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Abstract. To develop high energy-density power generation engine with variable geometrical compression ratio, the
performance of an irreversible air standard Miller cycle in a piston rotary engine denominated Kopelrot Rotary Engine
(KRE), was analyzed using thermodynamic numerical simulations. With consideration of the characteristics of the work-
ing processes in the KRE, corresponding differential equations were established and then simplified by period features.
Application of Miller cycle in conventional engines can be realized by either early or late intake valve closing (EIVC or
LIVC); in KRE engine this can be achieved varying the position of inlet port. Thermodynamic modeling shows that the
Miller cycle has the potential to increase fuel efficiency compared to a conventional Otto-cycle engine, however with the
cost of a reduced engine power density.
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1. INTRODUCTION

From last two centuries to present, conventional reciprocating piston internal combustion engine are still successful
used widely as the principal source of mechanical power used in automobiles. According to Heywood (1988) engine
developments, perhaps less fundamental but nonetheless important have continued ever since in many research facilities
(Agnew, 1978). One more relatively recent major development has been the rotary internal combustion engine. Although
a wide variety of experimental rotary engines have been proposed over the years (Wankel, 1965). The first practical rotary
internal combustion engine, the Wankel, was not successfully tested until 1957. That engine, which evolved through many
years of research and development, was based on the designs of the German inventor Felix Wankel (Ansdale and Lockley,
1969; Yamamoto, 1981). Despite of big efforts and resources to solve many problems, the Wankel rotary engine is the
only one which achieved limited commercial success.

For decades, researchers and individual inventors all over the world proposed other types of rotary engines towards
achieve a more direct energy conversion without the use of a reciprocating piston. Oledzki (2010), proposed a rotary
positive displacement internal combustion engine, according to author, the invention is based on a specific form of four
bar mechanism and features unique simplicity, compactness and strength that make the engine similar in these and some
other aspects to gas turbines. Kauertz (1964), proposed a radial-piston or radial-vane internal combustion engine. Bakhtine
(2001), develop a oscillatory scissor type rotary engine. Omori (2010), claim a cat-and-mouse type internal combustion
engine of concentric two-rotor/six-piston type.

Kopelowicz (2003), proposed a spark-ignition internal combustion rotary engine with variable speed displacers. In this
engine, four displacers rotate concentrically, in an annular space, at variable and phased angular velocities, thus creating
distinct variable-volume working spaces between them. A notable feature of this proposal is a mechanism that offers a
convenient way to change the compression ratio. In this work, the characteristics of the working processes of this engine
(KRE) are analyzed, and then mathematical models of the thermodynamic process are also established which provide
effective analysis methods for the structural design.
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2. STRUCTURE AND PRINCIPLE

Figure 1 shows the two pairs of pistons and respective rotors of Kopelrot engine, toroidal cylinder and intake-exhaust
ports. The steady rotation of engine power shaft and a novel mechanisms produces pistons of different rotors moving
towards or away from each other. This relative motions between rotors form chambers of variable volume among the
adjacent pistons. The Kopelrot rotary engine avoids piston reversal movement observed in conventional reciprocating
combustion engine.

Figure 1. Pair of pistons and rotors of engine

The rotors attached to pistons mentioned above are linked to a differential velocity drive mechanism and output power
shaft. The mathematical model of the KRE for the position, velocity, and acceleration was established (Deng et al., 2013).
Figure 2 shows the variations of toroidal section volumes among adjacent pistons.

Figure 2. Variation of volumes in the toroidal cylinder chamber at maximum compression ratio, rc

Figure 3 shows the variations of pistons rotational speeds relative to output power shaft (θ̇2).

Figure 3. Pistons rotational speeds relative to shaft engine rotational speed, θ̇2
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3. THERMODYNAMIC MODEL

To permit analysis of critical features and our basic understanding of the thermodynamic process in KRE, in this work
was used an appropriate combinations of assumptions and mathematical equations.

3.1 Basic assumptions

The first approach of this work was consider a simplified thermodynamic model called zero-dimension model (Lavoie
et al., 1970), this unveils the essential features of internal combustion engine. The model describes the thermodynamic
states of the burned and unburned gases as a function of time. This model has the following assumptions:

1. The working substance is an ideal gas;

2. The mixture air-fuel in combustion chamber is uniformly mixed;

3. The system state parameter is function of time regardless of the position and space;

4. The loss of kinetic energy at inlet ports can be ignored.

3.2 Basic equations

We consider a control volume enclosing all the gases mixture in the toroidal cylinder chamber volume V . This working
volume change according like to harmonic motion. Mass of gas-fuel mixture enter the control volume through the inlet
port at flow rate, ṁe. Similarly, mass leave through the outlet port, leaks included, at flow rate, ṁs. The first law of
thermodynamics and mass conservation equation for this control volume may be written in compact form as

[ dp

dt
dh

dt

]
=

[
E11 E12

E21 E22

][
ṁe − ṁs − ρ

dV

dt

ṁehe − ṁshs + Q̇c − Q̇w + ρh
dV

dt

]
(1)

Where, matrix E of ordinary differential equations system ODEs, is compute from thermodynamic derivative relations
ψ = (∂ρ∂p )h and ξ = ( ∂ρ∂h )p, thermophysical properties enthalpy h and density ρ, and working volume V .

3.3 Heat release model

In order to approximating the burn rate in internal combustion engines, analytical functions are useful an inexpensive
tools for engine cycle simulations. The best known of these is the Wiebe function, which is used to predict the burn
fraction and burn rate in internal combustion engines operating with different combustion systems and fuels (Ghojel,
2010). The Wiebe functions for non-dimensional burn fraction x and its derivative w (burn rate) as function of time can
be written as

x = 1− e
6.908

(
t
td

)m+1

(2)

w =
dx

dt
=

6.908(m+ 1)

td

( t
td

)m
e
6.908

(
t
td

)m+1

(3)

Where t are measured from start of combustion (t=0), the above equations (2) and (3) can be written as function of
degrees crank angle as

x = 1− e
6.908

(
ϕ−ϕg
ϕd

)m+1

(4)

wϕ =
dx

dϕ
=

6.908(m+ 1)

ϕd

(ϕ− ϕg
ϕd

)m
e
6.908

(
ϕ−ϕg
ϕd

)m+1

(5)

Where ϕ is the crank shaft angle; ϕg denotes the angle at which burning start; ϕd is the duration of combustion; m is
designate the shape parameter.

The fuel mass mf , fuel calorific value LHV and mass fraction burned x, rules the change of heat release.

dQc
dϕ

= mfLHV
dx

dϕ
(6)
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3.4 Heat transfer model

In internal combustion engines, heat loss from combustion gases through the cylinder wall to the coolant strongly
influences the thermodynamics of the engine cycle, this heat loss is an important part of the energy balance. The in-
stantaneous heat transfer rate, Q̇w, shown in Eq.1 is calculated applying usually Nusselt, Reynold and Prandtl numbers
correlations as follows.

Q̇w =
htAw(T − Tw)

2πNe
(7)

Where T −Tw is the mean gas temperature difference in the cylinder between gas and wall cylinder temperatures. Aw
is the instantaneous surface area available for heat transfer, and ht is the heat transfer coefficient which can be determined
using Woschni’s correlation (Woschni, 1967). Ne is the engine speed.

4. Numerical simulations

Ordinary differential equations ODE was solved by a Fortran VODE solver (Brown et al., 1989) that uses a multistep
methods with fully variable-step sizes and coefficients. Thermophysical and transport properties was computed using
GasMix sub-library from FLUIDPROP thermodynamic property library (Colonna and Van der Stelt, 2009). GasMix
implements the ideal gas model for fluids and mixtures.

4.1 Preliminary results

To start the simulations, for convenience, the compression starting point was selected as the initial value of ordinary
differential equations. Then for a working cycle, numerical calculation is made step-by-step. Unlike conventional engines,
the intake and exhaust of valveless KRE engine ports are all open. In this engine, Miller or Otto cycle can be achieved
varying the position of intake port. Figure 4 shows the variation of mean effective pressure and enthalpy of a Miller cycle.

Figure 4. Variation of mean effective pressure and enthalpy of a Miller cycle

Comparison of Otto and Miller cycles are shown in Fig. 5. This figure also illustrates the work loss that can be avoided
from the Miller cycle (shaded). Heywood (1988) showed that significant increases in engine efficiency can be achieved in
over-expanded cycles, especially at low compression ratios.

According to Mikalsen et al. (2009), the compression ratio rc = Vb/Va will be equal for the Otto and Miller engines.
For the Otto cycle engine, the expansion ratio is equal to the compression ratio, whereas for the Miller cycle engine, one
can define a ‘Miller cycle ratio’, ε, expressing the relative difference between expansion ratio and compression ratio:

ε =
re
rc

=
Vc/Va
Vb/Va

=
Vc
Vb

(8)

where re is the Miller cycle expansion ratio.
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Figure 5. Comparison of Otto (a) and Miller cycles (b)

Figure 6 shows the efficiency advantage that can be achieved in a Miller cycle engine compared to the equivalent
Otto cycle, which is consistent with reports from other authors (Heywood, 1988). In efficiency ratio, ηM and ηO are the
efficiency of Miller and Otto cycle.

Figure 6. Potential efficiency advantage of the Miller cycle engine

Figure 7 shows the power reduction in the Miller cycle with constant mean piston speed. A significant reduction of
power can be seen, as expected.

Figure 7. Power reduction in the Miller cycle engine with constant mean piston speed

5. Conclusions

Concerning the characteristics of the KRE working process, ordinary differential equations of its thermodynamic pro-
cess was established considering a zero-dimension model. Mathematical models of the thermodynamic process provide
effective analysis methods for the structural design. As expected from other authors, Miller cycle as a potential efficiency
advantage compared to Otto cycle engine, however, with cost of a reduced engine power density. It was found that effi-
ciency ratio (ηM/ηO) has a maximum at Miller ratio value ε = 1.85. This work is an initial effort and further work is
required to validate the findings presented in this paper.
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