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Abstract. Simulation is used to study the properties of a free-piston Stirling engine in the isothermal 

approximation. The working substance is a chemically reacting gas mixture, in which mutual conversion of 

nitrogen dioxide and nitrogen tetroxide can occur in the reversible reaction 2NO2  N2O4. In the cooler, the 

exothermic reaction 2NO2 → N2O4 occurs, in the heater at a high temperature, the endothermic reaction N2O4 

→ 2NO2 occurs. Two cases are compared: 1) the above chemical reaction occurs in the working gas, and 2) the 

working gas is chemically inert. The engine efficiency eng is higher in the first case over the range of heater 

temperature change from 90 to 130 C, and where eng increases from 0.345 to 0.383. In this case, eng turns out 

to be higher than that calculated using the Carnot formula with the same maximum and minimum temperatures. 

High efficiency is achieved thanks to the engine's ability to produce negative E. Schrödinger entropy. 

 

Keywords: free-piston Stirling engine, working gas with a reversible chemical reaction, nitrogen dioxide and nitrogen 
tetroxide. 

 
1. Introduction 

 
In recent scientific works [1-8] much attention has been paid to the production of mechanical work or 

electrical energy in thermodynamic systems with a reversible chemical reaction. The results of works [1, 2] 

predict the possibility of increasing the efficiency of thermodynamic cycles due to the reversible chemical 

reaction occurring in the working gas. In such cycles, under certain conditions, chemical work plays a 

significant role in the energy balance; it facilitates the conversion of heat into mechanical work. Using the 

properties of reversible chemical reactions to increase the efficiency of energy systems and production is not 

new. Substances where such reactions can occur are considered as energy accumulators in thermal power 

plants and other types of electricity production from low-potential heat sources [3-8]. Due to the reversibility 

of electrochemical reactions and thermodynamic cycles based on them, modern storage batteries exist [7, 8]. 

There are also earlier theoretical works [9-11] that show the possibility of creating Stirling engines with a 

reversible chemical reaction in the working gas and which will have a significantly higher efficiency than 

similar engines, but with a chemically inert working gas.  

To achieve high efficiency in thermodynamic cycles with a reversible chemical reaction and a gas 

working substance, several conditions must be met [1, 2]: 

− at the compression stage, the gas must have a high molecular weight, and at the expansion stage, a low 

one; 
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− the value of chemical work must be such as to completely or partially compensate for the heat release in 

the reverse chemical reaction in the cooler; this reduces the amount of heat released into the surrounding 

space; 

− the temperatures of the heater and cooler should not differ greatly; this determines the condition for the 

existence of the cycle. 

In [2], the analysis of the Stirling cycle with a reversible chemical reaction was carried out under the 

assumption of equilibrium processes in all four of its sections. Under the condition of the existence of a cycle, 

a reversible chemical reaction behaves as a periodic reaction, and the heat engine becomes similar to a 

biological object. In the simplest model, a chemical reaction is represented as a mutual transformation of two 

substances; the relative concentration of one of the substances gA is added to the familiar thermodynamic 

parameters of pressure p, temperature T and specific volume . Then the cycle under consideration is depicted 

in three-dimensional space (Fig. 1, a), and it can be projected onto the well-known two-dimensional plane (Fig. 

1, b). To analyze thermodynamic cycles with multicomponent reversible chemical reactions, it is necessary to 

move to a space of even higher dimensionality. 

 

 
                                           a)                                                            b) 

Fig. 1. Ideal Stirling cycle with reversible chemical reaction A  B (a) in three-dimensional space of variables p--gA 

and its projection onto the p- plane (b). 

 

Such consideration of cycles in a multidimensional space of variables allows us to better understand the 

thermodynamic properties of heat engines with reversible chemical reactions; for example, in [7, 8] it is 

proposed to use the coordinates of temperature T, entropy S and Gibbs free energy G; the convenience of using 

the Gibbs energy as the third coordinate is manifested in its direct dependence on the concentration gA. 

According to the results of studies [1, 2], under certain conditions the efficiency of a heat engine can 

approach 1, and this indicates the possibility of creating better methods for producing electricity, especially 

from low-potential heat sources. Such theoretical conclusions need to be verified on physical experimental 

devices or on their virtual computer models. In this paper, the second method, also known as a computational 

experiment, is chosen. In particular, the operation of a Stirling engine with a free working piston is studied on 

the basis of a computer model. Its first mathematical model in the isothermal approximation was proposed in 

[12] and has since become the basis for many theoretical and experimental studies [13-18]. The isothermal 

approximation means accepting the assumption of a constant working gas temperature in the heater and cooler. 

The general name "Stirling engine" unites a wide class of mechanical devices operating on the basis of the 

thermodynamic Stirling cycle [18, 19]. Their mathematical models are represented by several differential 

equations, and they have (or should have) periodic solutions only when one parameter is not equal to one, and 

such a parameter is the ratio of the maximum temperature Tmax (heater) to the minimum temperature Tmin 

(cooler)  = Tmax/Tmin The models are also characterized by other physical and/or parameters, and may not 

have periodic solutions when   1. But the fulfillment of this inequality is mandatory for the existence of 

periodic solutions. 

The aim of this work is to search for and identify opportunities to achieve high efficiency in a Stirling 

engine with a reversible chemical reaction in the working gas 2NO2  N2O4. For this purpose, it is necessary 

at the first stage to conduct a simulation of the operation of a β-type engine, which will allow us to verify the 

main theoretical results of earlier studies [2, 9, 11]. 
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2. Engine design diagram 
 

The general design of the Stirling engine is shown in Fig. 2, where cooler 6 is the compression volume 

Vc, and heater 7 is the expansion volume Ve.  In volumes Vc and Ve, constant values of temperature Tc and Te 

are maintained. They are taken as the minimum and maximum temperature in the engine. The masses of gas 

in each of the specified volumes are equal to mc and me, respectively. The mass exchange is performed at the 

rate of mass change in the regenerator mr, it is equal to the rates of mass change in the cooler mc = mr and 

the heater mc = mr. 

 

 
Fig. 2. Simplified diagram of a Stirling engine with a free piston; 1 – working piston; 2 – displacer; 3 – 

displacer rod; 4 – spring; 5 – regenerator; 6 – cooler; 7 – heater; 8 – buffer space. 

 

Regenerator 5 is an independent part of the engine; it is characterized by its own physical and geometric 

parameters. Buffer space 8 with volume Vb and pressure pb is borrowed from work [12], but later studies [21] 

show its frequent negative impact on engine operation. In the future, the buffer space will be excluded from 

the model, if necessary, by the limit transition Vb → . Thus, the engine will be considered to consist of three 

main parts: a heater, a cooler and a regenerator. The working piston 1 in the cooler moves freely along the rod 

3 of the displacer 2, the latter two are rigidly connected to each other, and one of the ends of the rod with a 

diameter drod is attached to a spring 4 with a stiffness coefficient kd (coefficient of rigidity of the displacer spring). 

The displacer can move freely inside the cylinder surrounded by a cylindrical regenerator with a length Lr  (Lr 

and Ar − length and area of the working section of the regenerator) and a working space width dr. When the working 

piston moves, an electric current is generated by a linear generator; in Fig. 2, the linear generator is not shown, 

but its feedback on the operation of the machine is taken into account by the damping coefficient Dp. The 

parameter Dp depends on the generator design and the properties of the electrical load connected to it, but for 

the steady-state operating mode of the engine with a constant frequency, it can be considered a freely variable 

parameter [12]. 

 

3. Equations of the free-piston Stirling engine model 
 

The regenerator is represented by a narrow and long channel in the space between two coaxial cylinders 

with diameters d1 and d2 = d1 + 2dr. The average velocity of one-dimensional gas movement in it with density 

r and in the direction of the x coordinate is designated u. For cases of flows when the density of the medium 

changes slightly with pressure, this velocity is found from the equation of conservation of momentum [21]: 
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The delta-function (x – x0) models a sudden change in momentum in a local region folded into a point 

with coordinate x0. In typical Stirling machines, the thermal expansion of the gas is small, the pressure also 

changes little and the compressibility of the gas is insignificant. Therefore, the derivative of the density with 

respect to time is a small value, compared to convective transfer. As a result, the density r and the velocity u 

can only be functions of time. Therefore, instead of (1), we can consider the equation [21]: 
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The pressure difference p > 0 if the gas flows from left to right. For a regenerator (Fig. 2) enclosed in 

the space between coaxial cylinders, the ratio of the perimeter to the flow area is /Ar = 2/dr (height of the 

working section of the regenerator) (in [21] the erroneous 4 was used instead of 2). The most accurate heater and 

cooler model should include non-steady-state temperature equations in all parts of the engine [22]. But now 

the study of the influence of a reversible chemical reaction on the technical characteristics of a free-piston 

Stirling engine is fundamental. Therefore, the case of constant temperature is considered below, i.e. the 

isothermal approximation is used [12−14]. The model includes equations of motion of the displacer, piston 

and gas in the regenerator. The coordinate of the displacer xd with mass md is measured from the equilibrium 

position xd,0, the initial coordinate of the piston xp with mass mp coincides with the reference point of the 

coordinate x. The thickness of the piston and displacer is neglected. Thus, there are notations: 

− initial position of the piston xp,0 = 0; 

− initial volume of coolant 
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As can be seen, the initial position of the displacer xd,0 coincides with the coordinate of the center of the 

regenerator. The gas in the buffer volume is compressed and expanded under adiabatic conditions with an 

adiabatic index of . The external and initial pressure is denoted by p0. 

The equations of motion of the displacer (taking into account the friction force with the coefficient Dd) 

and the piston have the form 
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The areas of the piston Ap cross-sectional area of the working piston, and the displacer Ad  cross-sectional area 
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Equations (3) and (4) are supplemented by formulas for determining pressures: 
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A change in the chemical composition of the gas leads to a change in the gas constant, the gas composition 

is different in the heater and cooler. Accordingly, two designations are introduced for the gas constant: Rg,c 

and Rg,e. The volumes contained in (5) are found using the formulas 

 

),( p0,ddp0,cc xxxAVV −−+=                                                   (6) 
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The masses of gas in the displacer mc and the heater me are determined by solving the equations 
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The mass flow rate of gas in the regenerator mr is found from equation (2) and this issue is discussed 

below. The pressure pr and temperature Tr in the regenerator are taken as the average values in the heater and 

cooler: 
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Equalities (8) mean the adoption of a linear dependence on the x coordinate of the change in pressure and 

temperature in the regenerator. Then the gas density in the regenerator r is determined from the equation of 

state 
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r
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where the average gas constant Rg is defined as Rg = (Rg,c + Rg,e)/2. 

Equation (9) is necessary to find the mass of gas in the regenerator mr. The density r can be determined 

more accurately by calculating its average value using the linear functions p(x) and T(x) and the equation of 

state of the gas for the regenerator [12]. But such averaging, leading to a complex expression, does not provide 

significant advantages over (9). In Figure 2, between the regenerator and the volumes Vc and Ve, there are local 

sections of gas flow reversal; they are included in the regenerator and are characterized by the coefficient Kr. 

Equation (2) can also be written for the mass flow rate mr(t) = u(t)rAr. Using this definition and taking 

into account the constancy of the density r, we write the equation for the flow rate, 
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According to Figure 2, the positive direction of gas movement corresponds to the positive sign of the 

pressure difference p, therefore it should be p = pc − pe.  Since the regenerator is a porous (mesh) structure 

made of thin metal wire [19, 20], then in the determination of the gas volume Vr in the general case, the porosity 

should be added as a factor. Porosity should also be taken into account in determining the coefficient . Here 

it is assumed that the porosity is close to one. 

 

4. Accounting for changes in the composition of the working gas 
 

In volumes Vc and Ve, first-order chemical reactions occur at constant temperatures Tc = Tmin and Te = 

Tmax. In the first of them, the chemical transformation (reverse reaction) occurs according to the scheme B → 

A at a rate of kc , and in the second (forward reaction) ⎯ according to the scheme A → B at a rate of ke. At the 

same time, a mass of gas enters (or leaves) these volumes at a rate of mr. That is, in each of them there can be 

two sources of substances of types A and B. Each of them in an arbitrary volume has a mass of mA and mB, 

their sum is always equal to the total mass of gas in this volume. Substances A and B are characterized by 

relative mass concentrations gA and gB, their sum is equal to 

 

gA + gB = 1.                                                         (12) 

 

For simplicity, the chemical transformation inside the regenerator is not taken into account. The simple 

relationship (12) between the concentrations allows us to use the equations for only one of them, for example, 

gB. The cooler and heater are spatially separated from each other; they differ in the composition of the gas in 

them. Therefore, the mass concentration gB will be determined in different ways. Therefore, below gB is 

supplemented with indices indicating its value in Vc and Ve, i.e. gB,c and gB,e. With their help it is possible to 

determine the gas constants of the mixture in the cooler Rg,c and the heater Rg,e [23]: 
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where R is the universal gas constant; A, B are the molar masses of substances A and B. 

 

4.1. Chemical reaction in the regenerator 
The simplest methods are used to model the chemical reaction in all parts of the engine [27]. In particular, 

in the volume of the regenerator, the rates of the forward and reverse chemical reactions are approximately 

equal. Since chemical transformation does not occur in the regenerator as a whole, then when calculating the 

mass of gas in the regenerator mr, the gas constant in it Rg,r is determined by the conditions: 

if mr  0, then Rg,r = Rg,c;     if mr < 0, then Rg,r = Rg,e. 

The mass mr is found from the equation of state 
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4.2. Chemical reaction in a cooler 

 Consider the volume Vc and the 1st case mr > 0, then the substance B will decrease due to convective 

entrainment from this volume and due to the chemical reaction. A simple first-order reaction gives a 

conservation equation for the mass mB,c, 
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By definition of relative mass concentration, gB,c = mB,c/mc. Then, taking into account the first equality in 

(7), equation (15) can be written for gB,c: 
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In the 2nd case mr < 0 and the content of gas of type B changes both due to the chemical reaction and due 

to convective transfer from the heater. In the volume Ve the reaction A → B occurs. There its concentration is 

designated gB,e. Now the equation of conservation of mass will take the form 
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After moving here to the concentration gB,c, we obtain 
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4.3. Chemical reaction in a heater 
Here, the chemical reaction is also first order, but now the substance of type B is formed. The equations 

for concentration are derived in the same way as in the previous example. In the case of mr > 0, the equation 

for mass mB,e is obtained 
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To move to the equation for the concentration gB,e, we use the second equality in (7) and the definition 

gB,e = mB,e/me, as a result this gives 
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In case mr < 0, the concentration gB,e is determined from the equation 
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5. Simulation results 
 

Equations (3), (4), (7), (10) and (16)−(19) are the main ones. To them are added auxiliary equalities (5), 

(6), (8), (9), (11)−(14) and formulas for calculating the areas Ap, Ad, Arod, the initial volumes Vc,0, Ve,0 and the 

initial coordinate of the displacer xd,0. The choice of initial conditions for the differential equations can be 

arbitrary, but they should not be physically contradictory. For example, the concentrations gB,e and gB,c can 

only be within the interval from 0 to 1. The initial masses me, mc and mr are determined using the equation of 

state of the gas at a pressure p0. The initial conditions for the piston and the displacer are 

1,)0(;0)0(
0

d

d,0d

0

p

p ======
== tt

dt

dx
xtx

dt

dx
tx m/s. 

The initial velocity for the displacer of 1 m/s is necessary to “start” the engine. 

The reversible reaction of formation of nitrogen tetroxide 2NO2  N2O4 is considered [24, 25]. At 

atmospheric pressure and a temperature of about 150 C, the working gas consists almost entirely of NO2, 

which is brown in color. At a temperature of about 0 C, the working gas acquires a light-yellow color and 

consists mainly of N2O4. It is assumed here that substance A is nitrogen tetroxide N2O4 with a molar mass of 

A = 0.092 kgmol−1; substance B is nitrogen oxide NO2 with a molar mass of B = 0.046 kgmol−1. 

At a low temperature Tc, the predominant (exothermic) reaction of formation of nitrogen tetroxide occurs 

according to the scheme 

AB
ck

→ . 

Its thermal effect is 57 kJ/mol. At high temperature Te, the (endothermic) reaction of formation of nitrogen 

dioxide occurs according to the scheme 

BA
ek

→ . 

The efficiency of the equilibrium Stirling cycle with a reversible chemical reaction can be greater than or 

equal to the efficiency of the equilibrium Carnot cycle with a chemically inert working gas [2]. Cycles with a 

reversible chemical reaction and having a high efficiency cannot exist at all temperatures of the heater Tmax 

and cooler Tmin. If we combine the condition for the existence of the cycle and for its efficiency to be higher 

than that of the Carnot cycle for a chemically inert gas, then a restriction on the ratio follows  = Tmax/Tmin, 
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Inequalities (20) contain the adiabatic indices A and B, as well as the ratio of the volumes  > 1 of the 

initial and final states at temperature Tmax. Since in practice we are limited in the possibilities of choosing 

substances, the smaller the temperature ratio , the easier it is to create heat engines with an efficiency 

exceeding that of Carnot engines with a chemically inert working gas. 

The heat capacity of NO2 dioxide at constant pressure is cp,B = 797 Jkg−1K−1(substance B), and that of 

N2O4 tetroxide ⎯ cp,A = 860 Jkg−1K−1 (substance A) [26]. The adiabatic indices for these gases can be 

calculated using the formula [22] 
1

p

1
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




−=

c
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Then the adiabatic index of nitrogen dioxide B = 1.294, nitrogen tetroxide A = 1.118. Accordingly, the 

parameter St = 1.256 > 1, which satisfies the condition for obtaining high efficiency [2].  The numerical 

solution of the equations was carried out by the Runge−Kutta method [27] with the second order of accuracy 

and with different time steps t to check the correctness of the obtained results. The data below were obtained 

with a step t = 10−4 s. 

The engine efficiency was determined as follows: first, the mechanical work powers in the cooler Pmech,с 

and the heater Pmech,e are found using the formulas 
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These are alternating quantities, but the useful electrical power is produced regardless of the sign of the 

powers, so their absolute values are used. Therefore, the total power of the mechanical work of the engine 

Pmech is determined by the equation 

 

emech,cmech,mech PPP += . 

The electrical power Pel is equal to 
2

p
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


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


=

dt
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Then, averaging over time (this time is equal to several periods of piston oscillations) is performed for 

Pmech and Pel, and the ratio is taken as the engine efficiency eng 

mech

el

eng
P

P
= , 

where angle brackets denote time averages. 

Inequality (20) is obtained under the assumption that in the section 1→2 (Fig. 1) the concentration gA 

exactly reaches the value 1, and the value 0 in the section 3→4. However, this is not observed in the simulation, 

since the heater and cooler constantly exchange mass, and they have finite dimensions. These factors prevent 

gA from reaching the extreme values 1 and 0. In addition, the Stirling engine cycle differs from the ideal cycle 

in Fig. 1, b [12], so the conditions for achieving high efficiency eng may change and not correspond to the 

predictions [2].  Figures 3–5 are constructed for the following input parameters (Table 1): 
 

Table 1. Parameters of heater, cooler and regenerator. 

 

Heater Regenerator Cooler Buffer space 

md = 4.0 kg; 

kd = 550 Nm−1; 

Dd = 0.94 kgs−1; 

d1 = 0.8 m;  

d2 = 1.1 m; 

Le = 0.7 m; 

ke = 9.0 s−1; 

Tmax = 383 K; 

xd,0 = 2.73 m 

dr = 0.15 m; 

Lr = 1.75 m; 

Kr = 0.05; 

 = 0.06 

 

mp = 3.0 kg; 

Dp = 230 kgs−1; 

drod = 0.05 m;  

Lc,1 = 2.0 m; 

Lc,2 = 0.85 m; 

kc = 8.0 s−1; 

Tmin = 273 K 

p0 = 105 Pa; 

 = 1.37 

 

The buffer volume Vb,0 = 105 m3, i.e. it is much larger than the volumes of the cooler and heater, so it has 

virtually no effect on engine operation. The reaction rates kc and ke are selected so that the concentrations of 

NO2 and N2O4 approximately correspond to the experimental data [25]. The steady-state average powers and 

efficiencies obtained in the simulation are <Pel> = 13.15, <Pmech> = 36.28 kW; eng = 0.365. The oscillation 

clock frequency f = 1.56 Hz. 

The average concentration of NO2 in the cooler gB,c = 0.12, in the heater gB,e = 0.67. The initial changes 

in concentration over 20 seconds are shown in Fig. 3. If the process in the engine occurred according to the 

Carnot cycle, the efficiency would be equal to С = 1 − Tmin/Tmax = 1 − 273/383 = 0.287 < eng. This result 

agrees with the conclusion of work [2]. The initial period of engine operation is unstable, the amplitudes of 

piston and displacer oscillations quickly increase over 12 seconds, but then tend to constant values. But their 

speeds of movement change greatly in the initial 0.84 seconds, when the working piston shifts to the average 

position of 0.74 m. The displacer practically remains in the initial position. 

Fig. 4 shows the powers Pmech and Pel only during periods of stable engine operation. Below, the words 

"stable mode" are applied to large periods of time, when any significant influence of the initial conditions on 

subsequent engine operation is excluded. Since the pressure pc differs little from the initial value p0, the 

thermodynamic cycle in the cooler is shown in Fig. 5 in coordinates (Vc; pc – p0). 
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Fig. 3. Changes in the concentration of gB,c and gB,e for 

20 s after “launch”. 

 

Fig. 4. Changes in powers Pel and Pmech during averaging 

time from 35 to 40 s. 

 

 

 
Fig. 5. Representation of the thermodynamic cycle in a Stirling engine with a free working piston. Weak wave-

like distortions on the curve are introduced by errors in rounding off the numerical data. 

 

5.1. Operation of a Stirling engine with a chemically inert working gas 
Let us consider the operation of the engine without a chemical reaction in the working substance. For 

this, it is sufficient to take A = B = 0.046 kgmol−1 in the model; now the working substance consists of one 

relatively light gas with the same molar mass as nitrogen dioxide gas. Formally, the chemical reaction remains 

in the model, but it does not lead to physical changes and does not affect the operation of the engine. 

Now, stable operation at long times is possible with a lower friction coefficient Dd = 0.52 kgs−1 (with the 

previous Dp = 230 kgs−1).  The absence of a change in the molecular weight of the working gas reduced the 

produced electrical power and efficiency: <Pel> = 5.1, <Pmech> = 31.4 W; eng = 0.162. In addition to the 

efficiency drop, there was also a strong reduction in the engine's output power; electrical power decreased by 

2580 times, mechanical power by 1160 times. Now С > eng, this result is consistent with the thermodynamics 

of cycles without a reversible chemical reaction. 

 

5.2. Effect of temperature on the electrical efficiency of the engine 
It makes sense to consider noticeable changes in the composition of the working gas in the temperature 

range from 0 to 170 C, this is due not only to the peculiarity of the chemical reaction 2NO2  N2O4, but also 

to the phase state of the working gas [25]. At temperatures below 0 C, the N2O4 gas passes into a liquid state 

and crystallizes at −11 C. Therefore, it makes sense to consider the issue of the effect of temperature on the 

electrical efficiency of the engine with a small change in temperature Tmax (Table 2). 

Together with the temperature Tmax, the total mechanical power <Pmech> also increases, which means 

greater heat consumption from its source. But the rate of growth of the electrical power <Pel> outpaces it, 

which is evident from the increase in the efficiency eng. With the increase in temperature, the amplitude of 

the oscillations of the displacer and the working piston also increases.  
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Table 2. Results of the dependence of the main engine parameters on the heater temperature Tmax at Dp = 230 kgs−1. 

 

№ Tmax, K (Tmax, 

C) 

<Pel>, 

kW 

<Pmech>, 

kW 
eng 

1 363 (90) 10.78 31.29 0.345 

2 373 (100) 12.10 33.90 0.357 

3 383 (110) 13.15 36.28 0.365 

4 393 (120) 14.46 38.71 0.373 

5 403 (130) 17.00 44.41 0.383 

 

Therefore, to simulate the operation of the engine at higher temperatures, it is necessary to increase its 

length to give more freedom of movement to the moving parts of the engine. 

 

6. Production of negative entropy 
 

Erwin Schrödinger [29] explained the ability of biological objects to perform mechanical work as the 

consumption of negative entropy. However, Schrödinger's position is based only on physical intuition; he did 

not provide specific examples or models to prove the correctness of his views. In [1, 2], attention is drawn to 

the similarity between heat engines with a reversible chemical reaction and biological objects. There were two 

reasons for this: 1) such machines can have very high efficiency with a small difference in temperatures 

between the heater and the refrigerator; 2) they can exist only in a relatively narrow temperature range. It will 

be shown below that this analogy is deeper. If the working substance of a heat engine changes its properties as 

a result of a chemical reaction, then the first law of thermodynamics is written taking into account the chemical 

work wch [30]. For example, for the reaction A  C involving substances A and C with constant heat capacities 

c,A and c,C this law can be written as [1] 

 

dqdwdwdTc =++ ch , 

−= pddw ,     
AC,A,ch )( Tdgccdw  −= ,     

C,AC,A, )(  +−= cgccc . 

Now the exergy will contain the sum of mechanical w and chemical work wch, i.e. qex = w + wch. The 

change in chemical work dwch is determined mainly by the change in the relative mass concentration gA of 

substance A. This is sufficient, since the mass concentration gC of substance C is easily determined through 

gA: gC = 1 − gA. Let us apply Schrödinger's explanation of life to heat engines and thermodynamic cycles. If 

we consider a biological object as a heat engine, then in an ideal and equilibrium process the entropy qin 

entering the machine together with heat 

T

dq
ds in

in =  

at temperature T it is partially converted into entropy of exergy 

T

dw

T

dw

T

dq
ds chex

ex +== , 

 and the rest 

T

dq
sd e

out= , 

together with heat qout is emitted into the environment. The processes occurring in an ideal heat engine 

from the point of view of entropy production can be represented by the equality 

sddsds e+= exin ,    or,    
T

dq

T

dq

T

dq inexin += . 

Integrating over the entire cycle gives 

 +=
T

dq

T

dq

T

dq outexin
.                                                                                                                    (21) 
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The application of equation (21) for the Carnot cycle (Fig. 6) and with a reversible chemical reaction can 

be written as an equality 

min

out
ex

max

in

T

q
s

T

q
+= ,     =

T

dq
s ex

ex ,                                             (22) 

где Tmin и Tmax − минимальная (охладителя) и максимальная (нагревателя) температура. 

The Carnot cycle with a reversible chemical reaction is represented in a three-dimensional space of 

variables s, T and gA (Fig. 6, a). In this way it differs fundamentally from the known cycle with a chemically 

inert working substance. 

 

  
a) b) 

Fig. 6. Carnot cycle with a reversible chemical reaction in the working substance in s-T-gA coordinates (a) and its 

projection in s-T coordinates (b). 

 

In (22) sex = 0 for a chemically inert working substance, but in the general case equality to zero may not 

be fulfilled. From (22) the removed heat is determined 

exminin

max

min
out sTq

T

T
q −= . 

Using this result for the efficiency of the Carnot cycle C, the following expressions are obtained 

ex

in

min

max

min
Ñ 1 s

q

T

T

T
+−= ,                                                      (23) 

( )0Ñ

min

in
ex −=

T

q
s . 

Here, for the efficiency of the Carnot cycle with a chemically inert working substance, a separate 

designation 0 is introduced, 

max

min
0 1

T

T
−= .                                                             (24) 

Thus, in (23), the new cycle is compared with a cycle running on a chemically inert working substance. 

This is not necessary; any known cycle can be taken as a “reference point”. But the use of such a Carnot cycle 

with the efficiency (24) turns out to be the most convenient for interpreting subsequent results. Since the 

exergies of different cycles differ, the index “ex” is not used below, but is replaced by an index indicating a 

specific cycle. But this does not mean that the entropy under consideration is not related to the exergy. In 

addition, in order to preserve Schrödinger’s interpretation of the high efficiency of biological objects as a result 

of consuming negative entropy, the change in entropy taken with a negative sign is further used. For example, 

for the Carnot cycle exC ss −= . The efficiency of an ideal Stirling cycle with a reversible chemical reaction 

St is determined by the formulas [2] 

)(1
max

min
St −= G

T

T
,                                                         (25) 

12,0

11,0
)(

GG

GG
G

+

+
= ,       









−





−
+= ln

1
1

A

AC
1G , 
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)1(1

1

AA

C

min

max

C

1,0
−


−

−
=

T

T
G ,      

max

min

AA

C

C

2,0
)1(1

1

T

T
G

−


−

−
= . 

Here, for the expansion coefficients 2 and compression coefficients 1, their equality is accepted: 2 = 

1 = . For the change in entropy in the Stirling cycle sSt, the equality is satisfied 

( )St0

min

in
St −=

T

q
s  .                                             (26) 

The supplied qin and removed qout heat are defined as [2] 

)(),( 11,0min

C

out12,0max

C

in GGT
R

qGGT
R

q +


−=+


−= ,                 (27) 

 R = 8.31 Jkg−1K−1. 

 

The results in Figures 7 (a, b) based on (25)−(27) were obtained for the expansion coefficient  = 1.1 and 

this is a realistic value. At Tmax > 340 K the inequality St > 0 is satisfied and at the same time the change in 

entropy sSt becomes negative. 

 

  
a) b) 

Fig. 7. Efficiency of the Stirling cycle St and Carnot 0 (a), as well as changes in entropy sSt and removed heat 

qin (b) depending on the heater temperature Tmax. 

 

If we take  = 1.3, then the inequalities St > 0 and sSt < 0 are satisfied at the maximum temperature 

Tmax of about 330 K. Since the effective flow of the direct reaction N2O4 → 2NO2 is assumed when obtaining 

theoretical results (25)−(27), this is possible at pressures below atmospheric. For such pressures, the low-

temperature regions in Fig. 7 have a physical meaning. Formula (25) gives overestimated values of the 

efficiency St (Fig. 7, a) compared to the simulation data (Table 1). And this difference increases significantly 

with increasing temperature Tmax. Most likely, this is due to the influence of friction forces (equations (10) and 

(11)), as well as the effect of the electrical load, which has a dissipative effect with a coefficient Dd. 

 

7. Conclusion 
 

The conducted modeling showed a higher efficiency of the Stirling engine with a reversible chemical 

reaction 2NO2  N2O4 compared to the same engine, but with a chemically inert working gas. Moreover, the 

increase in power when switching from a chemically inert gas to a chemically reacting gas is approximately 

more than a thousand times, and the efficiency increases by 2.25 times. The obtained modeling results confirm 

the conclusions made in [1, 2]. 

A Stirling engine with a free working piston has the property of instability of the initial state; this is 

evident from the need to give an initial impulse to start it. After this, the oscillations that arise in the engine 

develop with increasing amplitude until the internal friction forces stop this process. If, in modeling, the friction 

force is taken as a linear dependence on the speed with a friction coefficient Dd, then its numerical value 

sometimes has to be selected to obtain a stable engine operating mode.  
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An increase in power and efficiency is also observed with an increase in the heater temperature. At the 

same time, due to the increase in the amplitude of oscillations of the working piston, it is necessary to lengthen 

the engine to obtain higher power and efficiency. 

A similar study to the one given above was previously conducted in [27], but where the reaction of 

methanol formation CO + 2H2  CH3OH was considered. In this case, the engine power was about 1–1.5 kW 

with close geometric parameters and temperatures. Thus, the use of the reaction 2NO2  N2O4 is more 

economically advantageous.  Engines with a reversible chemical reaction are similar to biological objects [1, 

2], but this conclusion was previously made based on their ability to have high efficiency with a small 

difference in temperature between the heater and cooler. The ability of such engines to produce negative 

entropy of E. Schrödinger further confirms the conclusions of [1, 2]. 

Using the isothermal approximation in the presented model can introduce significant changes to the 

results obtained above. This can primarily be due to large temperature fluctuations in the heater and cooler. 

Intensive mass and heat exchange can occur between them due to the regenerator. This can lead to a decrease 

in the average temperature difference between the heater and cooler. However, this can be minimized by 

increasing their volumes. 
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