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Introduction

In Ukraine, the problem of restoring, ensuring and further increasing of energy efficiency, energy se-
curity and energy independence, which are the basic components of the entire economy and defense capabil-
ity, is acute [1].

To solve these problems, Ukraine applies a number of measures, including actively increasing its
own production of natural gas [2]. After extraction, before transportation, the gas must undergo special prep-
aration, in particular "drying" [3], during which water and hydrocarbon fractions capable of condensing at
low temperatures are separated. These days, the following technologies are used for these purposes: low-
temperature separation (LTS) [4], absorption two-column units for drying from water vapor [5], column unit
for drying from hydrocarbon vapor [6], turboexpander units (TEU) [7].

Low-temperature separation is based on reducing the gas temperature during flow throttling [8]. This
results in a decrease in temperature and partial condensation of water vapor and "heavy" hydrocarbons. Depend-
ing on the gas composition, its temperature, initial and final pressures, the temperature drop is 2.5-3.0 °C/MPa.

Absorption two-column unit for drying from water vapor consists in the absorption of water vapor by
a concentrated diethylene glycol [9] or triethylene glycol [10] (absorbents) solutions in a column-type appa-
ratus. It provides deep water vapor drying under conditions of high gas pressure and low flow temperatures.
It does not provide drying of hydrocarbon vapors and requires the use of absorbent recovery equipment (de-
sorber). Desorption of the absorbent is an energy-intensive process, carried out in a column-type apparatus.
The apparatus assembly includes an evaporator, condenser, heat exchangers, and pumping equipment.

Column unit for drying from hydrocarbon vapor works on the principle of absorption of hydrocar-
bon vapors by an absorbent (consists mainly of heavy liquid hydrocarbons) [11] in a column-type apparatus.
It provides deep drying of hydrocarbon vapors under conditions of high gas pressure and low flow tempera-
tures. It does not provide drying from water vapor and requires the use of absorbent recovery equipment.
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Various methods of absorbent recovery are possible, but all of them are energy-intensive. It is possible to
carry out the process in sequentially installed column-type apparatuses. The used equipment includes satu-
rated absorbent heating furnaces, condensers, heat exchangers, and pumping equipment.

Gas drying using expanders does not require energy consumption [12]. Depending on the gas com-
position, its temperature, initial and final pressures, the temperature drop is 10—12 °C/MPa. Provides electric-
ity generation or compression of the gas after it is dried.

In addition, the use of expanders in gas drying has an advantage compared to traditional technologies.

1. Provides deeper cooling compared to LTS technology.

2. Has a lower cost compared to absorption drying equipment.

3. Does not require additional energy consumption.

4. There are no operating costs compared to glycol drying.

5. It has smaller dimensions compared to absorption plants, which is important for the conditions of
existing industries, in which production areas are limited, and the creation of additional areas is a long pro-
cess associated with significant difficulties.

An example of a TEU block is shown in Fig. 1.

The basic element of the TEU is a turbo-compressor in which the compressor and turbine are located
on the same shaft. In the turbine, the gas expands and cools down, after which the condensed gas compo-
nents are separated and removed. The power obtained in the turbine is fed through the shaft to the compres-
sor. In the compressor, the "dried" gas is compressed and, if necessary, fed to a pressure compressor, after
which it can be sent to the gas transportation system.

The efficiency of the turbo-compressor determines how much fuel will be saved to drive the pressure
compressor, as well as how much of expensive gas condensate will be obtained, which determines the effi-
ciency and cost-effectiveness of the technological process as a whole.

Among Ukrainian enterprises engaged in the development and production of TEU, first of all,
PJSC "Turbogaz" stands out [13]. Thanks to cooperation with specialists from institutes of the National Acad-
emy of Sciences of Ukraine and high school, the products of PJSC "Turbogaz" meet or exceed the best world
standards in terms of their characteristics. To achieve this, when creating TEU, complex theoretical, computa-
tional and experimental methods are used and the latest innovative solutions are implemented [ 14—17].
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Fig. 1. TEU block scheme
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A comprehensive methodology for designing the flow parts of a TEU turbo-compressor, namely the
flow parts of centripetal turbines and centrifugal compressors, is presented in the paper. The methodology
includes mathematical methods and models of various levels of complexity, from one-dimensional to spatial
ones, as well as experimental research.

General algorithm for the TEU flow parts designing using methods of different levels of complexity

The design of the flow parts of centripetal turbines and centrifugal compressors is carried out by
stages. The algorithm for such designing is shown in Fig. 2.

At the first step, a preliminary calculation of the flow part geometric characteristics is carried out us-
ing fairly simple methods based on solving one-dimensional or quasi-axisymmetric equations [18, 19].

Based on the obtained geometric characteristics, a complete three-dimensional geometry is created,
for which analytical profiling methods of flow parts are used. Those methods allow the creation of turbine
and compressor stages of both axial, radial-axial and axial-radial types.

The given algorithm for the flow part designing can be automated. To do this, it is necessary to algo-
rithmize the process of results analyzing and generating new values of varying parameters (geometric char-
acteristics of the flow part) using methods for solving optimization problems. When using this approach, de-
pending on the number of varying parameters, it takes from several hundred to several thousand iterations.
Nowadays, there are software complexes based on the application of local or global extremum search meth-
ods for optimizing the flow parts of turbines and compressors [20, 21]. Their main drawback is that, to en-
sure acceptable costs of computing resources (primarily in terms of time), spatial calculations are performed
on "very coarse" mesh for a fairly limited number of varying parameters. That is why their full use in the
design and modernization of flow parts is very limited. In the examples considered in this paper, the analysis
of results and decision to change the varying parameters were performed in the "manual" mode. In this case,
the result and the number of iterations depend on the specialist's qualifications. Usually, to obtain the final
form of one stage, several dozen three-dimensional calculations are required, which, firstly, is noticeably less
compared to "automated" algorithms, and secondly, it allows the "full" use of complex spatial flow models.

° Creation of 3D geometry
of the stage flow part

Preliminary selection of the main ‘
geometric characteristics of the flow part ; .
based ond Dicileilabon 3D gas-dynamic calculation of the stage
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Fig. 2. Flowchart of the flow part design algorithm
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In order to obtain a complete spatial form and more accurate gas-dynamic characteristics of the flow
part, the methods of design and calculation developed by the authors of this paper are used [22, 23].

The main advantage of radial-axial and axial-radial turbomachine stages compared to axial designs is
high performance and relatively small dimensions. Unlike axial turbomachines, for which there are proven
approaches to blade profiling, based on the use of standard profiles or on the construction of profiles accord-
ing to generally recognized methods, including parameterized values, there are no generally recognized ap-
proaches for radial-axial and axial-radial turbomachines.

An original method of analytical profiling of radial-axial and axial-radial types rotors is used in the
paper [24, 25]. Its use in combination with numerical modeling of three-dimensional viscous flows allows to
significantly accelerate the process of effective flow parts (FP) designing.

As of now, computational fluid dynamics (CFD) is an important tool for designing and modernizing
turbomachines, which allows to analyze three-dimensional flow, evaluate the efficiency of the flow part and
choose ways to improve it.

The Navier-Stokes equations, averaged according to Favre-Reynolds [26] with correct boundary
conditions, describe one of the most complex forms of flows in a continuous medium without taking into
account various physicochemical transformations, namely: spatial, compressible, viscous, turbulent and un-
steady flow in the entire range of operating parameters. At the current level of development of CFD and
computer technology, it is most appropriate to use the two-parameter differential SST Menter turbulent vis-
cosity model [27], built on the basis of the Wilcox k—m model, for turbulent effects modeling.

An important component of numerical models of spatial flows is the method of describing the prop-
erties of working medias. For this purpose, equations of state are used, the choice of which significantly af-
fects the reliability of the obtained results. As of now, the Benedict-Webb-Rubin equations [28] most accu-
rately describe the real thermodynamic properties of working medias, but the problem with their direct use is
that the computational time consumption increases by almost two orders. A much less expensive approach is
when the closure functions are determined by interpolation from pre-calculated tables of thermodynamic pa-
rameters. To reduce the dimensionality of tables without reducing the interpolation accuracy, a new interpo-
lation-analytical approach for complex functions approximation is used [29, 30]. For turbine and compressor
designing problems, in many cases it is sufficient to use the simpler Tamman equation of state [31] with the
choice of constants corresponding to the change in the thermodynamic parameters of the working media in
the range of the unit operating modes [18].

The above calculation and design models are implemented in the IPMFlow software package, which
is a development of the FlowER and FlowER-U packages [22, 32, 33].

Examples of the developed TEU compressors and turbines flow parts

The problem of the compressor flow part designing is complex and multifactorial, requiring consid-
eration of various factors, such as ensuring operating characteristics, efficiency, reliability, cost, compliance
with various restrictions, manufacturability, etc.

An important component of the design is gas-dynamic calculations and obtaining the spatial shape of
the compressor and turbine flow part and its operating characteristics on their basis. The starting point for
this is initial data obtained on the basis of previous assessments, experience and technical requirements:

— geometrical restrictions;

—ranges of operating parameters (gas-dynamic parameters at the inlet and outlet, mass flow rate, ro-
tor rotation speeds, etc.);

— data for determining the constants of the Tamman equation of state (if necessary);

— characteristics that need to be achieved (power, efficiency, etc.).

The results of the TEU turbine and compressor flow parts development, provided for a real project
with the code name "740", are given below.

Fig. 3 shows the designed turbine flow part. The rotor blade has a spatial shape with a complex cir-
cular lean of the leading edge. Complex lean prevents or significantly reduces flow separations on the pe-
ripheral shroud.

Fig. 4 shows a visualization of the flow at nominal operating modes.
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Fig. 3. Turbine flow part:

a — stator blade profile; b — meridional section; ¢ — isometry
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Fig. 4. Flow visualization. Middle section. Nominal mode:
a, ¢ — velocity vectors; b, d — isolines of static pressure;
a, b — stator tangential section; ¢, d — rotor meridional section

Based on the results of computational research, it can be concluded that a favorable flow pattern is
observed. There are no flow separations.

Fig. 5, 6 show the integral characteristics of the turbine.

The given results indicate that the developed flow part has a high level of aerodynamic perfection in
the entire range of operating modes. The nominal operating mode corresponds to the maximum values of the
turbine efficiency, and even at low rotational speeds the turbine efficiency is satisfactory.

Fig. 7 shows the designed compressor flow part. Just like in the case of a turbine, the rotor has a spa-
tial shape with a complex circular lean of inlet edge, which prevents or significantly reduces flow separation
on the peripheral shroud.

Fig. 8-10 show a visualization of the flow at the nominal and two "extreme" operating modes.
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First of all, it should be noted that based on the
results of computational research, it can be concluded
that a favorable flow pattern is observed in most of the
compressor operating mode range. Flow separations
occur only at the certain operating mode ranges.

Fig. 11, 12 show the integral dimensionless
characteristics of the compressor, and Fig. 13 shows
the dependence on which the predicted limits of the
onset of surge and blockage are indicated.

The given research results indicate that the
developed flow part has a high level of aerodynamic
perfection and provides a satisfactory flow pattern in
the entire range of considered operating modes, both
design and non-design ones. The nominal operating
mode corresponds to the maximum values of the
compressor efficiency.
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Fig. 14, 15 show a comparison of the results of computational research of spatial flow in the project
"740" compressor flow part with the results of the compressor experimental research in the aerodynamic la-
boratory of PJSC "Turbogaz". The calculation was performed using air as the working medium.

The obtained calculation results are in satisfactory agreement with the experimental data, which in-
dicates the high accuracy and reliability of the flow part design methodology presented in the paper.

According to the described methodology, a fairly large number of centripetal turbines and centrifugal
compressors have been developed and implemented, photographs of some rotors are shown in Figs. 16, 17.

From the given examples of rotors, it can be seen that they have a complex spatial shape, can be
made with a complex lean of edges, intermediate blades and, if necessary, have a special coating.

Based on the gained experience, PJSC "Turbogaz" created a unique base of turbines and compressors
(Figs. 18-20), which are used as prototypes in the creation of modern, highly efficient new TEUs flow parts.

o LITE o . =

Fig. 16. Examples of developed and implemented TEU turbine rotors

Fig. 17. Examples of developed and implemented TEU compressor rotors
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Conclusions

A comprehensive methodology for the cen-
tripetal turbines and centrifugal compressors flow
parts designing, which includes mathematical meth-
ods and models of various levels of complexity, from
one-dimensional to spatial ones, as well as experi-
mental studies, has been developed.

Using the example of the turbine and com-
pressor of the "740" project, it is shown that the pro-
posed methodology makes it possible to create TEU
flow parts, which have high gas-dynamic efficiency in
a wide range of operating modes and, in terms of their
characteristics, correspond to the best world analogues.

It is shown that the calculated gas-dynamic
characteristics of the compressors are in satisfactory
agreement with the experimental data.
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Fig. 20. Database of PJSC ""Turbogaz'.
Head ratio characteristics of the developed compressors

A unique database of highly efficient turbines and compressors flow parts, which are used as proto-

types in the creation of new modern TEUs, has been created.
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KoMILIeKCHA METO0JIOTisI IPOEKTYBAHHS IMPOTOYHHUX YACTHH TYPOOJETAHIEPHUX YCTAHOBOK
1P, A. Pycanos, > C. B. Moicees, 20. B. Kynpurin, 2 JI. B. Kaasmin, 2 A. B. Bypuasimes, 2 M. K. Hosikos

'THcTuTyT eHepreTMyHNX MammyH i cucteM im. A. M. ITigropaoro HAH Ykpainu,
61046, Ykpaina, M. Xapkis, Bys1. KomynaneHukis, 2/10

2TIpAT «TYPBOI'A3», 61003, Ykpaina, M. Xapkis, npos. Tpoiuskuii, 6/4

Ilpeocmasneno asmopcvKy KOMNIAEKCHY Memo0002i0 NPOEKMYBAHHA NPOMOYHUX YaCmMUH mypoooemanoep-
HUX azpeeamis, OCHOBHUMU eleMeHmaMu AKUX € ooyeHmposa mypoOina i eioyenmposuil komnpecop. Memoodonozis
BKIIIOYUAE MAMEMAMUYHI MemoOu | MOOei PI3HUX DI6HI8 CKIAOHOCMI — 6i0 0OHOBUMIDHUX 00 NPOCMOPOBUX, A MAKOIC
eKCnepUMeHManbHi 00cniodxcenns. Pospaxynok mpusumipHoi 6 ’sa3K01 meuii UKOHYEmMbCst 3a 00NOMO2010 MEmMOoOy Yuce-
JIBHO20 IHmMe2py8anHs ocepeonerux pieusanb Has'e-Cmoxca i ougepenyitinoi mooeni mypoyrenmuocmi Menmepa. Onuc
npocmopogoi ghopmu mypoinu i Komnpecopa 30IUCHIOEMbCSL 3 GUKOPUCMAHHAM MemoOdy 8UXIOHUX OAHUX, OJisL IKO20 IC-
HY€ 0OMedicena KinbKicms napamempu3oeanux eaudut. Hasedeno npuxiad po3pooaenoi npomoyHoi uacmunu, aka Mae
BUCOKY 2A300UHAMIUHY epeKMUBHICIb Y WUPOKOMY OIANA30HI pexcumie pooomu i 3a C80iMU XAPAKMEPUCMUKAMU 8i0-
nogioac kpawum ceimosum aunanoeam. Iloxazano, wo po3paxyHkosi 2a300UHAMIYHI XapaKmepucmuKy 3a008ibHO CNig-
naoaioms 3 excnepumenmanvhumu oanumu. Cmeopeno 6a3y 0aHux BUCOKOEHEKMUSHUX NPOMOYUHUX YACTUH MYPOTH i
KOMApecopis, AKi BUKOPUCIOBYIOMbCA AK NPOMOMUNU NPU CIMBOPEHi HOBUX CYUACHUX MYPOOOemaHOePHUX YCHAHOBOK.

Kniouosi cnosa: mypbodoemanoep, 2a3onpogio, npupoonuil 2as, mypooKkomMnpecop, Rpomo4Ha Yacmuna myp-
bomawuHu.
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