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B nacmosweii pabome paccmompeHna KOHYenyus UCNONb308AHUSL MeMOO08 pacuema U HPOeKmupo8anus
SHep2emuyeckKux YCMAaHOB0K pAKemHuIX oOgucameneli O KOHBEPCUOHHO20 MOOEIUPOBAHUS  JIOKATbHOU
SHep2emuKU apKmu4eckux u cegepuvix pationos Kpacnospckozo kpas ¢ ouesuonsvim obobujenuem Ha coceouue
AOMUHUCMPAMUGHBIE  (POPMUPOBAHUS CO  CXOOHLIMU  KIUMATNUYECKUMU U  CMPYKMYPHO JIOSUCMUYECKUMU
yenosuamu.  Ilpeonosicennas cmpykmypa —codepacum — OJIOKU — 9NEKMPO2eHepayull, NPUBsA3aHHvle KAK K
NPOMbBIULTIEHHBIM OMX00AM 0epegoobpabomKu, max u K NpupoOHbIM U NPOMbIULIEHHbIM MEenI08bIM X80CMAM,
udeHmupuyupyemvimM Kax UCTMOYHUKU HUSKONOMEHYUANbHO20 Menid, a makdce 8 Kauecmee UCMOYHUKA
NpeONodNCeHbl  COBPEMEHHbIe PeaKmopHvle YCMAHOBKU MALoU MOWHOCMU OJI0YHO20 HEeOOCIYICUBAEMO20
ucnoanerust. ObbeOUHAIOUWUM DTIEMEHIMOM IHEP2OYCMAHOBOK AGNAEHIC MYpPOO2eHepamop, CRPOeKMUpOBAHHbIIL C
Yuemom UCnOIb308AHUS HEMPAOUYUOHHO2O0, HACHO BPOCOBO2O U NPUPOOHO20 HUSKONOMEHYUATILHO20 Mend.

Kmouesvle crosa: mypbunvt peaxmueHvle, YeHMPOOEIHCHbIE U YEHMPOCIPEMUMETbHbIE, SHEPeemuyecKue
MexXHON02UU, HUSKONOMEHYUAIbHOE MENJo, 2e0mepMAaibHoe Menio, Menniogvle cOpPOChbl, amoMHvle CMAHYUU
Manou MOWHOCMU.
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In this paper, we consider the concept of using methods for calculating and designing rocket engine power
plants for conversion modeling of local energy in the Arctic and northern regions of the Krasnoyarsk Territory,
with an obvious generalization to neighboring administrative formations with similar climatic and structural and
logistical conditions. The proposed structure contains power generation units linked to both industrial woodwork-
ing waste and natural and industrial thermal tails, identified as sources of low-potential heat, as well as modern
low-power reactor plants of block maintenance-free design. The unifying element of power plants is a turbo gen-
erator, designed with the use of unconventional, often waste and natural low-grade heat.

Keywords: jet turbines, centrifugal and centripetal, energy technologies, low-grade heat, geothermal heat,
thermal discharges, low-power nuclear power plants.

Introduction

The experience gathered in calculating the parameters of gas turbine installations of rocket engines makes
it possible to apply digital models to technologies for utilizing low-grade heat to create low-power installa-
tion.

In the global formulation of the problems of small-scale power generation using fuels from non-
conventional sources, renewable and wind energy [1; 2], the autors are consideing the aspects of improving
characteristics [3] owing to the detailed study of working processes in power equipment using unconvention-
al rare cycles [4]. In the Russian Federation, the problems of small distributed generation are set and deter-
mined with a large coverage.

According to the report of Yevgeny Afanasyev (the head of the Regional Ministry of Industry, Energy
and Housing and Communal services) at the 10th International Forum "Arctic: Present and Future", held in
St. Petersburg, the power system of the Arctic zone of the Krasnoyarsk Territory includes two hydroelectric
power plants - Ust-Khantayskaya and Kureyskaya, three gas CHP plants (combined heat and power plants)
providing electricity to the Norilsk industrial region, as well as more than 60 diesel power plants and 48 boil-
er houses in power-insulated villages. The main problems of the power system of the northern regions are
significant equipment deterioration, high cost of fuel delivery, as well as restrictions on the supply of fuel,
which is caused by a short period of deliveries of goods to the Northern Territories. The significant share of
funds is allocated from the regional budget to subsidize energy generation costs.

The measures taken in the field of energy supply are insufficient for developing the northern regions and
creating infrastructure that would create decent social living conditions for the local population and the de-
velopment of commercial farms.

In order to increase the efficiency of energy supply, in the territory of the Tura settlement of the Evenkia
Area, the utilization of waste heat has been introduced at three diesel power plants receiving heat energy in
the form of hot water. In Russia as a whole and in the Krasnhoyarsk Territory, there are modern energy tech-
nologies that can significantly reduce operating cost [5-8].

OO0 ITC " Soyuz-Energo" in cooperation with Reshetnev Siberian State University of Science and
Technology have developed a unique technology for converting low-grade thermal energy (warm water,
warm air and exhaust hot gases, etc.) in the organic Rankine cycle into electricity. This technology is based
on the use of an organic low-boiling actuation fluid (freon) in the cycle, in combination with both the typical
power range of turbines and the experimental design of a centrifugal jet turbine, which, unlike typical de-
signs, allows working in the area of saturated (condensable) steam without disturbing the operation of the
nozzle diaphragm and the turbine, as well as structurally combining part of the function of the circulating
supercharger [9; 10] and the turbine, which provides some decrease in energy losses by reducing the me-
chanical losses of the rotor and increasing the overall efficiency of a turbine [11]. A high-speed permanent
magnet generator is used as an electric generator.
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Mathematical modeling and engineering calculations were carried out by the OOO ITC "Soyuz-Energo"
and the Department of Refrigerating and Cryogenic Engineering of Reshetnev Siberian State University of
Science and Technology.

Mathematical modeling

The schematic block diagram of the heat recovery unit based on a steam turbine unit (STU) is shown in
Fig. 1.
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Fig. 1. Block diagram of the installation and its operation cycle
TA - heat-exchange apparatus; Q; — heat supplied to the evaporator;
Q1 — heat rejected in the condenser; Nt — turbine power

The mathematical model of a steam turbine plant (STP) based on organic actuation fluids (OAF) is based
on four basic equations, which, in various interpretations, form the basis of technical hydromechanics and
consider the flow of compressible fluids with heat exchange. The equations below are presented for a one-
dimensional flow in two forms - differential and integral:

— motion equation (Eulerian equation):

dw -
pwzpF—grad(p); (1)

— mechanical energy equation (Bernoulli equation):

pW?

2
where p — density; W — speed; t — time; F — strength; p — pressure;
— equation of continuity in notation of calculus:

+ p =const; 2

%+pdiv(V\7):O; ©)

— equation of continuity in integral form:
pSW = const, 4)

where S is the passage area of the channel,

— energy-conservation equation in thermodynamic parameters in notation of calculus:
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du = . dq
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— energy-conservation equation in thermodynamic parameters in integral form (First law of thermody-
namics):

AU = A+ AQ, (6)

where uD — work of viscosity forces; u, U — internal energy; g, Q — heat flow;
— equation of state (in general form) (see Fig. 1):

f(p.p,T)=0. ()

The four equations contain four independent physical quantities: p, p, g, T. Thus, the system is closed.
These equations are universal and can be applied to the description of any processes in turbine installations
of thermal power systems. The system of these equations can be specified for different levels in accordance
with the accepted hierarchy of the model:

— the level of final volumes. It considers a geometric volume that is so small that differential equations
can be applied,;

— the level of system elements. It considers a specific element (component of a complex system) — heat
exchanger, pump, capillary tube. Accordingly, the equations are integral. At this level, the equations called
component equations of an element are obtained,;

— system level. It considers the system as a whole and integral equations. In the literature, these equations
are called topological equations of the system.

The calculation procedure is shown in the operation cycle diagram (Fig. 2). The differential pressure (1)
sets the height of the cycle in the diagram, the heat flux (6) sets the width of the cycle. The cycle is balanced
in terms of flow and temperature. The system of equations is solved numerically by iterating the flow rate on
the balance of the energy equation. The result of solving the system of equations determines the position of
the cycle in the diagram with reference to the properties of the actuation fluid (2), (4), (6), (7).
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Fig. 2. Determination of the cycle parameters using the system of equations
The surface of the actuation fluid state was developed to take into account the changing properties of the
actuation fluid. Mathematical state surface (Fig. 3) of an organic actuation fluid in the coordinates of pres-

sure p, specific volume v (v = 1/p) and temperature T allows calculating the cycles of power plants by numer-
ical methods, taking into account the continuous change in properties. In addition, using the surface, it is
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possible to obtain basic parameters of a body (enthalpy, entropy, heat capacity, speed of sound, etc.) using
differential equations of thermodynamics.

DEVRGAsHAT 0GNACTE
Puc. 3. TloBepxHOCTH cocTostHus hpeoHa R22

Fig. 3. The state surface of R22 freon

The calculated characteristic for the adiabatic power of the turbine accords well with the theoretical re-
sults. As the pump head increases, the pressure differential in the system increases as well, and therefore the
temperature differential rises (Fig. 4). The specific work of the turbine and the mass flow rate increase.
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Fig. 4. Reaction of the steam turbine unit on the change of pump speed

The results of numerical experiments presented above, along with the reflection of the adequacy of the
mathematical model to theoretical information about the operation of the STP, allow us to formulate the fol-
lowing: due to the ambiguity of the influence (including the mutual influence) of the control parameters on
the operation of the STP, the OAF design and operation optimization of similar steam turbine plants is a
complex problem that involves consideration of the wide range of possible system states. One of the effec-
tive ways to solve this problem is the development of algorithms and methods for its solution based on a
mathematical model with conducting numerical research.
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An installation test bench was designed to verify the model (Fig. 5). To estimate the power of the turbine,
the parameters of the amount of energy imparted to water are required, which is estimated by means of the
data on the pressure and temperature of the water at the inlet and outlet of the pump. The main element of the
laboratory setup is a steam turbine.
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Fig. 5. The test bench of a steam turbine unit

Proposed solutions

The analysis of the results of operation of the experimental turbine generator "Thermoel”, the design
study and calculations show that the turbine generator can provide electricity generation from units to several
thousand kW, providing the efficiency factor of 20 to 40% at a coolant (water, gas) temperature of 20 ° C
and above.

Currently, two modular turbine generators are being developed for the research bench for melting metal
radioactive waste at one of the enterprises of the Rosatom group company [12]. Three-dimensional models
of electric generators with the capacity of 100 kW on a single frame and 1 MW in a 20-foot container are
shown in Fig. 6.

Puc. 6. Typ6orenepatops! MomHocTe0 100 11 1000 kBT

Fig. 6. 100 kW and 1000 kW turbo generators

We propose to consider the following technical solutions for the creation or modernization of the availa-
ble local energy systems:

— heat recovery with the generation of additional electricity from existing diesel power plants;

— local production for the fabrication of domestic fuel oil and pyrocoal from local wood for sanitary
cleaning of forests and wood processing waste;

—mini CHP plants on local wood waste (sawdust, shavings, wood chips, branches of trees and shrubs);
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— use of heat from geothermal waters to generate electricity;

— use of atomic energy from low-power nuclear power plants to generate electricity and hot water.

Diesel power plants are used most of all to generate electricity in the Northern regions. During the opera-
tion of these stations, large amount of waste heat (so-called thermal tails) is emitted into the atmosphere.
Thermal tails are generated from combustion exhaust gases, the cooling system of the internal combustion
engine and the oil cooling system. For 1 MW of generated electricity, 1-2 MW of heat is generated.

Recently, cogeneration plants have been used for the recovery of thermal tails, providing a combined pro-
cess — generating electricity and heat in the form of hot water. The unit for waste gas heat recovery and hot
water production is shown in Fig. 7.

Puc. 7. YcranoBKka yTunu3anuu TEIUIa OTXOISIINX T'a30B

Fig. 7. Waste gas heat recovery unit

One of the promising and cost-effective technical solutions is the creation of an integrated energy centre
with combined generation of electricity, hot water and electricity from the heat of hot water. For this, it is
necessary to add the “Thermoel” turbine generator module to the cogeneration unit.

With the diesel generator capacity of 1 MW, one can obtain additional 0.5 MW of electricity and 0.5 MW
of heat the form of hot water.

At the annual electricity generation of 500 kW ¢ 8,000 hours = 4,000,000 kW « h per year, the revenue
from the sale of electricity at the cost of 1 kW « h of electricity of 10 rubles will be 4 million kWh ¢ 10 = 40
million rubles. The payback time is estimated to be 1.1 years. The diagram of the "Thermoel" turbogenerator
with the use of thermal tails is shown in Fig. 8.

The northernmost point of wood processing is the town called Lesosibirsk, where wood processing enter-
prises are located along the river Yenisei for 40 km. Over the years of the activity, the large amount of
sawmill waste has been accumulated.

Wood is one of the primary fuel sources. The calorific value of wood is 4600 kcal / kg with the bulk den-
sity of 550-600 kg / m3. The calorific value of wood briquettes is 7800 kcal / kg with the bulk density of 600
kg / m3. The calorific value of diesel fuel is on average 10,000 kcal / kg with the bulk density of 800 kg /
m3. The analysis of the characteristics of various types of wood briquettes and diesel fuel shows that wood
briquettes can fully replace diesel fuel.
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Fig. 8. Thermal tails recovery scheme

In the last decade, Russian scientists, designers and equipment manufacturers have developed a technolo-
gy for the rapid pyrolysis of wood waste to produce domestic fuel oil and pyrolytic coal. Modular complexes
are manufactured on the basis of the developed technology.

A three-dimensional model of the complex of a rapid pyrolysis plant is shown in Fig. 9.

Puc. 9. O6umii Bu yCTaHOBKK OBICTPOro MHPOJIH3a
¢ rabaputHbIMH pazmepamu 31,5x7x9,1 [m]

Fig. 9. General view of the rapid pyrolysis plant
with the overall dimensions 31,5x7x9,1 [m]

Plant specifications:

— productivity, kg / h — 500, dry;

— power consumption, kW * h - 25;

— operating mode — continuous;

— maximum temperature in the reactor, °C — 650;

— maximum temperature in the furnace, °C — 1000.

Yield of pyrolysis products:

—gas, kg / h—130;

— carbon, kg / h — 100;

— bio-oil, kg / h - 270.

Domestic fuel oil (bio-oil) can be used in boiler houses in remote northern regions, as well as carbon (py-
rolytic coal) can be used as a solid fuel with injection of carbon powder into a furnace.

With further distillation of bio-oil, one can obtain:

— phenol-formaldehyde adhesive for the production of plywood and glued wood,;

— woody acetic acid — antiseptic and fertilizer for soil treatment.
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Currently, Russia manufactures and sells boiler houses with the capacity from 100 kW to 50 MW, operat-
ing on wood waste. When using the boiler houses with the turbo generators "Thermoel™ it is possible to cre-
ate an efficient energy system for generating heat in the form of hot water and electricity, as well as to avoid
kilometer-long heaps of wood waste in Lesosibirsk.

Fig. 10 shows a three-dimensional model of a modular boiler house with the power of 1-3 MW.
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Fig. 10. Modular-2-block boiler house of OO0 SOYUZ
with the thermal power of 1 to 3 MW with multi-fuel boilers
(wood chips, pellets, briquettes, coal)

One of the inexhaustible sources of energy is geothermal heat, released as a result of nuclear processes in-
side our planet.

It is known that there is an amount of water inside the Earth that exceeds its amount on the surface, and
due to water heat exchange, heat is released into the atmosphere [9].

The Krasnoyarsk Territory is partially located on the territory of the West Siberian Plain. The geological
studies of prospecting for oil deposits, as well as hydrological studies on a vast territory back in the 50s of he
last century show that at the depth of several hundred to several thousand meters, there is a hot water source
with the volume exceeding the Mediterranean Sea.

Near Biysk, Semipalatinsk or Kustanai, the water temperature reaches only + 5 ... + 10 degrees Celsius,
further north, at the latitude of Pavlodar, Petropavlovsk, Tomsk, where the depth is already 500-600 m, the
thermometer in the borehole shows +25 degrees Celsius ( Fig. 11).

Even hotter water (+75 degrees Celsius) was found at the depth of 1.5 km near Tyumen. And where it is
necessary to drill boreholes to the depth of 2.5-3 km, fountains of boiling water sometimes break to the
height of up to 50 m. The temperature of one of these artificial geysers (in Kolpashevo) reaches +125 de-
grees Celsius.

Russia has experience in using geothermal heat to generate electricity. In 1965, the Institute "Thermo-
physics" of the Siberian Branch of the USSR Academy of Sciences built a freon geothermal power plant
with the power of 1 MW at a geothermal water temperature of 80 ° C in the Sredneparatunskoye field. As a
unit for generating electricity, a blade turbine was used, the efficiency of which was no more than 7%, the
rest of the heat of hot water was used for heat supply [13; 14].
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Fig. 11. Geothermal warm sea

Using the centrifugal turbine of the Thermoel model, it is possible to create local power and heat supply
systems with high energy efficiency in places where thermal waters are available, without damaging the en-
vironment. To search for geothermal horizons with the relatively high temperature of 40-70 °C, it is neces-
sary to carry out engineering-geological and hydrological surveys. A schematic diagram of the use of geo-
thermal waters for electricity generation is shown in Fig. 12.

According to the experience of building geothermal power plants in Europe, the cost of capital invest-
ments is 3,000 dollars for 1 kW of generated electricity.

To provide a reliable autonomous system of heat and power supply for small settlements and low-power
industries, it is worth considering the possibility of building small nuclear power plants (SNPPs) up to 400
MW. The developments on the creation of SNPPs were carried out 50 years ago. However, they did not end
with a specific implementation.

At present, power sources have been developed on the basis of the 35 MW KLT-40S reactor system (RS),
the 6 MW ABV-6E RS, and the 50 MW RITM 200 RS [15-17].

The floating power unit with the KLT-40S RS has been built and put into operation, the other two pro-
jects have not been implemented yet.

The main advantages of the SNPPs are the following: the ability to create the required power of the SNPP
depending on the requirements of consumers; short construction period; environmentally friendly form of
energy; long service life (more than 35-40 years).

The three-dimensional model of a floating SNPP and SNPP with the RITM 200 RS is shown in Fig. 13.

The scheme of the modular design of the SNPP with two Master reactors with a thermal power of 30 MW

each is shown in Fig. 14.
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Conclusion
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Fig. 12. Schematic diagram of using geothermal water
for electricity generation
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Puc. 13. Mopnens naByueri ACMM

Fig. 13. Model of the floating SNPP
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Fig. 14. Diagram of the modular design of the SNPP

The accumulated experience of mathematical modeling of heat and mass transfer and heat power process-
es in the flow path of aircraft engines allows using the results for individual elements of turbines, pumps,
heat exchangers in the Rankine cycle for power generating equipment with the possibility of design optimi-
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zation of the parameters of both elements and the system with subsequent calculation of the flow path of
structural elements.

The promising way of using low-grade energy sources is the use of heat recovery converters based on
steam turbine plants using organic actuation fluids with the condensation temperature below 100 ° C.

The considered structure of a low-power distributed power generating system takes into account only in-
dividual sources and possibilities of northern and inaccessible territories and is determined by the general
requirement for heat sources: a relatively low temperature potential, which requires the development and
production of special equipment for turbo power generation, determined by the satisfactory possibility of
block transportation and installation, as well as minimum maintenance for a long service life. Undoubtedly,
low potential, increased safety requirements and a long service life with minimal maintenance make this area
of power generation quite losing in terms of energy efficiency with large power generation. However, only
such a performance forms a niche of low-grade energy in hard-to-reach subarctic regions, in our opinion.
The materials do not consider other elements of renewable energy, although their use is cogeneratively pos-
sible.
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