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ABSTRACT 

Amid an increasingly higher demand for lower fuel 

consumption and pollutant emissions, mechanical design 

favors the development of novel engine configurations. Along 

these lines, the main aim of the present contribution is to 

conduct a numerical investigation of a new concept rotary 

engine and compare it to a conventional reciprocating engine, 

in terms of thermodynamic efficiency and output power. The 

paper reviews the physical model and the operating principle 

of the recently brought to light rotary engine. A zero-

dimensional fuel-air cycle analysis is initially performed in 

order to be enhanced by more accurate computational fluid 

dynamics (CFD) analyses for both engines. The main 

challenge of this investigation is to examine the advantages of 

the new concept engine, when compared with a reciprocating 

engine with the same initial conditions such as full load 

(stoichiometric mixture, λ=1), same fuel consumption and the 

same compression ratio (CR). This introductory work on the 

potential of the novel rotary engine shows that it can achieve 

more performance benefits than the conventional Otto cycle 

engine in all cases. The results indicate that the lower 

temperatures developed during engine combustion may result 

in decreased NOx formation while the thermal efficiency 

augmentation of the current non-optimized geometry exceeds 

15% in all studied cases. 

INTRODUCTION 

Considering the transportations’ CO2 emissions that 

account for about 32% of the global CO2 emissions and the 

depletion of fossil fuels by about 2038 if oil discovery and 

consumption follow current trends, the improvement of 

vehicles’ efficiency is of paramount importance 

(Christodoulou et al., 2011). Hence, the car industry needs to 

develop new engine technologies that will be both efficient 

and environmentally friendly (Frenken et al., 2004). 

In recent years, the need for compact and more efficient 

engines has brought forth a pronounced attention in the 

performance analysis of internal combustion engine’s types 

such as Otto, Diesel and Wankel. Otto cycle engine has been 

developed by Nikolas Augustus Otto in the 1870’s, running 

today with a thermal efficiency of about 30% to 35% 

(Rudramoorthy, 2003). The well-known high-compression 

Diesel engine was named after Rudolf Diesel in 1893 and as 

regards to efficiency levels, they vary from 30% for small high 

speed engines up to 45-50% for low speed engines (Banwari, 

2011). Despite the robustness of the aforesaid engines, there 

are some important disadvantages that gave birth to rotary 

motion engines such as their large number of moving parts, 

the low torque produced compared to the pressure force 

applied on the piston and the increased volume and weight for 

the generated output power. Wankel engine, which was so 

called after Felix Wankel, is a type of internal combustion 

engine consisting of an eccentric rotary design whose thermal 

efficiency is around 28% (Meng et al., 1982). Compared to 

reciprocating engines, Wankel type engine is lighter and 

simpler, with compact design. The main problems of this kind 

of engine are the high surface to volume ratio of its 

combustion chamber when the ignition takes place, as well as 

the blow-by effect (leakage of the working medium between 

the neighboring chambers through the apex seals) (Li et al., 
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1991). Nowadays, it covers only a small percentage of 

commercial engines by being mainly implemented in Mazda 

automotive, and as an experimental aviation engine (Bailey 

and Caton, 1995). 

The aforementioned drawbacks originated the idea of a 

novel concentric rotary engine named SARM (Savvakis 

Athanasiadis Rotary Motor). This device shown in Figure 1 

consists of fewer moving parts and it is characterized by lower 

weight and decreased volume. 

 
Figure 1 The new concept rotary engine 

 Moreover, it transfers 100% of the produced pressure 

applied on the pistons to the engine shaft, generating so the 

same torque with other engines but with much lower pressure. 

Lower pressure results in lower leakage, as well as thinner 

walls due to lower material stresses and strains. The engine 

thermodynamic cycle is based on the Atkinson cycle whose 

thermal efficiency given in Eq. (1) can theoretically reach up 

to more than 20% higher values than the Otto engine cycle can 

(Ferguson and Kirkpatrick, 2001). The Atkinson cycle is 

already applied in reciprocating engines. This subsidiary 

solution is found on the Toyota Prius where the effective 

compression ratio is 8:1 and the expansion ratio about 13:1. 

As a result, the Atkinson engine is 12 to 14% more efficient in 

terms of output power than the non-Atkinson engine upon 

which it is based (Kawamoto et al., 2009). 

𝜂 = 1 − (𝐸𝐶𝑅 ∗ 𝐶𝑅)1−𝛾 −
𝐸𝐶𝑅1−𝛾−𝐸𝐶𝑅∗(1−𝛾)−𝛾

𝛾−1
∗
𝑃1∗𝑉1

𝑄𝐼𝑁
   (1) 

As the main objective of any engine design should be an 

improved efficiency over existing designs (Thompson et al., 

2003), this study focuses on the new rotary engine’s 

performance by using a fully integrated software platform and 

compares it with the conventional reciprocating engine Otto 

cycle. The motivation of conducting this research complies 

with the rotating machinery users demand for increased 

efficiency, reliability and durability while consenting to 

regulatory mandates in reducing emissions and noise. An 

engine cycle simulation appears to be the only means available 

to proceed with this comparison since performance data for 

the current mechanism are currently unavailable. Simulation 

identifies solutions, guides trade-offs and carries out 

approximations early in the design process before significant 

investments are made. As such, the need for expensive 

physical prototyping and test rigs is reduced and hence, 

simulation provides better performance at lower cost (ANSYS 

Inc., 2016). 

DESCRIPTION OF THE ROTARY ENGINE 

Operating Principle  

The internal combustion rotary engine presented in Figure 

1, is a new concept of engine patented internationally (US 

Patent No: US 8001949) (Savvakis, 2011). In order to provide 

a better understanding of the simulation procedure described 

in the numerical simulations chapter, this section briefly 

describes the engine’s working principle.  

The cycle begins with the closing of the inner sliding port 

No1 (Figure 2). Once this port closes, the air volume trapped 

between the compression piston and the inner sliding port No1 

is compressed until the moment the pressure between the 

compression chamber and the pressure chamber becomes 

equal (isentropic compression 1→2).  

 
Figure 2 The fluid-volumes of the chambers and the 

moving parts 

Then, both valves (inner & outer) between the three 

chambers (2, 3, 4) open and the three chambers communicate 

with each other (isentropic expansion 2→3), allowing so the 

compressed air to move from the compression chamber (2) to 

the pressure chamber (3) and a similar amount of high pressure 

air to move from the pressure chamber to the combustion 

chamber (4). The pressure chamber is already at a high 

pressure from the previous cycle. This means that during the 

time of the valves’ opening, it minimizes pressure drop during 

the compressed air’ transfer from the compression chamber to 

the combustion chamber. The low-pressure area created at the 

back of the combustion piston enhances the air movement 

from the pressure chamber to the combustion chamber, while 

the motion (rotation) of the compression piston enhances the 

transfer of the compressed air from the compression to the 

pressure chamber. After the desired pressure inside the 

combustion chamber is reached, the outer valve closes. During 

the compressed air transfer, fuel is also injected. A spark plug 

ignites the mixture in a constant volume process (3→4), 

producing exhaust gases that expand and force the expansion 

piston (isentropic expansion 4→5) in a rotating motion that 

moves the engine shaft. The latter moves from its side the 

compression piston and as soon as the air in the pressure 

chamber reaches its initial high pressure, the inner valve closes 

for the initiation of a new cycle (isobaric heat release 5→1). 

For a more detailed description of the engine, the reader may 
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refer to the respective video describing its operating principle 

(theSARMproject, 2015). 

Physical Model  

This engine differentiates from the commercially used 

rotary engines in two main characteristics. First of all, its 

concentric rotational operation using at least two pistons 

which are rotating at different rotation radius, and secondly, 

the addition of an intermediate chamber between the 

compression and combustion chamber, responsible for 

transferring the compressed air from the one chamber to the 

other. Due to its concentric operation, 100% of the produced 

torque is transmitted directly from the pistons to the engine 

shaft. As the pistons are directly adjusted on the engine shaft, 

the friction parameter does not affect the pressure’s force 

transfer. 

As illustrated in Figure 2, the engine comprises of two 

symmetrically located compression and combustion pistons 

respectively, for the avoidance of engine’s vibrations. This 

implies that each process described below occurs every 180ᵒ. 

Each kind of pistons rotate on different cyclic orbits (R1 & R2) 

but around the same rotation axis, being the one of the engine 

shaft’s. However, as it is underlined below at least one of each 

kind of pistons – compression and combustion – is necessary 

for the engine to operate in a way that it produces useful work.  

At least one piston – called compression piston – is 

needed for the intake and compression process. The intake 

chamber (1) is formed at the back side of the compression 

piston, between the piston and the inner sliding port (No2), 

when the latter is closed. The compression chamber (2) is 

formed by the air trapped between the front side of the 

compression piston and the inner sliding port (No1) which is 

symmetrically located to inner sliding port No2. The 

compression piston separates the compression chamber (2) 

from the intake chamber (1) and its rotation causes the two 

processes (intake and compression) to occur at the same time. 

The front side of the rotating piston compresses the air that has 

entered the intake chamber (1) from the previous cycle, while 

the back side draws ambient air for the compression process 

to take place for the next operating cycle. This is a major 

difference between this engine and a four-stroke engine where 

all processes occur only on one side of its piston. 

In a similar manner, at least one second piston – called 

expansion piston – is needed for the combustion and 

expansion process. The combustion chamber (4) is formed at 

the back side of the expansion piston, between the piston and 

the outer sliding port (No1). At the same time, the front side 

of the same expansion piston is responsible for the removal of 

the exhaust gases of the previous operating cycle to the 

environment (5). The expansion piston's motion is transmitted 

to the engine shaft through one or more motion arms (Figure 

1) attached to the piston and the engine shaft. The motion arms 

role is to transmit the motion of the expansion piston to the 

engine shaft. 

Regarding the transfer process, an intermediate chamber 

– called pressure chamber (3) – is located between the 

compression (2) and combustion chamber (4) in order to 

transmit the compressed air from one chamber to the other. 

The communication of the pressure chamber with the other 

two is controlled through valves. The unique role of the 

pressure chamber’s presence is to store air under high pressure 

charged by the compression chamber (Savvakis, 2011). This 

minimizes the pressure drop during the transfer of the 

compressed air from the compression (2) to the combustion 

chamber (4). This particular solution overcomes the inherent 

disadvantage of other patented rotary engines with separate 

compression and combustion chambers but without an 

intermediate chamber, because they encounter a characteristic 

pressure drop when both chambers get in communication with 

each other. 

BASELINE COMPARISON OF THE ENGINES 

Relative Piston Motion 

The newly introduced engine concept differs in the 

frequency that it produces useful work. As so, the following 

description is provided for the relative operation of the two 

engines’ pistons. 

Figure 3 represents the relative piston motion of the two 

engines.  

 

 
Figure 3 Relative piston motion (a) Rotary engine, (b) 

Reciprocating engine 
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The rotary engine is able to produce work in every stroke 

while the reciprocating gives a power stroke in every four 

strokes (Figure 3a). The intake and exhaust gases removal 

processes take place simultaneously with the processes of 

compression and expansion of the previous and next operating 

cycle, respectively. As such, a power stroke is completed 

within a 180ᵒ rotation for the particular rotary engine, because 

of its pistons ability to perform different actions on their two 

sides. For instance, in the case of the expansion piston, the 

front side removes the exhaust gases from the previous cycle 

while the back side receives the acting force of the newly 

expanding combustion gases. The angle difference Δφ that is 

indicated in the diagram of Figure 3a corresponds to a small 

angle difference between the compression and expansion 

pistons that is necessary during the transfer process, when the 

valves open.  

On the other hand, Figure 3b represents the piston motion 

of a 4-stroke Otto engine concept, that produces useful work 

in every four strokes. The aforementioned advantage of the 

SARM rotary engine implies that as the baseline Otto cycle 

produces a specific torque in every four strokes, this type of 

engine produces the same amount of torque in a single stroke. 

Consequently, a much smaller and lighter rotary engine may 

be constructed for the same output power of an Otto engine. 

Theoretical Thermodynamic Analysis 

In order to compare the performance of the two engines, 

a description of the thermodynamic cycles is presented to 

provide the reader with a better understanding of their 

behavior. Additionally, this part is important as a means of 

verification of the numerical analysis’ results that are 

presented in the next chapter.  

Initially, the processes of compression and expansion are 

adiabatic and reversible. The newly introduced rotary engine 

utilizes a modified Atkinson cycle to improve its thermal 

efficiency. It is based on its ability to have a greater expansion 

ratio than the Otto cycle. However, it differentiates from the 

baseline Atkinson cycle due to its completely different design, 

as all processes take place in separate chambers.  

The thermodynamic analysis at this point considers the 

two engines as air-standard Otto and air-standard Atkinson 

cycle (Moran et al., 2014; Pertl et al., 2012). Some 

simplifications are made for the extraction of the p-V and T-S 

diagrams shown in Figure 4. These simplifications are that the 

working fluid is an ideal gas and that no wall heat or flow 

losses are considered. Table 1 indicates the ideal processes for 

the two cycles while the corresponding p-V and T-S diagrams 

are shown in Figure 4.  

Table 1 Processes of the two engines 

Ideal Otto Cycle Ideal (modified) Atkinson 

Cycle 

1-2 Isentropic compression 1-2 Isentropic compression 

2-3 Isochoric heat addition 2-3 Isentropic expansion 

3-4 Isentropic expansion 3-4 Isochoric heat addition 

4-1 Isochoric heat release 4-5 Isentropic expansion 

 5-1 Isobaric heat release 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Like observed, the rotary engine takes advantage of its 

totally different operation – due to separate chambers and the 

presence of pressure chamber – and utilizes a greater 

expansion ratio resulting in greater thermal efficiency. The 

modification of the Atkinson cycle is the intermediate 

isentropic expansion process (2→3) that corresponds to the 

transfer of the compressed medium from the compression 

chamber to the combustion chamber. It should be noted, that 

the presence of the pressure chamber, responsible for the 

transfer process, minimizes the pressure drop because its 

pressure is already high and similar to the compression 

chamber’s pressure from the previous cycle. 

NUMERICAL INVESTIGATION 

Zero-dimensional Analysis 

In the first approach of this comparison, a zero-

dimensional (0D) analysis of the thermodynamic engine cycle 

is adopted in order to estimate the thermal efficiency and 

output power of the studied engine compared to an Otto 

engine. The generated tool offers rapid sensitivity analysis on 

the major engine characteristics, with minimum time and 

effort. The goal is to enrich the model with data and draft 

comparisons after the conduction of the CFD simulations, in 

order to resort to 0D or 1D in the future, rather than a time-

consuming simulation to perform a particular parametric 

study. 

The selected geometrical dimensions considered in the 

zero-dimensional model so for the new concept rotary engine 

(SARM) as well as the conventional reciprocating engine 

(Otto) are shown in Table 2. 

As it is difficult to embody the pressure chamber’s (PC) 

role in the first stage of the 0D analysis, the calculations are 

kept as simple as possible, assuming that the compressed air 

is transferred from the compression chamber (CPC) to the 

combustion chamber (CBC) with no pressure loss.  

Figure 4 P-V and T-S diagrams of the compared engines 
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Table 2 Geometrical dimensions – 0D 

SARM Engine 

CPC Piston diameter 38 mm 

CPC Piston rotation radius 100 mm 

Total Capacity 320 cm3 

CBC Piston diameter 27 mm 

CBC Piston rotation radius 200 mm 

Compression ratio 10 : 1 

Rotational speed 2000 rpm 

Heat input  612 J 

Otto Engine 

Bore 64 mm 

Stroke 71 mm 

Total Capacity 506 cm3 

Connecting rod length 103 mm 

Compression ratio 10 : 1 

Rotational speed 2000 rpm 

Heat input (in each cylinder) 612 J 

As the comparison of the two engines must be as similar 

as possible for the 0D model, the diameter of the rotary 

engine’s respective pistons differs so that the volume of the 

compression chamber is equal with the volume of the 

combustion chamber at the moment that all three chambers 

communicate with each other. This is the reason why the 

compression piston is larger than the expansion piston. On the 

other hand, even though the two volumes are equal at that 

moment, the expansion ratio of the combustion chamber is two 

times the compression ratio of the compression chamber, due 

to the different rotation radii of the two pistons 

(RCBC=2*RCPC). Based on the different rotation radius of its 

pistons, the difference in their diameter results in the doubled 

change in volume for the combustion chamber compared to 

the compression chamber. 

 Moreover, the analysis considers adiabatic walls with the 

additional assumption that the compressed air is transferred to 

the combustion chamber with no pressure losses. The only 

heat input considered is provided by the fuel, which is added 

as an external source of heat. The fuel properties of isooctane 

are used for both models. Isooctane is a highly flammable 

gaseous mixture in the presence of oxygen and as such, it is 

used for the purposes of both models (0D and 3D). 

Stoichiometric fuel proportion at atmospheric manifold 

pressure is used according to Colucci et al. (Colucci, 2014) 

that includes a comparison of the power and efficiency of the 

ideal fuel-air cycle for isooctane and hydrogen. Additionally, 

no pressure losses are considered for the valves movement due 

to the medium’s hypothetical and ideal transfer from one 

chamber to the other. These effects are taken into 

consideration during the three-dimensional analysis. 

The preliminary 0D analysis is elaborated with the help 

of an Excel file using the functions available in the Internal 

Combustion Engines’ book of Heywood (1988). The 

combustion process is described by the Wiebe function (Eq. 

2) using n=3 and a=5 for both engine models. 

 

𝑓 = {1 − 𝑒𝑥𝑝 [−𝑎 ∗ (
𝜑−𝜑0

𝛥𝜑
)
𝑛

]}  (2) 

 

The geometrical dimensions are calculated so that both 

engine types have the same compression ratio (CR 10:1).  

The Otto engine is studied during the compression, 

combustion and expansion process (-180 to 180 degrees). The 

spark ignition timing is at the Top Dead Center (TDC), which 

means at the angle position of zero degrees while the 

combustion duration is studied for 30 to 35 degrees. The Otto 

engine is a 2-cylinder, 4-stroke engine with a total capacity of 

506 cm3 (253 cm3 for each cylinder). 

In the respective rotary engine 0D-model, the total 

capacity is 320 cm3 (160 cm3 for each CPC). The filling ratio 

is the reason why this capacity is reduced, compared to the 

Otto. Due to its different chambers described in the physical 

model, the ambient air entering the compression chamber for 

the initiation of a new cycle experiences a temperature at 

around 700K and a residual amount of compressed air from 

the previous cycle. On the other hand, the fresh air entering 

the reciprocating engine’s cylinder encounters residuals of 

high pressure exhaust gases from the previous cycle that affect 

its filling ratio and the overall quality of combustion. Based 

on this, the calculations result in different filling ratios. 

The rotational speed is 2,000 rpm and the heat input is the 

same for both engines in order to obtain identical fuel 

consumption. However, in the case of the rotary engine, the 

combustion process duration is shorter (3 degrees), because of 

the higher Reynolds observed during the injection and 

combustion process. The higher turbulence and the 3ᵒ of  

combustion duration, also calculated in earlier CFD 

simulations (Savvakis, 2011), is associated with the high-

pressure difference between the pressure and combustion 

chamber along with the increased expansion piston velocity 

which facilitates the induction of the compressed air from the 

pressure chamber to the combustion chamber. Like observed 

in Figure 5, the volume ratio rate (dV/dφ) of the rotary engine 

is constant and equal to 1.745 cm3/deg, while in case of the 

reciprocating engine, the ratio increases gradually from zero 

to a max ratio of 1.158 cm3/deg and then returns back to zero. 

In other words, the volume ratio rate of the rotary engine is 

constant and 50% higher than the maximum volume ratio rate 

of the Otto engine. This alone is enough to create much higher 

turbulence in the rotary engine compared to Otto engine. 

Results and Discussion 

The results of this preliminary study show that the rotary 

engine is characterized at this point, by higher pressures and a 

higher volume ratio rate during the combustion process for 

various combustion angles (Figure 5).  

The volume of the rotary and reciprocating engine shown, 

corresponds to each CPC and each cylinder respectively. The 

rotary engine’s pressure curve includes a small area of steady 

value (horizontal line inside the circle). This is the period 

where the compressed air is transferred from the compression 

chamber to the expansion chamber, as highlighted in Figure 5. 
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According to the calculations of the 0D model, the 

produced work per cycle is 25% higher than in Otto case. This 

emanates from the accumulated PV product which is higher in 

the case of the rotary engine because of the Atkinson cycle 

that utilizes a longer expansion process compared to the 

reciprocating engine cycle, also observed in Figure 6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Two-dimensional Analysis 

In the need of taking into consideration the transfer 

process from the compression chamber to the combustion 

chamber, 2D CFD simulations follow the comparison 

procedure. It is a more accurate analysis rather than the 0D 

analysis and it serves as a rapid and more accurate testing tool 

to optimize some engine characteristics (like valve timing and 

geometrical characteristics). However, as this part is used only 

for an initial estimation of the geometries of the two engines, 

the particular results are not included at this point as the three-

dimensional analysis described below provides an even more 

accurate analysis. Besides, the solver used in two-dimensional 

space is planar and does not realistically take into account the 

actual geometry of the rotary engine. More specifically, the 

real geometry involves toroidal chambers for the combustion 

and compression chambers and a cylindrical pressure chamber 

of different diameter than the other two. In 2D simulations, 

ANSYS Fluent sets a Z-extrusion for all 2D faces at the same 

distance, in order to define the third dimension for its 

calculations. So, the solver calculations anticipate a 

hypothetical geometry consisting of only orthogonal shaped 

chambers. Likewise, the axisymmetric solver provided by the 

same software, cannot capture the realistic problem of the 

novel engine configuration and as such, the results are not 

convincing. Moreover, the investigation is conducted in three 

dimensions, because turbulence which plays an essential role 

for the combustion development process, is an intrinsically 

three-dimensional phenomenon. This leads from the very 

beginning to the need for a more accurate three-dimensional 

(3D) geometry and solution. 

Three-dimensional Analysis  

This part of the comparison study, sets as its main target 

to simulate and capture the main differences of both types of 

engines by using a simulation tool that’s been validated 

against experimental data for an existing reciprocating engine 

(Metghalchi and Keck, 1982). As no prototype yet exists for 

the novel rotary engine, this type of comparison based on 

particular similarity criteria helps in the quantification of the 

benefits of such a mechanism.  

The final dimensions of the 3D geometries for both 

engines are shown in Table 3.  

Table 3 Geometrical dimensions – 3D 

SARM Engine 

 Case 1 Case 2 Case 3 

CPC Piston 

diameter 

38 mm 38 mm 38 mm 

CPC Piston 

rot. radius 

80 mm 80 mm 80 mm 

PC Width 34.5 mm 34.5 mm 34.5 mm 

PC Height 55 mm 55 mm 55 mm 

CBC Piston 

diameter 

38 mm 38 mm 38 mm 

CBC Piston 

rot. radius 

173 mm 173 mm 173 mm 

Compression 

ratio 

6 : 1 10 : 1 13 : 1 

Otto Engine 

 Case 1 Case 2 Case 3 

Bore 45 mm 53 mm 56 mm 

Stroke 50 mm 60 mm 62 mm 

Connecting 

rod length 

75 mm 87 mm 93 mm 

Compression 

ratio 

6 : 1 10 : 1 13 : 1 

Figure 7 demonstrates part of the solid elements that have 

been used for the simulations. Both geometries and finite 

element (FE) models are designed by BETA CAE Systems 

pre-processing software (ANSA), resulting in a pure 

hexahedral mesh. The discharge coefficients cannot be 

realistically captured at this early stage of development which 

is why some fundamental valves have been used. This 

provides a more smooth and realistic pressure behavior during 

the transfer process when the compressed air moves to the 

combustion chamber. However, the optimization study of the 

Figure 5 Pressure and volume diagram as a function of 

crank angle position 

Figure 6 PV diagram for the two 0D models – Logarithmic 

scale 
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valves’ timing is out of the scope of this work and will be not 

analyzed here. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Three different cases are investigated for different 

compression ratios. The first 3D approach examines a 6:1 

compression ratio for a lower pressure estimation, while the 

second analysis considers a case that consists of a 10:1 

compression ratio that is directly comparable to 0D analysis. 

Moreover, since the automotive industry (Akihisa and 

Daisaku, 2010; Ellies et al., 2016) is working on reciprocating 

engines with higher compression ratios, the two cases are 

further examined for a 13:1 ratio. It should be noted here that 

as it is discussed in the results section, one of the proposed 

rotary engine’s virtues is its capability of further increasing its 

compression ratio to greater values than the examined ones. 

The numerical model is developed using the commercial 

CFD solver ANSYS Fluent v.17.2. The particular 

investigation is conducted at 2,000 rpm because it is operating 

at a constant speed and was previously found to be the optimal 

operating point for a particular geometry of the engine 

(Savvakis, 2011). However, a latter investigation of a 

thorough 1D-analysis that examines the engine’s behavior at 

a wide speed range showed that for a different geometry, the 

optimum operating point was 4,500 rpm (Karakioulachis et 

al., 2017). 

As far as the combustion stroke is concerned, two user-

defined functions (UDF) are required for the integration of the 

premixed turbulent combustion model. The first one defines 

the swirl parameter (Zhuang et al., 2012), while the additional 

UDF is used for the laminar flame speed determination, based 

on the correlation of Metghalchi and Keck. This is necessary 

so that a constant-volume heat transfer from an external source 

is described during the combustion process. Additionally, the 

fuel used for both models is isooctane. 

Last but not least, the walls of both geometries are 

assumed to be adiabatic and at the beginning of each 

compression stroke, the working medium is assumed to be 

motionless, dry air behaving as an ideal gas at standard 

atmospheric conditions (Yamai and Outa, 1993). 

Results and Discussion 

Figure 8 demonstrates three different snapshots of the 

engines’ combustion stroke for the same shaft angle deviation 

(Δφ). The time of ignition (Figure 8a) is defined as the zero 

point (t1 = 0 sec.) and indicates the starting point of 

combustion. Regarding the Otto piston, it refers to the position 

of 5 degrees before top dead center (BTDC) required for the 

time delay of the combustion gases to expand. This figure also 

depicts that the rotary engine avoids the problem of high 

surface to volume ratio as it approximates the shape of a 

sphere at the time of ignition.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Moreover, the flame propagation inside the rotary engine 

is higher due to increased levels of turbulence due to pressure 

chamber’s presence. The highly turbulent flow field inside the 

combustion chamber observed in CFD simulations, is caused 

by the pressure difference ΔP between the pressure and 

combustion chamber when the upper valve is open, as well as 

by the high velocity of the combustion piston, even when the 

valves are closed. Additionally, turbulence produces better 

air-fuel mixing inside the combustion chamber and enhances 

the burn rate. As such, the flame front moves through the 

unburned combustible zone before the unburned mixture 

reaches self-ignition temperature and pressure, and hence 

avoids the occurrence of knocking (Hirooka et al., 2004). 

Figure 8b depicts the time point that 50% of the 

combustion process is complete for the two engines, while 

Figure 8c represents the time of almost complete combustion. 

A total of 28.5 degrees required for the complete combustion 

of the reciprocating engine while the examined rotary engine 

requires 2.82 degrees of rotation. The reason why the 

combustion is rapid in both cases is related to the hypothesis 

that both engines have adiabatic walls and the piston is sealed 

with no leakages. 

The results of the first case presented in Table 4 show that 

the rotary motor has a better thermal efficiency with a lower 

pressure peak during the power stroke which is a desirable 

aspiration for the engine’s operation. This means the materials 

Figure 7 (a) SARM 3D model (b) Otto 3D model 

Figure 8 Progress variable of both 3D models 



8 

used to fabricate the engine parts are subject to lower stresses 

and strains and the lower pressure difference with the 

environment results in lower leakages. An increased thermal 

efficiency of more than 20% - for a 6:1 compression ratio - is 

calculated from the rotary engine simulations and is validated 

by the Atkinson cycle, as the latter can theoretically reach up 

to more than 20% higher thermal efficiency than a 

conventional Otto engine cycle, depending on heat input, 

compression ratio and the initial conditions (P1, V1).  

Table 4 Results – 3D CR 6:1 

 SARM Engine Otto Engine 

Compression 

ratio 

6 : 1 6 : 1 

Expansion ratio 23 : 1 6 : 1 

Rotational speed 2000 rpm 2000 rpm 

Capacity 253 cm3 96 cm3 

Ignition point air 

mass 

0.114 g 0.114 g 

Ignition point 

pressure 

1.053 MPa 1.292 MPa 

Power stroke 

peak pressure 

2.6 MPa 4.75 MPa 

Power stroke 

max. temp. 

2900 K 3030 K 

Power Output 33 kW 27.6 kW 

Thermal 

efficiency 

46.68 % 38.6 % 

Furthermore, like observed in Figure 9, the adiabatic 

flame temperature of the rotary engine is lower than the 

temperatures developed in the Otto engine. The lower 

temperatures developed inside the combustion chamber 

(Table 4) is a beneficial characteristic of this engine in that it 

necessitates lower cooling loads due to the lower temperature 

difference between the combustion chamber and the 

environment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Last but not least, comparably lower combustion 

temperatures lead to nitrogen oxides (NOx) emission 

reduction. The Zeldovich and Fenimore reaction mechanisms 

that govern the formation of NOx are highly sensitive to the 

temperature. A characteristic example of how this has a 

significant impact on NOx is that a 100K reduction in TDC 

gas temperature may yield about 24% reduction in NOx 

(O’Connor, 1999). The formation of NOx is expected to be 

significantly reduced when the two engines are tested in real 

conditions, because of the additional thermal losses. 

The investigation examines two more cases as already 

mentioned at the beginning of this chapter. In general, the 

compression ratio’s increment improves the thermal 

efficiency (Ganesan, 2003). This is also validated here by the 

CFD results of the two last cases. The results of the case of the 

10:1 compression ratio are shown in Table 5, while Table 6 

interprets the output results of Otto and SARM for the 

compression ratio of 13:1.  

Table 5 Results – 3D CR 10:1 

 SARM Engine Otto Engine 

Compression 

ratio 

10 : 1 10 : 1 

Expansion ratio 33 : 1 10 : 1 

Rotational speed 2000 rpm 2000 rpm 

Capacity 253 cm3 140 cm3 

Ignition point air 

mass 

0.165 g 0.165 g 

Ignition point 

pressure 

2.03 MPa 2.71 MPa 

Power stroke 

peak pressure 

5.048 MPa 7.22 MPa 

Power stroke 

max. temp. 

2983 K 3067 K 

Power Output 57.8 kW 50 kW 

Thermal 

efficiency 

55.5 % 48 % 

Table 6 Results – 3D 13:1 

 SARM Engine Otto Engine 

Compression 

ratio 

13 : 1 13 : 1 

Expansion ratio 42 : 1 13 : 1 

Rotational speed 2000 rpm 2000 rpm 

Capacity 253 cm3 167 cm3 

Ignition point air 

mass 

0.196 g 0.196 g 

Ignition point 

pressure 

2.86 MPa 3.82 MPa 

Power stroke 

peak pressure 

6.25 MPa 8.18 MPa 

Power stroke 

max. temp. 

3007 K 3025 K 

Power Output 76 kW 62 kW 

Thermal 

efficiency 

61.02 % 51.1 % 

Observing the last two tables and Figure 10 which 

summarizes the examined 3D cases in a logarithmic scale, it 

is marked that the under study rotary engine reaches higher 

thermal efficiency of 15% to 20% for all studied cases. One 

would notice that as the first and the third case (CR6, CR13) 

result in a 20% improvement in terms of thermal efficiency, 

this value is slightly reduced for the second case (CR10). This 

is not a form of an error that occurs but a matter of valves’ 

timing which has not been yet optimized for the purposes of 

this study.  

Figure 9 Temperatures developed inside the engine 
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Additionally, as it is shown inhat the capacities shown in 

Tables 4-6 correspond to a single CPC and the respective 

cylinder of the reciprocating engine, a smaller rotary engine is 

able to produce more output power. This is because the total 

capacity is two times the CPC capacity for the rotary engine 

and four times the cylinder capacity for the Otto engine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Finally, the small abnormal lines (marked with a circle) 

of the graphs at the end of the compression process represent 

the time point that the valves open for the working medium to 

move from the compression chamber to the expansion 

chamber. Since the rotary engine’s operation consists of 

separate chambers, the compression stroke takes place 

independently from the combustion chamber. As a result, each 

curve of each process applies to different engine’s chamber. 

Once again, the temperatures observed in Otto engine are 

higher and require higher cooling loads in both cases (CR10 

and CR13). Thereupon, this particular rotary engine allows for 

higher compression ratios an improved thermal efficiency. 

CONCLUSIONS AND FUTURE WORK 

This work presents a numerical simulation study of an 

innovative rotary engine. Its goal is to calculate the engine’s 

performance under several scenarios and compare it to a four-

stroke reciprocating engine. The outcome of the analysis 

shows that this technology has overall better thermal 

efficiency and the potential of becoming an environmentally 

friendly source of propulsion and power production. 

The results of this comparative work lead out to several 

conclusions which are outlined as follows: 

 The rotary engine has an increased power output due to 

its thermodynamic operation that utilizes a modified 

Atkinson cycle. Additionally, according to its physical 

model, the pistons’ motion produces a specific torque in 

a single stroke which implies that a much smaller and 

lighter engine may be constructed for the production of 

the same output power as a conventional engine. 

 The lower pressure peaks develop lower stresses and 

strains leading to thinner walls requirement and possible 

weight reduction for the same torque, compared to the 

reciprocating engine. 

 The lower temperatures developed during engine 

combustion lead to decreased NOx formation and lower 

cooling loads requirement. 

 An overall increase of more than 15% in thermal 

efficiency of all cases is calculated when compared to a 

reciprocating engine. 

 As regards to the future work of exploiting the engine’s 

full potential, it should include the heat transfer impact on 

its performance, along with the optimization of the 

combustion chamber design. Additionally, the high levels 

of exhaust gases’ enthalpy should comprise of a 

turbocharged version and last but not least, it is an 

aspiring target of this research that the numerical results 

be calibrated with experiments once the first prototype is 

built. 

NOMENCLATURE 

BDC Bottom Dead Center 

TDC Top Dead Center 

CR Compression Ratio 

ER Expansion Ratio 

CBC Combustion Chamber 

CPC Compression Chamber 

PC Pressure Chamber 

ECR ER/CR 

R&D Research and Development 

SARM Savvakis Athanasiadis Rotary Motor 

UDF User Defined Function 

a Wiebe function efficiency parameter 

n Wiebe function form factor 

f fraction of heat added 

P1 inlet pressure, Pa 

V1 initial capacity, m3 

Qin heat input, J 

γ Isentropic expansion factor for ideal gas 

Δ difference 

η thermal efficiency, % 

λ air-fuel equivalence ratio 

φ crank angle, degrees 

φ0 angle of the start of heat addition, degrees 

d differential 

rpm Revolutions per minute 
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