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Abstract. Study of the influence of the degree of filling of the working cylinder on the energy and economic indicators
of a rotary piston air engine.

Methods. The characteristics of the change in the performance indicators of a rotary piston air engine depending on
the degree of filling are performed by the method of physical modeling, which, in the case of studying new samples
of technical systems, is more accurate and reliable. The method of physical modeling made it possible to obtain the
characteristics of work in real operating conditions, taking into account all the design features of the prototype of the
air engine.

Results. The results of the experimental studies on the regulation of operating modes of the 12RPD-4,4/1,75 rotary
piston air engine by changing the degree of filling are analyzed. Experimental dependences of changes in energy and
economic indicators on the degree of filling of the working cylinder are presented. So, in the mode P, = 0,7 MPa and
n = 1550 rpm, an increase in the degree of filling by 2,4 times makes it possible to increase the effective power of the
rotary piston air engine by 1,9 times, and in the mode P, = 0,5 MPa and » = 1200 rpm an increase in ¢, by 2 times
increases Ne by 1,5. According to the regulation, g, is an effective way to change the load mode of the air engine.

It has been determined that in all operating modes at fixed values of the rotary piston air engine speed, the degree of
filling of the working cylinder also affects the change in the effective consumption of compressed air. So, in the mode
P,=0,7 MPa and n = 1550 rpm, an increase in the degree of filling by 2,4 times leads to an increase in the specific
effective consumption of compressed air by 1,12 times, and in the mode P, = 0,5 MPa and » = 1200 rpm, an increase
in g, by a factor of 2 increases g, by 1,11.

It has been experimentally proved that an increase in the degree of filling contributes to an increase in the resistance of
the exhaust system of a rotary piston air engine. Under the conditions of the experiment, the value of the exhaust system
resistance, for the entire range of €, variation, did not exceed 0,075 MPa and is a fairly low indicator.

Scientific novelty. On the basis of the carried out experimental studies of a prototype of a rotary piston air engine, the
efficiency of regulation of operating conditions by changing the degree of filling of the working cylinder was evaluated.
Practical importance. Recommendations were obtained for regulating the operating conditions of the prototype of the
12RPD-4,4/1,75 rotary piston air engine by changing the degree of filling of the working cylinder. This will make it possible
to provide the specified power during the operation of the air engine with minimal consumption of compressed air.

Key words: compressed air; rotary piston air engine; experimental stand; effective indicators; degree of filling;
movement mechanism.

AHoTanis. MeToro cTarTi € JOCHIPKeHHS BIUIMBY CTYIEHS HAallOBHEHHS poOOYOro IWITIHApa Ha €HEpPreTHdHi Ta
€KOHOMIYHI ITOKa3HUKH POTOPHO-NIOPLIHEBOIO THEBMOJIBUTYHA.

Memoouxka. XapakTeprCTHKU 3MiHH IIOKa3HUKIB POOOTH POTOPHO-TIOPIIHEBOTO ITHEBMO/IBUT'YHA BiJI CTYTICHS HAITIOBHEH-
HSI BUKOHAHO METOJIOM (hi3MYHOTO MOJIEIIFOBAHHS, SIKMH Y BUITAJKy JOCIIPKEHHS. HOBHX 3Pa3KiB TEXHIYHHX CHCTEM €
O1JIBII TOYHHM 1 TOCTOBIpHUM. MeTon (pi3nIHOTrO MOAENIOBaHHS 103BOJIMB OTPUMATH XapaKTEPUCTUKH POOOTH B peajlb-
HHUX yMOBaX EKCILTyaTallii 3 ypaxyBaHHSIM yCiX KOHCTPYKTHBHHX OCOOIMBOCTEH JIOCIIAHOTO 3pa3ka THEBMOABUTYHA.
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Pezynomamu. IlpoanaizoBaHO pe3ybTaTH eKCIEPUMEHTAIBHUX JOCTIHKEHB 13 PeryIIoBaHHS PEXKUMIB eKCIUTyaTarii
poTtopHO-TIopimHeBoro mHeBMoxaBuryHa 12PI1/1-4,4/1,75 3a paxyHOK 3MIiHH CTyIlieHs HamoBHeHHA. Haseneno
eKCTIePIMEHTAIBHI 3aJIeKHOCTI 3MiHN CHEPTETHYHHX Ta EKOHOMIUYHUX ITOKa3HHUKIB Bifl CTYIIEHS HATIOBHEHHS pOOOYOTO
uuningapa. Tak, Ha pexumi P, = 0,7 MIla Ta n = 1550 00/xB 3011bIIEHHS CTYIEHs HATIOBHEHHA Y 2,4 pa3u J03BOJISIE
HiBUIINTH €PEeKTHBHY MOTYKHICTh POTOPHO-TIOPIIHEBOrO MHEBMOBHUTYHa y 1,9 pa3is, a Ha pexxumi P, = 0,5 MIla i
n = 1200 006/xB 30inbIIeHH €, yABIYl miaBuiye N, y 1,5 pasu. Tomy peryntoBaHHs €, € eEKTHBHUM CIIOCOOOM 3MiHU
PEeKUMY HaBaHTA)KEHHS ITHEBMOJBUT'YHA.

BusHaveHo, 110 Ha BCiX EKCIUTyaTalliiHUX pEeXUMax IMpu (IKCOBAHMX 3HAYEHHSX OOEPTIB POTOPHO-NOPIIHEBOTO
ITHEBMOJIBUTYHA CTYHIHb HAIlOBHEHHS! POOOYOro IMJIIHApa TAKOXK BIUIMBAE HA 3MiHY €(DEKTHBHOI BUTpATH CTHCHY-
toro noBitps. Tak, Ha pexumi P, = 0,7 MIla ta n = 1550 00/xB 30ibLICHHS CTYIIEHsI HAIIOBHEHHS y 2,4 pa3u NpH-
3BOJIUTH JI0 3pOCTaHHS MUTOMOI e()eKTUBHOI BUTpaTH CTUCHYTOTO MOBITPs y 1,12 pasm, a Ha pexxumi P, = 0,5 MIla
in=1200 06/xB 306inbiIeHHs €1 ynBiui 30inbmye g, v 1,11 pasis.

ExcneprMeHTanbHO BCTAHOBJICHO, IO 301LIBLICHHS CTYNEHS HANOBHEHHS CIPHSE MiABHUIIEHHIO ONOPY BUITYCKHOI
CHCTEMHU POTOPHO-TIOPLIHEBOTO MHEBMOJBUIYHA. B yMOBax MpoBeNeHHS eKCIIEPUMEHTY 3HAUSHHS ONOPY BUITYCKHOT
CHCTEMH JUTs1 BChOTO Jliana3oHy 3MiHU €, He nepesuinysaio 0,075 MIla Ta Oyi10 TOCUTh HU3bKHUM MTOKa3HUKOM.
Haykosa nosusna. Ha 6a3i npoBeJeHUX €KCIIEPUMEHTAIBHUX JOCIHIIKEHb JOCIIIHOTO 3pa3ka POTOPHO-TIOPIIHEBOTO
ITHEBMOJIBUTYHA BUKOHAHO OILIIHKY €()EKTHBHOCTI PEryJIIOBaHHS €KCIUTyaTallliHUX PEXHUMIB LUISIXOM 3MIHU CTYIEHS
HaIroBHEHHS pOO0YOro MJIIHApA.

Ipaxmuuna 3nayumicms. OTpUMaHi PEKOMEHIAIIT OO0 PETYIFOBAHHS CKCIUTyaTAI[ITHAX PEKUMIB TOCIIHOTO 3pa3-
Ka POTOpHO-TIOpIIHEBOro HeBMoaBuryHa 12PI1/1-4,4/1,75 muisixom 3MiHM CTYNEHSI HATIOBHEHHS pOOOYOTro LMIIHIIpA.
e no3BonuTh y mpoleci ekcrutyaranii MHEBMOIBUTYHA 3a0e3euyBary 33/1aHy MOTY)KHICTh 338 MiHIMaIbHUX BUTpAT
CTHUCHYTOTO MOBITPS.

Kuio4uoBi ciioBa: cTHCHYTE MOBITPS; POTOPHO-TIOPIIHEBUI THEBMO/IBUTYH; €KCIIEPUMEHTANBHUNA CTEH]1; e(heKTHBHI

MOKa3HUKH; CTYIiHb HATOBHCHHSI, MECXaHI3M PYXY.

FORMULATION OF THE PROBLEM

Gas distribution mechanism has a significant
effect on the efficiency of converting the energy
of a compressed working fluid into an air engine. The
design of gas distribution mechanism through such
parameters as the relative dead volume g,, the degree
of filling €, and the compression ratio & directly affects
the working process of the air engine and, accordingly,
the type of indicator diagram [1]. The main gas
distribution designs for piston expansion machines
are spool, valve and mixed ones. Each method of gas
exchange has a number of advantages and disadvantages.
So, the spool gas distribution mechanism can be attributed
to the simplest ones.

It has the simplest and most reliable design, provides
the minimum weight and dimensions of the engine.
However, with this method of gas exchange, the relative
dead volume can reach sufficiently high values, which
undoubtedly leads to a decrease in engine efficiency
[1; 2]. The use of a valve mechanism can significantly
reduce the value of the relative dead volume, however,
it somewhat complicates the engine design. In turn, air
engines with a valve mechanism are divided according to
the valve drive method. The most effective and at the same
time most complex is the hydraulic (or air) valve drive
with electronic control of gas distribution. Such a design
of gas distribution mechanism makes it possible to ensure
effective regulation of the engine operating modes by
changing the degree of filling (usually, the operating modes
are regulated by changing the pressure of the working
fluid at the inlet to the air engine).

The 12RPD-4,4/1,75 rotary piston air engine
developed by the machine-building enterprise Motor-
Plus LLC is one of the prototypes, which has a number
of design differences from many known air engines
[3]. One of the design differences of the air engine is
the gas distribution mechanism, which is quite simple
and at the same time provides the ability to adjust gas
distribution. In accordance with this, the rotary piston
air engine has its own characteristics in the organization
of the working process and requires a number of research
tests to determine its efficiency of energy conversion.

ANALYSIS OF RECENT RESEARCH
AND PUBLICATIONS

The optimal organization of the gas exchange
process can significantly increase the efficiency of the air
engine; therefore, a large number of researchers pay a lot
of attention to this issue.

For each gas distribution mechanism and operating
parameters, therearerecommendations for gasdistribution,
as well as the geometric dimensions of the gas exchange
parts. So, for example in [4] the results of calculating
the spool air distributor are presented, and the issue
of'the optimal dimensions of the compressed air inlet ports
is considered. In work [5] experimental studies of various
operating modes of a piston air engine are presented
at fixed values, optimally selected, of the gas exchange
phases. Recommendations regarding the necessary
gas distribution phases of piston air engines, as well as
the results of their experimental tests, are given in [6; 7].

In terms of their parameters, serial air engines do not
always meet the necessary needs of some specific areas
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ofapplication. Forexample, fortransportplants, airengines
converted from conventional four-stroke gasoline engines
are used. The basic of the main tasks in the conversion
is precisely the re-equipment of the gas distribution
mechanism. In works [8—10], the issue of constructive
re-equipment of the gas distribution mechanism is
considered, and the results of experimental studies
of such convertible air engines are presented. The issue
of converting engines and the methodology for organizing
the workflow into an air engine are discussed in detail
in [11; 12]. In addition, it is worth noting the significant
contribution to the experimental and theoretical
study of the air engine of domestic scientists, such
as F.I. Abramchuk, A.I. Voronkov, V.A. Bogomolov,
A.M. Turenko, A.I. Kharchenko, I.M. Nikitchenko,
S.S. Zhilin and others.

SEPARATION OF PREVIOUSLY UNSOLVED
PARTS OF THE OVERALL PROBLEM

Mostly converted or serial air engines do not have
the ability to adjust the gas distribution depending on
the operating mode. The design of these air engines
provides an average optimum fixed value of gas
distribution, which is unchanged during the operation
of the air engine. Thus, in valve distribution, the valves
are driven by a camshaft with profiled cams, which, in
turn are driven by a rigid connection to the crankshaft.
Accordingly, it is practically impossible to provide
variable gas distribution phases in such a design. To
provide an independent valve drive, for example,
hydraulic or air, it is necessary to significantly complicate
the design of the air engine and implement electronic
control.

The 12RPD-4,4/1,75 rotary piston air engine of a new
design is a prototype with motion and gas distribution
mechanisms different from the existing air engines. That
is why there are no experimental data for it on the change
in effective performance indicators, depending on
the gas distribution phases adjustment. Accordingly,
the experimental studies and their analysis are necessary
and justified.

THE AIM OF THE RESEARCH

The aim of the research is to study the influence
of regulating the degree of filling of the working cylinder
on the effective indicators of a rotary piston air engine.

METHODS, OBJECT AND SUBJECT
OF THE RESEARCH

The main research methods for new types of equipment
are mathematical and physical modeling. These methods
allow you to get the main characteristics of the work
and evaluate the efficiency of energy conversion. From
an economic point of view, mathematical modeling
is a cheaper method (does not require large material
costs), but it should be noted that the accuracy and range
of application of the mathematical model depends on
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the assumptions made and correct input data. In the case
of studying a new sample of a technical system, which
is a rotary piston air engine, the method of physical
modeling is more accurate and reliable, and mathematical
modeling can be used only for a preliminary assessment
of the parameters of the air engine operation.

The use of physical modeling will make it possible
to determine the characteristics of work in real operating
conditions, taking into account all the design features
of the air engine. Physical modeling is indispensable for
formulating practical recommendations for the operation
and maintenance of a new air engine, can also be used to
supplement and improve the mathematical model.

The object of the research is the prototype
of the 12RPD-4,4/1,75 rotary piston air engine
and the processes of converting the energy of compressed
air in it with variable gas distribution phases. The subject
of the research is the dependences of changes in the main
effective indicators of the air engine operation.

THE MAIN MATERIAL

Experimental studies of the influence of the gas
exchange phase regulation on the efficiency of energy
conversion of compressed air energy were carried out on
the basis of the 12RPD-4,4/1,75 12-cylinder rotary piston
air engine with a working volume of 320,6 cm® (Fig. 1).
The air engine is the part of an experimental stand created
at the machine-building enterprise Motor-Plus LLC
with the participation of the Advanced Energy
Technologies Center of the Admiral Makarov National
University of Shipbuilding [13]. Experimental studies
of the prototype were carried out without preheating
the air in front of the inlet receiver, and the regulation
was carried out by turning the control camshaft [3].

Fig. 1. The prototype of the 12RPD-4,4/1,75 rotary piston air
engine

The gas distribution mechanism of the air engine
allows you to change the duration of the main processes
of the working cycle of the rotary piston air engine
(Fig. 2), namely the duration of the filling process
of the working cylinder (section /—2) and reverse
compression (section 5—6).

These processes of the working cycle correspond
to the corresponding volumes, namely the volume
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Fig. 2. General view of the theoretical indicator diagram of a
rotary piston air engine in P-V-coordinates

of filling ¥, and the volume of reverse compression Vi,
which are reflected in the theoretical indicator diagram in
Fig. 2. Dividing these volumes by the working volume V
of the rotary piston air engine, we obtain dimensionless
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adjusting parameters of the working cycle: such as
the filling ratio g, = V|/V, and the reverse compression
ratio & = (Vo)/(V)).

Fig. 3 shows the experimental dependences
of changes in effective power N, average effective
pressure P, and torque M, of a rotary piston air engine
in accordance with changes in the degree of filling. The
presented dependences correspond to two operating
conditions, which differ in pressure P, in the inlet receiver
and engine speed 7. In the first case, the working pressure
in the air engine inlet receiver was 0,7 MPa and the speed
was 1550 rpm, and in the second case, P, = 0,5 MPa
and n = 1200 rpm.

According to the results obtained in the test mode
P, = 0,7 MPa with an increase in the degree of filling
by 2,4 times, the effective power of the rotary piston
air engine increases by 1,9 times, and in the mode P, =
0,5 MPa with an increase in g, by 2 times N, increases
by 1,5 times. This is due to the fact that with an increase
in the degree of filling, the area of the indicator diagram
increases due to an increase in the duration of the filling
process (see Section /-2 in Fig. 2), as well as the fact
that the expansion process (see Section 2-3 in Fig. 2)

NE > Pe ) o
kW j MPa /
4 ‘ A

An’E/ 0,240
3 e |:|/
5 il %M’Q n i D,Jﬁ vl
1 0,150 =
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Fig. 3. Change in the effective parameters of a rotary piston air engine from the degree of filling: a — effective power; b — average

effective pressure; ¢ — torque

00— P,=0,7MPa, n=1550 rpm; & — P, = 0,5 MPa, n = 1200 rpm
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occurs at high pressures in the working cylinder. Thus,
at fixed rpm values, by changing the degree of filling, it
is possible to provide effective regulation of the power
of the rotary piston air engine.

In addition to energy indicators, the degree of fill-
ing has a significant impact on the economic indicators
of the air engine. So, Fig. 4 shows the experimental
dependences of the change in the hourly consumption
of compressed air G, and the specific effective con-
sumption g, depending on the degree of filling for vari-
ous operating modes. According to the presented results
of experimental studies, with a decrease in the value
of the degree of filling, the effective consumption of com-
pressed air decreases. For the test mode P, = 0,7 MPa,
with a decrease in the degree of filling by 59%, the spe-
cific effective consumption of compressed air decreases
by 11%, in the test mode P, = 0,5 MPa, with a decrease in
g, by 50%, g, decreases by 10%.

In addition, according to the above experimental
data, a fairly effective way to regulate the load

G air,
kg/h /59
325 _Zﬁ//
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100 S e
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of a rotary piston air engine is to change the compressed
air pressure in the inlet receiver, which can be achieved
by reducing the compressed air using a gas reducer. The
use of both control methods at the same time will allow
ensuring the minimum values of the hourly consumption
of compressed air at the required power over the entire
range of changes in the load of the rotary piston
air engine.

With an increase in the degree of filling, the expansion
process ends at high pressures in the working cylinder,
which accordingly contributes to an increase in
the value of the exhaust air pressure in the outlet receiver
of the rotary piston air engine (Fig. 5).

According to the results obtained in the test mode
P, = 0,7 MPa, with an increase in the degree of filling
by 2,4 times, the resistance of the exhaust system
of the air engine increases by 2,1 times, and in the mode
P, = 0,5 MPa, with an increase in g by 2 times,
the resistance increases by 1,5 times. An increase in
the resistance of the exhaust system of the air engine
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Fig. 4. Dependences of the change in the consumption of compressed air at different values of the degree of filling: a — hourly
consumption of compressed air; b — specific effective consumption of compressed air
O —P,=0,7MPa, n = 1550 rpm; > — P, = 0,5 MPa, n = 1200 rpm
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Fig. 5. Change in the pressure of the exhaust air in the outlet receiver of a rotary piston air engine, depending on the degree of filling

of the working cylinder for various operating modes

0 —P,=0,7MPa, n=1550 rpm; <> — P, = 0,5 MPa, n = 1200 rpm
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has a negative effect on economic indicators, expressed
in an increase in the specific effective consumption
of compressed air. The resistance value of the exhaust
system of the air engine with the installed silencer in
accordance with the recommendations [1; 14] should not
exceed the value of 0,12 MPa. So, under the conditions
of experimental studies on the entire range of variation
of the degree of filling, the resistance value of the exhaust
system of a rotary piston air engine did not exceed
0,075 MPa.

DISCUSSION OF THE OBTAINED RESULTS

Experimental studies of a rotary piston air engine have
confirmed the effectiveness of regulation of operating
modes by changing the degree of filling of the working
cylinder. The analysis of the research results showed
that this method is effective and efficient regardless
of the value of such important operational parameters
as the pressure in the inlet receiver (working pressure)
and the speed of the air engine.

Increasing the filling ratio increases
the average effective pressure and the effective
power of the air engine. However, with an increase in
the energy performance of the air engine, an increase
in the degree of filling simultaneously worsens
the economic performance and leads to an increase
in the resistance of the exhaust system. Together
with the degree of filling, the pressure in the inlet
receiver affects the energy and economic performance
of the rotary piston air engine. Accordingly, to
obtain the most optimal ratio of the given power
and the efficiency of the air engine, it is necessary
to regulate both of these parameters. To determine
the ratio of P, and ¢,, at which the optimal ratio
of energy and economic indicators of the air engine
for various operating modes is ensured, it is necessary
to conduct a series of additional experimental studies.
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Separate experimental studies are required for
the issue of changing the minimum cycle temperature
when regulating operating modes by changing the degree
of filling and operating pressure. So, according to [1; 15],
an increase in the value of P, and g, contributes to
a decrease in the minimum temperature of the exhaust
air at the outlet from the air engine. Accordingly, to
ensure efficient and trouble-free operation of the air
engine, the value of this temperature should not be lower
than the permissible value. In addition, experimental
research is required to study the question of the influence
of preheating of compressed air before expansion on
the regulation of operating modes.

CONCLUSIONS

1. The operational characteristics
of changes in the energy and economic parameters of the
12RPD-4,4/1,75 rotary piston air engine are obtained
and analyzed when adjusting the degree of filling
of the working cylinder.

2. It is defined that at fixed rpm values, an effective
way to regulate a rotary piston air engine is to change
the degree of filling and operating pressure, and it is also
determined that these parameters have a significant effect
on the specific effective consumption of compressed air
at all operating modes. For example, an increase in g, by
2,4 times at n = 1550 rpm and P, = 0,7 MPa increases N,
by 1,9 times, while ge grows only by 1,12 times.

3. It was found that with an increase in
the degree of filling and the value of the working pressure,
the resistance of the exhaust system of the rotary piston
air engine increases. According to the experimental data
obtained, the resistance value of the exhaust system
ofthe rotary piston air engine for the entire range of variation
of the degree of filling did not exceed 0,075 MPa, which
is a significantly lower indicator of the permissible value
of such exhaust systems with a silencer.
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