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Abstract.Atkinson cycle is already recognized for havingetdr thermal efficiency theOtto cycle. That cycle is used
so far mostly on reciprocatingternal combustion engines (ICE) by changing tbefiguration of crank mechanisr
Miller cycle simulates Atkinson cycle by late ahgsiof intake valves on ICE with classiceymmetrical) crank
mechanisms. Rotargngines presents several advantages over convahtreciprocating ICE while having, in
general, no vales or crankshafts. In this paper, the use of AtkinsMiller cycle on a valveless rotary engine
proposed. The results highlight the rise on theraffitiency while keepininherentadvantages of rotary engin
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1. INTRODUCTION

Reciprocating internal combusti@mgine (ICE) are largely used in the industry ftationaryelectric generation.
They are also widely usedn automobiles and othevehicles and they can bexible, depending on the power
requirements of the applications. They have onebemtion process per two revolutions of the outfhaftsin a «~
stroke engine and two in as?roke enginTherefore, their power density are very Idwarthermor, in order to get the
fuel mixture into the combustion chambers and totlge exhaust gases out of the combustion chanatvgnoper time
there must be a complex valve system.

Wankelrotary engines avoid the problem of piston stoppaureversal, and can provide on power strokedch
revolution of the shaft. However, these engineslhmaided use due to poor fuel economy, short opegdife and hgh
emissions (Zouwet al, 2014).

The differential rotary engine was originally prged by Bullingto (Bullington, 1925) This engine is alsknown
as cat-and-mouse engine due to differential velocity drive mechanism (DVDM) which allows an oscillati
movement of the pistons in a fixed §eou, et al, 2014).

Recently, differential rotary engines have bquickly developed, such athe Wankel Engin(Norbye, 1971), the
Drury engine (Drury, 1971the Toroidal Tauroz (1974), the Rotoblock (1993Roundengin (Karim, 2000), the
Massive Yet Tiny (MY (Morgado, 200), the Rotatorque (2005) and the Wwbile engine(Sterling, 2011). The first
one has the highest lelof development among all the rotary engi

This paper refers to a differentiatary engine called Kopelrot (Kopelowicz, 1988Kapelowicz, 200), (Jiménez,
2008). It was succetully tested as a compressBarreto,et al, 2003), (Barretoet al, 2004), (Kopelowicz,et al,
2005).The ainof this research is to highlight the advantageshis differential rotardlCE and compare his thermal
efficiency while runningon Otto cycle ¢ Atkinson / Miller cycle.The next section presents a review of Atkins
Miller cycle.

2. ATKINSON/MILLER CYCLE

The Atkinson cycle, or the complete expansion gyisl@amed after its inventor James Atkinson in2L8&his cycle
consists on an isentropic compression followedsioghoric heat addition. The expansion occurs ispittally and the
heat rejection is isobaric (Fig. 1).

In the Atkinson cycle, the expansion phase (3 ts 4)nger than the compression phase (1 to 2% béhavior wa
first created by an asymmetric crank mechanismtoa articulated rod. On conventional internal bastion egines
(ICE) with symmetrical mechanisms, the Atkinsonleyis simulated by ear inlet valve closure (EIVC or late inlet
valve closure (LIVC)n relation to the bottom dead center (BDThus, part of the aifuel mixture is forced back int
the admission system and tbffective compression ratio is reduced, making agjmn ratio higher than compress
ratio. This solution for simulating Atkinson cy without asymmetric crank mechanismcalled Miller cycle and i
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will be discussed in this paper. Previous worksppee the use of Miller cycle in order to improve tthermal
efficiency or reducing NOx emissions.
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Figure 1. P —V and T — s diagrams of Atkinson eycl

Fukuzawa.et al, (2001) propose the use of Miller cycle on a {bam gas engines in order to achieve 40% on
generating efficiency. They have studied the refatietween expansion ratio and effective comprassitio on the
engine thermal efficiency. Using the Miller cycleese authors demonstrated that low unburnt chatyper i.e a
chamber with low swirl ratio, have better resultstbhermal efficiency than high turbulence chamiypet They also
developed a special high efficiency superchargetesy with low flow rate and high-pressure ratioider to achieve
42.2% thermal efficiency and 40% generating efficie

Mikalsen,et al.{2009) present the advantages of using Miller cgclenatural gas engines for domestic applications
such as combined heat and power (CHP) systems. &tveypare Miller and Otto cycles using a multidimenal
simulation and discuss basic design implicatiohgas found that the combustion in the Miller cybknefits from the
lower engine speed and is slightly closer to a tmssolume process. An improvement from 5 to 10Pofoel
consumption efficiency is possible in comparisorstandard Otto cycle, but at the cost of a redymmeeger to weight
ratio. Furthermore, Miller cycle advantages are evguitable for engines with low compression ratiash as petrol or
ethanol engines.

Gheorghiu (2011) propose the use of Atkinson cydte asymmetrical crank mechanisms and very higisgure
turbocharging in order to increase internal combuséngine efficiency and power and reduce NOXx simiss. With
this configuration, called ultra-downsized, the haut could achieve up to 40% better fuel conversidiiciency
compared with the Otto cycle.

The majority of previous researches concern theofigee Atkinson or the Miller cycle on reciproaaiinternal
combustion engines (ICE). In the special case dfeMcycle, late intake valve closure (LIVC) or baintake valve
closure (EIVC) are used in order to have an eqeivabehavior to an Atkinson cycle. Miller (1943sfiproposed the
use of EIVC to provide internal cooling before caegsion in order to reduce the compression workvéder, EIVC
has certain limitations in real applications sushieducing turbulence and mixing levels, with thbsequent reduction
on speed ofcombustion processes. For these rea8odgrson (1998) proposes the use of LIVC, in whibb
compression ratio decreases while retaining theimanexpansion ratio by discharging a fraction leé tmass during
the compression stroke that was inducted duringiriteke process. Moreover, the only Miller cycleElCurrently
being manufactured for passenger cars employ L8hsequently, we propose in this paper the useikédycle by
discharging some of the mass back to the intakiesyswith an equivalent system to LIVC.

2.1 Advantages of Atkinson / Miller cycle

As previously presented by several authors, theofig¢kinson / Miller cycle lead to the followingdaantages over
the use of conventional Otto cycle:
1. a more complete expansion
2. better use of the combustion energy
3. lower noise in the exhaust port
4. lower temperature in the exhaust port
5. better overall combustion efficiency
These advantages are widely proved on conventi@egbrocating ICE but there are few researchespputyang
this working cycle on rotary engines. The nextisecpresents the configuration of the Kopelrot eegaind how to the
Miller cyclewas implemented on it.

3. KOPELROT ENGINE CONFIGURATION

Figure 2 shows two principal component parts of &lopt engine: the energy conversion system (ECSH)tha
differential velocity drive mechanism (DVDM).



23rdABCM International Congress of Mechanical Engineering
December 6-11, 2015, Rio de Janeiro, RJ, Brazil

Figure 2. Configuration of the Kopelrot engine.

3.1 Configuration of ECS

The ECS has a two parts stationary housing andrabpeoncentric rotors as shown in Fig.3. EaclordtavingN
diametrically opposed pistons, whettés an even number (in the case of Kopelrot enbyin2).

Rotors

Pistons
Stationary housing

Figure 3. Configuration of the ECS.

The working chambers are defined by an upper wathfone piston, an lower wall from the subsequepigyon, a
part of the toroidal walls from the engine blocldahe radial surface from the rotors. The engirefbar pistons, so it
also has four working chambers at the same time.

3.2 Configuration of DVDM
DVDM is composed of a stationary sun gear, two @lary gears and two crank-rocker mechanisms. Tloe tw

planetary gears mesh with the stationary gearroitad motion (Fig.4).

Connecting
rods

Figure 4. Configuration of DVDM system.
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The two crank-rocker mechanisms are composed darepcarrier, two cranks, two connecting rods &mad
rockers. The cranks are fixed on each respectiapeplgear, and positioned usually out of phaseai.&80°. The two
rockers are respectively fixed to the two rotorstivp separate hollow rotor shafts. The output shaltich passes
coaxially through the two hollow rotor shafts, igidly connected to the planet carrier. As the autghaft rotates, the
two cranks, along with the planet gears are ragatinthe same speed. With a non-zero phase, thectamks also
restrain the two rockers (and the two rotors) tovenin the same variable oscillatory rotation atifferent pace.
Therefore, relative motion between rotors genertitessrolumetric change within each working chamlzerd creates
the four-strokes cycle.

3.3 Working principle

DVDM interconnects the two rotors and enables thespeed up and slows down in a cyclical oscillatotation.
The rotors are driven about their common axes &ed telative angular velocity vary so that theumk of each
working chamber is alternately expanded and thertracted. An inlet port, an exhaust port and aitimmdevice are
provided at appropriate points on the toroidal mgisso that the expansion and contraction of theking chambers
will provide admission, compression, combustion erdaustion strokes (Zost al, 2014).

Inlet port Exhaust port

Figure 5. Pistons and chambers of ECS.

As this engine has four pistoR4, P2, P3, P4there are also four working chamb@&s, C2, C3, C4Fig. 5). The
working chambeC1 lies in the position between the pistdds andP2, the working chambe€2 lies in the position
between the pistor32 andP3, and so on. WheN is 2, there are 1 inlet port and 1 exhaust pora ¢ieneral case, if the
piston number ifN, then2N working chambers are formed, and the number of mets, exhaust ports and ignition
devices aré\/2 (Deng, 2012).

One oscillation means one contraction and one esiparstroke for each working chamber. Consequefatypne
revolution of the output shaft, each dfl vorking chambers complet®§2 power strokes. As a result, the number of
power strokes per revolution of the output si8can be expressed as:

PS = N? @

Figure 6 shows that for one chamber, formed betwsstonsP1 and P2, there are two contractions and two
expansions for every two complete rotations of diagput shaft. Kopelrot engine has four chamberstheoe are 8
contractions and 8 expansions for every two corapietations of the output shaft.

The same stroke is performed simultaneousIWNid different working chambers, i.e., with multiplseuof the
working space of the housing, the same stroke gesva balanced force to the rotors and increasgsativer density of
the engine. The compression ratican be expressed as:

6.
r, = max @
5mln

whereé,,, ., andé,,;, are the maximum and minimum &f which is the relative angle of the adjacent pistdn the
contraction phase the distance between pistgnsis 8.60° and in the expansion phase, the distapge is 100.25°.
As a consequence, the compression rai® 11.66.5 is proportional to the volume of working chamb¥®rswhich is
expressed as:

2
V= "dl‘sglaxdz (3)



23rdABCM International Congress of Mechanical Engineering
December 6-11, 2015, Rio de Janeiro, RJ, Brazil

whered, andd, are respectively the diameters of the pistons @nthe torus. In the case of Kopelrot engine
d, = 56.50 mm andd, = 183.46 mm. Thus, the volume of each combustion chamberlig8liter.

Similar to the displacement definition of the contrenal ICE (Stone, 1999), the displacement of Kupelrot
engine,Q.,, is defined as the gas volume exhausted from thev@king chambers per revolution of the output shaf
which can be expressed as:

Nnd%(ﬂ:—N,B)dz

Qex = — (4)
4
200
180 — — — Piston P1 angular position|
~ )
160 // A z ------- Piston P2 angular position|
140 // SR Distance between pistons
C 120 / J s — \\\ S
Q / i \ ‘\‘s
2 199 TN /
< 80 = A
60 - / \ \\\ / \\‘ //’ e
\ —_
40 / \ )/\ /\‘,< /\ § ot
20 NS TN
N \\’/ N / N—
O 1 1 A
o [0 9] O W N W

Output shaft angle (°)
Figure 6. Angular position between pistaessusoutput shaft angle.
3.4 Advantages of Kopelrot rotary engine

As the others rotary internal combustion enginfes,Kopelrot engine has the following advantages treglitional
reciprocating ICE (Kopelowicz, 1988), (Kopelowi@03), (Jiménez, 2008):
1. Higher power density
2. Multiple power strokes per revolution
3. Complex valve systems are not required
4. More uniform torque
5. More space for ignition spark plugs, inlet portsl @xhaust ports
Although these advantages are inherent of eveayy@ngines, Kopelrot engine have also the advantég more
efficient combustion due to the use of Miller cydopelrot engine does not have any complex valwing system
and, as stated before, the opening and closindyefiritake and exhaust ports are made only by theement of
pistons, which are mounted in the toroidal chamber.

3.5 Aplication of Miller cycle

For applying Miller cycle with an equivalent effemftlate intake valve closure (LIVC), the Kopelastgine employs
another port after the intake port. That port,emhlbypass, is connected to the inlet port. In cqpuesece, it is possible to
let some of the air-fuel mixture go out of the clw@ns and back to the intake port during the congiwasstroke,
reducing the compression ratio. The expansion ratimchangeable.

The bypass port contains an adjustable pressusitiservalve that allows the compression ratio &oyin relation
to the expansion ratio (Wittry, 1995). When the poassion ratio is the same as the expansion thgagngine runs on
Otto cycle. When the compression ratio is lowemtliae expansion ratio, the engine runs on Millecleywhich
generates a higher thermal efficiency.

In the angular position of the toroidal chamber mehthe power stroke takes place, there is the biglesel of
pressure. The bypass valve is always blocked bylatesal walls of one pistonduring the power strakeorder to
prevent it from opening due to high pressure lefrels) combustion. For so, this port is located ipaat of the toroidal
chamber in which the minimum compression ratio(%63n relation to the expansion ratio. Thus, ip@ssible to vary
the compression ratio from 30% up to 100% of thea@sion ratio.

Hence, the use of a pressure-sensitive valve orbypass port is a good solution for applying Milercle on
Kopelrot rotary engine for keeping its simplicitychavoiding the use of complex valve timing systems
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Inlet port

Figure 7. Application of Miller cycle with a bypapsrt before the position of maximum compressioiCjM

The next section deals with a thermodynamic sinariain order to express the gain on thermal efficiedue to
Miller cycle application.

4. THERMODYNAMIC SIMULATION

The thermodynamic simulation using ordinary différal equations (ODE) was solved by a Fortran VCdalver
(Brown, et al, 1989) that uses a multistep methods with fullsialale step sizes and coefficients (Ticoetal, 2015).
The total volume displacement and the expansida et unchanged for every simulation. Miller cyale simulated

with different compression ratios, varying from n8a% up to 100% (Otto cycle) of the invariable axgion ratio.
The relation between compression rati@nd expansion rati is expressed as:

e=1/Te ®)
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Figure 8. Relative efficiency in function of

Figure 8 presents the relative thermal efficientiKapelrot engine running on Miller cycle in relati to Kopelrot
engine running on Otto cycle. A 5 degree polynonfiaiction was fitted to the simulation results talicate the
tendency. It is possible to note that efficiengeruntil about = 0.55 and then decreases. Better efficiencies occur in
the range frone = 0.5 toe = 0.6. The gain due to the Miller cycle is up ©.85% when the compression ratio is
53.99% of the expansion ratio.
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5. CONCLUSIONS

This research work highlights the advantages a@fryoengines, particularly the Kopelrot engine, &l as the gain
in thermal efficiency due to the use of Miller ayclRotary engines have several advantages overentiomal
reciprocating engines, such as higher power densitjtiple power strokes per revolution, more unificorque, more
space for ignition spark plugs, inlet ports andaat ports, as well as no need for complex vatwint] systems, which
reduces production and maintenance costs. Thig plmeonstrates that it is possible to combine tlesantages with
higher engine efficiency using Miller cycle. Theetmodynamic simulation, using ordinary differenteuations,
exhibits that whit Miller cycle almost 20% highargne efficiency can be achieve than with Otto eyarh the Kopelrot
engine.

Future work consists on the construction of the &g rotary engine and comparing the results fexperimental
tests with simulation results from this paper.
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