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Abstract

An important place in the up-to-date technologies related to energy transformation is occupied by the processes
and equipment for which the objective value of energy perfection can be defined only on the basis of the
thermodynamic analysis. The simplest method of thermodynamic analysis is the energy method based on the law of
energy conservation. It provides the possibility to estimate the absolute and relative energy losses and to reveal
equipment and processes with the highest losses. However, this method makes the values of all kinds of energy equal,
thermal energy in particular, which is wrong according to the second law of thermodynamics, because any kind of
energy can be completely converted into thermal energy, while the reverse process is accompanied by unavoidable
losses. An innovative mathematical research model of an existing central straight-flow air conditioning system for
operating cleanrooms is presented in this article. The aim of the model is to carry out computer estimation of exergy
efficiency of existing air conditioning system and exergy losses of its elements depending on different factors
affecting its work. The Grassmann diagram of exergy flows and losses for the existing air conditioning system at an
outdoor air temperature of 35 °C has been defined due to 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 resources is of primary
importance. That is why the question of ETS, that can organically combine and complement the requirements of
technology and power engineering, is raised 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 whose energy perfection can be
defined only on the basis of their thermodynamic analysis. The simplest method of thermodynamic analysis is the energy
method based on the law of energy conservation. It allows us to estimate absolute and relative energy losses and to
reveal equipment and processes with the highest losses. However, this method equates the values of all kinds of energy,
thermal energy in particular, which is wrong according to the second law of thermodynamics, because any kind of
energy can be completely converted into thermal energy, while the reverse process is accompanied by unavoidable
losses.

Because of of these requirements the exergy method of analysis has been designed in the last decades [3—5]. 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, an additional
indicator — exergy, which allows considering the fact that energy depending on external conditions may have a
different value for practical use.
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The calculations of balances and different characteristics of ETS, ACS in particular, with the account of
exergy enables us to solve many scientific and technical problems in the easiest and clearest way. They help
to remove frequent errors that can be found and are connected with the negligence of the qualitative side of
transformation.

An important feature of a central straight flow ACS is that the starting substance which is processed in it
is the outside air, the parameters of which may vary both in terms of temperature and relative humidity
(moisture content and specific enthalpy respectively). As a result of operation ACS provides the required
temperature and humidity of supplied and indoor air depending on parameters of outside air. The reduction of
energy consumption by ACS 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 the energy consumed
[3, 4, 6-8].

Exergy balance for the given ETS, i.e. the existing ACS of operating cleanrooms is the following:

n
Ein :Eout+zDi W, (1)
i=1
or
n
Z Di = Ein _Eout W, (2)

i=1
where E;, = E,; — exergy of ACS drive, which is spent on maintaining the process, W; E , — gain of exergy of air
n
in the air-conditioned room, W; > D; — total exergy losses of ETS, W.
i=1
On the basis of exergy balance absolute and relative characteristics of ETS and its separate parts are determined and
Grassmann diagram is built, which clearly reflects the flows and losses of exergy in the ETS.
Exergy balance of any ETS is made up on the basis of its basic scheme (Fig. 1).

It is obvious that the perfection of ETS and its elements is higher when exergy losses are lower, and that is why
the level of perfection of ETS and its elements is characterized by the so-called exergetic output-input ratio, which is
determined on the basis of exergy balance, namely [3-5, 7, 8]:

My = =2 3)

Therefore, the exergetic output-input ratio is determined by the equation (3) and it is not hard to notice that the
numerator is useful exergy effect and the denominator — exergy losses, which means that exergetic output-input ratio
can be determined by the following equation:

E E,
o = outn _ - eff . (4)
Eout + Z Di spend

i=1

The Grassmann diagram of exergy flows and losses, which is shown in this article, is very helpful, while
carrying out the exergetic analysis of ETS, in our case — the existing central straight flow air conditioning system
(ACS) for operating cleanrooms.

2. Description of the object analyzed and the innovation research model

The aim of air conditioning is to keep up certain parameters of air in a limited space (in our case, operating
cleanrooms). Usually the temperature #,, and relative humidity ¢;, of air are regulated, but in cleanrooms such a

parameter as concentration of dust particles x;, in the air is also regulated [1, 2].
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Let us consider the existing central straight flow ACS for operating cleanrooms implemented by the authors and
shown in Fig. 1. The work of such a system depends on dominant environmental conditions, i.e. on temperature and
moisture content of outdoor air. Therefore, during a warm season the outdoor air is taken via central conditioner
through valve 11, cleaned in filter 10, then it passes through air heater 9, is politropically cooled and drained in air
cooler 8, separated in drops catcher 7 and after that this air is supplied through the air supply filter of conditioner 5
and air supply filters 3 at the entrance of operating cleanrooms via fan unit 6. The exhaust air of operating cleanrooms
is removed from their top and lower zones via extraction system through its valve 17 by extractor fan 18.
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Fig. 1. Basic scheme of the implemented central straight flow ACS of operating cleanrooms: 1 — technological equipment;
2 — air exhaust channels in 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

Let us consider the work of this ACS during a warm season when the temperature #, < f,, . Fig. 2 shows in a

out *

coordinate system /,d the sequence of changes of parameters of the air passing through different equipment of the
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implemented central straight flow ACS of operating cleanrooms during a warm season at different parameters of outdoor
air. In different studies the mass productivity of the ACS G = 4300 kg/hr is accepted, as calculated by the necessary
multiplicity of air exchange, the parameters of outdoor air being: temperature ¢ = 35 °C; relative humidity

out
Oout = 40 % (specific enthalpy [/, = 71,6 kl/kg, moisture content d,,, = 14,2 gr/kg, accordingly), barometric
pressure p,,; = 1010 hPa; parameters of indoor air, accordingly — ¢, = 27 °C; ¢, = 60 % (d;, = 13,5 hr/kg;
I;, = 61,5 kJ/kg, accordingly; temperature difference between the inside and the supplied air Atg =¢, —tg = 6,0 °C;

slope coefficient of excess heat and moisture assimilation in the cleanroom by the supplied air via air conditioner
& = 16045 kJ/kg; initial temperature of the coolant (40 % propylene glycol solution) for air cooler ty, = 12,5 °C.

hr
fkg

Fig. 2. The process of the changing state of moist air in the implemented central straight flow ACS
during a warm season in the /-d — diagram a) for conditions of research — ¢, =30;32°C; £, =25;26 °C;

Atg =9;7 °C; b) for conditions of research — ¢, =35; 38; 40 °C; ;, =27;28;29 °C; dtg =6;5;4°C:
0S; — the process of polytropic treatment (cooling and drying ) of air Gout = GS in the air cooler;
818 — the process of supplied air GS heating by 1°C in a fan and duct;

SI — the process of excess heat and moisture assimilation in a cleanroom by supplied air GS via the conditioner
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The sequences of changes that occur to the moist air passing through various equipment of the implemented
ACS are shown in Fig. 2. The /-d — diagram was built in accordance with [6]. 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 using the proposed mathematical model by the known analytical dependences for moist air.

Besides this, the task of the research model — computer estimation of exergy efficiency of the implemented ACS
and exergy losses in its elements depending on different factors which affect its work. The Grassmann diagram of
exergy flows and losses for the existing ACS at outdoor temperature 35 °C was determined thanks to this model.

The exergetic output-input ratio, which characterizes the efficiency of the implemented central straight flow ACS
of operating cleanrooms during a warm season was determined by equation (4), where E, = dEq = Eg—E; —

exergy reduction of conditioned air in surgery operating cleanrooms (usefully used exergy), W; E¢ and E; —

respectively, the exergy of supplied and indoor air in the cleanroom, W; Djc = AEOSl =FE 5~ Eo — exergy losses
in the air cooler of conditioner, W; E D) i Ey —respectively, the exergy of processed air (outdoor air) at the exit and
entrance of the air cooler of conditioner, W; DS1 § =4E 5,8 = E S~ Eg — exergy losses during the transportation of
air in the supplied fan and ducts of ACS, W; E D) i Eg —respectively, the exergy of air at the entrance of supplied
fan of conditioner and at the exit of supplied ducts to the cleanrooms, W; De,y, = 4E., = E; —Ep — exergy losses

with exhaust conditioned air from the cleanrooms, W; Dgyp gy = NSup-fan - exergy losses in a supplied fan of the

_ yRM

.. . _ arexh.fan
conditioner, W; D =N, use

exh.fan use — exergy losses in

— exergy losses in a fan of exhaust plant, W; Dpy
refrigerating machine for the central conditioner, W.

The values included in the equation (4) for determination of exergetic output-input ratio of the implemented ACS
during the warm season were determined as follows:

AESI=GS-(eS—e[)><O,278,W, (5)
where eg 1 e; —respectively, specific exergy of supplied and indoor air in the cleanrooms (Table 1), kl/kg;

Table 1. Parameters of points which describe the state of moist air during the work of the implemented air conditioning system at
outdoor air temperature 35°

Points Temperature Specific Moisture content Rela.ti?/e Specific

on the o enthalpy humidity exergy
I-d — diagram 5°C I, kJ/kg d, hrikg 0, % e, kl/kg
0 35 71,6 142 40 0,0-0,0

S, 20 332 3.1 89 0,3946

S 21 544 13,1 84 0,3437

i 27 61,5 13,5 60 0,1112

AEqs, = s (es, o) 0,278, W, (6)

where e, and es, respectively, specific exergy of outdoor air and of cooled and drained air in the air cooler,

(Table 1), kJ/kg;
AEg 5 =Gs (e, —es)0:278, W, )
ne eg — specific exergy at the exit of supplied ducts in the cleanrooms (Table 1), kJ/kg;

AEqy, = G (€ —€out ) ¥ 0,278 , W. (8)
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Using the abovementioned equation we calculated flows and losses of exergy for the implemented ACS at
outdoor air temperature 35 °C during a warm season and made appropriate conclusions.

It should be noted that we did not take into account exergy losses which are related to losses of acrodynamic
pressure of air flow, which are slight and could be ignored, and also losses into environment. The parameters which
characterize the state of the air at all points of the processes for the given ACS are summarized in Table 1.

3. Results of the research

For the construction of a Grassmann diagram let us define exergy losses in the elements of the implemented ACS
of operating cleanrooms as a percentage of exergy entrance in the researched ETS.

in the air cooler cell

Dac = 100=3,3 %; 9)

in
— during the transportation of supplied air in the fan and ducts

AE

58
Dg g =———100=0,4 %; (10)
! Ein
— with the supplied fan of conditioner
Nsup.fan
Dsup.fan = uESf 100=18,9 %; (11)
m
— with the fan of exhaust plant
exh.fan
Doy fan = %100 =10,9 %; (12)

in

— with the refrigerating machine of central conditioner

NRM
Dpy = Euse -100 = 63,6 %; (13)
in
— with exhaust air from cleanrooms
AE,
Doy, =E+“-100=0,9 %. (14)

n

Let us calculate the usefully used exergy in operating cleanrooms with the ACS as a percentage to the exergy of
entrance into the researched ETS:

AE E
ErooM = E‘S‘ 1100 = —2-100=1,9 %. (15)
m m

Then we make up the exergy balance for the Grassmann diagram of the researched ACS of operating cleanrooms
for the purpose of appropriate estimation of ETS:
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4
E" =Ei, = Eene = Dac +DSIS +Dsup.fan +

(16)

JrDexh.fan JrDRM JrDexh +EROOM =100.

The Grassmann diagram is then built for the researched ETS:
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Fig. 3. The Grassmann diagram of exergy flows and losses for the implemented ACS at the temperature
of outdoor air 35 °C: I — air cooler; II — transportation of supplied air in a fan and ducts; III — fan of supplied air
of conditioner; IV — fan of exhaust plant; V — refrigerating machine; VI — exhaust air from the cleanrooms

Therefore, the exergetic analysis of the implemented central straight flow ACS of operating cleanrooms which
was accomplished on the basis of the authors' innovation mathematical model enables us to build a Grassmann
diagram of exergy flows and losses for the existing ACS — in ous case at outdoor air temperature 35 °C.

4. Conclusions

Analyzing the obtained research data presented in a Fig. 3 the following conclusions can be reached. To build a
Grassmann diagram the innovation mathematical research model of the implemented central straight flow ACS of
operating cleanrooms was used. The Grassmann diagram allows computer estimation of exergy efficiency of the
existing ACS and exergy losses in its elements depending on different factors affecting its work. The Grassmann
diagram of exergy flows and losses for the existing ACS at outdoor air temperature 35 °C was built thanks to this
model, which provides an opportunity to estimate the relative exergy losses in ETS and to understand which kind of
losses we should reduce, which means gaining the most advantageous economical variant of exploitation of the
implemented ACS. The analysis of the Grassmann diagram for the central straight flow ACS of operating cleanrooms
shows that to increase the exergetic output-input ratio of this ETS it is necessary to reduce the exergy losses of the
refrigerating machine, the fan transporting the supplied air and the fan transporting extracted air.
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OuinoBanHs 3a niarpamoro I'paccmana
exceproeeKTUBHOCTI Ta BTPAT eKceprii
Yy CHCTEeMi KOHJAUIIIOBAHHS NMOBITPS ONepaniiiHuX YMCTUX KiMHAT

Hmutpo 'apacum, Bosogumup JlaGait

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

AHoTalifa

VY cydacHMX TEXHOJOTIsX, MOB’s3aHMX 3 meperBopeHHs M eHeprii, a came y CKII, BaxxuBe Micue 3aiiMaroTh
o0JiaiHaHHs 1 TIpoIecH, 00’ €KTHBHY OIIHKY CTYIIEHS! eHePIeTUYHOI JOCKOHAJIOCTI IKMX MO)KHAa BCTAHOBHUTH TIIbKU Ha
OCHOBI 1X TEpMOAMHAMIYHOro aHaiizy. HalmpocTimuM MeTOoJ0M TepMOAMHAMIYHOTO aHaJli3y € EHepreTHYHHU,
3aCHOBaHUI Ha 3aKoHI 30epekeHHs eHeprii. BiH nae 3Mory oiHUTH aOCONIOTHI 1 BiTHOCHI BTpaTH €HEprii, BUSBHTH
obnajHaHHS 1 mporecu 3 HaWOinbmMMu BTpaTtaMu. OMHAK IIel METOJ MPUPIBHIOE OJHMH 10 OAHOI'O LIHHOCTI BCIX
BUJIIB €HEprii, 30KpeMa i TEeIIOBOi, [I0 HENPaBWIBHO 3 MO3HMIIH IPYroro 3aKoHy TEPMOJMHAMIKH, OCKIIBKHA OYb-
KM BHJ €Heprii MOo)Ke MOBHICTIO IIEPETBOPIOBATUCH HA TEIUIOBY, 3BOPOTHHU JK€ IPOILEC CYMPOBOIKYETHCS
HEMUHYYUMH BTpaTaMu. BHKOpUCTaHO aBTOPCHKY IHHOBAliiiHY MaTeMaTH4Hy AOCIIAHUIBKY MOJIEIb BIPOBAIKEHOT
LEHTPAIBHOI MPSAMOTEUIiHHOI CHCTEMH KOHAMIIIOBAHHS IOBITPSl ONEpallifHUX YHCTHX KiMHAaT. Mera Momenmi —
KOMIT FOTEpHE OLIHIOBAHHS €KCepreTHYHOI e(heKTHBHOCTI IiI0U0i CHCTEMHU KOHIWIIIOBaHHS Ta BTpaT eKceprii B ii
eJIeMEHTaX 3aJIeKHO Bifl pi3HUX (haKTOpiB, IO BIUIMBAIOTH Ha ii poOOTy. 3aBASKU Ll MOJENI OTpUMAaHO Jiarpamy
I'paccmaHa MOTOKIB Ta BTpAT eKCepril [uisl Iil040i CUCTEMH KOHAMIIIOBAHHS 332 TEMIEPAaTypH 30BHIIIHBOTO MOBITPS
35°C.

KirouoBi cioBa: excepreTHuHuii OajlaHC, CUCTEMH KOHIUWIIOBAHHs TOBITPS, YHCTI KIMHATH, €KCEpreTUYHA
edekTUBHICTh; niarpama ['paccmana.



