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ABSTRACT

Due to the energy transition worldwide, renewable energy sources
complementary to fossil fuels are being sought. Considering
that hydrogen generates only water when reacting with air, the
application of hydrogen can play a leading and complementary
role in the reduction of greenhouse gas (GHG) emissions. This
work conducts a theoretical and numerical evaluation of the
effect of adding hydrogen to natural gas (NG) combustion. Eight
fuels, from 0% H, up to 100% H,, by volume, were evaluated in
15% intervals. The volumetric and mass air requirement, H,0 and
CO, production, wet and dry combustion products, as added to the
heating value, Wobbe index, flammability ranges, dew point, and
specific gravity, were calculated for each mixture at stoichiometric
conditions. Some premixed flame combustion properties were
calculated numerically for equivalence ratios from 0.5 to 1.5, using
Medellin's atmospheric conditions. These properties include the
minimum ignition energy, critical quenching distance, diffusive
thickness, laminar burning velocity, adiabatic flame temperature,
flame structure, and ignition delay time. The latter property
considered reagent preheat temperatures between 1000 K and
1600 K, finding an inverse relationship. Furthermore, increased
hydrogen content showed an increase in flame temperature and
laminar deflagration velocity, and a decrease in ignition delay time,
flame thickness, critical quenching distance, and minimum ignition
energy. Finally, the maximums and minimums of the properties
considered were found to center at stoichiometric conditions for
100% natural gas, while the addition of hydrogen shifted the trend
towards richer mixtures.
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RESUMEN

Debido a la transicion energética que se ha venido presentando a nivel
mundial, se han buscado complementariedades a los combustibles fosiles
con energias de fuentes renovables, teniendo en cuenta que el hidrégeno es
un combustible que puede generar sélo agua como producto de la reaccién
con el aire, se deben evaluar los diferentes escenarios en los que el hidrégeno
puede tener un papel tanto protagénico como complementario en cuanto a
disminucion de gases de efecto invernadero (GEI). En este trabajo se realiza
un andlisis tedrico y numérico que evalua el cambio en las propiedades de
combustion con la adicién de hidrégeno al gas natural (GN). Ocho mezclas
fueron evaluadas desde 0% H, con incrementos de 15% (en volumen) hasta
100% H,. Para dichas mezclas, se calculo a condiciones estequiométricas
el requerimiento de aire (volumétrico y masico), produccién de H,0 y CO,
(volumétrico y masico), humos himedos y humos secos (volumétrico y
masico), poder calorifico, indice de Wobbe, gravedad especifica, intervalos
de inflamabilidad, punto de rocio y gravedad especifica. También, se
calcularon de manera numérica algunas propiedades de combustién en
llamas de premezcla, bajo un rango de relaciones de equivalencia entre
0.5y 1.5 para las condiciones atmosféricas de la ciudad de Medellin;
estas propiedades corresponden a la energia minima de ignicion, distancia
critica de enfriamiento, espesor difusivo, velocidad de deflagracién laminar,
temperatura de llama adiabatica, estructura de llama y tiempo de retraso
a la ignicion, para esta ultima propiedad se consideraron temperaturas de
precalentamiento de los reactivos entre 1000 K y 1600 K y encontrd una
tendencia inversa respecto a esta variable. Los resultados mostraron un
aumento en la temperatura de llama y velocidad de deflagracion laminar
conforme se aumenta el contenido de hidrégeno en la mezcla, y del mismo
modo se evidencié una disminucion en el tiempo de retraso a la ignicion,
espesor de llama, didmetro critico de enfriamiento y energia minima
de ignicién. Asimismo, se encontré que el valor maximo/minimo de las
diferentes propiedades se encuentra para condiciones estequiométricas
para 100% gas natural, y conforme se adiciona hidrégeno en la mezcla hay
un desplazamiento a mezclas ricas.
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INTRODUCTION

Given modern saciety's high pollutant production, and its associated
dramatic impact on life through phenomena such as greenhouse
effect, acid rain, and climate change, Colombia has committed
to reduce its greenhouse gas emissions by 20% in 2030 [1].
Therefore, it is necessary to shift towards renewable fuels with low
environmental impact and highly efficient thermal technologies in
the various sectors of the economy such as industry, transport, and
residential, among others.

Progress requires an in-depth study of energy conversion using low
emission fuels and, in turn, advanced stable and efficient combustion
technologies, such as natural gas (NG) combustion, which produces
less CO, than both liquid and solid hydrocarbons, given the nature
of NG and its bonded-carbons content. However, NG can be mixed
with hydrogen (H,) in quantities that maintain the stability and safety
of NG combustion to further reduce pollutant emissions due to the
reduced carbon content, up to the elimination of CO, . Similarly, it
improves the combustibility of the mixture, and can extend the useful
life of the NG reserves if the H, is extracted from renewable sources
through water electrolysis (green hydrogen) [2]. Currently, H, can be
obtained 100% from renewable sources using only surplus energy
to drive Power to Gas systems, providing a feasible alternative
associated with this fuel [3].

STATE OF THE TECHNIQUE

Multiple studies report on the laminar burning velocity for a wide
variety of fuels, including mixtures with hydrogen, for the reasons
stated in the introduction. Echeverri-Uribe et al. [15] studied,
numerically and experimentally, the effect of adding electrolysis
products (H,/ O, ratio 2/1) to methane on the laminar burning
velocity and combustion stability. They found that an increase in
the H,/0, content increases the laminar burning velocity, while the
thermal flame thickness decreases, concluding that the addition
of electrolysis products to methane promotes hydrodynamic
instabilities and decreases equidiffusive ones. They used the PREMIX
subroutine of the Chemkin PRO software and the GRI-Mech 3.0
kinetic mechanism, finding the numerical results to correctly fit the
experimental results at sub-atmospheric conditions.

Pareja et al. [16] analyzed, theoretically and experimentally, the
laminar burning velocity of premixed hydrogen/air flames at low
pressure, ambient temperature, and different equivalence ratios. In
the experimental phase, the flame was generated using a slot-type
nozzle burner (5mm x 13.8mm). Experimental observations were
made using Schlieren photography. Numerical calculations were
performed using the PREMIX one-dimensional premixed flame
code from the Chemkin PRO package. For comparison purposes,
the simulations considered the mechanisms proposed by Mueller
etal. [17] and Li et al. [18], finding the Mueller mechanism a better
fit to the experimental results.

On the other hand, Mishra and Dhiya [19] conducted an analytical
study of the effect of hydrogen addition to different fuels (LPG, CH,,
and acetylene) on the adiabatic flame temperature under rich, lean,
and stoichiometric equivalence ratios. They found higher adiabatic
flame temperatures with increasing proportions of hydrogen.
Moreover, they developed a linear model for calculating the adiabatic

As a fuel, H, implies great challenges in terms of storage, distribution,
safety, and long-term environmental effects [2], [4], [5]. Due to the
implicit disadvantages of H,, such as NOx emissions, fuel mixtures
of H, with hydrocarbons are a route to reducing greenhouse gas
emissions. These mixtures have been evaluated for implementation
in household burners, industrial burners, the automotive sector, and
even in aviation [6-14].

Therefore, to achieve a decarbonization technology transition, the
combustion properties of natural gas/hydrogen/air premixes must be
studied, considering different atmospheric conditions with respect to
altitude due to the effect of air pressure and density on combustion.
At lower air densities, there is less oxygen availability, which affects
combustion performance. This paper contributes to the state of the
art by evaluating the performance of the following properties at the
atmospheric pressure of Medellin, Colombia (1500 m.a.s.l.) with
different equivalence ratios and hydrogen proportions: adiabatic
flame temperature, laminar combustion velocity, ignition delay
time, flame thickness, critical quenching diameter, and minimum
ignition energy. Furthermore, theoretical properties related to energy
availability and interchangeability are compiled for the different
fuel blends.

flame temperature using the dissociation energy, the specific heats
ratio, the C/H ratio, and the equivalence ratio.

Similarly, Huetal. [20] studied, numerically and experimentally,laminar
premixed methane-hydrogen-air flames at atmospheric conditions,
finding that the laminar burning velocity increases as hydrogen
is added to the mixture. They divided the dominant properties of
the mixture as a function of three subgroups, depending on the
proportion of hydrogen. Mixtures with less than 60% H,, achieved
slightly superior properties as compared to 100% CH,, with linearly
increasing laminar burning velocity. Subsequently, mixtures between
60-80% H, were defined as a transition regime with exponentially
increasing laminar burning velocity. Finally, mixtures with more than
80% H, were defined as the inhibited methane regime, returning to
linearly increasing laminar burning velocity. The numerical analysis
was conducted using the GRI-Mech 3.0 mechanism, which captured
the experimental trend for intermediate and low H, content in CH,.
The behavior of H, in other hydrocarbons has been reported in the
literature. Tang et al. [21] studied, numerically and experimentally,
the laminar burning velocity and the combustion characteristics
of premixed propane-hydrogen-air flames as a function of the
equivalence ratio and the hydrogen content. They found results
like those reported for NG or CH,, where increasing H, content
increases the laminar burning velocity, displaces the maximum
laminar burning velocity towards richer mixtures, and decreases
the thickness of the thermal flame. In addition, for H, content below
60%, the properties of propane predominated.

Donchoe et al. [22] analyzed, experimentally and numerically, the
ignition delay time and the laminar burning velocity for mixtures
of natural gas and hydrogen at high pressures, parameterizing
the premix temperature, the equivalence ratio, and the hydrogen
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content. Increases in preheat temperature, pressure, or hydrogen
content resulted in a decreased ignition delay time. Similarly,
the laminar burning velocity relates non-linearly to the hydrogen
addition. Furthermore, the AramcoMech mechanism [13] was
shown to approximate the experimental results quite well, with
an error of 2% /ms.

Finally, Ren et al. [23] characterized numerically the properties of
natural gas mixed with hydrogen, considering from O to 40% H,
content under different temperatures and initial pressures (298
and 500 K; 1 and 8 atm). The Chemkin PRO software showed that
the adiabatic flame temperature and the laminar burning velocity
increase as hydrogen is added to the mixture, due to the generation
of H, O, and OH radicals that correlate with the burning velocity.
Also, with the same equivalence ratio and hydrogen content, the
adiabatic flame temperature and the burning velocity increase as
the premix temperature is increased. On the contrary, increased
pressure decreases the laminar burning velocity, while increasing
the adiabatic flame temperature.

This analysis is acomplement to the last work presented, evaluating
and characterizing the properties of H,-NG combustion at 0.849 bar
and greater H, content.

Other properties, such as quenching diameter and minimum
ignition energy, are predominantly studied experimentally in the
literature. Therefore, this work is a comparative and complementary
contribution through the numerical study of these variables. The
results include an analysis of these properties and a comparison
with those reported in the literature.

METHODOLOGY
MIXTURES ANALYZED

Combustion properties were evaluated for eight H,-NG fuel mixtures.
The volumetric composition of natural gas (NG) distributed through
the Sebastopol pipeline to the combustion laboratory of the
University of Antioquia, Medellin (298 K and 0.849 bar) was taken
from the TGl website [24], as shown in Table 1.

Table 1. Composition of the natural gas in volumetric

percentage
Species Proportion [%]
CH, 82.99122
C2H, 10.20005
CaHs 448655
Co, 187252
N, 0.44965

The fuels analyzed were 100% natural gas (NG), 100% hydrogen (H,),
and mixtures of 15%-85%, 30%-70%, 45%-55%, 60%-40%, 75%-25%,
and 90%-10% H,-NG, respectively. The results refer to the fuels by
their volumetric percentage of hydrogen. For example, natural gas
will be 0% H,, and 45% H, indicates a mixture of 45% H,-55% NG.

Fuel properties were calculated for stoichiometric conditions, while
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the combustion properties of the premix were evaluated from poor
to rich mixing conditions, covering equivalence ratios from 0.5to 1.5.

CALCULATION OF FUEL PROPERTIES

Through a stoichiometric balance, assuming complete combustion
for an equivalence ratio of one, the following combustion properties
were determined for each mixture: theoretical volume and mass
of air, volume and mass of combustion products (wet and dry),
theoretical volume and mass of CO,, theoretical volume and mass
of H,0, flammability limits, specific gravity, heating values, Wobbe
index, dew point, and CO, emission factor. A detailed explanation of
this procedure is shown in [25].

Flammability limits, specific gravity, heating values, and Wobbe
index were calculated for each mixture as shown in equations (1),
(2),(3),and (4), respectively.

1 Vi 1 Vi
T = Y e = (1)
LIL, LII; © LSL, LSI;
pPC =z YiPC; (3)
W = ZyiPCSv,i

(4)
vV 2vid;

In the equations, y, is the volumetric fraction of component i in the
mixture, LII,, is the lower flammability limit of the mixture, LSI,, is
the upper flammability limit of the mixture, d is the specific gravity,
PC is the heating value, and W is the Wobbe index* of the mixture.
*The Wobbe index is the ratio between the volumetric heating value
of a gaseous fuel and the square root of its specific gravity. It is used
to calculate how power is affected when a gas fuel is replaced by
another.

The dew point is determined as the temperature corresponding to
the partial water pressure in combustion products for saturated
steam conditions. Accordingly, the vapor pressure is necessary,
which depends on the volumetric fraction of the water in the
combustion products, as calculated using equations (5) and (6 ).

VHZO PHZO
= = 5
YH20 Vo P, (5)

Pyz0 = Pst Yhzo (6)

Hence, saturated steam tables are required for obtaining the dew
point. On the other hand, the calculated CO, emissions indicate
the degree of pollutant production with respect to the input power
according to the fuel's heating value, as calculated using Equation
(7).

Feoz = Massco,/PCly (7)
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CALCULATION OF COMBUSTION PROPERTIES IN PREMIXED
FLAMES

The calculations of the premixed flame combustion properties,
such as adiabatic flame temperature, laminar burning velocity,
flame structure, and ignition delay time, were performed using
the subroutines “Equilibrium”, “Premix”, and “Closed Homogeneus
Batch Reactor” of the Chemkin PRO 18.2 software. Subsequently,
calculations were combined with the equations listed in section
4.2.2. below, to simulate the properties of interest for adequate fuel
control and thermal system design, such as flame thickness, critical

quenching diameter, and minimum ignition energy.

KINETIC MECHANISM

According to [26], a kinetic mechanism is understood to be the set
of steps that describe the decomposition of species in a reaction.
A combustion mechanism may consist of only a couple of steps,
general reactions, or thousands of elementary reactions. For
example, the mechanism of Li et al. [18], commonly applied for
hydrogen, contains 9 species and 21 steps, exemplifying a very
compact mechanism as compared to mechanisms designed for
hydrocarbons, which can consist of 57 species and 268 reaction
kinetics such as the San Diego Mechanism (UCSD) [27], or 53 species
and 325 reactions such as GRI-Mech 3.0 [28].

Consequently, the selection of a mechanism for the numerical
characterization of combustion is an extremely complex and
important issue, as the considered phenomenon can be over-
or-underestimated. In works involving fluid dynamics, such as in
[29], [30], and [31], simplified mechanisms such as Westbrook
and Dryer or DRM19 are commonly used. On the contrary, works
such as [15], [32], [33], and [34], whose simulations do not involve
fluid dynamics but are interested in kinetic-chemical variables, use
detailed mechanisms such as GRI-Mech 3.0 or UCSD. Therefore, as
the present study focuses on kinetic-chemical variables, the GRI-
Mech 3.0 mechanism is used to calculate the combustion properties
of natural gas mixed with different proportions of hydrogen.

NUMERICAL METHODOLOGY

The adiabatic flame temperature was calculated using the
Equilibrium model, with the temperature and pressure of the
unburned gases at 298 K and 0.85 bar. The estimated flame
temperature was set as 2000 K, with the volumetric composition
of the fuel, the oxidizer, the equivalence ratio, and the combustion
products assuming complete combustion. This simulation was
processed for each of the eight mixtures, with the equivalence ratio
covering from 0.5 to 1.5 in 0.1 increments.

The laminar burning velocity and flame structure of each of
the mixtures were simulated using the Premix subroutine. The
software's default profile was used for the initial temperature
profile, and the multicomponent transport properties and thermal
diffusivity were activated. The applied meshing conditions are shown

Table 2. Mesh characteristics

Maximum number of grid points allowed 1200
Number of adaptive grid points 30
Adaptive grid control based on solution gradient 09
Adaptive grid control based on solution curvature 09
Starting axial position Ocm
Ending axial position 2cm

in Table 2, with the equivalence ratio also covering from 0.5 to 1.5
in 0.1 increments.

Three continuation ranges were used to define how the computational
domain is expanded during the simulation to find the convergence.
The first continuation covers the range from O to 5 cm and the last
one covers a broader domain from -2 to 10 cm, as shown in Table 3.

Table 3. Continuation ranges for the initial mesh properties

Continuation
Parameters
1 2 3
Starting axial point 0 -2 -2
Ending axial point ® 8 10
Adaptive grid control based on solution gradient 09 0.7 0018
Adaptive grid control based on solution curvature 09 0.7 0018

Theignition delay time was simulated with the Closed Homogeneous
Batch Reactor subroutine, calculated under the maximum delta
criterion generated for a species, in this case OH. The gas inlet
temperature was used as the parameter to determine the variation
in the delay time with preheat temperature, covering from 1000 K
to 1600 K, inincrements of 100 K. These results will be informative
for some thermal applications such as diesel engines or mild
combustion. Simulations were performed at three equivalence
ratios, namely 0.5, 1, and 1.5.

Other properties, such as diffusive thickness, critical quenching
diameter, and minimum ignition energy, were calculated using
equations (8), (9), (10), and (11 ), which depend directly on the
simulations conducted previously due to the variables involved.

The diffusive thickness was calculated as the ratio between the
thermal diffusivity and the laminar burning velocity as shown in
equation ( 8 ), taken from [35], and the thermal diffusivity with the
calculation model of transport properties presented in [36].

§=— 8)

Given low turbulence operation, according to Lefebvre's theory,
the critical quenching distance (d.) was calculated using equation
(9), assuming that the absolute turbulence intensity u'is equal to
S,. The critical quenching diameter was calculated based on this
distance and correlation ( 10 ) from [37].

10 k
d, = : )
Cpp (5, —0.16u")

@, =1.54d, (10)

Finally, the minimum ignition energy was calculated using equation
(11).

Emin = Cp P A Taa (%) (o)? (1)
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RESULTS AND ANALYSIS

The properties of the fuel at stoichiometric conditions are shown in
Table 4, which shows that less air is required for combustion as the
hydrogen content of the mixture increases, thus reducing the volume
of the combustion products. The theoretical volume of CO, is also
reduced, due to the reduced proportion of natural gas and, hence,
carbons in the mixture, inhibiting the formation of carbon dioxide.
The flammability range of hydrogen is quite broad, ranging from 4 to
75. Consequently, the addition of hydrogen to natural gas broadens
the range of flammability as compared to pure natural gas, which is
clearly evidenced in the results. As hydrogen is lighter than natural
gas, its addition tends to decrease the specific gravity of the mixture.
Although the volumetric heating value of hydrogen is lower than
that of natural gas, its mass heating value is very high given its low
density, and that is why hydrogen stores a large amount of energy
from a mass perspective. Due to its low density, large volumes are
required to store hydrogen in the quantities necessary to generate
a given amount of energy.

From Table 4, the Wobbe index tends to decrease with increasing
H, content up to 75% H,, at which point the Wobbe index begins
to increase. The Wobbe index is the ratio between the volumetric
heating value and the square root of the specific gravity.
Consequently, high concentrations of hydrogen decrease the growth
rate of the volumetric higher heating value, while simultaneously
decreasing that of the specific gravity. These two joint phenomena
generate an increase in the Wobbe index in the range of 75 to 90%
H, in the mixture.

Due to the high volumetric fraction of water in the combustion
products of high hydrogen content fuel mixtures, the partial
pressure of the water in the combustion gases tends to increase.
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This increases the dew point for saturated steam conditions, which
means that the gases may begin their condensation process at
higher temperatures for higher hydrogen content fuels.

The following presents the numerical results of Chemkin PRO
simulations. The adiabatic flame temperature is shown in Figure 1,
where eight fuel mixtures with different proportions of hydrogen
are presented. The adiabatic flame temperature was calculated for
equivalence ratios ranging from 0.5 to 1.5, to determine how such
characteristic changes as a function of air availability at a pressure
of 0.849 bar.

0%H, —— 30%H, = - - 60%H,
—— 15%H, — 45%H, - - - 75%H,

- - -90%H,
- - -100%H,

Adiabatic flame temperature

2400 -

2200 4

2000

1800 +

Adiabatic flame temperature [K]

08 09 1 11

Equivalence ratio

12 13 14 1t

Figure 1. Adiabatic flame temperature (T=298 K, P=0.849 bar)

Table 4. Combustion properties for H,-NG mixtures.

COMBUSTION PROPERTIES / % H, 0%H,(NG)  15%H,
Theoretical air volume [m?® air /m? fuel] 10.761 9.504
Theoretical air mass [kg air/kg fuel] 15.924 16.253
Volume of combustion products (dry) [m3/m? fuel] 9693 8.521
Mass of combustion products (dry) [kg /kg fuel] 14.943 15147
Volume of combustion products (wet) [m?3/m? fuel] 11.838 10.495
Mass of combustion products (wet) [kg /kg fuel] 16.945 17.275
Theoretical volume of CO, [m®/m? fuel] 1187 1.009
Theoretical mass of CO, [kg /kg fuel] 2.707 2.658
Theoretical volume of H,0 [m3/m? fuel] 2145 1973
Theoretical mass of H,0 [kg /kg fuel] 2,001 2127
Upper flammability limit 14.728 16.747
Lower flammability Limit 4.473 4.395
Specific gravity 0.666 0577
Volumetric higher heating value [MJ/m?st] 42.301 37774
Mass higher heating value [MJ/kg] 51915 53509
Volumetric lower heating value [MJ/m3st] 38211 34.012
Mass lower heating value [MJ/kg] 46.895 48180
Wobbe index [MJ/ m3st] 54,673 52.478
Dew point [°C] 58.227 59.021
CO, emission factor [Ton CO,/TJ] 57 5%

30%H,  45%H,  60%H,  75%H,  90%H,  100%H,
8.247 6.99 5.733 4,478 3219 2381
16704 17358 18393 20276 24779 34272
7.349 6.178 5006 3834 2,662 1881
15427 15833 16474 17842 20434 2632
9151 7.808 6.464 512 3777 2881
17726 18381 19417 21303 25814 35.32
0831 0653 0475 0297 0119 0
2592 2495 2343 2,065 1401 0
1802 163 1458 1286 1115 1
2299 2548 2943 3661 5.379 9
19407 23072 28443 37073 53221 75
4319 4247 4177 4109 4043 4
0487 0397 0308 0218 0129 0.069
33247 28721 24195 19668 15142 12124
55801 59132 64208 73743 95942 143619
29813 25615 21416 17217 13018 10219
50037 52737 56833 64553 82484 121053
50258 4806 48 44409 44523 48601
60012 61286 62989 65388 69049 72832
52 47 41 32 17 0
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Figure 1 shows that the adiabatic flame temperature initially
increases with the hydrogen content of the mixture, reaching a
maximum at stoichiometry, after which it decreases more gradually.
Chemically, this occurs because the bonds between H, atoms are
more difficult to break, releasing considerable energy when broken
during combustion.

When the equivalence ratio is less than one, there is much air taking
heat from the reaction. When the equivalence ratio is greater than
one, there are resulting species that consume energy, although
Figure 1 indicates that this is less than the heat taken away by
air during lean combustion. The behavior of the adiabatic flame

temperature follows the trend reported in the literature [19] [23].

Through simulation, laminar burning velocity (S,) values were
obtained for the same mixtures. This property shows how fast a fuel
is consumed or burned. As shown in Figure 2, the burning velocity
of hydrogen is much higher than that of natural gas, and behaves in
a different way at equivalence ratios greater than one. In addition,
as hydrogen is added to the mixture, the point of maximum velocity
shifts to the right. In other words, the maximum velocity occurs at
higher equivalence ratios, approximately 1.5 according to the trend.
These results agree with those found in [15], which analyzed lean
and stoichiometric mixtures of water electrolysis products with up
to 25% methane, with the burning rate increasing as the proportion
of H, and O, increases, without exceeding 50 cm/s, as shown in
Figure 2. This is consistent with the result shown in [23], finding
the same maximum velocity for natural gas for equivalence ratios
between 0.7 and 1.3. Similarly, [16] presents a laminar burning
velocity analysis for pure H, in lean, stoichiometric, and extremely
rich mixtures (equivalence ratio up to 5), finding values around 200
cm/s for stoichiometric conditions and 250 cm/s for slightly rich
mixtures. Finally, [38] presents SL for 30-70, 10-90, and 0-100%
H,-CH, mixtures, where SL increases to 48 cm/s for 30% H, content,
with a shift of the maximum velocity to an equivalence ratio of 1.1.
These observations were performed at sea level conditions, showing
a similar trend to that of operating at Medellin's conditions.

0%H, — 30%H, = - - 60%H,
— 15%H,—— 45%H, - = - 75%H,

- - -90%H,
- - -100%H,

Laminar burning velocity

300

250 LT

200+ -

150

100

a1
o
1

Laminar burning velocity [cm/s]

05 06 07 08 09 1 11 12 13
Equivalence ratio

14 15

Figure 2. Laminar burning velocity (T=298 K, P= 0.849 bar)

Figure 3 shows the flame structure for five of the eight mixtures
analyzed at 3 different equivalence ratios: 0.8, 1, and 1.2, The
behavior of certain species is shown as the position of the flame
advance: H,, CH,, CO, , and O,. The position range covers from 0.95
to 1.1 cm, as significant changes occur at this point, while remaining
constant outside this range.

In all cases, CH, and O, decrease, which means that they are being
consumed to carry out combustion. In addition, as the presence
of hydrogen in the mixture increases, the initial concentration of
methane decreases. The profile of CH, indicates that its level drops
to zero within this range, which means that it is consumed quickly,
while the O, level is still non-zero within the range, being consumed
more slowly until reaching zero outside the range of the graph.

Hydrogen is present in all cases, even when pure natural gas is
combusted, suggesting that hydrogen is generated in intermediate
reactions. In addition, as the hydrogen content of the initial mixture
is higher, its initial level increases. Oxygen exhibits similar behavior,
although it is not entirely consumed in that range. Meanwhile, CO,
production is evidenced, initiating at a level of zero and increasing
therefrom. Its final levels decrease with rising hydrogen content,
untilit stops appearing with pure H,, as there are no carbons present.
As mentioned above, the same analysis was conducted at three
equivalence ratios, finding the same trends in all situations. A higher
equivalence ratio implies less air in the mixture, resulting in a lower
molar fraction of O, and, consequently, CO, production. On the other
hand, as the equivalence ratio increases, the fuel content of the
mixture is higher, leading to higher mole fractions of H, and CH, for
a rich mixture, in this case an equivalence ratio of 1.2.

The ignition delay time (IDT) was analyzed using preheat
temperatures from 1000 to 1600 K at three equivalence ratios,
specifically 0.5, 1, and 1.5, for each of the eight mixtures. Figure 4
shows the IDT, which decreases with increasing hydrogen content
and with increasing preheat temperature. The more preheated
mixture requires less energy to reach the ignition temperature,
reducing the delay time. This behavior is also evident in [39], and it
is the typical behavior found in the literature [40].

Furthermore, Figure 4 shows no significant dependence of the IDT on
the equivalence ratio. However, IDT's sensitivity to the fuel mixture
exhibits dependence on the preheat temperature. At the highest
preheat temperatures, for any equivalence ratio, IDT ranges from
0.1 ms for pure NG to 0.01 ms for pure H,. At the lowest preheat
temperatures, IDT ranges from 100 ms for pure NG, to 0.1 ms for
pure H,. Therefore, at higher preheat temperatures, IDT varied by
a single order of magnitude, while at lower preheat temperatures,
IDT varied by three orders of magnitude. In other words, IDT shows
greater sensitivity to increasing H, content at lower preheat
temperatures.

Figure 5 presents the diffusive flame thickness, which is the distance
where there is mass transport from the inside of the flame to the
flame front. The diffusive flame thickness decreases as the H,
content of the mixture increases, exhibiting inverse behavior to the
laminar burning velocity, which explains the trend in the graph. The
addition of H, shortens the flame, implying that the global thickness
and, therefore, the diffusive thickness, will be reduced. The trend is
similar to the results obtained in [16], [21], and [41] for mixtures with
H,. According to [15], the addition of H, can increase hydrodynamic
instabilities and decrease the equidiffusive ones due to the high
diffusivity of H,, resulting in the wrinkled flames phenomenon.

44 | Ecopetrol



Flame structure 0% H,

025

Flame structure 30% H,

Ecopetrol

020
018|733y

0.25

=} W
5 0.16 Y 020
S'0.14 .
(&)
£012
(@]
% 010
c
5008
(&)
Eo006
8004
O fas
Z 002
0.00

0.20

HZ

015%G

0.10

Molar fraction H,

Molar fraction

Position [cm] Position [cm]

Flame structure 60% H, Flame structure 90% H,

025 0.20 0.25
~018
o .
020 ~016 0.20
o
L ©014 =
£ 3
015% S 012 015%
= o
§ 2010 S
o Qo 3
0108 B o008 =
- © [
< 5 0.06 s
005% 2004
0.02
0.00 0.00
[Xp)
Position [cm] Position [cm]
Flame structure 100% H,
0.20 T 0.25
018
0.16 0.20
§0'14 - -===- 0,fraction-eq. ratio 0.8 ==== CH, fraction-eq. ratio 0.8
5012 015 f'c:: - === 0,fraction-eq. ratio 1 - ===~ CH,fraction-eq. ratio 1
é 010 s - === 0,fraction-eq.ratio 1.2  -==- CH,fraction-eq. ratio 1.2
o "é """""" H, fraction-eq. ratio 0.8~ =weeee: CO, fraction-eq. ratio 0.8
"‘g 0.08 010 “E ------------ H,fraction-eq. ratio 1 =~ wewerereene CO, fraction-eq. ratio 1
Tz:; 0.06 N H, fraction-eq. ratio 1.2 w=weeeeee CO, fraction-eq. ratio 1.2
0.04 005%
0.02
0.00 0.00

Position [cm]

Figure 3. Flame structure (T = 298 K, P = 0.849 bar)
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Figure 4. Ignition delay time for different mixtures of H,-NG and equivalence ratios (T = 298 K, P = 0.849 bar)

T Ao o T amo The results of critical quenching diameter (CQD) are shown in
L S;;; o ig;ﬂz o ?g;ﬂz N _ig;’;; Figure 6. The CQD decreases with increasing hydrogen content, as
o o e o the CQD is directly proportional to the critical quenching distance

which decreases with increasing laminar burning velocity. Thus, the
behavior is inverted to that of SL, as seen in Figure 2. Similarly, the
CQD minimum displaces towards rich conditions with increasing H,
content. Therefore, as the percentage of hydrogen in the mixture is
increased, the CQD decreases.

Diffusive flame thickness

It should be added that the literature does not present an exact
constant for the calculation of this property using Egs. 9 and 10 [42].
For example, [43] approximates it as twice the ratio of the thermal
diffusivity to laminar burning velocity, while [25] multiplies the ratio
by eight, and [44] multiplies by the square root of six. Furthermore,
[45] parameterizes this constant under a series of considerations
to solve the energy equation in the flame, resulting in multiplication
T factors of 4, 4.8, and 5.3. However, the CQDs shown in Figure 6
0.03 exhibit great similarity to the results reported in the literature for
05 06 07 08 08 1 11 12 13 14 15  stoichiometric conditions [42], [46], and [47]. Crucially, observable
Equivalence ratio differences may be attributable to the sub-atmospheric conditions
in this work, which generate an implicit decrease in the laminar
burning velocity and, therefore, the CQD.

o
w
|

Diffusive flame thickness [mm]

Figure 5. Diffusive thickness for different mixtures of H,-NG
and equivalence ratios (T = 298 K, P = 0.849 bar)
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Figure 6. . Critical quenching diameter for different mixtures
of H2-NG and equivalence ratios (T = 298 K, P = 0.849 bar)

Figure 7 presents the minimum ignition energy (MIE), which
behaves similarly to the CQD with both MIE and CQD decreasing
with increased laminar burning velocity due to the facilitated
ignition of a flame that burns faster depending on the nature and
combustibility of the fuel. Consequently, the MIE tends to decrease
with the addition of hydrogen to the mixture.
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Figure 7. Minimum ignition energy for different mixtures of
H,-NG and equivalence ratios (T = 298 K, P = 0.849 bar)

For mixtures from 0% to 60% H,, the MIE decreases with increasing
equivalence ratio until reaching a minimum near or just beyond
stoichiometry, and subsequently increases with richer mixtures.
This turnaround point shifts to ever richer equivalence ratios as the

Ecopetrol

H, content of the mixture increases, resulting in a monotonically
decreasing MIE for pure H, over the considered equivalence ratio
range from 0.5 to 1.5. As described in the literature, hydrogen has
the same parabolic tendency as natural gas, but the minimum value
of MIE is displaced to very rich conditions. Consequently, the MIE
minimum for H, lies outside the considered equivalence ratio range
of 0.5t0 1.5, as can be seenin [41], [42], and [48].

In general, analyzing the results of the numerical calculations,
combustion properties such as adiabatic flame temperature, laminar
burning velocity, flame structure, ignition delay time, diffusive flame
thickness, quenching diameter, and minimum ignition energy did
not change significantly with the addition of hydrogen up to 45% by
volume percentage, as the results curves remain quite close to the
values associated with natural gas.

CONCLUSIONS

This work describes numerically the fuel properties of H,-NG mixture
combustion at stoichiometric conditions. Furthermore, Chemkin
PRO software was used to calculate the combustion properties
of premixed flames at the atmospheric conditions of Medellin,
Colombia, with a pressure of 0.849 bar and 298 K temperature
at rich, poor, and stoichiometric equivalence ratios. The following
presents the conclusions of this research:

[ Increasing hydrogen content enhances the flammability
properties of the fuel, as well as the mass heating values.
Furthermore, the adiabatic flame temperature increases with
increasing hydrogen content in the mixture, which plays animportant
role in terms of energy availabhility. It should be noted that, given
hydrogen's low density, its heating values in volumetric terms tend
to be very low.

[ | The addition of hydrogen to natural gas reduces CO,
emissions. According to the calculated emission factor, CO,
emissions are reduced by 17.54% for a 45% H, content mixture.
Furthermore, CO, emissions are reduced by 70.17% for a 90% H,
content mixture and, finally, fully eliminated for the combustion of
pure hydrogen due to carbon deficiency.

[ As the proportion of hydrogen in natural gas increases, the
laminar burning velocity increases, which means that the reaction
zone and, thus the flame thickness, decreases. Consequently, if
hydrogen becomes an accepted fuel, more compact technologies
are expected to avoid flame instabilities (flashback and blow off)
to improve combustibility and generate efficient combustion with
lower pollutant emissions.

[ | This work's results are presented as a theoretical
foundation for the development of thermal systems for the
combustion of hydrogen-natural gas mixtures at sub-atmospheric
conditions, since important safety variables, such as minimum
ignition energy, ignition delay time, and critical quenching diameter,
are sensitive to changes in fuel composition, equivalence ratio, and
atmospheric conditions.

[ | As the combustion properties of the natural gas-based
mixture do not change significantly with up to 45% H, content, the
addition of hydrogen to natural gas in low concentrations is proposed
as a viable step towards cleaner energy. The overall decreased
carbon content of the mixture implies lower CO, and CO emissions,
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allowing for the continued use of currently available and active
thermal technologies while reducing greenhouse gas emissions.

Future work is recommended and expected to analyze different sub-
atmospheric conditions to characterize and compile the properties
required for guiding the design and adaptation of technologies to the
altitude where the most thermal industrial cities using gaseous fuels
are situated. Covering all cities worldwide is not feasible due to the
excess computation required. Other models for heavy hydrocarbons
and liquid fuels should be explored also to evaluate their viability
when mixed with H, under different atmospheric conditions.
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