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Abstract: The paper presents conclusions from research conducted at the Warsaw University of
Technology in 2019–2023 regarding the combustion of fuel–water emulsions in a miniature gas
turbine. The presented conclusions were made taking the current state of knowledge available in the
literature into account. Particular emphasis was placed on explaining the discrepancies in the results
of the experimental studies available in the literature. The main aspects of the combustion of the
fuel–water emulsions that were analyzed were their impact on the emissions of NOx and CO, as well
as the impact of the surfactant included in the fuel mixture on the combustion process, emissions and
the formation of deposits on the walls of the combustion chamber. The impact of the emulsion fuel
on fuel consumption was also discussed. In order to explain the changes occurring in the combustion
chamber as a result of adding water to the fuel, numerical methods and methods of fluid mechanics
were used. Studies have shown a positive impact of the use of fuel–water emulsions on CO and NOx
emissions and fuel consumption. It was also demonstrated that fuel additives used for emulsification
can create deposits on the walls of the hot engine section.

Keywords: emulsion fuel; fuel–water emulsion; gas turbine; alternative fuel; NOx emissions; CO
emissions; fuel consumption; surfactant; emulsifier; deposit on the engine

1. Introduction

A fuel–water emulsion is a mixture of at least two liquids, one of which is in the
form of drops that is dispersed in the other. The dispersed droplets have microscopic or
ultramicroscopic dimensions [1]. In issues related to the combustion process in engines,
two-phase emulsions are most often used, in which the continuous phase is fuel, and
the dispersed phase is water. Although research is also being carried out on the use of
three-phase emulsions, they differ from two-phase emulsions in that inside the drops of the
discrete phase, there are even smaller drops of liquid constituting the internal phase [2–4].

Water is a polar liquid, and hydrocarbon fuels are non-polar liquids, which means
that they do not mix with each other. The process of mixing this type of liquid destroys
the surface tension between them, which leads to the breakdown of the dispersed phase
into drops. The resulting drops tend to combine with each other and separate from the
continuous phase. This effect can be eliminated by adding a surfactant to the mixture,
which reduces both the thermodynamic instability of the emulsion and the surface tension
between liquids. It also limits the increase in interfacial free energy [5–7].

During the combustion process of emulsion fuels, secondary atomization of droplets
may occur. These phenomena are called micro-explosion and puffing. The phenomenon of
micro-explosion involves the sudden bursting of a fuel drop, while the puffing phenomenon
is characterized by the separation of part of the liquid from the original drop of the fuel
mixture [8,9]. These phenomena are commonly observed in studies conducted on single
drops of emulsion fuels [10–13]. The quality of the atomization of emulsion fuel drops
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is influenced by factors such as temperature, the size of the water drops constituting the
discrete phase and the position of the water drop in the emulsion fuel drop. Moreover,
the influence of each of the two variables can be compensated for by modifying the third
one [14]. Mathematical models of the course of micro-explosions are being developed [15].
One of their representatives is the membrane model, in which attempts have been made
to develop relationships that enable the calculation of the force of micro-explosions in a
unified way for various types of emulsions [16,17].

The emulsifier can take an active part in the combustion process, as proven by tests
carried out on single fuel drops; for example, in the tests conducted on a fast compression
machine, in which the continuous fuel phase was n-decane and the discrete phase was
water with a share from 10% to 30%. Moreover, the mixture was enriched with sorbitan
monooleate (emulsifier) in an amount of 2% [12]. As a result of these studies, it was
observed that in emulsions containing up to 20% of water in their composition, after
heating the drops, classic combustion and micro-explosions occur. The combustion stage of
fuel drops, in which the emulsifier is burned, was also recorded in studies in which fuel
drops with the addition of aluminum nanoparticles and sorbitan oleate (emulsifier) were
burned [11]. Moreover, it was noticed that increasing the amount of emulsifier extends its
combustion time.

Apart from the research conducted on single drops of emulsion fuel, there have been
very few studies on the combustion of fuel–water emulsions in gas turbines [4]. The objects
of the research were the J79-GE-10 (General Electric) [18], 9000B (Alstom) [19], V94.V3 GT
and V84.V3 GT (Siemens) [20–22] and C60 (Capstone Green Energy) turbines [23].

In all cases, apart from the one in which the test object was the C60 turbine, a reduction
in NOx emissions was recorded as a result of replacing the traditional fuel with a fuel–
water emulsion. In the case of the C60 turbine, an increase in NOx emissions was recorded
compared with the reference case following the use of a fuel mixture containing up to 37.5%
water in its composition. After increasing the amount of water to 50%, the NOx emissions
changed to a decreasing trend [23]. Moreover, studies conducted on test stands of gas
turbine combustion chambers have also led to the conclusion that the addition of water to
fuel reduces NOx emissions. In cases where the opposite effect was noted, the determining
parameter was the type of fuel or its additive [4], as in [24], where the continuous phase of
the emulsion was Redwood 650, which contains more than 10 times more nitrogen than is
found in Oil No. 2.

Changes in CO emissions resulting from the use of fuel–water emulsions are less
predictable than in the case of NOx emissions. In the case of the V94.V3 GT, V84.V3 GT and
9000B turbines, no significant changes in CO emissions were recorded after replacing the
classic fuel with emulsion fuel [19–22]. However, in the J79-GE-10 and C60 turbines, this
addition resulted in an increase in emissions [18,23]. Research carried out at gas turbine
combustion chambers also does not provide a clear answer as to the impact of emulsion
fuel on CO emissions. Most often, an increase in CO emissions was recorded as a result
of adding water to the fuel [4], although there were also cases in which a reduction in
emissions was recorded; for example, in [25].

In the process of producing fuel–water emulsions, the addition of a surfactant is often
used [2,4,26]. The amount of emulsifier in the mixture influences, among other things, the
droplet size of the discrete phase of the emulsion [27], which may be a variable affecting
the combustion process on a macroscopic scale [28]. The literature emphasizes the paucity
of research on the influence of the emulsifier on operating parameters and emissions
from the engines [2,26] and notes that discrepancies in the tested CO and HC emissions
may result from the quality of emulsions or be caused by additives [29,30]. Therefore,
understanding the impact of the addition of an emulsifier on the combustion process is
particularly important, especially in the context of the previously mentioned research
results conducted on single fuel drops.

In publications on the combustion of fuel–water emulsions, there is only limited
information on the impact of emulsion fuel combustion on the hot section of engines. In
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tests in which the emulsifier constituted up to 20% of the volume of the fuel mixture,
the presence of a “varnish-type” coating on the walls of the combustion chamber was
found after the tests. In this case, the authors attributed the cause of the precipitate to the
emulsifier [31]. In another study, upon completion of testing on a piston engine, a deposit
resembling white dust was found in the area of the intake valve after inspection. The tests
lasted 500 h, during which the unit was powered by an emulsion fuel with a water content
of 13% to 17%, and no engine damage or operational problems were found. In this case, it
was also concluded that the cause of the deposit was the presence of an emulsifier in the
fuel mixture [32].

Based on the authors’ own research conducted on the GTM120 miniature gas turbine
engine and literature studies, a lot of effort was made to explain the discrepancies in the
literature regarding the results of tests on the combustion of fuel–water emulsions in gas
turbines. Although, in general, the change in NOx emissions resulting from the addition of
water to the fuel is characterized by a high degree of convergence of the observed change
trends, in the case of the tests conducted on the C60 turbine, which is the only small turbine
(60 kW) on which this type of research was carried out, a different tendency was shown.
Therefore, NOx emission studies conducted on a miniature gas turbine can make a decisive
contribution to our understanding of the impact of emulsion fuels on NOx emissions from
small units. Moreover, based on experimental research and numerical calculations, an
analysis of the impact of the presence of water in the fuel on CO emissions was carried
out, which may also contribute to explaining the reasons for the divergent emission results
found in the literature.

Another aspect analyzed due to the paucity of literature data was the influence of the
emulsifier on the combustion process. The aim of this research campaign was to check
whether the surfactant in the amounts standardly used in research affects the combustion
process so much that its inclusion in the analysis of the combustion process is indispensable.
Moreover, the manuscript presents the results of an inspection of a miniature gas turbine
after a series of tests in which an emulsifier was burned together with the fuel. The results
of this inspection contribute to understanding the causes of deposits in the combustion
chamber resulting from the combustion of emulsion fuels. The aspect of the impact
of adding water to fuel on thrust-specific fuel consumption and fuel consumption was
also discussed.

2. Subject and Methodology of Research
2.1. Miniature Gas Turbine

The research campaign that is the subject of this study was conducted on the test stand
of the GTM120 miniature gas turbine engine manufactured by JetPol from Poznań (Poland).
This is a type of gas turbine characterized by a system of evaporators replacing the injectors.
Representatives of this type of structures include the miniature turbines P80-SE (JetCat,
Ballrechten-Dottingen, Germany), Wren 180K Pro (Wren Turbines Limited, Norwich, UK)
and Hawk 100R (Hawk Turbine AB, Västerås, Sweden) and the entire series of GTM
turbines [33–37]. The mentioned gas turbines are characterized by a similar structure in all
cases. These are single-shaft units equipped with a single-stage radial compressor and a
single-stage axial turbine located at the opposite end of the shaft. A characteristic feature of
this type of turbine is their quasi-reverse flow—part of the air from behind the compressor
flows to the end of the external engine channel and then flows through evaporators to
which liquid fuel is applied; that is, to the primary combustion zone (Figure 1). For greater
clarity, the diagram omits the shaft and shaft cover located in the engine axis.
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burning gas fuel heats the combustion chamber, which allows the application of liquid 
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off and the gas turbine, after reaching idle speed, runs only on liquid fuel. Opening and 

shutting off the flow of each fuel is carried out via solenoid valves. 

Figure 1. Scheme of the quasi-reverse flow in a miniature gas turbine engine.

This type of engine is characterized by an open lubrication system. Part of the fuel
pumped through the fuel pump is separated from the main flow that powers the turbine
and is redirected through additional lines to the vicinity of two bearings with which
these turbines are equipped. The front bearing is located in the plane of the diffuser disc
(Figure 2a), and the rear bearing is in the plane of the turbine guide bar (Figure 2b). In order
to improve its lubricating properties, the fuel is enriched with oil. In the case of the research
conducted by the authors, this was Aeroshell Turbine Oil 500, which constituted 5% of the
weight of the Jet A1 and oil mixture. 2.5% of the total fuel mixture flow is used to lubricate
the bearings in the GTM120 turbine. The flow is divided using a separating orifice.
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Figure 2. Places of outlets of the lubrication system (GTM160) of the bearing: (a) front; (b) rear.

The GTM120 miniature gas turbine has an anachronistic starting system. In more
modern turbines of this type, starting is performed using liquid fuel and an ignition system
adapted to it, which is able to evaporate the fuel before ignition (for a cold engine). In the
case of the GTM120, which does not have this system, the cold unit is started using gaseous
fuel. In this case, it is commercial propane–butane. In the first phase of reaching the idle
speed, gas is fed into the combustion chamber and ignited by a glow plug. The burning
gas fuel heats the combustion chamber, which allows the application of liquid fuel, which
can evaporate and burn. During the start-up phase, the gas fuel supply is cut off and the
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gas turbine, after reaching idle speed, runs only on liquid fuel. Opening and shutting off
the flow of each fuel is carried out via solenoid valves.

The GTM120 gas turbine engine is characterized by the ability to achieve a shaft
rotation of 120 krpm; at this rotational speed, it is able to generate 120N of thrust, while
consuming just over 500 mL of fuel per minute. For the maximum shaft rotation speed,
the mass flow of air flowing through the engine is approximately 0.35 kg/s. The aver-
age temperature behind the combustion chamber reaches approximately 720 ◦C, and at
the engine outlet, to almost 600 ◦C. A single-stage radial compressor with a diameter of
70 mm is able to compress the flowing air to 2.2 bar (absolute pressure). The pressure men-
tioned is the static pressure measured behind the diffuser disk at a shaft rotation speed of
120 krpm. For these parameters, the measured temperature in the same plane reaches
120–130 ◦C. The weight of this unit is 1.5 kg, its maximum diameter is 110 mm and the total
length is 265 mm [38,39].

2.2. Research Stand

On the test stand, the GTM120 gas turbine was placed on a platform, allowing it to
move together with the turbine relative to the base in the direction opposite to the thrust
vector. This movement was made possible by linear bearings and two guides. Mounting the
engine on the stand in the manner described enables the measurement of thrust, which was
carried out with the NS-6 strain gauge beam from Mavin (the WDT-1 strain gauge sensor
amplifier from WObit was used) (Figure 3). In the engine inlet, in a 2′ characteristic cross-
section (Figure 4), the static temperature (Czaki TP-202, NiCr-NiAl), static pressure (Kobold
SEN-8701/2 B045) and dynamic pressure (Honeywell ASDX030D44R) were measured.
Temperatures (Czaki TP-202 and TP-203) and static pressures (Kobold SEN-8701/2 B055
and Kobold SEN-8701/2 B045) were measured in sections 3′ and 4′. Behind the engine,
in a 9′ cross-section, there is a Testo 350 exhaust gas analyzer probe and a Czaki TP-203
thermocouple attached to it. Fuel consumption is measured indirectly by measuring the
change in the pressure of the liquid column in the tank, which occurs with the consumption
of fuel by the engine. The Dudek P400U differential pressure transmitter was used for the
measurement. Data acquisition from the sensors was performed via a National Instruments
USB-6259 BNC measurement card. The measurement uncertainties (catalogs) of the sensors
used are presented in Tables 1 and 2.
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Table 1. Measurement uncertainties of the sensors.

Parameter Sensor Uncertainty of Measurement

Thrust NS-6 + WDT-1 ±0.55 N
Pressure Kobold SEN-8701/2 B045 ±2.50 kPa
Pressure Kobold SEN-8701/2 B055 ±4.00 kPa
Pressure Dudek P400U ±34.0 Pa
Pressure Honeywell ASDX030D44R 4.14 kPa

Temperature Thermocouple NiCr-NiAl
- in the range of −40 ÷ 375 ◦C: ±1.5 ◦C
- in the range 375 ÷ 1000 ◦C: ±0.4% of

the measured value

Table 2. Measurement uncertainties of the exhaust gas analyzer in the range of analyzer indications
used.

Parameter Resolution Uncertainty of Measurement

O2 0.01 vol. ±0.2% vol.
CO 1 ppm ±5% of the measured value
NO 0.1 ppm ±2 ppm
NO2 0.1 ppm ±5 ppm
CO2 0.01% vol. ±0.3% vol. + 1% of the measured value

Due to the concern that the addition of water or other additives may adversely affect
the lubricating properties of the mixture, it was decided to modify the factory lubrication
system (Figure 5a) in such a way that a standard fuel mixture was used to lubricate the
bearings (Figure 5b). In the factory fuel system, after being pumped through the fuel pump,
the fuel with oil added is divided into two flows using a tee and an orifice installed in the
fuel system. About 97.5% of the fuel mixture is directed to the combustion chamber, while
the remaining part is used in the open lubrication system. For the purposes of testing, the
fuel system was separated from the lubrication system. The lines responsible for supplying
the mixture to the bearings were disconnected from the system and then connected to an
additional fuel tank, which contained a standard mixture of fuel and oil, regardless of the
type of mixture being burned. The mixture was pumped from it to the lubrication system
using an additional fuel pump. The fuel pump was voltage-controlled by pulse width
modulation. During the preliminary tests, there was no impact of the mass flow of the
lubricating mixture on the measured parameters.
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2.3. The Course of Experiments

Regardless of the type of fuel mixture, the general nature of the experiment was as
follows: Before the tests, the fuel tank was filled with the appropriate mixture. The fuel
mixture was prepared immediately before the experiment in an amount allowing for a
maximum of two experimental tests, which were carried out immediately one after another
in the shortest possible time. Reference tests and tests with the mixture with the additives
being tested were carried out in an identical manner in a given series.

The first phase of each test was the start-up of a miniature gas turbine engine. It
involved providing the initial rotational speed through an electric starter attached to the
inlet port (Figure 6). During this time, gaseous fuel was introduced into the combustion
chamber and ignited, which led to a further increase in engine speed. Then, the application
of liquid fuel was started, and the gas fuel supply was cut off. In this configuration, the
revolutions were increased to 33 krpm, and then the shaft speed was increased manually
using the control panel to 40 krpm. After reaching this rotational speed, the engine was
held at this speed for a specified time, and then the rotational speed was increased by
20 rpm as quickly as possible. This procedure was repeated up to 120 krpm, as shown in
Figure 6. After the time for the engine operation at a shaft speed of 120 krpm had elapsed,
it was reduced to 80 krpm in order to reduce the temperature in the combustion chamber,
and then the fuel supply was cut off. Data recording from the sensors started before the
starting procedure and ended after the engine stopped completely.
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In the case of a series of tests involving fuel–water emulsions, a modified bearing
lubrication system was used (Figure 5b). This was done both in reference tests with a
standard fuel mixture and in tests in which only a surfactant was added [40,41]. However,



Appl. Sci. 2024, 14, 6686 8 of 21

in a series of tests that focused on the impact of adding an emulsifier to the fuel, a standard
configuration of the lubrication system was used (Figure 5a) [42].

2.4. Numerical Calculations

The numerical calculations described in this chapter were performed in the Ansys
Fluent 15 program, while the computational mesh was created using the ICEM CFD
program.

2.4.1. Combustion and Turbulence Model

To perform numerical calculations, the Steady Diffusion Flamelet combustion model
was used, which assumes that the turbulent flame is composed of a finite number of
laminar, thin, local one-dimensional flames [43,44]. Using this combustion model, the
temperature field and mass fraction of individual combustion products depend on the
mass fraction of the fuel and the strain rate expressed by the dissipation coefficient [43,45].
Turbulence was modeled using a two-equation k-ε model with the Scalable Wall Function.
This model is based on the equations of turbulence kinetic energy transport and kinetic
energy dissipation [46].

2.4.2. Geometry

For numerical calculations, the geometry of the GTM120 gas turbine was used, which
was simplified for this purpose. The simplified model was devoid of moving elements,
i.e., the compressor and turbine. The model, therefore, included the volume from the inlet
to the compressor diffuser to the outlet from the turbine vanes (Figure 7). An analogous
approach to modeling the flow and combustion process in miniature gas turbines is widely
represented in the literature [37,47–50]. The model used for simulation covered 360◦,
because due to the different number of compressor blades, diffuser blades, glow tube holes
and turbine guide blades, the geometry does not show signs of cyclic periodicity.
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2.4.3. Boundary Conditions

The amount of air leaving the compressor was determined by the mass flow inlet
condition (Figure 7). The set amount of air was varied depending on the simulated turbine
rotational speed. Its quantity was determined based on the results of experimental tests
obtained from the values of static pressure, dynamic pressure and temperature in the
turbine inlet, assuming that air is an ideal gas. The direction of air flow onto the diffuser
blades was given in the form of a velocity vector in a cylindrical system, which was
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calculated based on velocity triangles. Both the circumferential and radial components of
this vector were set individually for each of the considered rotational speeds. However,
the outlet condition from the calculation volume was the pressure condition. The value
of the pressure set at the outlet was selected interactively and individually for each of the
modeled turbine rotational speeds. It was selected so that the pressure calculated in the
characteristic sections 3′ and 4′ (Figure 4) coincided with the experimental results with an
accuracy of ±5%.

The reaction mechanism presented in [19] was used to model the combustion of Jet
A1 fuel. It is a mechanism consisting of 38 chemical reactions and contains 24 chemical
compounds. The Discrete Phase Model was used to model fuel injection. In this model,
the motion trajectories of the fuel mixture particles are calculated by solving the equation
of forces acting on the fuel particle. Stochastic tracking is used to model the turbulent
dispersion of fuel particles. The amount of liquid fuel dosed in each case was based on the
results of experimental tests. The application of both Jet A1 and water was simulated using
the Discrete Phase Model.

The Discrete Ordinates Model was used to model radiative heat transfer. This model
works by solving energy transport equations in the form of thermal radiation for a finite
number of solid angles. The walls of the combustion chamber and evaporators (blue in
Figure 7) were modeled as coupled walls. This approach to wall modeling allows the
physical wall thickness to be omitted from the model. The actual combustion chamber and
evaporators are made of 0.5mm thick Inconel 713C sheet metal. The walls of the housing
and the compressor diffuser were given a constant temperature of 315K. This was selected
based on the temperature measurement of the turbine casing during its operation. The
remaining walls in the model were defined as adiabatic.

2.4.4. Numerical Grid

The model used a numerical mesh composed of tetrahedral elements, which was
enriched with denser prismatic elements near the walls. The density of elements near the
walls was intended to increase the accuracy of mapping the near-wall flow. The size of
the boundary layer elements was made according to [51] and, if necessary, corrected so
that the dimensionless distance from the wall was within the range corresponding to the
turbulence model used.

Tests aimed at determining the relationship between the size of the numerical grid
and the accuracy of calculations were carried out for cold flow with flow parameters
corresponding to a rotational speed of 80 krpm. The observed parameter was the maximum
flow velocity in the computational domain. Ultimately, it was decided to use a numerical
grid consisting of ~2.5 million elements in the calculations. A mesh of this density was
chosen because almost doubling the size of the numerical mesh (to ~4.7 million elements)
resulted in a change in the observed parameter by less than 1%; hence, the use of a mesh
consisting of ~2.5 million elements was considered acceptable, this was also chosen with a
view to reducing the computation time.

2.5. Fuel Mixtures
2.5.1. Surfactant

The surfactant used during the tests was a mixture of five substances: one of them
was demineralized water, and the remaining four were emulsifiers produced by the PCC
Group (Table 3).

The mixture was prepared in several stages. In the first stage, Rokafenol N8 was mixed
with demineralized water and the mixing process was carried out. After this treatment,
the resulting mixture was rested for 24 h. After this time, Rokanol DB3 was added to the
resulting mixture, and the mixing process was repeated. Then Rokwin 80 and Rokanol
RZ4P11 were applied, and the emulsifier ingredients were mixed once again. Each time,
the mixing process took 5 min. Details of the equipment used to prepare the surfactant are
described in [52].
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Table 3. Surfactant composition (by mass).

Component Percentage Content

Rokwin 80 50.00
Rokanol RZ4P11 25.00

Rokanol DB3 22.50
Rokafenol N8 1.67

Water 0.83

2.5.2. Fuel–Water Emulsion

The fuel–water emulsions used in the tests consisted of a standard mixture of Jet A-1
and oil, surfactant and demineralized water. All of them contained 2% (by weight) of
emulsifier. The percentages of ingredients in the emulsion refer to the total weight of the
emulsion mixture. The emulsion was prepared in two stages. In the first stage, a surfactant
was added to the mixture of kerosene and oil, followed by a 5 min mixing process with
a mechanical mixer. In the second stage, demineralized water was added to the mixture
and the mixing process was repeated. The fuel–water emulsion obtained in this way is
macroscopically milky-white in color (Figure 8a), while microscopically, it is a mixture, with
clearly visible water drops constituting the discrete phase of the emulsion fuel (Figure 8b).
More microscopic photos of the emulsion prepared by the described method are available
in [52,53].
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An emulsion containing from 3% to 12% water (by mass) was used to study combus-
tion in a miniature gas turbine. The emulsions used were characterized by approximately
no SMD (Sauter Mean Diameter) sensitivity to changes in the amount of water included in
their composition. Moreover, there was no significant impact of the turbine fuel system on
the microstructure of the fuel–water emulsion used [27].

3. Research Results and Discussion

Presentation of the research results was limited to the upper range of operating rota-
tional speeds of the GTM120 miniature gas turbine. This was done in order to present data
as transparently as possible regarding the unit’s load, where emulsion fuels have the great-
est prospects for use. The validity of this thesis is proven by the system already developed
by Siemens, which proposed the use of emulsion fuel for output powers exceeding 50%
in order to reduce NOx emissions and to increase the achievable output power without
exceeding emission standards [20].

When analyzing the data presented below, one should bear in mind the limited
capacity of the fuel pump used during the experimental tests. This limitation affected the
tests carried out at the planned rotational speed of 120 krpm and resulted in the inability
to achieve the expected rotational speed, and this effect increased with the increase in the
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amount of water in the emulsion. This resulted in the fact that in the extreme case, with
maximum flow of the fuel pump and the addition of 12% of water, 86.6% of the thrust was
achieved in comparison with the base fuel test.

3.1. NOx Emissions

In the combustion process in turbojet engine combustors, among the nitrogen oxides
produced (generally designated as NOx), nitrogen oxide NO is the most important. There
are three basic mechanisms of nitrogen oxide formation: thermal (thermal NO), over-
equilibrium (prompt) and fuel (fuel NO). Most NOx in the combustion process in gas
turbines is produced according to the thermal mechanism. It involves the oxidation of
molecular nitrogen by atomic oxygen. The condition enabling the formation of NO according
to this mechanism is the dissociation of molecular oxygen at high temperature [54–57].

The use of a fuel–water emulsion leads to a reduction in the temperature behind the
combustion chamber with a simultaneous reduction in NOx emissions in the exhaust gases
(Figure 9). In the graph, the measuring points represent water contents of 0%, 3%, 6%, 9%
and 12%. In the GTM120 miniature gas turbine, NOx concentration reduction with the
smallest temperature reduction after the combustion chamber occurs at a shaft rotation
speed of 100 krpm. Increasing the turbine load to the maximum significantly increases
the possibility of NOx reduction but at the same time leads to the intensification of the
temperature reduction process. It was also observed that as the turbine load increases, a
lower water content is required to achieve a given NOx reduction level. Moreover, the NOx
concentration reduction occurs intensively in all the cases presented when the temperature
drop does not exceed 4%. After exceeding this value, the nature of changes in the reduction
process becomes more complex, which suggests that the drop in this temperature cannot be
directly linked to the drop in temperature in the primary combustion zone characterized
by the highest temperatures, where most nitrogen oxides are produced according to the
thermal mechanism.
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Figure 9. Percentage change in NOx emissions as a function of the percentage change in temperature
behind the combustion chamber.

Based on the above, the reasons for the intensive reduction of NOx emissions in
exhaust gases should be sought in changes in the flame structure in the primary combustion
zone. Computer numerical calculations prove that the addition of water to fuel, even
in the smallest amounts, causes a more even temperature distribution in the primary
combustion zone with a reduced volume of maximum temperatures. This translates into a
reduction in the area where NOx is formed most intensively and an increase in the area
where the intensity of NOx formation is lower (Figure 10). These changes in the flame
structure contribute to a significant reduction in NOx with a relatively small reduction
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in the temperature behind the combustion chamber. Details regarding the experimental
studies and numerical calculations have been presented in full detail in [40,41]. Also
noteworthy is the fact that the effects shown in Figure 10 remain valid even when a simpler
equilibrium model is used for the numerical calculations, which does not take into account
the chemical imbalance resulting from aerodynamic flame stresses under turbulence [58].
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of 80 krpm powered by standard fuel and an emulsion containing 3% water in its composition.

When analyzing the combustion process of emulsion fuels, attention should be paid
to the combustion of emulsions whose continuous phase consists of fuels containing
significant amounts of nitrogen in their composition. In these cases, the use of a fuel–
water emulsion as a way to reduce NOx emissions may have the opposite effect. This is
proven by the previously mentioned study, in which the continuous phase of the emulsion
was Redwood 650 [24]; the study is described in [31,59,60]. In the second case, the fuel
constituting the continuous phase was JP-8, but the additive was the surfactant Clindrol
100CG, containing 4.37% nitrogen. Moreover, the fuel–water emulsions used contained up
to 20% water and up to 20% emulsifier, which resulted in an increase in water content and
increased NOx emissions for each simulated engine load.

3.2. CO Emissions

Tests of the GTM120 gas turbine showed a decrease in CO emissions due to the
addition of water to the fuel (Figure 11). This effect was more intense the more the
miniature gas turbine operated at a higher rotational speed. For a revolution of 100 krpm
and 12% water addition, a 10% emission reduction was achieved compared with the case in
which the turbine was powered by the reference fuel, while at a revolution of 120 krpm and
the same water addition, emissions were reduced by over 15%. Considering that the use of
fuel–water emulsion reduces the temperature at the outlet of the combustion chamber and
reduces NOx emissions (Figure 9), reducing CO emissions is unintuitive.
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Figure 11. The influence of water content in the emulsion on the change in CO emissions.

The possibility of oxidizing CO to CO2 strongly depends on the temperature and the
residence time of the molecule in the high-temperature region. High temperature and
the longest possible stay of the particle in its area favor this process. In areas where the
temperature exceeds 1270 K, CO oxidation dominates according to reaction (1), and at
lower temperatures, reaction (2) plays the main role [56,57]:

CO + OH ↔ CO2 + H, (1)

CO + H2O ↔ CO2 + H2 (2)

Therefore, increasing the area in the high-temperature combustion chamber at the
expense of reducing the areas with maximum temperatures does not necessarily result in a
deterioration of the oxidation process of CO to CO2. Numerical calculations of the flow
with emulsion combustion through the GTM120 gas turbine showed just such an effect
(Figure 12). A reduction in the areas of maximum temperature is observed, combined with
an expansion and uniformity of the area of relatively high temperatures. In Figure 12, the
arrow indicates the direction of the most intense expansion of the reaction area resulting
from the addition of 12% water to the fuel mixture. Moreover, two vertical lines mark the
area in the central zone of the combustion chamber, where, when comparing two cases, it is
easy to see the extension of the high-temperature area of the primary combustion zone and
the reduction in the lower-temperature areas.
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The factor that hinders the oxidation of CO is the contact of CO molecules with the
cooled engine walls. If a CO particle is placed in the area affected by the cold wall, further
oxidation processes will be frozen due to the reduced enthalpy of the medium [61]. In the
case where the GTM120 turbine is fed with a fuel–water emulsion, there is a tendency to
increase the average temperature of the combustion chamber walls with an increase in the
share of water in the fuel. However, it was increased by a maximum of 11K, which means
that this factor was not likely to be decisive in the recorded CO emissions. The numerical
calculations leading to this conclusion are described in [41].

Based on the research results presented so far in the literature, it is difficult to formulate
a clear hypothesis regarding the reasons for the discrepancies occurring in research on the
impact of fueling a gas turbine with a fuel–water emulsion. In six of the fourteen groups of
studies described in the literature so far, an increase in CO emissions was noted after adding
water to the fuel, in five, there were no significant changes, and in three, changing the fuel
mixture resulted in a decrease in emissions (Figure 13). In Figure 13, the grouping of studies
is taken from [4], while the year corresponds to the date of the earliest publication in a given
group. It includes research conducted on gas turbines and combustion chamber test stands.
Research conducted on gas turbines is additionally marked with an arrow and the name of
the unit. Since 1989, research on the 9000B turbine has been dominated by observations
showing no negative impact of the fuel–water emulsion on CO emissions, but despite this,
it is difficult to find a common denominator in these studies that translates into such results.
It is worth emphasizing that in none of the analyzed studies was the entire combustion
chamber designed to be optimized in order to maximize the combustion efficiency of
the emulsion fuel. Therefore, the vast majority of experiments concerned determining
the impact of water addition on the operation of units in a configuration adapted to the
combustion of the base fuel. Taking into account the research conducted on the GTM120
gas turbine [40,41] and the experimental research conducted on the combustion chamber
test stand where the flame was observed through optical windows [62], as a result of which
significant changes in the distribution of the reaction zone in the combustion chamber were
found, it can be concluded that similar situations could also occur in other cases. However,
considering that the combustion chambers were not adapted to this type of change, it
can be concluded that their impact on CO emissions was largely accidental, and that the
use of emulsion fuel does not have to worsen CO emissions, as long as the design of the
combustion chamber does not result in the reaction zone being in an unfavorable position
from the point of view of CO emissions. As the size of the turbine (combustion chamber)
increases, it can be expected that this effect (improving the uniformity of temperature
distribution) will have less and less impact on changes in CO emissions due to a more
effective mixing process and, therefore, a more uniform combustion process.
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Figure 13. Changes in CO emissions resulting from the use of fuel–water emulsions depending on
the year of publication of test results (based on data from [4]).
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3.3. Fuel Consumption

The effect of adding water to the fuel on thrust-specific fuel consumption (TFSC),
where the total mass of the emulsion mixture is understood as fuel, is negative (Figure 14).
Figure 14 shows that for rotational speeds of 100 krpm and 120 krpm, the increase in
TFSC with increasing water content in the mixture is more intense than for a rotational
speed of 80 krpm. For these two rotational speeds and 12% water addition, the increase
in TFSC is approximately 15%. For a rotational speed of 80 krpm, the increase in TFSC is
approximately 8.8%.
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Figure 14. The influence of water content in the emulsion on thrust-specific fuel consumption
(calculated for the total mass of the fuel mixture).

The addition of water to the fuel reduces the consumption of the base fuel (without
water and emulsifier) contained in the emulsion (Figure 15). For a rotational speed of
80 krpm and 12% water addition, a reduction in the consumption of the base fuel by ~5.5%
was recorded, which was approximately linear as a function of water content. However,
for a rotational speed of 100 krpm, a clear minimum was recorded for 6% water addition.
At this point, the fuel consumption reduction was 2.45%. For a similar addition of water at
80 krpm, the reduction in the consumption of the base fuel was approximately 2.94%. After
increasing the water content in the emulsion above 6%, for 100 krpm, the downward trend
was reversed, which resulted in a reduction in the consumption of the base fuel with 12%
water addition by only about 0.6%. Values recorded at a rotational speed of 120 krpm have
been omitted from the graph for the reasons presented in the introduction to this section.
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Figure 15. The influence of water content in the emulsion on the consumption of base fuel (after
subtracting the weight of water and emulsifier).
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3.4. The Influence of the Presence of an Emulsifier
3.4.1. Combustion Process

The research conducted on the effect of adding a surfactant to the base fuel on NOx
emissions shows that with increasing amounts of emulsifier, NOx emissions decrease
(Figure 16). Due to the nature of the data obtained from individual experimental trials, a
statistical analysis of the results was performed. For this purpose, the Student’s t-test was
used, and it was checked whether the mean results obtained after adding the emulsifier
came from the same population as the means obtained in the reference test. The significance
level of p = 0.05 was adopted in the analysis. As a result of this analysisit is concluded that
statistically significant differences occur only between the case in which the turbine was
fed with standard fuel and fuel with the addition of a 5% emulsifier. Details regarding the
entire study and the statistical analysis are described in detail in [42].
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Figure 16. The influence of emulsifier content on the change in NOx emissions.

Analogously to the NOx emission results, research was carried out on the impact
of changes in CO emissions resulting from the addition of a surfactant to the base fuel
(Figure 17). In this case, it was shown that statistically significant differences in the results
occurred only between the cases in which the gas turbine operated at a rotational speed of
80 krpm and 120 krpm and in which it was fed with base fuel and fuel with a 2% addition
of surfactant. The mixture with 2% emulsifier added was characterized by increased
CO emissions.
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There was no effect of the addition of 2% surfactant on the thrust generated by the
GTM120 gas turbine, on fuel consumption or on the temperature behind the combustion
chamber. However, in the case of 5% emulsifier addition, a statistically significant slight
decrease in the temperature behind the combustion chamber was noted for a rotational
speed of 120 krpm.

It should be noted that the 2% addition of a surfactant, which was also used in studies
on fuel–water emulsion combustion (although when it is directly added to the fuel, it
increases CO emissions), does not have a decisive impact on CO emissions during emulsion
combustion. During the tests, it was found that the addition of the lowest percentage of
water to the fuel showed a dominant tendency to reduce CO emissions (Figure 11), despite
the simultaneous addition of 2% emulsifier to the fuel. This proves that when the amount of
emulsifier is 2% in the emulsion, the addition of water has a decisive impact on emissions
and engine operating parameters.

3.4.2. Deposits in the Engine

As a result of the combustion process of fuel–water emulsion enriched with surfactant
in engines, two types of deposits were identified. The first of them is a deposit resembling
varnish, while the second type of deposit is accretions resembling white chalk dust [31,32].
In both cases, the formation of deposits was attributed to the emulsifier. In order to verify
these hypotheses, an inspection of the GTM120 gas turbine was carried out after tests in
which an emulsifier was added to the base fuel, and a visual observation of the unit was
carried out during tests in which it was fed with a fuel–water emulsion.

After a series of tests in which fuel with the addition of a surfactant in an amount of
up to 5% of the mixture mass was burned, numerous, clearly visible, mostly glassy green
deposits were recorded. They were visible, among others, on the outside of the lower part
of the engine exhaust nozzle (Figure 18). The most likely reason for their occurrence in
this place was that excess fuel had accumulated in this area during a failed start of the
unit. Apart from the outlet nozzle, similar deposits formed on the turbine blades and its
guide as well as on the walls of the combustion chamber and evaporators. Their formation
should be attributed entirely to the presence of a surfactant because in the test series in
which they were created, water was not used as a fuel additive. No deposits resembling
chalk dust or other deposits were recorded. More extensive photographic documentation
of the mentioned sediments can be found in [63].
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Chalk-dust-like deposits were observed on turbine blades and turbine guides after
a series of tests in which a fuel–water emulsion was burned. There is no photographic
documentation of these elements with the characteristic white deposit.

Based on the above, it is hypothesized that the surfactant is responsible for the glassy
“varnish-type” deposits, while the characteristic white deposits resembling chalk dust are
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caused by the presence of water. Perhaps they are created through the synergistic interaction
of water and an emulsifier, but without the presence of water, they are not produced.

4. Conclusions

The manuscript presents the results of experimental and numerical studies on the
combustion of a fuel–water emulsion with a water content of up to 12% with the addition of
a 2% active agent in a miniature gas turbine. The influence of the addition of an emulsifier in
an amount of up to 5% on the combustion process and emissions from the gas turbine was
also examined. The possibility of an emulsion fuel creating deposits on engine components
was also discussed.

Based on the presented results of experimental and numerical tests, their analysis and
literature studies, the following main conclusions regarding the combustion of fuel–water
emulsions in gas turbines are made:

• The use of a fuel–water emulsion leads to the reduction of NOx emissions in miniature
gas turbines and full-size turbines. It occurs as a result of the extinction of hot spots
in the primary combustion zone, where NO is produced intensively according to the
thermal mechanism. However, it should be borne in mind that the nitrogen contained
in the fuel in the case of emulsion fuel counteracts the reduction in NOx emissions,
and that this effect is more intense the more water there is in the emulsion.

• Adding water to fuel in miniature gas turbines can lead to a reduction in CO emis-
sions. This effect is caused by changes in the distribution of reaction intensity in the
combustion zone, which promote the further oxidation of CO.

• When feeding the turbine with a fuel–water emulsion, the total flow rate of the fuel
mixture applied to the combustion chamber increases compared with the case in
which the turbine operates at the same speed and is fed with standard fuel. However,
the consumption of base fuel (after subtracting the mass of water and emulsifier) is
reduced in the GTM120 miniature gas turbine. For a rotational speed of 80 krpm and
an emulsion containing 12% water, a reduction of 5.46% in the consumption of base
fuel was recorded.

• The surfactant used in the tests, added to the fuel in an amount of 2% of the mixture
mass, does not affect NOx emissions but has a negative impact on CO emissions.
Increasing its content to 5% reduces NOx emissions compared with the emissions
recorded for the reference case and has no impact on CO emissions. Moreover, the
addition of emulsifiers in the amount of both 2% and 5% does not have a statistically
significant effect on the thrust-specific fuel consumption.

• The use of emulsion fuel may lead to the formation of deposits on the elements of the
hot section of the gas turbine. The glassy greenish coatings should be attributed to
the surfactant, while the deposits in the form of white dust should be attributed to the
water present in the emulsion or the synergistic effect of water and the surfactant.
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