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Abstract The article presents the results of numerical and analytical
investigations of the influence of raw liquid natural gas (LNG) composition
on parameters characterizing the combustion process. The high content of
higher hydrocarbons influences the thermodynamic combustion process de-
scribed with parameters like the adiabatic flame temperature, laminar flame
speed and ignition delay time. A numerical study of the impact of LNG fuels
on emission characteristics using the Cantera code has been performed. Re-
sults have shown that the change of grid natural gas to some types of liquid
natural gas can result in an incomplete combustion process and an increase
of emission of toxic compounds such as carbon monoxide and unburned
hydrocarbons. For all investigated fuels the laminar flame speed rises by
about 10% compared to natural gas, while the adiabatic lame temperature
is nearly the same. The ignition delay time is decreased with an increase
of ethane share in the fuel. The analysis of chemical pathways has shown
that hydrogen cyanide and hydrogen formation is present, particularly in
the high temperature combustion regimes, which results in an increase of
nitric oxide molar fraction in flue gases by even 10% compared to natural
gas. To summarize, for some applications, liquid natural gases cannot be di-
rectly used as interchangeable fuels in an industry sector, even if they meet
the legal requirements.
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Nomenclature

d — relative density of fuel

HFL - higher lammability limit, %

HHV —  higher heating value, MJ/Nm?®

LHV - lower heating value

LFL - lower flammability limit, %

MN —  methane number

T — temperature, K

p —  pressure, Pa

X; — mole fraction of fuel components

Ta — adiabatic flame temperature, K

St — laminar flame speed, m/s

Tr —  ignition temperature, K

t —  time, s

ta — ignition delay time

Va —  volume of theoretical combustion air, Nm?

Vi —  volume of fuel, m?

Wb  — Wobbe index, MJ/Nm?

Greek symbols

A —  air excess ratio
p — density, kg/m?
Acronyms
AVL - Adelson—Velsky and Landis method
EU — European Union
HC —  hydrocarbons
HCN —  hydrogen cyanide
LNG - liquid natural gas
NCN — cyanonitrene
NG — natural gas

1 Introduction

The achievement of the energy transition objectives enforced by the EU
climate legislation [1] is based on the assumption of the use of natural gas
(NG) as a transfer fuel between fossil fuels and a system based on the use of
zero-emission sources. NG is approved as a carrier that allows the compen-
sation of energy shortages from unstable renewable energy sources [2,3]. In
view of the inadequacies of the available energy storage methods [2], natural
gas is a fuel that offers the possibility of being utilized in systems with the
possibility of high power generation with a rapid start-up time [5,6]. Until
recently, this development was accompanied by attractive natural gas prices
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that were not competitive with coal [7,8] while incurring lower carbon diox-
ide emission costs [3] making the use of natural gas for electricity generation
a favorable method to reduce carbon dioxide emissions [4]. The generation
of a unit of electricity in the combustion of natural gas contributes to two
times less emission of carbon dioxide compared to the combustion of coal.
These factors have resulted in a very dynamic process of increasing the share
of energy produced from natural gas in the energy mix of many countries.
A diametrical change in the NG market occurred in 2021, when, after a pe-
riod of low prices for imported natural gas, a drastic several-fold increase in
its price was observed. It was caused by an imbalance in the market result-
ing from the post-pandemic economic recovery and then the geopolitical
situation related to Russia’s military invasion of Ukraine. This has trig-
gered a trend of turning away from Russian NG and the need to revise the
existing energy policy towards seeking alternative solutions. One of them
involves drastically increasing the use of natural gas transported by ships in
the form of liquid natural gas (LNG) from countries distant from Europe.

Nowadays, LNG constitutes a large part of NG consumption and repre-
sents 36% [5] of the world natural gas market (for many countries covering
even total fuel consumption) and is forecasted to get the majority of the gas
market in 2035 (this trend can be accelerated by abandoning Russian NG).
This situation implies that obstacles related to LNG consumption will be
playing an important role, especially in the nearest future [6,7]. The diver-
sification of natural gas supplies by increasing the share of LNG and gas
from multiple geological deposits of different world regions requires analysis
of the impact of their physical and chemical parameters on the combustion
process and its emission.

In general imported liquefied gas contains more higher hydrocarbons [8]
and is characterized by a different level of impurities. It involves many sub-
sequent issues regarding their further utilization in energetic devices and
the resulting emissions of carbon dioxide and toxic substances to the atmo-
sphere. A great importance should be attached to the connection between
the properties of the flammable mixture and final maintenance/emission
outcomes. Many parameters describing the properties of natural gas and
its utilization are applied [7]. These determining the most important im-
pact are: lower heating value, energy content, combustion characteristics,
impurities content, the Wobbe index, methane number [9], European stan-
dards compatibility, sulfur compounds content, dioxygen (O2) and carbon
dioxide (COg2) shares, water and hydrocarbons dew points, damage risk,
safety, burner controls, billing and Joule-Thomson effect.
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Due to the fluctuations of nominal electricity production from renewable
energy sources such as wind power and photovoltaics as well as the inad-
equacies of existing energy storage methods [2, 3], the import of electricity
would not be able to replenish energy shortages in the absence of windy
and overcast days. Most available energy storage technologies [10] require
considerable financial, material and spatial efforts. For the time being, the
most favourable method to overcome these obstacles to ensure the stable
supply of electricity while reducing carbon emissions is the utilization of
natural gas.

Unlike coal-fired steam boilers [11] supplying steam turbines, natural gas
powered turbines [12] and engines have the ability to be quickly deployed
and in the case of gas-steam systems, generate amounts of electricity com-
parable even to those fired with coal [13].

The energy policy of most industrialized countries is impacted by under-
taking efforts to develop the potential of natural gas imports and to increase
the diversification of supply sources. These include the planning and con-
struction of many LNG terminals (14 units) [14] and pipelines connecting
them with existing natural gas infrastructure [15]. The former European
LNG market was focused on terminal operators in France, Spain, Italy,
Belgium and the Netherlands. Recently, the Baltic Sea basin countries like
Poland, Sweden, Lithuania and Finland have joined the group of European
importers with their own LNG terminals.

LNG composition is usually different from the composition of natural
gas supplied in onshore natural gas transmission networks (Table 1). This

Table 1: Example of liquid natural gas compositions at several LNG production
locations [16]

Source name LNG composition (%vol)

CHy CoHg C3Hg ‘ C4Hi1o ‘ N2
Alaska 99.72 0.05 0.01 0.00 0.22
Algeria (Arzew) 86.98 9.35 2.33 0.63 0.71
Baltimore Gas&FElectric 93.32 4.65 0.84 0.18 1.01
San Diego Gas&Electric 92.00 6.15 0.95 0.20 0.70
Qatar 90.90 6.43 1.66 0.74 0.27
Australia NWS 86.26 8.23 3.29 0.96 1.26
Malaysia 91.69 4.64 2.60 0.93 0.14
Russia — Sakhalin 92.54 4.47 1.97 0.95 0.07
Nigeria 91.60 5.64 2.15 0.58 0.03
Norway 92.03 5.75 1.31 0.45 0.46
Gas E (NG) 94.67 1.20 0.40 0.40 3.33
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situation implies that obstacles related to LNG consumption will play an
important role, especially in the nearest future.

This article deals with a comprehensive analysis of LNG mixed natural
gases utilization in EU public transmission systems.

2 Methods

The gaseous fuel introduced to the EU countries’ transmission and distri-
bution networks should meet the quality parameters described in differ-
ent legal regulations of individual Member States on special conditions for
the functioning of the gas system [17]. These document concern the min-
imum value of the higher heating value (HHV) for gaseous fuels with the
Wobbe index (Wb). For high-methane natural gas of group E, the Wobbe
index (Wb) is ranging from 45 MJ/m? to 56.9 MJ/m3. Further regulations
(ISO 13686:2013(en) [18]) define other quality parameters for gaseous fuels
such as:

e hydrogen sulfide content < 7 mg/m?,
 mercaptan sulfur content < 16 mg/m3 (ISO 6326-3:1989(en) [19]),

o total sulfur content < 40 mg/m3 (ISO 6326-1:2007)(en), ISO 6326-
5:1989(en)),

e content of mercury vapor < 30 pg/m?® (ISO 6978-1:2003(en) [20],
ISO 6978-2:2003(en) [21]),

o dew point temperature +3.7°C (since 1st of Apr. to 30th of Sept.) and
—5°C (since 1st of Oct. to 31st of March) (ISO 6327:1981(en) [22]).

One of the basic parameters determining the possibility of the various
gaseous fuels replacement is the Wobbe index, which refers to the amount
of chemical energy contained in the fuel stream. The values of basic quality
parameters of gaseous fuels are based on the molar composition of the fuel
obtained as a result of chromatographic analysis and standardized corre-
sponding with ISO procedure (ISO 6976:2016 [23]).

The Wobbe index is calculated as the ratio of heat of combustion related
to the unit of the volume of gaseous fuel to the square root of its relative

density:
HHV

Wh= =" (1)
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The relative gas density d stands for the ratio of the natural gas density
and air density under the same reference conditions. The following calcula-
tions represent in general open systems placed inside manufacturing facil-
ities, operating at the ambient pressure of 101325 Pa and temperature of
298.15 K. For the standardized volumetric flow (ISO 13443:1996 [24]), the
reference values are corresponding to the normal gas state (p = 101325 Pa
and T = 273.15 K).

The second group of physicochemical parameters characterizing the in-
terchangeability of gaseous fuels are the operating parameters associated
with the combustion process such as: the unitary amount of air needed to
completely combust the supplied fuel (V,/V7), the lower and upper flamma-
bility limit of the gas mixture (LFL, HFL) and the methane number (MN).

The quantity of air needed to completely burn the fuel unit is deter-
mined based on the stoichiometric equations of the fuel oxidation process.
Assuming a molar fraction of oxygen in the air at the level of 0.21, this
dependence takes the form:

Va 1

n
—— [2Xcna + 0.5 (Xco + Xue) + (m + 4> CnH, — Xo2

Ya _ 2
Vi 0.21 @

where X; is the molar ratio of individual fuel components.

Lower and upper flammability limits refer to the lower and upper limit of
the gaseous or vaporized fuel concentration in the air at a fixed temperature
and pressure respectively which can lead to flame propagation. The values
of LFL and HFL for fuel mixtures can be calculated based on the formulas:

1
LFL = /—«+—, (3)
>
et LFL;
and 1
HFL = o (4)
>
e HFL;

where LFL; and HFL; are the lower and upper limits of individual compo-
nents of gaseous fuel, and n is the number of lammable components.

The next important parameter which can be used as an interchangeabil-
ity factor of gaseous fuels is methane number. The methane number de-
scribes resistance to auto-ignition of fuel and thus engine knock resistance
when operating with a given fuel. For gaseous fuels, the value of MN is in
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the range from 0 (for hydrogen) up to 100 (for methane). Knock resistance
is rising with the MN increase. The value of methane number can be calcu-
lated based on many numerical codes created mostly on data delivered by
Leiker et al. [25] or using the methodology presented by Kubesh [26]. For
the purpose of industrial applications, a simplified method based on the
ISO standard (ISO/TR 22302:2014) can be used. Other commonly used
methods are the linear correlation method, hydrogen/carbon (H/C) ratio
method or AVL method.

The last group of parameters which describe gaseous fuels are the ther-
modynamics properties of the combustion process such as the adiabatic
flame temperature (T4) [28], laminar flame speed (Sr) [29] and self-ignition
temperature (77) [30]. These parameters define the selection of appropriate
combustion technology and influence on the stability of the combustion pro-
cess. The adiabatic flame temperature is the maximum temperature that
can be obtained after the complete combustion process without heat losses
to the surroundings. The value of T4 for different fuel blends can be calcu-
lated using numerical codes which take into account detailed combustion
kinetics such as Chemkin-PRO or Cantera [31]. T4 depends on the initial
parameters of substrates like temperature and pressure. Reaction mecha-
nisms are based on the experimental measurements and validated [32,33],
where T4, S; and T7 are considered especially important parameters as
characteristic mixture properties. The second parameter which can be ob-
tained using numerical modelling of the combustion process is the laminar
flame speed Sz, [32]. The S is the velocity at which the flame front is
moving in relation to the fresh gases in one-dimensional geometry [29]. The
value of Sy, is influenced by the fuel composition, excess of air as well as
temperature and pressure of substrates (Sz decreases with the growth of
pressure and increases with the growth of temperature of reagents). For sto-
ichiometric flames at normal substrates conditions, Sy values range from 5
(for carbon monoxide) to 280 cm/s (for hydrogen), being around 42 cm/s
for pure methane [33]).

A parameter characterizing gaseous fuels which can be delivered from
numerical modelling is the ignition temperature. According to the defini-
tion presented by Le Chaterier, T7 is the minimum temperature for which
the amount of heat delivered from the combustion process is higher than
the amount of heat lost to the preheating zone of reactants. For initial
substrates’ temperatures higher than the ignition temperature, a specific
time interval could be noticed with a temperature peak as well as with the
pressure rising. Proceeding further, autoignition is the spontaneous homo-
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geneous ignition of the fuel-air mixture. The time for a mixture to reach
autoignition is referred to as the ignition delay time, which is strongly de-
pendent on the reactivity of the mixture [36-38].

In this work, the thermodynamic properties of gaseous fuels (T4, St
and T7) were calculated using a 1D FreeFlame combustion model from the
Cantera software libraries [34]. The mechanism UC SanDiego was chosen
as a representation of C1-C4 combustion chemistry, which includes NOx
formation pathways [35]. The FreeFlame model represents a freely propa-
gating flat reaction front including the reacting mixture movement and its
transport properties. Calculations were conducted using a procedure, which
was developed and validated for an axisymmetric methane-air flame with
an approximate combustion chamber length of 0.5 m [36]. Estimation of
the combustion chamber length was introduced as a linear grid, which was
automatically refined with a slope and curvature control of 0.06 and 0.12, re-
spectively. The calculated flame front propagated initially with the laminar
burning velocity using mixture-averaged transport properties. The highest
value of the temperature achieved by the modelled gas was the adiabatic
flame temperature. This initial solution for each tested point was recalcu-
lated using a multicomponent transport in order to improve predictions of
emissions and Sp. For the adiabatic flame temperature and the laminar
flame speed, inlet mixture gas state parameters were kept at the constant
level for all investigated LNG gases (7" = 300 K and p = 101325 Pa), while
the air excess ratio was changed in the range from 0.8 up to 1.8. Nitric ox-
ide (NO) and carbon monoxide (CO) emission calculations were conducted
using FreeFlame model with a radiative heat loss and a burner-stabilized
BurnerFlame model. The BurnerFlame model was introduced to compare
the CO emission when a fuel change was performed without an adjustment
of the air stream. The air/fuel ratio of NG was a reference value. The per-
formed simulations of non-adiabatic flames were in a better correlation to
the mentioned NG burner tests [36] than those of perfectly insulated adi-
abatic flames, because of intensified heat exchange between the reacting
mixture and surroundings. All emission values were recalculated to the dry
reference base.

The ignition temperature and the ignition delay time (t4) were calcu-
lated using a 0D model designed for the present investigations [37]. Each
T7 as well as tg value was obtained from a reactor filled with a perfectly
stirred combustible mixture and surrounded by a non-expanding adiabatic
wall. Rising the substrates’ initial temperature to the mixture ignition tem-
perature resulted in the initiation of the spontaneous exothermal reactions,
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which affected the pressure and temperature of the modelled closed vessel.
The calculated 17 was the lowest substrates’ initial temperature for which
the heat release was greater than the preheat zone consumption, and the
combustion process started. The ignition delay time for selected fuels could
be determined in two ways. First, as a relation between the reactor pressure
change and time dp/dt, and second, as a specified temperature change given
in absolute values AT. In the divergent formulation, the dp/d¢ function is
examined and the simulation time corresponding to the maximum value of
the function corresponds to the ignition delay time. For selected LNG and
NG compositions, the initial temperature range from 800 K to 900 K was
tested for a stoichiometric mixture with a 1 K step and an overall simula-
tion time of 10 s with a 107%s time step. The mixture ignition temperature
was marked as an initial mixture temperature if the combustion process
occurred at a time below the total simulation time. Further investigations
with the ignition delay time were performed for the before mentioned con-
ditions. The initial temperature of the mixture was raised from 800 K to
1400 K with a 1 K step. The simulation time, where a significant temper-
ature rise was observed as a mixture ignition delay time was compared to
the value obtained by a divergent formulation approach. The temperature
change between the following time steps AT at the end of mixture preheat-
ing was estimated at 5 K. The marked calculation point corresponds to
the peak of the pressure function dp/dt and results in the gas temperature
value of approximately 50% of the adiabatic flame temperature.

3 Results and discussion

3.1 Physicochemical properties of LNG

As it was mentioned in the previous chapter, the composition of natural
gas obtained after the regasification process of LNG varies from that of
natural gas delivered by the transition system. The major difference is the
amount of high hydrocarbons that influence many physicochemical and
thermodynamic parameters of fuel. The natural gas parameters received
after the regasification process of LNG calculated based on Egs. (1)-(4)
are presented in Table 2. The methane number was found from the numer-
ical code MWN_ MN delivered by the European Association of Internal
Combustion Engine Manufacturers [38].

As it is shown in Table 2, all investigated fuels fulfil the requirements of
most EU market legislation acts with respect to the high heating value and
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Table 2: Physico-chemical properties of LNG gases

LNG source name P d HHV Wb Va LFL|HFL | MN
(kg/m®)| () | (MJI/Nm?) | (MJI/Nm?®) | (Nm3;)) | (%) | (%) | ()

Alaska 0.717 ]0.555 39.66 53.24 9.5 5.3 | 15.0 |99.8
Algeria (Arzew) 0.819 |0.634 44.19 55.50 10.6 4.8 | 14.5|71.0
Baltimore Gas & Electric | 0.764 |0.591 41.38 53.81 9.9 5.1 | 14.9 |82.8
San Diego Gas & Electric| 0.771 |0.597 41.72 54.01 10.0 5.0 [14.9 |81.4
Qatar 0.792 |0.613 43.19 55.16 10.4 4.9 | 14.6 | 74.5
Australia NWS 0.833 [0.645 44.50 55.41 10.7 4.7 | 14.5 | 68.6
Malaysia 0.796 |0.616 43.43 55.35 10.4 4.9 | 14.6 | 73.0
Russia — Sakhalin 0.787 |0.609 43.05 55.18 10.3 4.9 | 14.6 | 74.6
Nigeria 0.792 |0.613 43.33 55.36 10.4 4.9 | 14.5|74.9
Norway 0.779 10.603 42.45 54.67 10.2 5.0 | 14.7 | 77.8
Gas E (NG) 0.754 |0.583 39.36 51.54 9.4 5.4 | 15.4 190.4

Wobbe index. For all LNG fuels, the HHV was higher than 34 MJ/Nm? and
Wb was lower than 56.9 MJ/Nm3. According to Barczynski and Laciak [39)],
the energetic devices for domestic solutions should be supplied with natural
gas with the Wobbe index changing within the range of 5%, which gives
the absolute margin value of 2.6 MJ/Nm? for gas E (natural gas — base
case). As it can be observed for LNG gases with a high content of high
hydrocarbons, the difference between the value of Wb for certain fuels and
gas E is even higher than 7% (LNG sources like: Qatar, Australia, Malesia
and Algeria). It means that these fuels can be used as interchangeable fuels
only for industrial devices where the easiest correction of the combustion
process parameters is possible. Another important parameter is the amount
of air delivered to the combustion process, which for the gas E group is
equal to about 9.4-9.5 m? of air per one Nm? of fuel. The calculated value
of V; (air volume) has shown that for some LNG sources, this value is even
more than 10% higher than that for natural gas delivered by transition
networks, which introduces the risk of an incomplete oxidation process of
fuel components and intensified emission of toxic compounds such as carbon
monoxide (CO) or unburned hydrocarbons. The incomplete combustion
process results also in a decrease of the combustion efficiency [40]. The
higher content of hydrocarbons in the fuel causes a decrease of fuel knocking
combustion resistance in a great part of energetic devices — reciprocating gas
engines. For LNG fuels with the overall amount of high hydrocarbons above
7% (Qatar, Australia, Malesia and Algeria), the value of MN decreases
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by even 30% compared to that of gas E. Complete interchangeability of
the above-mentioned fuels requires modification of gas engine operating
parameters such as the ignition delay time, engine boost and composition
of combustion mixtures [41]. Even a slight shift of the range of engine
working parameters can introduce recurring instabilities into the cycle, in
some cases resulting in engine failure. In an extreme case, it can induce
the engine stop. For example, the gas engine provider Westport Company
require the usage of fuel with a minimum methane number of 75 for engines
ISL G and ISX12 G [42].

In the case of lower and upper flammability limits for natural gas from
the regasification process of LNG, the change is negligible. The higher
amount of hydrocarbons in the fuels shifts the LFL to the lower values,
which can result in an easier ignition of gas-fuel mixtures.

The influence of LNG composition on the laminar flame speed, the adia-
batic flame temperature as well as ignition parameters has been numerically
studied for five LNG gas compositions with Norway gas and grid natural
gas as base cases (Table 3).

Table 3: Numerical calculation input

Initial calculation parameters
LNG source name Fuel name
Tsub Psub Air excess ratio

Algeria (Arzew) LNG1
Qatar LNG2
Russia — Sakhalin LNG3 300 K 105 Pa 1-1.8
Baltimore Gas & Electric LNG4
Norway LNG5
Gas E NG

Results of numerical calculations of the laminar flame speed and adiabatic
flame temperature are shown in Fig. 1 [16] (the air excess ratio was calcu-
lated according to formula A = (20.9%)/(20.9%—02 m%), where Oy m% is
the measured volume value of oxygen in the dry exhaust gases). In both
cases, it can be observed that for all investigated LNG gases the influence
of fuel composition is negligible. For the calculation of T4, the maximum
difference was around 5 K (for LNG1) for the whole studied air excess ratio.
It results from the adiabatic flame temperature definition, where the maxi-
mum temperature depends mostly on the amount of energy delivered from
the fuel/air mixture and processes such as thermal dissociation and toxic



www.czasopisma.pan.pl P N www.journals.pan.pl
=

POLSKA AKADEMIA NAUK

14 P. Czyzewski, R. Slefarski, and J. Jéjka

compounds’ formation. For the investigated fuels, the amount of energy
delivered from 1 kg of the fuel/air mixture was almost constant (ranging
from 3.85 MJ/kg up to 4.04 MJ/kg).

040 2300
——LNG1 ——LNG1
0.35 - ——LNG2 2200 -
LNG3
0.30 - LNG4 2100 -
025 A LNGS 2000 1
o) NG 3
E 020 1900
- =
")
0.15 A 1800
0.10 A 1700 A
0.05 - 1600
000 +—7V—F——F——+— 1500 +——————————
0809 1 11121314151617 18 0809 1 11121314151617 18
AH [

Figure 1: Laminar flame speed and adiabatic flame temperature versus air excess ratio.

In the case of laminar flame speed, the most significant change of Sy, value
was observed in rich and stoichiometric conditions. The increase of HC
share in the LNG fuels induced an increase of the Sy, value even by 10%
for LNG1 (the highest content of ethane). It has been established that
for combustible mixtures of a similar structure, the laminar flame speed is
directly correlated with the adiabatic flame temperature. In the analyzed
cases, where the calculated T4 and mass burning rate are very similar
for all investigated LNG fuels, there is a secondary effect which causes
a deviation in the laminar flame speed. Since liquid natural gas is a mixture
of simple alkanes (C1-C4), the Sy, deviation is caused mainly by the global
consumption rate and density-compensated diffusivity [43].

The next analyzed parameters for the selected fuels (Table 3) are the
ignition temperature and ignition delay time. For the estimation of 77 and
tq, the procedure described in Section 2 was used. The calculated value of
ignition temperature was at the same level in the range from 801 K to 806 K
for the 10 s ignition induction time. The influence of LNG composition on
the value of ignition delay time (Fig. 2) was observed.

For the whole investigated range of air excess ratio, the shorter ignition
delay time was observed for LNG1 while the ignition process of NG was
delayed by about 0.05 s. It was also noticed that the most significant impact
on the value of ignition time has the amount of ethane in the fuel. This is
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Figure 2: Ignition delay time for investigated fuels.

due to the character of the ethane oxidation process where a larger quantity
of ethylene is produced and consequently more vinyl radicals are formed.
They are more reactive than acryl radicals released from the combustion of
longer chain alkenes (e.g., propane, butane). Moreover, slight differences in
the maximum pressure value were observed for the combustion of provided
mixtures in the constant volume.

To conclude, it can be said that for all studied LNG compositions, a sig-
nificant influence on the combustion parameters such as T, Sy, and T; was
not observed. It suggests that from this point of view, the LNG could be
used interchangeably without loss of flame stability.

3.2 Emission characteristics

A second important parameter describing the combustion process is the
emission of toxic compounds such as nitric oxides, carbon monoxide and
unburned hydrocarbons. In this work, the emission analysis was divided
into two parts. In the first, only the influence of fuel composition was taken
into account. The results of nitric oxides and carbon monoxide emission are
presented in Fig. 3.

Based on the results of numerical calculations of toxic compounds pre-
sented in this figure it can be noticed that the amount of air delivered to the
combustion process has the most significant impact on the emission value.
The impact of LNG composition (impact of the amount of high hydrocar-
bons) is most visible for rich and close to stoichiometric conditions. The
nitric oxide emission rises by about 10% (25 ppm) for LNG1 and LNG5
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Figure 3: Emission characteristic of NO and COj; 1D FreeFlame with
the radiative heat loss.

compared to NG. As it was presented before, T4 is almost constant for
all analyzed fuels. Therefore, it can be concluded that an increase of ni-
tric oxide (NO) emissions is determined by a pathway other than thermal,
probably by a prompt mechanism. The study on the combustion process
of alkanes [44] has shown an increased amount of hydrogen cyanide (HCN)
in the flame in the case of combustion of ethane, propane and butane in
rich conditions. HCN originating from NCN (cyanonitrene) reactions is then
the precursor of NO formation [45] according to the aforementioned prompt
mechanism. The influence of LNG composition on carbon monoxide is neg-
ligible in the whole range of considered air excess ratios.
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In the second case, constant amounts of air equal to 12.3, 12.9 and
13.5 kgair/ Nm?uel corresponding to air excess ratio equal to 1.05, 1.1 and
1.15 (for NG combustion process) were taken as initial parameters of the
combustion process. Conditions of the atmospheric pressure and constant
temperature of substrate 7' = 300 K were used. This scenario simulates the
real operating conditions of an energetic device for which the fuel type has
been changed without any regulation. As it can be seen in Fig. 4, the fuel
change from natural gas to LNG fuels resulted in a sharp increase of carbon
monoxide emissions, which indicates an incomplete combustion process.

30000
mLNG1
25000 - =LNG2
LNG3
E‘ 20000 4 ELNG4
E NG5
(=%
. 15000 4 NG
<
o
S 10000 4
5000 4
0 4

1 1.05 1.1
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Figure 4: Carbon monoxide emission for a constant amount of air delivered
to the combustion process; 1D BurnerFlame.

It can be noticed that even for the combustion process of NG taking place
with the air excess ratio A = 1.1 (2% of Oy in dry flue gases), the in-
troduction of LNG1 (instead NG) results in the emission of CO of about
4000 ppm. For the combustion processes with a lower air excess ratio, the
molar fraction of carbon monoxide reached even a few per cent. Next to
carbon monoxide, a significant amount of hydrogen (up to 1%) is observed.
Such combustion processes cause a decrease of the combustion efficiency (up
to 10%) [40] and can be dangerous for safety of the maintenance personnel.

4 Conclusions

The composition of LNG depends on the source location and varies mainly
by different amounts of high hydrocarbons. As it was shown, the amount
of high hydrocarbons in the fuel can reach even 10% of the molar fraction,
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which has an influence main parameters of the combustion process and
emission characteristics. The impact of LNG composition on parameters
like the lower and upper flammability limits, adiabatic flame temperature,
laminar flame speed or ignition temperature is negligible and does not in-
fluence the flame stability. The increased number of high hydrocarbons,
especially the amount of ethane, can even improve the fuel ignition process
and lead to a more stable combustion process. On the other side, an increase
of hydrocarbons in LNG indicates a significant decrease of fuel resistance
to knocking combustion processes, which disqualifies the utilization of raw
LNG as a potential fuel for reciprocating gas engines. It was presented that
replacing natural gas with LNG increased the nitric oxides emission even
by a few percent.

The results showed that in the case of raw liquid natural gas introduced
as a fuel to energy devices operating with a low air excess ratio, a significant
increase in emission of carbon monoxide (even by a few per cent) and
unburned hydrocarbons was noticed. It decreases the combustion efficiency
and leads to the introduction of a large amount of toxic compounds into
the environment.

Summarizing, it can be said that raw LNG can be used as interchange-
able fuel to natural gas. However, in some industrial applications additional
modifications are required, for example introduction of anti-knocking com-
bustion systems, control of operating parameters or introduction of addi-
tional toxic compounds reduction systems.

Received 8 August 2022
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