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Abstract: The global shift toward renewable fuels and the reduction in anthropogenic environmental
impact have become increasingly critical. However, the current challenges in fully transitioning
to environmentally friendly fuels necessitate the use of transitional fuel mixtures. While many
alternatives have been explored, the combination of hydrogen and LPG appears to be the most
practical under the conditions specific to Kazakhstan. This study presents experimental findings on a
novel burner system that utilizes the airflow swirl and hydrogen enrichment of LPG. It evaluates the
effects of hydrogen addition, fuel supply methods, and swirl intensity—achieved by adjusting the
outlet vanes—on flame stabilization as well as NOx and CO emissions. The results show that the
minimum NOx concentration achieved was 12.08 ppm, while the minimum CO concentration was
101 ppm. Flame stabilization studies indicate that supplying the fuel at the center of the burner, rather
than at the base, improves stabilization by 23%. Additionally, increasing the proportion of hydrogen
positively affects stabilization. However, the analysis also reveals that, as the hydrogen content in
the fuel rises, NOx concentrations increase. These findings highlight the importance of balancing
the hydrogen enrichment, airflow swirl, and fuel supply methods to achieve optimal combustion
performance. While hydrogen-enriched LPG offers enhanced flame stabilization, the associated rise
in NOx emissions presents a challenge that requires careful management to maintain both efficiency
and environmental compliance.

Keywords: LPG; swirl; hydrogen; combustion; enrichment

1. Introduction
Review and Analysis

Currently, the issue of reducing CO2 emissions is becoming increasingly relevant. In
particular, Kazakhstan has adopted a law on carbon neutrality [1]. According to the law, gas
will be used as a transitional energy source, with plans to eventually switch to alternative
energy sources. The document pays special attention to hydrogen; specifically, the final
demand will shift toward the use of low-carbon fuels (biofuels and hydrogen) in areas
where the transition to electricity remains difficult. In this regard, a long-term vision for
the development of hydrogen energy will be formulated. Therefore, the use of hydrogen
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mixed with different gases is an urgent task. The authors emphasized pre-mixing, as this
is considered the most environmentally friendly type of fuel combustion [2]. Research on
the combustion of pre-mixed hydrogen is critical [3,4], particularly because hydrogen is a
highly explosive fuel [3].

Studies on the combustion of pre-prepared hydrogen–air mixtures [3] at various
cross-sections show an increase in the combustion rate as the longitudinal cross-section
of the combustion zone decreases. Studies of a partially mixed hydrogen and natural
gas mixture [4] revealed that increasing the proportion of hydrogen reduces the flame
size. Research on a dimethyl ether and hydrogen mixture showed that the maximum
concentration of NOx occurs at a hydrogen volume concentration of 15% [5]. Another
study on the addition of water droplets to a mixed hydrogen–air mixture demonstrated
that changing the equivalence ratio has an insignificant effect on the laminar combustion
rate [6]. An investigation of flame stabilization and structure in a new type of burner [7]
identified a region where diffusion and mixed flames converge, known as the cold rim
thermal zone. This finding is important since mixing within the burner can be uneven.
Studies of non-premixed hydrogen jet flames [8] revealed a certain limit to the hydrogen
concentration beyond which the flame does not grow. Research on the addition of hydrogen
to pre-mixed fuel [9] indicates that hydrogen addition does not affect lean blowout (LBO)
at a value of φ~0.5. The authors also noted that increasing the hydrogen proportion
leads to a rise in CO and UHC concentrations due to the delayed reactivity of hydrogen.
The secondary addition of hydrogen to a swirling flame [10] showed that increasing the
hydrogen content results in higher NOx concentrations but lower CO levels in the exhaust
gases. The addition of hydrogen significantly improved flame stabilization. A study
of gas recirculation and methane addition in lean premixed hydrogen flames [11] also
showed improved flame stabilization. Research on ammonia and hydrogen combustion
in premixed flames [12] found that adding ammonia to hydrogen at a constant φ value
slightly reduces the adiabatic temperature of the gases but increases the thermal thickness
of the flame. This is significant because an increase in flame size affects the CO and UHC
concentrations. Studies of NOx emissions in premixed hydrogen flames [13] showed that
the concentration of NO2 during hydrogen combustion is three times lower than that of NO
in all combustion modes. Research on combustion and NOx formation in a burner with a
partially premixed hydrogen mixture [14] demonstrated that increasing mixing at φ < 0.85
reduces NOx concentrations. Additionally, it was shown that higher relative humidity
leads to a further reduction in NOx formation.

A study on the combustion of a biodiesel and hydrogen mixture [15] found that
adding hydrogen at a volume of 7.5 LPM to a mixture of transformer oil and biodiesel
increased the brake thermal efficiency by 37.3%, reduced fuel consumption by 15.33%,
decreased CO emissions by 27.09%, and lowered unburned hydrocarbons (UHCs) by
28.53%.Investigations into ignition processes [16] during hydrogen combustion demon-
strated that pre-mixing results in a higher reaction rate, with a 1–2 s delay between ignition
in comparison to non-premixed cases. The addition of a hydrogen–LPG mixture to an
internal combustion engine [17] resulted in a reduction in CO and NOx concentrations
as the hydrogen proportion increased. Specifically, increasing the hydrogen proportion
reduced NOx concentrations by 1.89%. Several noteworthy studies on hydrogen engines
have been conducted by the authors of [18–20], demonstrating that hydrogen use increases
engine power while ensuring compliance with Euro V standards.

A study on the addition of hydrogen to a methane–air mixture in a new swirl
burner [21] showed that, for an equivalence ratio of 0.5 to 0.73, adding 20% hydrogen
did not alter the NOx concentrations. However, increasing the equivalence ratio led to
higher NOx concentrations, suggesting that the increase in oxygen proportion, combined
with the higher combustion temperature from hydrogen, promotes NOx formation. Studies
on the combustion of an LPG mixture in a staged swirl combustor revealed that flame
stabilization and NOx concentrations are significantly influenced by the swirl degree [22].
Both stages played an essential role, with maximum NOx concentrations observed at an
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external swirl angle of 60◦ and an internal angle of 30◦, while the lowest concentrations
were achieved with a 60◦ angle across all φ options A detailed analysis of hydrogen com-
bustion in swirling flames [23] indicated that, as the proportion of hydrogen increases, the
flame shifts monotonously toward the outlet due to flame turbulence. Studies of premixed
CH4/H2 flames [24] revealed that, at φ = 0.8 and with a hydrogen proportion of 20%, CO2
concentrations decreased by 10%, although NOx concentrations rose by 2%. Notably, in
lean mixtures, the concentrations of harmful substances decrease, with maximum NO and
NO2 concentrations of 2107 ppm and 84 ppm, respectively.

The analysis shows that a significant amount of research has been conducted on
premixed hydrogen combustion. However, relatively few studies have focused on the
combustion of hydrogen and LPG in a swirl burner within the equivalence ratio range of
0.17–1.00. Most studies have been typically conducted on internal combustion engines,
where combustion occurs at pressures above atmospheric levels. This article introduces the
new following areas of research:

1. A new type of burner device is used, where the flow is swirled at both the inlet and
outlet of the burner;

2. A wide range of hydrogen proportions in LPG is used—up to 40%;
3. The dependencies of NOx and CO concentrations on the proportion of the hydrogen

and the angle of the outlet blades during the pre-mixing of hydrogen and LPG
are studied.

The importance of the study lies in determining the influence of the hydrogen fraction,
flow swirl, and fuel intake method on such characteristics as NOx and CO concentrations
as well as flame stabilization.

2. Materials and Methods

Figure 1 illustrates the methodology of the experimental studies. As shown in the
figure, the independent variables are the air flow, LPG, and hydrogen flow rates, as well
as the blade angle. The dependent variables are the concentrations of NO and CO. The
dimensions of the burner device are provided in Table 1, and the experimental conditions
are presented in Table 2.
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Table 1. The dimensions of the burner device [25].

Parameter Units Value

Length mm 350
Inlet diameter mm 50

Outlet diameter mm 200

Table 2. Experimental conditions [25].

Parameter Units Value

Ambient temperature ◦C 20
Air humidity % 40

Equivalence ratio - 0.17–1.00
Reynolds number - 50,000–350,000

XH2 (volume%) γ, % 0–40
Air flow m3/s 0.19–1.19

LPG flow m3/s 0.0105
Hydrogen flow m3/s 0–0.0036

LPG - C3H8—50%, C4H10—50%
Hydrogen - H2; 99.96% purity

Air viscosity m2/s 15.06 × 10−6

Swirl number (SW) - 30◦—0.4; 45◦—0.8; 60◦—1.3

The burner device consists of five main elements: inlet vanes with an angle of 45◦, a
fuel supply tube, outlet blades, and holes for fuel supply located at the base of the outlet
vanes [25].

To calculate the equivalence ratio, the following formula was used [25]:

φ =

m f uel
mair(m f uel

mair

)
stoich.

(1)

where φ—is equivalence ratio,
m f uel
mair

—fuel-to-air ratio, stoich.—stoichiometry.
Hydrogen fraction was calculated by Formula (2) [25]:

γ =
H2

H2 + LPG
(2)

where γ—hydrogen fraction, H2—hydrogen flow, LPG– LPG flow.
The swirl number was calculated by formula [25]:

SW =
2
3

1 −
(

Rh
R

)3

1 −
(

Rh
R

)2

tanβ (3)

where Rh—hydrogen fraction, Rh—hyb radius, R—outer radius, β—angle of outlet vanes.
Reynolds number was calculated by formula [25]:

Re =
ω·d

ν
(4)

where ω—velocity, d—diameter, and ν—viscosity.
Table 3 presents the initial conditions and outlines the main parameters used in the

experiments. In a previous experiment [25], LPG was supplied through a fuel supply tube,
while hydrogen was fed through holes at the base of the outlet vanes. In this experiment,
two methods for feeding the pre-mixed LPG+H2 were considered: in the first method, the
mixture was supplied through holes on the fuel tube, and in the second method, through



Energies 2024, 17, 6132 5 of 14

holes at the base of the outlet vanes. The diagram of the burner device is shown in Figure 2.
The burner was developed based on patents obtained in the Republic of Kazakhstan [26,27].
The equipment error margin is presented in Table 4.

Table 3. Initial conditions.

Fuel Supply Place

Type 1 Fuel tube

Type 2 Base of the outlet vanes
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Table 4. Equipment and error margin.

Equipment Absolute Error Relative Error σ, %

Laboratory thermometers ±1.0 ◦C 0.16

Chromel–copel
thermocouples

In the range from minus 40 to
plus 375 ◦C: ±1.5 0.4

Gas analyzer

NOx: abs. ± 2 ppm with
measured values from 0 to

39.9 ppm
5

CO: ±10 ppm 1

Temperature: ±1.0 ◦C 0.16
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The measurement error of the instruments is defined as the sum of all the errors of
the instruments:

σm. =
√

σthermometer
2 + σthermocouple

2 + σNOx
2 + σCO

2 = 5.12% (5)

where σthermometer
2 denotes the relative error of thermometers, σthermocouple

2 denotes the rel-
ative error of the thermocouple, σNOx

2 denotes the relative error of the NOx measurements,
σCO

2 denotes the relative error of CO measurements.
The standard deviation of the measurements is calculated as follows:

s =

√
δ2

1 + δ2
1 + δ2

1 + δ2
1

N − 1

where δ2
1 denotes the deviation of the measurements.

The standard deviation of the mean measurements is as follows:

σx =
s√
N

The standard deviation of the measurements are presented in Table 5.

Table 5. Uncertainty analysis on the results.

Measurement Standard Deviation

NOx ±0.2 ppm

CO ±19.34 ppm

3. Results
3.1. Flame Stabilization

Figure 3 shows the dependence of the lean blowoff (LBO) on the equivalence ratio,
vane angle, hydrogen fraction, and fuel feed type. For both configurations (Type 1 and
Type 2), an increase in the hydrogen fraction and velocity results in improved flame stabi-
lization. For Type 1, at a vane angle of 30◦, high stabilization is achieved at lower speeds.
However, increasing the hydrogen fraction leads to a rise in flame temperature, but as
the velocity reaches 15 m/s, the stabilization indicators decline. At the same hydrogen
concentration and at a vane angle of 30◦, an increase in velocity results in an 8% decrease
in stabilization. For every 10% increase in the hydrogen fraction, flame stabilization im-
proves by an average of 32%. Increasing the vane angle to 45◦ further enhances the flame
stabilization. At a hydrogen concentration of 30%, φLBO values for 30◦ and 45◦ are 0.23 and
0.25, respectively. This improvement is due to more efficient fuel–air mixing in the reverse
flow zones formed behind the outlet vanes. These findings are consistent with previous
studies [25] and those reported in [28]. The increase in stabilization is also associated with
the high heat of combustion of the hydrogen/LPG mixture. As the temperature rises in the
combustion zone, the fresh incoming mixture has enough time to burn completely. The
highest stabilization effect is achieved at a vane angle of 60◦, which also aligns with the
results of [25] at the same angle. Overall, it can be concluded that, for Type 1, an increase in
the swirl number enhances flame stabilization. Similar results were obtained for Type 2,
where maximum flame stabilization is also achieved at a 60◦ vane angle. However, flame
stabilization for Type 2 is slightly lower than for Type 1. For instance, at a 30◦ vane angle
and 0% hydrogen, φLBO values are 0.75 for Type 1 and 0.81 for Type 2. An increase in the
hydrogen fraction leads to further stabilization. For Type 2, a 10% increase in hydrogen
fraction results in a 46% improvement in stabilization. A larger recirculation zone involves
more air in the combustion process, resulting in more complete fuel burnout and the better
ignition of the fresh fuel–air mixture, which in turn increases flame stabilization. Increasing
the vane angle to 45◦ further enhances stabilization. This is because a higher degree of
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swirl, and consequently a higher swirl number, enlarges the recirculation zone (RZ), which
boosts flame stabilization. This occurs because greater resistance to flame stretching allows
the flame to better maintain its size, due to hydrogen combustion. The experiments confirm
that increasing the hydrogen fraction significantly improves flame stabilization.
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Figure 4 shows the lean blow-off dependence at a constant hydrogen flow rate and its
relation to the fuel feed type and the outlet vanes’ swirl angle. As seen in the figure, the
minimum stabilization is achieved at an angle of 30◦. This occurs due to an insufficient
mixing time for the LPG/H2 mixture, as the fuel is fed directly to the base of the outlet
vanes. This results in an increased mixing time, insufficient thermal stress in the zone, and
reduced flame reactivity. In the case of Type 1, the LPG/H2 mixture has a longer mixing
time, considering that the fuel is fed in a narrow section, expanding later. These geometric
features contribute to adequate fuel–air mixing, resulting in higher temperatures and a
developed recirculation zone in the combustion area. This leads to increased stabilization.
Similar results were found in [28], where an increase in the hydrogen fraction led to
improved stabilization without flame swirl.

Lean blow-off occurs in two stages. In the first stage, heat release gradually decreases,
leading to a drop in temperature in the combustion zone and a reduction in the ignition
of the fresh mixture. This is followed by a second stage where the heat release decreases
significantly. From this, we can conclude that as the swirl angle increases at a constant
hydrogen concentration, the degree of swirl becomes crucial. An increase in the vane angle
improves the mixture formation, causing the first stage of lean blow-off to occur at lower
equivalence ratios.
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3.2. NOx, CO, and UHC Concentrations

Figure 5 shows the dependence of the NOx concentration on the fuel feed type, hydro-
gen proportion, and outlet vane angle. For Type 1 at a 30◦ vane angle, the concentration
ranges from 12 to 31 ppm. Additionally, an increase in the vane angle and equivalence ratio
leads to a rise in NOx concentration. A similar trend is observed for Type 1 at a 45◦ angle,
where NOx concentrations increase with a rising equivalence ratio. At a 45◦ vane angle, the
concentration range for Type 1 falls between 13 and 33 ppm. A 10% increase in hydrogen
proportion results in a 24% increase in NOx concentration, which can be explained by the
rise in combustion temperature and the more developed recirculation zone (RZ) [28,29].
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The maximum vane angle of 60◦ produces the highest NOx concentrations. For Type
1 at a 60◦ angle, NOx concentrations range from a minimum of 28 ppm to a maximum
of 65 ppm. As the hydrogen proportion and vane angle increase, the flame temperature
rises, and a well-developed RZ forms. These factors cause the gases to remain in the
high-temperature zone for a longer period. As noted in [2], several factors contribute to
the formation of nitrogen oxides, especially temperature, the degree of mixing, and the
residence time of gases in the high-temperature zone. In this case, the two most influential
factors are the high temperatures and prolonged residence time due to the developed RZ.
Studies indicate that the maximum NOx concentrations are achieved when approaching
φ = 1.0. It is well known that under stoichiometric conditions, the mixture reaches its
maximum temperature, which in turn increases NOx formation. For Type 2 at a 30◦

vane angle, the NOx concentration is lower, ranging from 11 to 27 ppm. Additionally, a
10% increase in hydrogen proportion results in an approximately 23% increase in NOx
concentration. The relatively lower NOx concentrations in Type 2 are attributed to lower
temperatures and the shorter residence times of the gases in the high-temperature zone.
This is due to a shorter mixing time of the fuel with air, resulting in incomplete oxygen
saturation, which leads to higher levels of incomplete combustion and consequently lower
NOx concentrations. A similar pattern is observed for the 45◦ vane angle, where a 10%
increase in hydrogen proportion leads to a 22% rise in NOx concentration. However,
as the equivalence ratio increases, the rate of increase in NOx concentration decreases.
This is because a higher fuel proportion results in more unburned fuel, which does not
fully participate in combustion. A similar conclusion can be drawn for the 60◦ vane
angle. The increase in NOx concentration is influenced by several factors. First, as the
hydrogen proportion increases, the high-temperature zone shifts closer to the burner exit.
Furthermore, an increase in hydrogen proportion raises the levels of free radicals such as
O, OH, and H, which leads to a higher production of thermal NO, the main mechanism of
NOx formation.

Figure 6 shows the dependence of NOx concentrations on the vane angle, equivalence
ratio, and fuel introduction type. As observed, an increase in both the equivalence ratio
and swirl angle leads to a rise in nitrogen oxide concentrations. The maximum NOx
concentrations for all configurations occur at a 60◦ vane angle. This can be explained by
the fact that, at 60◦, the most developed recirculation zone (RZ) is formed. Furthermore,
the addition of hydrogen enhances the RZ’s resistance to flame stretching, resulting in an
increase in combustion temperature within the RZ [29]. A well-developed recirculation
zone, combined with a high-combustion temperature, significantly contributes to the
rise in nitrogen oxide concentrations. In this experiment, the maximum swirl angle of
60◦ corresponds to a swirl number (SW) of 1.0. Previous studies [27] on the effect of
swirl number on NOx concentrations indicate that the maximum NOx concentrations are
achieved at SW values between 0.75 and 1.4. This confirms that increasing SW to 1.3
(i.e., a 60◦ vane angle) leads to peak NOx concentrations. Additionally, for Type 1, NOx
concentrations are 11% higher than for Type 2, likely due to the longer mixing time. With a
strong RZ, meaning a strong swirl, increasing the proportion of hydrogen further elevates
NOx concentrations.

Figure 7 shows the dependence of CO concentrations on the vane angle, hydrogen
concentration, and fuel feed type. For a 30◦ vane angle and Type 1, an increase in the
proportion of hydrogen leads to a decrease in CO concentrations. The maximum CO
concentration for the 30◦ angle and Type 1 is 330 ppm. An increase in the equivalence ratio
results in higher CO concentrations in the exhaust gases. Increasing the vane angle to 45◦

leads to a slight decrease in CO concentrations, with the maximum CO concentration at
a 45◦ angle being 294 ppm at φ = 1.0. Lower CO concentrations were observed at a 60◦

angle. The primary mechanism for CO formation is insufficient temperature and inefficient
mixing of the fuel with the oxidizer [2]. An increase in the degree of swirl, due to the
vane angle, creates a high-temperature zone where air mixes with the fuel, enhancing
the oxidation of carbon and raising the temperature. On the other hand, another factor
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influencing CO formation is the cooling of gases in the near-wall region. Due to hydrogen’s
high reactivity and wide combustion zone, these “parasitic” zones become smaller at higher
swirl levels, which positively impacts the reduction in CO concentrations. For Type 2 at a
30◦ angle, there is a more linear decrease in CO concentrations, with the maximum values
achieved at γ = 0%. This is attributed to lower temperatures compared to scenarios where
hydrogen is added, leading to less complete combustion reactions. Increasing the swirl
degree further reduces CO concentrations. Compared to a 30◦ angle, the maximum CO
concentration decreases by 5%. In all configurations, an increase in the equivalence ratio
leads to higher CO concentrations in the exhaust gases. The lowest CO concentrations are
observed at a 60◦ swirl, which can be explained by the developed recirculation zone, where
combustion reactions are more complete due to the high proportion of air entering from
the surroundings of the recirculation zone.
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Figure 8 shows the dependence of the CO concentration on the equivalence ratio and
vane angles. As seen in the figure, increasing the equivalence ratio in all variants leads to a
rise in CO concentration. In general, increasing the vane angle reduces CO concentrations.
At γ = 30%, Type 1 exhibits 3–5% lower CO concentrations. The studies demonstrate
that flow swirl has a greater effect on NOx concentrations than on CO concentrations.
The lowest CO concentrations are observed at a 60◦ vane angle for Type 1, which can be
attributed to the longer mixing period resulting from the fuel being supplied through a tube.
Additionally, the fuel supply method may influence this, as the fuel is sprayed radially
through four holes, promoting the deeper penetration of the fuel into the air stream.
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3.3. Flame Shape

Figure 9 shows flame photographs at γ = 30%. As seen in the figure, the flame is
more transparent compared to the previous photographs. For Type 1, a more uniform
temperature distribution is observed, although the significant heating of the blade surface
is also noticeable, especially on the lower left side. The authors did not measure the blade
temperature profile. When Type 2 fuel is supplied, a blue rim is observed around the base
of the blade assemblies. It should be noted that high temperatures were observed in this
LPG/H2 supply area.
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4. Conclusions

This study examined the concentrations of NOx and CO along with flame stabilization
indices under the influence of hydrogen (H2) enrichment in LPG. It also evaluated the
impact of fuel supply methods on combustion parameters. The findings revealed that
flame stabilization indices are significantly affected by both the degree of swirl and the
proportion of hydrogen in the fuel. The swirl promotes the formation of a recirculation
zone (RZ) in the combustion area, and higher swirl intensity enhances fuel combustion
efficiency, leading to improved flame stability. Additionally, the stabilization of the flame
improves as the hydrogen proportion increases.

The analysis of NOx concentrations shows that NOx emissions increase with a higher
hydrogen content and swirl intensity. This trend is attributed to the high reactivity of
hydrogen and elevated temperatures in the recirculation zone. The choice of fuel supply
method also plays a critical role: Type 1 results in higher NOx levels due to longer mixing
times between fuel and air, while Type 2, with a 30◦ vane angle, yields lower NOx con-
centrations (11–27 ppm). A 10% increase in hydrogen proportion raises NOx emissions
by approximately 23%. Lower NOx concentrations for Type 2 are associated with reduced
temperatures and shorter gas residence times in the high-temperature zone.

In terms of CO emissions, the results indicate a reduction in CO levels with increased
hydrogen content and swirl intensity, driven by higher combustion temperatures that
enhance carbon oxidation. The fuel supply method also influences CO emissions: larger
vane angles decrease CO concentrations. At a swirl ratio of γ = 30%, Type 1 shows 3–5%
lower CO levels compared to Type 2. The lowest CO concentrations are observed at a 60◦

vane angle with Type 1. However, using Type 2 results in higher CO emissions due to lower
combustion temperatures and the insufficient mixing of fuel and air, leading to localized
oxidizer shortages.

This study demonstrates that increasing the proportion of hydrogen in LPG sig-
nificantly enhances flame stabilization. This improvement is attributed to the elevated
temperatures in the combustion zone, which promote the more efficient ignition of the
fresh fuel–air mixture. In the case of Type 1 configuration, a vane angle of 30◦ achieves
high flame stabilization at lower velocities. However, increasing the velocity reduces flame
stabilization by approximately 8%. Furthermore, for every 10% increase in the hydrogen
fraction, flame stabilization improves by an average of 32%.

These findings highlight the importance of optimizing the hydrogen proportion, swirl
intensity, and operating conditions to achieve stable combustion. While a higher hydrogen
content enhances stabilization, care must be taken to balance the fuel supply parameters and
flow velocities to avoid adverse effects, such as increased NOx emissions. In conclusion,
while both NOx and CO emissions are influenced by hydrogen enrichment and swirl
intensity, swirl has a more pronounced effect on NOx concentrations. Achieving optimal
combustion performance requires balancing fuel composition, swirl intensity, and the
appropriate fuel supply method to minimize emissions while maintaining flame stability.

Author Contributions: Conceptualization, A.M.D.; methodology, D.R.U. and A.K.Y.; software,
D.R.U. and A.K.Y.; validation, A.M.D. and Z.A.A.; formal analysis, A.K.Y.; investigation, M.B.K.
and Z.S.D.; resources, A.M.D.; data curation, M.B.K.; writing—original draft preparation, D.R.U.;
writing—review and editing, D.R.U. and A.K.Y.; visualization, D.R.U. and N.R.K.; supervision,
A.M.D.; project administration, A.M.D.; funding acquisition, A.M.D. and A.S.B. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Science Committee of the Ministry of Science and Higher
Education of the Republic of Kazakhstan (Grant No. AP14872041).

Data Availability Statement: Raw data can be provided by the corresponding and first author (D.N.)
upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.



Energies 2024, 17, 6132 13 of 14

References
1. On Approval of the Strategy for Achieving Carbon Neutrality of the Republic of Kazakhstan Until 2060. Decree of the President

of the President of the Republic of Kazakhstan dated February 2, 2023 No. 121. Available online: https://climateactiontracker.
org/countries/kazakhstan/net-zero-targets/ (accessed on 25 September 2024).

2. Lefebvre, A. Gas Turbine Combustion; Hemisphere Publishing: London, UK, 1983; p. 550.
3. Xu, Z.; Yang, G.; Sheng, Z.; Sun, H.; Yang, X.; Ji, S. Large eddy simulation of premixed hydrogen-air combustion characteristics in

closed space with different shrinkage rate. Int. J. Hydrogen Energy 2024, 81, 280–291.
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