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Matematiéni model za izracun eksergije vlaznega zraka

Mathematical Model for Calculation of Humid Air Exergy
PETAR DONJERKOVIC - IGOR BALEN - IVAN GALASO

V tem ¢lanku je obravnavan teoreticni model eksergije vlaZnega zraka, ki je osnova za
matematiéni model in ustrezen racunalniski program. Matematicni model je uporabljen za graficno
predstavitev in analizo spreminjanja eksergije kot funkcije temperaturnih sprememb e = f{9) in
eksergije kot funkcije spreminjanja absolutne viainosti e = fix).

Kljutne besede: eksergija, zrak vlaini, modeli teoretiZni, modeli matematini

In this paper the theoretical approach to humid air exergy the basis for a mathematical model
of calculation, and the corresponding computer program that have been developed. The mathemati-
cal model has been used for graphic presentation and the analysis of the calculation results of the
exergy change as a function of the temperature changes e = f{9), and exergy change as a function of

absolute humidity changes e =f (x) has been carried out.

Keywords: exergy, humid air, theoretical models, mathematical models

0 UvoD

Eksergija vlaznega zraka je lastnost, ki vkljucuje
veliCine suhega zraka in viage. Za izradun eksergije
vlaZnega zraka je bistvenega pomena definicija stanja
okolja. Znano je, da se razmere v okolju spreminjajo.
Nekateri avtorji definirajo za potrebe svojih izraéunov
tako imenovano "referenéno ni¢lo pogojev okolja" z
4 =0°Cinx =0, medtem ko drugi avtorji predlagajo,
da ne bi definirali asnovnih pogojev, paé pa da bi jih
prevzeli glede na realne pogoje obravnavanega
sistema.

Ceprav je okolje hranilnik toplote, na katerega
ne more vplivati drugi hranilnik toplote, le to ne
vsebuje fasovne konstante termodinamiénih pogojev.

Zaradi relativno majhnih sprememb tlaka v
klimatizacijskih sistemih z zrakom uporabimo za
potrebe definicije izobarno spremembo vlaZnega
zraka. UpoStevajog, da je cksergija vlaZnega zraka
za razmere v okolju enaka nié, je prvi robni pogoj
matematiénega modela enak:

0 INTRODUCTION

Humid air exergy is a conditional property
which assumes constant values of the contents of
dry air and humidity. In the calculation of humid air
exergy the knowledge, i.e. definition of the environ-
mental condition is of extreme importance. However,
it is known that the environmental conditions are
changing. Some authors define, for the needs of their
calculation, the so called "reference zero environmen-
tal condition” where & =0 °C and x_ = 0, whereas
other authors suggest that the basic condition should
not be determined but should be adapted according
to the real condition of he analyzed systems.

Although the environment is a thermal reser-
voir whose condition cannot be influenced by another
one, this does not assume the time constancy of its
thermodynamic condition.

Due to the relatively small pressure changes
in the air-conditioning systems, for the needs of the
calculation, the isobaric change of the humid air con-
dition can be assumed. Assuming that the humid air
exergy for the environmental condition vanishes, the
first boundary condition of the mathematical model
would be:

e, =0 (1)

Drugi robni pogoj dobimo iz predpostavke, da
se eksergija kot velitina okolja ne spreminja:

The second boundary condition is derived from
the assumption that the exergy, as an environmental
property, does not change:

de, =0 @.
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Stanje vlaZnega zraka kot mefanice suhega
zraka in vlage je definirano s tlakom p, temperaturo
T in absolutno vlaznostjo x. Podobno sta tudi entalpija
in entropija odvisni od teh vrednosti:

The humid air condition, as a mixture of dry
air and humidity, is determined by the pressure p,
temperature I"and absolute humidity x. As in the case
of humid air, entropy and enthalpy depend upon the
same values:

h=h(p,T,x) (3).
s=5(p,T,x)

Iz tega izhaja, da je cksergija vlaZznega zraka,
definirana z enaébo:

Cllen) = hy, —hy — Ty (s, _Snﬂ}-"x[hd —hgo — Ty (s, —*ﬁm}]

funkeija tlaka, temperature in absolutne vlaZnosti
oziroma koncentracije vlage, upostevajot, da je
konéna sprememba pogojev definirana kot:

e=e,=h=-h -T,(s-5,)

Skladno s Szargut-Styrylsko [8] obi¢ajni model
za izratun eksergije vlaZnega zraka ni veljaven za
binarne zmesi, pri katerih je uveden model za izrafun
eksergije zraka, ki vsebuje fizikalni in kemiéni del.
Resitve so podane v nomogramih, ki zaradi podroéja
vrednosti niso uporabni za klimatizacijsko tehniko.
Neuporabnost teh rezultatov je bil motiv za pisanje
tega Elanka, ki posku3a utemeljiti matematiéni model
7a eksergije vlaZnega zraka za naslednje podrogje:

Hod-25°Cdo 50°C
xod 0do 0,025 kg, kg,
(v - voda, z - zrak)

5 konstantnim tlakom 100 kPa.

1 IERACUN VREEDNOSTI
VLAZNEGA ZRAKA

Ko so robni pogoji (1) in (2) zagotovljeni, je
eksergija termodinamiénih pogojev za vlaZni zrak v
razmerju z razmerami v okolju prikazana v enaébi:

€l1sx) =h—| by +[%J ey

S

kjer

(ﬁ*“ J (£-%)

0
o T0,p0
pomenijo korekcijske faktorje, ki v binarnih zmeseh
upostevajo spremembe koncentracij vlage, pri katerih
entalpijo in entropijo vlainega zraka lahko izratunamo
iz naslednjih obrazcev:

It follows that humid air exergy, defined by
the equation:

(4),

is the function of the pressure, temperature and ab-
solute humidity, or humidity concentration as well,
taking into consideration that the final change of the
condition is defined as:

(5).

According to Szargut-Styrylska [8], the clas-
sical model for the calculation of the humid air exergy
does not apply for binary mixtures, and a model of
the air exergy calculation consisting of a physical and
chemical parts is being introduced. Their solutions
are shown in nomograms, which, due to their field of
values, are not licable in the air-conditioning tech-
nique. The inability of application was the motive for
taking up this investigation which attempted to estab-
lish a mathematical model for calculation of the hu-
mid air exergy in the following field:

3 from -25 °C to 50 °C
x from 0 to 0.025 kg, ke,
(w - water, a - air)

with a constant air pressure of 100 kPa.

1 CALCULATION OF THE HUMID AIR
PROPERTIES

When the boundary conditions (1) and (2) have
been fulfilled, the exergy of a thermodynamic condi-
tion of humid air in relation to the environmental con-
dition can be shown by the equation:

v i%ﬂ'
~L 5| %+ a mlﬂ['f"'fn] (6),
where

ﬁ] .

et

10, p0
represent correction factors which in binary mixtures
take into consideration humidity concentration
changes, while humid air enthalpy and entropy can
be calculated from the following formulae:
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Z uporabo metode najmanjiih kvadratov z
linearno odvisnostjo od temperature uparjanja I je
uparjalna toplota r, nad 0 °C:

r,=3140962-2,345T,

medtem ko je z enakim postopkom sublimacijska
toplota pod 0 °C:

r,=2877,560-0,158T

Iz navedenega izhaja, da je eksergija vlaZznega
zraka lahko prikazana kot funkcija temperature in
absolutne vlaZnosti vlaZnega zraka in razmer v okolju:

EU-:; =I(T! Xy Il.l'lxﬂ}

Povezava med absolutno vlaZnostjo x,
reducirano na 1 kg suhega zraka in koncentracijo vlage
& reducirano na 1 kg suhega zraka in me%anico viage,
je predstavljena kot:

T 1-x

Iz pregledniénih vrednosti za T’ in x_ lahko
dolo¢imo analiti€éno odvisnost z metodo najman;jsih

kvadratov. Z dvema logaritmi¢nima funkcijama je
aproksimacija za naslednje primere:

T 4 T /g
=Cp InF+xd F+£‘N an +x,¢, In—-x,
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(7),

T (8).

[ o -, In J
27315 27315

1

Using the method of the least squares, with a
linear dependence upon the saturation temperature
I, the heat of vaporization r, above 0 °C equals:

(9).

whereas by the same procedure the heat of sublima-
tion below 0 °C equals:

(10).

From the above it follows that the humid air
exergy can generally be shown as a function of the
temperature and absolute humidity of optional humid
air condition and environmental condition:

(11).

The connection between the absolute humid-
ity x, reduced to Ikg of dry air and the humidity
concentration £ reduced to 1 kg of dry air and hu-
midity mixture is shown as:

X

(12).

From the table values for T’ and x_the analyti-
cal dependence of these properties can be determined
by the method of least squares. By two logarithmic
functions the approximation for the following cases
is:

a) 0 <x <0,00378 kg./kg, a) 0 <x < 0.00378 kg, /kg,

T, =329,428+10,2953Inx, (13),
b) x > 0,00378 kg, /ke, b) x> 0.00378 kg, /ke,

T, =360,725+15,7850Inx, (14),

ki sta enacbi za dve &rti uparjanja v diagramu h,x. Ce
Jeabsolutna vlaZnost x prikazana kot funkcija relativne
vlage @in tlaka uparjanja p . potem lahko za naslednja
obmodéja zapifemo:

a)0<x<0,00378 kg kg,

x=0,622 3

W F:II
ﬂ{]{]—-{ﬂ Py

which are the equations of the two saturation curve
lines in an h,x-diagram. If the absolute humidity x is
shown as a function of relative humidity ¢ and satu-
ration pressure p , then for the following intervals it
can be written:

a) 0 < x < 0.00378 kg./kg,

(15)
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b) x> 0,00378 kg./kg,

x=0,622-

¢} pﬂ

b) x> 0.00378 kg /ke,
(16).

1000-¢ p,,

Najvedji odmik od pregledni¢nih vrednosti za
obmotje 0 < x < 0,00378 kg /kg, je 0,38 %, medtem
ko je za obmodje x> 0,00378 kg /kg. najvedji odmik
0,3 %5, kar je zadovoljivo za tehniéne izratune. Boljse
rezultate lahko doseZemo, ¢e povezavomed I inx,
aproksimiramo s polinomom n-tega reda namesto
logaritmiéne funkecije. V tem primeru zapletenost
izraduna vlaZnega zraka narad¢a brez oitnih razlik v
konénih rezultatih.

Tlak uparjanja p_ kot funkeijo temperature 9
lahko definiramo z uporabo podatkov v preglednicah
za paro z metodo najmanjiih kvadratov:

a)za-25C < #<0C

Py =6 mg_m:?.t:ﬁl.o.uss-s.msz-m" &

b) za 0 °C < 9< 50 °C

P _ﬁ”]S_lU.’-|.?|*-uu.1zw+a.4?m-m'*.9’
F o« S

Na obmo&ju -25 °C < 9< 0 °C je najvesji odmik
od pregledni¢nih vrednosti 0,06 %, ko je #= -15°C,
medtem ko je na obmoéju 0 °C < 8 < 50 °C najvedji
odmik 0,77 %, ko je 3= 46 °C. Da bi dosegli bolj
toéne rezultate, bi bilo treba uporabiti ve¢ manjgih
korakov.

2 ANALIZA 1ZRACUNANIH REZULTATOV

Na osnovi prej podanih enach je bil oblikovan
matematitni model za izratun eksergije vlaZnega
zraka. Ta je bil uporabljen kot model za radunalniski
program. lzra¢unani rezultati so podani na slikah
lin2.

Racunalnidki program omogoéa analizo
eksergije vlaZnega zraka kot funkcijo temperature
(sl. 1), pri kateri je absolutna vlaZnost parameter, ali
kot funkeijo absolutne vlage (sl. 2), pri kateri je pa-
rameter temperatura.

2.1 Eksergija vlaZnepa zraka kot
funkcija temperature

Eksergija kot funkcija temperature pod pogoji,
ko ima absolutna vlaZnost razliéne vrednosti in ko so
izbrane razmere v okolju & =20°Cinx, =0,007kg kg,
je prikazana na sliki 1. Krivulja je paraboliéna prek
opazovanega intervala v diagramu ter &rte, levo in

The biggest deviation from the table values for
the interval 0 <x <0.00378 kg./kg, is 0.38 %, while
for the interval x > 0.00378 kg./kg, the biggest de-
viation is 0.3 % which is sufficiently accurate for tech-
nical calculations. More accurate results could be de-
rived if the dependence of T and x_was approxi-
mated with a polynomial of the n-th order, instead of
a logarithmic function. In that case, however, the com-
plexity of calculation of the humid air exergy is in-
creased without any substantial differences in the fi-
nal results.

The saturation pressure p_as a function of a
temperature & can be determined following the data
in steam tables using the method of the least squares:

a)for-25°C < #<0°C

bl

(17),

b) for0°C < 8<50°C

4

(18).

At the interval -25 °C < 9 < 0 °C the biggest
deviation from the table values is 0.06 % when
#=-15 *C, whereas at the interval 0 °C < §< 50 °C
the biggest deviation is 0.77 % when §=46°C. In
order to get more accurate results it would be neces-
sary to approximate several smaller steps.

2 ANALYSIS OF CALCULATION RESULTS

On the basis of the previously given equations,
a mathematical model for calculation of humid air
exergy has been formulated. It was used as a model
for the computer program. The calculation results are
presented in the diagrams in figures | and 2.

The computer program enables the analysis
of humid air exergy as a temperature function
(Fig. 1) where absolute humidity is an optional pa-
rameter, or as an absolute humidity function (Fig. 2)
where temperature is an optional parameter.

2.1 Humid Air Exergy as
Temperature Function

Exergy as a temperature function, under con-
ditions when the absolute humidity has different val-
ues and when the chosen environmental condition
equals 4 =20 °C and x = 0.007 kg,/kg,, is shown in
Figure 1. The curve is parabolic along the observed
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desno od okoljskih pogojev, se bistveno ne razlikujejo.
Tako lahko reéemo, da so érte priblizno paraboliéne.
Kot tangente na krivuljo lahko dobimo z odvodom
eksergije glede na temperaturo in z dologitvijo kota v
posameznih tockah. Odvajanje eksergije glede na tem-
perature, kjer je x = konst je zelo zapleteno, tako so
tangentni koti definirani z manj komplicirano
Newtonovo interpolacijsko formulo. Ko primerjamo
tangentna kota z obema krivuljama, lahko ugotovimo,
da je levi bolj pokonéen kakor desni.

Iz tega lahko povzamemo, da potrebujemo
enako koli¢ino eksergije za ogrevanje in hlajenje zraka,
kjer je x = konst.

Drug pomemben sklep, ki ga lahko potegnemo
iz analiz krivulj, je dejstvo, da je eksergija izobarnih
procesov vedno pozitivna. Eksergija vlaznega zraka
Jje enaka ni¢ samo v primeru, ko so razmere
opazovanega vlaZnega zraka enake razmeram v
okolju, ko sta 3= & inx =x_,

5,60
klkg

4,80

4,00

las
bt
E=

B
=

eksergija / exergy

1,60

0,80
- 0002

NN

7

=10,00 10,00 30,00 50,00
temperatura / temperature °C

0x=0,002 kg./kg.(kg./kg.)
Ax=0,004 kg/kg.(kgw/kgs)
% x = 0,007 kgo/kg.(kgo/kg.)
0x=0012 kg ke, (kg./ke)
+x=0,015 kgokge(kgo/kg,)

Sl. 1. Eksergija viainega zraka kot
JSunkcija temperature
Fig. |. Humid air exergy as
a temperature function

0,00 -
=30,00

70,00

interval on the diagram, and the lines - both left and
right from the environmental condition - do not sub-
stantially differ. Therefore, it can be said that these
lines are approximately parabolic. The tangent angle
on the curve could be determined by exergy deriva-
tion according to the temperature and by determining
the value of the angle at certain points. However,
exergy derivation according to the temperature where
x = const is very complex, so the tangent angles are
determined by the less complicated Newton’s inter-
polation formula. When comparing tangent angles of
both curve lines it was shown that the left one is slightly
more vertical than the right one.

From this we can conclude that, as far as air
heating and cooling is concerned, whenever x = const
approximately the same quantity of exergy is needed.

Another important conclusion which can be
drawn from the analysis of the curves shown is the
fact that the exergy in isobaric processes is always
positive. Humid air exergy vanishes only in the cases
where the observed humid air conditions correspond
to environmental conditions, when 9= .9‘__ andx= )

5,60
klkg
4,80
4,00
E *
:.-.E 3,20
= i
3 z,lul\ f’z -
i Z A2
Mo [t /A A
1,60 T*
\ :{ z{t j’
i ,;;f,;/g. “ofc
fr
i
0,00 ¥t
0,00 0.08 016 0,24 032 0,40
absolutna viafnost 0,1 kg./kg.
D9=-10°C absolute hl.i.ﬂ'llliit}" 0.1 kgnﬂig-
AfS= 0°C
x G= 12°C
a = 20°C
+ 8= 36°C

SI. 2. Eksergija vlainega zraka kot funkcija
absolutne viage
Fig. 2. Humid air exergy as absolute humidity
Junetion
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2.2 Eksergija vlaZnega zraka kot funkcija
absolutne vlainosti

Ce sledimo vrednostim programa za izbrane
razmere okolja, potem je eksergija kot funkcija
absolutne vlaZnosti za razliéne vrednosti parametra
Y prikazana na sliki 2.

Kakor je prikazano v diagramu, so krivulje na
levi bolj pokonéne od desnih, Videti je tudi, &e je
temperatura viija, potem je viiji tudi minimum. Ker
jetapojav bolj viden na sliki 1 kakor na sliki 2, potem
lahko povzamemo, da na cksergijo bolj vpliva
sprememba absolutne vlaZnosti kakor sprememba
temperature zraka.

3 SKLEP

Proces klimatizacije je sestavljen iz vrste
osnovnih procesov sprememb vlaZnega zraka.
lzradun, predstavljen v tem ¢lanku, definira eksergijo
razli€nih zaéetnih in konénih stanj opazovanih
procesov. Eksergijo s pozitivnim in negativnim
predznakom lahko izrafunamo iz izvedenih metod,
odvisno, na katerem delu krivulje je opazovani viazni
zrak, oziroma glede na okoljske razmere, ali krivulje
rastejo ali padajo iz zafetnega do konénega stanja.

Iz dobljenih rezultatov lahko sklepamo, da za
gretje in hlajenje vlaZnega zraka, kjer je x = konst,
potrebujemo enako koliino eksergije za enako
temperaturno razliko.

2.2 Humid Air Exergy as an Absolute
Humidity Function

Following the values from the program for a
chosen environmental condition, exergy as an abso-
lute humidity function for different values of the pa-
rameter 2 is shown in Figure 2.

As is shown in the diagram, the curve to the
left of the environmental condition is more vertical
than the right one. It can be also seen that, if the
temperature is higher, the curve minimum is higher
too. As this phenomenon is more evident in Figure 1
than in Figure 2, it can be concluded that exergy is
more influenced by the change of absolute air hu-
midity than by the change of air temperature.

3 CONCLUSION

Air-conditioning processes consist of several
basic processes of humid air condition changes. The
calculation presented in this paper determines the
exergy by different starting and ending air conditions
in the observed process. Exergy, either with a posi-
tive or negative sign, can be calculated using the es-
tablished method, depending on which part of the
curve (Fig. 1. and 2.) the observed humid air condi-
tions are placed, i.e. whether in relation to the envi-
ronmental condition the curve rises or falls from the
starting to the ending condition.

It can be concluded from the results obtained
that for the humid air heating and cooling process,
when x = const, approximately the same quantity of
exergy is needed for the same temperature differ-
ence.
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