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NEW TEORETICAL CYCLE FOR 
ACTIVE COMBUSTION CHAMBER ENGINE
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Abstract

This paper presents calculations of the theoretical cycle of engines with an active combustion 
chamber depending on energy delivery and dissipation. In the case of ACC engines, a different 
calculation approach is required to account for the possibility of additional volume change, 
independent of the piston-crank system. The introduction presents a schematic diagram of volume 
change, accomplished by two independent piston-crank systems and an active combustion 
chamber, as proposed by the authors. Moreover, the diagram, which is the basis for analysis in this 
paper, illustrates characteristic points of the cycle. In existing theoretical cycles of combustion, this 
issue does not present any difficulties, since the solution is exact and based on known equations. 
In the case of theoretical ACC engines, however, the situation is different, since this engine can 
perform not only in typical cycles, but also in new ones. To explain the challenges of these new 
cycles, authors present a few of the most probable calculation variants, taking into account the new 
kinematic capabilities of ACC engines. Each comment justifying the choice of a certain calculation 
variant is illustrated with a theoretical cycle figure and closest approximation of induced pressure 
course of the ACC engine. At the same time, however, the authors show that this problem can have 
many interpretations. It has been concluded that the solution depends on the assumptions made 
about the active combustion chamber, namely its principle of operation.
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Combustion Chamber.

Nomenclature:
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1. Introduction

Since the creation of a four-stroke internal combustion engine in the middle of the 19th cen-
tury [3,18,23], only a handful of theoretical cycles were devised. Different designs resulted 
in different principles of operation [9 ,14-17]. 

 •  Otto

 •  Sabathe 

 •  Miller 

 •  Diesel 

 •  Atkinson  

The theoretical cycles [7-10,12,13] listed above determine the maximum efficiency, pres-
sure and temperature of an ideal internal combustion engine, acting as an exemplar for 
working engines. There are, however, some issues that are impossible to rectify in these 
cycles, i.e. delivering energy of a constant temperature, as in the Carnot cycle. Is it possible 
for an engine to realize, in the most desirable way, all theoretical cycles dependent on the 
load? The answer is: possibly, but such an engine would require many different energy-
delivering channels. That way, it would be possible to adjust the maximum temperature 
and pressure, while retaining high efficiency.

Figure 1 presents the working principle of an ACC engine, which is closest to the theoreti-
cally optimal engine. For those who encounter the concept of the ACC engine for the first 
time, there follows a short description of its principle of operation. More detailed informa-
tion on ACC engines can be found in papers related to engine research [11,19-22].

The  principle of operation of an engine with an active combustion chamber, referred to as 
an ACC system, is as follows: the moment the pressure in the cylinder surpasses the initial 
pneumatic spring (3) tension, a partition wall of the ACC, which is an additional piston, 
ascends and stores energy in the spring (3). When the piston (2) is at the highest posi-
tion, the energy stored in the spring (3) is at its highest as well. Then, all the forces acting 
on the piston (3), including inertia forces, are balanced out. From this moment on, during 
the retraction stroke of the piston, the energy stored in the spring is recuperated. Then, 
the additional piston (2) descends, and due to the energy stored in the spring (3), it can 
sustain pressure and volume in the combustion chamber at a certain, constant level. The 
movement of the piston (2) in every position is controlled by a one-way pneumatic spring 
(5) and a one-way damper (6). Adjustment of the ACC system is achieved by changing the 
stiffness of the pneumatic spring (3) in two ways: by altering the volume of the spring 
via a movable partition wall (4) and by altering the pressure supplied to the spring. Thus, 
the volume of the combustion chamber is dependent neither on the crank nor the piston 
[1,2,4-6].
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Fig. 1. Schematic diagram of ACC engine.

2. Theoretical cycle of the ACC Engine without compression 
ratio adjustment

Figures 2 and 3 present the working principle of a spark ignition ACC engine in its char-
acteristic points (A, B, C, D). The position of points C (from to behind the top dead centre) 
and D (from  to  behind the top dead centre) in figure 2 are typical of the ACC system and 
were acquired mainly during the piston position measurement. This behaviour of the ACC 
system was used to devise a scheme of its working principle, seen in figures 4 and 5. 
The characteristic points from figures 2 and 3 (A, B, C, D) are replaced with corresponding 
points A’, B’, C’ and D’. 
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Fig. 2. Four (A, B, C, D) characteristic points of a working ACC engine for partial loads.

Fig. 3. Four (A, B, C, D) characteristic points of a working ACC engine.
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Fig. 4. Four characteristic points of a theoretical ACC engine.

Fig. 5. Four (A, B, C, D) characteristic phases of a working ACC engine.
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The ignition delay and small corresponding displacement of the ACC system in schemes in 
figures 4 and 5 are omitted, as standard in analyses of typical theoretical cycles.

In both schemes in figures 3 and 5, one can notice the significant influence of the ACC 
system, especially between points B and D for the working engine and C’ and D’ for the 
theoretical engine, that happens to be the stroke. That is why the theoretical ACC engine 
cycle needs a different analytical concept than in the case of the Otto cycle, which is used 
in analyses of subsequent VCR engine cycles. The working concept of an ACC engine ac-
cording to the new cycle relates to the form of energy delivered to the system, which is 
presented in figure 6 with green colour and is compared with the Otto cycle, marked with 
red.

 The concept demonstrates that when the engine is working under full load, energy should 
be delivered in two ways: under constant volume, marked as Q1, as in the Otto cycle, and 
in a polytrophic process, marked as Q2. When the maximum temperature criterion at maxi-
mum load has to be fulfilled, the process in which Q2 is delivered is an isothermal process 
[1,15-18,23].

Fig. 6. Energetic concept of a new theoretical cycle. The red curve represents the Otto cycle and the green 
curve the ACC engine cycle.

Both cycles presented in figure 6, Otto and the new cycle, have exactly the same efficien-
cy and maximum pressure, while retaining the maximum pressure at the same level. The 
most significant difference is the maximum temperature of these cycles, which is lower in 
the case of the ACC cycle, and will be proven by means of calculations.
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3. Calculations for the new cycle

Calculations are based on the concept presented in figure 7, which is a division of the new 
cycle into two equal-energy cycles. The first grey-filled area is the Otto cycle with a com-
pression ratio of 20:1, while the orange-filled area is the addition to the new cycle (accord-
ing to the superposition principle). 

Fig. 7. The division of the new cycle.

Such division eliminates the deliberations about the apparent compression ratio change 
related to movement of the additional piston, that occurs during the stroke has no influ-
ence over its value. However, its effect will be accounted for by the coefficients introduced 
later in the paper.

In the Otto cycle (grey area) the main process occurs, which depends only on the load 
and fuel type, and which can range from 60% to 100% of the total energy. In the new cycle 
(orange area) the process of the remaining energy (0% to 40%) occurs.

This division shows that if the system does not exceed the maximum energy Q1=60% that 
can be delivered with the isochoric process, then the theoretical ACC engine will work 
with a maximum compression ratio of 20:1, according to the Otto cycle, with constant ef-
ficiency. This gives an advantage of approximately 9% of efficiency, compared to engines 
working under partial load with a compression ratio of 11:1. Conversely, further increase of 
the energy in the cycle, will also increase the contribution of the new cycle. Its efficiency 
will decrease by shortening the adiabatic expansion curve, finally reaching a minimum 
value for the isothermal process.
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According to the above, one can state that when:  
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 In these considerations the worst-case scenario of the additional cycle efficiency being 
equal to zero was taken into account. This is the limit of applicability, which does not occur 
during the ACC engine analysis. In this case, when the load is greater than 60%, efficiency will 
decrease gradually, as presented in figure 8 with a black dashed line. 
 
ŋ =                                               (17) 

 
 For the sake of calculations and plot preparation based on figures 8 and 9, the formula 
for the  coefficient was used. Its value can be calculated assuming the values of the following 
parameters: 

• maximum pressure  or maximum temperature , = 3 
• ambient temperature, = 1 
• coefficient by defining its minimum value 
• compression ratio  
• polytrophic process exponent , denoting the manner of energy delivery in the additional 

cycle 
 

For the isobaric process, the following relations are true: 
= − = − ( − )                    (18) 
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= ( − )= ( − )                 (19) 
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( = ) = = = (  ) −  − +                 (21) 

                                                                                

Heat  can be found by means of: 

Assuming that the process in the additional cycle in which the remaining energy is deliv-
ered is isothermal, meaning that all the energy is used for work, the efficiency of the ad-
ditional cycle can be formulated as follows: 
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Heat Q2 can be found by means of:

For the polytrophic process, the following relations are true:

For the isothermal process, the following relations are true: 

Based on the performed calculations, a graph in figure 8 with α, β and γ coefficients and 
a graph in figure 9 with the ACC engine cycle efficiency for four coefficient values n, were 
plotted. The values are 0.0, 0.5, 0.8 and 1.0. 

Fig. 8. α, β, γ coefficients as a function of load.
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As anticipated, as the polytrophic exponent n increases, the coefficient increases as well. 
This is accompanied by a decrease in the additional cycle efficiency. The larger n2 is, the 
smaller the coefficient is.

Fig. 9. Efficiency of the new Otto cycle as a function of load.

Figure 9 shows that the lowest efficiency at full load occurs in the ACC cycle where the 
energy Q2 is supplied in isothermal process. Decreasing efficiency, i.e. increasing poly-
trophic exponential n, is accompanied by a drop of maximum temperature, which is shown 
in Figure 11. 

It should be noted that plots in Figure 10 were produced for full load, in order to show the 
maximum temperature differences and not to dwell upon the lambda coefficient. Following 
assumptions were made to produce these plots:

 • comparable cycles have the same swept volume,

 • reference temperature is the maximum temperature of Otto cycle with compression 
ratio 11:1,

 • for all cycles, to simplify the calculations the cp/cv=1.75 (whereas in a real engine it is 
between 1.28 and 1.38 what was accounted for in simulation in),

 • the value of λ=1 (the lambda of stoichiometric mixture) for theoretical ACC engine and 
~λ=1.05 for engine working according to Otto cycles with compression ratio 11:1, which 
stems from the different combustion chamber volumes,
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 • all calculations were conducted relative to overall volume,

 • in each case, the system was supplied with the same amount of energy,

 • in case of theoretical ACC engine, the energy is returned in isochoric process, thus the 
overall volume of system does not change.

Fig. 10. Relative temperature of Otto and the new cycle for different polytrophic exponents.

Taking such assumptions, the effect of ACC system on theoretical cycle in Figures 6, 7 and 
10 is not visible. Therefore, this paper includes Figures 12 and 13, scaled down to the vol-
ume of crank piston system, as well as Figure 13 and 14 (theoretical and real) scaled with 
reference to crankshaft angle. These plots enable the assessment of correlations between 
the theoretical and real ACC engine cycle. 



35The Archives of Automotive Engineering – Archiwum Motoryzacji Vol. 83, No. 1, 2019

Fig. 11. Course of pressure as a function of relative volume of crank piston system in real and theoretical 
engine.

Fig. 12. Course of pressure and temperature as a function of crank angle in real and theoretical engine.
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The plot in figure 12 needs additional backing with experimental measurements that was 
the basis for recreation of temperature course in the chamber of real engine. The aim in 
this case was to prove that combustion reaction occurs in constant temperature, which 
should limit the discussions about the possibility of isothermal theoretical cycle. Such 
plot is presented in figure 13, where temperature is constant for the period of time that is 
significant for the process. Despite the distortions of the pressure that stem from the heat 
transfer, there are no combustion in the specific temperature.

In Figure 13 the course of temperature was replaced with measurement results of the radi-
ant intensity from the real ACC engine. The measured photoelectric effect is a function of 
temperature of fourth power, according to Stefan-Boltzmann law. This illustrates well the 
change of temperature in the cylinder, even if the devices were not rated, as in this case.

Fig. 13. Course of pressure and temperature in real ACC engine as a function of crank angle.

The figure 14 presents the correlation between volume change dV and temperature. Its 
purpose is to demonstrate the direct influence of ACC system on the course of temperature 
in ACC engine chamber. The volume change is measured by means of a laser transducer.
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Fig. 14. Course of temperature and volume change in real engine as a function of crank angle.

Concluding the preceding calculations concerning the new proposed theoretical cycle, it is 
important to underline that the ACC system introduces additional loss, when the exponent 
of the polytrophic process is greater than 0, n>0. This means that energy is accumulated at 
higher pressure and recuperated at lower pressure, as illustrated by the arrow in figure 15.

The yellow area, marked as “+” depicts the energy accumulation area, whereas the blue 
area, marked with “-” depicts energy recuperation. The difference in this closed indicator 
diagram is equivalent to the efficiency of an ACC system and, in this case, it is equal to 
ηACC=67%.
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Fig. 15. Real energy balance of an ACC system for a closed cycle.

In both real and theoretical cycles, energy gradually lost due to the recuperation process 
is related to an increase in kinetic energy.

In the working cycle, energy will be lost mainly due to kinetic energy gain and the over-
coming of friction. The value of lost energy, calculated for the whole cycle, varies between 
0% and 7%, depending on the maximum cycle temperature and load. The working cycle 
is characterised by an increase in insignificant loss, which in some cases may even de-
crease. The loss is calculated as the difference between accumulated and recuperated 
energy in a working cycle, and is of a value between 55% and 80%.
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Fig. 16. Course of accumulation and recuperation of energy in a theoretical (frictionless) ACC system.

In the face of these losses, the theoretical cycles should be modified into a form that 
would produce more accurate calculations. Such a form is presented in figure 16. The pro-
cess of losing additional energy by the ACC system is assumed to be isochoric. 

Such energy recuperation in ACC system was observed when engine speed was below 
2000 rpm. In this case, the pressure in the cylinder was constant for a period of time. This 
was possible due to the volume change compensation of the piston-crank system by the 
ACC system.

Unfortunately, another phenomenon occurred at higher speeds, which required additional 
modifications of the cycle. That is why the authors ceased calculations and presented the 
ACC system as synchronized and loss-free.
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Fig. 17. Theoretical cycle of an ACC engine that includes losses in ACC cycle.

4. Recapitulation and conclusions

Without a doubt, the additional kinematic system called active combustion chamber, tak-
ing part in the shaping of the theoretical cycle, presents new possibilities, unavailable in 
other kinematic systems. The analysis performed makes assumptions about the behaviour 
of ACC systems, which significantly limits their capability to produce further theoretical 
cycles. The authors, however, deem these cycles as most energy-efficient and closest to 
actual working ACC engine cycles, what is well shown in Figure 12, 14 and 15.

The fundamental conclusions that can be drawn from the presented analysis are:

1. The efficiency of a theoretical ACC engine is directly dependent on the kinematic sys-
tem that works on surroundings, which in the case of internal combustion piston en-
gines is usually the piston-crank system. Therefore, all action leading to efficiency 
increase in a theoretical ACC engine should be carried out in regard to work done on 
surroundings.

2. The ACC system, which on principle produces losses, has only one purpose: to balance 
energy by doing work in order to get the desired results. Its losses stem from absorb-
ing energy at higher pressures and releasing energy at lower, but not in the case of 
the isobaric process. Energy in this system should be transferred in the right moment, 
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in order to maintain the balancing process, which denotes the difference between the 
accumulation and recuperation processes.

3. It is beneficial for the system, when the efficiency of the energy-balancing process is 
at least as high as that in the Otto cycle, to correspond to the maximum compres-
sion ratio of a theoretical ACC engine. Otherwise, the efficiency of the whole cycle 
decreases significantly.

4. On principle, the ACC system enables the adjustment of temperature and pressure dur-
ing energy delivery to the cycle, specifically in the final phase.

5. The ACC system presented in the calculations is deprived of friction; therefore, its 
lost energy should be interpreted as the kinetic energy of the system. This energy in 
a working engine is dissipated in damped vibrations.

6. Both theoretical and working ACC engines are characterised by lower temperature at 
the end of the expansion process (stroke). This stems from earlier than in comparable 
cycles energy dissipation by the ACC system. It occurs during energy recuperation 
and influences the maximum cycle temperature.

7. This analysis omits cases where the ACC system not only balances the energy, but 
also adjusts the compression ratio. In these cases, additional calculation variants are 
introduced, which supersedes the scope of this research paper. It is worth research-
ing the cases when the ACC system’s efficiency is higher than that presented in this 
paper. This is primarily connected to the fact that energy accumulation starts at lower 
pressure, and pressure adjusts the compression ratio. The authors will attempt to 
consider these cases and illustrate them with pressure diagrams for working ACC en-
gines in future papers. 

8. In this paper, the energy recuperation problem was omitted, as no precise solution was 
found. This relates mainly to the undefined way of energy dissipation, meaning the dif-
ference between the energy that returns to the cycle and that which is lost. 
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