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Напрямом дослiдження є термодинамiчний аналiз 
дiйсної холодильної машини за наявностi вiдкладiв на 
теплообмiннiй поверхнi повiтряного конденсатора, що 
здiйснюють ентропiйними методами, а саме: ентро-
пiйно-цикловим, ентропiйно-статистичним та мето-
дом мiнiмiзацiї виробництва ентропiї. Для аналiзу вико-
ристано експериментальнi данi випробувань машини з 
твердими вiдкладами у виглядi пилу на зовнiшнiй поверх-
нi повiтряного конденсатора.

Ентропiйно-цикловим i ентропiйно-статистичними 
методами визначено вплив необоротних втрат в окре-
мих елементах холодильної машини, викликаних наяв-
нiстю вiдкладiв на зовнiшньої теплообмiнної поверхнi 
повiтряного конденсатора. Ентропiйно-цикловий метод 
оцiнив абсолютну величину енергетичних втрат в кож-
ному елементi. Ентропiйно-статистичним методом 
визначено перевитрата роботи в дiйсному циклi в порiв-
няннi з теоретичним процесом стиснення в компресорi.

За використанням теорiї мiнiмiзацiї виробництва 
ентропiї оцiнено необоротнi втрати, пов’язанi з аероди-
намiкою i теплопередаванням пiд час руху повiтря через 
ребристу поверхню у повiтряному апаратi. Встановлено 
вплив зростаючих вiдкладiв на термiчний i механiчний 
складовi загального виробництва ентропiї в теплооб-
мiнному апаратi, а також визначено масу вiдкладiв, що 
зумовлює момент його очищення.

Застосування ентропiйних методiв для аналiзу 
реальної холодильної машини на стадiї проектування 
дає змогу мiнiмiзувати необоротнi втрати, пов’язанi з 
умовами експлуатацiї, i прогнозувати графiк техобслу-
говування, що сприяє енергоощадженню

Ключовi слова: ентропiйнi методи, дiйсна холодиль-
на машина, повiтряний конденсатор, твердi вiдклади

UDC 536.75:621.57
DOI: 10.15587/1729-4061.2018.147710

 L. Morozyuk, V. Sokolovska-Yefymenko, S. Gayduk, A. Moshkatiuk, 2018

1. Introduction

Refrigerating machines and heat pumps with small-
scale and medium-scale capacities are referred to the 
commercial refrigeration equipment. Therefore, energy 
spending for consumers of these refrigerating machines 
is the main expense item and, so, it should correspond to 
those provided in the design project.

Analysis of the processes taking place in the elements of 
the refrigerating machine or the heat pump should be based 
on a clear understanding of the criteria of the design process. 
This will allow constructing an economic model of the ma-
chine and evaluating its operation in real conditions.

One of determining factors that adversely affect the 
operation of commercial refrigerating machines is emersion 
and growth of various solid fouling on the external surfaces 
of the elements. Prediction of the rate of fouling deposition 
on the heat exchange surfaces of refrigerating machines is 
an unexplored problem. It consists in the presence of a large 
number of mutually influencing factors associated with the 
specific conditions of equipment operation.

Thus, it becomes relevant to develop engineering meth-
ods for analyzing the real refrigerating machine characteris-

tics to ensure the accounting of the actual operating condi-
tions of the machine while designing. One of such methods 
is the thermodynamic analysis of real cycles.

Thermodynamics expands the range of applied scientif-
ic resources that are able to minimize uncertainties at an 
early design stage and predict the real operating conditions 
of the equipment. Therefore, it is relevant to carry out the 
thermodynamic analysis using the experimental data of real 
refrigerating machines. Such analysis will make it possible to 
take into account and predict negative factors arising in the 
operation process in such conditions. In addition, it can help 
to identify the weakest elements of the refrigerating machine 
for the further energy saving issues.

The chosen research topic is relevant due to its prospects 
for the development of commercial refrigerating equipment.

2. Literature review and problem statement

A lot of information covering various aspects of solid 
fouling influence has appeared in modern technical liter-
ature. In paper [1], the effect of dust deposition on heat 
exchange surfaces of air conditioner evaporators of various 
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sizes was investigated. Mathematical models of three types 
of air conditioners were presented. What’s more, it is con-
cluded that the cooling capacity decreases and the power 
consumption of the refrigerating machine increases with the 
decrease of the airflow rate through the evaporator.

In [2], the effect of fouling deposition in the form of 
dust from the air in compact heat exchangers was inves-
tigated. It was found that the heat transfer coefficient 
is reduced by 18 % with sequential artificial deposition 
of fouling on the heat exchange surface. However, this 
research does not contain any information about the di-
mensional characteristics of the heat exchanger.

In paper [3], the heat exchangers with microchannel 
and plate fins were studied under conditions of fouling. 
Heat transfer and aerodynamics characteristics for micro-
channel heat exchangers turned out to be more sensitive 
to fouling than surfaces with plate fins.

In [4], the nine air-cooled condensers decommissioned 
at the end of their service life were considered. After testing 
in the contaminated state, these heat exchange surfaces 
were cleaned and experiments were performed again. As a 
result, it was concluded that in some cases fouling improves 
heat transfer or does not have a significant effect on it. After 
cleaning the surface, the aerodynamic characteristics are im-
proved. The authors express the opinion that it is necessary 
to revise the terms of maintenance.

Experimental researches of the air-cooled condenser 
with plate fins were carried out in [5]. The results of the ex-
periment showed that at the first stage of fouling deposition 
there is a deterioration of heat transfer and aerodynamics. 
Then these processes are stabilized and after that, there is 
further deterioration again.

All works [1–5] aimed at studying the fouling deposi-
tion process are experimental. The authors’ conclusions are 
controversial regarding the effect of fouling on heat transfer 
and aerodynamic characteristics and, furthermore, do not 
contain a common scientific basis for describing physical 
processes taking place in the heat exchange elements.

In any case, the real processes of heat transfer and flow 
movement are irreversible and accompanied by entropy 
increase.

It is most appropriate to apply entropy methods of the 
thermodynamic analysis to estimate irreversible losses in 
energy conversion processes and machines. Such methods 
allow, along with efficiency assessment, obtaining the distri-
bution of losses by the elements of the refrigeration cycle. So, 
it becomes easy to determine the “weak” place of the refrig-
erating system that requires improvement, as well as, finding 
the most effective ways to reduce energy consumption [6].

The “entropy method” for calculating the “losses” is based 
on the Clausius subtraction method [7]. This method makes 
it possible to quantitatively take into account the transition 
of input energy to the system into the consumption for entro-
py generation in each separate node of the system.

The entropy-cyclic method [8] consists in calculation 
and element-by-element analysis of changes (increasing) 
in the entropy of all objects involved in the process. These 
objects can either be the parts of the system or not, but they 
definitely interact with it during its operation. In addition, 
the entropy-cyclic method includes the total entropy change 
calculation of the whole system.

The methodology of the thermodynamic analysis using 
the entropy-cycle method is described in details on an exam-
ple of the real thermodynamic cycle of the simplest mechan-

ical vapor compression refrigerating machine in [9]. This 
methodology allows performing a qualitative description of 
the real processes of any energy conversion system.

The analysis of processes in heat exchangers with increased 
hydraulic losses on the working fluid side by the entropy-cycle 
method is described in [10]. In this paper, a real reverse thermo-
dynamic cycle was considered as an example. Thermodynamic 
analysis is based on the transformation of internally irreversible 
losses in heat exchangers into equivalent external losses. As a 
result, these losses were quantified.

The entropy-statistical method combines the classical 
method of the entropy analysis together with the statisti-
cal-probabilistic method [11]. The entropy-statistical method 
allows determining the necessary energy consumption for the 
compensation of entropy generation due to irreversibility of 
working processes in various elements (components) of energy 
conversion systems. Moreover, this method indicates ways of 
improvement of such systems [12].

Cycles of mechanical vapor compression refrigerating 
machines were investigated with the help of the entropy-sta-
tistical method in [13]. The elements of the refrigerating 
machine that require improvements were identified as a 
result of the calculation. The effects of the thermodynamic 
properties of the working fluid on the distribution of com-
pression work losses in the refrigerating machine were also 
determined. The concept of “entropy generation” was intro-
duced in [14]. The entropy generation minimization method 
was developed in the 70–80s in [15, 16].

A generalized approach of this method with application to 
any heat exchanger was described in [17]. The researches of en-
tropy generation by the fluid flow in microchannels of an open 
heat-transfer surface are presented in [18]. Moreover, the opti-
mization of compact finned microchannel coolers by minimiz-
ing entropy generation was considered in [19]. Researches in 
[20] are devoted to the implementation of the abovementioned 
method in the design process of heat exchangers. A horizontal 
shell tube condenser was investigated as an example.

The studies [10–20] concern the thermodynamic analysis 
of the energy-transforming system’s elements and are devoted 
to the study of the stationary modes without taking into ac-
count the real operating conditions.

As a result of the literature review, it can be stated that 
the research topic is an unexplored area. Its studying will later 
allow solving energy saving problems for real refrigeration ma-
chines at the design stage.

3. The aim and objectives of the study

The aim of the research is the search for engineering 
methods of analysis that could provide an accounting of the 
external fouling influence on the operation of the real com-
mercial refrigeration machine at the design stage.

To achieve this aim, it is necessary to accomplish the 
following objectives:

– to apply entropy methods of the thermodynamic anal-
ysis to the evaluation of the characteristics of the real re-
frigerating machine taking into account fouling on the heat 
exchange surface of the air condenser;

– to establish the limits of each method application in the 
process of analysis;

– to outline the directions of methods’ development 
for studying various heat exchange surfaces taking into 
account fouling.
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4. Application of entropy methods of the thermodynamic 
analysis for evaluation of the real refrigerating machine 

operation

The results of experimental studies of the real small-
scale commercial refrigerating machine were used to per-
form the thermodynamic analysis using entropy meth-
ods [5]. The refrigerating machine operates according 
to the single-stage mechanical compression cycle. The 
machine includes a BITZER compression-condensing unit 
LH32E/2KES-0.5.

The compression-condensing unit consists of: semi-her-
metic piston compressor, air-cooled condenser, oil separator, 
receiver and liquid separator. The compression-condensing 
unit is placed on a single frame. Low temperature in the 
cooled chamber is controlled by the air cooler. An electric 
heater carries out a heat load to the chamber.

The experiment involved the refrigerating machine test-
ing with the presence of solid fouling in the form of dust on 
the external surface of the air-cooled condenser. Dust was 
collected from 4 active air-cooled condensers of commercial 
refrigerating machines that are similar to the experimental 
one. Experimental researches were separated into several 
stages. At the first experimental stage, the refrigerating ma-
chine was tested under conditions of the clean surface of an 
air-cooled condenser. Then dust was sprayed in portions as 
a finely dispersed substance mixed with water. Moreover, an 
additional amount of fouling was added at different stages of 
the experiment.

4. 1. The entropy-cycle method in the analysis of the 
real refrigerating machine operation

The analysis was done according to the computation-
al and graphic method by means of T – s state diagram  
(Fig. 1, 2).

Irreversibility in the real refrigerating machine cycle is 
estimated by means of the empirical method that is based on 
the Gouy-Stodola equation:

.∑ Σ= ⋅ ∆ambL T S     (1)

The real cycle of the refrigerating machine is based on 
experimental data [5] (Fig. 1) for the clean surface of the 
condenser and taking into account dust deposition on the 
external heat-exchange surface (Fig. 2).

This interpretation of the cycle takes into account 
external irreversibility in the processes of heat rejection 
and heat supply, as well as internal irreversibility in the 
compression processes in the compressor and throttling in 
the thermostatic expansion valve (TEV).

Fig. 1 shows the real compression process (1)–(2) with 
heat rejection. This process takes place with the presence of 
forced air blowing on the compressor; entropy in the process 
decreases. Fig. 2 corresponds to the experiment conditions – 
when the maximum amount of fouling (300 g of dust) is depos-
ited to the external surface of the air-cooled condenser. In this 
case, the heat-exchange surface of the air-cooled condenser is 
completely contaminated. Therefore, the air passage is absent 
and the compressor is not cooled. The compression process 
in the compressor is accompanied by an increase in entropy. 
Fouling causes an increase in the condensing temperature 
Tc1>Tc and an increase in the evaporating temperature TE1>TE.

The corresponding Carnot cycle is constructed for carry-
ing out the analysis at real temperatures of the experiment: 
ambient temperature Tamb, cooled chamber temperature Tcool, 
condensing temperature Tc and evaporating temperature TE. 
Conditions of equality between the cooling capacities of the 
Carnot cycle and the real cycle are presented in Fig. 1 (area 
cm1m4b=area d14b ( )1 4 .⇒ = − = −E cold c bq h h T s s ).

The analysis sequence demonstrates the comparison 
of two cycles (the real and corresponding Carnot cycles) 
through gradual replacing of the growing irreversibility by 
upbuilding the corresponding Carnot cycle width.

Minimum specific work in the Carnot cycle is defined 
as follows:

min exp,= −C C C
compw w w      (2)

where 
2 1

= −C
comp m mw h h  is specific compressor work; where 

exp 43
= −C

m mw h h  is work obtained by expansion of vapor in 
the expander.

Real specific compression work in the cycle is deter-
mined as:

,= −real C Ew q q  kJ∙kg-1.    (3)

Excessive consumption of specific work in the real cycle 
can be specified from Eq. (2) and (3) as:

 

Fig. 1. Determination of irreversible losses in the real cycle 
with the clean surface of the air-cooled condenser

 

Fig. 2. Determination of irreversible losses in the real cycle 
taking into account dust deposition on the external surface 

of the air-cooled condenser
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min ,= − C
realL w w  kJ∙kg-1.    (4)

Losses in separate cycle processes for the clean 
surface of the air-cooled condenser are determined by  
Eq. (5)–(8).

Internal losses due to the throttling process are deter-
mined as follows: 

   (5)

External losses in the heat supply process in the air 
cooler:

   (6)

Internal losses due to irreversible compression in the 
compressor are determined as:

   (7)

External losses in the heat rejection process in the air-
cooled condenser are defined as:

( ) ( )2 3 ,= − = ⋅ − ⇔c amb f eL h h T s s    (8)

where 

.
2 3−= +

a
f a

mb

h h
s s

Т
.    (9)

The results of losses calculations in separate elements 
of the refrigerating machine taking into account fouling 
are presented in Table 1.

Table 1

Summary table of losses in separate processes of the real cycle

Losses in each process 
kJ/kg

Condenser surface condition

Clean surface Surface with 300 g of dust

L 13.70 31.00

thrL 2.06 9.42

acL 7.07 5.30

compL –4.70 6.77

cL 7.66 13.88

Analysis shows that losses in the air-cooled condenser 
have the greatest influence on the energy efficiency in the 
considered real cycles. In addition, fouling aggravates the 
effect of these losses.

Thus, it can be concluded that the entropy-cyclic method 
ensures the real cycle analysis and does not require complex 
analytical and numerical methods of calculation. However, 
this method does not quantify irreversibility, only illustrat-
ing it visually.

4. 2. The entropy-statistical method in the analysis of 
the real refrigerating machine operation

The study of the real refrigerating machine by the en-
tropy-statistical method is based on research materials [11].

Refrigerating machine cycles are shown in Fig. 1, 2. Adi-
abatic coefficient of the compressor efficiency ηis is 0.8.

The sequence of the main elements analysis is as fol-
lows.

Real specific refrigerating capacity of the refrigerating 
machine is determined as:

,=real
E Eq q  kJ∙kg-1.   (10)

Minimum specific work is defined by Eq. (11):

min ,
−= ⋅real amb cool

E
cold

Т Т
w q

Т  kJ∙kg-1.  (11)

Specific isentropic compression work is determined as 
follows:

2 1,= −is sw h h  kJ∙kg-1.   (12)

Thermodynamic efficiency of the cycle can be expre- 
ssed as:

.η = is
th

real

w
w

     (13)

Real coefficient of performance can be defined from 
Eq. (14)

.=
real
E

real
real

q
СОР

w
    (14)

Minimum required specific consumption of compres-
sion work to compensate entropy generation in the air-
cooled condenser:

 kJ∙kg-1 . (15)

Minimum required specific consumption of compression 
work to compensate entropy generation while throttling in 
the thermostatic expansion valve:

 kJ∙kg-1.   (16)

Minimum required specific consumption of compression 
work to compensate entropy generation in the air-cooler

 
kJ∙kg-1.  (17)

Total value of minimum work to compensate entropy 
generation in all elements of the refrigerating machine deter-
mines the calculated isentropic compression work:

/ min min min
min ,= + ∆ + ∆ + ∆wis c thr acw w w w  kJ∙kg-1.  (18)

Energy losses in the compressor are defined as follows:

/
exp ,∆ = −comp isw w w  kJ∙kg-1.   (19)

Calculation results of minimum required work to com-
pensate entropy generation of the cycles are presented in 
Table 2.

( ) 4 3 1 .= ⋅ − ⇔thr amb b aL T s s b m n a

( ) 3 2 .= ⋅ − ⇔ac amb d cL T s s cn n d

( ) 2 3 .= ⋅ − ⇔comp amb e dL T s s dn n e

( )min
2 3

1 1
,′

 
∆ = ⋅ − ⋅ −  c amb

amb c

w T h h
T T

( )min
4 3 ,∆ = ⋅ −thr ambw T s s

min 1 1
,

 
∆ = ⋅ ⋅ −  

real
ac amb E

E cold

w T q
T T
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Table 2

Specific values of minimum required work to compensate 
entropy generation

Specific values of minimum 
required work, kJ∙kg-1

Air-cooled condenser surface 
condition

Clean surface
Surface with 
300 g of dust

minw 9.68 9.17

min∆ cw 7.09 10.29

min∆ thrw 2.35 4.71

min∆ acw 5.075 3.588

∆ ′compw -3.90 6.20

′isw 24.19 27.75

isw 24.80 28.20

expw 20.88 34.42

Fig. 3, 4 present the calculated distribution of specific 
losses, kJ∙kg-1.

Fig. 3. The calculated distribution of specific losses on the 
main elements of the refrigerating machine with the clean 

surface of the air-cooled condenser, kJ·kg-1

Fig. 4. The calculated distribution of specific losses on the 
main elements of the refrigerating machine with 300 g of 
dust on the external surface of the air-cooled condenser

Discrepancy between the calculated values of isentro-
pic compression work ′isw  according to the equation (18) and 

isw  according to the T – s diagram for the refrigerating cycle 
with the clean surface of the air-cooled condenser does 
not exceed 2.4 %. At the same time, discrepancy does not 
exceed 1.6 % for the refrigerating cycle with the air-cooled 
condenser with 300 g of dust on the external surface. The 
obtained result indicates the real distribution of losses on 
the elements of the refrigerating machine.

The analysis of the entropy-statistical method shows 
changes of losses by elements depending on the state of 
the air-cooled condenser surface. This allows focusing on 
the need of forehanded cleaning of heat exchangers in the 
refrigerating machine.

4. 3. “Entropy generation minimization” method in 
the analysis of the air-cooled condenser operation in the 
real refrigerating machine

The “entropy generation minimization” method is based 
on the thermodynamics of non-equilibrium irreversible pro-
cesses.

The essence of the method is to establish minimum 
entropy generation in the studied element of the energy 
conversion system. This makes it possible to determine its 
optimal operation mode that, in turn, allows saving energy. 
The “entropy generation minimization” method is used for 
the analysis of irreversible stationary processes.

The operating conditions adjust the basic characteris-
tics of the energy conversion system’s elements. Hence, the 
processes in the elements should be considered as non-equi-
librium and non-stationary. One of the sources of the ther-
modynamic transformation of these processes is emersion 
and growth of solid fouling on the heat-exchange surface 
of the heat exchangers. Wherein, the values of solid fouling 
growth vary with time and the conditions for heat exchange 
are unknown. In this case, entropy generation is a function 
of time that cannot be optimized. Under such conditions, it 
would be correct to determine the rate of entropy generation 
depending on operating time of the refrigerating machine.

Application of the entropy generation minimization the-
ory to determine irreversibility in the heat exchanger using 
the example of the air-cooled condenser is considered below. 
The experimental results and analysis of the air-cooled 
condenser characteristics taking into account fouling on 
the external surface of heat exchange are presented in [5]. A 
discrete increase in the dust mass is used under the experi-
mental conditions. Wherein, the dust mass is a function of 
time in real conditions.

A model of the air-cooled condenser with fouling on the 
external surface is shown in Fig. 5.

The compressor provides the circulation of the condens-
ing “hot” flow of the working fluid. The fan provides the 
circulation of “cold” air.

The finite temperature difference in the heat exchang-
er is conditionally divided into two parts: ( )–  c wallT T  and 

 Thus, entropy generation is carried out by each 
flow in isolation from the heat exchanger as a whole.

Analysis for moving airflow is as follows.
For this analysis, the approach described in [17] is used. 

The flow in the heat exchanger participates in entropy gen-
eration, which is conditionally divided into thermal sT and 
mechanical sM components. These components are the result 
of two processes occurring with the flow:

– heat transfer at a finite temperature difference;
– flow movement with friction.

 

 

( ).− air
wall avT T
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The reduced value of the thermal component of entropy 
generation by airflow can be expressed as:

    (20)

where cQ  – heat load on the condenser; extA  – the external 
surface area of the condenser; αair

ext  – the coefficient of heat 
transfer from air reduced to the external surface of the finned 
element; air

avТ  – average air temperature in the condenser.
The reduced value of the mechanical component of entro-

py generation by airflow is defined as follows:

,
⋅

=
⋅

fm wallМ
air air

av c

N T
s

T Q
   (21)

where fmN  – power consumption of the fan motor; wallT  – 
wall temperature of the condenser tube.

Total entropy generation by airflow is determined as:

.= +Т М
air air airs s s     (22)

The results of calculations are presented in Tables 3, 4.
Fig. 6 shows entropy generation by airflow in graphic form 

in the coordinate system “entropy generation – fouling mass”.
As can be seen from Fig. 6, the reduced value of the 

thermal component of entropy generation by airflow Т
airs  up 

to a certain point (dust mass 200 g) does not significantly 
affect total thermal resistance to heat transfer with fouling 
increase on the external surface of the air-cooled condenser. 
Further fouling increase is accompanied by intensive entro-
py generation. Wherein, the reduced value of the mechanical 
component of entropy generation М

airs  having reached its max-
imum value at 200 g of dust mass begins to decrease. This 
effect is explained by the fact that with full contamination of 
the air-cooled condenser cross-section (300 g of dust), main 
airflow does not pass through it, but ejects end airflow of the 
environment.

As a result, total entropy generation by airflow airs  tends to 
increase the ordinate, and the separate components are compa-
rable with each other.

Thus, the performed thermodynamic analysis al-
lows fixing the time of air-cooled condenser operation 
until its cleaning.

Table 3

Calculation of air-cooled condenser characteristics

Air-cooled 
condenser char-

acteristics

Air-cooled condenser surface condi-
tion

Clean 
surface

Surface 
with 

100 g of 
dust

Surface 
with 

200 g of 
dust

Surface 
with 

300 g of 
dust

,extA  m2 9.77 9.77 9.77 9.77

,cQ  kW 3.81 2.84 2.31 3.67

,air
avТ  K 297.60 297.90 298.20 296.80

,αair
ext  W∙m-2∙K-1 67.89 44.03 35.86 26.42

,wallT  K 298.30 298.30 298.70 297.00

,fmN  kW 0.1034 0.1056 0.1067 0.1144

Table 4

Entropy generation by airflow

Entropy 
generation by 

air flow

Air-cooled condenser surface condition

Clean 
surface

Surface 
with 100 g 

of dust

Surface 
with 200 g 

of dust

Surface 
with 300 g 

of dust

310×Т
airs 19.3 22.2 22.2 47.2

310×М
airs 27.2 37.2 46.2 31.3

310×airs 46.5 59.2 68.2 78.8

5. Discussion of analysis results by the entropy methods

The study was conducted according to three differ-
ent methods of thermodynamic analysis: the entropy-cycle 

 

Fig. 5. Generalized model of the air-cooled condenser with fouling on 
the external surface

Fig. 6. Variation of entropy generation by airflow depending 
on the fouling mass of dust on the external surface of the 

condenser

 

,=
⋅ ⋅α

Т c
air air air

ext av ext

Q
s

A T
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method, the entropy-statistical method and the “entropy 
generation minimization” method. The main function in all 
methods is entropy.

In the entropy-cycle method, the entropy value estimates 
the energy loss in the cycle and indicates the element of the 
greatest influence on the energy efficiency reduction. Ac-
cording to the results of the research, this element turned 
out to be the condenser. And, what’s more, growth of fouling 
deposition on its external surface increases the effect of 
these losses. The analysis according to the entropy-cycle 
method is accompanied by the graphical construction in the 
T-s coordinate system, and so can clearly illustrate possible 
irreversible losses.

In the entropy-statistical method, compressor work and 
its changes associated with the real processes in all other 
elements of the refrigerating machine are used along with 
entropy. It is this function that determines the maintenance 
terms of the refrigerating machine.

In the “entropy generation minimization” method en-
tropy is a function of optimization, with the help of which 
any heat exchanger is examined and optimized in isolation 
from the entire refrigerating machine. In this study, the sin-
gle flow in the air-cooled condenser, which is the source of 
fouling and is of primary interest, is examined. Determining 
the rate of entropy generation by airflow in the presence of 
fouling makes it possible to predict time intervals between 
the maintenance of the heat exchanger. This ensures energy 
saving and long-term operation of the refrigerating machine.

It is seen that the considered methods need to be applied 
combined for analyzing the real refrigerating machine.

The alternative method of such research is the construc-
tion of a mathematical model based on the results of experi-
mental data [1–5]. The mathematical modelling is currently 

considered as the only one possible way for studying the 
dynamics of fouling formation in the real refrigerating ma-
chines. However, it is worth noting that conduction of the 
experiment requires time and material costs and cannot be 
used to analyze the real cycle at the design stage.

The advantage of this study is that its results are capable 
of giving important practical forecasts as early as at the de-
sign stage when the expected real cycle is being studied. This 
approach will contribute to energy saving.

6. Conclusions

1. The entropy-based methods are elements of the log-
ical method that is the base for the optimization program. 
This method makes it possible to eliminate the area of 
unrealistic solutions, such as the operation mode of the air-
cooled condenser with 300 g of dust fouling.

2. The entropy-cyclic and entropy-statistical methods 
are identical. They solve the same problems and quantita-
tively give the same approximate values of irreversibility 
in the separate processes. These values differ by no more 
than 3 %.

3. It is necessary to use the theoretical principles of 
thermodynamics of non-equilibrium processes for the ther-
modynamic assessment of fouling influence on heat trans-
fer and aerodynamics in the heat exchanger. The reason of 
this is that the fouling process is the function of time.

4. The thermal and mechanical components of entropy 
generation are quantitatively comparable (1 2≤ ≤М Т

air airs s ) 
when fouling is on the heat exchange surface. Accounting 
for both components must be present when assessing the 
total irreversible losses in the heat exchanger.
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