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Abstract: Miniature gas turbines (MGT) are an important part of the production of electric energy in
distributed systems. Due to the growing requirements for lower emissions and the increasing prices
of hydrocarbon fuels, it is becoming more and more important to enhance the efficiency and improve
the quality of the combustion process in gas turbines. One way to reduce NOx emissions is to add
water to the fuel in the form of a water-based emulsion (FWE). This article presents the research
results and the analysis of the impact of the use of FWE on CO and NOx emissions as well as on
fuel consumption in MGT GTM-120. Experimental tests and numerical calculations were carried out
using standard fuel (DF) and FWE with water content from 3% to 12%. It was found that the use of
FWE leads to a reduction in NOx and CO emissions and reduction in the consumption of basic fuel.
The maximum reduction in emissions by 12.32% and 35.16% for CO and NOx, respectively, and a
reduction in fuel consumption by 5.46% at the computational operating point of the gas turbine were
recorded.

Keywords: miniature gas turbine; combustion zone; CO emissions; NOx emissions; water fuel
emulsion; fuel consumption

1. Introduction

Miniature gas turbines (MGT) are listed as one of the primary ways to produce
electricity in distributed systems [1,2]. They are characterized by numerous advantages.
In energy applications used in parallel with the electricity network, they increase system
reliability, reduce peak load or eliminate the need for a reserve margin [3]. In addition,
MGT is characterized by compact size, high power-to-weight ratio and the ability to supply
various fuels [4,5]. It can be an important source of energy in areas without access to
the central electricity network and in hard-to-reach places [6]. Despite the undoubted
advantages of MGT, it has disadvantages, such as relatively low efficiency [7] and high
heat loss through the housing [8].

Due to the high potential of MGT and their wide application, numerous studies are
being conducted on increasing efficiency and reducing emissions [4,5,9–13]. The works
approach the problem from different perspectives and include, among others, design
changes of MGT and testing the possibility of using alternative fuels. Experimental studies
and numerical calculations have shown that, for example, the use of variable geometry of
the turbine stator blades in MGT can lead to a reduction in the specific fuel consumption
by 4%, an increase in the unit thrust to 5%, with a simultaneous reduction in NOx and CO
emissions [9]. Studies on the use of variable combustion chamber geometry have shown
that by controlling the amount of air supplied to the primary zone and the dilution zone of
the combustion chamber, the efficiency of the turbine can be increased and the emission
of undesirable exhaust components can be reduced [10]. It has been shown in [11] that
the simultaneous application of the two above-mentioned modifications to the gas turbine
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can potentially lead to a twofold increase in the thermal efficiency of MGT at the design
operating point. The second line of research aimed at increasing the efficiency and reducing
the emission of undesirable combustion products from MGT is the use of alternative fuels
as a fuel for gas turbines. In [12], the positive effect of biofuels on efficiency and emissions
was demonstrated in comparison with the case in which pure Jet-A fuel was burned. For
the mixture of 70% Jet-A fuel, 20% rapeseed and 10% ethanol, NOx emissions were reduced
by 16%, thermal efficiency increased by 35% and CO emissions decreased. On the other
hand, [13] achieved a 5% reduction in CO emissions and a 2% reduction in NOx and CO2
emissions due to the addition of 10% butanol to the Jet A-1 fuel.

Studies are also being conducted on the effect of using water additive to fuel in the
form of FWE. However, most of them concern the combustion of FWE in compression
ignition engines, and only a few studies have been carried out on gas turbines. Tests
conducted on compression ignition engines clearly show that the use of FWE leads to a
reduction in NOx emissions and a lower temperature of the exhaust gases. The influence
of the FWE engine power supply on CO emission is not clear. The reviews show cases of
both an increase and a decrease in CO emission as a result of the use of water addition to
fuel [14–19]. The same applies to research conducted on gas turbines. In [20], a decrease in
NOx emissions was recorded with an increase in water content in the FWE, a practically
constant temperature at the outlet of the gas turbine and an increase in CO emissions.
The increase in CO emissions caused by the addition of water to the fuel was also noted
in [21]. In [22], the influence of the use of FWE (up to 5% water addition) on the operating
parameters and emissions of the air combustion chamber was investigated. As in [20], the
reduction of NOx emissions was achieved, but also of the temperature at the outlet from
the combustion chamber and the reduction of CO emissions. Experimental studies do not
give a straightforward answer as to the impact of the use of FWE on CO emission and do
not explain the reasons for the obtained results of measurements of the amount of carbon
monoxide in exhaust gases.

The aim of this work was to investigate the influence of the use of an FWE on the oper-
ating parameters and emission of a miniature gas turbine, and to explain the mechanisms
that led to the obtained experimental results, regarding CO emissions in particular. Exper-
imental tests were carried out on a miniature gas turbine GTM-120. Four FWE variants
with a mass water content from 3% to 12% with a 2% addition of surfactant were tested
and the results were compared with those obtained for the base fuel (Jet A-1). In addition,
a CFD calculation was performed for each of the tested cases in order to find out about the
changes in the combustion process caused by the use of an alternative fuel.

2. Materials and Methods

The test stand of the miniature gas turbine GTM-120 is shown schematically in Figure 1.
The MGT test stand allows the measurement of temperatures and pressures in characteristic
cross-sections and the composition of exhaust gases in a 5′ cross-section (Figure 1). In
the turbine inlet section 2′, static and dynamic pressure as well as total temperature were
measured. The static pressure and total temperature were measured in 3′ and 4′ sections.

Fuel consumption was measured using a differential pressure sensor which measured
the pressure change exerted by the fuel column during the test. A strain gauge beam was
used to measure the thrust. The temperature of the exhaust gases was measured in the
5′ cross-section. For pressure measurement, analog pressure transducers with an internal
ceramic diaphragm were used. The temperature was measured with NiCr-NiAl sheathed
thermocouples. The fuel consumption measurement was recorded using a differential
pressure sensor. All measurement data were recorded using a computer data acquisition
system with the possibility of direct observation of changes in individual signals during
MGT operation with a frequency of 40 Hz. The exhaust gas composition was measured
using a Testo 350 analyzer equipped with electrochemical measuring sensors. In the initial
stage of the turbine start-up, it is fed with propane; then, the control system switches the
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turbine to run on liquid fuel. Originally, the primary fuel was a mixture of Jet A-1 fuel
(95%) with AeroShell Turbine 500 oil (5%), which is also used to lubricate the bearings.
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Figure 1. Test stand for the miniature gas turbine GTM-120.

For the purposes of the research, the factory lubrication system of two MGT gas turbine
bearings was modified accordingly. Due to the fact that, in the course of the research,
ingredients reducing its lubricating properties were added to the standard fuel mixture, it
was decided to use a proprietary bearing lubrication system, completely independent of
the fuel supply system to the combustion chamber. It consists of an additional fuel tank
containing a Jet A-1 mixture with 5% oil additive (DF), a valve and a pump. It has been
experimentally checked that the amount of DF supplied to the bearing space through the
additional lubrication system does not change the MGT operating parameters and the
exhaust gas composition.

The FWE, which was fed with MGT during the experimental tests, is a heterogeneous
mixture of fuel and water. In the analyzed case, water is the dispersed phase and the fuel
is the continuous phase. Figure 2a shows a microscopic photo of the FWE with water
droplets clearly visible. Figure 2b shows the standard fuel mixture, i.e., Jet A-1 with 5%
oil. In the emulsion production process, a surfactant was used, whose task was to create a
boundary surface between the dispersed water droplets and the fuel in order to increase
the stability of the mixture (Figure 2c) [23]. Comparative studies carried out for various
percentages of surfactant show that its influence in the amounts used in the conducted tests
on the measurement results can be considered negligible. Figure 2d shows a ready-to-use
macroemulsion with a water content of 6% with a 2% addition of surfactant. In order to
obtain the highest possible repeatability of the burnt emulsion, it was prepared not earlier
than 30 min before the start of each test. The developed process of preparing the FWE
required minimum energy expenditure.
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3. Experimental Research

Forty-two experimental trials were conducted for five fuel configurations in total.
The tests were carried out in two research series. The same MGT operating parameters
were measured in both test series. In the first series, tests were carried out for five fuel
configurations: default fuel (DF) and four FWE variants. Six tests were performed for
each tested variant. The tests of the first series were carried out at the ambient pressure
in the range of 983 ÷ 1007 hPa and at the temperature of +18 ◦C ÷ +23 ◦C. In the second
series, tests were carried out for DF and FWE with 3% water content. Six trials were carried
out for each of the two variants. The tests were carried out at a pressure of 987 ÷ 1010
hPa and a temperature of +19.8 ◦C ÷ +20.7 ◦C. The composition of the fuel blends used
in the research is presented in Table 1. It was decided to carry out tests for FWE with a
water content in the range of 3% ÷ 12%, as this is the range that allows reduction of NOx
emissions without reducing the thermal efficiency of the gas turbine. Thus, this is the scope
in which the application of the FWE has an economic rationale. This is confirmed by a
study carried out on full-size gas turbines, which showed that the range of 5%÷ 15% water
content in the FWE is optimal [24]. Based on the tests carried out for 2.5% and 5% water
content in the FWE, it was found that reducing the water content to 2.5% in the FWE gives
the best results in terms of reducing emissions and maintaining efficiency [22].

Table 1. Percentage of ingredients in the fuel mixture (by weight).

Fuel Mixture Jet A-1 Oil Surfactant Water

Default fuel 95.00 5.00 0 0
3% Fuel–Water Emulsion 90.25 4.75 2 3
6% Fuel–Water Emulsion 87.40 4.60 2 6
9% Fuel–Water Emulsion 84.55 4.45 2 9

12% Fuel–Water Emulsion 81.70 4.30 2 12

All the experiments in each of the two series of tests were carried out in an identical
manner according to the procedure described below. The MGT was started in an automatic
mode. In the initial phase of this process, propane was fed to the combustion chamber in
order to ensure that the temperature of the combustion chamber enabled the liquid fuel
to evaporate quickly enough. After these conditions were achieved, feeding to the DF
combustion chamber was started, and the gas supply was cut off. The automatic start-up
process is completed when the speed reaches 33 k rpm and the MGT enters the manual
control mode. In the conducted tests, the speed of 40 k rpm was adopted as the first
measuring point. After reaching the set rotational speed, the operating parameters and the
composition of exhaust gases were recorded for 120 s. After this time, the engine speed
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was increased by 20 k rpm, all the way to 120 k rpm, each time leaving the MGT at the
given rpm for 120 s. The accuracy of the speed control for the 40 k ÷ 100 k rpm range was
±600 rpm, while, for the measuring point, it was 120 k rpm, +0 rpm ÷ −10 k rpm. During
each of the experimental tests, pressure and temperature courses were recorded in the
given cross-section measurement planes. Moreover, the composition of exhaust gases (NO,
NO2, CO) was determined and the engine thrust and fuel consumption were measured.
Before the commencement of each of the two test series, all sensors and the test stand were
secured against moving. This was especially true of thermocouples, for which even a slight
change in position can significantly change the temperature reading. The sensors of the
exhaust gas analyzer, before starting the tests, were calibrated by the manufacturer of the
apparatus. The correctness of indications of other sensors was checked by comparing their
indications with the indications of reference sensors.

Results of Experimental Research

Figure 3 shows the consumption of FWE and DF depending on the thrust in a minia-
ture gas turbine. The standard deviation for each data point in this and other graphs is
denoted the by bars. Measurement accuracy is not shown in the graphs. Detailed dis-
cussion on the measurement accuracy for each of the measured values is performed and
presented in [10]. It can be seen that the consumption of FWE with increasing water content
in the mixture increases for all tested variants (Figure 3a). However, after deducting the
water contained in the FWE (in the tested range from 3% to 12%), the DF consumption for
all measuring points is lower than in the case of the unmodified DF fuel mixture without
the addition of water (Figure 3b).

Energies 2021, 14, x FOR PEER REVIEW 5 of 16 
 

 

as the first measuring point. After reaching the set rotational speed, the operating pa-
rameters and the composition of exhaust gases were recorded for 120 s. After this time, 
the engine speed was increased by 20 k rpm, all the way to 120 k rpm, each time leaving 
the MGT at the given rpm for 120 s. The accuracy of the speed control for the 40 k ÷ 100 
k rpm range was ±600 rpm, while, for the measuring point, it was 120 k rpm, +0 rpm ÷ 
−10 k rpm. During each of the experimental tests, pressure and temperature courses 
were recorded in the given cross-section measurement planes. Moreover, the composi-
tion of exhaust gases (NO, NO2, CO) was determined and the engine thrust and fuel 
consumption were measured. Before the commencement of each of the two test series, 
all sensors and the test stand were secured against moving. This was especially true of 
thermocouples, for which even a slight change in position can significantly change the 
temperature reading. The sensors of the exhaust gas analyzer, before starting the tests, 
were calibrated by the manufacturer of the apparatus. The correctness of indications of 
other sensors was checked by comparing their indications with the indications of refer-
ence sensors. 

Results of Experimental Research 
Figure 3 shows the consumption of FWE and DF depending on the thrust in a min-

iature gas turbine. The standard deviation for each data point in this and other graphs is 
denoted the by bars. Measurement accuracy is not shown in the graphs. Detailed discus-
sion on the measurement accuracy for each of the measured values is performed and 
presented in [10]. It can be seen that the consumption of FWE with increasing water 
content in the mixture increases for all tested variants (Figure 3a). However, after de-
ducting the water contained in the FWE (in the tested range from 3% to 12%), the DF 
consumption for all measuring points is lower than in the case of the unmodified DF fuel 
mixture without the addition of water (Figure 3b). 

  

(a) (b) 

Figure 3. Comparison of default fuel and FWE: (a) FWE consumption; (b) DF consumption.



Energies 2021, 14, 2224 6 of 15

For example, at a measuring point for a speed of 80 k rpm (thrust value approx. 45 N),
which is the design MGT operating point [25], the decrease in DF consumption with an
increase in water content from 3% to 12% in FWE is successively 1.28%, 2.94%, 4.1% and
5.46% in relation to DF without the addition of water.

The reduction in the maximum thrust of the GTM-120 turbine, visible in Figure 3, in
the case of using FWE, is not caused by the negative effect of the addition of water to the
fuel. This is due to the fact that the maximum volume of liquid pumped by the fuel pump
is determined for the volume DF.

Figure 4 shows the positive effect of FWE on NOx emissions. The reported NOx
emission values are the sum of the measured NO and NO2 emissions. For the maximum
achieved thrust, a decrease in NOx emissions by 35.16% was achieved, for a 12% water
content in the FWE. However, for the turbine operating point (80 k rpm), the decrease was
17.86% for the same water content in the emulsion. The reduction in NOx emissions with
increasing water content in the FWE is due to the extinction of “hot spots” in the primary
combustion zone [26,27]. Most of the NO in a gas turbine is produced according to the
thermal Zeldovich mechanism [28]. The production of NO in the primary combustion
zone is exponentially temperature-dependent, whereby a slight reduction in temperature
in the hottest area leads to a significant reduction in thermal NO production—resulting
in a reduction in overall NOx emissions. The consequence of reducing the maximum
temperature in the combustion chamber is a slight decrease in the average temperature at
the outlet from the combustion chamber (Figure 5).
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Figure 5. Combustion chamber outlet temperature as a function of thrust for different content of
water in the FWE.

In Figure 4, it can be seen that at the measuring points 40 k rpm and 60 k rpm for
3% water content in the few, the results deviate from the general trend of reducing NOx
emissions with increasing water content in the FWE. The fact is that for such a low water
content (3%), the temperature changes caused by the use of FWE for all measuring points
were relatively small. For example, for the measurement point of 100 k rpm and 3% water
content in the FWE, a temperature drop after the combustion chamber by 0.45% was
recorded. Therefore, in order to verify these results, it was decided to conduct an additional
series of experimental tests covering cases in which MGT was fed with DF and FWE with
3% water content. In this series of tests, the position of the exhaust gas analyzer probe and
the depth of the thermocouple measuring the temperature behind the combustion chamber
were slightly changed. The results of additional tests are shown in Figures 4 and 5 (marked
in the legend with “S2”). As can be seen, the second series of tests confirmed the decrease in
the temperature behind the combustion chamber in the case of using FWE compared to the
combustion of DF. NOx emissions were also recorded following the general trend for the
first series of tests; therefore, the results of measuring NOx emissions for the two previously
mentioned measuring points can be considered as a local characteristic of turbulent flow of
the medium, which does not have to be representative for this flow.

The conducted research shows that the use of water addition to fuel in the form of
an FWE reduces CO emissions (Figure 6). The maximum reduction in CO emission was
obtained for 60 k rpm and 12% water addition; it is 12.32%. On the other hand, for 80 k
rpm, a reduction in CO emission by 7.2% was achieved. Carbon monoxide oxidizes to CO2
relatively slowly. The intensity of this process is positively influenced by the increase in the
particle residence time in the primary combustion zone and the increase in temperature.
Therefore, one of the main reasons for the increase in CO emissions is areas of reduced
temperature, e.g., zones close to the cooled walls of the combustion chamber, where the
process of further oxidation to CO2 slows down [29,30]. Due to the negative correlation
between CO and NOx emissions, lowering the temperature in the primary combustion
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zone, which reduces NOx (Figure 4), should also lead to an increase in CO emissions [29].
In the described case, the emissions of NOx and CO were reduced simultaneously, which is
an “apparent” contradiction to this rule. It can be assumed that in this case, the combustion
of the FWE leads, among others, to the intensification of the fuel-oxidant mixing process
and, consequently, to the combustion of a more homogeneous mixture without areas of
increased (NOx emission increase) and lowered temperature (CO emission increase).
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4. Numerical Modeling

The numerical model of the reactive flow through the GTM-120 turbine was created
in order to better understand the changes taking place in the combustion process due
to the addition of water to the fuel in the form of FWE. The model geometry used for
numerical calculations has been simplified. For the purposes of numerical calculations, the
moving parts of the engine were omitted. The computing domain starts at the inlet to the
compressor diffuser and ends after the turbine stator vanes. Moreover, it was decided to
extend the outlet from the engine in order to avoid possible disturbances (Figure 7). This
method of simplifying geometry for the purposes of calculations is consistent with [31–33].
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Figure 7. Simplified model of the MGT geometry.

The computation grid is composed of 2.5 M cells. It consists of tetrahedral elements
with compaction with prismatic elements near the walls. For a more accurate representation
of the wall flow, the size of the boundary layer cells was selected (iteratively) so that
the dimensionless distance from the wall y+ was within the range appropriate for the
turbulence model used. The maximum speed in the combustion chamber was used as a
parameter with which the influence of the mesh size on the calculation results was tested.
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Reducing the number of mesh elements by 20% generates differences in the observed
parameter not exceeding 1%. This method of creating a computational mesh is consistent
with [27,34].

Numerical calculations were performed using ANSYS Fluent 15. The k-ε turbulence
model with the Scalable Wall Function was used in the calculations. The model for heat
transport through radiation was the Discrete Ordinates Model. Calculation of the com-
bustion process was performed as a Non-Premixed Combustion model using the Steady
Diffusion Flamelet Model. DF and FWE injection were modeled as a Discrete Phase Model.
The thermal conditions on the walls of the combustion chamber and evaporators were
modeled as coupled two-sided walls.

Numerical simulations were carried out for the boundary conditions corresponding
to the operating conditions of the turbine for rotational speeds of 40 k, 60 k, 80 k and 100 k
rpm. The calculations were performed for the combustion of DF and FWE with a water
content of 3%, 6%, 9% and 12%. Boundary conditions were adopted based on the results of
experimental studies from the first series, individually for each of the twenty cases. The
mass flow of air at the inlet to the engine was calculated on the basis of the knowledge of
dynamic pressure, static pressure and total temperature in the inlet section. In addition,
the resultant vector of the inlet air flow direction was entered in a cylindrical configuration
based on the velocity triangles at the outlet of the compressor centrifugal rotor. DF and
water mass expenditure were set according to the results of experimental studies (Figure 3).
The pressure at the outlet from the computational domain was iteratively selected in
such a way that the pressure values behind the compressor and the combustion chamber
corresponded to the values obtained in the experiment. The solver settings remained
unchanged from those described in [27].

Results of Numerical Calculations

The conducted numerical simulations show that adding water to the fuel in the form
of a water–fuel emulsion reduces the maximum temperature in the area of the primary
combustion chamber, which is consistent with [26,27]. This phenomenon is more intense
when there is more water in the FWE (Figure 8). At the same time, the presence of water
in the combustion chamber enlarges the area where the temperatures exceed 1300 K. This
area widens not only towards the exit from the combustion chamber in the central part of
the liner, but also along the walls of the liner, which leads to an increase in the average
temperature of these walls (Figure 9). The maximum increase, by 11 K, in the mean wall
temperature was recorded for 100 k rpm and 12% water content in the FWE. Generally, it
can be concluded that with increasing water content in the FWE (within a given range), the
temperature in the primary combustion zone becomes more even and, at the same time,
the area in which the temperature value exceeds 1300 K increases.

OH radicals are assumed to be markers of an active reaction zone and are used to
identify the area where combustion takes place [35,36]. In Figure 10, it can be seen that
the use of FWE in MGT leads to a reduction in the intensity of the chemical reaction in the
combustion zone located near the front of the chamber. At the same time, an increased
presence of OH radicals is observed in the central part of the combustion chamber, which
explains the expansion of the high-temperature region towards the outlet (Figure 8). The
use of FWE also increases the intensity of the reaction near the liner walls, increasing their
average temperature (Figure 9).
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5. Discussion

Experimental studies carried out in the miniature gas turbine GTM-120 have shown
that the addition of water to the fuel in the form of FWE leads to a simultaneous reduction
in NOx and CO emissions. The reduction in NOx emissions is due to the extinction of
the “hot micro-areas” in the primary combustion zone. The production of thermal NO,
according to the Zeldovich theory, depends exponentially on the temperature; therefore,
lowering the temperature in the areas with maximum values leads to a significant reduction
in the formation of nitrogen monoxides and, as a result, contributes to the reduction of NOx
emissions [20]. The reduction of NOx emissions was observed for all tested water contents
in the FWE. The NOx reduction mechanism has been described in detail for the 3% water
content of the FWE in [27]. The research carried out at MGT also shows that the use of FWE
contributes to the reduction of CO emissions (compared to DF) for all measuring points,
although, as a result of the reduction of the maximum temperature in the main part of the
primary combustion zone, an increase in CO emissions could be expected (Figure 11) [37].
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Research on the impact of the use of FWE on CO emissions in various combustion
engines does not give a clear answer regarding its impact on CO emissions. In compression-
ignition reciprocating engines, both an increase and a decrease in CO emissions were
achieved after the application of FWE [14–19]. Research conducted in gas turbines also
does not clearly define the influence of the use of FWE on CO emissions. In [20,21], the
negative impact of the FWE application on CO emission was noted, while in [22], the
reduction of carbon monoxide was achieved. The oxidation of CO to CO2 largely proceeds
according to the following reaction:

CO + OH↔ CO2 + H, (1)

Reaction (1) at the temperature above 1270 K is of dominant importance in the oxida-
tion of CO [29]. Extension of the area in the combustion chamber of the tested MTE, where
the temperature exceeds 1300 K, leads to an increase in the residence time of CO particles
in this area and thus extends the duration of this reaction. In the studied range of changes
in the water content in the fuel, this area increases with the increase in the water content in
the FWE (Figure 8), and, therefore, despite the reduction of the maximum temperature in
the primary combustion zone, the degree of CO oxidation taking place in accordance with
reaction (1) increases. At lower temperatures, the dominant role in the oxidation of CO to
CO2 is played by the reaction [29]:

CO + H2O↔ CO2 + H2, (2)

The addition of water to the fuel increases the amount of H2O molecules in the
combustion zone, especially in the middle and rear parts of the combustion chamber
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(Figure 12), creating favorable conditions for the oxidation process in these zones, in
accordance with reaction (2).
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The contact of CO particles with the cool walls of the liner causes the process of
oxidation of CO to CO2 to freeze. This is due to the reduction in the enthalpy of the
medium while staying near the cool walls. This effect is observed in both reciprocating
engines [30] and gas turbines [38].

The performed numerical calculations showed a tendency to increase the average
temperature of the liner walls of the GTM-120 turbine with increasing water content
in the FWE (Figure 9). The maximum temperature increase in relation to the case in
which the turbine was powered by DF was 11 K. According to [38], an increase in the wall
temperature may also have a certain effect on the reduction of CO emissions. The conducted
numerical simulations also show that the use of FWE in MGT leads to a reduction in the
maximum temperature in local micro-zones, which favors the formation of a more uniform
temperature distribution and expansion of the area with increased temperature (Figure 8).
Lowering the local maximum combustion temperature results in a reduction in the rate
of the chemical reaction, the rate of which is exponentially temperature-dependent. The
increased population of OH radicals in the central zone of the combustion chamber, shown
in Figure 10, correctly correlates with the temperature distribution. The decrease in the
intensity of the reaction in the case of using FWE compared to DF is also observed in the
studies of burning single emulsion droplets [39]. Carbon monoxide in the combustion
chamber of a gas turbine is formed in areas with local “enrichment” of the mixture. One of
the reasons for such spots is that the fuel is applied to the combustion chamber in a way
that prevents the fuel from mixing quickly enough with the oxidant. In order to avoid
such spots, it is necessary to increase the fragmentation of the droplets injected into the
combustion chamber and allow them to premix with the oxidant. In compression-ignition
engines, a reduction in CO emissions is observed with increasing fuel injection pressure [40].
Increasing the injection pressure leads to a reduction in the Sauter mean diameter (SMD) of
fuel droplets and, as a consequence, it increases the homogenization of the fuel and oxidant
mixture and leads to a reduction in CO emissions [41].

Combustion FWE is accompanied by micro-explosion and puffing phenomena, which
lead to increased atomization of fuel droplets [42–45]. The occurrence of these phenomena
results in better mixing of the burst fuel droplets with air, which reduces the occurrence
of locally rich zones. In addition, the broken fuel droplets are characterized by a larger
evaporation surface, which should shorten the combustion process. In order to illustrate
this process, an experiment was carried out in which a droplet of Jet-A1 fuel emulsion
with water with a diameter of approx. 1 mm, suspended on a quartz needle, was quickly
immersed in a stream of flowing hot exhaust gas at a temperature of approx. 1200 K. The
course of the droplet combustion process is shown in Figure 13. It can be seen that the
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combustion process of emulsion droplets ends with its violent explosion and intensification
of the combustion process of the emulsion micro-droplets formed after the explosion.
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It is worth noting that the use of FWE (in terms of the tested water concentrations)
also solves the problem of corrosion. Since the water is supplied to the engine inside the
fuel droplets, there is no direct contact between the metal and the liquid water.

6. Conclusions

The conducted experimental and numerical tests show that the use of FWE as a fuel
can significantly reduce NOx and CO emissions, as well as reduce fuel consumption in
MGT. It was found that the reduction of NOx emissions is greater when there is more water
in the FWE (in the range of 3% ÷ 12% of the water in the FWE). The maximum reduction
in NOx emission was recorded for the measuring point corresponding to 120 k rpm and
12% of the water content in the FWE; it was 35.16%, compared to the case in which the
MGT was powered by the DF.

The use of FWE in MGT also leads to a reduction in CO emissions. It was observed
for all water contents in FWE and for all tested steady states of the engine with respect to
DF. The maximum reduction in CO that was recorded was 12.32% for the measuring point
corresponding to 60 k rpm and 12% of the water content in the FWE. At the operating point
of the GTM-120 turbine (80 k rpm), a simultaneous reduction in NOx and CO emissions
was achieved by 17.86% and 7.2%, respectively.

In addition, it was found that the use of FWE in the tested range of water content in
fuel leads to a reduction in DF consumption. At the engine operating point corresponding
to 80 k rpm, a reduction in DF consumption by 5.46% was recorded for the 12% water
content in the FWE. The FWE mass burned by the engine at all measuring points is greater
than the fuel mass burned in the base case.

Numerical calculations of the flow and combustion process in the MGT showed a
decrease in the maximum temperature in the combustion chamber as a result of the use of
FWE. In addition, the use of FWE contributes to the expansion of the primary combustion
zone and the reduction of temperature gradients inside the combustion chamber. This is
due to the formation of a more homogeneous, better mixed mixture in which the combus-
tion process takes place more evenly. As a result of changes in the temperature distribution
in the combustion chamber due to the use of FWE, the average temperature of the walls of
the combustion chamber liner slightly increases.
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