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Abstract

Exergetic method is a universal way of thermodynamic research of various processes of energy transformation in
energy technological systems, to which air conditioning system for clean room belongs. Implementation of exergetic
analysis for energy technological system makes it possible to determine the influence of various elements of its
system on its work and because of this to increase the effectiveness of work of energy technological system in
general. Performance of any air conditioning system depends on energy effectiveness of refrigeration machine, which
serves it and consumes electricity to reduce the heat of supply air which enters the room. And it means that the main
purpose of selection of certain refrigeration machine for air conditioning system is to reach the maximum cooling
capacity with minimum energy consumption. Innovative mathematical research model of the implemented central
straight flow air conditioning system for operating clean rooms was used in this article. The aim of the model is to
make computer estimation of exergetic efficiency of existing air conditioning system depending on different factors
which have influence on its work, in particular the coefficient of transformation (or energy efficiency rate, EER) of its
refrigeration machine. The dependence of the exergetic output-input ratio of implemented air conditioning system for
operating clean rooms on coefficient of transformation of its refrigeration machine by different parameters of outdoor
and indoor air and the temperature difference between the indoor and supply air were presented. It is shown that the
implemented air conditioning system should be preferably used with higher coefficient of transformation of its
refrigeration machine and higher difference between temperatures of indoor and supply air by various temperatures of
outdoor air that will give the opportunity to gain the highest exergetic output-input ratio, which means gaining the
most cost effective option for the exploitation of implemented air conditioning system.

Keywords: exergetic balance; air conditioning systems; clean rooms; exergetic efficiency; coefficient of
transformation.

1. Introduction

Currently, during the operation of energy technological systems (ETS), which include air conditioning
systems (ACS), to ensure the implementation of a certain technology, the issue of saving fuel and energy resources is
of primary importance. Therefore, now the question arises about ETS in which the requirements of technology and
energy would not only organically combine, but also complement each other.

In modern technologies related to energy conversion, namely in ACS, an important place is occupied by
equipment and processes, the objective assessment of the degree of energy perfection of which can be established
only on the basis of their thermodynamic analysis. The simplest method of thermodynamic analysis is energy based
on the law of conservation of energy. It allows you to estimate absolute and relative energy losses, identify equipment
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and processes with the greatest losses. However, this method equates the value of all types of energy to each other,
including thermal energy, which is incorrect from the point of view of the second law of thermodynamics, since any
type of energy can be completely converted into thermal energy, while the reverse process is accompanied by
inevitable losses.

Under the influence of these requirements, a universal exergy analysis method was developed in recent decades.
This method was substantiated in the works of R. Clausius, J. Gibbs, G. Guye, A. Stodola, Y. Shargut and R. Petela
[6]-[10]. Its main idea is to introduce, along with the general, fundamental concept of energy, an additional
indicator — exergy, which allows taking into account the fact that energy, depending on external conditions, can have
different values for practical using.

Calculations of balances and various characteristics of ETS, in particular ACS, taking into account exergy makes
it possible to solve many scientific and technical problems in the easiest and most clear way. They help to remove
frequent errors that occur and are associated with ignoring the qualitative side of transformations.

The exergy balance for this ETS, that is, the air conditioning system of operating clean rooms implemented by
the authors, has the following form:

n
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where Ej, is the exergy of the ACS drive, which is spent on maintaining the process, W; E, is increase in air

n
exergy in air-conditioned rooms, W; D; is sum of exergy losses of ETS, W.
1

i=l
The exergy balance of this ETS was compiled on the basis of its principle scheme (Fig. 1).

Obviously, the higher the exergetic efficiency, the higher is the perfection of the ETS and its elements, which
was determined from the exergetic balance, namely [6]-[10], [12], [13], [15]-[20]:
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The calculation of the exergetic efficiency of the ETS creates conditions for solving the issue of saving fuel and
energy resources [7], [8], [11]-[13], [16], [18]-[20].

So, the exergetic efficiency of the ETS was calculated according to the formula (3), in which the numerator is the
useful exergetic effect, and the denominator is the exergy costs, and therefore the exergetic efficiency was determined
by the formula:
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The efficiency of any air conditioning system depends on the energy efficiency of the refrigerating machine that
serves it and consumes electrical energy to reduce the heat of the air entering the room. And this means that the main
goal of choosing a certain refrigerating machine for ACS is to achieve maximum cooling capacity with minimum
energy consumption. Therefore, to evaluate the energy efficiency of refrigerating machines, the energy efficiency
coefficient EER (Energy Efficiency Rate), or the transformation coefficient, is introduced, which is equal to the ratio
of cooling efficiency to the total consumed power under calculated (standard) operating conditions:
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EER =Yool (5)

consum

where Q. is the cooling capacity of refrigerating machine (RM), W; Ny neum 1S power consumption of RM, W.

Currently, the EER for RM can be from 1.8 to 5. To indicate the energy efficiency of RM, there are seven
categories, which are denoted by letters from “A” (best) to “G” (worst). RM category “A” EER > 3.2, and category
“G” EER<2.2.

Therefore, the purpose of this work was to investigate the influence of the EER RM transformation coefficient
on the exergetic efficiency of the implemented central direct-flow ACS of operating clean rooms.

2. Description of the object of analysis and the innovative research model

The purpose of air conditioning is to maintain certain air parameters in a limited space (in this case, in clean
operating rooms). Usually, the temperature and relative humidity of the air are subject to regulation, and in clean
operating rooms it is also the concentration of particles in the air [1]-[5].

Let’s consider the direct-flow central ACS for operating clean rooms implemented by the authors, schematically
depicted in Fig. 1. The operation of such a system depends on the conditions prevailing in the external environment,
that is, on the temperature and moisture content of the external air. Therefore, in the warm period of the year (WPY),
the outside air is taken in by the central air conditioner through the valve 11, cleaned in the filter 10, then it passes
through the air heater 9, is cooled and dried by the polytrope in the air cooler 8, separated in the drip catcher 7, and
then supplied by the fan unit 6 through air conditioning filter 5 and filters 3 at the entrance to clean operating rooms.
Spent air is removed from the operating clean rooms from the upper and lower zones by the exhaust system through
its valve 17 by the exhaust fan 18.

Let us show the operation of this ACS in the WPY when the temperature ¢, < ., =¢q. Fig. 2 shows in the

coordinate system /, d the sequence of changes in air parameters, which passes through different equipment of the
implemented central direct-flow air conditioning system for operating clean rooms in WPY under different outdoor
air parameters. In the studies, the mass productivity of the ACS, calculated according to the required air exchange
rate, was accepted as G = 4300 kg/h, the parameters of the outside air varied within the following limits: temperature

= 3040 °C; relative humidity ¢, = 44-36 % (moisture content and specific enthalpy, respectively d,, =

t out

=11.7-16.8 g/kg; 1,,, = 60.1-83.4 kl/kg), barometric pressure p., = 1010 hPa; indoor air parameters, respectively
are t;, = 25-29 °C; @;, = 54-64 % (respectively, d;, = 10.8-16.3 g/kg; I;, = 52.6-70.8 kJ/kg); temperature
difference between the internal and supply air depending on the excess heat in the clean room, as well as the

temperature of the external air Atg =t;, —tg = 9.0-4.0 °C; angular coefficient of the process of assimilation of excess
heat and moisture in clean rooms by supply air from the air conditioner &€ = 27058-9711 kJ/kg; the initial

temperature of the coolant (40 % propylene glycol solution) for the air cooler: twp =9.5-15.5°C.

The sequences of changes that occur with moist air passing through various equipment of the implemented air
conditioning system are shown in Fig. 2. The construction on the /, d diagram is made according to [11]. Air
parameters at characteristic points of the process (Fig. 2) were set according to the values of the corresponding
parameters for outdoor air and were calculated according to known analytical dependencies for moist air.

The authors created an innovative research mathematical model of the implemented air conditioning system for
computer evaluation of its exergetic efficiency depending on the EER transformation coefficient of the refrigerating
machine of the central air conditioner under various parameters of external and internal air and the temperature
difference between internal and supply air. Thanks to this model, the results of research were obtained, which are
summarized in Table 1.
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Fig. 1. Basic scheme of the implemented central straight flow air conditioning system for operating clean rooms: 1 — technological
equipment; 2 — air exhaust channels in clean rooms; 3 — filters of supplied air to the room; 4 — supplied air duct; 5 — filter of
supplied air in a conditioner; 6 — fan unit of conditioner; 7 — drop catcher of conditioner; 8 — air cooler of conditioner; 9 — air heater
of conditioner; 10 — filter of outside air in conditioner; 11 — valve of outdoor air in conditioner; 12 — refrigerating machine (RM);
13 — pump of cold water of RM; 14 — boiler plant (BP); 15 — pump of warm water; 16 — exhaust air duct; 17 — valve of exhaust air;
18 — fan unit of the exhaust plant.

Exergetic input-output ratio, which characterizes the efficiency of the implemented central direct-flow air
conditioning system of operating clean rooms in WPY, was determined by formula (4), in which E = Eg — Ey is

reduction of the exergy of conditioned air in the clean rooms of cardiology operating rooms (utilized exergy), W; Eg

and E| are accordingly, the exergy of supply air and internal air in clean rooms, W; Dgg = Es) —Ep is air exergy
loss in the air conditioner cooler, W; Eg and Eq are accordingly, the exergy of the treated air at the exit and
entrance (external air) to the air conditioner air cooler, W; Dg;g = Eg; — Eg are losses of air exergy during its
transportation in supply air ducts and fan of ACS, W; Eg; and Eg are accordingly, the exergy of the air at the inlet

of the supply fan of the air conditioner and at the outlet of the supply air ducts in the clean rooms, W; D, = E; — Eg

are exergy losses with exhaust conditioned air from clean rooms, W; Dy, o, are exergy losses with the supply fan of

the air conditioner, W; Deyp pn are exergy losses with the exhaust fan, W; Dgyy are exergy losses with the
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refrigerating machine of the central air conditioner, W. Therefore, the total exergy losses in the operating ACS were
determined as follows:

n
ZDi =Dgo +DSIS + Doyt +Dsup.fan + Dexpy fan + Drvt> W- (6)
i=1

d

3 |

Fig. 2. The image of the process of changing the state of moist air in the implemented central straight flow air conditioning system
in a warm period of year on the /-d — diagram: a) for conditions of the research — 7., =30; 32 °C; 5, =25;26 °C; Arg =9;7 °C;
b) for conditions of the research — ¢, =35;38; 40 °C; 1, =27;28; 29 °C; Arg = 6; 5; 4 °C: OS; — the process of polytropic
treatment (cooling and drying) of air G,;; = Gg in the air cooler; S;S — the process of supplied air Gg heating by 1 °C in a fan and

duct; ST —the process of excess heat and moisture assimilation in a cleanroom by supplied air Gg via the conditioner.

Definition of values included in formula (4) is given in [19, 20].

3. Results of research work

On the basis of the research conducted by us on the innovative mathematical model for the specified SCP, the
dependence of the exergetic efficiency m, on the EER transformation coefficient of its refrigerating machine under
various parameters of the external (#,,, g, ) and internal (#,, @;,) air and the temperature difference Afg

between the internal and supply air was obtained, which are given in Fig. 3 and Table 1.
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Analyzing the received research data in Fig. 3 and Table 1, the following conclusions can be reached. The
overall increase in the EER transformation coefficient from 2.6 to 4.0, i. e. 1.54 times, leads to an increase in the
value of exergetic efficiency m, under various research conditions from 1.29 to 1.30 times or by 29-30 %. It is also
worth noting (Fig. 3 and Table 1) that at the largest temperature difference between the internal and supply air Atg =9.0 °C,
there are the highest values of exergetic efficiency m, . And this means that at a certain temperature of the outside air
tout» the temperature difference between the internal £, and supply tg air Atg should be taken as maximum as
possible. Therefore, it is desirable to use the selected air conditioning system with a higher transformation coefficient
EER of its refrigerating machine and a higher temperature difference between the internal and supply air at different
temperatures of the external air, which will make it possible to obtain the highest exergetic efficiency m,, which

means to obtain the most cost effective option for using the implemented air conditioning system.

The dependencies shown in Fig. 3 and Table 1 were obtained by us in the form of an analytical formula for the
temperature difference between the external and internal air Atg = 4.0-9.0 °C and the transformation coefficient

EER=2.64.0:

Ne =0.1456- EER +0.0328 - Atg +

7
+0.0195- EER - Atg +0.3206, %. ™

The maximum error of calculations according to formula (7) is 6.0 %.
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Fig. 3. Dependence of the exergetic efficiency ne of the implemented central direct-flow ACS of operating clean rooms
on the EER RM transformation coefficient and research conditions:
1 row ¢ are 7yt =40 °C; ooyt =36 %; tin =29 °C; ¢in =64 %; Arg =4.0 °C; tg =79 %;
2 row m are 38; 38; 28; 64; 5.0; 84;
3 row A are 35;40; 27; 60; 6.0; 84;
4 row X are 32;42; 26; 55;7.0; 82;
5 row X are 30; 44; 25; 54, 9.0; 92.

This means that the exergy analysis of the implemented central direct-flow air conditioning system of operating
clean rooms, performed on the innovative mathematical research model created by the authors, made it possible to
thoroughly evaluate the dependence of the exergy efficiency 7, of this system on the EER transformation coefficient
of the air conditioner refrigerating machine for various parameters of external (¢, ¢..) and internal (¢, ¢;,) air and
temperature difference Azs between internal and supply air.
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Table 1. Dependence of the exergetic efficiency n, of the implemented central direct-flow ACS of operating clean rooms on the

EER transformation coefficient of the refrigerating machine of the air conditioner.

Research conditions

tout =30 °C; tout =32 °C; tout =35 °C; tout =38 °C; tout =40 °C;
Pout =44 %; Pout =42 %; ®out =40 %; ®out =38 %; ®out =36 %;

EER tin =25 °C; tin =26 °C; tin =27 °C; tin =28 °C; tin =29 °C;
Pin =54 %; Pin =55 %; Pin = 60 %; Piy = 64 %; Piy = 64 %;
Atg =9.0 °C; Atg =7.0 °C; Atg = 6.0 °C; Atg =5.0 °C; Atg =4.0 °C;
¢ =92 % ¢g =82 % ¢g =84 % ¢g =84 % ¢s =79 %
Ne» % Ne» % Ne» % Ne» % Ne» %

2.6 2.56 2.01 1.93 1.78 1.48

2.8 2.70 2.12 2.03 1.88 1.56

3.2 2.93 2.30 2.20 2.03 1.69

3.6 3.13 2.46 2.36 2.17 1.81

4.0 3.31 2.61 2.49 2.30 1.92

4. Conclusion

An innovative mathematical research model created by the authors of the implemented central direct-flow air
conditioning system of operating clean rooms was used, which enables a computer evaluation of its energy efficiency
based on exergetic efficiency depending on various factors affecting its operation, in particular the EER
transformation coefficient of its refrigerating machine [19], [20]. The dependence of the exergetic efficiency #, of the
implemented central direct-flow air conditioning system of operating clean rooms on the EER transformation
coefficient of the refrigerating machine of the air conditioner for various parameters of external (,,, ¢..;) and internal
(tin @in) air and the temperature difference Afg between internal and supply air is given. It is demonstrated that it is
desirable to use the selected air conditioning system with a higher transformation coefficient EER of the air
conditioning refrigerating machine and a higher temperature difference Azs between the internal and supply air at
different temperatures of the external air ¢,,,, which will make it possible to obtain the highest exergetic efficiency 7.,

which means that we obtain the most cost effective option for using the implemented air conditioning system air.
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Bruine koeginieHTa Tpanchopmauii X010ANIbHOI MAIIMHA
Ha exkcepreruyHuii KK/ cuctemun KoHAMIIOHYBaHHA NMOBITPA
onepaniiHMX YUCTUX KiIMHAT

Bomoaumup Jlabaii, Kupuno Anapeiiko

Hayionanvuuil ynisepcumem “Jlvgiecoxa nonimexnixa”, gya. C. banoepu, 12, Jlveis, 79013, Vkpaina

AHoTalisa

Exceprernunuii MeTOJ| € YHIBEpCAIBHUM CIIOCOOOM TEPMOJUHAMIYHOTO JOCII/DKEHHS PI3HOMAHITHUX MPOLECIB
TIEPETBOPEHHS €HEPrii B SHEPreTHYHHX TEXHOJOTIUHHX CUCTEMax, JIO SIKMX HAJIEKUTh CHCTEMa KOHJIWI[IIOBAHHS
TIOBITPSL JUIsSl YUCTOTO TPUMILIEHHS. 3AIMCHEHHsSI €KCepreTHYHOro aHaii3y Ul eHEeproTeXHOJOTIYHOI CUCTEMH Ja€
MOXITUBICTh BU3HAYHUTH BIUIUB PI3HUX €JIEMEHTIB i cucTeMH Ha i1 poOOTy 1 3aBASKU IIbOMY MIIBUIIUTH ePEKTUBHICTH
poOOTH EHEproTeXHOJIOTIYHOI CUCTeMHU B IiyioMy. EdexTuBHICTH poOOTH Oy/Ib-SKOi CHCTEMU KOHIWIIOHYBaHHS
3aJIeKUTh BiJl €Heproe()eKTHBHOCTI XOJIOIMIBHOI MAIllMHU, siKa il OOCIyroBye 1 CHOXXHBA€E €IEKTPOCHEPTilo IS
3MEHILICHHSI TEIUIOTH TPHUIUIMBHOTO TIOBITPS, SIKE HAJXOJAWTH Y NPHUMIIIEHHSA. A IIe O3Ha4ae, 10 OCHOBHOIO METO0
mig0opy Ti€l YW IHIIOI XOJNOAMIBHOI MAalIMHH JUIS CHCTEMH KOHJMWIIIOHYBAHHS € JIOCSTHEHHS MaKCUMallbHOI XO-
JIOAONPOAYKTUBHOCTI 32 MIHIMaJIBHOTO CIIOXKHMBaHHS eHeprii. Y cTaTTi BUKOpUCTaHa aBTOpChbKa IHHOBallilHA
MaTeMaTH4Ha MOJIEIb JOCII/DKEHHS BIPOBA/DKEHOT IIEHTPAIBHOI MPSIMOTEUiHHOT CHCTEMH KOHIUIIOHYBaHHS TTIOBITPS
JUISL TIIOYMX YUCTHX TPUMINIeHb. MeTo MoJeli € KOMIT'IOTepPHa OIliHKAa eKCepreTHYHOI e(hEeKTHMBHOCTI CHCTEMH
KOH/IMIIIIOBAHHS TIOBITPsI 3aJI©KHO BiA pi3HUX (haKToOpiB, IIO BIUIMBAIOTH Ha il poOOTy, 30KpemMa KoedimieHTa
Tparchopmariii FER Ti xomomuwisHoi Mamuan. HaBemeHo 3anexHicTs ekcepretmanoro KKJ[ BnpoBamkeHol cucreMu
KOH/IMIIIOHYBaHHSI TTOBITPS JJIsl JIIOYMX YMCTUX MpUMIilIeHb Bia koedimieHta TpaHchopmanii FER ii X0noauibHOL
MallIMHA 32 PI3HUX IapaMeTpiB 30BHILNIHFOTO Ta BHYTPILIIHBOTO TOBITPS Ta PI3HHIL TEMIEPATyp BHYTPILIIHBOIO Ta
MIPUTUTMBHOTO TOBITps. [lokasaHo, 10 BIpOBa/pKeHA CHCTEMa KOHJIUIIOHYBAHHS ITOBITPS Ma€ IMEpeBa)KHO BUKO-
pHUCTOBYBATHCS 3 BUIIUM KoeditienToM Tpancdopmanii EER ii XOnoauibHOI MalIvHKA Ta OIIBIIOK PI3HUICI0 MIXK
TeMIlepaTypaMy BHYTPIIIHBOTO Ta MPUILIMBHOIO MOBITPS 338 PI3HUX TEMIIEPATyp 30BHIIIHBOIO IOBITPS, IO JacTh
MOXIIUBICTh oTpuMatH HavBuimii ekcepreruunmnii KK/I. Lle o3nauae 3a0e3neyeHHst HAHOIAIHIIIIOTO €KOHOMIYHOTO
BapiaHTa eKcIulyaTanii BIPOBa/PKEHOI CHCTEMHU KOH/IUIIIOHYBaHHSI.

KirouoBi ciioBa: excepreTHuHuil OajaHC; CHCTEMa KOHIMIIFOBAHHS TMOBITPS;, YHCTE NPHUMIIICHHS, €Kcep-
reTHYHa eeKTUBHICTh; KoediieHT Tpancopmaii EER.





