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Abstract

In modern technologies, which are related to energy transformation, namely in air conditioning systems,
important places are occupied by equipment and processes, the objective estimation of value of its energy perfection
can be defined only on the basis of analysis of its exergy efficiency. So, reducing the cost of energy consumed by air
conditioning systems preconditions the need for its optimization, which can be fully achieved by virtue of exergy
analysis that takes into account not only the quantity but also the quality of energy spent. Nowadays cost estimates
can’t be the only measure of effectiveness of energy equipment that is using energy resources. Exergy is a physical
not an economical criterion and defines its independence from conjectural fluctuations of prices. At the same time,
cost parameters don’t allow making long term predicting. The minimum should be defined not by financial costs but
exergy losses per unit of received heat. Unfitness of just the financial costs is obvious. Analysis of exergy efficiency
of the central straight flow air conditioning system (ACS) for cleanroom, that was gained on its innovation
mathematical research model depending on different factors, which have influence on its work was presented in this
article, and the ways of energy saving for this ACS was proposed. It was found that temperature difference between
inside and supplied air in a room, temperature of inside air which depends on temperature of outside air and
coefficient of transformation EER of refrigerator machine of ACS have the biggest impact on exergetic output-input
ration of chosen air conditioning system.
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1. Introduction

Nowadays for Ukraine the issue of saving energy resources is especially topical under the conditions of market
economy with limited resources of the main energy carriers — oil and gas.

That’s why in the last decades the fundamental researches of activity of some branches, productions and
technologies from the positions of exergy methodology are carried out abroad [6-10, 12, 13, 15, 16]. This
methodology was described in the works of R. Clausius, J. Gibbs, G. Guye, A. Stodola, Y. Shargut and R. Petela. The
dimension that defines suitability for action (ability to work) of resources of substance and energy was called exergy,
and functions that define its value — exergetic. The term “exergy”, that defines suitability for action (ability to work)
of resources of substance and energy was introduced in 1956.

Energy and exergy flows are always in coexistence. They can be equal to each other in case of flows of
mechanical or electrical energy, and can vary greatly from each other in the flows of heat. Exergy does not only
quantitatively characterize energy of any kind, but allows estimating its qualitative state. It defines transformability,
suitability of energy for technical applying in any given conditions.

As exergy is the only measure of capacity, suitability of energy resources, its applying allows giving an objective
assessment of energy resources of any kind. So, exergy is some universal measure of energy resources. Exergy
balance, by which the size of using energy resources can be set, indicates the possibility to increase the output-input
ratio of the process.
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There are many cases of successful application of exergetic methodology by technical and economic
optimization in industry, especially in energy intensive branches. Irreversible loss of exergy can be reduced thanks to
combination of heat processes with technological and heat processes.

Nowadays cost estimates can’t be the only measure of effectiveness of energy equipment that is using energy
resources. Exergy is a physical, not an economical criterion and defines its independence from conjectural
fluctuations of prices. At the same time cost parameters don’t allow making a long term predictions. The minimum
should be defined not by financial costs, but exergy losses per unit of received heat. Unfitness of just the financial
costs is obvious.

In some leading European countries and in the USA, exergetic analysis was implemented as a necessary
component of engineer projects and modernization plans of productions.

In modern technologies, which are related to energy transformation, namely in air conditioning systems,
important places are occupied by equipment and processes, the objective estimation of value of its energy perfection
can be defined only on the basis of analysis of its exergy effectiveness.

So, reducing the cost of energy, consumed by air conditioning systems, preconditions the need for its
optimization, which can be fully achieved by virtue of exergy analysis, that takes into account not only the quantity
but also the quality of energy spent [7, 8, 11-20]

2. Description of the object that is analyzes and of its work

4
VNV
GS ’ fS ’ XS 5
. Cleanroom
3
Xf'ﬂ GS:GOUf‘
G fm .
ext n
] ] ] |
<, , b
Goui' Z ! Z
Fout 7 8 9 0 11
/ / / / /
6 7 1 7 12

O

Centfral air conditioner

Fig. 1. Basic scheme of the central straight flow air conditioning system for cleanroom:
1 —technological equipment, 2 — air exhaust channels, 3 — gateway premises, 4 — filters of air supply to the room,
5 — air supply duct, 6 — air-intake shaft, 7 — filter of external air, 8 — air heater of first heat, 9 — air washer,
10 — air heater of second heat, 11 —air supply filter in the air conditioner, 12 — fan unit

The aim of air conditioning is to keep up the certain parameters of air in some limited space (in this case, in
cleanroom). Usually temperature ¢, , relative humidity ¢;, of air are regulated, but in cleanrooms a concentration of

m ?

dust particles x;, in air is also regulated.
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Temperature of inside air in a room ¢;, was limited depending on temperature of outdoor air:
when ¢, <30 °C, t,, =20...25°C
t,, =20+0.63-(z,, —22), °C, (1)

when 7, >30°C, t,, >26°C

ti" = 25+04 (tout _3O)a OC- (2)

0 d.=const

d hr
7 kg
Fig. 2. The image of the process of changing the moist air state in the straight flow
air conditioning system in a warm period of year on the I-d — diagram: OK — the process
of polytropic air treatment (cooling and drying) G, ,,=Gs in the air washer; KS1 — the air Gs heating process
in the air heater of second heat; S;S — the air G heating by 1 °C in the fan and the supply air duct; SI— the process
of excess heat and moisture assimilation in the cleanroom by the supplied air Gy via the air conditioner

The central straight flow air conditioning system, which is shown in Fig. 1, can be applied for this. The work of
such system, as we know, depends on the parameters of environmental (external) conditions, i.e. on temperature and
moisture content in the air of external environment. Environmental air is taken via central conditioner through the air-
intake shaft 6, is cleaned in the filter of outside air 7, then passes through the air heater of first heat 8, is politropical
cooled and drained by sprinkled cold water from refrigerator machine in the air washer 9, is heated in the air heater of
second heat 10 by warm water from boiler plant, and after that this air is supplied in a cleanroom through the air
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supply filter 11 in the central air conditioner via the fan unit 12 and air ducts 5 and also via air supply filters 4 at the
entrance to the room.

Let’s consider the work of this ACS in the warm period of year when moisture content d;, < d,, and

temperature ¢, < ¢, . Fig. 2 shows in the coordinate system I, d the sequence of air parameters change, which is

out *
passing through the different equipment of central straight flow air conditioning system for cleanroom in the warm
period of year. In researches mass productivity of air conditioning system Gg = 10000 kg/hr is accepted, which was

counted by the number of dust particles, parameters of outdoor air varied within #,,, =26-42 °C; d,,, = 9.3-15.9 gr/kg
(specific enthalpy 1, = 49.8-83.2 kJ/kg; relative humidity ¢, = 27-54 %, accordingly), barometric pressure
Pout = 1010 hPa; parameters of indoor air, respectively — ¢, = 23-30 °C; ¢,, = 50 % (d;, = 8.8-13.4 hr/kg;

I, = 45.5-64.4 kJ/kg, accordingly); temperature difference between the inside and the supplied air depending on

excess heat in the cleanroom Afg =¢, —t5 = 1.5-6.0 °C; slope coefficient of excess heat and moisture assimilation in
the cleanroom by the supplied air via air conditioner € = 9946—16858 kJ/kg; water temperature (coolant temperature)
for the air washer: initial tw, = 7.0-14.9 °C; final ty, = 9.8-17.3 °C; coefficient of transformation of refrigerator

machine EER = 2.8-4.4; temperature for the heater of second heat: initial #,.,, = 70 °C; final ¢,,, =42 °C.

rev

The sequences of changes that occur with moist air, which passes through the various equipment of air
conditioning system, are shown in Fig. 2. Construction on the I-d — diagram was made in accordance to [11]. Air
parameters in the characteristic points of the process (Fig. 2) were determined by the adopted values of the parameters
for outdoor air and were calculated on the proposed mathematical model by the known analytical dependency for
moist air.

Amount of the cold for air treatment in the air washer (cooling capacity of air washer) in the warm period of the
year was defined by the equation:

Oc =Gy (I, —1,)x0278, W, 3)
and amount of the heat for the second air heating in the warm period of year was defined by the next equation:

0, =Gy I5, ~1,)x0.278, W, )

where /o , Ix ,i Ig —specific air enthalpy at the corresponding points of processes that cause the change of moist

air state in the central straight flow air conditioning system in the warm period of year on the I-d — diagram, kJ/kg.

The aim of this work was to make analysis of exergy effectiveness of the central straight flow air conditioning
system for cleanroom that was gained on its innovation mathematical research model [18-20] depending on different
factors, which have influence on its work and to propose the ways of energy saving for this ACS. Material, heat
(energy) and exergy balances of the system were made up in this model, which take into account all the possible
variants of its work in real conditions.

The concept of exergetic output-input ratio was used for assessment of exergy effectiveness of this ACS which

was defined as the ratio of air exergy increase in air conditioned premises E,

out to the exergy of air conditioning

system transmission E. , which was spent on maintaining the process [18—20]:

E
e = ®)

The method for determining the exergetic output-input ratio, which characterizes effectiveness of work of
central straight flow air conditioning system for cleanroom in the warm period of year, was precisely described in our
articles [18-20].
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3. Results of the research work

The values of exergetic output-input ratio n, was found thanks to settlement and quantitative experiments that
was conducted on innovation mathematical research model of the central straight flow air conditioning system for
cleanroom depending on temperature difference between indoor and supplied air Atg, temperature ¢;, of indoor air

and coefficient of transformation EER of refrigeration machine, and was shown as dependencies of exergetic output-
input ratio n, (Fig. 3, 4), and on its base the analysis was made. Therewith little impact of relative humidity of

outdoor @, , indoor ¢;, and supplied @g air (maximum within 10 %) on exergetic output-input ratio n, was found
by us.

It was decided to show results of the research work as such general exponent dependence:

n, =C-(Atg /1, )" -EER® . (6)

mn

To get the exponents o and B in the equation (6), results of the research are shown as dependencies in Fig. 3
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Fig. 3. The dependence of exergetic output-input ratio . of the central straight flow
air conditioning system for cleanroom on the ratio of temperature difference between indoor
and supplied air As to the temperature ¢, of indoor air Ats/ t;,:

Gs = 10000 kg/hr; Ats = 1.5-6.0 °C; 1;, =23-30 °C; EER = 2.8; 1,,, = 26-42 °C;
Oin = 50 %; Py = 2744 %; @5 = 69-54 %

The dependence of exergetic output-input ratio 1, of the central straight flow air conditioning system for

cleanroom on the ratio of the temperature difference between indoor and supplied air to the temperature of indoor air
Atg/t,, can be presented as such an exponent dependence:

n, =52.6-(Arg /1, )™ (7)

Maximum error of calculations by the equation (7) is 3.9 %.

So, on the basis of dependence (Fig. 3, equation (7)) the value of exponent o, which is in our case 1.94, was
found.

Analyzing the obtained research data on Fig. 3 the following conclusions can be reached. General increase of the
ratio of temperature difference between indoor and supplied air to the temperature of indoor air Atg /¢, from 0.07 to
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0.20, namely at 2.86 more, leads to a significant growth of exergetic output-input ratio n, from 0.26 to 2.33, namely

at 8.96 more or at 796 %. It should also be noted (Fig. 3) that the highest increase in exergetic output-input ratio is by
the temperature difference between supplied and indoor air Aty = 6.0 °C. So, with the aim of energy saving, the

chosen air conditioning system should be preferably used at higher temperature difference between supplied and
indoor air, that is, for example Afg = 6.0 °C (at any temperature of indoor air) that will make possible to gain the

highest exergetic output-input ratio m,, which means to gain the most advantageous economical variant of

)
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Fig. 4. The dependence of exergetic output-input ratio 7,

of the central straight flow air conditioning system for cleanroom on coefficient
of transformation EER of refrigerating machine:
Gs=10000 kg/hr; Atg =5.0 °C; ¢, =28 °C; Ats / t;,=0.18; ¢,,, = 38 °C;
Oin = 50 %; Quus = 30%; @5 = 66 %

The dependence of exergetic output-input ratio 1, of the central straight flow air conditioning system for

cleanroom on coefficient of transformation EER of refrigerating machine can be presented as such an exponent
dependence:

n, =0.945- EER*®. (8)

Maximum error of calculations by the equation (8) is 0.4 %.
So, on the basis of dependence (Fig. 4, equation (8)) the value of exponent [, which is in our case 0.62, was
found.

Analyzing the obtained research data on Fig. 4, the following conclusions can be reached. The general increase
of coefficient of transformation EER of refrigerating machine from 2.8 to 4.4, namely at 1.57 more, leads to a
significant growth of exergetic output-input ratio n, from 1.79 to 2.37, namely at 1.32 more or at 32 %. It should also
be noted (Fig. 4) that the highest increase in exergetic output-input ratio is by coefficient of transformation of
refrigerating machine EER = 4.4. So, with the aim of energy saving, the chosen air conditioning system should be
preferably used by higher coefficient of transformation of refrigerating machine, that is, for example EER = 4.4, that
will make possible to gain the highest exergetic output-input ratio n;, which means to gain the most advantageous

economical variant of exploitation of chosen air conditioning system.
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Finally, we determine that coefficient C = 27.1, and get a general exponent dependence for the chosen central
straight flow air conditioning system for cleanroom:

n, =27.1-(Atg /1, )" - EER"® )

mn

Maximum error of calculations by the equation (9) is 4.4 %.

So the exergetic analysis of the central straight flow air conditioning system for cleanroom was performed on the
innovation mathematical research model created by the authors which provided the opportunity to thoroughly
estimate the dependence of exergetic output-input ratio of this ACS depending on different factors, which have
influence on its work.

4. Conclusions

Innovation research model of the central straight flow air conditioning system for cleanroom was used, which
gave opportunity to estimate its energy effectiveness by the virtue of exergetic output-input ratio depending on
different factors, which have influence on its work. General exponent dependence of exergetic output-input ratio 1,
of central straight flow air conditioning system for cleanroom on the ratio of temperature difference between indoor
and supplied air to the temperature of indoor air At /¢, and coefficient of transformation EER of refrigeration
machine was found. It was shown that with the aim of energy saving the chosen air conditioning system should be
preferably used by higher temperature difference between indoor and supplied air, for example Aty =6.0 °C (at any
temperature of indoor air) and by higher coefficient of transformation of refrigeration machine, for example EER =
4.4, that will give opportunity to gain the highest exergetic output-input ratio 1,, which means we will gain energy

saving regime of exploitation of the chosen air conditioning system.
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AHaJi3 ekceproeeKTUBHOCTI Ta HLIAXIB eHePro30epeKeHHsl CHCTEMHU
KOHIMUiIOBAHHS NMOBITPSA YMCTOI0 NPUMillICcHHS

Jmutpo I'apacum, Bomoagumup Jlabait

Hayionanvnuii ynieepcumem “Jlvsiecoka nonimexuixa”, éyn. C. bandepu, 12, Jlvsis, 79013, Vrpaina

AHoTalia

VY cy4acHHX TEXHOJIOTISIX, ITOB’SI3aHHUX 3 TIEPETBOPEHHSM EHEpTii, a caMe y cucTeMax KOHIUIIIFOBaHHs HOBITpS,
BaXXJIUBE MiCIle 3aiiMaroTh 0OJaJHAHHS 1 MpolecH, 00 €KTHBHY OILIHKY CTYIIEHS €HEpreTHYHOI JOCKOHAJIOCTI SKHUX
MOXXHa BCT@HOBUTH TiJIbKM Ha OCHOBI aHali3y iX ekceproedekTuBHOCTi. OTKe, 3MEHIICHHS BUTpAT EHEeprii,
CHOKMBAHOI CHCTEMaMH KOHAMIIIOBaHHS TOBITPS, TUKTYe HEOOX1THICTh X ONTHMI3allil, 1[0 HAWIOBHIIIE MOXeE OyTH
JIOCSITHYTO Ha OCHOBI €KCEPreTUYHOr0 aHalli3y, SIKUH BPaXOBY€E HE TIIBKU KUIBKICTb, ajie i SIKICTh BUTpAa4€HOI eHeprii.
HuHi BapTicHI OIIHKM HE MOXYTh CIIYI'YBaTH €IMHOI0 MIpOI0 €(EeKTHMBHOCTI €HEpreTUYHOro OO0JIaJHaHHS, SIKi
nepepodAI0Th eHepropecypcu. Excepris € Gpi3udHuM, a He eKOHOMIYHUM KPUTEPIEM 1 BU3HAYA€E HE3AICHKHICTh IIHOTO
rapamerpa BiJ KOH IOHKTYPHHMX KOJHMBaHb IliH. BojHouac BapTiCHI NOKa3HHKM HE JalOTh 3MOTH 3HIHCHUTH
JIOBIOCTPOKOBE NPOrHO3YBaHHA. BU3HayaTH MiHIMYM HEOOXiZHO HE I'pOIIOBHMHU BHTPAaTaMH, a BUTpaTaMH EKCeprii
Ha OJIMHMIIO BUAAHOI TEIUIOTH. HenpuaaTHICTh TiJIbKH T'POLIOBMX KPUTEpiiB odeBWAHA. Y CTATTI HaBEAEHO aHaJi3
eKCeproe()eKTUBHOCTI IEHTPAJILHOI NPsIMOTediiHOI crcteMu KoHauuitoBaHHs noBiTps (CKII) urcroro npumineHHs,
OTpUMaHO Ha ii IHHOBAIil{HI MaTeMaTHYHIN JOCIIHUIBKIA MOJIEINi 3aJIeKHO BiJl pi3HUX (AKTOPIB, IO BIUTUBAIOTH
Ha ii po0OTYy, Ta 3amponoHoBaHi NuIAxu eHeprozoepeskenns s niei CKII. BeraHoBieHo, 10 HAWOUIBIIMIA BILIHMB Ha
exceprernunnii  KKJ| BuOpaHoi cucreMM KOHIOWIIIOBAHHS MAlOTh pI3HHI TEMIEpPaTyp MDK BHYTPIIIHIM 1
NPUIUIMBHUM TOBITPSIM Yy TIPHMIIIEHHI, TEeMIeparypa BHYTPIIIHROTO TOBITps, 3aJieKHA B TeMIeparypu
30BHIIIHBOTO TOBITPsI, Ta KoedimieHT Tpancdopmanii EER npuiiHsaToi xononuisHol mammuu CKIL

Koarou4osi ciioBa: cucreMu KOHAWIIIOBAHHS MOBITPSI; YUCTI IPUMILIIECHHS; €KCEPTeTHYHUI OallaHC; eKcepreTuuHa
eQEeKTUBHICTh; €HepPro30epeKeHHSI.



