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Conception of a hybrid pneumatic-combustion rotaryvane engine
— challenge and reality

The paper presents a new concept of applying ayotane engine working as the hybrid system includotg a combustion engine
and a pneumatic motor, which were working simultarsgo In the beginning, review on both unconventigigton engine designs and
similar like solutions on rotary vane engines wepaducted. Next, description of the conceptual engiag presented. The concept was
realized in practice. The prototype engine was kanlll it was preliminary investigated focusing onkgeons with cold start and misfir-
ing events which occurred. The engine was testedRih &nd gasoline, however, its main target is to fieedlith natural gas. This
approach is justified as far as the engine finaflight work in natural gas reduction stations and l@oprovide electricity of 1kW power

for station’s own demands.
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1. Introduction

The internal combustion engine as known as a machin

which achieves its highest possible thermal efficie
among all the machinery converting chemical endrgm
a fuel into mechanical useful work resulted frore ttom-
bustion process taken place inside an engine cdinhus
chamber. As discussed by Lenz [1] future for meahs
transport drives belongs to internal combustion ireg)
fueled with liquid fuels. Hence, the internal coraton
engine is still attractive solution and effectivelympetitive
to fuel cell drives as well as battery electric ietds. As
reviewed, the engine design has been evolving o&etu-
ries and currently the most popular is the recigting
engine with piston joined to the crankshaft withd af
a connecting rod.

This engine design has been so well refined th# it
now the basic type of thermal machine used as\e dni
the means of transport as well as for generatiectiétity.

- engine with non-standard crank-piston assemblycketo
engine (Commer, Szymkowiak engine [2, 3]),

- barrel engine [4, 5],

- opposed piston engine without a shaft — free-piston

engine integrated with a linear power generatoy [6]

- rotary engine — engine with rotational movementhaf
piston,

- a three-piston engine with its eccentric locatiowan-
kel engine,

- avane engine.

An interesting example of the unconventional engine
design is the barrel engine by Mazuro et al. [25[8wn in
Fig. 1d. They invented several useful solutions dbarge
exchange and reduce thermal stresses in the engitking
on various alternative gases. Worth of noticinghis work
by Zhang et al. [6]. They present a control strategim-
prove the output power for a single-cylinder twmke
free-piston linear generator (FPLG) as depicte&im 1c.

On the other hand, there are many engine desigiis thhe piston motions, especially the dead centerrgrrare
have not been implemented on a large industrialescacontrolled by regulating the profile of the electragnetic

However, from a certain point of view, they desergeog-
nition and are therefore also the subject of retear re-
search centers and large automotive concerns.

Noteworthy is the construction of a rotary pistowgiae,
whose prototype was the engine invented by Felixkgh
in 1926 and patented in 1936. Its production wasdatitin-
ued many times and was again resumed, in whichcane
still discern the existing potential for the deymieent of
this engine type. Mazda has announced launchingy\idue-
kel-like engine into series production again. In20Maz-
da created a prototype that incorporated a rotange ex-
tender to increase range of a car up to 400 knhéncar
Mazda2 (Demio). The engine swept volume of 0.33-lit
delivers 38 bhp that would be able to recharge arbo
electric motor's batteries.

However, the Wankel engine is not the only typaiof
conventional solution for a reciprocating thermalamine.
There are many different construction solutions.eSéh
solutions can be divided into several groups devid:

- engine with a reciprocating piston,
- classic engine with a crank and a piston,

force. The results state that the proposed costrakegy
can improve the output power by around 7-10% wlitn t
same fuel cycle mass. Shokrollahlhassanbaroughttzend
team [7] conducted simulation works on a 2-strogpased
piston engine (Fig. 1c) and they provided seveeaeffits
which distinguish this engine over the classic rélst re-
ciprocating piston engine. As they stated, theenirtech-
nology leveraging allows the opposed piston 2-srek-
gine to be considered as an alternative for therexmonal
four-stroke engines as mechanical drive in variapglica-
tions, mainly in transportation. In general, thesgines are
suited to compete with conventional 4-stroke engjiwbere
power-to-weight ratio, power-to-bulk volume ratiodafuel
efficiency are requirements. Authors present af ladvent,
as well as the renaissance of opposed-piston engind
the novel technologies which have been used innthe
approach.

Figure 2 presents exemplary designs of rotary esgin
As seen, the well-known design is the engine in. Rig
invented by Felix Wankel in 1926 and patented later
1936. In 1797 Edmund Cartwright patented an engine
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Fig. 1. Selected examples of various engine desigiCommer rocker engine, b) Szymkowiak rocker mad, 3], c) principle of the opposed piston
engine, d) barrel engine [4, 5], e) opposed engihlOPE [8, 9], f) free piston engine [6]

a) b) )

(Cartwright's Rotative Engine. 1797).

Fig. 2. Rotary engines: a) Wankel engine, b) rotargine by J. Watt (1765) [10], c) rotary enginebyCartwright (1797) [10]

which was similar to Watt's ‘abutment’ engine, owigh - The cons of rotary engines:

two flaps and three baffles working as pistonsdesihe . Lower overall efficiency. This is mainly because of

rotating cylinder, as seen in Fig. 2b,c. both relatively low compression ratio and incomglet
Coming back to main topic concerning rotary engines  fuel combustion in the combustion chamber.

as known, there are several pros and cons for tesen- . Moreover, it causes higher toxic emission, paréidyl

ventional solutions in engine design. Among othéhe, UHC and CO are significantly higher than in thesela

most important are the following. sic IC engine.

- The pros of rotary engines: . Lubricating oil leaking and higher oil consumption

Construction is relatively very simple. It contains  due to burning it in the combustion chamber. By de-
a significantly lower number of parts as compa®d t  sign, the rotary engine burns oil because amouits o

the classical piston engine. Especially, the enpae oil for lubricating the combustion chamber sealing
moving parts in lower number. This makes them cost  remain there and mix with the fuel.

effective anq I|ghter'. o - High costs of repairs — as rotary engines are Bof v
Power to weight ratio is higher. common, thus, the car service is not equipped rith

Vibration generating by the engine is significantly quired tools as well is not experienced enoughrte p
lower due, because the engine does not contain any vide effective repairs or even simple maintenance.
reciprocating motion. which makes them expensive to repair.
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2. Conception, construction and operation principle
The machine was worked out on the basis of thenpate

No. PL 208394 [11] by K. Rzadkosz. It characterizsslf

with the potential applications as follows:

the machine can be used as a combustion engine with

a high drive torque, which gives the possibilityusing

such an engine as a starter for large stationasyega

gines and marine engines,

as a pneumatic rotary actuator with high torque,

as a pneumatic motor working at middle pressura-nat

ral gas stations,

the machine can be used in a hybrid system working

alternately as an internal combustion engine and as

a pneumatic motor,

the machine can be used as a high-performance com-

pressor.

The essence of the originality of the constructibat

distinguishes it from the known designs of vane armis

the way of guiding the baffles which separate thancbers

in the cylinder from the each other. The advantafyéhe

presented way of guiding the baffles is the sligtgssure

affecting the cylinder's surface, which should #igantly

improve the service life of the baffles and at saene time

ensure the tightness between the chambers.

Fig. 4. a) Prototype of the vane engine by K. Readkb) mechanism for
guiding baffles in the engine

Compressed natural
gas / air intake

Another special feature of the engine is the usarof
asymmetrical cylindrical body, which results in madler
compression chamber and a larger expansion chaimibier.
solution leads to increase in engine efficiencyiciiresults
directly from applying so-called overexpanded theds:
namic cycle to the engine.

In the case of engine operation in hybrid mode,ehe
gine will work alternately with combustion and pneatic
cycles as presented in Table 1, in contrast to coniyn
used separate exhaust and pneumatic systems.

Table 1. Working conditions for the vane engine

Exhaust

Fig. 3. Cross-section of the vane engine by K.Readi11] Operation Mode Work order - Chamber No.

Combustion engine 1,2,3,4 CNG Combustion

n
Alternate work

The engine resembles a classic vane motor used
pneumatic drive systems. The rotor has 4 bafflasdbfine
and simultaneously separate the adjacent chambens f
each other. The rotor with baffles rotates inside body
(cylinder) constructed in such a way as to isoleden each
other the following spaces: the part in which coasgion
takes place, the part in which the ignition occarsl the
part in which the gases are subject to expansiorthis
mode of operation, it is the engine that worksramgernal
combustion engine and partially resembles the \Wank
engine with a rotating piston, however, this pistemot
located eccentrically. For example, the engine is supplied with compressed

A special feature of the engine is the baffle mowt at a pressure of approximately 30 bar. The expartsikes
system that adheres to the cylindrical surfacee@ she place at the bottom part of the engine (Fig. 3)enehs, the
adjacent motor chambers against each other. Inrdme chamber located in the upper part sucks air andesnik
reduce the force from the baffles pushing on tHandsical ~ with natural gas injected into the inlet channeltioé en-

1,3 Air Expansion
2,4 CNG Combustion
or
1,2 Air Expansion
3,4 CNG Combustion
or
every second cycle:
1,2,3,4 Air Expansion
1,2,3,4 CNG Combustion

Pneumatic motor

1,2,3,4 Air Expansion

surface, the author's method of guiding the baffies
reducing this force was developed, which direcfiiects
the smaller friction losses and the lower wearhef ¢ylin-
der liner and baffles.

gine. The combustion process is initiated by a lsphs-
charge. As mentioned, the fuel is CNG. Expansiorhef
exhaust gases takes place in the same part ohtlinecas
the air expansion is done.
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3. Potential benefits Unfortunately, increase in HC emission resultingndr

One can expect the following parameters to be inthe need to lubricate the cylinder liner is expéctaut this

proved: is a problem commonly found in this type of constian.

increasing the engine torque of the air motor with
changed air flow — which results from the fact tte
engine operates in every second cycle as a cornbusti[he
engine,

raising the efficiency of the air motor — this isedto the
fact that alternating operation of the engine imbas-
tion and pneumatic modes leads to increase intbe a The technical specifications of the engine are fthie
age temperature of the pneumatic motor, and thus i%wing:

provement in the expansion of the pneumatic medium Fuel: LPG/gasoline, ether,

_(optlonally natural gas or air) is obs_erved. - Swept volume of a single combustion chamber: 48 cm
increase in the efficiency of the internal combusti .
No. of chambers: 4,

engine compared to the rotary piston engine (Wankel . .
engine). Due to alternative pneumatic-combustiogrop ~ NO'_ 9f combustion evenf[s per one rotation: 4,
ation, the average engine temperature is lower aopap ~  9nition system: spark discharge,
to the mean body temperature of the internal combus CoOmpression ratio: 8,

tion engine, because expansion work in pneumatidemo- EXpansion ratio: 11.5,

4. Preliminary investigation

The engine was constructed and preliminary tested a
domestic test bed consisted of the dynometer an

a speed indicator as depicted in Fig. 5a,b. Theouhater

was built from the 3-phase asynchronous motor witini-

nal power of 1.5 kW.

causes additional cooling effect due to air / gasoth- - Rotational speed range: 650...800 rpm.

pression. Such cooling effect of the engine will sig- The engine used to work for several minutes eigjaer
nificantly reduce its temperature, but this deceems oline or LPG as fuels. The problem occurred witighhi
expected. misfiring events expressed by COV over 20%. Thélem

improvement in engine efficiency in the hybrid syst Was probably supposed by a spark timing actuataking
(gas-pneumatic) results from the overexpansionhef t NOt effective en(_)ugh v_wth the crank encoder. Howeweld
exhaust gases. The expansion stroke is longer ms costart of the engine might also be a cause, assfahe en-
pared to the ratio of the compression stroke. gine combustion chamber in its top dead centra shape
as a result of lower temperature of the exhaustggabe ©Of elongated gap.

temperature of the eIement_s sealing the comb_usticyj Conclusion

chamber will be reduced, which should partly eliaten
the defects characteristic for the Wankel engircethns liminary at cold start conditions. The engine mmisfy

improve the sealing system of the engine. The ®BIC o6t occurred at work. Hence, further work onriwng
of the average engine temperature is also impoitant 5 spark system, as well as start of combustioratized.

determining the technological clearances required fop, the other hand, one can state, that first atteop start-
provide dilatation as a result of the increasehef ¢n- ing the engine were successful, even though thessgms
gine temperature from the cold start temperaturésto reported. '

operating temperature. On the basis of fundamental considerations, thHeel

low emission of toxic exhaust components will m@inl j,g remarks, advantages and essential features foene
concern nitrogen oxides whose emission strongly dgg follows:

pends on the maximum combustion temperature.

The vane engine was constructed and investigated pr

a) b)

Fig. 5. Test bed of the vane engine by K. Rzadkosz
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- the engine can be easily adopted to work with trer-o count that such engine will not be overloaded oteotto
expanded cycle, obtain its better durability and reliability,
- due to alternative work consisted of: expansiopres- - the vane engine can work as the source for a sylstem

surized air and combustion events, removal of the e compressed air and electricity of 400 V/32 A witht-0
haust gases residuals from the combustion chan#ser b  put power up to 20 kW. It will be possible to sexue-
fore the next burning cycle can be achieved, pair workshops in field conditions.

- potential for downsizing — small dimensions at higr}s\

performance — for example: the vane engine with two This project has partially received funding frone tu-

rotors with a cubic capacity of a single chambeb@® o / 2020 hand i .
cn® are equivalent in terms of mechanical power tpopean Umodns Horizon researc 6:3n23|gnovalmnk
a 16-cylinder piston engine of 8 liters (of cousssum- gramme under grant agreement No. 691 — Knocky -

; o : .. H2020-MSCA-RISE-2015.
ing the same general efficiency of the engine) veith
nominal power of 120 kW. It has been taken into ac-
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