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Abstract

The issue of fuel and energy saving is a top priority for energy technological systems (ETS) such as air
conditioning systems (ACS). Thus, reduction of energy consumption for ACS requires optimization of these systems
which can be obtained on the basis of the exergy analysis. This analysistakes into account not only the quantity of the
energy being consumed but also its quality. By taking into account the exergy during calculation of balances and
various characteristics of ETC (including ACS) the scientific and engineering problems can be solved in asimple and
easily understandable way. Frequent mistakes caused by ignoring the quality of transformations can be avoided.
Innovation mathematical research model of the existing centra straight flow air conditioning system for operating
cleanrooms with the aim of computer estimation of its energy effectiveness by virtue of exergetic output-input ratio
depending on different factors, which have influence on its operation, is presented in this article. The dependence of
exergetic output-input ratio ne of the existing air conditioning system on temperature difference between the inside
and the supplied air Ats=t;, —ts was defined based on this model.
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1. Introduction

Nowadays, during the exploitation of energy technological systems (ETS), which include air conditioning
systems (ACS), to ensure carrying out a certain technology, the question of economy of fuel and energy resourcesis
of prime importance. That's why the question about ETS, that can organicaly combine and complement the
requirements of technology and power engineering, israised now.

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 its thermodynamic analysis. The ssimplest method of thermodynamic analysis is
energy one based on the law of energy conservation. It alows us to estimate absolute and relative energy losses, to
reveal equipment and processes with the highest losses. However, this method equates all kinds of energy, thermal
energy in particular, that is wrong from the position of the second law of thermodynamics, because any kind of
energy can be completely converted into the therma one, the reverse process at the same time is accompanied by the
unavoidable |osses.

Under the influence of these requirements, the exergy method of analysis has been designed in the last decades
[6-10]. This method was described in the works of R. Clausisus, J. Gibbs, G. Guye, A. Stodola, Y. Shargut and
R. Petela. Its main idea is to introduce, along with the common, fundamental concept of energy, the additional
indicator — exergy, which alows considering the fact, that the energy depending on externa conditions may have a
different valuefor practical use.

The calculations of balances and different characteristics of energy technological systems, air conditioning
systemsin particul ar, taking into account the exergy, enable usto solve many scientific and technica problemsin the
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easiest and clearest way. They help to remove frequent errors that can be found and are associated with ignoring the
qualitative side of transformation.

The feature of the central straight flow air conditioning system is that the starting substance, which is processed
in it —is the outside air, the parameters of which may vary as the temperature and the relative humidity (moisture
content and specific entha py, relatively). Asthe result of the operation, the air conditioning system provides required
temperature and humidity of supplied and indoor air depending on the parameters of outside air. Reduction in the cost
of energy consumed by air conditioning systems dictates the need of its optimization, which can be fully achieved by
virtue of exergetic analysis, that takes into account not only the quantity, but also the quality of energy spent [7, 8,
11-14, 16, 18-2Q].

2. Description of the object that isanalyzed and of itsinnovation research model
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Fig. 1. Basic scheme of the implemented central straight flow air conditioning system for operating cleanrooms:

1 —technological equipment; 2 — air exhaust channelsin cleanrooms; 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
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Let's consider the central straight flow air conditioning system for operating cleanrooms implemented by the
authors’, which is shown in Fig. 1. The operation of the system depends on the dominant environmental conditions,
i.e. on temperature and moisture content of the outdoor air. So, at a warm period of year outdoor air is taken via
central conditioner through the valve 11, is cleaned in the filter 10, then passes through the air heater 9, is politropical
cooled and drained in the air cooler 8, is separated in the drops catcher 7 and after that thisair is supplied through the
air supply filter of conditioner 5 and air supply filters 3 at the entrance of operating cleanrooms via the fan unit 6. The
exhaust air of the operating cleanrooms is removed from their top and lower zones via extraction system through its
valve 17 by the extractor fan 18.

Let's consider the work of this air conditioning system at a warm period of year, when temperature t;, < t,, .

Fig. 2 shows in a coordinate system |, d the sequence of change of air parameters, which passes through the
different equipment of the implemented central straight flow air conditioning system for operating cleanrooms at a
warm period of year at different parameters of outdoor air. In the researches, mass productivity of the air conditioning
system G = 4300 kg/g, that was counted by the necessary multiplicity of air exchange, parameters of outdoor air va-
ried within: temperature t,,, = 3040 °C; relative humidity j ., = 44-36 % (in accordance, moisture content and specific
enthdpy d,; =11.7-16.8g/kg; |, =60.1-83.4kIkg), barometric pressure p,,, = 1010 hPA; parameters of indoor air,
accordingly — t,, =25-29°C; j ;, =54-64% (in accordance, d,,, = 10.8-16.3 g/kg; |;, = 52.6-70.8 kJkg); temperature
difference between inside and supplied air depending on excess heat in the cleanroom and aso on temperature of
outdoor air Dtg =t;, - t5 = 9.0-4.0°C; slope coefficient of excess heat and moisture assimilation in the cleanroom by
the supplied air via air conditioner € = 27058-9711 kJKg; initial temperature of the coolant (40 % propylene glycol
solution) for theair cooler t,, =9.5-155°C.

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

Cold consumption for air treatment in the air cooler (cooling capacity of air cooler) a awarm period of the year
was defined by the equation:

Qc =GsHlo - 1) 0.278, W, 1)

where |5 and |5 — specific enthalpy of air at the corresponding points of processes of change in the state of moist

air in the implemented straight flow air condition system at a warm period of year on the /-d — diagram (Table 1),
kJKkg.

The aim of this work was to create innovation mathematical research model of the implemented central straight
flow air conditioning system for operating cleanrooms with the aim of computer estimation of its energy effectiveness
by virtue exergetic output-input ratio depending on different factors, which have influence on itswork. Material, heat
(energy) and exergy balances of the system were made up in this model, which took into account all the possible
variants of itswork inrea conditions.

The concept of exergetic output-input ratio was used for the rational excellence assessment of the air
conditioning system, which was defined as the ratio of air exergy increase in air conditioned premises E,, to the

exergy of air conditioning system transmission E;,, which was spent on maintaining the process [6-10, 12, 13,
15-20]:

m

n, =4, 2

m
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Fig. 2. Theimage of the process of changing the state of moist air in theimplemented central straight flow air
conditioning system in awarm period of year on the /-d — diagram: &) for conditions of theresearch— tg; = 30; 32 °C;

tin =25; 26 °C; Dtg =9; 7 °C; b) for conditions of the research— ty; = 35; 38; 40 °C; tj,, = 27; 28; 29°C; Dig = 6; 5; 4 °C:
OS, —the process of polytropic treatment (cooling and drying ) of air Gy ; = Gg intheair cooler; $;S —the process
of supplied air Gg heating by 1°C in afan and duct; Sl —the process of excess heat and moisture assimilation

in a cleanroom by supplied air Gg viathe conditioner

The exergetic output-input ratio, which characterizes the effectiveness of work of the implemented central
straight flow air conditioning system for operating cleanrooms at awarm period of year, was defined by the equation:

out DESI
he = = sup.fan exh.fan RM '’ (3)
E, DEOsi + DESlS +DEg +DE,, + N ™ + N & +Nio

where E,; = DEg = Eg- E, —exergy reduction of conditioned air in the surgery operating cleanrooms (usefully used
exergy), W; Eg and E, —in accordance, exergy of supplied and indoor air in the cleanrooms, W; DEqg =Eg - Eq —
increasing of exergy of air in the air cooler of conditioner, W; Eg i E5 —in accordance, exergy of air which is
processed (outdoor air) at the exit and entrance of the air cooler of conditioner, W; AEgg = Eg - Eg — exergy
reduction of air during its transportation in the supplied ducts and fan of air conditioning system, W; Eg i Eg —in
accordance, exergy of air at the entrance of supplied fan of conditioner and at the exit of supplied ducts to the
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cleanrooms, W; DE,, =E, - E,, — exergy losses with exhaust conditioned air from the cleanrooms, W; N3P/ _
consumed power via the supplied fan of the conditioner, W; Ne"fe”n — consumed power via the fan of the exhaust
plant, W; Nufie — consumed power viathe refrigerating machine for the central conditioner, W.
The values, included in the equation (3) for the determination of exergetic output-input ratio of implemented
ACS at awarm period of year, were defined asfollows:
AEg =Gg {es - 8,) 0.278, W, (4)
where e5 i g, —inaccordance, specific exergy of supplied and indoor air in the cleanrooms (Table 1), kJkg;

AEos, =Gsdes; - &) 0278, W, (5)

where g,; i e —in accordance, specific exergy of outdoor air and of cooled and drained air in the air cooler,
(Table 1), kJkg;

AEss =GgXeg, - €5) 0278, W, (6)
where e; — specific exergy at the exit of supplied ductsin the cleanrooms (Table 1), kJkg;
AEqp =Gs X8, - @) 0.278, W. (7)

Based on the mentioned equations, the exergetic output-input ratio m, for the implemented air conditioning
system at awarm period of year was cal culated and an appropriate conclusions were made.
Specific exergy of moist air was determined as follows.

Specific exergy of moist air at a certain points of the processes which characterize the work of the implemented
central straight flow air conditioning system was determined by the following eguations:

€= € + &, kIkg, (8)

where gy, and €y, —in accordance, specific physical and chemica exergy in relation to parameters of outdoor air

(environment);

TO
eph _a%d ar Cvap 10 ? TO TO ﬂnT_oé, kJ/kg, (9)

Caar = 1.005 kJ(kg-K) and T4 = 1.86 kJ(kg-K) — in accordance, average specific heat capacity (at constant

pressure) of dry air water vapor; Toi 7' — in accordance, absolute temperature of outdoor air (environment) and of air
at acertain point of the process, K (273+t =T);

d g, 622+d, d _ du
XN + Ry X——Hn——, kdkg, 10
0005 " 622+d | 1000 do 0K (10

eCh Tox&dar Rvapl

Ryar = 0.287 kJ(kg'K) i R4 = 0.462 kJ(kg-K) —in accordance, gas constant of dry air and of water vapor; d, i

d - in accordance, moisture content of outdoor air (environment) and of air at a certain points of the
process, g/kg.
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The results of calculations of specific exergy of moist air at a certain points of the processes, which characterize
the work of the implemented central straight flow air conditioning system, are summarized in Table 1.

It should be noted that we didn't take into account exergy losses which are related to losses of aerodynamic
pressure of air flow, which are minor and could be ignored, and also losses into environment. The parameters, which
characterize the gate of the air at all points of the processes for the given air conditioning system, are summarized in
Table 1.

Table 1. Parameters of points, which describe the state of moist air during the work of the implemented air conditioning system

Points Temperature Specific Moisture content Rela.ttlye Specific
on _the t °C enthal py d, gkg humidity exergy
I-d — diagram ' I, kdJkg ' ¢, % e, kJkg
(0] 3040 60.1-83.4 11.7-16.8 44-36 0.0-0.0
S 15-24 42.1-64.7 10.5-15.8 98-84 0.4020-0.4421
S 16-25 42.6-65.4 10.5-15.8 92-79 0.3505-0.3882
| 25-29 52.6-70.8 10.8-16.3 54-64 0.0475-0.2059

3. Results of the resear ch wor k

Subsgtituting the received values by the research calculationsin equation (3), we calculated the value of exergetic
output-input ratio n, for the implemented air conditioning system depending on outdoor temperature conditions,

namely: temperature ., and relative humidity j ., of outdoor air, and showed them in the form of dependence of

exergetic output-input ratio on temperature difference between indoor and supplied ar Dty at a Fig. 3 and on this
basi s were making conclusions.
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Analyzing the obtained research data of a Fig. 3 the following conclusions can be reached. General increase in
temperature difference between indoor and supplied air Dtg from 4.0 to 9.0 °C, namely by 2.25 times, leads to a

significant growth of exergetic output-input ratio n, from 1.48 to 2.56, namely by 1.73 times or at 73 %. Therewith,
the average speed of change of exergetic output-input ratio n, is Dh,/ D(Dts) = 0.216 1/°C. We noticed that at the
given temperature difference between indoor and supplied air Dtg the change in temperature of outdoor air t,,
practically don't causes the change in exergetic output-input ratio n,. It means that af a certain temperature
difference between indoor and supplied air Dty we can ignore the effect of temperature of outdoor air t,; . So the

chosen air conditioning system should be preferably used at higher temperature difference between indoor and
supplied air, for example at Dig = 9.0 °C, that will give the opportunity to gain the highest exergetic output-input
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ratio m,, which means to gain the most advantageous economical variant of exploitation of the chosen air con-
ditioning system.

The dependence (Fig. 3) has been obtained in a form of anaytical equation for temperature difference between
indoor and supplied air Dtg = 4.0-9.0 °C:

N =1.023%exp(0.102 At ). (11)

Maximum error of calculations by the equation (11) is 4.3 %.

So the exergetic anadysis of the implemented central straight flow air conditioning system for operating
cleanrooms at a warm period of year, which was performed on innovation mathematical research model created by
the authors, provided the opportunity to thoroughly estimate the dependence of exergetic output-input ratio 1, of this

system on temperature difference between indoor and supplied air Dtg at different temperatures of outdoor air t .

4. Conclusions

Innovation mathematical research model of the implemented centra straight flow air conditioning system for
operating cleanrooms at a warm period of the year was described in this article, which gives opportunity to make
computer estimation of its energy efficiency by virtue of exergetic output-input ratio depending on different factors,
which have influence on its work. The dependence of exergetic output-input ratio m, of this air conditioning system
on temperature difference between indoor and supplied air Dig at various temperatures of outdoor air t,, was
presented. It was observed that at the given temperature difference between indoor and supplied air Dty the changein
temperature of outdoor air t,, practically doesn’t cause the change in exergetic output-input ratio m, . It is shown
that the chosen air conditioning system should be preferably used at higher temperature difference between indoor
and supplied air, for example at Dtg = 9.0 °C, thiswill give the opportunity to gain the highest exergetic output-input
ratio n, , i.e to gain the most advantageous economical variant of exploitation of the chosen air conditioning system.
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JlocaigkeHHs HA IHHOBaLiMHINA MoJeJIi ekceproeeKTHBHOCTI CHCTEMHU
KOHIMIIIOBAHHS NMOBITPA onepauiiHUX YUCTUX KIMHAT

Hmutpo 'apacum, Bosmoagumup JlaGait

Hayionanvnuii ynieepcumem * Jlvgiscora nonimexuixa” , eya. C. banoepu, 12, m. Jlveie, 79013, Vkpaina
AHoTauis

Huni mig ac exkcrutyarariii eneprorexuosoriunux cucreM (ETC), mo SKHX HadekaTh CHCTEMH KOH/IHUIIIFOBAHHSI
noBitps (CKII), mis 3abe3meyeHHs MPOBEACHHS MEBHOI TEXHOJOTII MHUTAHHS €KOHOMil MAIUBHO-SHEPTreTHIHUX
pecypciB Mae nepuopsiaHe 3HaueHHs. OTke, 3MEHIICHHS 3aTpaT eHeprii, CIOKUBAHOI CUCTEMaMH KOHIMIIIFOBAaHHS
TIOBITPSI, AUKTYE HEOOXIAHICTH iX ONTUMI3allii, 110 HAHMOBHINIE MOXe OYTH JOCSATHYTO Ha OCHOBI €KCEpreTHYHOTO
aHaJli3y, SKUH BPaxOBYE HE TINBKM KIJBbKICTh, ajle W sKICTh 3aTpaueHoi eHeprii. Po3paxyHku OanaHCIB 1 pi3HHX
xapakrepuctuk ETC, 3okpema CKII, 3 ypaxyBaHHAM eKceprii Ja€e MOMJIMBICTh HaWNpOCTilIe 1 HATJSIHINIE
BUpilTyBaTH 0€3J1i4 HAYKOBUX 1 TEXHIYHHX 3a7a4. BoHM HomoMararoTh BUIIyYHTH YacTi TOMHUIIKH, SIKI TPAILISIIOTHCS 1
TIOB’s3aHiI 3 ITHOPYBAHHSAM SIKICHOIO OOKY NEpeTBOpPEHb. Y CTaTTi IPE3€HTOBAHO IHHOBALIWHY MaTeMaTHYHY
JIOCIITHUIIBKY MOJIENb YMHHOI HEHTPAIbHOI MPSAMOTEYIHHOI CHCTEMH KOHIMWIIIOBAHHS TOBITPS VISl ONEpariiiHuX
YUCTHX KIMHAT 3 METOI0 KOMIT IOTEPHOI'0 OIHIOBaHHS ii eHepreTH4yHol eeKTuBHOCTI uepe3 excepretmynuii KKJ|
3aJIeKHO Bij pi3HUX (HaKkTopiB, IO BIUIMBAIOTH Ha ii poOOTy. 3aBASKM Wil Mojemi OTPUMAaHO 3aJEKHICTh
exceprernaHoro KK/l v, 4uHHOi cucTeMU KOHIUIIFOBAaHHS Bijl pi3HUII TeMIepaTyp Mik BHYTPIllIHIM i IPUIIUBHUM

moBiTpsiM At, = t, —t,.

KirouoBi ciioBa: ekcepreTmyHuid 0ajaHC; CHCTEMHM KOHIMIIIIOBAHHS IOBITPS, YMCTI KIMHATH; €KCEPreTUYHA
e(pCKTHBHICTb.



