in adiabatic flame temperature. For
the equivalence ratio of 1, adding 20% of Hj, T,q increases from
2223 to 2233 K (i.e. 10 K more), and adding 50% of Hj, Taq
increases to 2256 K, i.e. 33 K more than in the combustion of
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pure methane. The results show that for the present range of
hydrogen addition (0—30% of H,%), the flame temperature
varies only slightly as found also by Wang et al. [33]. Indeed,
they observed that T,q increases by 10 K from 0 to 20% H, and
10 K more from 20 to 40% H, addition in the methane—hy-
drogen fuel blends. Uykur et al. [27] calculations showed that
the fame temperature of the mixture was increased by less
than 1% with the addition of 20% H,. The increase of flame
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temperature becomes significant only over 80% of H, based on
studies of Tang et al. [53] in a propane—air flame.
4.3. Effect of steam addition
This section discusses the effect of steam addition on the
laminar burning velocity and the adiabatic flame temperature
experimentally and numerically. The chemical kinetic
mechanism (GRI-Mech 3.0) used for the calculations has been
validated for many cases, but none of these cases addresses
the effect of steam addition in the fresh gases. To validate this
mechanism it is necessary to make a comparison between the
results obtained by this latter and the experimental results
obtained in the same operating conditions. The comparison
parameter of these two methods is the laminar burning
velocity, because this parameter reflects the chemical kinetics
of combustion. Two cases of fresh gas temperatures are
studied, a standard one of 300 K with 1 bar of pressure, and the
second of 330 K allowing to increase the rate of water vapor
(increase of saturation pressure of water in air).

Fig. 7 shows the experimental results (symbols) and
calculations (solid lines) of flame velocity agree very well for
a stoichiometric mixture at 1 bar and initial temperatures
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Tin = 300 K (a) and 330 K (b). The GRI-Mech 3.0 mechanism
reproduces the laminar burning velocity in the case of steam
addition in fresh gases for the two temperatures. The laminar
burning velocity decreases gradually as the specific humidity
of air increases. This decrease of S, with steam addition is
practically linear as found by Mazas et al. [41]. For Ti, = 300 K
(Fig. 7a), this decrease is 13.6% when Sy increases from 0 to
21.8 g/kg (from 0 to 100% relative humidity at 300 K).

In the case of T;, = 330 K, the flame velocity S; decreases
from 42.5 to 20.8 m/s for a humidity of 100 g/kg. The flame
velocity is halved in this case; this leads directly to a power
reduction, which would require changing the ignition timing.
Note that the slope dS;/dSy is approximately the same at 300 K
and 330 K. However, it is possible to achieve higher levels of Sy
when the air is hot (330 K), because the saturation (100% of
relative humidity) is obtained for higher values of Sy as shown
in Fig. 7b.

The consistency between experiments and modeling of
laminar burning velocity was tested in the case of a stoichio-
metric flame. In order to validate the reaction mechanism, itis
necessary to investigate also lean and rich mixtures because
the chemical reactions involved during combustion are
different. Fig. 8 illustrates the measured (symbols) and

b 45
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Fig. 7 — Laminar burning velocity versus the specific humidity with ¢ = 1, a) at 1 bar and 300 K, b) at 1 bar and 330 K.

Symbols: experiments, lines: modeling (GRI-Mech 3.0).
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Fig. 8 — Laminar burning velocity versus the equivalence
ratio for three different specific humidities (0, 8.6 and
15.2 g/kg) at ¢ = 1, 1 bar and 300 K. Symbols: experiments,
lines: modeling (GRI-Mech 3.0).

calculated (lines) laminar burning velocity as a function of
equivalence ratio for specific humidity 0, 8.6 and 15.2 g/kg. The
results show the very good agreement between the experi-
mental method and the calculations for the different steam
fraction. Note that the humidity effect on the flame velocity is
the same whatever the equivalence ratio of mixture.

Other results can be obtained numerically since the
chemical kinetic mechanism (GRI-Mech 3.0) is validated for
the laminar burning velocity. Fig. 9 depicts the calculated
adiabatic flame temperature versus specific humidity for the
two initial temperatures 300 K and 330 K, with ¢ = 1 and
P = 1 bar. These figures show that the flame temperature
decreases when the humidity increases. This decrease is about
50K from dry air to air fully saturated with water vapor for the

——300 K

—Aa— 330K

Tad (°K)

Su (g/kg)

Fig. 9 — Calculated adiabatic flame temperature versus the
specific humidity for the two initial temperatures

Tin = 300 K (Sumax = 21.8 g/kg, 100% of relative humidity)
and Ti, = 330 K (Sumax = 112.1 g/kg, 100% of relative
humidity), with ¢ = 1and P = 1.

two cases of initial temperatures. The temperature reduction
is due to three phenomena: dilution, calorific capacity and
chemistry. The first two effects decrease the flame tempera-
ture, while the third tends to increase it [56], however, the
overall effect remains a decrease of this temperature. A
decrease of flame temperature leads certainly to a decrease of
NOx emissions as demonstrated by several studies. It is noted
also that the flame temperature decay with the specific
humidity is quasi-linear whatever the initial temperature.
From these results, it is possible to fit an equation giving the
adiabatic flame temperature (Tad) with specific humidity (Sg):

Taa = T2 — 2.25 x Sy (4)

with T, is the adiabatic flame temperature for a stoichio-

metric mixture composed of dry air.
4.4. Effect of isentropic compression

The good agreement between the experimental method and
the calculations allows to validate the reaction mechanism in
the case of fresh gas temperatures of 300 and 330 K. In this part
of the study, it is assumed that GRI-Mech 3.0 mechanism also
remains valid over a larger range of temperature and pressure
of fresh gases. This hypothesis is reasonable because many
studies have validated the kinetic mechanism for different
input parameters (P, T, ¢) [20,31,32,57]. In the following, the
effects of hydrogen enrichment and steam addition are pre-
sented at high pressures and temperatures corresponding to
a compression of fresh gases in a piston engine. A spark igni-
tion engine operates on the Beau de Rochas cycle and the
thermodynamic state of fresh gases is governed by an isen-
tropic compression. The gas temperature at the end of an
isentropic compression can be expressed by the relation:

T, = T4 (Py/Py) V7 (5)

where T; and P, are the pressure and temperature of the initial
state (before compression), P, is the pressure of compression,
and y = 1.4. In this work, P, = bar, T; = 300 K and pressure of
compression varies from 1 to 50 bar Table 1 gives the
temperatures of fresh gases after compression.

Fig. 10 shows the laminar burning velocity as a function of
equivalence ratio at 1 and 10 bar in the case of pure CH,
(0% H,) and in the case of CH4—H, mixture (20% H,). Fig. 11
presents the compression of mixture effect on the laminar
burning velocity for a lean flame (¢ = 0.8) and stoichiometric
flame (¢ = 1). The following cases are shown: methane pure
(0%H,), H, enrichment (20% H,), and steam addition (21.8 g/
kg). The compression of fresh gases has a significant effect on
the flame velocity with and without hydrogen: when the
pressure increases, the flame velocity increases due to the
increase of fresh gas temperature induced by the isentropic
compression. If the temperature of fresh gases is fixed
(e.g. ambient temperature), an increase of pressure leads to
a decrease of the flame velocity. This demonstrates that the
influence of temperature on the flame velocity is higher than
the pressure one. At the stoichiometry, when P increases from
1to 10 bar, S; of pure methane increases from 36.6 to 47.7 cm/
s, an increase of 30.3%. For a mixture with 20% H,, S; increases
from 42.2 to 55.1 cm/s between 0 and 10 bar, this gives almost
the same growth rate of Sy (30.6%).



Table 1 — Isentropic compression (Eq. (5)) with P; = 1 bar, T; = 300 K.

P, (bar) 1 2 3 5 7
T, (K) 300 365.7 410.6 475.1 523.1

10 15 20 30 40 50
579.2 650.4 706.1 792.8 860.7 917.4

Si(cm/s)
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Fig. 10 — Laminar burning velocity versus the equivalence
ratio. Effects of hydrogen addition (0 and 20%) and
isentropic pressure (1 and 10 bar).

In the case of steam addition effect (dry air Sy = 0 g/kg
(Ry = 0%) and a saturated air Sy = 21.8 g/kg (Ry = 100%)), the
results show for P, = 1 bar, the variation of S; between the case
of dry air and saturated air by water vapor is 4.82 m/s, while
this variation is 8.04 m/s at P1 = 50 bar. The effects of S;;on S
therefore remain high even when the pressure increases.

4.5. Correlation of computed S, with P, T, ¢ and o

The laminar burning velocity (S.) of CHs—H,—Air depends as is

shown above on various parameters: pressure (P),
100 +
] —e—onm2 $=08
90 - 20% H2 ¢=08
1) == o --0%H2 o=1 .0
80 + 20%H2 o=1 e
1 o i she 1 o R
— © — 0%H2Sh=21.8 g/kg ¢ .- Jes

Sy, (em/s)

20 25 30 35 40 45 50

Pressure (bar)

Fig. 11 — Calculated laminar burning velocity versus the

isentropic pressure for the cases: ¢ 0% H,, Sy = 0, ¢ = 0.8;
A 20%H,, Sy = 0,¢ = 0.8; (1 0%H,, Sy =0, ¢ = 1; A 20% H,,
Su =0, ¢ = 1; 0 0% Hy, Sy = 21.8 g/kg (Ry = 100%), ¢ = 1.

temperature (T), equivalence ratio (¢) and fraction of
hydrogen in fuel («). For a given fuel (methane, propane...),
Metghalchi and Keck [58] reported a formula of S; as a function
of Pand T:

S.(T.P) = Si, (To. Po) (%) " (}%) " ©)

with S;, the laminar burning velocity under standard condi-
tions of temperature and pressure, and 8t and 8p are based on
equivalence ratio.

With COSILAB code using GRI-Mech 3.0 reaction mecha-
nism, calculations of S, were performed for the following
operating conditions: pressure (1-50 bar), temperature
(300—917 K), hydrogen fraction (0—0.5) and equivalence ration
(0.6—1.4). Basing on these numerical data, fitting equation of
the laminar burning velocity of CHys—H,—air mixture with the
different parameters is given below:

T\?T /p\?
SL(T,P7 a,P) = SLo (To,Po7a0,¢) (T—> (P_> [1 +002(P/P0 - 1)]F(C{)
0 0
)
where Ty = 300 K, Py = 1 bar, ag = 0, Bp = —0.54 and
Sy, = 290.15¢* — 1258.93¢° + 1837.01¢? — 1039.57¢ + 208.18
(8)

Br = —2.08¢° + 6.92¢? — 7.61¢ + 4.83 e

F(a) = 1.380% + 0.46a + 1 (10)

The S; formula (eq. (7)) gives values generally consistent
with calculations. There is an error of 2.6% on average over all
the results of the studied parameters. However in some cases,
the error may reach 7%, in particular for very high values of S;.

5. Conclusion

In the present paper effects of hydrogen enrichment and
steam addition on CHy—air laminar combustion were studied
experimentally and computationally, motivated by combus-
tion considerations in engine applications. In the experiment,
the laminar burning velocity was measured in a slot burner at
atmospheric pressure and temperatures 300 K and 330 K. The
influence of equivalence ratio of mixture is also analyzed.
Simulations were performed using COSILAB code with GRI-
Mech 3.0 reaction mechanism, at normal temperature and
pressure (300 K, 1 bar) to validate the computations. They
were then extended to elevated initial pressures and
temperatures (up to 917 K and 50 bar). The main results are
summarized as follows:

1. The flame velocity measurements carried out for CH,—air,
CHy,—H,—air and CH,—Air—H,0O flames agree with the
numerical calculations and with the previous results from



the literature. It was found that the method of the slot
burner used in this study gives satisfactory results.

. The addition of hydrogen to methane leads to an increase

of burning laminar velocity (S;). Indeed at stoichiometric
regime, when adding 25% (by volume) of hydrogen to CH,,
the laminar flame velocity increases by 25% (from 37 to
46 cm/s). The laminar burning velocity increases linearly
with increasing hydrogen content, over the range of
investigation (0—50% of H,).

. The presence of vapor water in the fresh gases causes

a decrease in flame velocity. This reduction can exceed 50%
between 0 and 100% humidity in air in the case of fresh
gases temperature of 330 K.

. Adiabatic flame temperature slightly increases with

hydrogen enrichment and decreases with steam addition.

. Effects of fresh gas compression on laminar burning

velocity are significant for hydrogen or steam addition.
When the pressure increases, the flame velocity increases
due to simultaneously increase of fresh gas temperature
induced by the isentropic compression. Laminar burning
velocity of CH4—20%H, at the stoichiometry increases by
30.6% (from 42.2 to 55.1 cm/s) when the fresh gases are
compressed between 1 and 10 bar.

. Based on calculations data, a fitted equation of the laminar

burning velocity of CHy—H,—air mixture is proposed taking
into account: pressure, temperature, equivalence ratio and
hydrogen fraction in fuel.
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