| N2 3w 2020 | 3BIPHNK HAYKOBWX MPALIb HYK ISSN 2311-3405

DOI https://doi.org/10.15589/znp2020.3(481).5
VJIK 621.438

INCREASING ENERGY EFFICIENCY OF NATURAL GAS REDUCTION DUE
TO USE OF ROTARY PISTON ENGINES

MNIABUINEHHA EHEPITOE®@EKTUBHOCTI PEAYKYBAHHA IPUPOJHOI'O
TI'A3Y 3ABJASAKHN BUKOPUCTAHHIO POTOPHO-TIOPIIHEBUX IBUI'YHIB

Oleksandr. S. Mytrofanov O. C. MutpodaHoB,
mitrofanov.al.ser@gmail.com KaHJl. TEXH. HayK, JIOLEHT
ORCID: 0000-0003-3460-5369 A. 10. pockypin,
Arkadii Yu. Proskurin KaHJI. TEXH. HAayK, JOLEHT
arkadii.proskurin@nuos.edu.ua

ORCID: 0000-0002-5225-6767

Admiral Makarov National University of Shipbuilding, Mykolaiv
Hayionanvnuii ynisepcumem xopabnedyoysanns imeni aomipana Maxaposa, m. Muxonais

Abstract. Purpose. Evaluate the efficiency of using a new design rotary piston engine as a utilizer of natural gas excess
pressure energy during its reduction in gas transportation and gas distribution systems.

Method. To study the processes of energy utilization of excess pressure of natural gas during its reduction in gas
transportation and gas distribution systems using rotary piston expansion machines of a new design, it is advisable
to use the method of mathematical modeling. The mathematical model takes into account the main features of the
new design of the expansion machine and is adequate, since it accurately reflects the main processes occurring in the
working cylinder.

Results. A study of the efficiency of utilization of the energy potential of compressed natural gas is carried out for an
automated gas distribution station designed to power one consumer of GDS-5 frame size (nominal consumption of
natural gas is 5 000 Nm3/h, inlet pressure is 1,2...5,5 MPa, outlet pressure is 0,003...1,2 MPa).

A schematic diagram of an automated gas distribution station using utilization expander generators of electric current
is proposed. 20 RPD-7.5/5.89 rotary piston engine is used as an expansion machine, which, due to its design, combines
the advantages of volumetric and kinetic expanders and, accordingly, effectively operates at various parameters of the
working fluid. This allows to expand the scope of the expander application and unify the equipment.
Expander-generators are placed in the reduction point parallel to the main and reserve natural gas reduction lines,
which allows to optimize the operation of the gas distribution station in all operating modes (pressure and consumption
rates of natural gas). So, depending on pressure (1,2...5,5 MPa) and flow (5 500...2 200 Nm*h) of natural gas, the
effective power of the rotary piston engine is 132...29 kW. Due to its design features (no dead volume, the ability
to adjust the valve timing and engine operating modes due to the degree of cylinder filling) 20 RPD-7.5/5.89 rotary
piston engine provides high specific effective consumption of natural gas. So, depending on the operating mode of the
expander generator, the consumption of natural gas varies between 34,4...56,7 kg/kW-h.

Scientific novelty. Indicator diagrams are given for different values of pressure of natural gas at the inlet to the rotary
piston engine. The dependences of changes in the effective and operational parameters of the expander-generator
power plant are given.

Practical importance. The volumes of utilized energy of compressed natural gas for an automated gas distribution
station with an average monthly flow rate of 0,6...3,3 million m* were estimated. The monthly energy generation,
depending on the consumption, ranges from 9 to 89 MW.

Key words: expander generator; natural gas; gas distribution station; rotary piston engine; gas reduction; effective and
operational parameters.

Anoranisa. Mema. OuiHka e(QEKTUBHOCTI 3aCTOCYBaHHsS POTOPHO-IIOPIIHEBUX IBHI'YHIB HOBOI KOHCTPYKIII SIK
yTuItizaropa eHeprii HaJUTUIIKOBOTO THUCKY NMPUPOJHOTO rasy IIiji Yac HOro penyKyBaHHS B I'a30TPAHCIIOPTHHUX Ta
ra30po3NOAIIbHUX CUCTEMAX.

Memoouxa. Jnst moCHiUKEHHS MTPOLECiB yTHIi3anii eHeprii Ha UIMIIKOBOTO THUCKY MPHPOIHOrO rasy mijx 4ac Horo
peIyKyBaHHS B Ta30TPAaHCIIOPTHHX Ta TIa30pO3INOAIIBHUX CHUCTEMaxX 13 BHKOPHUCTAHHSM POTOPHO-TIOPIIHEBUX



EHEPFETUYHE MALUNHOBYAYBAHHSA [[EELELERN

PO3LIMPIOBANIEHUX MAIIMH HOBOI KOHCTPYKII JOLUIFHO BUKOPHCTOBYBATH METOJ| MAaTeMaTHYHOTO MOJICIIOBAHHSL.
MaremarudHa MOJIENIb yPaxoBy€e OCHOBHI OCOOJIMBOCTI HOBOI KOHCTPYKLIT PO3IINPIOBAILHOT MallIMHK Ta € aJ|eKBaT-
HOI0, OCKIUJIBKU JIOCHTh TOYHO BiZI0Opakae OCHOBHI MTPOIIECH B pOOOYOMY HIMTIHIPI.

Pezynomamu.  JlocnijpkeHHs e(QEKTUBHOCTI yTWIi3alil €HEepreTMYHOro IMOTEHIialy CTHCHYTOTO IPUPOJHOTO
ra3y BUKOHAHO JJIsl aBTOMAaTH30BaHOI Ia30pO3IOALIBHOI CTaHIii, pOo3paxoBaHOi Ha YKMUBJICHHS OJHOTO CHOXKHBAua
tunoposmipy I'PC-5 (HoMiHanbHa BUTpara npupoAHoro rasy craHoButh 5 000 Hm3/4, Tuck Ha Bxoni — 1,2...5,5 Mlla,
Ha Buxoni — 0,003...1,2 MIIa).

3anponoHOBaHO MPHUHIIUIIOBY CXEMY aBTOMATH30BAHOI ra30pPO3MOIUILHOI CTAHIT 3 BUKOPUCTAHHSAM YTHIII3AIliHHUX
JIeTaHJIep-reHepaTopiB eJIEKTPUUHOIO CTPYMY. SIK pO3LIMPIOBAIbHA MAlIMHA BUKOPHCTOBYETHCS POTOPHO-TIOPITHEBUI
nsuryH 20 PI1/-7,5/5,89, sikuit 3aBasiku cBOil KOHCTPYKLIi 00’ €IHy€ nepeBaru Aetan/epiB 00’ €MHOI i KIHETUYHOT Aii,
e(eKTHBHO IPALOE 3a PI3HUX MapaMeTpiB podoyoro Tiia. e 103B0JIsIE PO3MIUPUTH MEXKI 3aCTOCYBAHHS JICTaHACPIB i
yHi(iKyBaTu o0JiaHaHHSL.

Jerannep-reHeparopy po3MIILIYIOThCSI B ITyHKTI pelyKyBaHHs IapajeibHO OCHOBHIH Ta PE3epBHIM HMTII peryKy-
BaHHS [IPUPOIHOIO ra3y, IO Ja€ 3MOIY ONTHMIi3yBaTH poOOTY ra30pO3MOALIBHOT CTAHINT HA BCIX eKCIUTyaTalliiftHuX
pexxuMax (3HaueHHs TUCKY Ta BHUTpaTH NpupoxHoro rasy). Tak, zanexHo Bijg tucky (1,2...5,5 MIla) Ta Butparu
(5 500...2 200 Hwm*/rom) mpupomnoro rasy e(eKTHBHA IOTYKHICTb POTOPHO-IIOPIIHEBOIO JBUTYHA CTaHOBHTH
132...29 kBrt. 3aBasku cBoiM KOHCTPYKTHBHUM OCOOJMBOCTSM (BIICYTHICTH MEPTBOTO 00’€MY, MOXKJIMBICTh PETYJIFO-
BaHHsI ()a3 ra30po3MoJIiTy Ta PEKUMIB POOOTH JIBUTYHA 3aB/ISIKH CTYNICHIO HAOBHEHHS! LIMJIIHAPA) POTOPHO-MIOPIIHEBUI
neuryH 20 PI1/1-7,5/5,89 3a0e3nedye BHCOKI MOKA3HUKK TUTOMOT €(DEKTHBHOI BUTPATH PUPOIHOTO razy. Tak, 3a1exHo
BiJI peXKMMY poOOTH JieTaHAep-TeHepaTopa BUTPATH IIPUPOIHOIO Ta3y 3MIHIOIOTHCS 1 Mexax 34,4...56,7 kr/kBr-rox.
Haykosa nosusna. IHAMKaTOpHI JiarpamMu 3a pi3HUX 3HAYEHb THCKY IPHPOIHOIO rasy Ha BXOII B POTOPHO-NOPLI-
HeBud ABUryH. [TomaHo 3amexxHOCTI 3MIHM €(EKTMBHUX 1 EKCIUIyaTaliiHMX [TOKa3HUKIB JeTaHaep-TeHepaTopHOl
€HEPreTUYHOI YCTAHOBKH.

Ipaxmuuna 3nauumicms. llpoBeneHa oliHKa 00’€MiB YTHIII30BaHOI €HEprii CTUCHYTOIO HPUPOAHOrO raszy Juis
ABTOMATH30BaHOI ra30pO3MO/iIbHOT CTaHIIT 13 CepeHbOI0 MicsuHO0 BuTparoro 0,6...3,3 minsiionn m>. [llomicsuna
TeHepallisi CHEPril 3aJIeKHO BiJl BUTPATH CTAaHOBUTH Bif 9 10 89 MBT.

KurouoBi ciioBa: jeranaep-reHepaTop; MPUPOJHUN ra3; ra30pO3MOIiIbHA CTAHIIiS, POTOPHO-TIOPIIHEBUN JBUTYH;
penyKyBaHHS ra3y; e(heKTHBHI i eKCIUTyaTalliiHi TOKa3HUKH.

FORMULATION OF THE PROBLEM

Currently, in fuel and energy balance of the world
developed countries, there is a redistribution of the use
of the main types of extracting energy resources, namely
oil, coal and natural gas [1-3]. So, the share of using nat-
ural gas in various industries and in everyday life is grow-
ing more and more. The use of natural gas as a fuel in
transport power plants (road, rail and ship) has been espe-
cially intensively developed. The increase in the share
of natural gas in the energy balance is primarily due to its
consumer properties (ease of maintenance of gas equip-
ment, high temperature, full combustion, more accurate
temperature control during combustion), lower price
(due to very significant world reserves and low produc-
tion costs) and environmental friendliness (the lowest
CO, carbon dioxide emissions from combustion com-
pared to petroleum products and coal).

The final cost of natural gas is determined by many
factors, from the degree of complexity of gas production
technology to preparation and transportation. So, natu-
ral gas is transported using pipelines and gas tankers in
which gas is transported in a liquefied state (LNG). Trans-
portation of natural gas by sea (for example, to the Japa-
nese market) is more expensive, since it is necessary to
spend additional energy to liquefy natural gas. There-
fore, the direction of research in the field of regeneration
of the energy expended for the compression of natural gas

is very relevant and is gaining more and more intensive
development.

ANALYSIS OF RECENT RESEARCH
AND PUBLICATIONS

Reducing the final cost of natural gas directly
depends on the efficiency of the preparation and transpor-
tation systems, and the utilization of the energy of excess
gas pressure during its reduction is a promising area
of research. Compressed natural gas contains significant
potential of useful energy, which in most cases is not
used. However, if expander generators are used instead
of conventional throttling devices, this will partially
recover the energy spent on natural gas compression [4].
Thus, using expander generators, it is possible to gener-
ate environmentally friendly electricity and use the effect
of gas cooling during expansion in refrigeration plants.

Recently, the use of expander generators of electrical
energy for the utilization of compressed natural gas energy
has received comprehensive development. So, the expander
generators have found their application in heat power engi-
neering, namely at thermal power plants and urban boiler
houses [5—7]. Expanders are widely used in gas distribution
stations, gas supply systems and industry [8—10]. In connec-
tion with rather intensive development of the LNG market
[11; 12], a promising direction for the use of expander gen-
erators is also their use in power plants for the utilization
of cold during regasification [13; 14].



SEPARATION OF PREVIOUSLY UNSOLVED
PARTS OF THE OVERALL PROBLEM

Expanders are used to reduce the pressure in the adi-
abatic process, while at the end we get mechanical energy
and cooling of the working fluid. Like pumps, expand-
ers can be divided according to the principle of operation
into volumetric and kinetic expansion machines. So, in
the volumetric expanders, the expansion of the work-
ing fluid (that is, a change in the working volume) takes
place, and in the engines of kinetic action (Turboexpand-
ers), energy is converted due to the interaction of the flow
of the working fluid with the blades of the impeller. It
is generally accepted that piston (volumetric) expanders
are used at low costs of the working fluid and high inlet
pressures, and turboexpanders are used at low pressures
and high flow rates of the working fluid. This separation
is clearly influenced by the expander design and, accord-
ingly, the energy conversion efficiency.

The unification and expansion of the boundaries
of the use of expanders in power plants for the prepa-
ration, transportation and distribution of natural gas is
a very promising and demanded area of research.

THE AIM OF THE STUDY

The aim of the research is to evaluate the efficiency
of using a new design rotary piston engine as a utilizer
of natural gas excess pressure energy during its reduction
in gas transportation and gas distribution systems.

METHODS, OBJECT AND SUBJECT
OF THE RESEARCH

To study the processes of energy utilization of excess
pressure of natural gas during its reduction in gas trans-
portation and gas distribution systems using rotary piston
expansion machines of a new design, it is advisable to use
the method of mathematical modeling. So mathematical
modeling of a complex technical system will allow to
get a preliminary assessment of its effectiveness without
large financial, resource and time costs. To achieve this
goal, a developed and software-implemented mathemati-
cal model of the working cycle of a rotary piston engine
is used, based on the fundamental equations of thermo-
dynamics, gas dynamics, heat and mass transfer. The
mathematical model takes into account the main fea-
tures of the new design of the expansion machine and is
adequate, since it accurately reflects the main processes
occurring in the working cylinder.

The object of the research is the processes of con-
verting the energy of excess pressure of natural gas dur-
ing expansion in a rotary piston expander. The subject
of the study is the laws and parameters of the processes
of energy conversion of compressed natural gas in a rota-
Iy piston engine.

THE MAIN MATERIAL

From the places of production or storage and to
the final consumer, natural gas is transported under high
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pressure using the main pipelines of the gas supply sys-
tem. Gas distribution stations (GDS) and points (GDP)
are components of a general gas supply system and are
a complex technical system with increased requirements
for reliability and safety. The main task of GDS is
to reduce gas pressure in accordance with the needs
of consumer. Typically, for gas distribution stations,
the initial pressure is 7,5...5,5 MPa, the final pressure
is 1,2...0,6 MPa, and for GDP, respectively, 1,2 MPa
and 0,3...0,1 MPa [5; 15]. Commonly, pressure decrease
occurs due to the reduction by one or two stages, while
the energy potential of the high gas pressure is lost with-
out loss of physical heat of combustion. In modern gas
transportation systems, the energy potential of com-
pressed natural gas is used in utilizers (turboexpanders
or piston expanders). Operational characteristics that
directly depend on the design of the utilizer determine
its use for the corresponding parameters of natural gas
(pressure and flow), which makes unification difficult.
The rotary piston engine developed by Motor-Plus LLC,
the machine-building enterprise (Ukraine, Mykolaiv),
constructively combines the advantages of both types
of expansion machines, and can be used quite effectively
for various parameters of the working fluid (inlet pressure
and flow rate).

Fig. 1 shows a generalized scheme of an automated
gas distribution station with the utilization of excess nat-
ural gas pressure through the use of new design rotary
piston engines. Expander generators are placed in a natu-
ral gas reduction point parallel to the main and reserve
reduction lines. This allows to optimize the operation
of GDS in all operating modes.

To conduct researches on the efficiency of using
a rotary piston engine as a utilizer of natural gas excess
pressure, an automated gas distribution station was
designed as a basis for supplying a single consumer
of GDS-5 frame size [15]. The basic GDS-5 is designed
to reduce and maintain a given gas pressure at the out-
let at the required flow rate for household and industrial
consumers. GDS also provides pre-treatment of natural
gas (purification and odorization) and measurement of its
consumption. The main technical characteristics of the gas
distribution station GDS-5 are shown in Table 1 [15].

The 20 RPD-7.5/5.89 rotary piston engine (Fig. 2)
is used as part of an electric current expander generator,
the main parameters of which are presented in table 2.

The rotary piston engine has 20 cylinders placed even-
ly at an angle of 18° towards the central control cam. This
arrangement of the cylinders is guaranteed to start the engine
in any position. The ratio of the piston stroke S to the cylinder
diameter D is /D = 0,78, which makes it possible to ensure
low values of the average piston speed, thereby reducing
gas-dynamic losses at the intake and exhaust strokes, as well
as reducing the dimensions of the engine.

Depending on the operating mode of the gas distri-
bution system (parameters of natural gas at the inlet),
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Fig. 1. General scheme of an automated gas distribution station with utilization of excess natural gas pressure: 1 — natural gas
supply pipeline from the main pipeline; 2 — odorization unit; 3 — gas purification unit; 4 — condensate collection unit; 5 — shutdown
unit; 6 — gas flow rate measuring device; 7, 8, 9 — through-plug cork valve made of carbon steel with ends for welding; 70 — ball
valve made of carbon steel with ends for welding and manual mechanical drive; 11 — point for reduction and utilization of excess
pressure of natural gas; 12 — rotary piston expander generator; 13 — spark plug; 14 — low pressure outlet pipeline

Table 1. Main technical and operational characteristics of GDS-5 gas distribution station

No Parameter Unit Value
1. Working body — Natural gas
2. Nominal consumption Nm?/h 5000
3. Inlet gas pressure MPa 1,2...5,5
4. Outlet gas pressure MPa 0,003...1,2
5. Ambient temperature °C —50...+45
6. Deviation from the set outlet pressure - +2.5%
7. GDS implementation — block-box (block-container)
Overall dimensions:

p — length; m 3,000

’ — width; 2,990

— height. 2,375

Table 2. The main parameters of the 20 RPD-7.5/5.89
rotary piston engine

No Parameter Unit | Value
1. Diameter of working cylinder mm 75
2. Piston stroke mm 58,9
3. S/D ratio - 0,78
4. Number of cylinders - 20
5. Engine displacement cm’ 5207
Relative dead volume
6. (technological) B 0,013

Fig. 2. 20 RPD-7.5/5.89 rotary piston engine
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Fig. 3. Indicator diagrams of various operating modes of the 20 RPD-7.5/5.89 rotary piston
expander: a — detailed; b — minimized; 1 — N, = 132 kW; 2 — N, = 108 kW; 3 — N, = 84 kW;

4-N,=60kW;5—N, =36 kW

the control of the rotary piston engine was ensured
by changing the degree of cylinder filling (the ratio
of the volume of the working cylinder of the engine
at the time of filling to the full volume), which made it
possible to achieve the maximum efficiency of utilization
of the energy of compressed natural gas. Fig. 3 shows
the detailed and minimized indicator charts, and Fig. 4 —
the change in the effective expander generator perfor-
mance in various operating modes. The rotary piston
engine worked according to the load characteristic when
the gas pressure in the pressure line changed between
1,2...5,5 MPa, while the effective power of the rotary pis-
ton engine varied within 132...29 kW. The average piston
speed of the engine was C = 1,178 m/s, which signifi-
cantly reduces the pressure loss of natural gas during fill-
ing and reduces the resistance during release.

The greatest influence on the effective performance
of the engine is the absence of dead volume (the value
of the relative dead volume of the engine, which is due
only to the technological gaps during manufacture, is
only 0,013) and the possibility of regulating the degree
of filling of the working cylinder within a fairly wide
range (0,13...0,5). So, at the nominal operating mode,
the specific consumption of the working fluid is
34,4 kg/kW-h, which is much lower than similar ana-
logue engines.

Due to its design features, the rotary piston engine
allows for low values of the specific effective energy
consumption of compressed natural gas (i.e. maximum
utilization).

For the possible use of rotary piston engines as
part of the expander generator utilization power plants
of automated gas distribution stations, it is necessary
to ensure coordination of the technical and operation-
al parameters of expander and gas distribution sys-
tem. Moreover, the expander generator must ensure
the maximum utilization of compressed natural gas
energy in all operating modes of the gas distribution
station without reducing its efficiency. Fig. 5 shows

the dependences of the change in the main technical
and operational parameters of the 20 RPD-7.5/5.89 rota-
ry piston expander, depending on the pressure of nat-
ural gas in the supply main pipeline (1,2...5,5 MPa).
From the presented dependences it can be seen that
the expander generator provides the required values
of pressure and flow rate of natural gas at the outlet
(5 500...2 200 Nm®/h).

Ger
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Fig. 4. Change in effective indicators of the
20 RPD-7,5/5,89 rotary piston expander

Depending on the consumer category (housechold,
utilities, industrial, etc.), the annual consumption of natu-
ral gas can be millions of m*. Moreover, any consump-
tion group uses a different amount of gas every month.
This is primarily due to climatic conditions, production
workload and operating hours of industrial enterprises,
etc. Accordingly, the amount of utilized energy poten-
tial of compressed natural gas will vary depending on
the consumer and the month of the year. Fig. 6 shows
the possible amount of utilized energy during gas reduc-
tion for various categories of consumers, depending on
the monthly load (statistical data on natural gas consump-
tion in accordance with [15]).

Thus, in accordance with Fig. 6, the use of rotary pis-
ton expanders for utilization during reduction at an auto-
mated gas distribution station with a monthly natural
gas consumption of 0,6...3 300 000 m*/month allows to
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Fig. 5. The operational characteristics of the expander generator depending on the inlet natural gas
pressure: a—specific effective consumption of natural gas; b —torque; ¢ —normal time consumption
of natural gas; d — outlet natural gas pressure of the expander generator (after disposal)

regenerate from 9 to 89 MW of energy every month. The
generated energy can be used both to provide services for
the GDS own needs, and for other industrial or household
consumers.

DISCUSSION OF THE OBTAINED RESULTS

The proposed scheme of an automated gas distribu-
tion station using new-design rotary piston engines for
reducing expander generators allows not only to provide
the necessary parameters of natural gas at the outlet (pres-
sure and flow rate), but also to utilize the energy potential
of the compressed gas flow. Thus, the material costs for
the modernization of existing ones or design and crea-
tion of new gas distribution stations with utilization sys-
tem will quickly pay off due to received environmentally
friendly energy.

The amount of utilized energy (i.e. specific effec-
tive consumption of natural gas) directly depends on
the excellence of the expander. Therefore, increasing
the effective indicators of a rotary piston engine and stud-
ying their changes from the parameters of the working
process and the design features of the engine is a further
promising direction of research.

As a result of sharp expansion of natural gas in
the working cylinder, not only the pressure but also
the temperature decreases. A decrease in gas temperature
also occurs during inlet and outlet. Low temperatures can
adversely affect the operation of the expander (especially
for the lubrication system), so this issue also requires sep-
arate consideration and research. A solution to this prob-
lem may be, for example, preheating the working fluid
before expansion in the expander or deeper utilization
of the cold in the refrigeration complex.
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Fig. 6. Annual utilization of energy of compressed natural gas
during reduction: 1 — household use; 2 — melting furnaces;
3 — industrial ovens

CONCLUSIONS

1. A schematic diagram of an automated gas distribu-
tion station with the utilization of compressed natural gas
energy is proposed. 20 RPD-7.5/5.89 new design rotary-
piston engine is used as a gas excess pressure utilizer.
The dependences of changes in the effective and techni-
cal and operational indicators of the expander generator
plant, as well as indicator diagrams of the engine at dif-
ferent values of the natural gas pressure at the inlet, are
presented and analyzed.

2. It is defined that, depending on the parameters
of natural gas (gas pressure is 1,2...5,5 MPa and flow rate
is 5 500...2 200 Nm?/h), the effective power at the inlet
to the rotary piston engine is 132...29 kW, and specific
effective fuel consumption is 34,4...56,7 kg/kW-h.

3. It was determined that with an average
monthly use of natural gas in the range
of 0.6...3300000 m*/month, an expander generator plant
based on the 20 RPD-7.5/5.89 rotary piston engine allows
to get 9...89 MW of energy each month.
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