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Abstract

This research discusses developing an Euler turbine-based hybrid mesh turbomachinery. Within the framework of
mechanical engineering science, turbomachinery classification and a novel method for mesh turbomachinery design were
considered. In such a turbomachine, large blades are replaced by a set of smaller blades, which are interconnected to form
flow channels in a mesh structure. Previous studies (and reasoning within the framework of inductive and deductive logic)
showed that the jet mesh control system allows for operation with several flows simultaneously and provides a pulsed flow
regime in flow channels. This provides new opportunities for expanding the control range and reducing the thermal load
on the turbomachine blades. The novel method for performance evaluation was confirmed by the calculation: the possibility
of implementing pulsed cooling of blades periodically washed by a hot working gas flow (at a temperature of 1000°C) and
a cold gas flow (at a temperature of 20°C) was shown. The temperature of the blade walls remained 490-525°C. New
results of ongoing research are focused on creating multi-mode turbomachinery that operates in complicated conditions,
e.g., in offshore gas fields. Gas energy is lost and dissipated in the throttle at the mouth of each high-pressure well. Within
the framework of ongoing research, the environmentally friendly net reservoir energy of high-pressure well gas should be
rationally used for operating a booster compressor station. Here, the energy consumption from an external power source
can be reduced by 50%, according to preliminary estimates.
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1. Introduction

Developing principles for machinery creation, conducting a systematic analysis of structures, generalizing the
experience of machinery design, and searching for ways to improve the specific machinery performance with the rational
use of energy are usually referred to as the general problems of mechanical engineering science [1, 2].

In modern conditions, the reduction of energy costs for implementing production processes is the most urgent
problem. To solve this problem, a series of research works is being conducted in the laboratories of Gubkin University
to create novel and promising turbomachinery [3-5]. In these promising machines, the flow channels have a mesh
structure. In a conventional sense, a mesh is a representation of a larger geometric area in smaller discrete cells [6]. In a
turbomachine, large blades are replaced with a set of smaller blades, which are interconnected to form mesh-structured
flow channels. During physical and numerical experiments, for the first time, extreme conditions were considered for
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the flow of liquid and gas through a nozzle equipped with a velocity vector control system (or thrust vector, in aviation
terminology), in the control range for the velocity vector deviation angle (thrust vector) from plus 180 degrees to minus
180 degrees, within the geometric sphere [3, 5]. Along with this, the question arose about the need to choose scientific
directions for expanding applied research and developing promising mesh turbomachinery. This study proposes to
consider a mesh turbomachine and a mesh jet control system within the framework of a single system. When studying
the flow distribution processes moving in the channels of such a system, it will be necessary to consider a whole range
of interrelated issues. For example, only a few from such a set of questions can be cited. A hybrid mesh turbomachine
can have two (or more) input channels, and two (or more) output channels, with various geometric and gas-dynamic
parameters for individual channels. The turbomachine can be connected to various energy sources, which can operate
based on various physical principles. Several operational processes can occur simultaneously in a single impeller in a
hybrid mesh turbomachine, such as a turbine operating process and a compressor operating process. In this case, a
separate blade of such an impeller will periodically participate in both the turbine and the compressor operating
processes. Variants with the implementation of chemical reactions and heat exchange processes in the mesh flow
channels of the turbomachine rotor and stator are considered. It can be assumed that a set of such issues will be difficult
to solve within the framework of any one discipline. Most likely, we should talk about research of an interdisciplinary
nature.

Advanced scientific developments from other industries, including aviation technologies and modified aircraft
engines, are actively used in production systems for producing, transporting, and processing oil and gas. In this regard,
conducting a systematic analysis of structures and generalizing the machinery designing experience is not limited to any
one industry, and issues are considered from the general positions of mechanical engineering science; thus, an
interdisciplinary and even a transdisciplinary approach is used to organize research. As is known, the mesh structure of
solid walls makes it possible to solve several important technical problems. Thus, the peculiarities of gas-dynamic
processes have been studied when creating lattice wings [7] and aircraft [8, 9]. Computer simulation of gas-dynamic
processes helps solve the complex problems of selecting the optimal geometric shape for solid walls in a gas flow under
various flow regimes at low velocities [10] and at high velocities in the flow [11, 12], including the development of
noise suppression technologies [13, 14]. At the same time, note that modern computer simulations cannot completely
replace a physical experiment [15, 16]. The lattice structure of the channels significantly improves the heat dissipation
characteristics of heat exchangers of various designs [17-19]. The mesh structure of the channels makes it possible to
reduce the weight and overall dimensions of the heat exchanger [20-22].

Ejectors are known from patent materials, in which the nozzles are placed in a fixed disk support [23, 24] or in a
rotating disk support [25, 26]. Supersonic ejectors for various purposes have been actively studied [27-29]. The
peculiarities of energy exchange in the mixing chamber were investigated [30, 31]. Examples of the use of a mesh nozzle
in the creation of ejectors are known [32]. Ejectors with curved-mixing chambers have not been sufficiently studied [33,
34]. An aircraft engine with an ejector reduces infrared radiation and specific fuel consumption and increases the
installed engine thrust [35]. The ejector thrust booster also makes it possible to solve the problem of noise suppression
during aircraft take-off and landing [36]. Ejectors are studied as part of rocket engines [37, 38]. The ejector flow part is
sometimes included in the jet turbine rotor [39].

Currently, mesh structures are studied mainly to reduce the product weight while maintaining their strength
characteristics [40, 41]. It can also be noted that with the use of advanced additive technologies, the maximum rigidity
of the rotor design is achieved with a rotor minimum mass [42, 43]. With the use of additive technologies, it has now
also become possible to create complex compositions from metal and ceramic materials [44].

Computer simulation nowadays opens up new possibilities for studying gas jets at the nozzle outlet with an
unconventional shape [45, 46]. The conventional form usually includes nozzles with round or annular sections and
square or rectangular sections [47]. Triangular and crescent-shaped nozzles are classified as unconventional shapes [48—
50]. Novel application domains for non-traditional nozzle geometries are emerging [51-53]. Multiple nozzle systems
are found in many engineering applications, including aircraft and missile propulsion. When several jets are located
close to each other, the resulting aerodynamics are complicated due to the interaction of the jets [54]. The field of
scientific research and practical applications of nozzle devices can be significantly expanded, regarding the expansion
of the control range for the velocity vector (thrust vector) [3, 4].

Parts of contemporary turbines experience high thermal loads [55-57], which requires the search for new solutions
in the design of cooled blades. The leading edge is the critical site of the blades [58, 59]. The issue of blade cooling in
hybrid mesh turbomachinery can find non-standard solutions. It is noticeable that special attention is paid to studying
the processes of gas jet interaction with a barrier [60] and the Coanda effect [61-63]. The use of the Coanda effect is
considered a promising method for increasing aircraft lift force [64—66]. The issue of the practical use of the Coanda
effect in hybrid mesh turbomachinery can find novel, non-standard solutions.

Various mechanical [67] and magnetohydrodynamic systems [68] are used to control gas flows. An adjustable nozzle
design with the use of a deflector made in the form of a diaphragm is known [69, 70]. For the known thrust vector
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(velocity vector) control systems, the largest flow deflection angle can vary in the range from plus 20 degrees to minus
20 degrees [71]. The nozzle can be equipped with a conical central body that can move in the axial direction [72] or in
the radial direction [73]. The possibilities of thrust vector control due to liquid injection into a supersonic nozzle have
been studied [74]. Research continues on nozzle options with deflectors of various shapes [75], including a cruciform
nozzle outlet channel [76], to transfer directional force to the traditional aircraft, and to vertical take-off and landing
aircraft. The field of scientific research and practical applications of novel nozzle devices can be significantly expanded
considering the expansion of the control range for the velocity vector (thrust vector) [3, 4], from plus 180 degrees to
minus 180 degrees within the geometric sphere.

Hybrid power plants containing two engines operating on different physical principles began to be actively discussed
[77- 79]. The first engine is designed to take off and land the aircraft. The second engine is designed to fly at supersonic
speeds. Research has intensified in the field of using hydrogen fuel [80], and detonation engines [81]. Turbine designs
suitable for impulse flow [82] and energy recovery [83, 84] have been analyzed. The issue of non-stationary mixing of
various fluid media is considered [85, 86]. The issue of adaptation to changing operating conditions in hybrid mesh
turbomachinery can find new non-standard solutions. The mentioned publications, scientific developments, and
achievements are now considered from the standpoint of their applicability when creating promising mesh
turbomachinery equipped with mesh jet control systems. Within the framework of the presented article, the main
objectives of the project include identifying promising areas for developing technologies and equipment using mesh
turbomachinery and identifying new opportunities for improving the mesh turbomachinery design methodology as part
of the training of modern designers.

The results of the ongoing research are mainly focused on the creation of multi-mode turbomachinery operating in
complicated conditions, including offshore oil and gas fields. Thus, at the late stage of gas field development, an urgent
problem related to the operation of booster compressors at an inlet pressure of P, < 0.5 MPa has not yet been solved.
Under these conditions, it is difficult to ensure the cost-effective operation of expensive compressors with a fairly rapid
change (decrease) in reservoir pressure in the producing wells. At the same time, in high-pressure wells, gas energy is
lost and dissipated in the throttle, at the mouth of each such well. Within the framework of ongoing research, the
environmentally friendly net reservoir energy of gas from high-pressure wells should be used to operate a booster
compressor station. Here, the consumption of electricity from an external source can be reduced by 50%, according to
preliminary estimates. In this regard, scientific research is being carried out to create new mesh turbomachinery.

Simultaneously, individual results of research work can be used to solve practical problems in other industries,
including improving the efficiency of energy conversion processes, generating electrical energy, and developing aviation
and marine transport systems. In such cases, interdisciplinary and transdisciplinary approaches to research and design
work are used. It is reasonable to discuss individual issues based on the philosophy of technology. Back in 1898, in the
pamphlet Technical Sum of the 19th Century, P.K. Engelmeyer formulated its tasks as follows [87]: In any human
activity, in any transition from an idea to a thing, from a goal to its achievement, we must approach a certain technique.
All the techniques have a lot in common. The task of the technology philosophy is precisely to determine that common.

In the generally accepted understanding, a blade machine (turbomachines) is a device in the flow part of which
energy is supplied or removed from a continuous flow of liquid or gas due to the aerodynamic interaction with specially
profiled elements — blades [88]. Moreover, turbomachines are divided into “executor machines” and “engine machines”:
“executor machines” supply energy to the flow of liquid or gas, and “engine machines” convert the flow energy into
mechanical work. The operating processes of these two types of machinery obey the same physical principles, and are
described by the same equations, including Newton’s second law of motion, and the Euler pump and turbine equations.
The group of “executor machines” includes pumps, compressors, and fans. The group of “engine machines” includes
turbines (hydraulic, gas, and steam ones).

As part of philosophical reasoning (on the question of “universals” and “particulars”) and within the existing
classification, the class of turbomachinery should be taken as “universals”, and the subclasses “executor machinery”
and “engine machinery” should be taken as “particulars 1” and “particulars 2”, respectively. Here, it turns out that the
“universal” is “particular 1" or “particular 2”. But logically, “universals” should always be greater than any “particulars”.
It is desirable to eliminate this contradiction, and in this regard, the article proposes a fragmentary discussion of the
issue of the turbomachinery classification, at least for educational purposes when training of design specialists. The
turbomachinery classification should reflect the level of historical development of this technique. However, it can be
assumed that the turbomachinery classification should also reflect the plans (and possible options) for the
turbomachinery development, so that the students or graduate students could see more clearly the prospects for the
possible application of their forces in science and technology, and the young scientists could see the contours of the
“innovation” that can be created, but this “innovation” does not yet exist.

Some results of ongoing research can also be used in other industries (for example, when creating hybrid power
plants or propulsion systems). The scientific novelty of the article lies in the improvement of the turbomachinery design
methodology, using interdisciplinary and transdisciplinary approaches to organize research and design work.
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2. Methodology

Figure 1 provides a flowchart to explain the research methodology.

Formulation of a working hypothesis

A 4

A

Concept development

A 4

3D model development

\ 4

Computer simulation

Positive results are
obtained

3D printing of a model

A\ 4

Patenting the technical solution

A 4

Planning applied research

Figure 1. A flowchart to explain the research methodology

According to the flowchart (Figure 1), the methodology involves the formulation of a working hypothesis about the
operating process in a hybrid turbomachine. The main concept is related to the study of gas-dynamic and hydrodynamic
processes in the mesh structure channels. When developing a working hypothesis, individual facts are analyzed and
scientific and technical information is reviewed. The facts are synthesized and generalized within the framework of the
development of Euler’s ideas. Next, assumptions are made about the possibility of creating a new series of hybrid
turbomachinery and a diagram is developed. Three-dimensional models are developed for the study of mesh
turbomachinery equipped with mesh jet control systems. Computer simulation is conducted using the developed three-
dimensional models. The results of the computer simulation are analyzed, and, if necessary, a return to the stage of a
diagram composing may be carried out to improve it. When positive results are obtained after computer simulation, 3D
printing of micromodels is conducted. Furthermore, new technical solutions designed to solve actual production
problems are patented. The development of applied scientific research and development work is planned.

This article presents the results of calculations and computer simulation. As part of the ongoing research work in
2020-2021, laboratory bench tests of micromodels have been carried out; materials on these bench tests were published
earlier [3-5]. The object of this research is a combination of gas-dynamic and hydrodynamic processes in stationary and
non-stationary flow modes through mesh-structured rotating and stationary channels. This goal of this article is to
discuss and analyze the development of hybrid mesh turbomachinery, based on the Euler turbine. The obtained research
results are used to create new models and prototypes. Individual developments are patented, the preparation and
formalization of inventions is carried out within the framework of the philosophy of technology [89-91]. The research
results form the basis for future applied scientific R&D work. When performing fundamental and applied scientific
research, it was decided to use the well-known methodology [92] with an interdisciplinary approach, while always
considering a combination of many processes, including bladed and vortex operating processes; pumping, compressor
and turbine workflows; coalescence and separation processes.

It is also possible to make an assumption about the need to use an additional tool in the form of a transdisciplinary
approach [93]. As is known, transdisciplinarity complements disciplinary and interdisciplinary approaches. In our case,
it refers only to one of the forms of transdisciplinary, which is called “experimental transdisciplinarity”, while using a
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clearly defined procedure that has an acceptable (for the scientific community) level of reproduction of the procedure
itself and its results. The scientific and technical information was analyzed within the framework of deductive logic,
when a logical and methodological procedure is built, through which the transition from the universals to the particulars
is carried out in the process of reasoning. Some reasoning and hypotheses were presented within the framework of
inductive logic, when the general conclusion is based on particular premises. In the conventional sense, induction is a
cognitive procedure using which a statement generalizing existing facts is derived from their comparison.

The principle of reduction has been used in some arguments, which in general is a reduction of the complex to the
simple, the higher to the lower, the whole to the properties of the parts, and the parts to the specifics of the whole. In the
generally accepted sense, reduction is a logical and methodological procedure for representing a complex object as a
sum of simple elements, which makes it accessible for analysis.

3. Research Results
3.1. Development of Schematic Arrangement for Promising Hybrid Turbomachinery

As part of the ongoing research, we considered novel approaches to the creation of special turbomachinery: turbines,
pumps, compressors and hybrid turbomachinery. A peculiarity of such machinery is the use of a mesh structure when
profiling the rotor and stator flow parts in a dynamic machine. New possibilities for the practical use of a multi-flow
ejector are also considered with regard to the rotational movement of its individual parts [3-5]. A turbomachine [80]
was considered an analog. This machine uses an option of the Segner turbine. The disadvantages of such a turbine are
low efficiency and high thermal loads on the blades. It was necessary to solve the technical problem of creating a simple
and reliable hybrid turbomachine, providing good conditions for cooling the blades in the rotor wheel. Figure 2 shows
a new scheme for describing the developed and patented turbomachine [5] according to the application for utility model
RF # 2022110755, of 04/20/2022 (there is a decision to grant a patent dated 07/19/2022). This turbomachine belongs to
the field of pumping and compressor equipment and is designed for pumping liquids, gases and their mixtures; it can
also be used to create heat engines in the framework of interdisciplinary and transdisciplinary work [94, 95]. Figure 3
shows a schematic of the impeller.

l:.1 4 PZ

] 10

7 3 Po

Figure 2. Scheme of the developed and patented turbomachine, according to application 2022110755: 1 — body; 2 — outlet
channel (pressure P5); 3 — inlet channel for the working medium (pressure Pg); 4 — inlet channel for the pumped medium
(pressure P4); 5 — mixing chamber; 6 — impeller; 7 — shaft; 8 — nozzle apparatus; 9 — annular channel; 10 — turbine blades.

Figure 3. The impeller scheme, according to application 2022110755
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Impeller 6 is equipped with a system of turbine blades 10 with flow channels 11 hydraulically connecting annular
channel 9 with outlet channel 2. The flow channels in impeller 6 and in turbine blade system 10 can have a mesh structure
(in the conventional sense, a mesh is a representation of a larger geometric region by smaller discrete cells). The mesh
structure provides higher rigidity and strength of the structure with its low weight. Figure 4 schematically shows the
development drawing of the impeller blade system.
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Figure 4. Schematic development drawing of the impeller blade system, according to application 2022110755

The trailing edges of blades 10 are placed on a circumference with a diameter D,. In the diagram, segment
B, corresponds to the circumference length with diameter D,, or B, = wD,. The flow of the working medium coming
out of the nozzle 8 interacts with blades 10 when these blades, during their movement, overcome the path segment B;.
Figure 5 shows an impeller with a nozzle apparatus.

Figure 5. Impeller with nozzle assembly (3D model — isometric projection), according to application 2022110755

The mode of the working medium flow through nozzle apparatus 8 can be stationary or pulsed, depending on the
technical problem being solved. The nozzle apparatus 8 may have several outlets directed toward turbine blades 10. To
supply additional power, shaft 7 can be connected to an additional engine (with an internal combustion engine or an
electric engine), depending on the technical problem being solved (interdisciplinary or transdisciplinary problem). The
additional engine is not shown in the figures. To remove excess power, shaft 7 can be connected to an additional machine
(an electric generator, an additional compressor or pump), depending on the technical task being solved
(interdisciplinary or transdisciplinary task). The additional machine is not shown in the figures.

The turbomachine operates as follows (Figures 2 to 5). Through inlet channel 3, the working medium (liquid, gas or
gas-liquid mixture, at a high temperature) is supplied under pressure to the nozzle apparatus 8. The high-temperature jet
of the working medium leaving the nozzle apparatus 8 exerts a force on turbine blades 10, causing the impeller 6 to
rotate. Impeller 6 has a force effect on the pumped medium. During rotation, impeller 6 creates a flow of the pumped
medium (liquid, gas or gas-liquid mixture), while the temperature of the pumped medium can be significantly lower
than the temperature of the working medium. The pumped medium enters through inlet channel 4, then passes through
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the channels of impeller 6, flow channels 11 and is discharged through outlet channel 2. The working medium, having
passed through flow channels 11, mixes with the pumped medium and is discharged through outlet channel 2.

Thus, energy is transferred from the working medium to the pumped medium by rotating impeller 6 equipped with
a system of turbine blades 10. When impeller 6 and turbine blades 10 rotate, either the working medium flow or the
pumped medium flow periodically passes through flow channels 11. The high-temperature working fluid flow heats
turbine blades 10, while the cooler flow of the pumped medium removes heat and cools turbine blades 10.

Due to the favorable cooling conditions of turbine blades 10, it becomes possible to increase the temperature of the
working medium (gas), which, as known, contributes to an increase in the efficiency of the working process in a
turbomachine. For example, for a heat engine, the cold air is a pumped medium, and the hot gas from a gas generator is
aworking medium. Thus, a technical result achieved is improved cooling conditions of turbine blades with the possibility
of increasing the working gas temperature and ensuring an increase in the efficiency of energy conversion in the flow
path of the turbomachine (an interdisciplinary or transdisciplinary task).

3.2. Use of Additive Technologies for Micromodel Creation (Prototyping)

Figure 6 shows a photograph of the created prototype — an impeller with a nozzle assembly. The performance of the
created prototype was successfully tested under laboratory conditions, and the test results were previously reflected in
publications [3-5]. Air, steam and water were used for these tests. Figure 7 shows a photograph of the created
turbomachine prototype, according to the schematic diagrams in Figures 2 to 5.

Figure 6. A photo of the created prototype — an impeller with a nozzle assembly (prototype version), according to
application 2022110755

Figure 7. A photo of the created turbomachine prototype (option), according to application 2022110755

The nozzle apparatus in such a turbomachine (Figure 7) can be equipped with a velocity vector control system (thrust
vector). This article does not consider such a control system, but the system was described in other publications of the
authors [3-5].

3.3. Discussion of Approaches to the Calculation of Hybrid Machinery, Based on the Existing Theoretical Basis

As is known, after the appearance of a patentable idea, there is immediately a need to test the performance of a novel
technical solution. The performance of the technical solution is verified at all stages of design, starting with the
implementation of preliminary calculations. Consider a simplified diagram of a turbomachine (jet system), in which the
working medium interacts with the pumped medium (Figure 8).
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Figure 8. Scheme of the jet system for the energy converter: 1 — the working medium source; 2 — the working chamber

Consider a variant of the mathematical model for the presented idealized jet system. Working medium source (or
gas generator) 1 makes it possible to form a working medium jet, at a flow rate v, in the outlet section area f;, with a
working medium density of p,. Here, the volumetric flow rate of the working medium is Q, = f,v,, and the mass flow
rate of the working medium is J, = Qo p,. As is known, the reactive force (or thrust, according to aviation terminology)
is determined at the loss of the working medium by the relationship Fy = Q,pqvo-

Energy conversion is carried out in working chamber 2, with a force effect on the pumped medium flow. An ejector
or a turbofan (turbocharger), or another machine can be located in the working chamber 2. A jet is formed at the outlet
of working chamber 2, at a flow rate v,in the outlet section with an area f,, and the pumped medium density of p,(or a
mixture of the pumped and working media). Here, the volumetric flow rate at the outlet of chamber 2 will be Q, =
f,v,,and the mass flow will be Q, = Q,p,, respectively.

The reactive force or thrust at the outlet of chamber 2 is determined by the relationship F, = Q,p,v,. As is known,
the kinetic energy of the working medium flow can be estimated through the power parameter:
2
Ny = Qopo %0 (1)
The kinetic energy of the flow at the outlet of chamber 2 can be estimated through the power parameter:
vi
N; = Q,p; Py @)
The ratio of the volumetric flow rates has the following form:

_2
q="7 (3)

The thrust amplification (change rate) factor is calculated as follows:

K =2 (4)

_FO

The results of laboratory tests of mesh turbomachinery micromodels were previously presented in publications [3-
5, 37, 77], while the operability of novel technical solutions was confirmed (the Ky coefficient values were recorded at
a level from 1.9 to 2.1 when testing micromodels in the air, in the turbofan mode). Preliminary calculations show that
this Krcoefficient can reach values of 10 for a full-sized mesh turbomachine operating in the mode of theafterburner gas
turbine engine, considering the restrictions on the gas temperature at the turbine inlet.

The efficiency factor for the kinetic energy conversion process is calculated as follows:
N:
N20 = N_<2> (%)

The following dependences can be obtained through the transformations:

_’ Pof2
1= KFszo ©)

fo=3t (7)
fo= o (®)
Ky ZZ_ZXUZO ©)
q=§xﬁ_zxrlzo (10)
%=%XZ_2X7720 (11)
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The presented dependencies are used when verifying the performance of the created mesh turbomachinery [3-5].

Figure 9 shows a photo of a jet system micromodel for energy conversion: a turbofan with a propeller. The
micromodel is created in compliance with the scheme in Figure 8.

-

Figure 9. A photo of a jet system micromodel for energy conversion: a turbofan with a pusher propeller placed at the
bottom (prototype version)

Figure 10 schematically shows option 1 of the turbomachine, which is shown in more detail in Figures 2 to 5. The
flow from the working medium source, with a volumetric flow Q,,, is directed to the rotor channels. An additional
source of working medium with a volume flow Q,,can also be used. The pumped medium, with volumetric flow Q,, is
fed into the rotor center. The mixture of the working and the pumped media, with a volume flow Q,, is discharged
through the outlet channel.

5 6 2
Q2
/\ >
3 1
\_/ >
3
4 Qo1
Qo2

Figure 10. A turbomachine scheme (option 1): 1 — inlet channel for the pumped medium; 2 — outlet channel for a mixture of
the working and the pumped media; 3, 4 — input channels for the working medium; 5 — rotor; 6 — body

According to the scheme in Figure 10, the flow from the working medium source 3, with a volumetric flow rate Q,;,
is directed to the rotor channels. An additional working medium source 4, with a volumetric flow rate of Q,,, can also
be used (a more complex interdisciplinary or transdisciplinary task can also be considered). Pumped medium 1, with a
volume flow Q,, is fed into the center of rotor 5. The mixture of the working and the pumped media, with a volumetric
flow rate of Q,, is discharged from body 6 through outlet channel 2.

A heat exchange chamber (or afterburner), with the supply of thermal energy L., can be installed at the turbomachine
outlet (Figure 11-a — Option 2). A heat exchange chamber (heater or afterburner) with the supply of thermal energy L,
can also be installed at the turbomachine inlet (Figure 11-b — Option 3). It is possible to consider options with the
implementation of chemical reactions releasing thermal energy in the flow channels of a turbomachine.
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Figure 11. A turbomachine scheme: a) option 2; b) option 3

For working conditions in gaseous media, the following symbols are used: absolute gas temperatures at the inlet
Toand outlet T,,0f the turbine, at the inlet T;and outlet T,, of the compressor, at the outlet of the mixing chamber Ts;;
adiabatic exponents ko, k;, k3; gas constantsR,, R, R3; average isobaric heat capacities cyg, ¢,1, cpzfor the flow
through the turbine, the compressor and the mixing chamber, respectively; efficiency factors for the turbine and for the
compressor 1,, n,; mass flow rate of gas through the turbine Q,and through the compressor Q;; the power of an
additional energy source, for example, an additional Nsengine (connected to the rotor shaft); the power of the additional
source of thermal energy E, (as applicable to the schemes in Figures 2 to 5, 9 to 11); gas pressure at the inlet Pyand
outlet P, of the turbine, and at the inlet P,and outlet P, of the compressor.The turbomachine can be connected to various
energy sources that can operate based on various physical principles (N5; E,)

Here, turbomachinery options are mainly considered for the following conditions:
To >Tyo>T, (13)
Ty >Ty >Ty (14)

The turbine blades are intermittently directly cooled by the gas leaving the compressor at a temperature T,,. If we
denote the total turbine operation time as x,, and the total cooling time for these blades as x,, we can introduce a
dimensionless parameter X,, characterizing the conditions for cooling turbine blades:

yo® (15)

X0

When discussing the presented topic, one can use the well-known mathematical relationships that are usually applied
to discuss various heat and turbojet engines [88, 96]. The degree of pressure reduction in the turbine is calculated as
follows:

Ty =2 (16)

=
The compressor pressure ratio:

S (7)

Py

The specific work of the turbine:

1-ko
I, = k:—flROTo (1 — rtoko )770 (18)
The specific work of the compressor:
k1-1
I = I:—ilRlTl (nlkl - 1) nt (19)
Mass flow ratio:
q=% (20)
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The specific work of the additional engine:

N
by =75 1)

The specific work balance:

L+, =ql (22)
K 1-kg X k1-1

N; k . k _

Q_z+k0—31RoTo<1_”0 0 )TIOZQT;RJH (”1 ! _1>7711 (23)

It should be noted here that in the novel mesh turbomachine, a separate rotor blade periodically participates in the
turbine workflow and in the compressor workflow. This feature of the workflow must be considered when developing
new theories and novel computer programs for such mesh turbomachinery. At this stage of research, the known theories
of turbines and compressors can only be used with certain reservations, only as part of confirming the operability of the
discussed mesh turbomachine option.

Heat balance in the mixing chamber:

QOCpOTZO + Q1Cp1T21 +E, = (Qo + Q1)Cp3T3 (24)

Gas temperature downstream of the turbine:

1-ko
Ty =T, (1 - (1 — 1, )no) (25)

Gas temperature downstream of the compressor:

[
Ty, =T, (1 + (nlkl - 1) n;1> (26)

As is known,there may be restrictions on the gas velocity and on the gas temperature at the outlet of the turbomachine
(for example, for some aircraft with vertical takeoff and landing). In this regard, when calculating and considering mesh
turbomachinery (for example, by the scheme in Figure 8), it will be necessary to choose a particular or comprehensive
optimization criterion, regarding the conditions for a particular applied problem.

At the stage of the technical solution patenting, calculations were made confirming the performance of the proposed
turbomachine (Figures 2 to 5, Equations 16 to 23). Information on the calculations is partially presented in Tables 1 to
3. In calculations 1 and 2, methane acts as a working gas (for example, gas from a high-pressure well), methane also
acts as a pumped gas (for example, gas from a low-pressure well). The temperature of the pumped gas (methane) at the
compressor inlet is T; = 300 K.The gas constant is R, = R, = 523 J/(kg * K). Adiabatic exponents are k, = k; =
1.31. Isobaric heat capacities are c,o = ¢, = 2483 J/(kg *» K). The range of pressure change 0.2 MPa < P; <
0.5 MPa is considered. Here, the degree of pressure increase in the compressor is 1.2 < m; < 3, where 7; = P,/P;.
The efficiency factors are taken in calculation-1 and in calculation-2: n, = 0.5for the turbine and n, = 0.7.

Table 1. Input data and calculation results-1

To Po P P, P2/P1 Q 04 Q1/Qo

i K MPa MPa MPa / kg/s kgls /

1 300 10 0.20 0.60 3.00 1 0.57 0.57
2 300 10 0.25 0.60 2.40 1 0.74 0.74
3 300 10 0.30 0.60 2.00 1 0.95 0.95
4 300 10 0.35 0.60 171 1 1.25 1.25
5 300 10 0.40 0.60 1.50 1 1.69 1.69
6 300 10 0.45 0.60 1.33 1 2.42 2.42
7 300 10 0.50 0.60 1.20 1 3.86 3.86
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Table 2. Input data and calculation results-2

To Py P P P2/P1 Qo 01 Q1/Qo

K MPa MPa MPa / ka/s ka/s /
1 500 10 020  0.60 3.00 1 0.96 0.96
2 500 10 0.25 0.60 2.40 1 1.23 1.23
3 500 10 030 0.60 2.00 1 1.59 1.59
4 500 10 035  0.60 1.71 1 2.08 2.08
5 500 10 0.40 0.60 1.50 1 2.82 2.82
6 500 10 045  0.60 1.33 1 4.03 4.03
7 500 10 0.50 0.60 1.20 1 6.43 6.43

Table 3. Input data and calculation results-3

. To Po P P P2/P1 0 0, 01/0,

K MPa MPa MPa / kgls kgls /
1 623 10 0.20 0.60 3.00 1 1.06 1.06
2 623 10 025  0.60 2.40 1 1.37 1.37
3 623 10 0.30 0.60 2.00 1 1.77 1.77
4 623 10 0.35 0.60 1.71 1 2.32 2.32
5 623 10 0.40 0.60 1.50 1 3.13 3.13
6 623 10 0.45 0.60 1.33 1 4.47 4.47
7 623 10 050  0.60 1.20 1 7.15 7.15

According to calculation-1, the mass flow ratio ¢ = Q,/Q, varies in the range from 0.57 to 3.86 (Table 1).
Calculation-2 considers an option with heating of the working gas before entering the turbine. The working gas
(methane) temperature at the turbine inlet is T, = 623 K. According to calculation-2, the mass flow ratio g =
Q1/Q,varies in the range from 0.96 to 6.43 (Table 2).

In calculation-3, superheated water vapor acts as a working gas (for example, from a steam generator), methane acts
as a pumped gas (for example, gas from a low-pressure well). The working gas (superheated water vapor) temperature
at the turbine inlet is T, = 623 K. The pumped gas (methane) temperature at the compressor inlet is T; = 300 K. The
gas constant is R, = 463 J/(kg*K) for superheated steam, and R, = 523 J/(kg*K) for methane. The adiabatic exponent
for superheated steam is k, = 1.3. At a pressure of 10 MPa, the isobaric heat capacity of superheated water vapor is
Cpo = 4012 J/(kg*K). The range of pressure change 0.2 MPa < P; < 0.5 MPa is considered. Here, the degree of
pressure increase in the compressoris 1.2 < m; < 3, where m; = P,/P;. The efficiency factors are taken in calculation-
3asn, = 0.5 for the turbine and n, = 0.7 for the compressor.According to calculation-3, the mass flow ratiog = Q,/Q,
varies in the range from 1.06 to 7.15 (Table 3). The calculated dependences of ¢ on m; are shown in Figure 12.

ety 300 K
B--500 K

6 —e—(23K

’ \A_\B\

1 e ——— =
A
3

ELS

Figure 12. The calculated dependences of " on x_1at different working gas temperatures: 300 K (calculation-1); 500 K
(calculation-2); 623 K (calculation-3)
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At the late stage of gas field development, it is necessary to solve an urgent problem related to booster compressor
stations at an inlet pressure of P; < 0.5 MPa. Under these conditions, it is difficult to ensure the cost-effective operation
of expensive compressors with a fairly rapid change (decrease) in reservoir pressure in the producing wells.
Simultaneously, in high-pressure wells, gas energy is lost and dissipated in the throttle, at the mouth of each such well.
The environmentally friendly energy of gas from high-pressure wells can be used to operate a booster compressor station
and for the cost-effective operation of low-pressure production. As shown by the calculations (Figure 12), both methane
and water vapor can be used as a working gas, or these two flows can be used jointly for the turbomachine operation.
By controlling the water vapor parameters, it is possible to adjust the turbomachine operation mode to the conditions
for changing the parameters of gas flows P;andP,. As is known, in turbines, the gas phase of propane or butane can also
be used, in addition to water vapor; these options will expand the regulation range of turbomachinery and individual
COMPressors.

When evaluating the turbomachine operation on gas-liquid mixtures, in some cases, an isothermal process is
considered [92]. The turbomachine itself is schematically shown in Figures 2-5, and 10-12. The formulas use the
following conventions: pressure at the inlet P, and at the outlet P, of a hydraulic turbine, at the inlet P; and at the
outletP, of a multiphase pump; efficiency factors for the turbine and for the pump n,, n,; additional motor power Ns;
volumetric flow rate of the fluid through the turbine Q,; volumetric flow rate of the fluid through the multiphase pump
Q1 volumetric flow rate of gas at the inlet of the multiphase pump Q, 4; volumetric flow rate of gas at the outlet of the
multiphase pump Q,,4; gas content at the pump inlet ;and gas content at the pump outlet 3.

Hydraulic turbine power:

No = Qo(Py — P2)no (27)
Multiphase pump power:

Ny = (Qiy (P = P1) + QugPy In T2 )y (28)

Gas content at the pump inlet:

Y
'81 - Q1g+Q1f (29)

Change in the gas volumetric flow rate with pressure change:

P
Q2g = ng P_: (30)
Gas content at the pump outlet:
P1
Q1gp—2
- 31
b= e (31)
Gas content in the mixing chamber:
P1
Q1gp—2
— 32
& ng%"‘Qlf"‘QO ( )
Power balance:
NO + N3 = N1 (33)
P. -
Qo(Py — Pp)ng + N3 = (Q1f(P2 —P)+ Q1gP1 lnp_j) nit (34)

4. Discussion
4.1. Discussion of Schematic Diagrams of Turbomachines, As Part of Developing Euler’s Ideas

In the history of turbines, materials of correspondence between Leonhard Euler and Janos AndrashSegner were
partially preserved [97]. Leonhard Euler proposed jointly considering the rotating part (turbine rotor) and the fixed part
(turbine guide vane) at the system level [97, 98]. Additionally, Leonhard Euler proposed using curved pipes to form the
flow part of a hydraulic machine, when creating a rotor and a guide vane (stator, or nozzle apparatus).

Many of Euler’s ideas are reflected in the correspondence with Segner [97] on the creation of hydraulic machines.
On careful reading, the majority of the most important recommendations applicable to the design of the cutting-edge
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turbines and other bladed machines can be seen in this correspondence. Euler’s ideas and his theory have been used and
continue to be used when creating various turbomachines, including turbines, compressors, fans, and pumps.

Analyzing the legacy of the great scholar [97], we can consider in more detail the version of the Euler turbine,
schematically presented in Figures 13 to 15. The figures schematically show only one of the numerous rotor channels,
and one of the numerous guide vane channels. The rotor rotates around the vertical axis y. It is logical and
understandable that with a compact arrangement of a group of channels (which is a group or a set of curved Euler tubes),
it is quite possible to form flow channels similar to those of contemporary bladed machines. For clarification, the figures
show some important (basic) points, with the corresponding numbers: 1 — inlet to the guide vane channel; 2 — outlet
from the guide vane channel; 3 — inlet to the rotor channel; 4 — outlet from the rotor channel.

R __Ih

Figure 13. A scheme of the Euler turbine (basic version)
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Figure 14. A scheme of the guide vane channel for the Euler turbine (basic version)
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Figure 15. A scheme of the rotor for the Euler turbine (basic version)
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The following conventions were adopted for basic geometric dimensions and base points (with the corresponding
numbers 1-4) in Figures 13 to 15:

e The average radius at the inlet of the guide vane R;corresponds to point 1; the average radius at the outlet of the
guide vane R,corresponds to point 2; the average radius at the rotor inlet R;corresponds to point 3; the average
radius at the rotor outlet R, corresponds to point 4;

e Cross-sectional area of the channel at the guide vane inlet f£;; cross-sectional area of the channel at the guide vane
outletf,; cross-sectional area of the channel at the rotor inlet f;; cross-sectional area of the channel at the rotor
outletf,;

e Inclination of the guide vane inlet cross-section relative to the horizontal plane «;; inclination of the guide vane
outlet cross-section relative to the horizontal plane «,; inclination of the rotor inlet cross-section relative to the
horizontal plane o;; inclination of the rotor outlet cross-section relative to the horizontal plane o;

e Linear dimension of the guide vane L,,; linear dimension in the gap between the guide vane and the rotor L,5;
linear dimension of the rotor L.

According to Figures 13 to 15, the Euler turbine can have different designs, depending on the relationship between
the basic geometric parameters. In discussing Euler’s legacy, one can consider some of these designs as applied to
turbines, and to turbomachinery in general. For example, Figure 16 shows a variant of the Euler turbine for the case
when R, < R, < R; < R,. Here, L;, > 0. In addition, L;, > 0.

y

L3z

L1z
] ——

L

Figure 16. A scheme of the Euler turbine modification (version, when Ry < R, < Rz < Ry)

Another example of the Euler turbine is shown in Figure 17 when R; < R, < R; < R,. In this case, L, > 0.
Angular dimensions «,=0x;= 90°. In this example, L;, = 0. B. Fourneyron’s well-known turbine corresponds to this
scheme.

_ 1
ol
_I ‘ 1 2 '"3 L
L

Figure 17. A scheme of the Euler turbine modification (a version, when R; < R, < R3 < Ry; x;=x3= 90°)

For example, Figure 18 shows a variant of the Euler turbine for the case when R; > R, > R; > R,. Here, L;, > 0,
and Ls, > 0. Angular dimensions oc,=cc;= —90°. The famous Francis turbine corresponds to this scheme.
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Figure 18. A scheme of the Euler turbine modification (a version, when Ry > R, > R3 > R,; X;=X3= —90°)

For example, Figure 19 shows a variant of the Euler turbine for the case when R; = R, = R; = R,. In this case,
Ly, >0 and L;, > 0. Angular dimensions o, =oc,=o0c;=0,= 0°. The famous Henschel-Jonval axial turbine
corresponds to this scheme.

1

i
m

L
Figure 19. A scheme of the Euler turbine modification (a version, whenR; = R; = R3 = Ry; &;=xX;=x3=04= 0°)

Lz3

LaJ L1

As is known, hydraulic machines of the dynamic type are reversible: under certain conditions, the turbine is capable
of performing the functions of a pump. Accordingly, all the arguments referring to Figures 13-19 from the field of
turbine technology can be completely transferred to the field of pumping and compressor technology, considering the
compressibility of the working medium (fluid). There is an opinion that the scientific groundwork prepared by Leonhard
Euler has not yet been fully disclosed. Many scientific and technical directions for the further development of Euler’s
ideas are viable.

4.2. Discussion about the Development of Euler’s Ideas

Based on Euler’s ideas, it is possible to continue creating novel turbomachinery [3-5]. One of the promising areas
of scientific research is related to the study and creation of mesh hybrid turbomachinery. In the hybrid turbomachine
blades, the properties of the turbine and compressor (or pump) are periodically manifested (Figures 2 to 5). In this case,
the working medium and the pumped medium periodically pass through the flow channels of the rotor (Figures 2 to 5).
Figures 20 to 22 show the corresponding scheme and micromodel of a hybrid mesh turbomachine (an option according
to application 2022110755), developed using the basic Euler turbine scheme according to Figures 13 to 15.

¥

x

~

Figure 20. A scheme of mesh turbomachine (an option according to application 2022110755), developed using the basic
Euler turbine scheme
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Figure 21. An impeller for a hybrid mesh turbomachine (prototype version according to application 2022110755): a photo
of the micromodel — a view from the pumped medium inlet side

Figure 22. An impeller for a hybrid mesh turbomachine (prototype version according to application 2022110755): a photo
of the micromodel — a view from the side of the working medium inlet into the annular channel

The arrows schematically show the direction of the moving working and pumped media (red and blue arrows,
respectively). Figure 20 shows some essential (basic) points for clarification: 1 — the inlet to the guide vane (nozzle
vane) channel; 2 — the outlet from the guide vane channel; 3 —the inlet to the rotor channel; 4 — the outlet from the rotor
channel; 11 —the inlet to the channel of the additional guide vane; 21 — the outlet from the additional guide vane channel;
31 —the inlet to the additional channel of the rotor; 41 — the outlet from the additional channel of the rotor.

Figures 23 to 25 show another scheme of mesh turbomachine.

y

ko4

Figure 23. A scheme of a mesh turbomachine (option with two rows of blades), developed using the basic scheme of the
Euler turbine
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Figure 24. An impeller for a hybrid mesh turbomachine (prototype version with two rows of blades): a photo of the
micromodel — a view from the side of the pumped medium inlet

Figure 25. An impeller for a hybrid mesh turbomachine (prototype version with two rows of blades): a photo of the
micromodel — a view from the side of the working medium inlet into the annular channel

The arrows schematically show the direction of the moving working and pumped media (red and blue arrows,
respectively). For clarification, Figure 23 indicates some essential (basic) points: 1 —the inlet to the channel of the guide
vane (nozzle vane); 2 — the outlet from the guide vane channel; 3 — the inlet to the rotor channel; 4 — the outlet from the
rotor channel; 11 —the inlet to the additional guide vane channel; 21 — the outlet from the additional guide vane channel;
31 —the inlet to the additional channel of the rotor; 41 — the outlet from the additional channel of the rotor; 32 — the inlet
to the additional channel of the rotor, in the second row of blades; 42 — the outlet from the additional channel of the
rotor, in the second row of blades.

It is possible to use several sources of working medium (Figures 2 to 7, 10 to 12, 20 to 25). Moreover, such sources
of the working medium can operate on various physical principles (for example, a steam generator or a gas generator,
or another technical system). The rotor shaft can be connected to another machine (for example, an electric motor, or an
internal combustion engine, or a generator). For example, natural gas, gas condensate, or oil from a production well can
be used as a working medium. A gas, a liquid, or a gas-liquid mixture can be the pumped medium.

4.3. Discussion of Issues about the Turbomachinery Classification

In mechanical engineering science, the term machine is usually used to describe a technical device that performs
mechanical movements to convert energy, materials, and information.

Within the framework of the scientific topic under consideration, the following hypothesis can be proposed for
discussion: in a more extended consideration of the issues of the turbomachinery classification, it is advisable to account
for the presence (or appearance) of machines of the third type (Figures 2 to 7). At this stage of research, we will use the
working name for machines of this third type — “engine executor machine”. In the flow channels of one impeller in
machines of the third type, several workflows are periodically implemented: 1 — the process of supplying energy to the
flow of liquid or gas (to the flow of the working fluid); 2 — the process of converting flow energy into mechanical energy.
It would be logical to assume that several additional workflows can also be considered, which are not yet mentioned in
the discussion of classical turbomachines and classical classification. In a turbomachine of the third type, it is permissible
to use two or three working fluids (or more than three working fluids with different parameters). In the channels of
turbomachines of the third type, a stationary flow of the working fluid and a non-stationary (pulsed) flow are observed.
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In this regard, one can (hypothetically) assume that it is possible to create turbomachines of the fourth type, the fifth
type, and so on. Such questions and generalizations can and should be considered within the framework of scientific
induction. Incomplete induction makes it possible to reduce the scientific search and come to general provisions,
revealing patterns, without waiting until all phenomena of this class are studied in detail [99]. Opinion is known that
incomplete induction is the main way to obtain new knowledge.

As noted by experts, the knowledge obtained in the framework of incomplete induction is usually problematic,
probabilistic, and there is an opportunity for numerous errors that are the result of hasty generalizations. The problematic
nature of most inductive conclusions requires their repeated verification by practice, comparison with the experience of
the consequences derived from the inductive generalization. As these consequences coincide with the experimental
results, the degree of reliability of the inductive conclusion increases. In this process, the justification of knowledge
obtained by induction necessarily implies the movement from inductive generalizations to one or another particular case.
Such a conclusion is already a deductive reasoning. Thus, deduction supplements induction and ensures the transition
from probabilistic to reliable knowledge.

The idea “if there is a particular, then there is universal” is well known. Using the inductive method of cognition,
we can consider the transition from the particular to the universal. As already noted, now turbomachines are divided
into “executor machines” and “engine machines”. A blade machine (turbomachine) is a device in the flow part of which
energy is supplied or removed from a continuous flow of liquid or gas due to the aerodynamic interaction with specially
profiled elements — blades [88]. “Executor machines” supply energy to the flow of liquid or gas. “Engine machines”
convert the flow energy into mechanical work.

Thus, the generalized knowledge about turbomachinery contains particular knowledge about “executor machines”
and “engine machines”. Generalized knowledge always contains massive of particular knowledge combined into a single
universal knowledge, and this is the power of universal (generalized and most generalized, abstract) knowledge. In this
case, “universal” is a turbomachinery class (system). Accordingly, “particular 1” is a subclass called “executor
machines” (or subsystem). “Particular 2” is a subclass called “engine machines” (or subsystem). Other wording states:
turbomachinery is the general name of machines in which energy is exchanged between continuously moving liquid or
gas and rotating blades [96]. A separate blade (in the turbomachine rotor) is involved in the workflow and ensures
conversion of the energy of the fluid into mechanical energy, or conversion of mechanical energy into the energy of the
fluid (energy of the working fluid). Inductive and deductive logic both enable to continue reasoning on this issue about
the “universal” and the “particular”.

The established framework of mechanical engineering science can be slightly enlarged. When the turbomachine
rotor rotates, a separate blade can periodically enter the flow of one fluid medium 1 and another fluid medium 2. In this
case, a separate blade (in the turbomachine rotor) periodically participates in the conversion of the energy of the fluid 1
into mechanical energy, and in the conversion of mechanical energy into the energy of the fluid medium 2 (Figures 2 to
7). Such a machine can be termed as an “engine-executor machine”, and assigned to a new subclass 3. It can be assumed
(put a working hypothesis forward) that “in the general case, in a turbomachine, a separate blade can periodically
participate in several energy conversion (or energy redistribution) workflows in the flow of one fluid (working fluid),
or in several flows of different fluids.”

As known, a hypothesis is a form of probabilistic knowledge, the truth value of which is uncertain, and in scientific
cognition, a hypothesis is considered as a method for the development of scientific knowledge, including the
hypothesizing and subsequent experimental verification of assumptions or suppositions.

The analysis of scientific and technical literature allows to say that energy can be supplied to the turbine
(turbomachine) impeller from several different energy sources. These energy sources can operate on various physical
principles. Additionally, several fluid flows can be supplied to the turbine (turbomachine) impeller, and the operating
parameters of these fluids can vary significantly.

The first section of this article has already outlined philosophizing on the issue of the “universal” and “particular”,
regarding the existing turbomachinery classification. A contradiction is noted, when it is proposed to perceive the
“universal” as “particular 1” or as “particular 2”. However, logically, the “universal” should always be greater than any
“particular”. In this regard, at the stage of discussion, we propose the following definition to eliminate the contradiction:
A turbomachine is a machine in which energy is redistributed between a rotating impeller and fluid flows with which
this impeller interacts. It can be noted that we are talking about workflows occurring in one turbomachine impeller.
Moreover, in the general case, several flows with different fluid properties can pass through the turbomachine impeller.
But in a particular case, one flow of one fluid can pass through the turbomachine impeller, while all the impeller blades
operate under the same conditions. The presented reasoning is carried out within the framework of inductive and
deductive logics, enabling to eliminate the identified contradiction.

Generally, the basic Euler turbine diagram can (appropriately) be used as the basic diagram for the turbomachinery
class as a whole. In the general case, several different workflows can occur simultaneously in the channels of one
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turbomachine impeller, but among them the most essential workflow can be distinguished (considering the technical
task or problem being solved), for example, the gasification process; or the process of heat exchange between two media;
or the process of forming mixtures of various components in the same or different aggregate state; or separation process;
or other processes. In this regard, a turbomachinery class (perceived as the “universal”) may contain several additional
subclasses (and a subclass may be perceived as the “particular”). An approximate list of subclasses can be brought up
for discussion, where hybrid subclasses 3-8 are added to the known subclasses 1 and 2:

e Subclass 1 — “executor machines”

e Subclass 2 — “engine machines”

e Subclass 3 — “engine executor machines”

e Subclass 4 — “propulsion machines”

e Subclass 5 — “gas generator machines”

e Subclass 6 — “heat-exchanger machines”

e Subclass 7 — “mixer machines”

e Subclass 8 — “separator machines”

The considered mesh turbomachines [3-5] can be used to create novel turbomachinery from subclasses 1-8.

“Propulsion machines” form an additional subclass 4. A propulsion device is commonly referred to as one that
converts the engine energy into useful work to relocate the vehicle. This means, the energy conversion is carried out
through interaction with the environment. At all times, the following problems in the field of propulsion devices remain
relevant: increasing the workflow efficiency, and creating novel ergonomic human-machine vehicle control systems for
three-dimensional space. Technologies for controlling high-temperature gas jets using low-temperature or cold actuating
elements are of particular scientific and practical interest.

Subclass 5 covers “gas generator machines”. A device designed to convert a solid or liquid fuel into a gaseous form
during the gasification process is usually called a gas generator. The gasification process makes the use of solid and
liquid fuels more convenient and more efficient. Subclass 6 includes “heat exchanger machines”: a heat exchanger is a
technical device in which heat is exchanged between two media having different temperatures. In regenerative heat
exchangers, hot and cold coolants are in contact with the same surface in turn. Heat accumulates in the wall upon contact
with a hot coolant and is released upon contact with a cold coolant. This article is the first to consider the issue of
turbomachinery comprehensively, where separate blades of the rotor (impeller) alternately cyclically perform the
functions of a turbine or the functions of a compressor, which improves the cooling conditions of the blades. Subclass
7 includes “mixing machines”: a mixer is a technical device designed to prepare mixtures from initial components that
are in the same or different aggregate state. Using the proposed mesh turbomachinery [3-5], methods for efficient mixing
of fuel gas with steam and air can be developed to form a multicomponent homogeneous mixture, including ejector
mixer schemes, along with a mesh turbomachine. Subclass 8 referrers to “separator machines”: a separator is a technical
device in which a multicomponent mixture of several substances is separated into fractions with different characteristics.
During the operation of any separator, there is no change in the chemical composition of the separated substances.
Separators with a mesh rotor are known. This line of work can also be developed using mesh turbomachinery with mesh
jet control systems [3-5].

4.4. Discussion of Certain Issues in Patenting Scientific and Technical Developments

While continuing scientific research, it is planned to patent individual developments to consolidate the results of
intellectual activity. Considering the accumulated experience, it is recommended to prepare and formalize inventions
within the framework of the philosophy of technology [100-102]. Note that Engelmeyer’s philosophy of technology
[91] succeeded as a new scientific direction, which includes: 1 — the definition of technology in historical terms; 2 — the
inexhaustibility of the possibilities of technology; 3 — revealing the fundamental features of technology, without which
it is not conceivable as a material or as a social phenomenon — the principle of transformation; 4 — the basis and
methodology of technical knowledge, facing the past, present and future.

At the stage of solving a technological problem, where various hybrid versions of turbomachinery are possible (and
where the properties of individual machines from subclasses 1-8 are manifested), it is advisable to use additional tools
from the theory of inventive problem solving [101, 102]. As part of the invention development and when performing
educational work related to the training of designers, it is also advisable to move along the “from-simple-to-complex”
scheme, using inductive and deductive logic from reasoning from the field of philosophy of technology, and from the
field of mechanical engineering science. In this regard, the simplest (training) example is considered, simulating the
work of hybrid turbomachine blades (Figures 2 to 5), according to application 2022110755. The blade periodically
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interacts with a hot gas flow and with a cold gas flow. For a preliminary assessment of the thermal loads acting on the
plate (blade), a three-dimensional model is considered, shown schematically in Figure 26. The material of the plate is
aluminum alloy (1060 Alloy). Plate dimensions are 20 mm-20 mm-1 mm. The plate is placed in a cylindrical channel —
a pipe with a diameter of 25 mm. During simulation, it is necessary to obtain the calculated dependence of the
temperature of the solid wall of the plate on time, with periodic blowing of this plate with hot and cold gas (at three
points 1, 2, and 3 in accordance with the scheme in Figure 26).

40

Figure 26. Calculation scheme (3D model)

The conditions for the gas (air) flow through a pipe with an outlet pressure of 0.1 MPa at a constant mass flow rate
of 0.01 kg/s are considered to exemplify this option. The gas temperature at the inlet to the pipe, according to the
condition of this problem, periodically changed over time, from 20 to 1000°C. For this example, the law of temperature
change was set, this dependence is graphically presented in Figure 27. The initial temperature of the plate is 500°C. The
working conditions of hybrid type turbomachine blades are simulated (Figures 2 to 5), according to application
2022110755, when the blade periodically interacts with a hot gas flow (with a working gas temperature of 1000°C) and
with a cold gas flow (with a pumped gas temperature of 20°C).
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Figure 27. Changes in gas temperature over time

The Flow Simulation (FIOEFD) software package was used to conduct computer simulation and computational
studies. The 3D model was created using the SolidWorks CAD system. During the simulation process, the complete
system of Navier—Stokes equations was solved, which is described by mathematical expressions for the laws of
conservation of mass, energy, and momentum. By default, the turbulence parameters were set automatically. The
turbulent viscosity model “k-g” was used to calculate of turbulent parameters for the closure of the Navier—Stokes system
of equations. A computer with the following parameters was used: CPU type: Intel(R) Core (TM) i5-6200U CPU @
2.30GHz; CPU speed: 2401 MHz; RAM: 8065 MB Operating system: Windows 10.
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Calculation parameters (in the presented example) are as follows: the total number of cells in the calculation grid is
72,538; calculation time takes 97 394 s; the number of iterations is 55,169. The results of computer simulation are
graphically presented in Figure 28. The calculated temperature dependence of the solid wall of the plate on time is
shown, with periodic blowing of this plate with hot and cold gas (at three points 1, 2, and 3 in compliance with the
scheme in Figure 26).
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Figure 28. Calculation of time-temperature dependence for a solid wall

The results of the calculations allow to conclude that the proposed method is promising, aimed at reducing the
thermal load acting on the turbomachine blades when they interact with the hot gas flow. It is planned to conduct further
studies with the development of calculation methods, within the framework of applied scientific research in solving
actual practical problems.

Individual results of computer simulation are graphically presented in Figures 29 and 30, where the plate is shown
(in section A-A in Figure 26). The results of computer simulations make it possible to consider the temperature
distribution over the plate surface at different times. Here, the plate (blade model) periodically interacts with the hot gas
flow and with the cold gas flow.
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Figure 29. Temperature distribution over the plate (blade) surface at 0.220 s
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Figure 30. Temperature distribution over the plate (blade) surface at 0.614 s
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The possibility of implementing pulsed cooling of blades periodically washed by a hot working gas flow (with a
temperature of 1000°C) and a cold gas flow (with a temperature of 20°C) is shown. The temperature of the blade walls
remained in the range from 490 to 525°C.

Figure 31 shows the gas temperature distribution for various times: 0.220 s; 0.614 s; 0.654 s.
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Figure 31. Distribution of gas temperature for different moments of time: a) 0.220 s; b) 0.614 s; c) 0.654 s

Figure 32 shows the gas velocity distribution for various times: 0.220 s; 0.614 s; 0.654 s.
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This research shows that several operating processes can occur simultaneously in one impeller of a hybrid mesh
turbomachine: a turbine operating process and a compressor operating process. A separate blade of such an impeller
will periodically participate in both the turbine and the compressor operational processes. It is planned to organize
applied scientific research to study the cooling conditions of blades in such mesh turbomachines.

4.5. Some Generalizations

Summarizing the results of scientific research carried out in 2021 and 2022 [3-5], we can state the following: 1) as
part of the development of Euler’s ideas, a new scientific direction has been formed to study mesh turbomachinery
equipped with mesh jet control systems; 2) for the first time, the issue of turbomachinery, where individual rotor blades
alternately cyclically function as a turbine or a compressor (or pump), has been brought up for wide discussion; 3) for
the first time, the issue of extreme operating conditions of the novel mesh jet control system was brought up for wide
discussion, and for the first time it was shown that at the nozzle outlet, the jet is able to deviate by an angle from plus
180 degrees to minus 180 degrees within the full geometric sphere.

The scope of the obtained results includes energy, oil, and gas production and processing. Some results can be used
for aviation and maritime transport systems. Also, the ways to create novel mesh engines have been outlined; in these
engines, the combustion of the air-fuel mixture is carried out at a constant volume or at a constant pressure, using liquid,
gaseous, or solid fuel.

The main tasks of the project have been solved within the framework of the presented scientific article: 1) promising
directions for the development of technologies and equipment using mesh turbomachinery, which can be attributed to
new generation machines; 2) new opportunities have been identified for improving the methodology for designing
turbomachines as part of the training of modern designers since new turbomachinery modifications were proposed and
a direction of work for developing Euler’s ideas was suggested.

5. Conclusions
5.1. Scientific Novelty of the Development

Within the framework of Euler’s ideas development, a new scientific direction has been formed to study mesh
turbomachinery equipped with mesh jet control systems. The turbomachinery classification should reflect the level of
historical development of these machines. However, it can be assumed (proposed): turbomachinery classification should
also reflect the plans (possible options) for the turbomachinery development, so that the students or graduate students
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could see more clearly the prospects for the possible application of their forces in science and technology, and so that
the young scientists could also see the contours of that innovation that can be created, although this innovation does not
yet exist.

Generally, the basic Euler turbine scheme can (appropriately) be used as the basic scheme for the class of
turbomachines as a whole. Proceeding from this basic Euler scheme, it is possible to make a logical transition to any
known turbomachine included in subclass 1 — “executor machines”, or in subclass 2 — “engine machines”, or included
in a new (not yet created) subclass.

As part of philosophical reasoning, the question of the possibility of the existence of other subclasses (subsystems)
is raised. For educational purposes and within the framework of the philosophy of technology (for the training of
designers), it is proposed to consider the following additional subclasses of hybrid turbomachinery: "engine executor
machines"; propulsion machines"; "gas generator machines"; "heat exchanger machines"; "mixing machines"; and
""separator machines". One or several main workflows can be considered for a hybrid turbomachine. One or more energy
sources can be considered for a hybrid turbomachine, including sources that operate according to various physical
principles. In this regard, at the stage of discussion, the authors of the article proposed the following definition: A
turbomachine is a machine in which energy is redistributed between a rotating impeller and the fluid flows with which
this impeller interacts. This refers to several workflows occurring in one impeller of a turbomachine.

5.2. Theoretical Contribution

A working hypothesis has been put forward — “in the general case, in the turbomachine impeller, a separate blade
can periodically participate in several workflows for energy conversion (or energy redistribution), in the flow of one
fluid (the working fluid), or in several flows of different fluids.” A working hypothesis was developed, as customary, in
stages: through the analysis of individual facts, through the synthesis of facts with their generalization, and through the
formulation of an assumption. The working hypothesis was first tested in practice during laboratory tests of micromodels
made using additive technologies.

Promising directions were identified for developing the theory for creating a new generation of turbomachinery,
including hybrid turbomachinery. New opportunities for improving the methodology of turbomachinery design were
identified as part of the designers’ training.

5.3. Significance of Practice

Under current conditions, the reduction of energy costs for workflow implementation is the most urgent problem,
and in this regard, the role of turbomachinery is increasing significantly. The scope of the obtained results includes
energy, oil, and gas production and processing. Some results can be used in the fields of aviation and maritime transport
systems.

5.4. Limitations and Future Research

Research limitations are related to the complexity of calculating non-stationary processes in the existing framework
of gas dynamics and hydrodynamics, as applicable to mesh turbomachinery. At this stage of research, the role of bench
tests will be decisive for obtaining novel scientific information. The research development may be related to the
assessment of the scientific and practical potential of hybrid mesh turbomachinery.
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