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POWER SYSTEMS AND POWER ELECTRONICS

Abstract. This study investigates the use of a thermopressor to achieve highly dispersed liquid atomization, with a primary focus on its application
in enhancing contact cooling systems of the cyclic air for gas turbines. The use of a thermopressor results in a substantial reduction in the average
droplet diameter, specifically to less than 25 µm, within the dispersed flow. Due to the practically instantaneous evaporation of highly atomized
liquid droplets in accelerated superheated air, the pressure drop is reduced to a minimum. A further increase of the air pressure takes place
in a diffuser. This allows for the compensation of hydraulic pressure losses in the air path, thereby reducing compressive work. Experimental
data uncover a significant decrease in the average droplet diameter, with reductions ranging from 20 to 30 µm within the thermopressor due to
increased flow turbulence and intense evaporation. The minimum achievable droplet diameter is as low as 15 µm and is accompanied by a notable
increase in the fraction of small droplets (less than 25 µm) to 40-60%. Furthermore, the droplet distribution becomes more uniform, with the
absence of large droplets exceeding 70 µm in diameter. Increasing the water flow during injection has a positive impact on the number of smaller
droplets, particularly those around 25 µm, which is advantageous for contact cooling. The use of the thermopressor method for cooling cyclic air
provides maximum protection to blade surfaces against drop-impact erosion, primarily due to the larger number of droplets with diameters below
25 µm. These findings underline the potential of a properly configured thermopressor to improve the efficiency of contact cooling systems in gas
turbines, resulting in improved performance and reliability in power generation applications. The hydrodynamic principles explored in this study
may have wide applications in marine and stationary power plants based on gas and steam turbines, and gas and internal combustion engines.

Keywords: energy efficiency; power plant; thermo-gas-dynamic effect; compressor; contact cooling.

1. INTRODUCTION

The utilization of modern power plants leads to an escalation
in fuel consumption and the release of harmful substances into
the environment [1, 2]. However, efforts to make heat engines
greener contradict their energy efficiency, as emission reduc-
tion measures necessitate additional energy expenditures. The
formation of nitrogen oxides (NOx) poses specific challenges,
requiring the reduction of the maximum combustion tempera-
ture. Unfortunately, reducing this temperature also diminishes
the fuel-energy efficiency of the engine. Consequently, there
is an urgent need to develop technologies that are both envi-
ronmentally friendly and energy efficient. These technologies
should effectively minimize emissions while avoiding negative
fuel and energy efficiency impacts [2, 3]. Over the past few
decades, gas turbines and internal combustion engines have
been extensively utilized as heat engines in shipbuilding and
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land-based energy systems. This popularity is due to their mod-
ular structures, adaptability to automation, high reliability and
manufacturability, and relatively low investment costs [4, 5].
Gas turbines and internal combustion engines (diesel, gas pis-
ton engines, etc.) are used in autonomous power plants [6, 7],
including plants of combined energy production (cogeneration
and trigeneration) [8, 9] and transport energy plants [10, 11].
The fuel-energy efficiency of the engine largely depends on

ambient parameters [12,13]. As is known, when the air temper-
ature increases, the fuel efficiency of engines decreases [14,15].
For instance, the effect of higher turbine inlet air temperature by
1◦C is a decrease in total power by approximately 0.7% [16,17].
Therefore, developing and improving the technology for effec-
tive cool air in the gas turbine is a major task of modern ener-
getics [18, 19].
There are several advanced directions, one of which is to

ensure operation at a stabilized temperature level [20,21] when
using jet [22, 23] and absorption technologies [21, 24, 25]. At
the same time, there are applied methods of thermodynamic and
statistical analysis of the impact of various methods of cooling
the cycle air and thermal load of engines of power plants [26,27].
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These methods can be used to design heat recovery systems and
thermophysical model processes to determine optimal operating
modes [28, 29].
An interesting solution is the introduction of cycle air cooling

technologies based on exhaust gas heat recovery [30, 31]. Air
cooling can be used to improve the environmental friendliness of
modern power plants [32,33], for example, in technologies based
on water-fuel emulsions [34–36] and low-temperature conden-
sation [37, 38]. However, the most common way to increase
power and reduce fuel consumption is to use contact cooling of
the airflow bywater injection, which is characterized by a signif-
icant length of the evaporation zone and, consequently, power
losses due to aerodynamic resistance [39–41]. The important
thing to note is that it applies the system of the injected water
using nozzles of different designs.
Contact cooling shows enormous potential in enhancing the

efficiency of power plants that utilize gas turbine engines and
internal combustion engines. This is achieved through the highly
efficient cooling of the intermediate or charged air of the heat
engine. Contact cooling also helps reduce hydraulic pressure
losses in exhaust gas recirculation systems, further improving
the efficiency of heat-utilizing refrigeration.
The next stage of improving such technology can be the use

of a contact heat exchanger based on a thermo-gas-dynamic ef-
fect – thermopressor [42, 43]. A thermopressor is a two-phase
jet apparatus spraying liquid in the airflow to cool it. It is nec-
essary to organize the process of incomplete evaporation in
its flow part to obtain a high-quality spray of water in the air
stream by the thermopressor. On the one hand, it effectively
cools the circulating air between the compressor stages of the
gas turbine and reduces frictional losses in the thermopressor
evaporative (working) chamber. On the other hand, this will
allow obtaining a highly dispersed spray of water behind the
diffuser of the thermopressor, that is, before the high-pressure
compressor [44, 45]. Numerical (mathematical) modelling of
processes in thermopressors does not allow us to fully deter-
mine the effectiveness of spraying water by the thermopressor
due to the presence of complex intensive hydro-gas-dynamic and
heat and mass transfer processes. The implementation of ther-
mopressor technologies is limited by the insufficient availability
of data from field tests, particularly concerning their integra-
tion into cooling systems [46,47] and waste gas heat utilization
systems [48, 49]. Additionally, the absence of comprehensive
mathematical and physical models for the working processes
of thermopressors hinders the development of rational methods
for organizing thermophysical cooling processes. Furthermore,
there is a need for methodologies that facilitate the rational de-
sign [50, 51] and determination of optimal parameters [52, 53],
ensuringmaximum improvements in power and efficiency while
reducing specific fuel consumption in power plants.
Therefore, an experimental study, followed by clarifying com-

ponents for numerical modelling, is more appropriate and will
allow us to determine the optimal parameters of the resulting
dispersed flow: the distribution of temperatures, concentrations
of mixture components, heat fluxes, and masses of a dispersed
high-velocity flow.

2. LITERATURE REVIEW

The achievement of high-quality organization of highly dis-
persed and uniform spraying of injected water is the main issue
for the development of the injection system. The water supply
to the compressor air path is accompanied by the appearance of
consequent problems with the feature of gas turbine operation:
1. Insufficient quality of the spraying can allow liquid film on
the blade surface of the compressor.

2. Insufficient intensive water evaporation of large droplets
from the surface and as a result, the cooling efficiency of
the airflow decreases.

3. Losses due to droplets friction in the flowwhen it accelerates
up to flow velocity, as well as friction, liquid films on the
surface of the blades, and the compressor housing. As a re-
sult, the internal efficiency of the stages and the compressor
decreases.

4. Appearing drip-impact erosion on the surface of the com-
pressor blades.
A good method for solving problems presented before is the

achievement of dispersion flow quality. This requires the im-
plementation of injection technologies that make it possible to
provide fine atomization of the injected water in the form of
a mist [54, 55]. The efficiency of “wet” compression primar-
ily depends on the intensity of evaporation and heat exchange
of droplets with the airflow [56, 57], which begins to increase
sharply with a decrease in the effective droplet diameter to
3 µm[16,58]. This happens as a result of a significant increase in
the total surface area of the droplets, which, in turn, is inversely
proportional to their average diameter. However, modern me-
chanical and pneumatic nozzles do not allow spraying water
with an effective droplet diameter of less than 30 µm [59,60].
One method to achieve more efficient atomization is to use a

liquid that is super-heated relative to its saturation temperature.
In the process of injection of such a liquid through the nozzle
of a spraying device, its explosive boiling occurs, as a result of
which the liquid is crushed into small particles [61–65].
Among the last publications [66,67], there is a rather unusual

solution to the spraying problem proposed by Mee Industries
Inc. [68,69]. To supply water to the airflow, nozzles of a distinc-
tive design have been developed (the diameter of the outlet is
0.1–0.4 mm), in which spraying is realized due to impact action.
Water under high pressure (7–14 MPa) is supplied to the nozzle
head, after which it is broken, thanks to the “pin”, into small
droplets, the diameter of which does not exceed 30 µm [70,71].
According to Mee Industries Inc., the increase in the efficiency
of gas turbines using a contact cooling system in the summer
reaches 2–4%. Despite the relatively wide distribution of such
systems, they require rather complex pumping equipment for
water supply and create certain difficulties when operating the
system under high pressure [68, 72].
A promising direction is the implementation of TOPHAT

technology (Alpha Power Systems). Its essence lies in the in-
jection of water superheated at saturation temperature through
centrifugal nozzles to the compressor inlet. When water leaves
the nozzle duct, the liquid boils instantaneously, as a result of
which the flow breaks up into smaller droplets [73, 74]. Using
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such technology makes it possible to obtain a high efficiency of
a gas turbine (57.4%). It was experimentally established that if
the diameter of a water droplet in the flow part of the compres-
sor did not exceed 10 µm, then the effect of centrifugal forces
on the droplet became almost imperceptible and the droplets
moved along the airflow. At the same time, the optimal flow
has the average size of droplets no more than 20–25 µm at the
compressor inlet [75, 76]. It was found that with the injection
of superheated water at 220–240◦C and pressure in front of the
nozzle of 4–8 MPa, it was possible to provide the necessary fine
atomization: 65–70% of the droplets by weight to a diameter
in the range of 0.2–3.0 µm [77]. Experiments to determine the
disperse characteristics of the air-droplet flow showed that the
distribution and the speed of droplet expansion were primarily
determined not by the design of the nozzle, but by the “explo-
sive” formation of droplets in the process of intensive generation
of the vapor phase at the nozzle outlet [78,79]. The implementa-
tion of the contact cooling process requires substantial amounts
of water, since the cooling water in the form of steam, together
with the exhaust gases, is released into the environment. To
avoid salt deposits on compressor parts, humidification of cycle
air must be conducted with well-purified water. This, in turn,
leads to significant expenditures for water treatment [80]. How-
ever, if the water supplied to the compressor is separated at the
outlet of the unit, for example, by condensing it from the exhaust
gases, as is done in Aquarius-type plants, then this drawback is
eliminated. In this case, the problem of increasing the efficiency
of a power plant by approaching the process of compressing air
to isothermal in the GTE compressor by injection of cooling
water passes to real technical use.
The analysis of the considered technologies for evaporative

contact inter-cooling of gas turbine cyclic air proves the feasi-
bility of using these systems to improve the performance and
reliability of combustion engines: gas turbines [81] and gas en-
gines [82], internal combustion engines [83], as well as engine
cyclic air and space air condition systems in stationary [84] and
transport [85] applications.
One of the advanced technologies in this direction is the

use of a thermopressor, whose operation is based on realizing
thermo-gas-dynamic compression [86]. This effect appears in
the evaporation process of the high-dispersion liquid in the air-
flow moving with transonic velocity but not exceeding it. At the
same time, air temperature is decreasing with a simultaneous
increase in the total pressure. The temperatures of air supplied
between the inlet and outlet of the thermopressor are reduced,
which is caused by removing the heat from the air for evapo-
ration of liquid injected into the airstream. In the well-profiled
nozzle of a real thermopressor, the expansion occurs practically
adiabatically. In the narrow part of the nozzle, the airflowmoves
at a speed of (0.5...0.9)M, and mechanically atomized water is
injected. Their interaction in the evaporation chamber is accom-
panied by the acceleration of the flow due to the evaporation of
droplets. Because of the practically instantaneous evaporation of
liquid droplets in accelerated superheated air, the pressure drop
is reduced to a minimum. A further increase of the air pressure
takes place in a diffuser. Due to instantaneous evaporation of
highly dispersed liquid, not only a significant reduction in resis-

tance but also an increase in the total pressure in the air stream
becomes possible. It should be noted that the quality of liquid
atomization, that is the diameter of the water drop, affects the
length of the evaporation section and the velocity regime of the
apparatus [87,88] and the decrease in the primary drop size and
the length of the evaporation section largely impact the reduc-
tion of friction losses [89]. Hence, using thermopressor allows
for providing cooling air simultaneously with obtaining smaller
droplets of the outlet. The optimal solution is the installed ther-
mopressor between the stages of the gas turbine. This is because
air temperature between compressor stages can be high enough
(up to 180◦C and more), which provides intensive evaporation
of water droplets. However, to check the opportunity of making
flow with droplets diameter lower than the maximum for use in
the gas turbine, it is necessary to conduct experimental research
to determine the influence characteristics and use conditions of
the thermopressor on the flow dispersion quality.
Thermopressor technologies are particularly well-suited for

the integration into heat utilization circuits in power plants,
especially in the context of economic development in Euro-
pean countries and post-war Ukraine. These technologies offer
substantial advantages over traditional methods and deep heat
utilization techniques, resulting in greater fuel efficiency and
increased power generation.
Internal combustion engines and gas turbines used in sta-

tionary and marine power plants are key sectors where these
technologies can be applied. By implementing thermopressor
technologies, significant reductions in fuel consumption can be
achieved, leading to enhanced energy security levels.

3. MATERIALS AND METHODS

The experimental thermopressor (Fig. 1) consists of a receiving
chamber; confuser; evaporation chambers; diffuser; and section
for installing measuring pressure and temperature sensors. The
evaporation chamber of the thermopressor is made in several
variations, which in turn made it possible to conduct research
with different geometric characteristics (Table 1). Also experi-
mental setup including drive electric motor (55 kW, 2950 rpm),
air receiver (Atlas Copco), compressor (XA 85, Atlas Copco),
oil cooler, air filters (4N-0015 CAT), oil receiver (Atlas Copco),
air dehumidifier of the “Cyclone” type (Ø 700×1060), oil-wet
separator (CAF-3), catcher of water drops for obtaining sam-
ples (exposure time when taking samples – 1.0; 2.0 s), pressure
control valve, high-pressure pump for water supply (STIHL
RE 98, pressure up to 11 MPa), distilled water storage tank
(𝑉 = 50 liters).
For water injection, nozzles of the “fog” type were used.

The nozzles provided the following values of water flow at the
inlet to the receiving chamber of the thermopressor (pressure
7.5 MPa): #1 – 𝐺𝑤 = 0.0175 kg/s; #2 – 𝐺𝑤 = 0.0407 kg/s;
#3 – 𝐺𝑤 = 0.0487 kg/s. In this case, the water spray angle
was 70–90◦ and the average droplet diameter in the dispersed
flow was 𝛿𝑤 = 40−60 µm, with the maximum diameter being
𝛿𝑤 > 100 µm. For visual registration and measurement of the
dispersion of water droplets in different parts of the flow part of
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(a) (b)

Fig. 1. Experimental thermopressor (photo (a) and sketch (b)): 1 – evaporation chamber; 2 – confuser; 3 – diffuser; 4, 6 – flanges; 5 – receiving
chamber; 7 – nozzle; 8 – section for installing nozzle; 9 – regulation nut; 10 – water supply tube; 11 – nozzle for installing sensors

Table 1
Geometrical parameters of the experimental thermopressor

Parameter Value

The length of the thermopressor 𝐿𝑡 𝑝 , mm 387
Receiving chamber

Diameter 𝐷1, mm 65
Length 𝐿1, mm 200

Confuser
Input diameter 𝐷𝑐1, mm 65
Output diameter 𝐷𝑐2, mm 25
The corner of the confuser 𝛼𝑐 , ◦ 30
Length 𝐿𝑐 , mm (𝛼𝑐 = 30◦) 34

Diffuser
Input diameter 𝐷𝑑1, mm 25
Output diameter 𝐷𝑑2, mm 65
Taper angle for the diffuser 𝛽𝑑 , ◦ 5
Length 𝐿𝑑 , mm (𝛽𝑑 = 5◦) 228

Evaporation chamber with (L/D) = 5
Diameter 𝐷𝑐ℎ , mm 25
Length 𝐿𝑐ℎ , mm 125, 175

Nozzles: #1 – 𝐺𝑤 = 0.0175 kg/s; #2 – 𝐺𝑤 = 0.0407 kg/s;
#3 – 𝐺𝑤 = 0.0487 kg/s

The distance between the point of water exit to the en-
trance to the evaporation chamber 𝐿 𝑓 , mm

125

Discharge nozzle of the thermopressor
Diameter 𝐷2, mm 65
Length 𝐿2, mm 200

the thermopressor, an optical microscope USB Digital Micro-
scope with high readout capability and electronic measurement
system was used with a magnification factor of 10×∼300×
and a computerized system for photographing and determin-
ing the diameter of droplets with a measurement accuracy of
1 µm. The flow dispersion in various parts of the thermopressor
flow part was determined as a result of sampling by trapping
droplets from the airflow into the immersion medium. After

that, the droplet size was measured using a microscope with a
digital camera installed. Before the experiment, the microscope
measuring system was calibrated and checked for accuracy and
measurement range.
Droplets were captured using a specially designed device

based on the shutter mechanism of a camera with a shutter
speed of 1 and 2 s. The glass slide was covered with a thin layer
of 0.5–1.0 mm thick viscous liquid. Droplets of water that fell
on the glass did not dissolve, did not evaporate, and did not
coagulate for up to 2 minutes, which is sufficient for a photo
and video recording of the sample and subsequent processing to
determine the size and number of droplets.
As an immersion medium, mixtures of motor oil and lithol

were used in a ratio of 2.5:1.0. The choice of the immersion
medium was made based on the necessary conditions of the
experiment.
Usually, air coolers are installed between the compressor

stages of the gas turbine (Fig. 2a). The operation conditions of
the thermopressor are installed according to a similar principle,
which is between the low (LPC) and high-pressure compressors
(HPC) of the gas turbine installation (Fig. 2b) instead of a sur-
face or contact air cooler. At the same time, water is supplied
from a freshwater storage tank by a high-pressure pump.
It should be noted that to evaluate the precision of measure-

ments in experimental research, it is crucial to ascertain the
measurement error. This error is influenced by several factors,
including the errors of measuring devices, methodological er-
rors, and systematic errors. The process of measuring a specific
quantity involves selecting the measurement method, utilizing
appropriatemeasuring instruments, and determining themethod
of recording the acquired results. The absolute measurement
error is calculated as the sum of the methodological error, in-
strumental error, and observational error. The overall measure-
ment error is determined by the total values of all components
within the information and measurement system. Each of these
components possesses its own distinctive values for methodical,
instrumental, systematic, or random errors.
During the experiment, the measurement uncertainty arises

from both methodological errors and inaccuracies in the mea-
suring devices, contributing to the systematic error component.
To assess the accuracy of measurement outcomes, the Student
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Fig. 2. Gas turbine schemes with inter-cooling between compressor stages: (a) a scheme with inter-cooling by heat exchanger; (b) a scheme
with inter-cooling by a thermopressor; LPC – low-pressure compressor; HPC – high-pressure compressor; CC – combustion chamber; HPT –
high-pressure turbine; LPT – low-pressure turbine; PT – power turbine; HPP – high-pressure pump; EG electric generator; IAC – intermediate

air cooler; TP – thermopressor

method was used, especially suitable when the number of obser-
vations is limited to 𝑛 ≤ 20. Moreover, it is assumed that the dis-
tribution of uncertainty in each measurement follows a normal

Table 2
The maximum measurement uncertainty

Pressure
increase in the
thermopressor
Y𝑡 𝑝 = 𝑛2/𝑛1

Mean square
deviation

𝜎

Quantile
distribution
𝑡𝑝=0.95

Confidence
value of
the error
Δ0.95

Measurement
uncertainty

𝛿𝑡 𝑝 %

Relative air velocity in the evaporation chamber 𝑤𝑎1 = 0.3−0.6 Ma;
Inlet air temperature 𝑝𝑎1 = 423 K;

Relative water consumption 𝑔𝑤 = 3–20%
Nozzle #1

1.0354 0.00847 12.7062 0.07611 7.35
1.0285 0.00762 12.7062 0.06841 6.65
1.0253 0.00139 4.3027 0.00345 0.34
0.9707 0.01395 2.7764 0.01735 1.79
0.9611 0.03617 2.5706 0.04106 4.27

Nozzle #2
0.9964 0.00175 4.3027 0.00435 0.44
0.9660 0.00820 12.7062 0.07364 7.62
0.9734 0.01297 3.1824 0.02063 2.12
0.9494 0.00001 12.7062 0.00001 0.01
0.9341 0.00306 2.7764 0.00381 0.41
0.9251 0.04413 2.2622 0.03154 3.41

Nozzle #3
0.9982 0.01281 4.3027 0.03181 3.35
0.9485 0.01103 4.3027 0.02738 3.02
0.9081 0.00001 12.7062 0.00001 0.01
0.8895 0.00179 3.1824 0.00285 0.32
0.8802 0.02073 2.7764 0.02578 2.97
0.8668 0.01467 2.7764 0.01824 2.14
0.8533 0.00284 4.3027 0.00706 0.85
0.8286 0.01281 4.3027 0.03181 3.35

distribution. The determination of the quantile value in this dis-
tribution depends on the confidence probability, whichwas set at
𝑃 = 0.95. In accordancewith the presentedmethodology, the un-
certainties of measuring were calculated (Table 2). At the same
time, the maximum measurement uncertainty was ±7.62%.

4. RESULTS AND DISCUSSION
A crucial factor affecting the efficiency of using a thermopres-
sor as a means of highly dispersed liquid atomization is the
influence of working processes in its flow part on dispersion
(average diameter and number of droplets). The smaller the av-
erage diameter and the smaller the distribution range of these
droplets (the greater the number of small droplets), the more ef-
ficient it will be to ensure the isothermal process in subsequent
compressor stages.
It is necessary to compare the results of measuring the droplet

diameter in a working apparatus with the droplet diameters sup-
plied with a nozzle at the outlet to determine the efficiency of
droplet crushing and reduction of their diameter due to partial
evaporation.
In the first stage of the study, the droplet diameter of three

nozzles with different water flow rates was measured. The liquid
pressure during the experiment at the nozzle inlet was 7.5–
8.0 MPa,which ensured this type of the smallest possible droplet
diameter of the nozzle.
The results obtained by injecting liquid through the nozzles

at a pressure of 7.5 MPa are shown in Figs. 3a–3c. It can be
seen that the diameter of the droplets in the dispersed flow
is 25–110 µm. At the same time, it should be noted that the
distribution of drops is quite unequal. The number of small drops
with a diameter of 25–40 µm is 25-40% with a relative mass of
5–10%. The distribution shifts in the direction of an increase in
the drop diameter, and a large number of drops with a diameter
of 80–110 µm appear with an increase in water consumption.
It should be noted that the distribution of droplets, in this case,
is unequal, and almost 60% of the droplets reach a diameter
of 70–80 µm, and there are droplets of 100 µm, which greatly
complicates the evaporation of the liquid in the flow part of the
compressor.
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Fig. 3. Distribution of droplets by groups of diameters with a flow
rate of injected water: nozzle (a, b, c), thermopressor without evap-
oration (d, e, f), thermopressor with incomplete evaporation (g, h, i)

In the second stage of the study, droplets were measured in
a dispersed flow at the outlet of the thermopressor flow part
during operation without evaporation of droplets, that is, in cold
air (Figs. 3d–3f). It can be seen that a larger number of small
drops with a diameter of 25–45 µm are formed. At the same
time, the total amount for all three types of nozzles is 60–75%
(20–30% by relative weight). However, the number of droplets
with a diameter of less than 25 µm is less than 40% (10% by
mass). When the water flow rate increases, the number of small
drops decreases and, for example, for nozzle # 3 with a flow
rate of 0.0487 kg/s, there are no drops with a diameter of less
than 35 µm.
A larger number of small drops with a diameter of 25–45 mi-

crons are formed. At the same time, the total amount for all
three types of nozzles is 60–75% (20–30% by relative weight).
However, the number of droplets with a diameter of less than
25 µm is less than 40% (10% by mass). When the water flow
rate increases, the number of small drops decreases and, for
example, for nozzle #3 with a flow rate of 0.0487 kg/s, there
are no drops with a diameter of less than 35 µm. The change in
droplet diameter distribution relative to an injection without a
thermopressor is explained by the high flow rate and, as a result,
additional intense turbulence. However, at the same time, you
can see a sufficient number of large drops with a diameter above
60 µm is 15–20% (35–50% by mass).
The turbulence of the flow in the thermopressor flow path

positively affected the average diameter of the droplets at the
outlet. It decreased by 5 µm, and for a nozzle #3, the diameter
decreased even up to 30 µm is observed. It should also be noted
that large droplets above 60 µm have not been a positive devel-
opment for the method for injecting liquid between compressor
stages.
At the third stage of the study, the characteristics of the dis-

persed flow were studied in the presence of the evaporation
process in the flow part of the thermopressor (Figs. 3g–3i). The
injection was made into an airflow with a temperature of 155◦C.
After cooling at the thermopressor outlet, the air temperature
varied within 30–45◦C. The flow rate in the evaporation cham-
ber reached 𝑀 = 0.35−0.80. It can be seen that the number of
small droplets increases and amounts to 80–90% (40–55% by
mass) with a diameter of less than 35 µm. When using nozzle

#2, drops with a diameter of 15 µm are collected. The share of
droplets with a diameter greater than 60 µm decreases signifi-
cantly and amounts to 2–5% (10–30% by mass). Droplets with
a diameter greater than 70 µm are not observed.
Figure 4 shows photos of droplet samples for all three types

of nozzles. The distribution of drops across the cross-section of
the flow part of the thermopressor is quite uniform, and there
are also no large-sized drops with a diameter of 100 µm or
more. The number and diameter of drops closer to the walls
of the thermopressor increases. This may indicate the need to
determine the optimal parameters of the jet of injected water to
ensure a more effective distribution of drops across the cross-
section of the flow part.

(a)

(b)
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(c)

(d)

(e)

Fig. 4. Photo of captured droplets (thermopressor with evaporation) for
nozzles: #1 – 𝐺𝑤 = 0.0175 kg/s (a); #2 – 𝐺𝑤 = 0.0407 kg/s (b, c); #3

– 𝐺𝑤 = 0.0487 kg/s (d, e)

Summarizing the results of measurements of droplet diame-
ters with different water flow rates, as well as with and without
the presence of evaporation in the thermopressor flowpath, it can
be said that in the thermopressor, the average droplet diameter is
significantly reduced due to the high turbulence of the flow and
the process of intensive evaporation in the flow with high tem-
perature. The minimum achievable droplet diameter is 15 µm
(it decreases in the thermopressor flow part by 15–30 µm on
average), and at the same time, the proportion of small droplets

(less than 20 µm) has increased, which is 20–40% (compared
to the basic values of 3–20%). In addition, the droplet diameter
distribution is more even, and there are no large droplets with a
diameter above 70 µm. In the measured airflow, a certain num-
ber of smaller droplets (less than 10–15 µm) exist. However,
due to the complexity of the experiment, the measurement of
this quality is adequate only when using a special measuring
tool.
In order to evaluate the efficiency of using a thermopressor

as a device for obtaining a highly dispersed flow, a comparative
analysis of the dispersed flow quality under different injection
conditions should be made with the water flow rate at the inlet
(nozzle type). The analysis of the drop distribution by diameter
groups for a nozzle with a flow rate of 0.0175 kg/s (nozzle #1)
is shown in Figs. 5a–5d). The use of a thermopressor with
incomplete evaporation makes it possible to reduce the diameter
of drops with the maximum relative mass by 35 µm (Fig. 5a)
and will be 35 µm. At the same time, the value of the relative
mass practically does not change and is about 21–24%. The
diameter of the drops with the maximum number decreases by
5 µm (Fig. 5b), and with a diameter of 25 µm, it corresponds to
39% of the total number of drops and a relative mass of 12.9%
(Fig. 5c). The drops share with a diameter of less than 35 µm
increases to 85%, and there are no drops with a diameter of
more than 70 µm (Fig. 5d), which is a satisfactory result.
The increase in water consumption during injection (noz-

zle #2) shows a similar dependence when using incomplete
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Fig. 5. Comparison of droplet distribution by groups of diameters for the flow rate of injected water: 𝐺𝑤 = 0.0175 kg/s (a–d),
0.0407 kg/s (e–h), 0.0487 kg/s (i–l)

evaporation (Figs. 5e–5h). At the same time, the diameter with
the maximum relative mass decreases from 60 µm to 20 µm
(Fig. 5e). Drops with a diameter of 15 µm appear, the number
of which is about 40% (Fig. 5f). The relative weight of drops
with a diameter less than 25 µm is 49.4% (Fig. 5g) with a size
of 86.8% (Fig. 5h), which is the best result obtained during the
experiment.
The study of a thermopressor with incomplete evaporation

when using nozzle #3 with a flow rate of 0.0487 kg/s shows
that an increase in water flow during injection does not affect
the quality of obtaining a dispersed flow. At the same time,
the number of large drops in the flow is significantly reduced.
The maximum drop diameter decreases from 110 µm to 60 µm
(Fig. 5i). Their relative weight is less than 10%, and the number
does not exceed 1–2% (Fig. 5j). However, drops with a diameter
of 40 µm make up the largest share by mass – 18%. Droplets

with a diameter of 25 µm by mass are 24.7% (Fig. 5k), with
a considerable number of them – 64% (Fig. 5l), which is a
satisfactory result with the quality of the dispersed flow.
Analyzing the experimental data, the following can be stated.

Increasing water flow during injection has a positive effect on
increasing the number of drops with a diameter of 25 µm,which
is most beneficial for contact cooling (nozzle #3). However,
the maximum relative weight of such drops is observed for
nozzle #2. A similar conclusion can be drawn by analyzing
the value of the average droplet diameter of the dispersed flow
(Table 3). Theminimum value of the average diameter is 21 µm,
which is less than the maximum permissible diameter by 4 µm
(nozzle #2). Thus, the nozzle with a flow rate of 0.0407 kg/s is
the most effective, as it will provide maximum protection of the
blade surfaces from drop impact erosion due to a larger number
of drops with a diameter of fewer than 25 µm.

Table 3
Comparison of the spraying water effectiveness by a thermopressor with incomplete evaporation

Parameter
Nozzle #1 Nozzle #2 Nozzle #3

𝑇𝑎1 = 32◦C 𝑇𝑎1 = 155◦C 𝑇𝑎1 = 32◦C 𝑇𝑎1 = 155◦C 𝑇𝑎1 = 32◦C 𝑇𝑎1 = 155◦C

Consumption of injected water 𝐺𝑤 , 10−2 kg/s 1.75 1.75 4.07 4.07 4.87 4.87

Minimum supply diameter 𝛿𝑑 .min, µm 25 25 20 15 35 20

Average droplet diameter 𝛿𝑑 .m, µm 39 33 34 21 42 27

The largest number of drops is smaller than the av-
erage diameter < 𝑁𝛿 , %

69.4 66.8 66.0 19.4 82.8 69.0

The relative mass of the drops is lower than the
average diameter < 𝑚𝛿 , %

18.7 28.5 24.0 34.1 49.0 26.7

The maximum required droplet diameter 𝛿𝑑 .m, µm 25 25 25 25 25 25

The largest number of drops is lower than the max-
imum required diameter < 𝑁𝛿 , %

39.0 38.5 36.5 49.4 0.0 64.0

The relative mass of the drops is lower than the
maximum required diameter < 𝑚𝛿 , %

5.8 12.9 7.1 86.8 0.0 24.7
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5. CONCLUSIONS

The use of a thermopressor effect significantly reduces the aver-
age droplet diameter of fewer than 25 µm in the dispersed flow
due to high turbulence and intensive practically instantaneous
evaporation of highly atomized liquid in accelerated superheated
air. As a result, a more efficient compression process in the
compressor occurs, which makes it possible to compensate for
hydraulic pressure losses in the air path with a corresponding
reduction in compressive work. It is experimentally determined
that the average droplet diameter is significantly reduced to 20–
30 µm. The minimum achievable droplet diameter is 15 µm,
and the proportion of small drops (less than 25 µm) increases to
40–60%. In addition, the droplet diameter distribution becomes
more even, and there are no large droplets with a diameter
above 70 µm.
Increasing the water flow during injection positively impacts

the number of smaller droplets (around 25 µm), which is ad-
vantageous for contact cooling.
Using thermopressor method of cooling compressed air pro-

vides maximum protection of blade surfaces from drop-impact
erosion, as a consequence of a larger number of droplets with a
diameter below 25 µm.
These findings suggest that a thermopressor, when properly

configured, can enhance the efficiency of contact cooling sys-
tems in gas turbines, leading to improved performance and reli-
ability in power generation applications.
Implementing the insights gained from this research can re-

sult in more efficient and reliable gas turbine performance, with
reduced wear and erosion of blade surfaces. In addition to gas
turbines, the principles explored in this study may have wide ap-
plications in marine and stationary power plants based on steam
turbines, gas, and internal combustion engines. Improved atom-
ization and cooling techniques can contribute to higher energy
conversion efficiency, which is crucial for meeting the growing
energy demands while minimizing environmental impacts.
Further research and development can move in the direction

of the optimized thermopressor configurations, nozzle designs,
and operational parameters to achieve finer droplet sizes and
greater control over dispersion.
Thewidespread adoption of thermopressor-based cooling and

atomization technologies has the potential to contribute to envi-
ronmental sustainability by reducing resource consumption and
emissions.

Nomenclature and Units
CHAT Cascaded Humidified Advanced Turbine
GTE Gas Turbine Engine
TOPHAT TOP Humidified Air Turbine

Symbols and units
𝛿𝑤 droplet diameter µm
𝐺𝑎 air mass flow kg/s
𝑔𝑤 relative water amount %
𝐺𝑤 water-injected mass flow kg/s
Ma Mach number
𝑇𝑎 air temperature ◦C; K

𝑚𝛿 relative mass fraction %
𝑁𝛿 relative number of drops %

Subscripts
min minimum
𝑁 number
𝑤 water
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