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Abstract. Resource-saving technologies are now actively used in the field of piston design. The modernization
of internal combustion engines should be based on evaluation of the efficiency. The development of new
methods for assessing the thermodynamic efficiency of heat use in piston engines is an essential part of
improving the efficiency of motor vehicles. At present, when assessing the efficiency of thermodynamic
processes in internal combustion engines of the indicator efficiency, the essence of the process of converting the
thermal form of energy into mechanical work is not considered. In this regard, there is a need to study the
working processes of piston engines to develop a more advanced method. The article proves the prospects of
using the entropy approach and variational principles of nonequilibrium thermodynamics. This method is based
on the first and second laws of thermodynamics, and allows taking into account not only the quantity, but also
the quality of energy. The differential equation of thermal balance of the engine taking into account heat
dissipation in the engine is offered. This equation assumes establishment of functional dependence of production
of entropy in systems on parameters of the irreversible thermodynamic processes proceeding in it, and also
search of optimum of the received objective function. The proposed method of entropy analysis of
nonequilibrium thermodynamic processes in piston engine systems allows to evaluate the degree of efficiency of
each system and to investigate the maximum capabilities of the piston engine. As a result of using the proposed
method, heat losses in the engine systems are reduced.

Keywords: indicator efficiency coefficient, entropy production, heat balance, irreversible process, amount of
heat.

Introduction

At a time when the world economy is entering the resource - and energy-saving way of
development, the development of new methods for assessing the thermodynamic efficiency of heat use
in piston engines is extremely important. This makes it possible to assess the level of technical
improvement in the field of engine building and the expected prospects for modernization of internal
combustion engines.

It is known that the generally accepted indicator of energy efficiency of thermodynamic processes
in internal combustion engines is the indicator efficiency. In the development of the research methods
of indicated efficiency, a great contribution was made by Russian and foreign scientists: V.
Grinevskiy, N. Breling, a. Vanshteydt, N. Glagolev, K. Genkin, N. Dyachenko, A. Kudruash, T.
Melkumov, D. Matvievskiy, D. Portnov, S. Pogodin, V. Soroko-Novickiy, B. Stechkin, A. Tolstov, G.
Voshni etc.

The indicator efficiency coefficient shows only the losses caused by the internal irreversibility of
the working processes, and does not take into account the losses from the external irreversibility
associated with the final temperature difference between the heat sources and the working fluid. This
does not consider and does not reveal the essence of the process of converting the thermal form of
energy into mechanical work, but only describes the nature of the change in the indicator efficiency. In
this regard, it is impossible to assess the degree of perfection and the nature of the impact on the
efficiency of the in-cylinder engine processes.

From the system approach point of view, the piston engine represents an energy — generating
system, in which various irreversible processes occur-combustion, heat and mass transfer,
thermomechanical, etc. In this connection, it is advisable to consider the thermal machine as an open
macroscopic system consisting of interconnected elements, each of which implements one or another
irreversible thermodynamic process. Then, according to the second law of thermodynamics, the
change of entropy plays a leading role in the description of such systems, and the indicator of
irreversibility of the systems thermodynamic processes is the entropy production. Therefore, in the
thermodynamic analysis of the piston engine cycle, it is advisable to predict the minimum expected
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damage in the form of thermal and “entropy” pollution along with the assessment of its efficiency and
specific operation.

The main purpose of the article is to develop a strategy for the system analysis of the use of heat
in piston engines, taking into account the non-equilibrium of heat and mass transfer processes in the
over-piston space.

Materials and methods

It is known that in the classical approach based on the first law of thermodynamics the
distribution of heat released during the combustion of fuel in the engine into individual components is
expressed by the equation of the external heat balance and has the form [1]:

0.=0,—-(08+0,+0,+0,) (1)

where @, — heat produced by fuel combustion;
Q, — heat carried away by exhaust gases (30-42 %);
Q,,—heat removed by the cooling medium (14-28 %);
0, — heat removed by lubricating oil (2-7 %);
Q, — coefficient characterizing the unaccounted heat loss.

However, this approach in the description of energy balances does not allow to take into account
the disparity of the converted part of the different energy types to the work, and makes it impossible to
determine the location and causes of energy losses. This in its turn prevents to properly make their
quantitative and qualitative assessment and to find ways to reduce energy losses [2]. In this regard,
there is a need to study the working processes of piston engines to use both the first and second laws
of thermodynamics and the basic principles of non-equilibrium thermodynamics. This approach allows
us to take into account not only the quantity, but also the quality of energy.

In recent years, the thermodynamics of irreversible processes, which deals with nonequilibrium
processes in time, has been widely developed. Modern thermodynamics of nonequilibrium processes
was established in 50-70 of the last century and is associated with the names of L. Onsager, I
Prigogine, Dzh. Kayzer, S. De Grot, R. Haase and other scientists [3-7]. Thermodynamics of
nonequilibrium processes allows us to study the process of entropy growth in more detail than
classical thermodynamics and to calculate the amount of entropy formed in a unit volume per unit time
due to the deviation of the system from the thermodynamic equilibrium.

At the same time, all thermodynamic processes occurring in the internal combustion engine (ICE),
as in an open thermodynamic system, are not only irreversible, but also internally nonequilibrium and
the duration of the processes is finite. So, this problem is best solved on the basis of the principles of
thermodynamics at finite time[8-17]. Then there is a need to organize irreversible in-cylinder and heat
and mass transfer processes in ICE systems so as to minimize energy dissipation in these processes at
a given intensity of their flow. The search for the optimum target functions-minimizing the dissipation
of thermal energy in non-equilibrium processes can be carried out among the obviously irreversible
thermodynamic processes of piston engine systems with known heat transfer coefficients, specified
durations and the amount of heat withdrawn (supplied) and as a result predict the maximum possible
values of fuel and economic indicators of ICE.

To reveal the mechanism of energy losses in nonequilibrium thermodynamic processes occurring
in piston engines, we can consider an expression for determining the amount of heat that is supplied to
the open thermodynamic system at an infinitely small change of state [7]. The equation looks like:

d,Q=dU + pdV —dW, —> H,dn,, 2)
k

where U, V, p — internal energy, volume, system pressure;
W,is — work related to dissipative effects;
H, — partial molar enthalpy of the k-th component;
dny — increment of the number of moles of the k-th component of the working substance.

The processes occurring in the engine cylinder are due to the simultaneous change in the
composition of the working fluid both due to heat and mass transfer (d.n;), and due to chemical
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reactions (d.n;). Therefore, an infinitesimal increment of the molar concentration of the components of
the working body 7, can be expressed as follows:

dn,=d,n +dn =dn, +kard§r, 3)

where vy, — stoichiometric coefficient of the substance in the chemical reaction r (positive for the
formation of the substance and negative for its consumption as a result of the reaction);
¢, — degree of reaction completeness r.

Also, let us keep in mind that
N
4, = _Z Vit and w = h =TS, “)
k=1

where A, — affinity of a chemical reaction r;
Sk, 1 — partial molar entropy and chemical potential of the k-th component.

From formulas (2), (3), taking into account the relations (4), we can get the following expression:

TdS=d,Q+TY S, d,n, +dW, +> Ade. (5)
k r

In this equation, the first and second terms of the right side - to heat and mass transfer with the
external environment, the third term — to dissipative effects, the fourth term — to chemical reactions
within the phase.

From equation (5) it follows that the amount of heat involved in an elementary, infinitely small,
irreversible thermodynamic process is determined by the expression:

deQ = TdS— Tszdenk - dW_ zArdfr = TdS— dQliss =
k r

TdS-dQ=dQ-dQ,

(6)

where dQ — amount of heat involved in the elementary thermodynamic process;
d,Q — amount of heat supplied to the thermodynamic system from the heat source;
dQ ;s — dissipated energy;
d;Q — uncompensated heat, depending on the degree of internal irreversibility
thermodynamic processes, d;Q > 0.

Thus, the amount of heat supplied to the differential volume in an elementary infinitesimal
irreversible thermodynamic process from external sources d,Q:

d.Q=d0-dQ. 7

Thus, heat involved in any thermodynamic process of piston engines consists of two components:
the first can have any sign depending on the direction of the heat flow, while the second cannot be
negative.

Dividing both parts of the expression in formula (7) by the absolute temperature we obtain:

dS:df-’_Q_i_d"_Q

=d,S+d.S. ()
Results and discussion

For the study of heat in piston engines, the authors developed the equations (9, 10, 12, 14, 15, 17,
20), allowing to solve the problem of thermodynamic process optimization in the system.

It follows from the above that the differential equation of the heat balance taking into account the
total heat dissipation in the piston engine systems can be written as:

dQ,=d,Q, - (dng +d,0,+d,0,+> d0,+ dQ,'.j . 9)
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Taking into account the expression (8), equation (9) can be transformed by changing the entropy
to the form:

dQ=d,0,-T,d,S,+dS,)-T,d,S,+ds,)-T(d,sS +dS,)-> do,. (10)

w 1 w

where d,S,. d.S., d.5; — reversible part of entropy change due to external heat exchange in
exhaust, cooling and lubrication systems;
d:S,, diS,, diS; — irreversible part of the entropy change due to the presence of non-
equilibrium processes in the system of a piston engine.

This equation is the main one for the analysis of the heat use in the over-piston space.

According to the expression (8), the rate of growth of the total entropy in any engine system can
be expressed as follows:

dsldi=d,S/dt+dS/dt=~[J]d 2+ [odV, (11)

where J; — full flow of entropy through the surface of the X system;
o, — local rate of entropy.

It follows from equation (10) that each k-th component of the heat balance can be represented as:

ds dSs., dS
O, = || p.T, —%avdt, = | | p., T, (f—ku’—k"jdvndz, (12)
k .[;[ k" k d k™" k J-;[ kn k z dt dt ki

t t t n

where d,S;,/dt — rate of change of the irreversible part of the specific entropy in the n-th
elementary thermodynamic process in the k-th system of the internal combustion engine.

O, heat released in the combustion process is directly proportional to the amount of the burned
fuel and depends on many factors affecting the perfection of the processes of fuel mixture formation
and combustion. Therefore, due to the imperfection of the combustion process and under-heating of
the fuel heat which stood out for the cycle is expressed for the calculation of the shares of the lowest
combustion heat H, cyclic fuel dose:

Q,=H,g., (13)

where y — coefficient of heat release, taking into account the loss of part of the calorific value of
the fuel due to incomplete combustion (lack of air, imperfect combustion);
g. — cyclic fuel supply;
H, — low heat of combustion.

The amount of heat lost from imperfection of the processes of mixture formation and combustion
of fuel in the combustion chamber is equal Q;, = (1 — y)H,g.. Then the uncompensated heat due to
incomplete combustion of fuel can be written as:

0, =(0-x)H,g.=TAS,, (14)
where A;S. — total entropy production resulting from irreversible in-cylinder processes.

From the condition of additivity of entropy the total change of entropy in the energy-technological
processes of the engine is the algebraic sum of the changes of entropy in the above-piston space and
each of its systems, and has the form [18]:

oy = ZAiS/T =(ASc+AS, +AS, +AS, +AS,)/t, (15)

where A;S, — total entropy production due to heat transfer and thermal conductivity of the
cylinder wall;
A;S,, — total entropy production due to irreversible processes in the cooling system;
A;S, — total entropy production resulting from irreversible processes in the air supply
system;
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A;S; — total entropy production resulting from irreversible processes in the lubrication
system.

The main task in assessing the efficiency of various processes is to study the process of
converting the thermal form of energy into mechanical work in order to minimize energy losses in the
engine systems. The solution of this problem allows us to determine the sources of irreversibility in
the process. The essence of this problem is to establish the relationship between the increase in
entropy in the thermodynamic system and the various irreversible thermodynamic processes occurring
in it.

First of all, the balance equations for energy, mass and entropy are initially compiled. Further,
from the equations of balance the functional relationship between a particular indicator of the
efficiency of the thermodynamic process in the system of the internal combustion engine and
dissipation o, is established. Typically, the indicators of efficiency of the process deteriorate
monotonically with the increase of dissipative losses and reach the maximum in a reversible process.

The last, the most difficult step is to solve the problem of such organization of the heat and mass
transfer process in the ICE system, for which the heat dissipation will be minimal at given intensities
of heat and mass flows. In general, the condition of minimum heat dissipation in irreversible processes
can be represented as:

_4S_1
d t

Oy

L n
IZJj(ul,uz)Xj(ul,uz)dt—>min, (16)
0 Jj=1
where J;, X; — thermodynamic flows and driving forces of irreversible processes;
u; — process parameter.

The task of optimizing the thermodynamic process in the system is to select the temperatures,
pressures and chemical potentials of interacting subsystems to achieve the minimum of entropy
production at a given flow intensity. When optimizing thermodynamic parameters of in-cylinder
processes, the degree of influence of the fuel combustion process parameters on them should also be
taken into account [19].

The minimum value of the expression (14) characterizes the maximum energy efficiency of the
piston engine, in which the irreversible loss of thermal energy will be the least. Consequently, the
condition of minimal dissipation is reduced to the minimization of entropy production, which occurs
due to the nonequilibrium of the above processes. Knowing the minimum value of the total entropy
2AS(#), we can find the indicator power of the piston engine:

1 m
N_.=— Avdt— , 17
o T”;% max (17)

where 7 — duration of the process of supply (removal) of heat in thermodynamic processes in the
over-piston space.

The equation (17) follows from equations (12) and (13) as follows:
1 1 1 L
N = [[(d.Q,-dg,)d = (] ( xH dq. - ;kojdt = j i ;q,dv-dz . (18)

where ¢, —relative speed of heat dissipation.
The equation (20) follows from the known formula of the indicator efficiency of the engine
d,S ds ,
/ pnTn ( e kn+ i kn)dvndt'i'Qis
n‘zl_&zl_QﬁQﬁs:l_”k k; dar )"
l O, ) )
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, d.S
0, +Qy + ZJ-.[pknT;cnletankndt
1 R , (19)
1

where py, — density k working body in n—th process;
0: — amount of heat supplied from the hot source to the working body;
Q. — amount of heat taken away in reversible thermodynamic processes;
Q.is — unaccounted dissipative heat losses in the piston engine.

So, the value of the indicator efficiency, taking into account the irreversibility of thermodynamic
processes occurring in the internal combustion engine, can be determined by the formula:

, d.S
Oy, + 0y + ZJ-.[pknTknz ldtknvkndt
n=1- - ”Q - : (20)
1

This equation allows us to estimate the degree of the supplied heat use.

Conclusions

The real thermodynamic processes occurring in piston engines are irreversible. They proceed with
a finite intensity of heat transfer, and their duration is finite. Usually, the results of evaluating the
effectiveness of real in-cylinder processes are overestimated, which does not allow to objectively
judge the maximum engine power.

This article presents a method of thermodynamic analysis of the efficiency of the transfer
processes and conversion of the energy thermal form in the engine cylinder, taking into account their
nonequilibrium. The proposed entropy approach using the principles of nonequilibrium
thermodynamics and thermal dissipation makes it possible to more realistically assess the degree of
heat use.

Further direction of the research is practical calculation of the engine performance indicators on
the developed model.

As a result of the research the following conclusions are obtained:

1. The use of the entropy approach based on the concept of dissipative function of the physico-
chemical subsystem allows to investigate the maximum capabilities of the piston engine.

2. Energy losses of heat and mass transfer processes in internal combustion engine systems are
estimated by the nature of entropy growth.

3. The conditions of minimal dissipation include functions that determine the laws of heat and mass
transfer in thermodynamic systems, the rate of supply and removal of heat in the engine cylinder,
etc.

4. As the criterion in this problem is the minimum irreversible loss of the function linking the
variables of the contact systems with the flow of the exchange, it will determine the properties of
the optimal control.
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