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Abstract: The study aims to address the need for cleaner and more efficient combustion technologies
in the context of global energy demand and sustainability goals. It focuses on microflame techniques
to enhance the performance of gas turbines and water heating boilers. This research investigated, for
the first time, the operation of a micromodular burner for hot water boilers and a microflame burner
for gas turbines, based on patented inventions. Methods for assessing efficiency included analyzing
heat flows, fuel conversion rates to thermal energy, and emission analysis. Using high-precision
measuring equipment, such as TESTO 350-XL, thermocouples, flow meters, and others, optimal
operating modes were determined for the gas turbine combustion chamber and hot water boiler.
This resulted in achieving high efficiency and reducing harmful emission levels (NOx < 15 ppm,
CO < 140 ppm). Theoretical calculations were compared with experimental data, confirming the
reliability of the results obtained.

Keywords: experimental setup; microflame combustion; burner; micromodular burner; water heating
boiler; gas turbine; propane

1. Introduction

In the modern world, many countries are striving to transition to renewable energy
sources as part of efforts to combat climate change and reduce dependence on fossil
fuels. However, in regions with an extreme continental climate, like Kazakhstan, where
winters can be extremely harsh with temperatures dropping as low as −52 ◦C in the capital
Astana [1], ensuring heating for the population remains a critical challenge. It is important
to note that renewable energy sources alone cannot fully meet the country’s demand for
thermal energy due to climate peculiarities and unpredictable weather patterns.

Natural gas continues to play a pivotal role in meeting global energy needs [2].
Propane, methane, natural gas, and synthetic gases serve not only as efficient energy
sources but also as vital components of environmentally friendly energy solutions [3,4].
Kazakhstan, endowed with extensive natural resources, is incentivized to transition from
coal to gas as a primary energy source, aiming to improve environmental conditions and
reduce greenhouse gas emissions [5]. However, despite the shift toward cleaner fuels, main-
taining ecological balance requires innovative technologies capable of meeting modern
environmental standards.

Enhancing combustion efficiency and reducing harmful emissions into the atmosphere
are crucial tasks in the energy sector. According to modern environmental requirements
and international agreements on carbon neutrality [6], countries, including Kazakhstan,
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are tasked with developing and implementing new, more efficient technologies aimed at
reducing the environmental impact and ensuring sustainable development.

Gas turbines [7] play a significant role in modern energy infrastructure, providing
reliable electricity generation and heat supply for various industrial sectors and residential
areas. Known for their high efficiency and operational flexibility, gas turbines are integral
to the energy complex of many countries worldwide [8,9]. Nevertheless, advancements in
gas turbine technologies to improve energy efficiency and decrease the ecological footprint
remain a vital area of research.

Water boilers [10], critical for heating and hot water supply in the private sector,
also face challenges related to efficiency and environmental safety. Despite considerable
technological advancements in boiler production, optimizing combustion processes and
reducing emissions remain pertinent issues [11,12].

This study aims to develop and experimentally investigate new microflame combus-
tion technologies for gas turbines and water boilers. This approach involves creating tiny
flames for fuel combustion, promising more complete combustion and lower emission of
harmful substances. The chosen technology is associated with several advantages. Vari-
ous authors [13,14], despite the limited amount of experimental data on the application
of microflame combustion in combustion chambers of fuel-burning installations, have
highlighted the main benefits of microflame systems, such as:

• High combustion efficiency (ï = 0.985 ÷ 0.995);
• Wide stable burning limits (αair = 2 ÷ 25);
• Minimal hydraulic losses (σ = 1.5 ÷ 3% of total pressure);
• High thermal intensity of the working volume (H = 1 ÷ 5 MJ/m3·h·Pa);
• Low levels of smoke and nitrogen oxide emissions (CNO = 15 ppm);
• Compact combustion chamber dimensions and ease of integration into engine circuits.

The research aims to evaluate operational efficiency and identify harmful emissions
when utilizing this technology. It is anticipated that developing new combustion meth-
ods and optimizing burner designs will significantly enhance combustion quality, reduce
specific fuel consumption, and decrease emissions into the atmosphere. This holds strate-
gic importance for ensuring sustainable and environmentally safe development of the
energy sector.

Therefore, research into gas combustion technologies represents a critical step toward
improving existing energy technologies and achieving global sustainable development
goals. It not only enhances energy production efficiency and economic viability but also
meets the challenges posed by contemporary environmental policies aimed at reducing
harmful impacts on the environment.

2. Materials and Methods

Experimental studies were conducted on an experimental setup described below. The
setup for studying burner devices that utilize the microflame method of fuel combustion is
shown in Figure 1a,b. The important components of the experimental setup are:

1. Air supply system;
2. Fuel supply system;
3. Ignition system;
4. Instrumentation system with measuring equipment.

Fuel was supplied from gas cylinder 1, and the gas temperature corresponded to the
temperature of the outdoor air, which ranged from 20 to 25 ◦C. Before fuel was supplied to
the burner, measurements of the main fuel characteristics were obtained using pressure
gauge 2 and gas meter 3.

Air was supplied by fan 4, and a stabilizing tube was installed at the fan outlet. The
stabilizing tube had a length of 1500 mm and a diameter of ϕ 150 mm. Inside the tube,
there was a bundle of small-diameter tubes for equalizing the velocity fields, with a length
of 1200 mm inside the tube.
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Figure 1. (a) Diagram of the experimental setup with measuring instruments: 1—gas cylinder
(propane), 2—pressure gauge, 3—gas meter, 4—fan, 5—fuel supply tube, 6—multifunctional mea-
suring system TESTO 454-P (Testo AG, Lenzkirch, Germany), 7—chromel-copel thermocouple,
8—chromel-alumel thermocouple, and 9—gas analyzer TESTO 350-XL (Testo AG, Lenzkirch, Ger-
many). (b) Experimental setup with geometric dimensions.

Propane was stored in gas cylinders, the pressure and flow rate of which were regu-
lated by a valve and pressure gauge. The fuel flow was controlled by an electric flow meter
with an accuracy of 1.25% over the entire measurement range. Fuel was supplied from the
gas cylinder to the fuel pipe. The fuel pipe (ϕ 4 mm for the micromodular burner, ϕ 8 mm
for the two-tier burner) was installed at the narrow section of the burner. In the stabilizing
tube, static pressure collectors and full pressure nozzles were installed, which were part
of multifunctional measuring system 6, “TESTO 454-P”, for determining the flow rate
and velocity fields. The air temperature at the inlet was determined using chromel-copel
thermocouple (CCT) 7, “Metran 232-02” (Metran Industrial Group, Chelyabinsk, Russia),
which was designed to measure air temperature values up to 800 ◦C. The CCT was secured
in a hole on the top of the stabilization pipe using mounting clamps to ensure a tight fit
with the tube.

For igniting gaseous fuel, a spark ignition system installed at the burner outlet
was used.

To measure the temperature of combustion products at the combustion chamber exit,
radial chromel-alumel thermocouple (CAT) 8 with a diameter of 0.5 mm,“Metran 231-02”
(Metran Industrial Group, Chelyabinsk, Russia), was installed, with a measurement range
from −40 ◦C to +1200 ◦C. Gas analysis, temperature measurements, and gas flow velocities
were conducted at the burner outlet using gas analyzer 9, “TESTO 350-XL”, from the TESTO
analyzer family, which has demonstrated high accuracy in previous studies [15].
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Before the experiments, manual selection of modes was performed, and the most
efficient and optimal mode was determined by visual flame quality (flame color), gas
consumption, air velocity, and instrumental analysis of the exhaust gases. The sampling
point for analyzing the exhaust gases was selected at a distance of 150–200 mm from the
flame core along the visual flame length.

Data collection from all measuring instruments of the experimental setup was per-
formed using a portable computer.

The following microflame burner devices were investigated: 1. a two-tier microflame
burner device for the combustion chamber of a gas turbine installation (TMFBD) (patent 1
of Section 6); and 2. a micromodular gas burner for propane combustion (MMGB) (patent 2
of Section 6).

The fuel combustion completeness coefficient was calculated based on the experimen-
tally obtained data using Formula (1) from the heat balance equation [16], as follows:

ï =

(
1 + L0

φout

)
·
(
cpgTg − cpgT0

)
− L0

φout

(
cpairTair − cpairT0

)
−

(
cp f uelTf uel − cp f uelT0

)
Qw

l
(1)

where
Tg—the temperature of gases at the outlet of the combustion chamber, K;
T0—the standard temperature for determining the heat of combustion of fuel (calorime-

try temperature), K;
Tair—the air temperature at the entrance to the combustion chamber, K;
Tf uel—the fuel temperature at the nozzle inlet, K;
Qw

l —the lowest heat of combustion of the working fuel for propane, kJkg−1;
cpair—the average mass heat capacity of air at a temperature that is a multiplier of the

named parameter, kJkg−1K−1;
cpg—the average mass heat capacity of a gas at a temperature that is a multiplier of

the named parameter, kJkg−1K−1;
cp f uel—the average mass heat capacity of fuel (propane) at a temperature that is a

multiplier of the named parameter, kJkg−1K−1.
The data obtained from the experiment were used to construct graphs described in

the following sections.

Error Estimations in Measurements

In our experimental studies involving direct measurements of air flow velocity (wair),
fuel pressure (pfuel)—propane gas, fuel volumetric flow rate and fuel consumption time
(∆GF), temperature before (Tf uel) (chromel-copel thermocouple) and after the combustion
chamber (Tg (chromel-alumel) and T∗

g (TESTO 350 − XL)), and concentrations of nitrogen
oxides (CNOx) and carbon monoxide (CCO) (TESTO 350 − XL), we determined the follow-
ing parameters: air flow rate (∆Gair), mass flow rate of fuel per unit time (∆GF), air–fuel
ratio (αair), and combustion completeness (η).

The uncertainties of direct measurements are provided in Table 1.

Table 1. Errors of direct measurements of operating parameters.

No. Parameter
Designation

Unit of
Measurement

Normalization
(According to the

Device) the Upper Value
of the Parameter

Maximum Absolute
Error of the Device

(±)

Upper Limit of
Measurement of the

Experimental Parameter

Maximum Relative Error
of Measuring a Parameter

in an Experiment

1 wair m/s 40 0.3 28 0.70
2 pfuel MPa 0.6 2.5 0.07 0.14
3 ∆GF m3/h 1.6 1.5 1.5 0.95
4 Tf uel K 1073 0.05 298 0.28
5 Tg K 1523 0.05 1373 0.90
6 T∗

g K 1643 3.0 1073 0.68
7 CNOx ppm 4000 5.0 15 0.05
8 CCO ppm 10,000 5.0 140 0.06
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Thus, the conducted analysis of errors demonstrated that the maximum relative mea-
surement uncertainties were sufficiently satisfactory to justify the proposed methodology
of engineering calculations based on the obtained experimental results.

3. Description of the TMFBD

In the TMFBD (patent 1 of Section 6), as shown in Figure 2, compressed air is sup-
plied from the fan. Closer to the combustion front, fuel enters the fuel annular collectors
through the fuel supply pipeline, depending on the operating mode, either into two tiers
simultaneously or into each tier (external or internal) separately.
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The experimental study of the TMFBD was conducted using liquefied gas—propane
(C3H8). Gas flow adjustment was regulated by a fine control valve, then passed through an
electromagnetic shut-off valve and a flow metering device (fuel consumption was measured
volumetrically). The gas was supplied into fuel ring pipes during the operation of two tiers
simultaneously, and into one of the fuel ring pipes depending on the mode (internal or
external pipe).

Fuel from the ring pipes was injected through nozzle holes into the inner concave part
of each stabilizer. The internal tier had eight stabilizers, while the external tier had sixteen.

Corner stabilizers at the burner outlet provided microflame combustion, which re-
sulted in low-emission combustion due to the absence of local high-temperature zones.
The corner stabilizers, shaped like semicircles, created numerous flame recirculation flows
that ignited fresh portions of the fuel–air mixture, thereby enhancing combustion stability.

During the experimental investigation, each tier of the front device was analyzed
separately, as well as operation of the two tiers together. Experiments were conducted to
determine flame blowout for each tier and for the entire burner to identify the range of stable
operation. The experiments on the stand were repeated 5 times for each operating mode,
including operation with only the external tier, only the internal tier, and simultaneous
operation of the two tiers. The propane gas flow rate was kept constant at 0.015 MPa, while
the air flow rate varied from 5 to 28 m/s. Due to the limitation of the fan’s operation (up
to 28 m/s), theoretical calculations were conducted for operating modes with initial air
velocities ranging from 5 to 50 m/s.

Theoretical calculations to determine the combustion completeness of the fuel were
performed based on numerical simulations of combustion processes using Ansys Fluent
2022 R1 [17] and analysis of the aerodynamics of air flow using Comsol Multiphysics
version 6.0 [18]. Ansys Fluent was employed to model combustion processes, enabling
the assessment of fuel combustion efficiency under specified conditions, specifically with
initial air velocities ranging from 5 to 50 m/s. As a result of these computational studies,
data on temperatures at the inlet and outlet of the combustion chamber were obtained,
facilitating calculations using Formula (1).
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3.1. Results
3.1.1. Combustion Completeness

During the conducted experimental research of the simultaneous operation of both
tiers (Figure 3a), it was found that the optimal air excess ratio to achieve high fuel combus-
tion efficiency, calculated using Formula (1) (indicated as α air = 6.55 ÷ 6.96), coincided
with the theoretical data, confirming a high fuel combustion completeness coefficient
(η = 0.90 ÷ 0.99). This allowed for optimizing the operation of the two tiers, which is an
important result of the research.

Energies 2024, 17, x FOR PEER REVIEW  6  of  16 
 

 

flows that ignited fresh portions of the fuel–air mixture, thereby enhancing combustion 

stability. 

During  the experimental  investigation, each  tier of  the  front device was analyzed 

separately, as well as operation of the two tiers together. Experiments were conducted to 

determine flame blowout for each tier and for the entire burner to identify the range of 

stable operation. The experiments on the stand were repeated 5 times for each operating 

mode, including operation with only the external tier, only the internal tier, and simul‐

taneous operation of the two tiers. The propane gas flow rate was kept constant at 0.015 

MPa, while the air flow rate varied from 5 to 28 m/s. Due to the  limitation of  the  fan’s 

operation  (up  to 28 m/s),  theoretical calculations were conducted  for operating modes 

with initial air velocities ranging from 5 to 50 m/s.   

Theoretical calculations to determine the combustion completeness of the fuel were 

performed based on numerical simulations of combustion processes using Ansys Fluent 

2022 R1  [17] and analysis of  the aerodynamics of air  flow using Comsol Multiphysics 

version 6.0  [18]. Ansys Fluent was employed  to model combustion processes, enabling 

the assessment of fuel combustion efficiency under specified conditions, specifically with 

initial air velocities ranging from 5 to 50 m/s. As a result of these computational studies, 

data on temperatures at the inlet and outlet of the combustion chamber were obtained, 

facilitating calculations using Formula (1). 

3.1. Results   

3.1.1. Combustion Completeness 

During the conducted experimental research of the simultaneous operation of both 

tiers (Figure 3a), it was found that the optimal air excess ratio to achieve high fuel com‐

bustion efficiency, calculated using Formula  (1)  (indicated as α air = 6.55 ÷ 6.96), coin‐

cided with the theoretical data, confirming a high fuel combustion completeness coeffi‐

cient (η = 0.90 ÷ 0.99). This allowed for optimizing the operation of the two tiers, which is 

an important result of the research.   

Similarly, in experiments with the operation of the external (Figure 3b) and internal 

(Figure 3c) tiers, optimal values of the air excess ratio (α air = 6.70 ÷ 8.19 and α air = 5.71 ÷ 

7.63, respectively) were  recorded, which aligned with  the high values of  the  fuel com‐

bustion completeness coefficient (η = 0.98). These results confirmed the effectiveness of 

the selected operating modes of the tiers and could be used to optimize the combustion 

process in the gas turbine installation. 

 
(a) 

Energies 2024, 17, x FOR PEER REVIEW  7  of  16 
 

 

 
(b) 

 
(c) 

Figure 3. The dependence of the fuel combustion completeness coefficient on the air excess ratio 

during operation: (a) two tiers; (b) external tier; and (c) internal tier. 

Thus, experimental and theoretical data coincided in determining the optimal oper‐

ating modes of different  tiers, highlighting  the  significance of  the achieved  results  for 

enhancing combustion efficiency and reducing emissions of harmful substances. 

3.1.2. Harmful Emissions 

Gaseous  fuel  is considered  the cleanest organic fuel because, upon complete com‐

bustion, only nitrogen oxides are produced from toxic substances. In the case of incom‐

plete combustion, carbon monoxide (CO) is present in emissions. 

During the experimental study, the TESTO 350‐XL gas analyzer was used to measure 

the concentrations of carbon monoxide and nitrogen oxides in the exhaust gases. Figure 

4a–c depict  the dependence of  concentrations of  carbon monoxide  (CO)  and nitrogen 

oxide (NOx) in emissions on the air–fuel ratio. 

Figure 3. The dependence of the fuel combustion completeness coefficient on the air excess ratio
during operation: (a) two tiers; (b) external tier; and (c) internal tier.



Energies 2024, 17, 3408 7 of 15

Similarly, in experiments with the operation of the external (Figure 3b) and inter-
nal (Figure 3c) tiers, optimal values of the air excess ratio (α air = 6.70 ÷ 8.19 and
α air = 5.71 ÷ 7.63, respectively) were recorded, which aligned with the high values of
the fuel combustion completeness coefficient (η = 0.98). These results confirmed the effec-
tiveness of the selected operating modes of the tiers and could be used to optimize the
combustion process in the gas turbine installation.

Thus, experimental and theoretical data coincided in determining the optimal op-
erating modes of different tiers, highlighting the significance of the achieved results for
enhancing combustion efficiency and reducing emissions of harmful substances.

3.1.2. Harmful Emissions

Gaseous fuel is considered the cleanest organic fuel because, upon complete combus-
tion, only nitrogen oxides are produced from toxic substances. In the case of incomplete
combustion, carbon monoxide (CO) is present in emissions.

During the experimental study, the TESTO 350-XL gas analyzer was used to mea-
sure the concentrations of carbon monoxide and nitrogen oxides in the exhaust gases.
Figure 4a–c depict the dependence of concentrations of carbon monoxide (CO) and nitro-
gen oxide (NOx) in emissions on the air–fuel ratio.

According to the graphs in Figure 4a–c, the emissions of carbon monoxide (CO) and
nitrogen oxides (NOx) were directly proportional when burning propane in the combustion
chamber of a gas turbine. This can be explained by the chemical reactions occurring during
fuel combustion. When propane is burned, the main reaction involves the oxidation of car-
bon and hydrogen to carbon dioxide (CO2) and water (H2O). However, under insufficient
oxygen supply (fuel-rich conditions), incomplete combustion may lead to the formation of
carbon monoxide (CO) instead of carbon dioxide (CO2) [19]. Therefore, a higher air–fuel
ratio (α air) would promote complete combustion and reduce CO emissions.

On the other hand, the formation of nitrogen oxides (NOx) is attributed to the high
temperature in the combustion chamber, which facilitates the formation of nitrogen oxides
from atmospheric nitrogen [20]. Thus, with an increase in combustion temperature or
residence time of gases in the high-temperature zone, the level of NOx also increases.

Hence, when burning propane in a gas turbine, increasing the air–fuel ratio, on one
hand, leads to a reduction in CO emissions due to increased combustion completeness.
However, on the other hand, it may also contribute to an increase in combustion tempera-
ture, leading to increased NOx emissions. This can explain the observed proportionality
between CO and NOx emissions with changes in the air–fuel ratio.

The optimal emissions of carbon monoxide and nitrogen oxides were observed at the
following air–fuel ratio values: when both tiers operated simultaneously—α air = 6.06,
CCO = 66 ppm, and CNOx = 2.6 ppm; for the external tier—α air = 6.70, CCO = 97 ppm,
and CNOx = 2.1 ppm; and for the internal tier α air = 3.23 ÷ 5.71, CCO = 67 ÷ 81 ppm, and
CNOx = 2.9 ÷ 5.4 ppm.

Moreover, the high concentration of carbon monoxide in emissions exceeding 140 ppm
could be explained by the type of combustion chamber—open type. This type of combustion
chamber is characterized by a short residence time of the fuel–air mixture in the combustion
zone. Consequently, carbon monoxide does not have enough time for complete oxidation
to CO2.

The nitrogen oxide emissions did not exceed 15 ppm.
Figure 5 shows photographs illustrating the operation of the tiers.
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3.2. Discussion

The main results of the study demonstrated that the optimal operating modes of the
TMFBD corresponded to high combustion completeness coefficients. The optimal air excess
ratio for the simultaneous operation of both tiers was α air = 6.5 ÷ 6.96, with a fuel com-
bustion completeness coefficient of η = 0.90 ÷ 0.99; for the external tier, α air = 6.70 ÷ 8.19
and η = 0.98; for the internal tier, α air = 5.71 ÷ 7.63 and η = 0.98. This indicated high
combustion efficiency and allowed for the optimization of the operation processes of both
tiers of the burner device. Experimental data confirmed the theoretical calculations, empha-
sizing the significance of the achieved results for improving the efficiency of combustion
processes and reducing emissions of harmful substances.

The analysis of harmful emissions showed that, with the proper adjustment of the
TMFBD operation, it was possible to significantly reduce the concentrations of carbon
monoxide and nitrogen oxides in the exhaust gases. The optimal operating parameters
of the TMFBD minimized harmful emissions, contributing to the improvement of the
ecological cleanliness of combustion processes and reducing the impact on the environment.
The high concentration of carbon monoxide in emissions exceeding 140 ppm was explained
by the type of combustion chamber—open. Nitrogen oxide emissions did not exceed
15 ppm.

Thus, the research results confirmed the efficiency of the developed TMFBD in burning
propane and its potential to enhance combustion processes in gas turbine installations.
The implementation of the developed technologies can contribute to improving the energy
efficiency and environmental safety of industrial processes.

4. Description of the MMGB

The developed new micromodular gas burner, the principle of which is a new method
of stabilization and ignition in the case of a sudden expansion for the burners of hot water
boilers, is based on the separation of the flow. During separation, the current line coinciding
with the streamlined surface deviates, departs from it, and an oncoming return current
approaches the place of separation, which ensures the stabilization of combustion.

The burner device for burning propane gas consists of a housing with a converging-
diverging channel. At the outlet, along the burner axis, there is a distributor cone connected
internally to the burner housing. Propane is supplied through a fuel copper pipe with a
diameter of 4 mm, located along the burner axis at the narrowest section. Fuel injection
occurs through 6 holes with a diameter of 1 mm perpendicular to the axis.

The MMGB has a cylindrical nozzle with a large diameter, and a sudden expansion
occurs at the junction of the nozzle with the Venturi tube, which serves as a stabilizer. Ad-
ditionally, secondary air is supplied through slots to the nozzle, ensuring high combustion
completeness, resulting in a fuel–air mixture with low NOx emissions.

Cylindrical nozzles with slots at the outlet for the experimental setup were presented
in two variants: d1 = 120 mm and d2 = 150 mm. The aim of the experiment was to select
the optimal diameter for stabilization, ensuring stable combustion with low emissions of
harmful nitrogen oxides. The general view of the cylindrical nozzles is shown in Figure 6.

Fuel was supplied to the fuel pipe located along the axis at the narrow section of
the burner, and gas distribution occurred through copper tubes with a diameter of 4 mm
perpendicular to the 6 holes. Air was supplied by a fan. Mixing of the fuel–air mixture
occurred at the narrow section inside the Venturi tube, with secondary air being supplied
through slots in the cylindrical nozzle.

During the experiments, the influence of nozzle diameter on stabilization and mixture
formation processes, as well as on the efficient combustion of propane gas with stable
burning and reduced formation of harmful emissions, was investigated. Two experiments
were conducted: the first with a diameter of d1 = 120 mm, and the second with d2 = 150 mm.
Each experiment comprised 6 modes, with 6–7 measurements obtained for each mode.
Each measurement took approximately 1.2–1.5 min.
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Prior to the start of the experiments, a quantitative selection of modes was manually
performed, and the most effective and optimal mode was determined by the visual quality
of combustion (flame color), gas consumption, and air velocity, and an instrumental analysis
of the exhaust gases was carried out, with a selection point for the analysis of the exhaust
gases at a distance of 130–150 mm from the core of the torch along the visual length of the
torch. At the beginning of each experiment, studies were carried out to select the optimal
mode for gas consumption and air velocity. During the experiments, the influence of nozzle
diameter on stabilization and mixing processes, as well as on the effective combustion
of natural gas (propane) with stable combustion and reduction of harmful emissions,
was studied.

A spark ignition system installed at the outlet of the burner was used to ignite the
gaseous fuel. To measure the temperature of the air and fuel combustion products, a radial
thermocouple with a diameter of 0.5 mm (chromel-alumel) was installed at the outlet
of the combustion chamber. The parameters of the exhaust gases were measured by a
stationary gas analyzer with an extended sensor complex having an error of 5% over the
entire measurement range. A high-resolution camera was used for the pictures. Based on
the experimental data obtained, graphs were constructed (completeness of combustion,
temperature unevenness, concentrations of substances), and the results were summarized.

4.1. Results
4.1.1. Combustion Completeness

The new structural solutions for the gas burner device in the form of a diffuser-
convergent channel of the Venturi tube with a sudden expansion at the outlet, which serves
as a stabilizer, based on modeling and experiments, proved stable combustion with low
emissions of harmful substances. This was achieved by identifying the optimal air–fuel ratio
for stable combustion, calculated using Formula (1) (at α air = 3.5 ÷ 4.0), which coincided
with the theoretical data, confirming a high combustion completeness coefficient (η ≤ 0.98).
This ensured stable combustion with low emissions of harmful substances, which is an
important research outcome. This relationship indicated that the presence of a large amount
of air increased combustion completeness due to the increase in the air–fuel ratio, resulting
in increased entrainment from the combustion zone. In the larger diameter nozzle, there
was a sharp increase in combustion completeness due to the reduction in gas residence time
in the recirculation zone, and the greatest change in combustion completeness occurred in
this nozzle.

According to the graph in Figure 7, the most complete combustion, namely
η = 0.981 ÷ 0.987, was provided in the larger nozzle, with a diameter of d2 = 150 mm
at α air = 3.5 ÷ 4.0, which corresponded to the stoichiometric ratio of fuel and air. When
using the smaller nozzle, η = 0.970 ÷ 0.975 at α air = 3.0 ÷ 3.5. The most effective nozzle
in terms of combustion completeness was the one with the larger diameter. This was ex-
plained by the most effective fuel–air mixing in the recirculation zone. The smaller nozzle
with d1 = 120 mm was also effective, as it had the least impact on the flow structure and
created the smallest recirculation zones.
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Figure 7. The dependence of the combustion completeness coefficient on the air–fuel ratio for the
large and small burner nozzles.

4.1.2. Harmful Emissions

Figure 8 shows the dependence of nitrogen oxide concentration on the air–fuel ratio.
Logically, the gas temperature depends on the amount of air entering the combustion
zone and, with an increase in its volume in the combustion zone, the average temperature
decreases. This is explained by the fact that various chemical processes occur during fuel
combustion. Due to the influx of a large amount of air into the combustion zone and
the decrease in temperature, the concentration of nitrogen oxides decreased, as shown
in the graph. The lowest concentration of nitrogen oxides was detected in the larger
diameter nozzle. Optimal carbon monoxide and nitrogen oxide emissions were observed
at the following air–fuel ratio values: for operation with the larger nozzle—α air = 3.5,
CCO = 63 ppm, and CNOx = 8.8 ppm; for operation with the smaller nozzle—α air = 3.5,
CCO = 64 ppm, and CNOx = 8.5 ppm. Nitrogen oxide emissions did not exceed 10 ppm.
Moreover, increasing the air–fuel ratio led to a reduction in the formation of these substances
due to the decrease in temperature and incomplete fuel combustion.
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Figure 8. The dependence of the air–fuel ratio on the concentrations of carbon monoxide (CO) and
nitrogen oxide (NOx) in emissions with the large and small burner nozzles.
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Figure 9 presents photographs depicting the operation of the burner with both the
large and small nozzles.

Energies 2024, 17, x FOR PEER REVIEW  13  of  16 
 

 

Figure 9 presents photographs depicting the operation of the burner with both the 

large and small nozzles. 

   
(a)  (b) 

Figure 9. Photographs of the MMGB in operation: (a) with the large nozzle; and (b) with the small 

nozzle. 

4.2. Discussion 

Dependencies were  determined  based  on  the  results  of  the  experiments  on  fuel 

combustion completeness in the MMGB with nozzle diameters of d1 = 120 mm and d2 = 

150 mm. The most complete combustion was achieved with the large nozzle, with a di‐

ameter of d2 = 150 mm at α air = 3.5 ÷ 4.0, corresponding to the stoichiometric ratio of 

fuel and air (η ≤ 0.98). When using the small nozzle, completeness of combustion was η = 

0.970 ÷ 0.975 at α air = 3 ÷ 3.5. 

The  lowest concentrations of nitrogen oxides were found with the  larger diameter 

nozzle. Optimal carbon and nitrogen emissions were observed at the following excess air 

coefficient values: for the larger nozzle—α air = 3.5, CCO = 63 ppm, and CNOx = 8.8 ppm; 

for the smaller nozzle—α air = 3.5, CCO = 64 ppm, and CNOx = 8.5 ppm. Nitrogen oxide 

emissions did not exceed 10 ppm. 

As a  result, efficient propane  combustion was achieved,  leading  to  stable and  ra‐

tional  burning,  reduced  flare  length,  and  lower  harmful  emissions.  The  experiment 

demonstrated that the nozzle with a diameter of d2 = 150 mm was the most suitable for 

efficient propane combustion. Thus, the MMGB with microflame combustion and a sta‐

bilizer  in the form of a  large‐diameter outlet proved  its effectiveness when used  in gas 

burners. Based on the results of the experimental research, data are being collected and 

further analyzed for efficient burning of natural gas with stable combustion and reduced 

emissions.  This work may  be  useful  in  the  development  of  low‐emission  devices  for 

small boiler rooms. 

Analyzing and studying the MMGB, it can be noted that the new design solutions 

in the form of a diffuser‐convergent channel of the Venturi tube and a sudden expansion 

at  the outlet, which  acts  as  a  stabilizer, based on modeling  and  experiments, demon‐

strated stable combustion with low emissions. 

5. Conclusions 

The main results of the research on the two‐tier microflame burner device (TMFBD) 

for  gas  turbines  and  the  micromodular  gas  burner  (MMGB)  for  hot  water  boilers 

demonstrated the high efficiency and environmental cleanliness of the fuel combustion 

process. 

Optimal operating modes of  the TMFBD were achieved at high combustion com‐

pleteness coefficients, where  the optimal air excess coefficient  (α air)  for  simultaneous 

operation of both tiers was 6.5 ÷ 6.96, with a fuel combustion completeness coefficient (η) 

of 0.90 ÷ 0.99. For the outer tier, these parameters were α air = 6.70 ÷ 8.19 and η = 0.98, 

while for the inner tier, they were α air = 5.71 ÷ 7.63 and η = 0.98. These indicators con‐

Figure 9. Photographs of the MMGB in operation: (a) with the large nozzle; and (b) with the
small nozzle.

4.2. Discussion

Dependencies were determined based on the results of the experiments on fuel combus-
tion completeness in the MMGB with nozzle diameters of d1 = 120 mm and d2 = 150 mm.
The most complete combustion was achieved with the large nozzle, with a diameter of
d2 = 150 mm at α air = 3.5 ÷ 4.0, corresponding to the stoichiometric ratio of fuel and air
(η ≤ 0.98). When using the small nozzle, completeness of combustion was η = 0.970 ÷ 0.975
at α air = 3 ÷ 3.5.

The lowest concentrations of nitrogen oxides were found with the larger diameter
nozzle. Optimal carbon and nitrogen emissions were observed at the following excess air
coefficient values: for the larger nozzle—α air = 3.5, CCO = 63 ppm, and CNOx = 8.8 ppm;
for the smaller nozzle—α air = 3.5, CCO = 64 ppm, and CNOx = 8.5 ppm. Nitrogen oxide
emissions did not exceed 10 ppm.

As a result, efficient propane combustion was achieved, leading to stable and rational
burning, reduced flare length, and lower harmful emissions. The experiment demonstrated
that the nozzle with a diameter of d2 = 150 mm was the most suitable for efficient propane
combustion. Thus, the MMGB with microflame combustion and a stabilizer in the form
of a large-diameter outlet proved its effectiveness when used in gas burners. Based on
the results of the experimental research, data are being collected and further analyzed for
efficient burning of natural gas with stable combustion and reduced emissions. This work
may be useful in the development of low-emission devices for small boiler rooms.

Analyzing and studying the MMGB, it can be noted that the new design solutions in
the form of a diffuser-convergent channel of the Venturi tube and a sudden expansion at
the outlet, which acts as a stabilizer, based on modeling and experiments, demonstrated
stable combustion with low emissions.

5. Conclusions

The main results of the research on the two-tier microflame burner device (TMFBD) for
gas turbines and the micromodular gas burner (MMGB) for hot water boilers demonstrated
the high efficiency and environmental cleanliness of the fuel combustion process.

Optimal operating modes of the TMFBD were achieved at high combustion com-
pleteness coefficients, where the optimal air excess coefficient (α air) for simultaneous
operation of both tiers was 6.5 ÷ 6.96, with a fuel combustion completeness coefficient (η)
of 0.90 ÷ 0.99. For the outer tier, these parameters were α air = 6.70 ÷ 8.19 and η = 0.98,
while for the inner tier, they were α air = 5.71 ÷ 7.63 and η = 0.98. These indicators con-
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firmed the high efficiency of combustion and allowed for optimizing the operation process
of the burner unit.

The experimental data confirmed the theoretical calculations, underscoring the sig-
nificance of the achieved results for improving the efficiency of combustion processes
and reducing emissions of harmful substances. The analysis of emissions showed that,
with the proper adjustment of TMFBD operation, the concentrations of carbon monoxide
and nitrogen oxides in exhaust gases could be significantly reduced, with nitrogen oxide
emissions not exceeding 15 ppm. The high concentration of carbon monoxide in emissions
exceeding 140 ppm was explained by the type of open combustion chamber.

The research results confirmed the effectiveness of the developed TMFBD in burning
propane and its potential for improving combustion processes in gas turbines. The im-
plementation of these technologies can contribute to enhancing the energy efficiency and
environmental safety of industrial processes.

The MMGB with nozzle diameters d1 = 120 mm and d2 = 150 mm also demonstrated
high efficiency. The most complete combustion was achieved with the larger nozzle, with
a diameter of d2 = 150 mm at α air = 3.5 ÷ 4.0, corresponding to the stoichiometric ratio
of fuel and air (η ≤ 0.98). For the operation of the smaller nozzle, η = 0.970 ÷ 0.975 at
α air = 3 ÷ 3.5.

Optimal carbon monoxide and nitrogen oxide emissions were observed at the fol-
lowing excess air coefficient values: for operation with the larger nozzle—α air = 3.5,
CCO = 63 ppm, and CNOx = 8.8 ppm; for operation with the smaller nozzle—α air = 3.5,
CCO = 64 ppm, and CNOx = 8.5 ppm. Nitrogen oxide emissions did not exceed 10 ppm.

The experiments showed that the MMGB with microflame combustion and a stabilizer
in the form of a large-diameter outlet was the most effective for burning propane, providing
stable and efficient combustion while reducing emissions. This work could be useful in
creating low-emission devices for small-scale boiler systems.

The investigated new micromodular gas burner, the principle of which is to detach the
flow, and, when detached, the current line coinciding with the streamlined surface breaks
off and an oncoming zone of reverse currents approaches the place of separation, thereby
ensuring stabilization of combustion. The results of the experimental studies were precisely
correlated with the theoretical calculations, confirming the relevance of the results obtained
to improve the environmental efficiency of combustion processes and reduce emissions of
harmful substances. According to the analysis of harmful emissions, it could be seen that,
with the correct choice of the ratio of nozzle diameters for the MMGB, the concentrations
of carbon monoxide and nitrogen oxides in exhaust gases could be significantly reduced.

Overall, the study demonstrated stable combustion with low levels of harmful emis-
sions due to new design solutions such as the diffuser-convergent-divergent channel of
the Venturi tube and a stabilizer with a sudden expansion at the outlet. These technologies
can significantly enhance the environmental safety and energy efficiency of fuel combus-
tion processes.
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