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ABSTRACT

New and simple methods are presented for predicting
the thermodynamic properties of freons . Thase
methods had been tested by using the datae of the
refrigerants Ri23b , R134a ,R32 and many others and
gave good accuracy specially in the range { 0.9¢F /
Te ¢ 1.25 1 which is the range of refrigeration and
aivr conditiconing applications . also the accuracy of
the presented methods is very good in comparison with
other methods
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INTRODUCT ION

Montreal Protocol [ 1° ] calls to restrict the
production of certain fully halogenated chlorofluoro-
carbon (CFC) refrigerants . Several programs are
underway for evaluating the alternative refrigerants
, that closely match the existing original
refrigerants . Alternatives may be a pure component,
a binary mixture or even triple azeotropic mixture
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In [ 15 ] it is mentioned that alternatives for
R22 are R134a , a ternary azeotropic mixture R407C
( 23%R32 , 25%R12% , 52% R134a by weight } . and R410B
( 35%R3I2 , 85%R125 by weight ) . It is very important
to use theoretical work to decrease the area of
searching before role of experimental work

an equation of state { 65 ] for tnhe Lennard =Jones
Fluid (LIF) had been derived in the form of modified
Benedict-Webb-Rubin equation(BWR), has 33 constants,
and valid for 0 £ p£1.2 ,and 0.5=2T7T = 6.0
Nicolas equation of state for the Lennard Jones Fluid
has the form

2 1 S t27+4) —ypz
= T+ . + . . i
P p-T Ea&cn e L c.:(-n © (1)
i=2 J=1
where ' H s
D : density = p #——u———  , Kg/m (2)
Na%*S
] _ RRE _
P : pressure = P NS , kPa (3)
T : the reduced temperature = F /E {4)

The objective function is a function of vector X
containing the individual parameters of the refrig-
erant . This function ig optimized and at itz minimum
condition ( i.e. the minimum cleviation between
experimental properties and the calculated ones } ,
the values of vector X are found . The form of the
ob jective functien is very important and affects the
accuracy of representing the experimental data

Mazur et al [ & ] suggested two methods which had
bean tested beyvond the range of experimental data and
also for the liquid region . First method based on
minimizing the difference between the experimental
values of pressures and the calculated ones at the
same isothermal line . :.This method has very, poor
accuracy in representing saturation properties
The second method based on minimizing the differences
betuween the experimental values of saturated pressure
and densities and the calculated ones . The data of
critical point of a refrigerant mar be used to find
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the individual parameters of an equation of state

The calculated quantities by this method would have
large relative error specially away of the critical
point . In all previous methods the conditions of

phase equilibrium are not fuifilled , need large

number of data and their accuracy in calculating the
properties bevond the used data is poor

In [ 7] a method based on the minimum deviatien
between the experimental saturation properties and
the calculated ones by using the equation of state
at certain temperature and alsoc fu.fills the phase
equilibrium conditions of the equation of state was

used . The suggested method achieves the minimum
deviation between the model saturation line and that
of the refrigerant away of the critical zone . This

method is based on knowing the saturated properties
(pressure ,specific volume of both liquid and vapor},
80, it needs less number of data . Its accuracy in
representing saturation properties is good, fulfills
the conditions of phase equilibrium , its accuracy in
calculating the properties bevond the used data is
good . On the other hand , il is not simple , the
solution is not easy and needs long time . All

'previous methods cannot be used for predicting the

unknown thermodynamic - properties by knowing  two
saturated properties only :

The main purpose of this work is to realize methods
for predicting. the thermodynamic properties of not
well studied freons according to the - type of
information available

CALCULATING THE SATURATION LINE PARAMETERS OF L[JF

The conditions of eguilibrium are

TL = Tv ' pL'= Pv ? uL - uv ) (s)
For pure components the chemical potential equals the
Gibbs function G. . For finding the saturation

parameters at a temperature T , the used ijective
function is @

F(Y) = (A1 - A2 )2+ ( a2 -~ a3 )% (a3 - a1 Y2 (&)

- 73 -



Where : ‘ : . ‘
AL = P, *( 1/pv.~ 1/ P ? &

A2

it

. B
P, ® 1/p, - 1/ p ) & A3 =VIPdv ., (7)
Y(1)=p & Y(2)=p (8)

THE SUGGESTED OBJECTIVE FUNCTIONS

According to the type of ths available information
,the obijective function is suggested as follows

1~ THE THREE SATURATED PROPERTIES ARE AVAILABLE

In present work a simpler form of objective function
is used and the vector X has two components only({ E &

S ) . The used objective function has the form :-=
' ' *

_ *
F( T )z [( - P*/ Pa)z'i‘(-i" PV/ PV )2’_( Lo Pl / Pl )2+-

(1= &, /&)*+(1- & /&) (1= § /tsv)z], (9)

The suggested method is a more reliable one . It
minimizes the deviation between the saturation
properties of the refrigerant and that of the
equation of state and also fulfills the conditions of
phase equilibrium conditions as in Eg. 5

22— TWO SATURATION PROPERTIES ARE AVAILABLE

a- PRESSURE AND DENSITY OF THE SATJRATED LIQUID

The objective function has the form &

F

*
F, _)(_)-_-[(1- P /7 P )% ¢ 1- P/ P

2
+{( 1- GL / G ] (10)

b~ PRESSURE AND DENSITY OF THE SATURATED VAPOUR

The objective function has the form

*
F(x_)-_-[( 1~ p*/ P ¥ +(1~ Pus Puv)®a- &, /6)° ] (11)
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¢+ SATURATED DENSITIES: OF BOTH LIQUID AND VAPOUR

The objective function has the form
*

*
Fexy © [(1— Pur Py (1= P ALY

2 i 2 e 2
(1—3\}/@) +(1-—-GL/G Y+ (1 CL/GV ) ] (12)

where
G — Gibb’s function deduced from LJIF saturation line
o .
, i
- P +I(P—p.T)—(—p + 7. lnp
o) , 2
Gl - Gibb’s function of the saturated liguid of
freon in reduced coordinates
*
P* pl ip L
<
= - + f (P - pT) -5 ¥ T. ln N
&) o ol
L
GV - Gibb's function of the saturaled vapor of freon
" in reduced coordinates
"
- pv jp
4
= m + I (P-pT) —F +T.1lnp
Pv O 2

CALCULATION OF THERMAL PROPERTIES

Latent heat of vaporizatiorn of a pure freon can be
calculated by the Clapeyron equation

Fx (vo-vIi*R dE ¢ - dPa
T — *
Na®S :((1. T ¢ )

Héaé = 7 aT

dE - Pe#E d 8

tPerE T s T

l.atent heat of wvaporization per wunit wvolume of

saturated vapour of a freon can be calculated by
the equation '

) kaskg (13)

. ' 3 ' '
Qv = Hiat / Vo : o kKI/mT - {14)
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Referring to point O 1n appendlx A , the following
equations can be used R '

For the internal energy

U g, T
dE E 8 s o
Id‘?.t-—l‘-1—{u(ﬁ“ —8-—3:*\?')“*; —é'**—é—;F *3‘}1" U (15)
U po,To
For the enthalpy
H {{I.D.
JdH = U+ {ip /D ] + Href kJ/kg (16)
Ho fpo,Bo -
.9
H= U+ {!p /D } + Ho + Href kJ/kg (17)
Po.
For the entropy kI/kg/K
o.T
f:%{s- u%——%—%%%—? }+ .)"°+J"o'_+ Praf (18)
. pe,To

For the ideal internal energy and entropy

g
?.t°=va°d3‘ J-——d&" (19)

Tref ) . Jref

The reliability of calculating a property is
expressed by the relative ervor , defined by

. Calculated value -~ Tabulated value
Relative error =
Tabulated valus

METHOD OF QPTIMIZATION

The method of Powell [ 8 ] was wus2ad . This method
depends upen fixing all vector components except one
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direction and searching the minimur in this direction
by any other uni-search method (Goggin method ).,then
the obtained minimum value is fixed and the process
is repeated’ for another directicn

RESULTS AND DISCUSSION

The objective function.eq.(&) is used for obtaining
the saturated vapour and liquid reduced densities and
the saturated pressure at cértain reduced temperature
The obtained results are correlated by the following
equations .

pL~ The saturation reduced liiquid density

= — 283956/ Xt +1.91127 - 2. 40997 X1 +1.79650*xr2

where X¢ =( 1.35 - T )ﬂ"93 (20)

in pv~ The saturation veduced wvapor density
= - 3.5787667 + 7.63761% In(T) - 7.20913/T
+ 23.5681 - 24.5264%T - 8.14644%T°  (21)
InPs - The saturated reduced pressure
= -3.84089375 +7.94861%n(T) - 5.79951/7
+.16.8657 - 14.8416#T  + 3.83065%T" (22)
G — The saturated reduced Gibbs function
= 2.31139 * LOQGT - 2;86425 ) ‘ (23)

d : ) . .
a;f -~ The reduced pressure derivative is
=(7.94861/T+ 5.79951/T° - 14.8416 + 7.66130%T )#Pa

The obtained results for Lenpards Jones potential
parameters by different methods for many freons (Ri1,
R12,R13,R14,R21,R21,R22,R23, R32;R40,R50,'R113S R114,
R115, R123b, R134a, R142Zb, Rib52a, R170, R216, R218,
R245, R290, R3110 )} had been correlated as :

ES'=ES°+ ESI*(3'/ Tb — 1.0) + ESZ*(J'/ Tb"i-O}z

E

E+ EMT / Tb = 1.0) C o (24)
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and their derivatives w.r.t. temperature are :

d:5 ' I dE : . -F 1
—= = ES(~ ———) +( ES_+ 2 ES ( —— -1 )})
d F E2 d r . Tz a Tb TLaE
d E _ ' i
-a—-j':.'—' = Ei /Th (25)

For the purposes of comparison , the obtained
coefficients of eq.{24) obtained by different methods
{ objective functions 9 ,10 ,11 & 12 ) for the freons
(R123b, R134a, R32 & R1582a ) a‘r’e‘li.sted in Table 1 .

Reliability of the obtained correlations in
calculating the saturation properties of all the
studied freons(24 freons ) is demonstrated in figures
1 to 3 . The number of data points are 363 . The
relative error in the calculated Jiquid density is
less than 1% . The relative error in calculating the
density of saturated vapor and also the saturated
pressure is * 2 % .This accuracy is very good for a
two~parameter model equation of state . -

The reliability of predicting the density of
saturated vapour by eq.(10), the saturated liquid
density by eg.(11)& the saturated pressure by eq.(12)
for different freons is shown in figs.4' , & & &
respectively . Comparison between the vreliability of
different methods for predicting the latent heat of
evaporation by eq. (13) and the latent heat of
evaporation per unit volume by eq.f{14) for (R134a ,
R123b & R32 Jis shown in figs. 7 to 12 respectively

In all cases the relative error is £ 2% , while for
Qv £ 3% , in the range. [ 0.9¢ & / Tb ¢ 1.25 1 which
is the range of refrigeration and air conditioning
applications . :

it is worth to compare the accuracy of the
presented methods by the other methods as in [16]
where the authors selected well proven equations of
state as lee and Kesler ( LKP ) , #Peng and Robinson
{ PR ). The results of their check were in most cases
5% for calculating the saturated vapour pressure and
densities ,which means that the suggested methods are
better :
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The veliability of predicting the enthalpy of the
saturated liguid and saturated vapour for: different
freons is demonstrated in figs. 13 , 14, ~ The
relative error is + 5% for .the vapour enthalpy while
for liquid is less tham 8% .

CONCLUSION

The importance of the suggested new methods is
concluded in predicting the thermodynamic properties
of not well studied freons according to the type of
information available . Those methods had been
tested by using the data of the refrigerants R123b ,
R134a ,R32 and others and gave relative error T 2% or
less specially in the range [ 0.9¢F /Tb ¢ 1.25] which
is the range of refrigeration and air condi- tioning
applications . Also the accuracy of the presented
methods is very good in comparison with other methods
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NOMENCL.ATURE

B(T),C(T): functions of reduced temperature in eq.(1)

da

du -

Ry

change of heat entering the system , kJ/kg
‘change of intenal energy of a system , kJ/kg
: density » K9/m

E :the Lennard-Jones energy parameter = &o / k , K
Es:the Lennard-~Jones energy volume paraméterr= E#S

F

:helmholz function kJI/kg

G :Gibb’s function deduced from LJF saturation line

- B8 -




" Hlat: Latent heat of evaporation , kJ/kg =

H :enthalpy , kIs/kg .

k :Boltzmann constant = 1.38064E-26 kJIs/K/molecule
M :molecular weight i
:Avogadro’s number = 6 .02216%9E+26 , Kmol

:the reduced pressure

Ipressuve » kFa

theat of evaporation per unit wvolume , kI/m3
tgas constant = Na ® k = 8.31441% kJ/K/Kmol
:the distance from moleculs center

rd
r

~ DO
o3

sthe Lennard -~ Jones volume parameter = 03, 33
ientropy © kIzkgs/K

:the reduced temperature = 5 /E

:refrigerant boiling temp.at normal pressure , K .
:temperature , K

tinternal enevgy . = ki/ky

ispecific velume of the system , masrkg

iconstant in eq.(1)

:the minimum energy of “interaction ,kJ
ichemical potential , kJ/kmole

tthe reduced density :

:distance at which Lennard-~Jones potential= 0, 8

o

[»)

M QDR R C@EGA AV

‘Lennard - Jones potential= 480[(j%7912* (u?u)d]

Subscripts

et

saturated liquid freon in reduced coordinates
saturated vapour freon in reduced coordinates
deduced from experimental ( tabulated ) quantities

»* <

o APPENDIX A
THERMODYNAMIC RELATIONSHIPS IN TERMS OF LJF PARAMETERS

Helmhotlz function F = U - T » F
dF = dU - 7 d¥ - F4F = dU - (d¥ + P d v) - FdT

- - PV - FAT
_ 99 I,____"__é’_
o7 5V IJ_
dozrdfzr[gf'lrdv+ -g-:;-ulvdr]
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For the isothermal process :

da= 7 3% | qw-du+Pav
av
3‘
and _ _
dau =g 275 dv - P dv = F 22 dv - P dv
av ar
F v ,
- 9P ; -
= [ T | P ]'d v
v
Nicolas equation of state has the form
S 2
_ i 2T+ ~YP
po= z um’ N ECJm'p -€
=2 J=1
Let : s ! entropy in reduced co-ordinates
f)
X P - p 7T ) d
= __J' [ zp - mp
T fo)
Jal
u : intgrnal energy in reduced coordinates
_ a P d p
h f( Y ‘ ) 2
: : e 2
Taking in mind that :
6T=1_'.7“*0E’0p :g*as
a7 E 2 a7 &z v a7
ran-d:fpzp(Nus) kKiPa
and differentiating w.r.t. temperature :
a P R [ ap arT d' o ap E
= ( ILE * )ue__
.6.3‘ v Na 8T‘ 0‘3" doT O.TV S
. ( P o dE _ P l‘;: )]
s ar S
Substituting and rearranging :
82 _ R ap _ dE
a5 |, Mas (37 p’cl TrF7 )
?E F, =] E 853
* - _—
*fp 27 (35 ;o F el N ]
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2P R ap L P aE
e ol Malirror-s B e anll BN SORASY o Y
v o P
B - £ as
+(ap T*p P —* 575 ],

Calculating :

29| RE(_ 8P| . 8P| OE
?“’arl--ma s[“—ﬁ*l -5 e T
v o p
_.l(g: Tgpwp)&Eﬁg; ﬂT]
Th t 3
a en T_IOPY . p
b
[ 29 . =R a P 3p 2 E
Jd _[o:r V= Nas F i I 51 Rl K
o v o p
(gp *0 P )*-E-—; 35 }—d—fﬁN .S kJ/kmole
T ar’p
T
R & E F E &5 ‘ o
”“;r{s a2 E"'S"T?}o* ! ki/kg
U a P arp dE
J-d‘u = —-IQ)—:?‘—-—-— dv= R [ {(P—-T—— - —=7 )
ar arT ar
uo v o e
ar E &s dp
- { * p - P )m.-s-* e -5 k3/kmole
3o . a7 P
and
uz.g_{u(E_ 9k , _.fl.n%*is_;:r}\»u" K3/kg
a7 e 3T
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ol
Jlamy Sl g Al 38l o 1 g (103 5l @8 98 By 3 Bipler 3 )b 485 &
RI132b , olagdl o de 3 bl ain jlast & . Lo gd T 5 Lor 839488 Oilaglas
Bkt ln 33 g St bl 5 o9 22 cali i o g 19l Je s R134a |, R32
3 gt OY@ J Gebadt (sle 92y (0.9 < T/Tv<1.25 ) sllt § Lot dduay
it a IS By ptun 5 1 Bt Al 3 el adn iy B g CauSt
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