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ANALYSIS OF THE ASPECTS THAT DETERMINE THE SELECTION
OF THE DRIVE SYSTEM FOR A VEHICLE DRIVEN BY COMPRESSED AIR

Urgency of the research. Activities in the field of compressed air drive unit design are the subject of research into al-
ternative energies for automotive drive. The competition mentioned in this article is intended to stimulate universities and
high school students to make material outcomes in this area of research. These activities bring new, sometimes unconven-
tional solutions to problems that can potentially bring about solutions applicable in technical practice.

Target setting. The aim of this article was to map out possible ways of realizing a drive unit of a vehicle that is driven
by compressed air. Based on an analysis of the most commonly used ways of solving this problem, the article indicates the
direction of development of such a drive unit.

Actual scientific researches and issues analysis. Research in this area consists in designing a drive unit that would al-
low dynamic driving at low compressed air consumption. This requires the perfect mastering of the theoretical knowledge
about recirculation in compressed gas as well as the optimization of the power parameters of the unit by appropriate design
of the basic construction component - linear pneumatic drive.

Uninvestigated parts of general matters defining. Only one group of transformation mechanisms is analyzed in the ar-
ticle that allow the compressed air drive unit to be constructed.

The research objective. The aim of the research is to provide a theoretical and mathematical basis for determining the
optimum parameters of a compressed air propelled vehicle unit as well as its application for the construction of new vehicles
for competition.

The statement of basic materials. The basic material for the creation of the article was taken from the bachelor thesis of
the co-author of the article [3], from the contest proposals and other sources available in the library and magazine materials
as well as from the prepared study materials for the students of the Technical University of Kosice, Slovakia.

Conclusions. Conclusions of the article lead to the determination of the appropriate concept of transformation of linear
motion of the pneumatic drive to rotational in order to achieve the best results in the next year of the International Aventics
Pneumobile Competition.
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Introduction

If it's built problem of replacing fossil fuels in the car of their compensation with electric
propulsion units, it is not quite true.

The development was reported in the use of hydrogen. The experiment was carmaker Cit-
roen unveiled a hybrid car, which in addition to the internal combustion engine is driven by the
compressed air prepared in time using an internal combustion engine, respectively. using the
kinetic energy of the moving car (use of vehicle kinetic energy to compress air). Qualitative
new form of use of compressed air was provided by the Luxembourg company MDI (Moteur
Developpment International), which in its concept called AirPod has a modified piston engine
(Fig. 4), which is driven by compressed air from a tank in which the pressure reaches 24.8 MPa.
The air from the surrounding environment is sucked into the pistons and is pressed to raise the
temperature to approximately 400°C. Subsequently, relatively cool compressed air is injected
from the tank; this is in hot air rapidly expands and thereby drives the piston [1; 3].

e

Fig. 1. MDI car AirPod (a) and its drive unit (b)

Source: [1; 3].
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AVENTICS Company (successor to pneumatic Bosch Rexroth division) in 2019 organiz-
es already the 12-th annual competition for students of secondary schools of technical field
named International Aventics Pneumobile Competition, where students will compete for the
best placement in 4 basic categories:
e Long-distance race
e Arcade races
e Acceleration race
e Team Presentations
The vehicle that the students enter into the competition must be placed within the speci-
fied time. The pneumatic components used in its construction must be exclusively from
AVENTICS [2]. The drive unit of the vehicle must be made up to a maximum of 4 linear
pneumatic actuators, the dimensions of which are given in Table.
Table
Permitted dimensions of pneumatic drive AVENTICS PRA series [9]

sie_ | Piston diameter mm] | 32 | 40 | 50 [ 63 | 80 [ 100

e p/ 50*, 80%, 100%, 125%, 160*, 200%, 250, 320, 400,
) Nlag et Stroke [mm] 500
ﬁ'ﬁa J * - cannot be used for piston diameter 32 and 40
(2

Rotary drives are forbidden. This means that students must devise a way to optimally
transform the force of a linear pneumatic drive into a torque.

However, they must do so at the maximum torque to use a minimum volume of compressed
air. Other pneumatic components of AVENTICS may also be used. Their selection can be made
either from the competition catalog or from AVENTICS main catalog, or other cooperating
companies (BOSCH Rexroth, National Instruments, Emerson). Approved components are pro-
vided by AVENTICS Hungary Kft., others are paid for by the participant himself.

The compressed air source for each team is a bottle filled with pressurized nitrogen with a
volume of 10 liters at a pressure of 20 MPa (200 bar). The maximum pressure applicable to
the drive unit and the pneumatic circuit is generally 1 MPa (10 bar). The pressure level is pro-
vided by the regulator without air venting, Fig. 2. Therefore, every vehicle in its pneumatic
circuit must necessarily be assigned EMEGRENCY-STOP SWITCHING as protection
against dangerous overpressure in the circuit, Fig. 2.
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Fig. 2. Pneumatic circuit diagram of the vehicle's pneumatic circuit
at the inlet (a) and its picture after assembling (b)
Source: [2].
Since the volume of usable compressed air is limited, and also the limited maximum usa-
ble pressure compressed air used only optimization concept powertrain (engine) of the pneu-
mobil is possible to achieve a competitive result.
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From the next analysis, it will be clear that it is not possible to build a vehicle that would
win all competitions.

Compressed air consumption

Total compressed air consumption during engine operation and pneumatic circuit protec-
tion circuits will mainly limit the result of part of the competition Long Distance Race.

To calculate the specific volume of compressed air we start from the Boyle-Mariotte law [5]:

D Vi=p,V, (1)
where p, ...pressure before compression [MPa] ¥, ... volume before compression
p, ...pressure after compression (20 MPa) 7, ... volume after compression (10 /)

By modifying equation (1) for a range of useful pressures can be determined usable vol-
ume of compressed air, Table 2.

Table 2

The values of usable compressed air at a selected pressure value [5]

Air pressure in system p; [MPa] Usable volume V; [dm’]
1 1,0 200,00
2 0,9 222,22
3 0,8 250,00
4 0,7 285,71
5 0,6 333,33
6 0,5 400,00
7 0,4 500,00
8 0,3 666,67

Air consumption for double-acting linear drives can be calculated according to the rela-
tionship [5]:

O=S-Ln ()
where QO ... air consumption of drive [Iy.min™'];
S ... the piston area of the drive [mm?];
L ... length of drive path of the drive (drive stroke) [mm];
n ... number of cycles per minute [min™'].
For one cycle while considered full extension and retraction of the piston (rod).
Table 3
Average air consumption at 1 MPa at one double cylinder stroke [3]
Piston diameter D [mm]
p=1MPa 32 20 [ s0 | e | s [ 100
Oumw+ Qaour [Inmin’]
50 - - 0,279 0,456 0,737 1,173
80 - - 0,446 0,730 1,180 1,877
~ 100 - - 0,557 0,913 1,474 2,346
§ 125 - - 0,696 1,141 1,843 2,933
: 160 - - 0,891 1,461 2,359 3,754
2 200 - - 1,114 1,826 2,949 4,693
£ 250 0,576 0,891 1,393 2,282 3,686 5,866
«n 320 0,738 1,141 1,783 2,921 4,718 7,508
400 0,922 1,426 2,228 3,651 5,898 9,385
500 1,153 1,783 2,785 4,564 7,372 11,732
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Then the average air consumption is given by:
(p+0,10135)

n-\D*-d° +0,10135 n-D?
QA = QA[N +QAOUT =k- ( 4 )L‘ (p 10° )nlN 4 10° Nour (3)

+k- L.
where k=1,4 is the coefficient reflecting the thermodynamic changes in the drive operation.
For accurate calculation, it is also necessary to take into account the air that circulates
through the hoses [3]

Ne 4 (14),2018

n-d:
O =k 4 =L %n
where dr is the inside diameter of the hose and L is its length.

To determine the appropriate valve, coupling size and connection hose diameters to the

drive, it is necessary to calculate the instantaneous maximum air consumption Qo [In.min™']
n- D +0,10135)-60
0, =k—, oo 7 ) (5)

It is clear from this that when constructing the drive unit, we must carefully handle both
the diameter and stroke of one drive as well as their number.

It is obvious that the total air consumption will also be strongly dependent on the drive
speed. This parameter is limited by the used supply valve (flow rate) as well as the diameter
and length of the hoses used.

Force versus torque

For Arcade Races and Acceleration race, the decisive criterion is not the consumption of
compressed air, but the power of the drive unit, that is, sufficient torque. This parameter is
based on the maximum achievable force of linear pneumatic drives used and on the principle
of linear motion transformation to rotational. Obviously, the designer will be interested in the
power of the drive.

For a linear double-acting pneumatic drive, it is expressible by a relationship [5]

F,=S-p (6)
where Fris the theoretical force of the linear drive [N]; S'is the area of the piston [m?]; p is
the working pressure of the compressed air in the circuit [Pa].

For single-piston linear double-acting drive, Fig. the drive force is greater than the force
when the piston is pulled out. When pulling the piston, the relationship applies:

4)

zr
Four= ZDZ P [N] (7)
and when the piston is pushed, is valid
r
Fp =20 =} p N] ®)
when D is piston diameter [m], d is piston rod diameter [m], p is working pressure [Pa].

s S

Fig. 3. Force ratios on double-acting linear drive

Table 4
Theoretical forces of drives usable for engine construction [3]

_ Piston diameter D [mm]
p=I MPa 32 40 50 63 80 100
Four [N] 804 1257 1963 3117 5027 7854
Fui [N] 691 1056 1649 2803 4536 7363
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Drive efficiency80-95 % varies between 80-0,95 %. This value depends strongly on the
drilling diameter of drive and the working pressure. The upper limit applies to larger drilling
diameters and higher working pressures [5].

Using the transformation of a linear to rotary motion by a crank mechanism [3], Fig. 4, is
the resulting torque Mx by angle of rotation a:

_F-rl(r-(1-cosa)+L)+r-cosa] sina

)

K

Jr-(1=cosa)+ 1} + 1 -sina

AX

Fig. 4. Ratios on crank mechanism
Source: [3].

Because the force of the double-acting linear cylinder is different when pulling and push-
ing the piston rod, for o.C <0°,'1 80°> is valid:
Fo, - r(r-(1=cosa)+1,)+ r-cosal-sina

Jir-(1=cosa)+ 1} + - sin*a

M, = (10)

and for o.=(180°,36%°) is valid:

_F-rl(r-(1-cosa)+L)+r-cosa] sina

(1)

‘ Jr-(1=cosa)+ 1} + 1 -sina

The crank radius » can be selected arbitrarily with a maximum value equal to half the
stroke of the cylinder. Torque dependency graph created by one pneumatic cylinder depend-
ing on the crankshaft angle at the diameter of the cylinder bore 50 mm, at the diameter of the
piston rod 20 mm and at the stroke 200 mm (crank radius 100 mm) is in Fig. 5.
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Fig. 5. Ratios on crank mechanism [3]
Source: [3].
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The very concept of transforming the linear force to the torque is not limited. There are
several proven forms available:

crank mechanism (with one to four actuators with different arrangements)

1.1 two, Fig. 6a, or four actuators next to each other, Fig. 6b;

1.2 one to four actuators above myself, Fig. 6¢;

1.3 three drives arranged in the star, Fig. 6d.

V

b | \ source [8]

c source [8] d source [7]

Fig. 6. Examples of drive units utilizing a crank mechanism

the rack and pinion (pinions)
2.1 a pair of pinions above the other, Fig. 7a;
2.2 apair of pinions behind, Fig. 7b.

a b
Fig. 7. Examples of drive units utilizing a rack-pinion pair:
a — a pair of pinions above the other [6], b — a pair of pinions behind [4]
chain mechanism, Fig. §;
o0 motion direction
& O O F main actUato,-
O

sprocket
S0 00 0 0| G0 0. 20, 080 0 R0 G0 O 030 00 X0 0 X0 O (8] | | O
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chain

secondary actuator
Fig. 8. The principle of a drive unit that utilizes a chain mechanism [3]
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axial mechanism, Fig. 9.

‘ r—
Fig. 9. Example of a drive unit utilizing an axial mechanism [8]

Conclusion. Therefore, the question of optimal selection of a suitable linear pneumatic drive
is the question of vehicle designers. To select applies restrictive criterion set out in Table 1. Based
on the experience of participating in the race, the vehicles used to transform the linear movement
into a rotary way by means of a pair of rack-pinion were the most used of the concepts.

This concept for the next year is also planned by one of our faculty teams. We believe that
the abilities of our students will lead to an improvement in the placement from the last year of
the International Aventics Pneumobile Competition.

This contribution is the result of the project implementation: Research modules for intelligent
robotic systems (ITMS: 26220220141) supported by the Research & Development operational
Program funded by the ERDF.
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Ilemep Tyneua, Mixan [{emxo

AHAJII3 ACIIEKTIB, IO BUBHAYAIOTH BUBIP CUCTEMMU ITPUBOJIA
JJISA TPAHCITIOPTHOI'O 3ACOBY, 1O IIPUBOJAUTHCA B PYX CTUCHEHUM
IHOBITPAM

Axmyanvnicme memu 0ocniodcenna. JlisnoHicms 8 obnacmi npoekmyans NPuU8ooie CMUCHEH020 NOGIMpsl € npedme-
Mom 00CHiOdCen sl anbMepHAMUSHUX 0dicepet enepeii Onsl asmomobdinbHo2o npusody. Kouxype, 3eadanuil y yiti cmammi,
NOKNUKAHUTI CIMUMYII08AMU YHIBEpCUmemu i CIMapuokiachukie 00 O0OCACHEeHHS MAMepIanbHux pe3yiomamis y yitl 2any3i
docnioicens. Lli 0ii npunocsamov 1o6i, iHOO0i Hempaduyitini piwienns npobnem, AKi MOJICYMb NOMEHYIHO npusecmu 00 pi-
UieHb, Wo MOACYMb 3ACMOCO8YBAMUCS 8 MEXHIUNIL NPAKMULYI.

Ilocmanogxa npoonemu. Memoto yici cmammi OY10 HAMIMUMU MOJCIUGT WINAXY peanizayii 8y3na npusoody mpancnop-
MHO20 3ac00Y, AKUU NPUBOOUMbCA 8 PYX cmucHenum nosimpam. Ha ocnosi ananizy nailbinbis 4acmo 8uKopucmogy8aHux
cnocobie supiwiens yiei npobremu 8 cmammi 8Ka3yEMbCsi HANPSAMOK PO3BUMK) MAKO20 HPUBOODY.

Ananiz ocmannix docnidxcens i nyonikayiit. [Jocniodcenns 6 yiti cghepi nonsizarome y po3pooyi npugody, Axkuil 00360-
7156 OU OUHaMiuHe 800IHHA NPU HUZLKOMY CHOICUBAHHI cmuUcHeH020 nosimpsl. Lle eumazcac ideanvhoco 3ac8oeHta meopemuy-
HUX 3HAHb NPO PeYUpKYIAYii 8 CIUCHYMOMY 2a3i, a MAKOIC ONMUMI3AYil eHepeemuyHUX Napamempie azpe2amy Wiaxom 8io-
NOGIOHOI KOHCMPYKYIT OCHOBHO20 KOHCMPYKMUBHO20 eeMeHma - NHIlIH020 NHeBMAMUYHO20 NPUBOOd.

Buoinenns nedocniodycenux uacmun 3a2anbnoi npoonemu. Y cmammi npoananizogano miibku oOHy 2pyny nepemeo-
PIOToUUX MexaHizmis, AKi 00360A10Mb CIEOPUMU NPUBOOHUIL azpe2am Ha CIUCHEHOMY NOGImpi.

Ilocmanogka 3aedanua. Memoio docniodcents € 3a0e3neyenHus meopemuiHoi ma mamemamuyHoi ocHo8U O GU3HA-
YeHHs ONMUMATLHUX NAPAMEMPIE camoXiOno2o azpezamy 3 O8USYHOM HA CIUCHYMOMY HOBIMPI, @ MaKodiC U020 3ACMocy-
8aHHsL 0151 CIMBOPEHHS HOBUX MPAHCNOPIMHUX 3Ac00i8 Ol 3MA2aAMHb.

Buknao ocnoenozo mamepiany. Ocnosnuti mamepian 0ns CMopeHHs cmammi 6y10 83mo 3 OUNIOMHOI pobomu cnis-
aemopa cmammi [3], 3 KOHKYpcHUX npono3uyill ma iHwiux 0dicepen, OOCmynHux y bioniomeyi, i JdcypHanbHux mamepianis, a
Makodic 3 Ni020MoBIeHUX HAGUANbHUX Mamepianie ons cmyoenmie Texuiunoeo ynisepcumeny Kowuye, Cnosauuuna.

Bucnogxu 6ionogiono oo cmammi. Cmamms 6ede 00 8usHaueHHs NiOX00AW0i KOHYenyii nepemeopenHsl TiHiliH020 PyXy
NHEBMAMUUHO20 NPUBODY y 06EPMANIbHULL 3 MEMOI0 OOCASHEHHS HAUKPAWUX pe3yIbmamie y nacmyntomy poyi na Misxcuapo-
OHOMY KOHKYPCI nHesMamuyHux agmomobdinie Aventics.

Knrouosi cnosa: cucmema npugody, mpancnopmuuil 3acib, cmuchere nogimpsl; NHeGMAamuiHi KOMROHEHMU, UMpPAma,
NOMYICHICMY, CUNA; KPYMHUN MOMEHM.
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