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Abstract. To intensify agricultural production in the market environment, it is necessary to reconstruct the 
whole economic mechanism considering energy efficiency.  This calls for the search of new ideas for 
alternative designs and engine types that can raise the performance of heat engines to a new level while 
keeping their use in vehicles, machinery, and small energy facilities feasible.  One of the options is the 
displaced shaft rotary engine. This article analyses the kinematic and dynamic metrics of the engines of this 
type and presents the calculations of these metrics for the prototype.  Key advantages and disadvantages of 
this type of engine in terms of working process dynamics are set out. It is also compared to the reciprocal 
internal combustion engine of the same structural dimensions. 

1 Introduction 

Agriculture in Russia has large reserves for its 
development and operation. In the context of the market 
economy, it implies the reconstruction of economic 
relations considering energy efficiency. The efficiency 
of the industry can be significantly increased by 
organizing the production based on the principles of 
resource and power saving. While solving resource-
saving problems, it is necessary to adopt innovative 
development methods. Resource-saving itself must be 
modernized using innovative approaches [1, 2]. 

The volume of materials and resources used in crop 
farming every year exceeds 400 billion rubles. The 
largest costs are incurred through the engineering and 
utility branch of agribusiness, whose proportion in the 
prime cost of the agricultural produce is between 60 and 
65% [3]. That being said, about 50% of engineering and 
utility costs in agribusiness are incurred due to the 
purchase of fuel and lubricants. 

The key reasons for high energy consumption and 
low energy efficiency in agricultural production include 
the lack of modern equipment that is highly productive, 
efficient, and reliable (less than 3-5% available), as well 
as high and constantly growing prices for fuel and 
lubricants. 

That is why the transition of machine and tractor fleet 
of agricultural companies to more economical 
alternatives in terms of energy consumption and fuel 
types is a key objective of agrisciences [4]. 

Among the most promising fuel types in the short 
term are the liquefied petroleum gas and the natural gas. 
They get more and more often used in the automobile 
industry. There are designs for almost all Russian-made 
tractors that would allow them to run on gas fuel. The 

practical use of such tractors (as well as trucks) in 
agricultural production is, however, limited due to the 
high costs associated with the arrangement of gas 
fuelling stations [5].  

The use of crop farming wastes as fuel for internal 
combustion engines appears a real option in the near 
future. This requires research into the capacities various 
crop farming waste types have, the methods of their 
treatment, the best ICE, and power plant flow chart 
conversion methods. 

The possibility of conversion of the diesel and spark-
ignited engines to use gas vehicle fuel also seems 
interesting. The analysis and the calculations made show 
that the conversion of a diesel engine into a pure 
producer gas engine requires too much design 
rethinking. Besides, after the transition to a gas and 
diesel cycle, the fuel shift may only amount to 30-40% 
depending on the operating mode if we want to avoid the 
unacceptable decrease of engine performance [5].  

Some works [6, 7] focus on the use of other 
kinematic chains to create more efficient engines.  One 
of the alternatives is the use of rotary piston engines 
(RPE) with displaced shafts.  

The renewed interest of the scientific community to 
them is caused by a number of advantages that free-
piston heat engines have as compared to the 
conventional engines that transfer caloric power from the 
piston to the crankshaft via the crank gear. In particular, 
the free piston ICEs exceed their crank gear alternatives 
in material consumption, fabricability, and prime cost, as 
well as weight and dimensions, operating life, specific 
efficient fuel consumption, the lower requirements to the 
fuel used, and hazardous emissions level [8].  

All these advantages are mainly explained by the 
higher net efficiency of such engines achieved through 
lower friction losses, simple design, potentially better 
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engine balance, and the possibility to adjust the 
compression rate.  

The use of the classic combined lubrication system 
typical of four-stroke engines is more complicated in 
free-piston engines due to the presence of valves in the 
working area of compression and oil rings (in some of 
the engines), which requires special attention to the 
development of lubrication systems. One of the most 
promising technical solutions of today is the use of both 
the low performance combined lubrication system and 
solid films applied to the friction parts which improved 
the economic, environmental, and operating life indices 
of ICEs [9, 10].   

When developing power plants using free-piston 
ICEs, it is crucial to design the cooling system for engine 
parts because these engines have higher heat release 
rates and values as compared to conventional ICEs. The 
situation is compounded by the necessity to reduce the 
weight of all moving parts in the engine including the 
actuating pistons to reduce the inertia load, which sets 
out increased requirements to head abstraction from the 
heating parts, especially if we take into consideration the 
increased heat load density of two-stroke engines [11–
13].  

One of the key directions in the development of 
highly efficient engines using alternative fuels is the 
creation of rotary piston engines with external heat 
intake [14,15]. 

The kinematic chain parameters for autoequidistant 
rotary piston engine (AED RPE) described in [16, 17], 
are defined by the processing capacities of the 
manufacturer and the integrity of the design suggested 
with a view to the rules and requirements for machinery 
details and structural bases. The calculation methods and 
results for kinematic and dynamic parameters of the 
design without working process parameters are set out in 
[18] and show its obvious advantage over conventional 
internal combustion engines. 

The goal of this work is to define potential capacities 
of the engine design suggested along with the possibility 
of its further use as a source of energy for transport and 
equipment in agribusiness. 

2 Methods 

The parameters of the proposed design and their impact 
on the kinematics and the dynamics of the working 
process are defined following the calculation procedures 
for rotary piston engines mentioned in [14, 15]. The 
comparative analysis of the design under inspection and 
conventional ICEs was carried out using the relevant 
algorithms. 

The main parameters of an ICE are its power output 

�� , torque ���, and engine shaft speed n. Power 

output is the key parameter determining the capacities 
and applicability of an engine. Power output, in its turn, 
depends on two main parameters: engine shaft speed 
(frequency) and the torque on this shaft. The higher the 
torque and the shaft speed, the higher the power output. 
The most efficient method of increasing the power 
output of an engine is increasing its torque.  

In the crank gear of an engine, the torque is the 
product of the tangential force Т of the power gas 
pressure on the force arm R. In a generic form, the Т 
force depends on the total Р force (a sum of working gas 
pressure on the piston and the inertia from reciprocal 
movements) and the trigonometric dependencies of the 
crank gear. In the case of rotary piston engines, the arm 
is between the rotor center and the wobbler shaft axis, 
and in AED RPE, the arm is between the immediate 
rotation center and the middle of the working surface of 
the rotor [18].  

3 Results 

The design diagram of an AED RPE is shown in Figure 
1. According to this diagram and assuming that the radii 

of the output shafts are equal (r1 = r2), their angular 
velocity values are calculated as radius ratios. Their 
modulations are shown in Figure 2, where the output 
shaft speed is calculated using the following formulae: 

�� =
	


	
∗ �� where  α1 ≤ 60 and    

�� =
	



∗ �� 60 ≤  α1 ≤ 120; 

as well as �� =
	�

	
∗ �� α2 ≤ 60 and 

�� =
	�


∗ �� 60 ≤  α2 ≤ 120, 

where α1 is the first output angle, and α2 is the second 
output angle, �� is the rotor speed, R and r are the bigger 
and the smaller semicircle radii of the working surface of 
the rotor. 

 
 

Fig. 1. Design diagram for the autoequidistant rotor piston 
engine 

Here we can see an area of speed jump with the 

intensity of 
��

��
, which is caused by the kinematic chain 

of the design suggested, i.e. the curvature modulation of 
the internal surface of the rotor from �to�. Herewith, the 
rotation center of the rotor immediately relocates along 
the axis connecting the rotation centers of the output 
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shafts О1 and О2. This phenomenon causes uneven work 
of output shafts and large inertia loads on teeth joints. 

 
а) 

 
 

b) 

Fig. 2. The turning speed of the first �� (a) and the second �� 
(b) output shafts 

This can be avoided when using continuous curvature 

surfaces with the radius modulations between  �and �. 
Figure 3 shows the output shaft speed modulation graph 

when using a surface with 3 curvature radii of  �,  

(� + �)/2 and � (Figure 3). 
When using a 5 radii surface, the speed jumps 

become less sharp, and the inertia loads become 
acceptable (Figure 4). 

We can analyze the correlations between the 
modulations of the angular velocity of the output shaft 
when changing from 2 radii to 3 and 5. 

If we assume that 

- the angular shaft speed equals � = 2� �/ 60  
rad/s; 

- sample spacing equals �� = � /� s, 
we can get the following expression for angular 

acceleration: ! = (�� −��)/�� rad/s2.  
Herewith, the angular range � # for the use of the 

following radius �# is crucial because when it changes, 
the beats of the chosen working cycle of the engine 

change as well. In our case, we selected � � = 6° and 
� � = 12°. 

 
 
Fig. 3. The modulation of the output shaft speed when using a 

surface with 3 curvature radii. 

 

Fig. 4. The modulation of the output shaft speed when using a 
surface with 5 curvature radii. 

The modulations of the angular acceleration of 
exhaust gases connected to various numbers of radii and 
their values are shown in Figure 5. 

 

Fig. 5. The modulations of the angular acceleration of the 
output shaft when using different surfaces: ε1 – one curvature 
radius; ε2 – two curvature radii; ε3 – three curvature radii. 

The use of a continuous curvature surface allows 
reducing the maximum angular acceleration values 2.3÷3 
times for exhaust gases without adverse impacts on the 
working cycle parameters. 

For the dynamic calculation of the suggested design 
parameters, it is necessary to know the correlations 
between the changes in working space pressure and the 
angular position of the rotor [19–21]. To this end, we 
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used a previously calculated Stirling cycle [22] with 
selected parameters (Figure 6): 

– compression rate ! = 2, pressure ratio % = 2,2; 
in point 1 (the beginning of isothermic compression): 
- pressure '� = 1,7 ⋅ 10*Pa;  
- absolute temperature .� = 300�К;  

- specific volume 0� = 0,506
23

kg
; 

in point 2 (the beginning of adiabatic compression): 
- specific volume 

0� =
0�

!
=
0,506

2
= 0,253

67

kg
; 

in point 3 (the beginning of isothermic expansion): 

- specific volume 0� = 0,253
23

kg
;  

- pressure  
'7 = '�% = 3,4 ⋅ 10* ⋅ 2,2 = 7,48 ⋅ 10*Pa;  
- absolute temperature  

.� =
:3;�


=

<,=>⋅��?

�><
= 659, 9�К;  

in point 4 (the beginning of adiabatic expansion): 

- specific volume equals 0� = 0,506
23

kg
; 

- absolute temperature .� = 659, 9�К;  
- pressure  

'= =
'70�

0�
=
7,48 ⋅ 10* ⋅ 0,506

0,253
= 3,74 ⋅ 10*Pa. 

 

Fig. 6. P-V diagram for AED RPE of the selected design 

The effective volume of one chamber is calculating 
using this expression: 

B = C(�� − ��)2�/D,         (1) 

where α is the rotor output angle in radians, C is the 
rotor width (between the capping end planes). 

The torque on output shafts is calculated using this 
formula: 

��� = ' ⋅ (B6E�2FG                     (2) 

where p – is the actuating gas pressure on relevant 
points of the cylinder working surface of the rotor 
limited by the generating lines at C, D, G (Figure 1); 

B2FGand B2#� are the maximum and the minimum 
values of the working volume. 

The modulations of gas pressure moment and output 
shaft torque values in AED RPEs are shown in Figures 
7, 8, and 9. The true power of the selected engine 
according to the work results [9] equals: 

�# = 64,7 kW for a one-chamber and �# =

129, 5 kW  for a two-chamber AED RPE. 

 

Fig. 7. The modulations of gas pressure moment in chambers 
of AED PREs depending on the rotor output angle 

 

Fig. 8. The modulations of rotor shaft torque when its angle 
position in one working chamber changes. 

 

Fig. 9. The modulations of rotor shaft torque when its angle 
position in two working chambers changes. 

4 Discussion 

The calculations performed to highlight the advantages 
and disadvantages of the AED RPE design under 
inspection. 

The advantages of the engine design suggested 
include (for the Stirling cycle): 

1. Lower values of inertia forces (as compared to the 
piston internal combustion engines) due to the absence 
of reciprocal movements; 

2. Higher torque values due to the large surface area 
of the rotor (as compared to the piston ICE) and a larger 
arm (as compared to the eccentricity of the piston ICE);  
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3. Move even torque distribution (as compared to the 
piston ICE) due to the smooth of the working gas 
pressure in the combustion chamber. 

The advantages of the design include:  
1. The uneven rotation speed of the output shafts and 

the presence of large inertia forces in the teeth joint 
contact points; 

2. Limited opportunities to install a flywheel to 
increase the evenness of the engine work due to the 
increase in the contact loads at higher inertia moment 
values for rotating parts; 

3. Imperfect devices for power transmission from the 
output shaft (shafts). When using a multi-chamber 
design, a power combiner is necessary. 

5 Conclusion 

The study of the design developed allowed us to find its 
advantages and disadvantages. The practical 
implementation of this project requires the following: 

1. To arrange a highly efficient working process, it is 
desirable to use the Stirling cycle;  

2. The use of two-chamber designs improves the 
evenness of the engine's work; 

3. The use of continuous curvature surfaces as 
operating profiles of the rotor decreases the dynamic 
loads on the transmission mechanisms; 

4. The use of module adjustment principles for cog-
wheel teeth improves the rotation of gear drives;  

5. To exclude the power circulation, it is necessary to 
use differential drives allowing to combine the torque of 
the output shafts.  
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