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A B S T R A C T

This study measures the accurate Laminar Burning Velocities (LBVs) of (H2/NH3/CH4) ternary fuels-air
flames under elevated pressure and oxygen enrichment using a constant volume chamber, providing reliable
experimental data to verify the detailed chemical kinetic mechanism. Results show that the LBV values
for blending ratios of H2/NH3 of 10%–50% demonstrate a suitable alternative energy-generated fuel for
conventional fuels in industrial applications, and the maximum value of LBV is achieved at an equivalence
ratio close to 1.05. Increasing H2 blends will increase LBV non-linearly under any conditions and decrease
with an increase in ammonia blends. Increasing the initial pressure decreases LBV; at 10% H2, LBV decreases
by 33% at 0.3 MPa and 45% at 0.5 MPa compared to atmospheric pressure. Furthermore, increasing oxygen
content improves the reactivity of the mixture and accelerates LBV due to increasing the OH, NH2, and CH3
radicals. Maintaining a constant value of LBV requires controlling the blending ratio of the ternary fuels, where
increasing LBV values shift the blending of the mixture towards higher hydrogen and methane concentrations
and fewer ammonia concentrations. Finally, the effect of maintaining a constant value of adiabatic flame
temperature and density ratio on flame characteristics is explained, making the selection of an alternative
ternary blending fuel more precise.
1. Introduction

With the diversification of renewable energy sources, the electrifi-
cation of automobiles, and developments in fuel cell technologies have
raised questions about the future of traditional energy systems such
as internal combustion engines and gas turbines. These systems are
expected to remain prevalent due to their high energy density and cost-
effective fuel distribution. However, the urgent need to address global
warming, fossil fuel shortages, and air pollution has increased the
importance of integrating renewable, low-carbon, or carbon-free fuels
into power and energy systems to enhance efficiency, reduce emissions,
and optimize engine performance. Hydrogen (H2) and ammonia (NH3)
have been proposed as a form of renewable and clean energy and an
energy carrier to store and transport intermittent renewable energy
sources, such as solar photovoltaics and wind, over a long distance
at a significantly lower cost than liquefied H2 [1]. The recent devel-
opment in the fundamental study of ammonia combustion to develop
cleaner and more cost-effective hydrogen storage and transportation
has resulted from the intense trend in applying ammonia as a hydrogen
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energy carrier and a carbon-free fuel. Reviews in the literature pro-
vide an overview of the existing advances in ammonia applications,
particularly in the field of the most recent knowledge of ammonia
combustion [1–5].

Table 1 indicates that hydrogen has the highest laminar burning
velocity with extended flammability limits and low minimum ignition
energy, while ammonia has not been considered a fuel due to its
lower adiabatic flame temperature, high minimum ignition energy
and nitrogen atom in its molecule, narrower flammability limits [6],
and lower laminar burning velocity [7], hence low heat release rate
with poor flame stabilization characteristics, low combustion efficiency
[8,9]. However, ammonia is not only a suitable hydrogen carrier made
up of 17.8% by weight of hydrogen, but it also offers a higher hydro-
gen density (121 kg–H2/m3) than liquid hydrogen (70.8 kg–H2/m3),
which makes it a feasible alternative since more hydrogen can be
obtained [10]. Hydrogen requires a very low temperature (−252.9 ◦C)
to liquefy compared with ammonia (−33.4 ◦C) at ambient pressure;
hydrogen can also be liquefied at room temperature with high pressure
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Table 1
Fundamental combustion characteristics and thermal properties of ammonia, hydrogen,
and methane fuels [1].

Property NH3 H2 CH4

Boiling temperature at 0.1 MPa −33.4 −252.9 −161
Lower heating value (MJ/kg) 18.6 120 50.0
Flammability limit (Lower 𝜙) 0.63 0.10 0.50
Flammability limit (Higher 𝜙) 1.40 7.1 1.7
Adiabatic flame temperature (K)a 1800 2110 1950
Maximum LBV (m/s)b 0.07 2.91 0.37
Auto ignition temperature 650 520 630

a Property measured at 𝜙 = 1.
Maximum LBV occurs at different 𝜙.

(350–700 bar) compared with ammonia of (8.5 bar) [11]. Due to
these advantages, ammonia represents a potentially valuable CO2 -
free fuel in fuel cells [12,13], gas turbines [14,15], boilers or internal
combustion engines [16,17].

Laminar burning velocity (S𝐿) is a physiochemical parameter that
defines the movement of reactant mixture to the reaction zone, includ-
ing the mixing and reaction to represent the fundamental combustion,
reproducing the diffusion, exothermicity, and reactivity of the fuel
mixtures [18]. In addition to outlining laminar and turbulent premixed
characteristics concurrently inside the laminar flamelet regime, mea-
suring accurate laminar burning velocity is an important evaluative
aspect in progressing the comprehension of a wide range of flames and
flame stabilization, validating the chemical kinetics of the fuel and its
combustion characteristics [19,20].

Several research reviewed extensively laminar burning velocity
(LBV) of hydrogen [21], ammonia [3], and methane [22] flames,
implementing the effects of different equivalence ratios [23–25], ini-
tial pressures [26–28], and initial temperatures [29,30]. In addition,
many chemical kinetic models of oxidation and pyrolysis have been
presented and tested, providing effective conclusions for predicting the
laminar burning velocity of hydrogen [31,32], ammonia [33,34], and
methane [35,36] flames.

Researchers have extensively studied the effect of dual fuel blending
because fuels are often a mixture of many chemical components, and it
is useful to be able to guess the laminar burning velocity of a mixture
of two or more components using the laminar burning velocity for
each single fuel. Using the volume [37] or mass [38] fraction method
as the simplest mixing rule to estimate the laminar burning velocity.
Besides, researchers also investigated different correlations to predict
LBV [38–40]. The hydrogen addition improved overall reactivity due
to the addition of extinction strain rate increases by 2.5–3.8 times and
2 to 3 times by increasing only 1%–5% and 4% H2 in the fuel mixture,
respectively [41], while 1.5–2 times increase in H and OH radical
peaks with 50% addition of H2 in the biogas for laminar premixed
flames [42].

Mashruk et al. [43] examined the combustion characteristics of
ternary fuel in a generic tangential swirl burner at constant power
(8 kW), equivalence ratio (1.2), and blending ratios of 10, 20, and 30%
(vol)H2. It showed that increasing the concentration of ammonia af-
fects operability; also, high ammonia blends convert from OH/CH/NH
formation to NH2. Hydrogen addition enhances operability by up to
30% (vol) when added. With no evident flashback, reduced emissions,
low carbon content, and reasonable production of NH2/OH radicals for
excellent operability, the (20) methane/(55) ammonia/(25) hydrogen
(% vol) blend seems to be the most promising.

Benaissa et al. [44] investigated the combustion characteristics
and emissions of biogas/hydrogen blends in a can-type gas turbine
(SIEMENS SGT750) Combustor of 60 kW using the non-premixed
flamelet model, P-1 radiation model and turbulent standard (k–𝜖)
model. It can be noticed that increasing the hydrogen blend reinforced
the reaction zone and enhanced the emissions and the stabilization of
29

the flame. Comparing biogas with 50% H2, a maximum NO emissions
reduction can be found by 43 and 78 (ppm @15% by volume of O2),
respectively. The flame temperature and NO emissions at 𝜙 = 0.2 with
a high rate of hydrogen (50% H2) are close to the results of pure biogas
(0% H2) at the same 𝜙. Additionally, CO and CO2 emissions decreased
with increasing H2 blend and decreasing the 𝜙; due to an increase in
OH concentration and a decrease in carbon concentration.

Berwal et al. [30] examined the laminar burning velocity of XNH3 +
0.8(1–X)CH4 + 0.2(1–X)H2-air flames where X = (0%–30% vol) using
the externally heated diverging channel technique at high initial tem-
peratures (300 K–750 K). LBV increased with the initial temperature
and decreased with ammonia blending. The Nitroxyl (HNO) radical
caused a 28% reduction with 30% NH3. Berwal et al. [45,46] also inves-
tigated the ammonia blending effect on the LBV of methane/hydrogen
premixed flames at elevated temperature and pressure conditions uti-
lizing the high-pressure diverging-channel method. It demonstrated the
viability of ternary fuel as a good alternative to reduce carbon emissions
by about 26.6% when ammonia increases by 30%. The temperature
exponent, 𝛼, does not change when the ammonia blends and minimum
value at 𝜙 = 1.1 at elevated pressure, while the pressure exponent, 𝛽,
increases with increasing initial temperatures.

Bayramoğlu et al. [47] investigated the H2/NH3/CH4 fuel blends
numerically on the combustion emissions and performance for 5%–
10%–15% hydrogen blend with methane as a binary blending fuel.
Furthermore, a fixed 5% hydrogen with 5%–10%–15% ammonia blends
with methane as a ternary blending fuel, where the results showed that
at an axial location of x/d = 0.444, NOx emission production increased
by 1970, 3010, and 3790 ppm, respectively. 15% hydrogen and am-
monia blends added to methane increase the maximum temperature
by 100 and 200 K, respectively. Moreover, CO2 reduction compared
to neat methane (100% methane) by 30.7% and 14%, respectively.
Regarding emission production, pure ammonia performs better NO
than ammonia–hydrogen and methane–ammonia dual fuel blends at
any blending ratio. This feature agrees with the literature [48–52].
Increasing ammonia blending decreases Tad, which leads to decreased
thermal NO production [50], which still accounts for a fraction of the
total NO production [51]. Maximum NO concentrations are found to
slightly lean due to the large OH and O mole fraction at a higher tem-
perature that contributes to NO formation via fuel NOx pathways [48].
While for very lean or rich (𝜙 ≥ 1.10) equivalence ratios, a lower
value of NO mole fractions (<100 ppm) is found. The availability of
NH2 radicals increases with increases 𝜙 towards stoichiometric and
rich, which promotes the reaction NH2 + NO → H2O + N2, which
consumes NO. Nevertheless, regarding ammonia methane combustion,
the HCN plays a great role in NO formation via fuel NOx pathways.
The same trend of increasing NO formation towards 𝜙 = 0.8 due to
OH and O radicles and then starts to decrease due to NH2 radicle [52].
Tang et al. [53] investigated ammonia’s premixed combustion limits
of hydrogen and methane additives. They proved low values of lower
blow-out and lean combustion limits while high values of rich combus-
tion limits for NH3-H2 flames. When hydrogen is added to the ammonia
combustion process, the adiabatic flame temperature increases and
it can lead to more complete and efficient combustion, reducing the
formation of NOx. This is because hydrogen has a high flame speed
and can enhance combustion, lowering overall emissions. Additionally,
using appropriate catalysts and combustion processes can further help
reduce NOx emissions when using a hydrogen–ammonia blend as a fuel.
Moreover, increasing H2 blends improves the overall reactivity and fuel
consumption rate due to increased hydroxyl oxidation reaction rate.
The results also showed that LBV of the ternary mixture is close to nat-
ural gas/methane results with 10% CO- CO2 reduction, especially for
higher temperatures (>550 K) for lean and stoichiometric conditions,
and increasing XNH3

decreases CO/CO2 emissions. Hence, it can be used
as a clean fuel with low carbon emissions for engine applications.

The motivation for this study will support the research area with a
proposal of an alternative ternary blended fuel with equivalent laminar

burning velocity and low carbon emissions as compared to natural gas
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Fig. 1. Schematic of the experimental setup.

to be mimicked. This work aims to investigate the laminar burning ve-
locity at different blending ratios, initial pressure, oxygen enrichment,
and equivalence ratios. Experiments are performed to examine the
laminar burning velocity under the selection of blending ratios based
on constant adiabatic flame temperature, and density ratios for ternary
fuel. In addition to a mixture of binary fuels of hydrogen–ammonia and
ammonia–methane–air mixtures and (0%–40%) hydrogen–ammonia–
methane–air mixtures at an initial pressure of (0.1–0.5 MPa), and
oxygen enrichment (21, 35 and 45%), and equivalence ratios ranging
from 0.8 to 1.2 at a temperature of (298 K). This study examines the use
of hydrogen and ammonia-based combustion, so the framework of this
study is structured as follows: Section 1 presents an introduction to this
study. Section 2 presents the experimental setup and procedure. The
Section 3 presents laminar flame measurements for binary and ternary
fuel and sensitivity analyses. The section of 4 summarizes the study’s
conclusion.

2. Experimental setup and methodology

Experiments were conducted on a specially fabricated high-pressure
constant volume combustion chamber at the Department of Mechanical
Engineering, the University of Babylon in Iraq. Fig. 1 shows a schematic
diagram of the experimental setup. The second chamber was used to
conduct high-pressure experiments conducted at Xi’an Jiaotong Univer-
sity’s State Key Laboratory of Multiphase Flow in Power Engineering —
China. The laminar flame speed at different equivalence ratios, blend-
ing ratios, initial pressure, and oxygen ratios are measured directly. The
volume of the chambers is (29 and 23.5) L, with an inner length of (400
and 310) mm, respectively, and an inner diameter of 305 mm for both
chambers. Two electrodes with a spark gap of 1.5 mm and a diameter
of 1 mm are symmetrically positioned on the chamber wall to ignite
the gas mixture. Two equal quartz windows for each chamber with an
optical diameter of (120 and 150) mm, respectively, were positioned
opposite each other to allow for visualizing the laminar spherically
expanding flames using the Schlieren method with a high-speed camera
(AOS-QPRI) for the first one, and the shadowgraph method with a
high-speed digital camera (Phantom v611) for the second test set.
A controllable injection system supplies an air–fuel mixture that is
controlled manually or automatically based on data about the mixture’s
partial pressure, which has already been calculated. In this study, a
special ignition system has been designed and constructed to have a
successful spark to ignite the unburnt mixture, where the timing of the
spark, and the power delivered are all controlled.

Hydrogen, ammonia, methane, and air are injected into the com-
bustion chamber synchronously using a four-way manifold with four
solenoid valves, where the fuels can be blended according to the
volume fractions of the fuel, in which ammonia is the main fuel that is
30
blended with methane based on the mole fraction of ammonia (XNH3
).

A control board was used to operate solenoid valves and regulate,
control, and measure ignition power. Besides, it controls and measures
the initial pressure, temperature, and heating system. All experiments
were conducted at an initial temperature of 298 K. The accuracy of the
pressure transducer (Rosemount), and thermocouple were ±0.1 kPa,
and ±5 K, respectively.

It is essential to perform an uncertainty analysis of the laminar
burning velocity. Each experiment was carried out 2–5 times to check
the errors. The overall uncertainty (𝛥𝑆𝐿) was calculated using the
approach suggested by Moffat et al. [60] and used by others such as

Dai et al. [61]. It can be calculated as, 𝛥𝑆𝐿 =

√

(
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,

where B𝑅 is the total bias uncertainty that can be analyzed according
to the method used by Lhuillier et al. [57] for estimate the bias for
initial temperature, pressure, equation ratios, extrapolation, bouncy,
and radiation; which can be expressed as,
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Additionally, S𝑅 is the standard deviation of N repeated measure-
ment, and t is the Student’s multiplier for 95% confidence; where

𝑆𝑅 =

√

∑𝑁
𝑖=1(𝑋𝑖−�̄�)2

𝑁−1 . The overall experimental uncertainties of S𝐿 were
evaluated as ±0.7–9.0 cm/s.

Different equations were proposed to estimate the pressure and tem-
perature dependencies on the laminar burning velocity since LBV has a
correlation with (P𝑖/P0) and (T𝑖/T0). A simple power-low equation was
suggested by Matghalchi et al. [62] as shown in Equation

𝑆𝐿 = 𝑆𝐿,0

(

𝑃𝑖
𝑃0

)𝛽 ( 𝑇𝑖
𝑇0
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(1)

where 𝑆𝐿,0 is the laminar burning velocity at the reference temper-
ature and pressure, and the pressure exponent (𝛽) is a function of
individual burning velocities at each pressure; therefore, uncertainty
can be estimated with the error propagation rule according to [63].
Linear regression in logarithmic coordinates used to estimate the pres-
sure exponent, assuming pressure measurements with no uncertainty
and considering the uncertainty in the dependent variable S𝐿, can be
calculated as:

𝛥𝛽 =

(

∑

i
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ln 𝑃i
𝑃0
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(
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where n is the number of data points (3), 𝛥𝑆P𝑖
L is the uncertainty of

the burning velocity at reference pressure (mentioned above), 𝑃0 is
the reference pressure (0.1 MPa), and ln 𝑃𝑖

𝑃0
is the mean logarithmic

normalized pressure. The overall uncertainty of 𝛽 is 0.03. Based on
Eq. (1), the pressure exponent can be estimated according to the slope
of the straight line for the LBV-P plotted on a log–log scale for each
equivalence ratio.

It is possible to estimate the radius of a normal spherical, centrally
ignited, outwardly propagating flame directly from the Schlieren pho-
tographs to measure the laminar burning velocity. Recorded data may
be affected by two significant determinants. When the flame radius
is less than 6 mm, the flame speed is influenced by ignition energy,
but it is independent of ignition energy when the flame radius exceeds
6 mm [64]. In addition, the second determinant is the flame radius from
which meaningful data may be taken. The chamber condiment effect
can be ignored when the radius is less than 40 mm (about 0.3 times
the radius of the wall [65]). In this study, the affected laminar flame
propagation speed is calculated using a flame radius of 8–40 mm for the
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Fig. 2. Laminar burning velocity of dual fuel (A) H2/CH4, (B) H2/NH3, (C) CH4/NH3, (D) H2/NH3, and (E) CH4/NH3 - air flames versus fuel blends at different equivalence ratios
nd initial pressures at 298 K. The experimental results (scatters) compared with Wang et al. [54] model (line), while (D) and (E) results also validated with different models
eported in the works of Okafor et al. [36], Shrestha et al. [55], Zhou et al. [56], and experimental data of Zhou et al. [56], Lhuillier et al. [57], Ichikawa et al. [58], Han
t al. [59]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
irect method of spherically centrally ignited outwardly propagating
lame stretched flame speed, (S𝑛), which can be evaluated as follows:

𝑛 =
d𝑟𝑠𝑐ℎ
d𝑡

(3)

where 𝑟𝑠𝑐ℎ is the radius of flame directly obtained from the Schlieren
photos and t is the progress time. The spherically propagating flame
is influenced by the effects of flame stretch. In the present study, the
flame stretch rate, 𝛼, was evaluated using the following equation:

𝛼 = 1
𝐴𝐹

d𝐴𝐹
d𝑡

= 2
𝑟𝑠𝑐ℎ

d𝑟𝑠𝑐ℎ
d𝑡

= 2
𝑆𝑛
𝑟

(4)

where (𝐴𝐹 = 4𝜋𝑟2𝑠𝑐ℎ), is the area of flame front. Regarding the asymp-
totic analysis, the difference between S𝑠 and S𝑛, can be considered to
be proportional to the stretch rate, as shown by Eq. (5)

𝑆𝑠 − 𝑆𝑛 = 𝐿𝑏 ⋅ 𝛼 (5)

where 𝐿𝑏 is the burned gas Markstein length. Thus, S𝑠 can be calculated
by the linear extrapolation of 𝛼 → 0 (or 𝑟𝑠𝑐ℎ → ∞). S𝐿 can then be
calculated by 𝑆𝐿 = 𝜌𝑏

𝜌𝑢
⋅ 𝑆𝑠 Here, 𝜌𝑏 and 𝜌𝑢 are the densities of burnt

and unburnt mixture, respectively. Both densities are estimated from
thermal equilibrium which is calculated by Chemkin-PRO.

The numerical simulation in this study is mostly based on Chemkin-
Pro of the PREMIX module’s flame speed freely propagating and equi-
librium gas models, which correspond to one-dimensional and zero-
dimensional flames, respectively. To achieve convergence (about 700
grid points), the chemical reaction kinetic mechanism, thermodynamic
parameters, and transport parameter files must be regarded during the
calculation process, and the adaptive gradient (GRAD) and curvature
(CURV) were set to 0.02 for 10 cm domain.

3. Results and discussions

3.1. LBVs measurement of binary fuel mixtures

The determination of LBV of single and dual fuel mixtures at el-
evated pressure is validated using the constant volume method and
31
compared with data from the literature [56–59] and findings from
different kinetic models reported in the works of Okafor et al. [36],
Shrestha et al. [55], Zhou et al. [56], and CEU-NH3 1.1 [54]. It
can be observed in Fig. 2 that the measured LBVs of NH3/H2 and
H2/CH4 air mixtures semi-exponentially increase by increasing the
hydrogen mixture at any initial pressure and equivalence ratios, while
NH3/CH4/air mixtures linearly increase by increasing the methane
mixture at any initial pressure and equivalence ratios. The measured
results by different groups generally agree well with the lean and
stoichiometric mixtures, while discrepancies appear on the rich side
and higher hydrogen blends between these measured results. Therefore,
it can be observed that the relative discrepancies on the rich side are
quite apparent due to the low LBV values of the NH3/H2/CH4/air
mixtures.

As can be observed, the calculated LBVs for dual-fuel air flames are
in excellent agreement with most of the published data. In addition,
the present experimental data agree with the published data, espe-
cially in the stoichiometric and lean mixture. Okafor mechanism [36]
predicts well the LBV for methane ammonia while underestimating
the hydrogen–ammonia mixture. The Shrestha and Zhou mechanisms
[34,56] overestimated on the rich side for hydrogen–ammonia mixture
and overestimated in the estimation of LBVs of methane–ammonia dual
blends, in general. In the case of the hydrogen–ammonia mixture, there
is no subfigure to investigate the accuracy of mechanisms since most of
these mechanisms are accurate in predictions of LBV.

The mechanism CEU-NH3 1.1 [54] is selected as the optimum
mechanism to be used in this study to predict the LBV of the ternary
fuel mixture.

3.2. LBVs measurement of ternary fuel mixtures

The laminar burning velocity is the basic fundamental property of
combustible mixtures and the key parameter in turbulent combustion.
Based on the history of the flame radius in the large-scale combustion

chamber, the S𝐿 of NH3/H2/CH4 air mixtures are extracted using a
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Fig. 3. Schlieren images of flame propagation for 0.3H2-0.56NH3-0.14CH4, 0.3H2-
0.14NH3-0.56CH4, and 0.5H2-0.15NH3-0.35CH4 air flames at equivalence ratios of 1.2,
initial pressure of 1 atm and initial temperature of 298 K.

linear approach. Fig. 3 shows a sequence of frames of an expanding
spherical flame of a different ternary fuel–air mixture and equivalence
ratios as an illustration of flame propagation. The Schlieren flame
pictures clearly illustrate a circle whose diameter continues to expand
over time. An expanding flame that develops from the center of the
combustion chamber after a successful ignition may be smooth or have
a few cracks on the surface of the flame. The disturbance during the
ignition discharge process or spark electrodes is the major cause of
these cracks. The next stage is the quasi-steady flame propagation
stage, in which the flame expands outwards in a spherical smooth
condition. In this stage, the flame is mostly dependent on the chemical
reaction kinetics in the reaction zone. As mentioned previously, the
experimental data are also used to obtain the laminar flame speed and
hence the laminar burning velocity at this stage of propagation. The
flame surface morphologies at different blending ratios seem different
when the flame expands to a larger radius. The flame surface within
the glass window remains smooth and indicates that there is no visible
change in operating conditions. The flame surface is no longer as
smooth for the stoichiometric ratio, and the initial cracks lose their
natural appearance to grow and weakly divide. When the flame spreads
to a larger radius for the working condition with a rich equivalent,
the surface cracks initially continue to split before a cellular structure
develops progressively. Furthermore, there is no obvious difference
in the morphologies of the flames when the ammonia percentage is
30%–70%.

As the ammonia blend was reduced, the flame front surface progres-
sively recovered spherical expansion, while the front surface became
clearer and the flame stability increased. Increasing the hydrogen blend
32
increases the flame propagation and makes it more stable as shown
in Fig. 3. Increasing the initial pressure increases the elapsed time to
reach a certain flame radius, i.e., with an increase in initial pressure,
the flame propagation decreases. The laminar flame thickness decreases
due to increased hydrogen blend because hydrogen has a higher dif-
fusivity and flame speed than other fuels. This means the hydrogen
molecules can mix and react with the air more quickly, resulting in
a thinner flame. Furthermore, hydrogen has a higher flame tempera-
ture and a wider flammability range, contributing to the decrease in
flame thickness. Overall, hydrogen’s increased reactivity and combus-
tion characteristics lead to a thinner laminar flame when blended with
other fuels; this leads to instabilities in the flame front, causing it to
become wrinkled or turbulent. Elevated pressures also contribute to
flame wrinkling since the flame becomes more sensitive to instabilities
due to increased heat release rates and changes in the fluid dynamics
of the combustion process. Orange chemiluminescence; according to
Hayakawa et al. [7], was generated by the NH2 band spectrum and
the superheated H2O vapor spectrum for the combustion of ammonia.
As the equivalence ratio increases, NH2 levels increase, and orange
chemiluminescence becomes more noticeable. The structure of the lean
mixture flame became jellyfish-like as the flame radius increased. At 𝜙
= 0.8, the unstretched laminar burning velocity is quite low. As a result,
buoyancy is significantly influenced, particularly in this condition, and
the flame structure varies as a result. At the beginning of propagation
for higher ammonia blends, the center of the spherical flame was near
the spark gap. As a result of buoyancy, the center of the spherical flame
shifted upward in the combustion chamber. The size of the spherical
flame decreased as the initial pressure of the mixture increased. It
is possible to conclude that when the initial pressure of the mixture
increases, the flame speed decreases.

High pressure is essential for the combustion characteristics that
take place in most industrial applications. Because of this, it is essential
to conduct research on the characteristics of fuel under pressures that
are higher than those in the atmosphere.

Fig. 4 shows a ternary plot of the log-scale of the theoretical laminar
burning velocity of NH3/H2/CH4 air flames for different equivalence
ratios and initial pressure at 298 K, calculated using CEU-NH3 1.1 [54].
Increasing the hydrogen blend increases the LBV at any equivalence
ratio or initial pressure. While LBV decreases with increased initial
pressure and ammonia blend at any stoichiometry, a similar trend of
LBV for single and dual fuel occurred in ternary fuel mixtures, where
the maximum value tends to be on the slightly rich side. LBV for pure
ammonia under higher pressure could not be estimated due to the
buoyancy effect because LBV is very low in these conditions. When
hydrogen and ammonia blend less than 55%, the measured LBVs in this
area in the ternary plot (ammonia blend 0%–50%, hydrogen 0%–60%,
and methane 0%–60%) show good agreement with pure methane–
air mixtures, indicating that ternary fuel is a suitable alternative to
methane in industrial applications. At elevated pressures, the same
trend repeated with an increase of hydrogen blend. The most significant
parameter of the decreasing trend of LBV with initial pressure is the
increase in the density of the unburnt mixture. Instead of LBV, the
mass flux (laminar burning flux) 𝑓 = 𝜌𝑢 × 𝑆𝐿 = 𝜌𝑏 × 𝑆𝑆 , is the critical
factor that is used to quantify the rate of flame propagation, where
it increases with increased initial pressure. Even if the reaction rate
increases as pressure increases, the LBV still decreases with pressure as
a result of higher values of the unburned mixture density. The flame
must physically move through and heat a stronger upstream.

It can be seen in Fig. 5 that 10% H2 will apply a decrease of LBV
of 33% is observed with an increase in pressure to 0.3 MPa, while
LBV decreases by 45% when the initial pressure increases to 0.5 MPa
compared to atmospheric conditions. It can be seen that increasing the
equivalence ratio will decrease the effect of the initial pressure decrease
for higher ammonia blends. In contrast, for low ammonia blends (less
than 15%), the decrease in LBV increases with an increased equivalence
ratio. This average decrease will not be affected by increasing hydrogen
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Fig. 4. Ternary plot of log-scale of the laminar burning velocity of H2/NH3/CH4 air flames for different equivalence ratios and initial pressure at and 298 K, calculated using
EU-NH3 1.1 [54].
Fig. 5. Measured and simulated [54] laminar burning velocity of H2/NH3/CH4 air flames at different initial pressure for (a) 10% H2, (b) 30% H2, and (c) 40% H2 at different
quivalence ratios and initial pressure at initial temperature of 298 K.
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rom 10% to 40%. It can also be noticed that CEU-NH3 1.1 was
nder-predicted in atmospheric pressure and well-predicted in higher
ressure. The decrease in LBV with an increase in initial pressure is due
o the increase in density of the unburned mixture; moreover, increased
nitial pressure increases the heat release rate for all conditions due to
ecreases in thermal conductivity and increases in density. Under ele-
ated pressures, H + O2 = O + OH and H + CH3(+M) = CH4(+M) play
ignificant roles, despite their importance decreasing with pressure. The
ncreased sensitivity of inhibiting reactions 2CH (+M) = C H (+M) and
33

3 2 6 a
H4 + NH2 = CH3 + NH3 under elevated pressure implies that ignition
s more sensitive to interactions between NH3 and hydrocarbon species.
able 2 shows the calculated value of the pressure exponent from the
xperimental data, where increasing the ammonia blend decreases the
ressure exponent at any pressure ratio or 𝜙, while it increases with
ncreasing hydrogen blends. There was a moderate increase in the
alues of pressure exponent from lean to stoichiometric conditions, and
hen two trends appeared in the table. The first observation occurs with
higher ammonia blend, which increases with the pressure exponent.
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t

Fig. 6. Measured and simulated [54] laminar burning velocity of H2/NH3/CH4 air flames at different oxygen enrichment ratios for (a) 10% H2, (b) 20% H2, and (c) 30% H2 at
different equivalence ratios and oxygen enrichment at initial pressure of 0.1 MPa and an initial temperature of 298 K.
Fig. 7. Simulated adiabatic flame temperature, laminar burning velocity, and mole
fractions of key radicals with different oxygen contents using CEU-NH3 1.1 Mech. [54]
for (A) 10 H2 – 45NH3 – 45 CH4 and (B) 30 H2 – 25NH3 – 45 CH4 air flames at
equivalence ratio of 1, an initial pressure of 0.1 MPa and an initial temperature of 298
K.

In contrast, the mixture with higher methane shows that the pressure
exponent decreases up to f 𝜙 1.2 for this range of data.

Fig. 6 shows the measured and simulated LBV of NH3/H2 /CH4/air
flames for 10%–30% H2 at different equivalence ratios (0.8,1 and 1.2),
and oxygen enrichment (21%, 35%, and 45%) at an initial pressure of
0.1 MPa and an initial temperature of 298 K. The results show that LBV
increases approximately four times in magnitude from air conditions to
maximum oxygen content (45%) conditions due to oxygen enrichment.
Ternary fuel is consumed using an abstraction reaction, specifically
OH. For a higher ammonia mixture, NH2 will be formed from the
abstraction reaction and NH will be formed after reacting with H under
lean conditions. While N2H2 produced by self-combination is more
important in the rich side mixture. Furthermore, oxygen enrichment
will enhance the promoting reaction (H + O2 = O + OH) which is
34

he most important high-temperature chain branching reaction. CH3
Table 2
Pressure exponents at different equivalence ratios and fuel blends.

NH3/CH4 Equivalence ratio (𝜙)

0.8 0.9 1 1.1 1.2

For 10% H2

90/0 −0.379 −0.337 −0.290 −0.265 −0.255
72/18 −0.395 −0.375 −0.365 −0.390 −0.467
45/45 −0.425 −0.394 −0.359 −0.362 −0.369
18/72 −0.411 −0.390 −0.379 −0.396 −0.438
0 −0.397 −0.382 −0.379 −0.404 −0.463

For 30% H2

70/0 −0.423 −0.388 −0.334 −0.296 −0.278
56/14 −0.390 −0.370 −0.368 −0.382 −0.435
35/35 −0.426 −0.401 −0.391 −0.381 −0.382
14/56 −0.405 −0.391 −0.386 −0.393 −0.431
0//70 −0.391 −0.378 −0.374 −0.388 −0.444

For 40% H2

60/0 −0.467 −0.435 −0.369 −0.326 −0.305
48/12 −0.393 −0.364 −0.363 −0.373 −0.441
30/30 −0.429 −0.407 −0.386 −0.377 −0.391
12/48 −0.406 −0.387 −0.382 −0.389 −0.433
0/60 −0.386 −0.374 −0.370 −0.385 −0.442

follows the same methane decomposition trend and increases with
increasing oxygen concentration.

Fig. 7 shows simulated adiabatic flame temperature and mole frac-
tions of the OH radical with different oxygen enrichments at atmo-
spheric pressure and temperature and 𝜙 = 1.0 using CEU-NH3 1.1. [54].
This provides a better understanding of the effect of oxygen enrichment
on the LBV of the ternary fuel mixture. It can be noticed that increasing
oxygen enrichment greatly increases the adiabatic flame temperature
from 2150 K under the air condition to 2720 K under the maximum
oxygen content condition, as shown in Fig. 7-A, which agrees with Law
et al. [6]. Thus, the thermal effect of oxygen enrichment plays a dom-
inant role in increasing the laminar burning velocity of ternary fuel.
This is similar to those seen in the oxygen enrichment of hydrocarbon
fuels. However, the mole fractions of the OH radical in the ternary
fuel flames also continue to increase with increasing concentration of
oxygen, demonstrating that the higher oxygen content improves the
reactivity of the mixture and accelerates the propagation of the laminar
flame. It can be noticed from Fig. 7-B that increasing the hydrogen
blend increases LBV and T𝑎𝑑 and since the ammonia blend decreases
with the constant methane blend, NH2 decreases, but still has the same
trend of increasing with an increase in oxygen concentration. Oxygen
addition increases LBV due to the increasing OH radicals, which lead to
consuming more in H radicals through the most sensitive reactions H
+ O2 = O + OH, on the positive side and +CH3(+M) = CH4(+M), H +
OH + M = H2O +M, and H + O2(+M) = HO2(+M) on the negative

side. While increases in ammonia blends promote some of the most
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Fig. 8. Simulated laminar burning velocity [54] of H2/NH3/CH4 air flames for constant
laminar burning velocity 20, 28, 39 cm/s (A) at different equivalence ratios at initial
pressure of 0.1 MPa; (B) at different initial pressures, with equivalence ratio of 1 and
initial temperature of 298 K.

significant chain-breaking reactions of NH2 + NO = NNH + OH and
NH2 + NH = N2H2 + H, leading to increases in NH2, hence, decreases
both T𝑎𝑑 and S𝐿, alongside the three-body termination reactions of CH3
to CH4 generated C2H𝑖; the formed N2H𝑖 then reacted to NNH and N2.

Fig. 8 shows the simulated LBV [54] of NH3/H2/CH4/air flames for
constant laminar burning velocity (20, 28, and 39 cm/s) at different
equivalence ratios, an initial pressure of 0.1 MPa and an initial temper-
ature of 298 K. Since LBV is maximized near stoichiometry; the mixture
at 𝜙 = 1 at any constant LBV will tend to the upper side of the ternary
plot, which means that the mixture has a larger ammonia mixture
and fewer hydrogen and methane. It can be noticed that maintaining
constant LBV is required to control the blending of the ternary fuel
increasing the hydrogen blend from 0% to 40% to have a constant
LBV of 28 cm/s required to increase the ammonia blend from 21% to
56% and reducing the methane blend from 79% to 0% as shown in
Figs. 8 and 9. Fig. 8-B shows the effect of initial pressure on the laminar
burning velocity for the ternary fuel–air mixture, where increasing
initial pressure will decrease the LBV, thus maintaining the LBV con-
stant, which is required to increase hydrogen. Furthermore, increasing
LBV shifts the blend towards the right side of the ternary plot, where
35
Fig. 9. Simulated adiabatic flame temperature [54] of H2/NH3/CH4 air flames for
constant laminar burning velocity 28 cm/s at an equivalence ratio of 1.0, an initial
pressure of 0.1 MPa and an initial temperature of 298 K.

Fig. 10. Experimental laminar burning velocity of H2/NH3/CH4 air flames for constant
adiabatic flame temperature at different equivalence ratios, with initial pressure of 0.1
MPa and an initial temperature of 298 K.

the mixture has more hydrogen, and methane, while having fewer
ammonia concentrations. It can also be shown in Fig. 9 that adiabatic
flame temperature increases with increasing methane concentration.
On the contrary, both the ammonia and hydrogen concentrations are
decreased, which means that the mixture tends to the left side in the
ternary plot. An increase in the temperature of the adiabatic flame
occurs when the density ratio increases, which maintains the LBV
constant.

As can be seen from the experimental results in Fig. 10, for constant
T𝑎𝑑 , laminar burning velocity decreases with increasing equivalence
ratios and is minimized at slightly rich about 1.05, and then starts
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Fig. 11. Experimental and simulated laminar burning velocity and simulated adiabatic
lame temperature of H2/NH3/CH4 air flames for constant density ratio = 7.2 at
quivalence ratios of 1 and 1.2, with an initial pressure of 0.1 MPa and an initial
emperature of 298 K.

ncreasing again on the rich side. This is due to the increasing den-
ity ratio. Furthermore, increases in T𝑎𝑑 will increase LBV at higher
oncentrations of hydrogen and methane and fewer concentrations of
mmonia. Besides, LBV and T𝑎𝑑 generally increase with increasing hy-
rogen blend, as shown in the sub-figure. Adiabatic flame temperature
or each fuel is different, and the equivalence ratio has more impact
ompared with the initial pressure, where pure ammonia and hydrogen
ave T𝑎𝑑 of 2050 K at 𝜙 = 0.79, while 𝜙 = 0.84 for methane.

Fig. 11 shows the experimental and simulated laminar burning ve-
ocity and the simulated adiabatic flame temperature of H2/NH3/CH4
ir flames for a constant density ratio of 7.2 with an equivalence ratio
f 1, and 1.2, an initial pressure of 0.1 MPa, and an initial temperature
f 298 K. As can be observed from Fig. 11, the measured LBVs of
he ternary fuel mixture are affected by hydrogen enrichment and the
quivalence ratio since the constant density line semi-perpendicular on
BV and T𝑎𝑑 lines on the ternary plot. Therefore, increasing the blend of
ydrogen and methane will increase LBV and T𝑎𝑑 , while the ammonia
lend decreases. Sharp increment in LBV when hydrogen blends exceed
0%.

.3. Sensitivity analyses of H2 NH3-CH4/air flames

Fig. 12 illustrates normalized sensitivity coefficients in the fore-
ast of S𝐿 of NH3/CH4 with different blending ratios. As shown in
ig. 12, the small molecule-dominated N-consuming pathway was pro-
oted, boosting the total reaction rate, whereas N2H𝑖 chemistry was

moderately inhibited. According to the CH4-NH3 chemistry from the lit-
erature, the CH3O chemistry was ignored, and the CH3 reacted instantly

ith O to form CH2O [48]. Researchers evaluated more comprehensive
/N interaction reactions; slight amounts in CH4-NH3 co-oxidation
ere evaluated numerically and experimentally [50,66], though since
EU-NH3 1.1 tends to rely on the Konnov mechanism [32] have a
atisfactory precision estimate to provide further important species
orecasts, including such HCN in CH4-NH3 flames. Furthermore, the

CH4-NH3 chemistries indirectly interacted with estimating the laminar
flame speed by having a relatively similar active radical pool of H,
O, and OH. Due to the consumption of H radicals, the most sensitive
reactions with positive signs were H + O2 = O + OH, HCO(+M) = H
+ CO(+M), and NH2 + NO = NNH + OH. The most sensitive reactions
36

with negative signs were H + CH3(+M) = CH4(+M), NH2 + O = HNO
+ H, and H + O2(+M) = HO2(+M). H2/CO chemistries were reported
to still dominate the oxidation at high temperatures. The CH3 and HCO
radicals had a significant influence on NH3/CH4 flame speeds, but at
high NH3 concentrations, the NH2 + NO and NH2 + NH– dominated
the flux direction of N- elements and the flame speed. Furthermore, the
high uncertainty of N2H𝑖 chemistries were evaluated as key factors of
flame speed, in addition to some of the most significant chain breaking
reactions of NH2 + NO = NNH + OH and NH2 + NH = N2H2 +
H, as H radicals can be generated by reactions and the pathway of
N2H2 → NNH → N2. While the lower speed of flame propagation, even
in high ammonia blends, three-body termination reactions of CH3 to
CH4 generated C2H𝑖; the formed N2H𝑖 then reacted to NNH and N2.
According to Fig. 12-A, for lean mixtures, OH + H2 = H + OH and CO
+ OH = CO + H dominate on the positive side, while H + O2(+M)
= HO2(+M) dominates on the negative side, which implies that the
lean side is almost dominated by H2 chemistry. The rich side showed
NH2 + NH = N2H2 + H for the first time. While Furthermore, Fig. 12-
B illustrates that CEU-NH3 1.1 contained the reaction NH2 + NH =
N2H3 from Pagsberg et al. [67] Due to the general enhancement of
OH radicals in the radical pool with the admitting of H2, this reaction
plays chain propagating and terminating purposes in the production
of H and provides a high sensitivity in the rich mixture for NH3-H2-
air flame, the NH3 oxidation is promoted by NH + OH = NH2 +
H2O, which also has an important effect on S𝐿. Due to the completely
different reaction pathway of N2H3, if the combined reaction of NH2
and NH generates N2H3 instead of N2H2, the production of H radicals is
inhibited. The impact of NH3 chemistry on S𝐿 is considerably inhibited
in the NH3/CH4/air flame, such as NH2 + NH = N2H2 + H. Because
CH4 competes strongly with active radicals, more active radicals will
react with CH4 to complete the oxidation process. HCO + M = H +
CO + M has the highest positive sensitivity coefficient, showing that
CO chemistry dominates the increasing laminar flame speed of ternary
fuel/air mixtures. It can be noticed that CO chemistry is the most
dominant, followed by the H2 chemistry. NO chemistry only has a
slight positive effect on S𝐿. Furthermore, Ammonia blending with fuels
having a high reactivity may not be a suitable option for inhibiting the
NO production, while the increment of NO emissions because hydrogen
and methane promote NH2 to NO, and then inhibited the NO reduction
by H2. Experimental result consistent with the inferences has been
found by Wargadalam et al. [68].

Fig. 12-D shows the pressure effect on 30 H2 – 35NH3 – 35 CH4
fuel blending mixture at different initial pressures at equivalence ratios
of 1. H + CH3(+M) = CH4(+M) and NH2 + O = HNO + H, and H +
O2 = O + OH are the key boosting and inhibitory reactions for LBV,
where increasing initial pressure promote H + O2(+M) = HO2(+M)
which increases the consumption of H radicles. Moreover, 2OH = O
+ H2O, NH3 + OH = NH2 + H2O, and CH3OH (+M) = CH3 + OH
(+M) participate only at elevated pressure while HCO + OH = CO +
H2O, NH2 + HO2 = NH3 + O2, and NH2 + NH = N2H3 having less
contribution at elevated pressure, and therefore LBV decreases.

Fig. 13 demonstrates the sensitivity of NO concentration concerning
the most important reactions. Like LBV sensitivity, chain branching
reactions such as H + O2 = O + OH have the most positive effect on
NO production in the mixtures, and with ammonia content increases,
this reaction becomes more important for constant hydrogen content,
while the minimum amount of ammonia will promote this reaction
at constant methane contents. Kohansal et al. [69]mentioned that the
production of NO or N2 in ammonia chemistry highly depends on NH𝑖
radicals’ preference to react with NO or O/H radicals. The reaction of
NH𝑖 with the pool of radicals leads to the formation of HNO through
NH2 + OH = HNO + H and NH + O = HNO + H, while the production
of N2H2 formed through NH2 + NH = N2H + H. Kohansal et al. [69]
reported that the concentration of NO has a rising-falling behavior
with ammonia mole fraction for CH4-NH3-air flames, and this behavior
occurred in 40% ammonia blends, which is related to the concentration

of amine (NH and NH2) and active radicals. The production of No
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Fig. 12. Sensitivity coefficient of the laminar burning velocity concerning the most rate-limiting reactions using [54] at an initial pressure of 0.1 MPa and an initial temperature
of 298 K, (A) 40 H2 – 30NH3 – 30 CH4 fuel blending mixture at different equivalence ratios, (B) dual fuel blending at equivalence ratios of 1, and (C) different ternary fuel
blending mixture at equivalence ratios of 1, (D) 30 H2 – 35NH3 – 35 CH4 fuel blending mixture at different initial pressure at equivalence ratios of 1.
increases for low NH3 content more than pure ammonia because of
the high number of H, O, and OH radicals, and subsequently, NO
production decreases because of the lowering concentration of active
radicals. N + NO = N2 + O is the most important reaction to reduce
NO mainly produced by the second important inhibiting reaction NO2
+ H = NH + NO. Furthermore, the reduction in NO increases when the
ammonia content increases due to NH2 + NO = N2 + H2O.

4. Conclusions

In view of the fossil fuel insufficiency and air pollution, this study
explores the potential of a NH3/H2/CH4 ternary fuel mixture that can
be considered a suitable alternative for conventional fuels in industrial
applications. This study uses expanding spherical flames and Schlieren
imaging techniques in a constant volume chamber at elevated initial
pressure and oxygen enrichment to evaluate a key combustion char-
acteristic: Laminar Burning Velocity (LBV) of different NH3/H2/CH4
blends. On the other hand, numerical analysis was performed using
CHEMKIN Pro software. When hydrogen and ammonia blend about
10%–50% at elevated mixture pressures, the measured LBV values
show good agreement with pure methane–air mixtures, indicating that
ternary fuel is a suitable alternative for methane in industrial applica-
tions. Experiments with different blends of ternary fuel mixtures were
controlled by adjusting these three variables: concentration, equiv-
alence ratio, oxygen concentrations, and initial pressure. The most
important findings from the current investigations are as follows:
37
1. At any conditions investigated, the maximum laminar burning
velocity achieves its maximum value close to an equivalence
ratio of 1.05. Increasing the initial pressure causes a decrease
in the laminar burning velocity. Oxygen enrichment causes an
increase in LBV. That tendency is the same as that of dual-
fuel and single-hydrocarbon fuels. A decrease of 33% for LBV
is observed at 10% H2 when the initial pressure increases to 0.3
MPa, while at 0.5 MPa, the LBV decreases by 45% compared to
atmospheric conditions.

2. LBV increases with increasing hydrogen blends and decreases
with increasing ammonia blends under any conditions. Because
of the presence of nitroxyl (HNO) radicals, LBV decreases by
12% and 16% under stoichiometric conditions when NH3 blend
increases 10%–20%, respectively.

3. Increasing oxygen content improves the reactivity of the mix-
ture and accelerates LBV, due to increasing OH, NH2, and CH3
radicals in the ternary fuel flames. An increase in LBV of ap-
proximately four times and Adiabatic Flame Temperature (T𝑎𝑑)
increases by 550 K when oxygen content increases to (45%).

4. Maintaining a constant LBV value requires controlling the blend-
ing ratio of the ternary fuels. Constant LBV at 28 cm/s requires
an increase in the hydrogen blend from 0% to 40%, and at
the same time, ammonia increases from 21% to 56%, while the
methane blend decreases from 79% to 0%. Raising LBV values
shifted the mixture towards the higher hydrogen and methane
and fewer ammonia concentrations in the ternary plot.

5. When T𝑎𝑑 is kept constant, LBV decreases with increases in the

equivalence ratio, approaching a minimum at a slightly rich



International Journal of Hydrogen Energy 58 (2024) 28–39A. Yasiry et al.

r
i
f
b

D

c
i

A

F
n
a
(
(

R

Fig. 13. Sensitivity coefficient of NO concentration concerning the most rate-limiting
eactions at the point of maximum NO concentration at equivalence ratios of 1, with an
nitial pressure of 0.1 MPa and an initial temperature of 298 K. (A) 10% methane blend
or different ammonia blends, and (B) 20% hydrogen blend and different ammonia
lends.

equivalence ratio of roughly 1.05 before increasing again on
the rich side, a reverse trend of the density ratio. Furthermore,
regardless of the initial conditions, increasing the hydrogen
blend regularly increases LBV and T𝑎𝑑 . As the constant density
line is perpendicular to the LBV and T𝑎𝑑 lines in the ternary
plot, the LBV and T𝑎𝑑 ratios increase with increasing hydrogen
blend under any equivalence ratios. It makes the selection of an
alternative ternary blending fuel more precise.
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