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Simulation of a Stirling Engine with a Reversible Reaction CO + 2H, «» CH;OH

Using a simple computer model, the properties of a Stirling engine are studied, where the working substance
is a chemically reacting gas with a reversible reaction CO + 2H, <> CH3;OH. The model takes into account
the relaxation time of hydrodynamic processes in the regenerator. In this case, the engine is considered to
consist of three main parts: a heater, regenerator and a cooler, this is fundamental difference from the
Langlois Justin model proposed in 2006. The pressure in the engine is 20 MPa, the working piston is free.
The efficiency is compared for two cases: 1) a reversible chemical reaction occurs in the working gas and
2) the working gas is chemically inert with relatively high and low molar mass. The average power over the
oscillation period is several hundred watts, but the maximum power can reach 2 kW. To increase the power
of an engine with reversible chemical reaction, it is necessary to increase the volume of the cooler and reduce
the volume of the heater. The modeling results are in good agreement with the previously obtained theoretical
results of one of the authors (K. Sabdenov, 2023) based on the analysis of the Stirling cycle with reversible
chemical reaction.
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Introduction

The Stirling engine can produce electrical energy from any external heat source, including solar radia-
tion. Therefore, it is considered as a promising means to solve the problem of energy shortages after the de-
pletion of oil and natural gas reserves [1, 2].

In modern engines, the working gas is either chemically inert or can only react in one direction to form
a combustion product. But the results of [3, 4] indicate a strong influence of the efficiency of various ther-
modynamic cycles due to the ongoing reversible chemical reaction in the working gas. If we compare it with
a chemically inert gas, then such a reaction can lead to both a decrease and an increase in efficiency. In par-
ticular, high efficiency in the Stirling cycle can be obtained under the following conditions:

« at the compression stage, the working gas must have a higher molecular weight than at the expansion
stage;

* the gas expansion coefficient must be sufficiently large;

* the maximum T, (heater) and minimum T, (cooler) temperatures should not differ significantly;
this is due to the condition for the existence of a cycle.

The results of [3, 4] were obtained for ideal and equilibrium cycles, so they need to be confirmed either
on real machines or on computer models. To do this, based on a computer model, the operation of a Stirling
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engine with a free working piston is studied. Its first mathematical model in the isothermal approximation
was proposed in [5] and since then it has become the basis for many theoretical and experimental studies [6—
11]. The isothermal approximation means assuming constant heater and cooler temperatures.

Cyclic changes in the dynamic parameters of the Stirling machine should be obtained as a result of solv-
ing the model equations expressing the laws of conservation of mass, momentum and energy. But in many
theoretical studies, for example, in [7, 9-11], the coordinates of the working piston and displacer are speci-
fied in the form of a sinusoidal function. From the model [5] it is difficult to understand the physical mecha-
nisms by which the machine operates and, most likely, it contains unjustified approximations and complica-
tions.

Experimental

This study has two objectives:

1) to build a simple model of a Stirling engine with a free piston, at the same time, the new model must
take into account the most important physical properties of the engine;

2) using the constructed model of the Stirling engine, check the correctness of the results obtained from
the thermodynamic analysis of a cycle with a reversible chemical reaction [3].

The general structure of the Stirling engine is described in detail in [5], therefore, below only the funda-
mental differences of the proposed device circuit are indicated. It is shown in Figure 1, here the cooler is com-
bined with the volume (compression, 6) V., and the heater is combined with the volume (expansion, 7) V..
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1 — working piston; 2 — displacer; 3 — displacer rod; 4 — displacer spring; 5 — regenerator;
6 — cooling area; 7 — heating area; 8 — buffer volume; 9 — linear electric generator

Figure 1. Simplified diagram of the structure of a Stirling engine
with a free piston and the direction of the x coordinate

This means that the volumes V. and V. are essentially a cooler and a heater. Accordingly, they maintain
constant temperatures T. and T.. They are taken as the minimum and maximum temperature in the car. The
gas masses in each of the indicated volumes are equal to m, and m..

Regenerator 5 continues to be present as an independent and important component of the machine,
therefore it is characterized by its physical parameters.

Buffer space 8 with volume V,, and pressure py is borrowed from [5].

The working piston 1 moves freely along the rod 3 of the displacer 2, the last two are rigidly connected
to each other, and one of the ends of the rod is attached to the spring 4 with a stiffness coefficient ky. The
displacer can move freely inside the cylinder, surrounded by a cylindrical regenerator with length L, and
working space thickness d,.

As a result of the movement of the working piston, the linear generator 9 generates an electric current,
its reverse effect on the operation of the machine is taken into account by the damping coefficient D,.

A Stirling engine cannot operate without a regenerator; the literature [12, 13] denies this, but points to
the very low efficiency of a machine without a regenerator. Thus, although the regenerator is allocated a sig-
nificant place, it is still not one of the main ones. In fact, in machines “without a regenerator” it is still pre-
sent in a hidden and primitive form. Since the regenerator plays one of the key roles here, the processes in it
need a detailed description. This mainly relates to gas flow.
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The regenerator is represented by a narrow and long channel in the space between two coaxial cylinders
with diameters d; and d, = d; + 2d,. The average speed of one-dimensional gas motion in it with density p,
and in the direction of coordinate x will be denoted by u. Below is the momentum conservation equation for
the elementary mass of the regenerator Am = p,A;Ax, where the elementary volume in a section of length Ax
and cross-sectional area A, is equal to A,Ax. This elementary volume is acted upon by two forces:

e the first of them F, is associated with the change in pressure in space, F, = A((p(x +Ax) — p(x)). If
there is a local section on the path of gas movement at point x = xo, then this section is characterized by the
coefficient of hydraulic resistance K,. Here the momentum of the flow changes, a force acts on it

F, :(p(x+Ax) - p(x)+%8(x—x0)Krp, |u|qujA ,

where 3(X = Xg) is the Dirac delta function;

e the second force F; arises as a result of the presence of friction inside the gas, and at the boundary of
contact with the solid surface of the channel wall [14]. Friction forces lead to the appearance of tangential
stress 1, and Fy, = tI1AX.

From hydrodynamics [14], we accept the equality

T=const-Cp, |u|u,

where ( is the coefficient of hydrodynamic resistance; IT — channel perimeter, IT = 2x(d, + d;). Thus, we get
F. :%-ger|u|qu :

The 1/8 factor is explained below. Newton’s second law can be written as

du op 1
AmM—=—A —AX—=03(Xx—Xx,)K, p, [U|lUA AX—F, .
dt AaX 2 ( XO) rpr||A' fr
Hence, after replacing the total time derivative in the sense of Lagrange with the derivative in the sense

of Euler [14],

d o0 0
—=—+u—,
dt ot  ox
and also using the definition of mass Am and in the limit Ax — 0, the equation is obtained [15]
a—quua—u=—i@—l-g|u|u—ES(X—XO)Kr|u|u. (1)
ot ox p,ox 8 A 2
In typical Stirling machines, the thermal expansion of gas is small, the pressure also does not change
much, and the compressibility of the gas is insignificant. Therefore, the derivative of density with time is
small compared to convective transport. As a result, the mass flow p;u can only be a function of time. This
means that the gas in the regenerator moves like a liquid and its speed is only a function of time. Therefore,
instead of (1), we can consider the equation
d_u:_i@_l.ghdu —ES(X—XO)Kr|U|U ,
dt p, X 8 A 2
where the partial derivative with respect to time is replaced by the total derivative, but in the Euler sense.
Taking the gas velocity to be weakly dependent along the length of the regenerator, ou/ox ~ 0, by integrating
over the length of the regenerator this equation is reduced to the form [15]
Jdu_1, o LLn
dt p, 8" A
The pressure difference Ap is positive if the gas flows from left to right. Now let us explain the origin of
the factor 1/8; in the stationary case and flow in a pipe, the well-known Darcy-Weisbach equation should be
obtained [16]. In the case of an arbitrary pipe of length L, and diameter D, the ratio TT/A, = 4/D, and then it
follows

1
|u|u—§Kr|u|u. (2)
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1oL 1
Ap_EQPrB|u|U 2Krpr|u|u'

This is the Darcy-Weisbach equation for a pipe. For a regenerator (Fig. 1), the ratio of the perimeter to
the flow area is IT/A, = 2/d..

Equation (2) is relaxation, it takes into account the time required for the formation of gas velocity in the
regenerator when pressure and friction change.

The model obtained above includes the equations of motion of the displacer, piston and gas in the re-
generator. The coordinate of the displacer x4 with mass my is measured from the equilibrium position X4, the
initial coordinate of the piston x, with mass m, coincides with the coordinate reference point x.

The gas in the buffer volume compresses and expands under adiabatic conditions with index vy. External
and initial pressure po.

The equations of motion of the displacer and piston have the form [5]

d?x
My dtzd +Ky (X _Xd,o) = PoAo pCAp - PA 3
d?x, dx,
mP dt2 +DpE:(pb_pc)Ap' (4)

The coefficient D, characterizes the production of electrical energy by a linear generator. Equations (3)
and (4) are supplemented with formulas for determining pressures:

V Y
Py = Po [VL:] ) (5)
Rg cTc Rg eTe (6)
= - m f o =— me .
pc VC c p Ve

A change in the chemical composition of the gas leads to a change in the gas constant; the composition
of the gas is different in the heater and cooler. Accordingly, two notations Ry,c and Ry, are introduced for the
gas constant.

The volumes contained here are found using the formulas

Vc :VC,O +Ap(xd _Xd,o _Xp)1 (7)
Ve =V = Ay (X = Xa0)r Vo =Voo + Aa (Xg —X40) + AX,
Here V., Ve are the initial volumes of the cooler and heater.
The gas masses in the displacer m. and heater m, are determined by solving the equations
dm, — dm, . (®)
dt dt

The gas mass flow rate m’, in the regenerator is found from equation (2) and this issue is discussed be-
low. The pressure p, and temperature T, in the regenerator are taken to be the average values in the heater
and cooler:

+ T +T
po =Rt Pe, T=nre (©)

Equalities (9) mean accepting a linear dependence on the x coordinate of changes in pressure and tem-
perature in the regenerator. Linear dependencies are well fulfilled since the differences p. — pe and T, — T, are
small values, and d,/L, << 1.

Then the gas density in the regenerator p, is determined from the equation of state

__PetP
(Te+Tc)Rg .

Equation (10) is necessary to find the mass of gas in the regenerator m,. Density p, can be more accu-
rately determined by calculating the average density using linear functions p(x) and T(x) and the gas equation

Py (10)
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of state for the regenerator [5]. But such averaging, which leads to a complex expression, does not provide
noticeable advantages.

In Figure 1, between the regenerator and volumes V. and V., there are local sections of gas flow rota-
tion; they are included in the regenerator and are characterized by the coefficient K.

Equation (2) can also be written for mass flow m',(t) = u(t)p,A;. Using this definition and taking into ac-
count the constancy of density p;, we write the equation for flow velocity,

A, 1K)

=—A m;, 11
dt L P75 m (1)
KZ = Kr + 2I;jr C’ mr = pr LI’A’ = pI’VI’ ! VI’ = LI'A' ' (12)

According to Figure 1, the positive direction of gas movement corresponds to a positive sign of the
pressure drop Ap, so it should be Ap = p; — pe.

Since the regenerator is a porous (mesh) structure made of thin metal wire [12, 13], then in the general
case the porosity factor should be added to the determination of the gas volume V.. Here it is assumed that
the porosity is close to unity.

Let us denote by m. o and meq the initial values of the gas masses in the cooler and heater, then from the
sum of equations (8) and after integration the equality follows

m. — mc,O = _(me - me,o) ) (13)

\Y/ \Y/
mc,o — I:R)O (-:I,-O , me,o — go fl,-o .

g.c'c gc e

Chemical reactions of the first order take place in volumes V. and V.. In the first of them, the chemical
transformation (reverse reaction) proceeds according to the scheme B — A at a rate k., and in the second (di-
rect reaction) according to the scheme A — B at a rate k.. At the same time, a mass of gas enters (or leaves)
the indicated volumes at a speed m’,; i.e. in each of them there can be two sources of substances of grade A
and B. Each of them in an arbitrary volume has a mass m, and mg, their sum is always equal to the total mass
of the gas in this volume. Substances A and B are characterized by relative mass concentrations ga and gg,
and

gatge=1 (14)
For simplicity, the chemical transformation inside the regenerator is not taken into account. The simple
connection (14) between concentrations allows us to subsequently use equations for only one of them, for
example, gg.
Since the gas mass in the cooler and heater is different, gg will be determined in different ways. There-
fore, below gg is supplemented with indices indicating its value in V; and V,, i.e. gs. and gg.. Using them,
you can determine the gas constants Ry,c and Ry, [17]:

1- 1-
ngc = R(%_F—QB’C ], nge = R{%_'_—QB,E j, (15)
Mg Ha Mg Ha

where R is the universal gas constant; ua, pg are the molar masses of substances A and B.
In the volume of the regenerator, the rates of forward and reverse chemical reactions are approximately
equal. Since there is no change in the composition of the gas in the regenerator, when calculating the mass of
gas in the regenerator m;, the gas constant in it Ry  is determined by the conditions:

if m', >0, then Ry = Ry, if M’y <0, then Ry = Rg.
Mass m, is found from the equation of state
m, = PV, _
Rg,rTr

The above data is sufficient to determine the parameters of the regenerator.
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Consider the volume V, and the 1% case m’, > 0, then the substance B will decrease due to convective
entrainment from this volume and due to a chemical reaction. A simple first order reaction gives a conserva-
tion equation for the mass mg,

dm ,
dtB'C = _gB,cmr - mckch,c ' (16)
According to the definition of relative mass concentration,
_ mB,c
gB,c - m '

Then, taking into account the first equality in (8), equation (16) can be written for gg .:
dge
—= =K :
dt Hec

In the 2™ case, m’; < 0 and the content of gas grade B changes both due to a chemical reaction and due
to convective transfer from the heater. In volume V., the reaction A — B takes place. There, its concentration
is designated gg .. The mass conservation equation will now take the form

dmg,
dt
After passing here to the concentration gg, ., we obtain

d —
gi‘ ~Jee " Boe g g (18)

In it, the reaction also has the first order, but now a substance of type B is formed. The derivation of
equations for the concentration is carried out according to the same scheme as in the previous example. In
the case m’; > 0 for the mass mg ., the following equation is obtained:

dm,
dt

To pass to the equation for the concentration gg, ., We use the second equality in (8) and the definition
Os,e = Mg, o/M,, as a result, we obtain

ng,e _ gB,c - gB,e

(17)

1
= _gB,emr - mckch,c '

C

,e

= gB,cm; + meke(l_ gB,e) .

m’ +k, (1- ) 19
dt . r e( gB,e) ( )
In the case of m’; < 0, the concentration gg . is determined from the equation
dgg
—f —k (1- . 20
=k 0s,) (20)

Results and Discussion

Equations (3), (4), (11) and (17)—(20) as well as one of the equations (8) are basic. To these are added
auxiliary equalities (5)—(7), (9), (10), (12), (13) and (15).

The reversible reaction of methanol formation CO + 2H, <> CH3OH is considered [18, 19]. Substance
A is a mixture of carbon monoxide and hydrogen with molar mass pa = 0.0107 kg/mol; substance B is meth-
anol with molar mass pg = 0.032 kg/mol. At low temperature T, the decomposition reaction of methanol
predominantly occurs according to the scheme B — A with the reaction constant k¢; at high temperature T,
methanol is formed according to the scheme A — B with the reaction constant k.

The numerical solution of the equations was carried out by the Runge-Kutta method [20] with second
order accuracy and with various time steps to verify the correctness of the results obtained. To obtain reliable
results, it is enough to take the integration step equal to 10 s. Initial conditions:

dx,

dx
t=0: X, =0, X; =Xy, d—t'):o, Ezlm/s; m =0, g,,=0.15, g, =0.85.
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Electrical power Py is always positive and equal to

dx, 2
Po=D,| — .
dt
At the initial moment of time, the pressure in all volumes of the engine and outside was the same and

equal to po; the mechanical system is in equilibrium. Then the total power of the engine Py, or the rate of
production of mechanical work, is equal to
dx, dx
_ A d p
(P. = Pe) p[—dt e j

dv,
dt
The necessity of the modulus sign is explained by the fact that useful work is performed both during
expansion and compression of gas in volumes. Engine efficiency ne was determined by the average power
values P, and Pp,:
_(R)

MR
The results in Figures 2—4 were obtained for the following input parameters:
e general and for buffer volume —
Po = 20 MPa; y = 1.37; V,,0 = 2.0-10° m? (the buffer volume is taken very large to exclude it);
e for displacer and working piston —
mg = 3.0, m, = 3.3 kg; ky = 50 kg-s7;
d; = 0.8, drog = 0.05, L, = 0.3 m; D, = 5500 kg-s™";
e for heater and cooler —
Te=293, Te=673K; V0 =0.94, Voo = 0.54 m% x40 = 1.6 m;
k.=4.010% ke =4.210°s ™" Ly = 1.0, L, = 0.5 m;

av,
dt

o
dt

P, - +‘(pe—pom

(pc - pe)

+‘(pe - pO)

e for regenerator —

L,=1.2,d,=0.1m; A, =0.28 m* K, = 0.01, { = 0.12.

Work [21] gives a specific (per unit mass of copper catalyst) reaction constant for CO consumption of
about keo = 1072 mol/(Kg.ar-s). Here reaction constants of the order of 0.01...0.1 s * are used and in a different
dimension. But a correlation can be established between these reaction constants: the gas volumes V. and V.
are of the order of magnitude 10 mol. Then, taking 10 kg of catalyst (taking into account the high density of
copper, such a mass of catalyst occupies a relatively small volume), we obtain keo ~ 0.01 ¢, which is com-
parable to the given value of k.. The rate of the reverse reaction k. is assumed to be approximately the same
order of magnitude.

The oscillation of the displacer was established after approximately 70 s, its average position did not
change (Fig. 2). But the average position of the piston shifts with a weak wave movement to the left along
the x coordinate and by the time of 100 s it still has not reached its stationary point.

0.8 4
4 — (1), Xq

0.6 < —(2), xp

Figure 2. Coordinates of the displacer and piston depending on time
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Power averaging (Fig. 3) was carried out over a time interval from 80 to 100 seconds, the results ob-
tained were <P> = 355.3, <P,,> = 906 W; ne = 0.392. The oscillation frequency is v = 0.16 Hz.

(), P
2000 - @, £y
—2), P,

1l

. —_—
0 20 40 60 80 100
t,s

P,WwW

Figure 3. Dependence of powers P,, and P on time

The efficiency of an ideal Stirling cycle with a reversible chemical reaction ng; is characterized by a
dimensionless parameter [3]

_ HB(’YB _1)
HaA(va =1

where y,, vg are the adiabatic exponent of substances A and B. The condition for exceeding ns; efficiency of
the Carnot cycle with a chemically inert working gas m, is given by the inequality

St

T
Ol > 2 (21)

Tmin

The ya exponent is easily determined, since detailed experimental data exist for the gases CO and Hy;
from them it is easy to determine y, = 1.37. The situation is more complicated with the adiabatic index of
methanol yg; its physical properties change in a complex and ambiguous way depending on pressure and
temperature [19], since it is located near the critical point. Therefore, in contrast to work [3], we use the for-
mula from the theory of ideal gases [17]

i+2
L

where i is the number of degrees of freedom. From the structure of the methanol molecule it is easy to obtain
the estimate i = 10, so we can take yg = 1.2. This, together with y, = 1.37, gives the value ag = 1.76, and in-
equality (21) is not satisfied, since Tpa/Tmin = 2.465 (Tmax = Te, Tmin = Tc). Accordingly, the efficiency ac-
cording to the Carnot formula for a chemically inert working gas is equal to ng = 1 — Tyin/ Tmax = 0.565 > 1.

In [3] a formula was proposed for calculating the efficiency of an ideal Stirling cycle ns; in the nota-
tion adopted here it has the form:

T
N =1-22G (), (22)

max

G,,+G _
()= et 8 Glz[“Mijw,
Gy, +G n, o-1

G — 1 Tmax _ Ug — 1 _ Hg Tmin
0,1 v 0,2 :
Vs -1 Tmin Ka (YA _1) Vs -1 Ka (YA _1) Tmax

Here there is a volume ratio o on the upper (or lower) isotherm. This parameter o depends on the en-
gine design, so it can be found from the simulation results.
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The cycle being implemented in the engine can be constructed in volume/pressure coordinates, since
electrical energy is produced by the cooler, such a cycle is constructed in the variables V/(p. — po) in Fig-
ure 4 and bears little resemblance to the ideal cycle.

The lines are not closed because the piston has not yet reached the midpoint. But these data are suffi-
cient to estimate the volume ratio ® = 1.28 at points 2 and 1. Then from equation (22) we find ns, = 0.354.
This is less than the result obtained above ng = 0.392 by approximately 10 %, and their difference may be
introduced by the difference in the cycles in Figure 4 and ideal cycle, or, the approximate nature of equali-
ty (22). The fact is that when obtaining equation (22), a simple assumption was made of a linear dependence
of the mass concentration of the product of a chemical reaction on the specific volume [3].

4000 ~

V., m

Figure 4. Image of the cycle in the Stirling engine in coordinates V¢/(p. — po),
the cycle is built for a time interval from 80 to 100 s

If we take the working gas to be a chemically inert substance with a molar mass of light gas
ua = 0.0107 kg/mol, then no displacement of the working piston is observed (Fig. 5).

However, all other input parameters remained unchanged. The engine reaches a steady state of opera-
tion in approximately 40 s. The frequency and amplitude of oscillations increased noticeably (v = 0.17 Hz),
which explains the almost doubling of power: <P.> = 684.6, <P,,> = 1739 W. There was also a very slight
increase in electrical efficiency ne = 0.394.

1.0 4
4 —(1)1 xd

-1.0 . T X T ¥ T ¥ T Y 1
0 20 40 60 80 100

Figure 5. Changes in the coordinates of the displacer and piston over time
for a chemically inert working gas
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For a chemically inert (relatively heavy) working gas with a molar mass pg = 0.032 kg/mol, the work-
ing piston does not shift either. But the power and oscillation frequency are significantly reduced:
<P,>=59.64, <P,,> = 152.3 W; v = 0.10 Hz. In addition, the time it takes for the engine to reach a steady
state of operation increases; here this time is longer than the calculated time of 100 s.

From equation (22) it follows that efficiency increases with increasing expansion coefficient o (at con-
stant temperatures). To check this conclusion, the calculation was carried out with a change in the volume of
the cooler by changing the length L. ,. Below are the results for three options Table:

Table
Leo, M ® <P¢>, W <Pp>, W Nel Nst
0.25 1.38 346 883 0.392 0.362
0.5 1.28 355 906 0.392 0.354
0.85 1.23 407 1037 0.392 0.350

No change in efficiency is observed, but engine power increases as the expansion coefficient decreases.
Moreover, both total and electrical power increases proportionally, and a decrease in o is achieved by in-
creasing the volume of the cooler.

If you increase the volume of the heater while other parameters remain unchanged, then an increase in
the volume of the heater leads to a decrease in power. For example, a calculation with a length L., = 0.5, but
with L, = 0.5 m instead of the previous value L, = 0.3 m gives < Pg > =342 and <P, > =873 W.

Conclusions

In this study an isothermal model of a Stirling engine with a free piston and working gas, where a re-
versible chemical reaction occurs, is proposed. If we do not consider the presence of a chemical reaction, the
new model differs from the previously proposed Langlois Justin model [5] by taking into account the relaxa-
tion time of hydrodynamic processes in the regenerator. Moreover, it consists of three main parts: heater,
cooler and regenerator.

Based on the modeling results, the following conclusions were drawn:

— chemical transformation leads to a change in the molar mass of the gas mixture in the cooler and

heater, as a result, during engine operation, the equilibrium position of the working piston shifts;

—such a shift occurs to the left if the molar mass of the gas is less than in the heater, if vice versa, then

the piston moves to the right. Piston displacement does not occur in the case of gas with constant mo-
lar mass;

— the results of calculating the efficiency using the proposed model and the previously obtained formula

for an ideal Stirling cycle with a reversible chemical reaction differ by approximately 10 %.
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K.O. Cabgnenos, XK.K. Cmarynos, M. Ep3ana, T.A. XXakaraes

CTHUPJIHHT KO3FAJTKBIIIBIH KAHTHIMABI peaKIusiMeH
CO + 2H; & CH3;0H moaeanaey

Kapamaiieim koMmIbroTepik MoZAembIiH keMmeriMeH CTHUPIMHT KO3FaITKBIIIBIHBIH KAaCHETTEpl 3epTTElreH,
myHaa kymbic 3atel CO + 2H, <> CH3;OH KalThIMabl peaknusachl 0ap XUMHUSIIBIK OPEKETTECETiH Tra3
Kocracel. MyHIaif  KO3FANTKBIII — alfalllkKbl  PeT  KapacTHIpbUTyZa. Monenb  pereHepaTOplarsl
THIPOAVHAMUKAIBIK MPOIECTEPAiH PelaKkcalrs yaKbITBIH eckepeni. by karmaiina KO3FanTKBII YII HETi3ri
OeJliKTeH Typajpl: KbI3IBIPFBILI, PEreHepaTop >KoHE CAIKBIHAATKBII KaMepanap, Oochl jkaHa monenb 2006
KbUIbI ychiHbUIFAaH Langlois Justin MozenmiHeH ekiHmi TyOereini albIPMAIIBUIBIFBIMEH CHITATTaIabl.
Kosrantkeiurarel  KpickiM 20 MITa, xymbeic mopireHi ©Ooc. 3epTreyme THIMIUIIK €Ki kargaiiaa
CaJBICTHIPBUIAABL: 1) KATBIMIBI XMMHSUIBIK pPEaKkuusl JKYMBIC Ta3blHAA JKypeli JoHe 2) KYMBIC Tra3bl
CAITBICTBIPMAIIBI  TYPAE JKOFAaphl KOHE TOMEH MOJPJIBIK Maccachl 0ap XUMUSUIBIK HHEpTTi. TepOemic
Ke3eHIHJIeTi opTalna Kyar OipHele >Ky3 BaTT, Oipak MakcuMalabl KyaT 2 KBT-ka sxeTyi MymKkiH. KalTeMabt
XUMUSUTBIK PEaKIHACHl 0ap KO3FAITKBIIITHIH KyaTblH apTTHIPY YIIIiH CAKBIHAATKBIIITHIH KOJIEMiH YIFaluTy
JKOHE JKBUIBITKBIIITHIH KOJEMIH a3aiTy KaxkeT. Mozebey HOTIKENepi aBTopiIapabslH OipiHiH OYpBIH ajFaH
TEOPHSUIBIK HOTHXKeJepiMeH kakchl coiikec keneni (K. Cabaenos, 2023) KaWTBIMABI XUMHSIIBIK PEAKIUSICHI
6ap CTUPIMHT LMKIIH TajayFa Heri3enreH.

Kinm co30ep: Ctupnunr 1ukiti, CTHPIUHITIH 60C MOPIICH I KO3FAITKBIIIBI, METAHOJ, KAUTBIMIBI XUMHUSITBIK
peaxuus, [1OK xone Kyat

Cepusa «dusmka». 2025, 30, 2(118) 65
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K.O. Cabaenos, XK.K. Cmarynos, M. Ep3ana, T.A. XKakaraes

MoneaupoBanue apurareiss CTUpJINHTa
¢ odparumoii peaknueii CO + 2H, & CH;0H

C moMonIpio POCTON KOMITBIOTEPHOI MOJENH BIIEpBBIE U3y4eHB! cBOWCTBA npurarens CTHpIMHTA, TIe pa-
0G0YNM BEIIECTBOM SIBIIIETCS XMMHUECKH pearupyromuii ra3 ¢ oopatumoii peaknueir CO + 2H, <> CH3;0OH.
Mogens yquThIBaeT BpeMs pelakcalliy rHApOJUHAMHYECKUX MPOLECCOB B pereHeparope. B naHHOM ciydae
JBUTaTeIb CYUTAETCS COCTOSIIIMM U3 TPEX OCHOBHBIX YacTei: HarpeBaTess, pereHepaTopa U OXJIaAuTeIbHOI
KaMepbl. B 3TOM COCTOMT BTOpOE MPHHIMIHAILHOE OTIHYKe oT Mojenan Langlois Justin, npemsoxernHoi B
2006 rony. Jasienue B asurarene cocrasisseT 20 MIla, pabouunii mopiuens cBo6oaeH. D GEeKTUBHOCTD JBH-
rareisl CpaBHUBACTCS JUIS ABYX CIIydaeB: 1) B paboueM raze IpOUCXOAUT oOpaTHMasl XUMHIecKas peakiys 1
2) pabounii ra3 XMMHYECKH HHEPTEH C OTHOCHUTENBHO BBICOKOH M HU3KOI MONsIpHO#T Maccoil. CpeHsis MO
HOCTB 3a IepHOJI KOJIeOaHHi COCTaBIsIeT HECKOJIBKO COTEH BaTT, HO MAKCHMAIIbHAS! MOLITHOCTH MOXKET JOCTH-
rate 2 kKBt. UTOOBI yBeNMYUTH MOIIHOCTH JIBHTATENsI ¢ OOpaTHMON XMMHYECKOHW peakimuel, HeoOXOoIuMo
YBEINYUTH 00BEM OXJIAAUTENS U YMEHBIINTh 00BbeM Harpepatems. Pe3ynbTaTsl MOAENIHPOBAHUS XOPOIIO CO-
[IIACYIOTCS C paHee MOyYEeHHBIMU TEOPETHYECKUMHU pe3yiibTaTtaMu oHoro u3 aBTopoB (K. Cabuenos, 2024),
OCHOBaHHBIMH Ha aHajm3e [ukiIa CTHPIUHTA ¢ 00paTUMON XMMUYECKOH pPeaKIieH.

Kniouesvie cnosa: nukn CtupnuHra, cBOOOJHONOPUIHEBOH ABUTaTeNnh CTUPIMHTA, METaHOM, 00OpaTHMas Xu-
muueckas peaxuust, KII/I, momuocTs
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