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Abstract. The paper examines two methods of choosing the initial reference point for exergy of the moist air flow. The first
method is characterized by a zero exergy value at the current temperature and humidity of the outdoor air, which are variable
both in daily and annual periods. Another is characterized by constant values of parameters of moist indoor air (its tempera-
ture and humidity in the room). A comparative study has shown the advantages of the second method: greater stability
of values in air processing processes and their convenient presentation on exergy chart. However, it should be noted that this
method provides a non-standard technical representation in which the entire energy flow is reduced to zero. The climatic in-
formation (temperature and humidity of the outside air) for numerical-analytical experiment has been used from official open
sources. The city where the air conditioning system was supposedly installed is Stavropol. The research has been carried out
in the summer and cold periods of the year. It is assumed that there are not installed any large heat sources in the room and
the main heat sources appeared depending on the period of the year. Additionally, the air conditioning system was equipped
with a recirculation line from the serviced room with a mechanical ventilator. The recirculated air entered the mixing chamber
in the air conditioning unit which is reducing the consumption of heat energy in the cold season. There are the processes of air
conditioning on the Ramzin's h—d-diagram for warm and cold operational modes of air conditioning unit, the air conditioning
system under consideration.
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Pedepat. Uccnenyrorcss nBa MeToja BeIOOpa HAYaIBHOM TOYKM OTCUETa JKCEPTUH IIOTOKA BIIAKHOTO BO3myxa. IlepBerit
XapaKTepHu3yeTcs HyJIEeBbIM 3HAYEHHEM 3KCEpIruH NpH TEKyIIeH TeMIepaType M BIaKHOCTH Hapy>KHOTO BO3[yXa, KOTOpPbIE
U3MEHSIOTCSI KaK B CyTOUYHBIE, TaK U B TOJIOBBIE MEPUOABI, APYTOi — MOCTOSTHHBIMU 3HAYEHUSIMH N1apaMETPOB BIIAKHOTO BHYT-
pEeHHero Bo3ayxa (€ro TeMIepaTypsl U BIaXKHOCTU B roMenieHnn). CpaBHUTEIBHOE HCCIEIOBAHUE IT0KAa3aI0 IPEUMYIIECTBA
BTOPOr0 MeTOJa: OOJIBIIYIO CTaOMIBPHOCTh 3HAUCHUH B Ipoleccax oOpaboTKM BO3Ayxa M yNOOHOE MX INpEACTaBIEHHE Ha
JKcepreTuueckoit quarpamme. OfHAKO CleTyeT OTMETHTh, YTO JAHHBIH METOJ| JaeT HECTaHIapTHOE TEXHUYECKOE MpeCTaB-
JIeHHEe, B KOTOPOM BEeCh ITIOTOK PHEPTUH CBOIUTCS K HYIO. [l YHCIICHHO-aHAJMTHIECKOTO SKCIIEPHMEHTa HCIIOIb30BaIN
KIIMMaTHYeCKHe JaHHBIE (TeMIIepaTypy U BIaKHOCTh HApyXKHOTO BO3/yXa) U3 O(HIUATBHBIX OTKPEITHIX HCTOYHUKOB. ['opor,
rJie MPEANONIOKHUTENHHO ObllIa yCTAHOBJIEHA CHCTeMa KOHUIIMOHUPOBaHKs Bo3ayxa, — CtaBponous. [IpoBeneHune uccienosa-
HUM OCYyLIECTBIATIOCH B JIETHUH M XOJOAHBIM NepHoabl roga. [IpuHUMamM, 4yTo B NMOMEIIEHUH HET KPYIHBIX HCTOYHUKOB
TEIIIOTEI, & OCHOBHBIE U3 HUX INOSIBISIINCH B 3aBUCHMOCTH OT IIepHoJia rofa. JJOMOIHUTENPHO CHCTeMa KOHIUIIHOHNPOBAHHUS
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BO3JyXa 000pyIOBalIach PEHUPKYIIIUOHHON JIMHMEH M3 OOCIYy)KMBAeMOTO MOMEMIEHHS C MEXaHHIECKHM HOOYKICHHEM.
PenupkyaainuoHHsIil BO3AyX momajal B KaMepy CMENIEHHUs B MPUTOYHOI yCTAaHOBKE, TEM CaMbIM OOecreunBas COKpalie-
HHE pacxola TeIUIOBOM dHEPrHy B XOJOIHBINH mepuox roga. IIpuseneHsl npoueccsl 00paboTku Bo3ayxa Ha h—d-guarpamme
Pam3uHa 171t TEIUIOrO M XOJOMHOTO PEXUMOB PAOOTHI IPUTOYHON YCTAHOBKHU, PacCMaTpPUBAEeMOIl CHCTEMBI KOHIUIIHOHUPO-

BaHUs BO3ayXa.
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Introduction

As a rule, the analysis of energy parameters
of air conditioning systems is carried out using the
balance method, taking into account only the first
law of thermodynamics. The drawback of this
method is that it does not differentiate types of
energy and their energy value in relation to the
environment. The very concept of the environment
is hidden in the analysis, and the strengths and
weaknesses of individual processes and sectors of
the energy-consuming system are not disclosed.
Therefore, the method of thermodynamic analysis
using the concept of exergy (a workable part
of energy) has, in our opinion, insufficiently em-
ployed reserves.

The classical development of the exergy me-
thod of thermodynamic analysis was commenced in
the end of the XIX century (A. Stodola, L. Guye)
and continued during the entire twentieth centu-
ry (Z. Rant, Ya. Shargut, R. Petela, V. M. Bro-
dyansky, V. S. Martynovsky, S. S. Dolinsky and
others).

The exergy method of thermodynamic ana-
lysis is based both on the first and the second laws
of thermodynamics and allows to take into ac-
count the quality of energy in terms of obtaining
a useful effect under specific environment condi-
tions (t and d) [1-4]. Based on the evaluation of
purely physical processes, the exergy method
allows to find the most important areas of applica-
tion of energy-saving engineering [5-8] and to
define new technical requirements for air condi-
tioning systems ensuring their “innovative” deve-
lopment [9]. At the moment, the method under
consideration has found application in many bran-
ches of industry [10-12].

Although the state of the system with the mi-
nimum potential difference relative to the envi-
ronment has traditionally been selected as the refe-
rence point for exergy, this choice is complicated
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in case of air conditioning systems because there is
no stability of environment conditions [13-15] and
the value of exergy increment of air flow is sign-
variable.

Methods of exergy efficiency assessment

Efficiency of major units of air conditioning
installation. While attempting to assess the effi-
ciency of the air conditioner unit, it is necessary
to correlate the exergy difference of the moist air
flow (useful effect in this unit or device) with the
exergy expenditures, which include exergy diffe-
rences of heat transfer medium, mass transfer,
electrical capacity of pump drives, ventilators or
other means for creating differential air pressure in
the conditioner units or in the ductworks.

Formation of the exergy balance in the mixing
chamber can result in the following expression:

Ex +G, +EoG, =(G, +G, ) Ey. (1)

where Er — exergy of the moist air flow in the
room; G, — mass flow of the recirculated air; Eg —
exergy of the moist outdoor air flow; G, — mass
flow of the inlet air; Ey — exergy of the air flow
mixture.

After simple algebraic transformations and
with regard to the zero reference level of exergy,
introduced earlier

G,Ey =(Eo —Ey )G @)

The right-hand member expresses the useful
effect of the process of air flows mixing, and the
left-hand member expresses the expended air exer-
gy. Taking into account the expenditures of the
electrical energy, it is possible to formulate the
exergetic efficiency factor for the mixing chamber
in the winter season in the form of the following
expression:
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< _ G, (Eo —Ew)
mixing chamber GrEM + NrGr + N5 (Gr +GI )

» (3)

where N; — energy expended by the recirculating
ventilator; Ns — amount of energy of the suction
ventilator expended on the overcoming of aerody-
namic resistance of the air mixing chamber.

The notation should be introduced G,/G, = a.
Then the exergy efficiency factor for the mixing
chamber may be written as follows:

_ Eo —Ey
e .. = !
mixing chamber aEM + aNr + N5 (1+ a)

(4)

where a — ratio between G, and G,.

In the summer season (due to the heating of air
in the recirculating duct) the expression (4) will be
written as follows:

- S0~ Eu @

a(Ey —Eg) +aN, +Ng(1+a)

emixing chamber

The air heater efficiency is the ratio of the air
exergy change to the change of heat transfer me-
dium exergy and the expended electrical energy

g — AEair , (5)

calorifier
AEheat transfer med + sz4

where AE,; — difference between exergy of air flow
mixture and air before air washer; AEpeat transfer med —
the change of heat transfer medium exergy; N,4 —
expended electrical energy ensuring the operation
of this unit.

The air washer efficiency is the ratio of the air
exergy difference in this unit to the change of wa-
ter exergy and the expended electrical energy

— AEair(l)

€ = (6)

air washer l
AEwater + N3

where AE,q) — difference between exergy of air
after air washer and air before air washer; AEater —
the change of water exergy; N; — aggregate expendi-
tures of electrical energy of pumps, ventilators, and
other devices ensuring the operation of this unit.
Exergy efficiency of the air conditioning sys-
tem. The efficiency of the air conditioning system
in a simplified form can be assessed by the correla-
tion of the change in the inlet air exergy (condi-
tioning process, which is useful, assimilating heat-
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and-moisture excesses in the room) with the
change of exergy immediately after the ingress of
air in the air conditioning installation until the exit
of air from it.

The simplified analytical expression of the effi-
ciency is written as follows:

E, - Eq

e = ,
Eo -

()

where E, — exergy of the moist air flow at the en-
trance to the room.

Taking into consideration the zero level of
exergy, taken in this paper as Er = O:

E,

g= :
EO_EI

(8)

|AE,|

g= .
|AE, |+ |AE,| + |AE,| +|AE;|

(9)

As the reference level of exergy, taken by us,
is constant, there is no need to recalculate all
the values of the flow exergy in the context of
the change in the outdoor air parameters, only
the E;, or AE; should be recounted.

With regard to expressions (4), (4", (5) and (6)
the exergy efficiency of the air conditioning sys-
tem can be represented as a chart (Fig. 1), where
values of expended exergy are singled out on the
X-axis, and values of useful exergy are singled out
on the Y-axis.

In the summer season the preheating air heater
is turned off, however, it creates the aerodynamic
resistance to the movement of the air flow. Thus,
N, expresses the fraction of the electrical energy

of the ventilator, required for the overcoming of
the aerodynamic resistance of the turned off air
heater. The aggregate expenditures of the electrical
energy by the ventilator can be written as follows:

N, + N, + N; + N, + Ng = Ng, (10)

where N; — expenditure of electrical energy of the
ventilator on the overcoming of the aerodynamic
resistance of the ductwork (authors decided not to
include this expenditure due to its extremely spe-
cific calculation); N, N3, N4, N5 — expenditures of
the electrical energy of the ventilator on the over-
coming of the aerodynamic resistance of the reheat
air heater, air washer, preheating air heater and
mixing chamber.

Hayka
uTexHuka. T. 21, Ne 1 (2022)



Civil and Industrial Engineering

€useful | Winter season
IAE:| 190, = Eaporifierz,
t 2
Oy = B
|AE3| go mixing chambey,, 7~

|AE4| 190, = Beatorifiers

tgas = émixing/
|AEs| -

Ols |

(aEy + aN, +
+Ns(a+ 1))

AERA N4 AER3 N3 AERZ N2 eexpended

Air movement direction

in the air conditioning system

Cuseful Summer season
AE;| tgoh = Ealorifier2
oy
lAEél tgaé = émi><ing chamber /
1 a3
AE -
ag 905 = Brixing

(a(EM—ER)+aN,+ N; AE{“ Né AE;;Z Né €expended

+Ns(a + 1))
Air movement direction

in the air conditioning system

Fig. 1. Graphical determination of the air conditioning system efficiency

The results from expressions (4), (4, (5)
and (6), as well as Fig. 1 that in order to increase
the exergy efficiency of the air conditioning sys-
tem it is necessary to reduce the amount of the ex-
pended electrical energy. It can be achieved by the
reduction of aerodynamic resistances of units of
the air conditioning system, hydraulic resistances
in the air washer, optimization of the ventilator
performance. This analysis is most appropriate to
be conducted precisely when selecting the zero

from 20 to 100 %. Such an amplitude of tempe-
rature and humidity fluctuations leads to incon-
venience in calculating the exergy -efficiency
of systems and equipment for creating a given air-
thermal microclimate. It is also difficult to com-
pare effectiveness of the different versions of sys-
tems. It has been considered the change in state
of the Stavropol climate region. There are the cli-
matic data from official open sources in Fig. 2, 3.

30
reference point of exergy in the attended room, . |
since this makes it convenient to graphically and 20
analytically depict the exergy efficiency of the air S 15
conditioning system. g
& 101
Results and discussion. “é 5
Rationale for introduction (- ]
of the new reference point for exergy . A
Depending on the area of construction, ~10
the average daily temperature difference can ex- 1 2 3 4 5 6 7 809 101 12
° —=—average temperature (mght), °C Month
ceed 10 °C, and the average annual tempera- ——average temperature (day), °C
ture can exceed 50 °C. Relative humidity varies Fig. 2. Averaged climate data for Stavropol
120
%
100
80 Il
60 |
40
20
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 3. Chart of the average annual relative humidity outdoor air for Stavropol
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In general terms, the effect of changing the pa-
rameters of exergy reference point can be shown
in the h—S-diagram (Fig. 4).

h

€2

€1

az

To2(B3— So2)

| ,«A
oy

hot T

Tor(S3— Sor)

0 So1 So2 S3 S
Fig. 4. Change of the outdoor air exergy value
through changes in climatic parameters

In general terms, according to the definition
of the exergy of flow:

& _ Cy (Ts _T01)_T01(33 _801) A1 (11)
€& C (T3 =To2) —Too (S5 =Sz

where e; — exergy of the lower limit of the ampli-
tude of fluctuation of temperature or humidi-
ty, k/kg; e, — exergy of the upper limit of the am-
plitude of fluctuation of temperature or humidi-
ty, kJ/kg; ¢, — heat capacity of moist air at constant
pressure, kJ/(kg-K); T3 — temperature of the flow
of moist air, K; To; — ambient temperature of the
lower limit of the amplitude of climate fluctua-
tion (tgo), K; To, — ambient temperature of the
upper limit of the amplitude of climate fluctua-
tion (tga), K; Sz — entropy of the flow of moist
air, ki/kg; So; — entropy of the environment of the
lower limit of the amplitude of fluctuation of cli-
mate parameters, kJ/kg; So, — entropy of the envi-
ronment of the upper limit of the amplitude of
climate fluctuation, kJ/kg.

Thus, it follows from expression (11) that the
same flow of moist air has a different exergy value
due to a change in parameters of the exergy refe-
rence point. We will determine within what limits
this change in exergy can be wrong. Exergy of
a moist air flow (ey,) is calculated by the formula
from the publication [16]:
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e, =T, {G—X—l— In I_XJ(C') +0,Cp e ) +

0 0 (12)
iR, (O,622+dx)lnw+dxlnd—x ,
(0,622+d,) p, d,

where ey, — exergy of a moist air flow; T, — tem-
perature of the flow of moist air, K; Ty — ambient
temperature, K; d, — moisture content of the flow
of moist air, kg/kg; Cyair — isobaric heat capaci-
ty, J/(kg-°C); Rair — universal gas constant for dry
air, J/((K-mol); dq — moisture content of the envi-
ronment, kg/kg; px — pressure of moist air in the
flow, Pa; p, — atmospheric pressure of the envi-
ronment, Pa.

Using formula (2), we will calculate the exergy
of the flow relative to the extreme values of fluctu-
ation of characteristics of moist air and compare
with the exergy relative to the constant indoor pa-
rameters (eq). To do this, let us set a flow of moist
air with the parameters: t = 30 °C, ¢ = 60 %. When
using the exergy analysis in air conditioning sys-
tems, it is necessary to choose not only the tempe-
rature but also a representative value of humidity
in the room which is constant and ensures comfor-
table conditions for people. The results of calcula-
tions with the selected parameters are summarized
in Tab. 1.

Table 1
Value of exergy of a flow of moist air relative

to the extreme points of fluctuation in climate
and air parameters in the room

Season Summer Winter Air
parameters
Time of day | Night | Day | Night | Day |in the room
t,°C 17 27 -7 0 20
d, g/kg, dry air | 9.668 | 8.889 | 1.773 | 3.000 7.260
0, % 80 40 80 80 50
e, kJ/kg 0.520 | 0.332 | 5.000 | 3.320 0.697
eleg 0.75 | 048 | 7.17 | 4.76 1.00

Tab. 1 shows that ratio e/e, ranges from 0.48
to 7.17. The above data indicate that it is necessary
to carefully justify the choice of the reference point
in open systems. According to the authors, the in-
ternal air environment of a building with air pa-
rameters maintained at an almost constant heat and
humidity level (Fig. 5) can be used as the possible
definition of the zero level of exergy.
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Fig. 5. Representation of heat and moisture balances in the room during summer and winter seasons

Fig. 5 uses the following notation: Q;, Ad; —
heat and moisture transport realized by the air con-
ditioning system; Q,, Ad, — heat and mass ex-
change of the room with the environment (heat
input, heat loss and moisture penetration during
summer or winter season); Qs, Ad; — excess heat
and moisture inside the room during winter or
summer.

This constancy of internal parameters is
achieved by the operation of heating, ventilation
and air conditioning systems. The operation of one
of the simplest air conditioning systems [17-19]
(Fig. 6) for the summer and winter seasons on
the basis of the entered exergy reference point can
be represented by the diagram shown in Fig. 7.
Fig. 6, 7 uses the following notation: O (O’) — pa-
rameters of outdoor air during winter (sum-
mer) season; M (M’) — air parameters at the outlet
from the mixing chamber during winter (summer)
season; C — air parameters at the outlet from the
preheating calorifer; W — air parameters at the out-
let from the air washer; | — air parameters at the
outlet from the reheat calorifer (inlet air); R — air
parameters in the room; R’ — air parameters in the
recirculation air duct (it is assumed that the process
R-R’ goes along d = const, that is, the temperature
gradient in the room is not taken into account;
since the air intake for recirculation comes
from the working area of the room, when accoun-
ting for it the process R—-R’ goes along & = const);
Einer — exergy of the inlet air flow; AE; (AE]) —

variation of exergy of the moist air flow (the pro-
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cess of its conditioning) during winter (summer)
season; AE, (AE,) — variation of exergy of the

moist air flow in the reheat air heater during winter
(summer) season; AE; (AE;) — variation of exergy

of the moist air flow in the humidifier during
winter (summer) season; AE, — variation of exer-
gy of the flow of moist air in the preheating
air heater (AE,— turned off during summer sea-

son, but creates aerodynamic drag); AEs (AE.) —

variation of exergy of the moist air flow
in the mixing chamber during winter (summer)
season.

R

Conditioned room

]

Reheat air heater

Air washer Recirculation

. r fan

Y/ S —

0]

ok

Intake fan LT A
/Mixing chamber

Preheating calorifer

Fig. 6. Schematic diagram of air conditioning
during winter season with the recirculation (before heater)

Representation of the process of heat and mois-
ture treatment of the inlet air in the h—d-diagram is
shown in Fig. 8, 9 [20].
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Fig. 8. Representing the process of air conditioning

during winter season with recirculation
in the h-d-diagram
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t = 15

tw=5

e = 04473
hw = 18.06

d, gr/kg

Fig. 9. Representing the process of air conditioning
during summer season with the recirculation
and second heating in the h—d-diagram
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CONCLUSIONS

1. The proposed reference level of the exergy
has a number of advantages in comparison with the
variable reference point according to the outdoor
air parameters. The most important advantage is
the greater stability of the values and marks of the
air exergy flow. This fact makes it possible to sim-
plify the calculations of the efficiency of the air
conditioning installation as well as its units. Also,
the reference level of exergy proposed in this paper
is close in its parameters to the commonly applied
parameters of the so-called “technical” atmosphere
and allows building a new diagram of the change
in the exergy of the flow in the air conditioning
system.

2. The analysis shows that the increase in the
exergy efficiency of the air conditioning system
and its units depends primarily on the reduction in
expenditures of electrical energy and optimization
of processes in the heat-and-mass exchange appa-
ratus of air handling. First of all, it concerns such
units as the mixing chamber and the air washer.
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