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Abstract. The article presents the main stages of development and use of compressed air energy
in transport plants for various purposes. The domestic and foreign literature on the development
of the current state and prospects of the use of compressed air energy and pneumatic engines in
the power plant of vehicles have been analyzed. The list of problems arising in the application
of pneumatic engines is determined, as well as rational ways of further increasing the efficiency
of power plants are established. The main advantages and disadvantages of pneumatic engine
using in the composition of transport power plants are highlighted. So, the main advantages
include high environmental friendliness, depreciation of vehicle production, lower mass and
dimensions parameters. Disadvantages include low efficiency coefficient due to multiple en-
ergy conversion, limited power consumption of filling cylinders and engine cooling due to the
expansion of air. The most common pneumatic engine designs (piston and rotary) and their
performance properties are considered. It has been established that rotary pneumatic engines,
in terms of energy, mass and dimensions, and performance parameters, exceed other engines.
Some of their inherent operational disadvantages, which may limit their use in some spheres,
can be eliminated or reduced to acceptable standards at the right design solution. The variants
of the basic schemes of power transport plants with pneumatic engines, namely the use of a
pneumatic engine as an auxiliary power unit (hybrid units) or, as the main one in aecromobiles,
are considered.

Keywords: energy resources; harmful emissions; power plant; rotary pneumatic engine; pis-
ton pneumatic engine; compressed air.

AnoTauis. [Tomrano oCHOBHI eTany pO3BUTKY Ta BUKOPUCTAHHS €HEPrii CTUCHYTOTO MOBITPS
B TPAHCIIOPTHUX YCT@HOBKaX pI3HOro Mpu3HayeHHs. HaBeneHo aHami3 BITYM3HSIHOI Ta
3apyOiKHOI JIITEpaTypu MO0 PO3BHUTKY CYy4YacHOTO CTaHy ¥ TEPCIEKTUB BUKOPUCTAHHS
eHeprii CTHCHYTOrO TMOBITPSA 1 THEBMOIBHIYHIB Yy CKIaAi EHEPreTHYHOI YCTAHOBKHU
TPAHCIOPTHUX 3ac00iB. BusHaueHO mepernik mpoOiieM, 0 BUHHUKAKOTH MPH 3aCTOCYBAaHHI
ITHEBMOJIBUTYHIB, @ TaKOX YCTaHOBJICHI palliOHANBHI MUISXH ITONANBIIOTO ITiABHICHHS
e(eKTUBHOCTI EHEPreTHYHWX YCTAHOBOK. BUIiNeHI OCHOBHI TMepeBarn Ta HEIOTIKH
BUKOPUCTaHHS THEBMO/IBUTYHIB y CKJIaJ{l TPAHCIIOPTHUX €HEPIeTHYHUX yCTAaHOBOK. Tak, /10
OCHOBHHX TIepeBar MOKHa BiTHECTH BUCOKY €KOJIOTIYHICTh, 3HHKEHHsI BAPTOCTI BUPOOHHIITBA
TPAaHCTIOPTHHUX 3ac00iB, MEHIIT MacorabapuTHI MMOKa3HHUKH, 10 HeMoMikiB — Hu3bkui KK/ 3a
paxyHOK 0araTOKpaTHOTO MEPETBOPCHHS CHEPrii, 0OMEKEHICTh CHEPrOEMHOCTI 3allpaBHUX
0aIoHIB Ta OXOJOMKCHHS IBUTYHA BHACIIIOK PO3IIUPEHHS MOBITPs. PO3mIstHyTO HAOiLMbIT
MOIIMPEH] KOHCTPYKIi MHEBMOABUTYHIB (TOPIIHEBI H poTamiiHi) Ta iX eKCIUTyaTamiiHi
BJIAaCTUBOCTI. ~ YCT@HOBJIEHO, IO pOTAliifHi ITHEBMOIBUTYHHM 32 CHEPreTHYHHUMH,
MacorabapUTHUMH Ta EKCIUTyaTallifHUMK MMOKa3HUKAMU TEPEBHINYIOTh HINI JBUTYHH, a
JIesiKi TIpUTaMaHHl iM eKcIuTyaTaiiHi HeOJIKH, 1110 MOXKYTh 0OMEXYBaTH 1X 3aCTOCYBaHHS
B JesKuX cdepax, NpH MPAaBUILHOMY KOHCTPYKTUBHOMY pIIIEHHI MOXYTh OyTH YCyHYTI
a00 3HWKEHI JI0 MPHUITYCTUMUX HOPM. PO3IISIHYTI BapiaHTH OCHOBHHUX CXEM €HEepreTHYHUX
TPAHCIIOPTHUX YCTAHOBOK 3 MTHEBMOJBUTYHAMH, a CaM€ BUKOPHCTAHHSI ITHEBMOJIBUTYHA SIK
JIOTIOMI>KHOT'O CHJIOBOTO arperary (TriOpuaHi yCTaHOBKH) a00 SIK TOJIOBHOTO B a6pPOMOOIIISIX.

KorouoBi ciioBa: enepropecypcu; IIKIAJIMBI BUKH/M; €HEPreTUUHA YCTaHOBKA; POTOPHUM
ITHEBMO/IBUTYH; TIOPIITHEBUH THEBMO/IBUTYH; CTUCHYTE TTOBITPSL.

AHHOTaAIHS. Hpe,[[CTaBHeHBI OCHOBHBIE DOTalbl PasBUTHA W MCIIOJIB30BaHUA DHEPTUN
CKaToro BO3AyXa B TPAHCHOPTHBIX YCTAHOBKaX pas3jiIMdYHOTO Ha3HAYCHUA. HpI/IBe)IeH
aHalIM3 OTCYCCTBCHHOU U 3apy6e>KHoﬁ JIMTEpaTypbl IO PpPasBUTUIO COBPEMCHHOI'O
COCTOSAAHUSA U NEPCIEKTUB HUCIIOJIB30BaAHUA DHEPIUNU CKATOI0 BO3AyXa U HHCBMO,HBI/II‘aTCJIef/'I
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B COCTaBE DHEPIETHUYCCKON YCTAHOBKH TPAHCIOPTHBIX cpeacTB. ONpesieicH MepedcHb MPOoOeM, BO3HUKAIOIIMX
MpH MPUMCHCHWH ITHEBMOJBUTATENICH, a TaK)Ke YCTAHOBICHBI PAIlMOHANBHBIC ITyTH MAbHEHINETO IOBBIIICHUS
3¢ GEKTHBHOCTH YHEPTETHUECKUX YCTAaHOBOK. BBIZEICHBI OCHOBHBIC TIPEUMYIIIECTBA M HETOCTATKH HCIOIH30BAHUS
TMHEBMOJIBUTATENIEl B COCTaBEe TPAHCIOPTHBIX DHEPreTUYECKUX YCTAHOBOK. TakK, K OCHOBHBIM INPEUMYIIECTBAM
MOYKHO OTHECTH BBICOKYIO 3KOJOTHYHOCTH, CHIDKCHHE CTOMMOCTH MIPOM3BOACTBA TPAHCIOPTHBIX CPEACTB, MEHBIIINE
MaccorabapuTHBIE MTOKa3zaTenu, K Hepoctarkam — Hu3kuid KIIJ] 3a cueT MHOTOKpaTHOTO MpeoOpa3oBaHUs SHEPTUH,
OTPaHUYECHHOCTh SHEPTOCMKOCTH 3aIPABOYHBIX OAJIJIOHOB U OXJIAXKICHHE IBUTATEIIS BCJICICTBHIEC PACIIIUPEHUS BO3IyXa.
PaccmoTpensr Hambolee pacrmpoCTpaHEHHBIC KOHCTPYKIUH ITHEBMOJBHTATENEH (IIOPIIHEBBIE W POTAIHOHHBIC)
U WX JKCIUTyaTallMOHHBIC CBOMCTBA. YCTAaHOBJICHO, YTO POTAIMOHHBIC ITHEBMOIBHTATEIH IO YHEPTETHUECKUM,
MacCOrabapUTHBIMK M 3KCIUTYaTallMOHHBIM [TOKA3aTeNISIMU MPEBHIIAIOT APYTHE IBUTATEIN, @ HCKOTOPHIC MPHUCYIIUE
UM DKCIUTyaTallMOHHBIC HEIOCTATKH, KOTOPhIE MOTYT OTPaHWYMBATh WX IPUMECHEHHE B HEKOTOPHIX cdepax, mpu
MIPaBUILHOM KOHCTPYKTHBHOM PEIICHUN MOTYT OBITh YCTPAHEHBI MIIH CHIKCHBI 10 JOIYCTHMBIX HOpM. PaccMOTpeHbI
BapUAHTBl OCHOBHBIX CXEM OJHEPreTUYECKUX TPAHCIOPTHBIX YCTAHOBOK C ITHEBMOJBHUTATENsIMH, a HMEHHO
HCIIOF30BAaHIE ITHEBMOBUTATENS B KAYECTBE BCIIOMOTATEIIEHOTO CHJIIOBOTO arperara (THOpUIHBIC YCTAaHOBKH) FUTH
KaK IJTaBHOTO B a3POMOOHIIAX.

KaroueBble ci10Ba: SHEPropecypebl; BpeHbIe BLIOPOCHI; SHEPTreTHUECKasi yCTaHOBKA; POTOPHBIN ITHEBMO/IBUTATElb;
MOPIITHEBOW THEBMO/IBUTATEIIb; CYKATHIN BO3IYX.
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Problem statement. Ukraine has rather insignificant Latest research and publications analysis. The
reserves of oil and gas, so the state fuel and energy bal- | problem of environmental pollution is one of the most
ance is formed at the expense of imports from different significant problems of modern mankind. Every day in-
countries. The reduction of reserves of fossil fuels leads | dustry and especially transport emit a huge amount of
to a constant increase in its price, so most developed harmful and poisonous substances, as well as greenhouse
countries in the world stimulate the production for the | ases[1-3].

The problem of energy resources is even more acute,
because the reserves of oil, gas and coal are not un-
limited, so the demand and prices for energy resources

use of various types of alternative energy.
A significant amount of consumed oil fuels goes

to the needs of vehicles for various purposes. In addi- ) )
are increasing every year, and there are no reasons for

their reduction [4]. In this regard, power plants with the
ICE are constantly being improved to meet both pollu-
tion standards (UNECE Regulations N 83) and specific
fuel consumption ones (UNECE Regulations N 101).
Every year, these standards become more stringent [5,
6], therefore, manufacturers of power plants with ICE

tion, transport gives 40 % of the total harmful emissions
into the atmosphere. The problem of environmental
pollution is especially acute for large cities. Most Eu-
ropean countries are beginning to refuse the use of ve-
hicles with internal combustion engines (ICE) in large
cities. An alternative to vehicles with internal combus-

tion engine is the use of electric vehicles, hybrid cars have to look for new design solutions [7—13] or apply

or engines running on compressed air. Vehicles for alternative fuels (energy sources) [14—18] to improve

various purposes on compressed air for many param-
purp P y P these performance.

eters can be compared with vehicles working on accu- However, despite all efforts, according to the Inter-

mulator batteries. Also, pneumatic engines have been [ .00 1000 for Clean Transport, by 2018, the num-

widely used in underwater vehicles, mining enterpris- | per of registered electric and hybrid cars in Europe is

es, namely for cargo vehicles, drive drilling carriages | 1 4 9 [19]. This is primarily due to the rather significant

or telphers. cost of hybrid and electric vehicles (primarily due to the
The use of power-plant vehicles based on pneumatic high cost of electric batteries) compared to gasoline and

engines has several advantages, as well as disadvantages. | diesel cars.

Their analysis, selection and systematization will help in Solving the problem of environmental pollution

the further study of scientific and technical basis for the | by vehicles and reducing their prices can be realized

creation of power plants for various purposes on the ba- | through the use of pneumatic engines and the energy of

sis of pneumatic engines. compressed air [20—34].
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Separation of previously unsolved parts of the
general problem. The choice of a pneumatic engine type
for a power plant of a vehicle must be based on the com-
pulsory consideration of the basic requirements, such as
the possibility of manufacturing an engine with an ad-
justable airflow degree, the presence of the largest start-
ing torque and the most favorable traction characteristics,
the possibility to withstand overload, have the minimum
possible costs of the compressed air and a sufficiently
high level of reliability and durability. Also today, it is an
open question of choosing the optimal scheme for using
the pneumatic engines as part of power plant of a vehicle,
namely the use of the pneumatic engine as an auxiliary
power unit or the main one.

THE ARTICLE AIM — is to analyze ways to im-
prove road transport in order to increase its environmen-
tal performance and economical efficiency based on the
use of compressed air energy, as well as types of pneu-
matic engines and schemes for their application, based
on literary sources.

Methods, object and subject of research. When
performing the research, general logical methods were
used, namely the method of analysis and generalization.
The task of the analysis was to get a general sense of
the current state of development and future trends in the
application of pneumatic engines in the composition of
power plants of vehicles. When performing the analysis,
a systematic approach was used, that is, a search was car-
ried out for integrated solutions that would ensure the
achievement of the highest efficiency of the power plant
and fulfillment of numerous requirements for its quality.
On the basis of the analysis, a generalization of advan-
tages and disadvantages, as well as possible ways to im-
prove the use of accumulated energy of compressed air
in transport was made.

The object of the research is the transport power plants
and the efficiency of energy conversion in them. The sub-
Ject of the research is pneumatic engines and their charac-
teristics in the composition of transport power plants.

Basic material. The use of compressed air energy as
a drive of various systems was quite widespread at the
beginning of the XIX [35]. Pneumatic engines of vari-
ous designs have found their application in various in-
dustries, as well as in transport (the use of a pneumatic
locomotive on the Gotthard Railway in 1872).

At the Alexander Plant in St. Petersburg in 1861,
the engineer and inventor in the field of shipbuilding
and transport S. 1. Baranowskyi built a pneumatic drive
locomotive, called the Baranovskyi chimney [36] and
was used on the Mykolaiv Railway. Also in Paris, com-
pressed air was used to drive trams, which were powered
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by a central city-wide pneumatic distribution network
(developed by Frenchman Louis Mekarski). The com-
pressed air energyhas also been used in the military field,
namely the submarine, torpedo drive.

Back in 1903, Liquid Air Company began to manu-
facture compressed air cars. The main problems of the
cars were the low torque of the pneumatic engine and the
high cost of compressed air.

In the late 80s of the twentieth century in the Soviet
Union, a pneumatic engine was developed by the chief
designer of the Zavolzhskyi Motor Plant N. Pustynskyi
on the basis of a conventional ICE. A negative feature of
this engine was the preservation of up to 95% of stan-
dard parts. Widespread use of this engine was not ob-
tained, however, at some industrial enterprises, electric
cars were replaced by cheap and practical pneumatic
cars, equipped with engines Pustynskyi.

On the basis of the Ukrainian Research Institute
of Shipbuilding Technology, a rotary-piston pneumatic
engine was developed by Yu. V. Shabalin, V. K. Frolov,
O.I. Voloshchuk and V. S. Tietieriev (Fig. 1) [37].

The pneumatic engine contains a body, a rotor in it
with radial, pairwise-opposed cylinders and pistons ar-
ranged in them, which are interconnected by means of
fingers and rigid links with the formation of a pivot-
hinged quadrilateral. The cam placed in it with two dia-
metrically opposite vertices, has contact with the links.
Such design allows for a smooth change in the rotation
speed of the rotor and changes in its rotation direction.
The pneumatic engine has all the advantages of rotary
engines, and there are no disadvantages inherent to pis-
ton engines due to its unusual design.The main advan-
tages of the rotary-piston pneumatic engine are its small
mass and dimensions, rather high efficiency coefficient
(due to high degree of compaction of the working cham-
ber), as well as resistance to overload.

In 2009, at the Geneva Motor Show, the French-
Italian company Motor Development International (of-
ficial site https://www.mdi.lu), co-founded by one of the
leading designers of Formula 1 engines Guy Negre [38],
the compact cars MDI AIRpod (Fig. 2) with pneumatic
engines were presented (Fig. 3).

There are three modifications of the MDI company
aeromobiles:

— AIRPod Standart (three seats for adult passengers
and one for the child);

— AIRPod Cargo (with a body for transportation of
small loads);

— AIRPod Baby (two-seater streetcar).

Due to the use of composite materials, aluminum and
plastic in the construction, the mass of the car is about
280 kg. Wheel formula is 4x2. At the same time, the car
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Fig. 1. Rotary-piston pneumatic engine

Fig. 2. MDI AIRpod car

accelerates to 80 km/h, the fuel distance with one fill-
ing with compressed air is 130 km in urban mode and
150 km outside the city (without maneuvering). The
car is controlled by a joystick, the gearbox is automatic
three-speed (plus a back stroke).

The principle of operation of an MDI engine is that
air is blown into a small cylinder, where it is compressed
by a piston to a pressure of 18...20 bar and warmed up.
Then the heated air goes into a spherical chamber where
it is mixed with cold air from the cylinders, which in-
stantly, expanding and heating, increases the pressure on
the piston of the large cylinder, which transmits the effort
to the crankshaft of the engine.

Along with the development of AIRpod, the well-
known Indian company Tata launched the MiniCAT car
project. The mass of the car is slightly more than 350 kg,
the maximum speed is 100 km/h, the fuel distance is
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Fig. 3. The operation principle of the pneumatic engine of MDI
company

120 km (the specifications of the MiniCAT car are pre-
sented in Table 1) [39]. The power plant has four cylin-
ders, which, to reduce weight, are made of carbon fiber
with a kevlar cover, length 2 m and diameter of 0.25 m
each, contain 400 liters of compressed air under a pres-
sure of 300 bar are placed under the bottom. In this case,
the exhausted air in the pneumatic engine has a low tem-
perature and can be used to cool the interior of the car
in the summer season instead of the air conditioner. The
company planned to put the MiniCAT on the conveyor in
mid-2012 and produce about 6,000 units per year, but the
running-in of the car is still ongoing, and mass produc-
tion has been postponed.

In 2011, Australian Dean Bensted demonstrated the
world the O2 Pursuit cross motorcycle with a powertrain
developed by Engineair (rotary air engine developed by
Angelo di Pietro — Fig. 4). The power unit in its design is
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Parameter Dimension Mono-energy Dual-energy 2 Dual-energy 4
Length m 2,65 2,65 2,65
Width m 1,62 1,62 1,62
Height m 1,66 1,66 1,66
Number of seats — 3 3 3
Luggage compartment volume dm’® 500/700 500/700 500/700
Weight kg 550 520 540
Engine — 41P03 41P01 41P01/4
Power kW 25 25 50
Maximum speed km/h 110 125 140
Urban run range (zero pollution) km 140/150 50 50
CO, emissions in the city g/km 0 0 0
Run outside the city km 80 1650 1500
Gasoline cotllllseuérilt};tlon outside L B 1.8 5
CO, emissions outside the city g/km 0 35 40

a Wankel engine without combustion, the rotor is driven
by compressed air supplied to the combustion chamber.
The motorcycle is able to drive 100 km at one filling and
develop up to 140 km/h.

Also, the pneumatic engine has found its application
in hybrid power plants. Thus, the French company Peu-
geot Citroen plans to produce cars Peugeot 208 Hybrid
Air 2L and Citroen C3 in a hybrid version, one of the
elements of which will be the installation of Hybrid Air
(Fig. 5). The hybrid unit was developed in collaboration
with Bosch. Its essence lies in the fact that the ICE en-
ergy will be accumulated not in the form of electricity
(as in conventional hybrids), but in cylinders with com-
pressed air. The system includes a gasoline engine, a
special transmission with a planetary gear, a hydraulic
motor and two compressed air cylinders. One cylinder is
located in the central part of the chassis, and the second
one — under the trunk floor in the area of the rear axle.
Only through a compressed air car with such a hybrid
power unit can drive a few kilometers at a speed of no
more than 70 km/h. Replenishment of air in cylinders
is due to the braking energy recovery system. It uses a
hydraulic pump that compresses the air and fills the cyl-
inders. The system leads to an increase in the mass of
the car by about 100 kg, while reducing the average fuel
consumption by 45% compared to conventional pow-
ertrains.

A significant contribution to the development of com-
bined power plants for pneumatic engine vehicles was
made by domestic scientists: A. M. Turenko, V. O. Bo-
homolov, F. I. Abramchuk, O. I. Voronkov, S. S. Zhylin,
1. M. Nikitchenko, A. I. Kharchenko, V. M. Manoilo, O. Yu.
Linkov et al. [9, 21-26]. A series of pneumatic engines
was developed at the Department of ICE of the Kharkiv
National Automobile and Highway University (KNAHU)
on the basis of gasoline engines of MeMZ, ZMZ. Such

Fig. 4. Rotary air engine developed by Angelo di Pietro

a series of engines can work as a separate powertrain,
and in one block with the ICE in moderate high-speed
modes 7 = 600...1500 min~' and power up to 10...15 kW,
which is quite enough for a modern city car that moves at
a speed up 30 km/h [40, 41]. The experimental sample of
automobile four-cylinder V-shaped non-reversible piston
pneumatic engine with a spool air distributor and com-
bined lubrication system developed by KNAHU is shown
in Fig. 6 [42]. This is a converted gasoline engine of the
MeMZ-968 with air cooling system.

Also, the staff of the department of ICE KNAHU made
a significant contribution to the development of the theory
of working processes of pneumatic engines and combined
power plants of vehicles. Namely, theoretical methods for
organizing working processes and experimental research,
methods for influencing design and adjustment parameters
on the performance of a pneumatic engine have been de-
veloped. The following methods have been developed: the
calculation of the air supply process for determining the
necessary actual parameters of the inlet and out channels;
determination of the necessary power of the pneumatic en-
gine to achieve the maximum vehicle speed (taking into
account the specification of routes and time, which made

20
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Three-cylinder 1.2-liter gasoline
engine coupled to an air cylinder

Fig. 5. Peugeot Hybrid Air hybrid unit

it possible to calculate the speed and acceleration of the
vehicle); determination of the amount of heat in the pro-
cess of heating the compressed air to obtain the minimum
required an inlet temperature to the pneumatic engine and
the effect of the compressed air temperature on the perfor-
mance of the pneumatic engine work process with spool
and valve air distribution [21-26, 40-42]. Patents for
combined power plant of vehicles with pneumatic engines
are obtaines (Fig. 7) [43, 44].

In the scheme proposed by the authors of patents,
the ICE and pneumatic engine are combined into a com-
bined power plant and located on a vehicle in a sequen-
tial, parallel, or combined schemes with the heating of
compressed air. The external speed performance of the
pneumatic engine for the ZAZ-968M car, taken off in
road conditions is represented in Fig. 8 [42].

Scientists from Beihan University, Beijing, China,
proposed a power plant scheme (Fig. 9) with a piston
pneumatic engine shown in Fig. 10 (cylinder diameter
85 mm, piston stroke 88 mm, inlet and outlet diameter
12 mm, compression ratio 10) [29].

The power plant consists of a pneumatic engine 9,
a cylinder with compressed air 2, a buffer cylinder 4
(provides the corresponding air pressure to the pneumat-
ic engine), two pressure sensors /, 8, two regulators 3, 7,
a pressure relief valve (TESCOM) 3, an electronic con-
trol valve (FAIRCHILD) 6, silencer /0 and controller /1.

The output torque (Fig. 11) decreases with increas-
ing rotation speed and increases with increasing supply
pressure [29]. The maximum torque can be obtained at
the lowest rotation speed and the highest supply pres-
sure. When the supply pressure is 2 MPa, the output
torque is 56,55 N'm. By increasing the engine speed, the
mass of the charge decreases sharply, which reduces the
torque of the engine.

smi.nuos.mk.ua | editor@smi.nuos.mk.ua

ornapaosl MATEPIAJIN TA AHANIITUKA

Pneumatic engine running
on compressed air supplied
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The second air cylinder serves
as a reservoir supporting the
system in equilibrium

The pressure in the balloon is maintained
by the energy obtained by recovery
during braking of the car

Fig. 6. Pneumatic engine assembled with spool air distributor
(without tubes connecting cylinders with spool)
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Fig. 7. Scheme of a combined power plant of vehicle:

1 — internal combustion engine; 2 — planetary drive axle trans-
mission mechanism; 3 — drive axle wheels; 4 — pneumatic
cylinders; 5 — high pressure regulator; 6 — heat exchanger;
7 — electronic pressure regulator; § — electropneumatic valve
regulator; 9 — pneumatic engine; /0 — silencer front pipe of
ICE; 11 — non-driving axle wheels; /2 — electronic control
unit; /3 — cyclic fuel delivery pedal in ICE; /4 — air receiver;
15 — stand-alone three-stage compressor; /6 — high pressure
solenoid check valve; /7 — liquid cooling connection system
of ICE; /8 — additional heat exchanger; /9 — liquid lubrica-
tion connection system; 20 — additional heat exchanger
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Fig. 10. Pneumatic engine:

1 — cylinder cover; 2 — camshaft; 3 — cylinder head; 4 —
outlet valve; 5 — piston; 6 — connecting rod; 7 — cylinder;
8 — flywheel housing; 9 — flywheel; /0 — crankshaft; 7/ —
oil pan; /2 — oil filter; /3 — low pulley; /4 — driving belt;
15 — inlet valve; /16 — top pulley
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Fig. 11. Changing the torque of the pneumatic engine depend-
ing on the frequency of crankshaft rotation
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Dependence of the change in the power of the pneu-
matic engine is represented in Fig. 12 [29]. So, at the be-
ginning, the power sharply increases with increasing rota-
tion speed and reaches the maximum value, then sharply
falls. At an air supply pressure of 2, 1,5 and 1 MPa, the
maximum output power is 1,92 kW (420 rpm), 1,37 kW
(380 rpm) and 0,85 kW (340 rpm), respectively.

The engine efficiency decreases with increasing
crankshaft rotation speed and supply pressure (Fig. 13)
[29]. When supplying air at a pressure of 2 MPa, the
maximum efficiency coefficient is 25%. This is due in
particular to the fact that when the pneumatic engine is
operating at low speed, the energy of compressed air is
more effectively converted into mechanical one. Also,
the decrease in the efficiency coefficient with increasing
engine speed is associated with an increase in air loss
through the throttle, heat loss and exhaust system.

At the University of Kiitahya Dumlupinar (Turkey)
at the Department of Motor Vehicles and Transport Tech-
nology, the four-stroke single-cylinder gasoline engine
was converted into a pneumatic engine with a rotary
valve operating as a two-stroke [20]. The parameters of
the convertible engine are shown in the Table. 2.

Fig. 14 shows the P—V-diagram of the pneumatic en-
gine operation at different values of the crankshaft rota-
tion frequency, Fig. 15 — changing of torque, air loss
and pneumatic engine power at a working pressure of
25 bar, depending on the frequency of crankshaft rota-
tion.

The torque of the pneumatic engine is of the highest
value when the crankshaft is rotated at 800 rpm. With
increasing engine speed, there is a decrease in torque
due to significant air losses. The maximum power of the
pneumatic engine was 1,72 kW at 1000 rpm. The highest
value of air loss was 12,4 m3/h at 600 rpm. The highest
effective efficiency coefficient reached 24,42 %, while
the crankshaft speed was 800 rpm, torque — 17,28 N *m,
and power — 1,48 kW [20].

Discussion. The use of vehicles with power plants
in compressed air has several advantages as well as dis-
advantages. The advantages include high environmental
friendliness, depreciation of production of vehicles (due

Table 2. Specifications of the convertible engine
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Fig. 13. Changing the effective efficiency coefficient of the
pneumatic engine depending on the frequency of crankshaft
rotation

to the lack of systems inherent in ICEs), fire safety (an
important factor for enterprises of engineering, chemical,
petrochemical and mining industries), lower mass and
dimensions parameters. In addition, it should be noted
the possibility of using cheaper and less durable materi-
als (aluminum, plastic, which have good frictional prop-

erties) due to the low fluid temperature, high service life

Ne n.o. Parameter Dimension Value

1 Type of engine — Four-stroke, overhead camshaft
2 Diameter of cylinder mm 88

3 Piston stroke mm 64

4 Volume of cylinder sm’ 389

5 Rated power at 3600 rpm kW 8,3

6 Maximum torque at 3000 rpm N'm 26,5

7 Compression ratio - 8

8 Type of cooling — Air
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Fig. 14. P-V-diagram of the pneumatic engine operation at different values of the frequency of crankshaft rotation
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of filling cylinders (compared to accumulator batteries).
In the presence of specialized filling stations, charging
the cylinders does not take much time. Lower vehicle
weight contributes to reducing road wear. However,
power plants with pneumatic engines also have a number
of disadvantages. This is a lower efficiency coefficient at
the expense of multiple energy conversion (first you need
to spend energy for compressing air, and then from com-
pressed air to get mechanical work), engine cooling due
to the expansion of air in the engine. The limited energy
consumption of the filling cylinders reduces the duration
of the vehicle's movement.

The solution of these and many other problems, in
particular, related to the scientific and technical fun-
damentals of the creation of power plants for various
purposes based on pneumatic engines, requires further
deeper experimental and theoretical research.

24

CONCLUSIONS. The analysis of domestic and
foreign literature allowed establishing the possibility of
using the energy of compressed air in the power plants
of vehicles. This made it possible to determine the list of
problems arising in its application, as well as establish
rational ways of further increasing the efficiency of pow-
er plants with pneumatic engines. The main advantages
and disadvantages of pneumatic engine using in the com-
position of transport power plants are highlighted. The
variants of the scheme of the use of pneumatic engines in
the power unit of the vehicle, namely the use of a pneu-
matic engine as an auxiliary power unit (hybrid units) or,
as the main one, are considered. It's also worth noting
that rotary engines, in terms of energy, mass and dimen-
sions, and performance parameters, exceed other en-
gines. Some of their inherent operational disadvantages,
which may limit their use, can be eliminated or reduced
to acceptable standards at the right design solution.
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