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A B S T R A C T  

New and simple methods are presented for predicting 
the thermodynamic properties of freons . These 
methods had been tested by using the dats of the 
refrigerants R123b , R134a ,R32 and many others and 
gave good accuracy specially in the range [ 0 . 9 t J  / 

Tb < 1.25 1 which is the  range of refrigeration and 
air conditioning applications Also the accuracy of 
the presented methods is very good in comparison with 
other met hods 
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INTRODUCTION 

Montreal Protocol [ 1 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 m e n t i o n e d  t h a t  a l t e r n a t i v e s  for 
R 2 2  a re  R134a , a t e r n a r y  azeotropic m i x t u r e  R407C 
( 2 3 % R 3 2  , 25%R125 , 5 2 %  R 1 3 4 a  by w e i g h t  ) . a n d  R41OB 
( Si+%f?32 , 55%f?;L25 by w e i g h t  ) . I t  is v e r y  i m p o r t a n t  
to use t h e o r e t i c a l .  work t o  d e c r e a s e  t h e  area of 
s e a r c h i n g  b e f o r e  role o f  e x p a r i m e n L 9 l  work . 

An e q u a t i o n  of s t a t e  [ 5 J f o r  t h e  L e n n a r d  - J o n e s  
f l u i d  (LJF) had  b e e n  d e r i v e d  i n  the form o f  m o d i f i e d  
Benedict-Webb-Rubin equation(MBWR), h a s  33 c o n s t a n t s ,  
and v a l i d  f o r  O I p I 1.2  , a n d  0.5 5 1 5 6.0 
Nicolas e q u a t i o n  o f  s ta te  f o r  t h e  L e n n a r d  J o n e s  F l u i d  
has the farm : 

4) : p r e s s u r e  = P 
R W  , kPci 
k * S  

T : t h e  r e d u c e d  t e m p e r a t u r e  = 7 /E ( 4  1 
- 

The o b j e c t i v e  f u n c t i o n  is a f u n c t i o n  o f  vector X 
c o n t a i n i n g  t h e  i n d i v i d u a l  parameters of t h e  r e f r i g -  
e r a n t  . T h i s  f u n c t i o n  is o p t i m i z e d  a n d  a t  its minimum 
condition ( i .e. t h e  minimum d e v i a t i o n  between 
e x p e r i m e n t a l  properties and t;w c a l c u l a t e d  ones ) 
the v a l u e s  o f  v e c t o r  7 are f a u n d  . The fo rm of  t h e  
objective f u n c t i m  is v e r y  i m p o r t a n t  a n d  a f f e c t s  t h e  
a c c u r a c y  of r e p r e s e n t i n g  t h e  e x p e r i m e n t a l  d a t a  . 

Marur et a1 [ 6 J s u g g e s t e d  two nrethods wh ich  had  
been t e s t e d  beyond t h e  r a n g e  o f  e x ~ m r i r n e n t a l  data a n d  
also for  t h e  l i q u i d  r e g i o n  . F i r s t  method based o n  
m i n i m i z i n g  the d i f f e r e n c e  between t h e  e x p e r i m e n t a l  
values o f  p r e s s u r e s  a n d  the c a l c u l a t e d  o n e s  a t  t h e  
same i s o t h e r m a l  l i n e  . T h i s  method h a s  v e r y  poor 
a c c u r a c y  i n  repre-iry~ saturation properties . 
The s e c o n d  method based o n  m i n i m i z i n g  t h e  d i f f e r e n c e s  
b e t w e e n  t h e  e x p e r i m e n t a l  v a l u e s  of saturated p r e s s u r e  
and d e n s i t i e s  a n d  t h e  c a l c u l a t e d  o n e s  . The data of  
c r i t i ca l  p o i n t  o f  a r e f r i g e r a n t  mar be used to f i n d  



the individual parameters of an equation of state . 
The calculated quantities by this nethod would have 
large relative error specially away of the critical 
point . In all previous methods the conditions of 
phase equilibrium are not fulfilled , need large 
number of data and their accuracy jn calculating the 
properties beyond the used data is poor . 

In [ 7 ] a method based on the minimum deviation 
between the experimental saturation properties and 
the calculated ones b y  using the equation of state 
at certain temperature and also fu:.fills the phase 
equilibrium conditions of the equation of state was 
used . The suggested method ach-eves the minimum 
deviation between the model saturation line and that 
of the refrigerant away of tks critical zone . This 
method is based on knowing t h  saturated properties 
(pressure ,specific volume of both liquid and vapor ), 
so, 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 beyond the used data is 
good . On the other hand , it is not simple , the 
solution is not easy and needs long time . All 
previous methods cannot be used f3v 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 . 

C A L C U L A T I N G  T H E  SATURATION L INE  PARAMETERS OF LJF 

The conditions of equilibrium are 

- T L = T  , P L = P  . p L - p v .  
v v ( 5 )  

For pure components the chemical potential equals the 
Gibbs function G. . For finding the saturation 
parameters at a temperature T , the used objective 
function is : 



Where : 

THE SUGGESTED OBJECTIVE FUNCTIONS 

According t o  the  type o f  t he  ava i l ab le  in fo rmat ion  
, the ob jec t i ve  f u n c t i o n  is suggested as f o l l ows  : 

1- THE THREE SATURATED PROPERTIES ARE AVAILABLE 

I n  present work a simpler form o f  o b j e c t i v e  f unc t i on  
i s  used and the  vector  X h a s  two components only( E h 
S ) . The used o b j e c t i v e  f u n c t i o n  has the  fo rm  :- 

* * 
F( x ,= 

[(I- p*, P jZ+(l- pv/ % 12t ( l -  P~ / P~ )'+. 
s 

The suggested method is a more r e l i a b l e  one . It 
minimizes t he  dev ia t i on  between the  s a t u r a t i o n  
p rope r t i es  o f  t he  r e f r i g e r a n t  .and t h a t  o f  the  
equat ion o f  s t a t e  and a l so   fulfill:^ the  cond i t i ons  o f  
phase  e q u i l i b r i u m  cond i t i ons  as i n  Eq. 5 . 

2- TWO SATURATION PROPERTIES ARE A'JAILABLE : 

a- PRESSURE AND DENSITY OF Tt-E SATJRATED LIQUID 

The o b j e c t i v e  f u n c t i o n  has the  f o r n  : 

b- PRESSURE AND DENSITY OF THE SATURATED VAPOUR 

The ob jec t i ve  f u n c t i o n  has the  form : 



C- SATURATED DENSITIES OF BOTH L I Q U I D  AND VAPOUR 
-- - 

The objective function has the form : 

where 
G - Gibb's function deduced from LJF saturation line 

P 

G~ 
- Gibb's function of the sat~urated liquid of 

freon in reduced coordinates . 
* 

G - Gibb 's  function of the 
V 

in reduced coordinates 
* 

saturated vapor of freon 

CALCULATION OF THERMAL PROPERTIES : 

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

Latent heat of vaporization pe;- unit volume of 
saturated vapour of a freon can be calculated by 
the equation : 



Referring to point 0 in appendix A , the following 
equations can be used , 

For the internal energy 

For the enthalpy 
H rp*o 

)H = % + {? ID 1 + HreZ k J / k g  (16) 

uci rpo ,r>o 

For the entropy k J/ k g / K  
:9, T 

For the ideal internal energy and entropy 

Jref Jref  

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

Calculated value - Tabulated value 
Relative error = 

Tabulated value 

METHOD OF OPTIMIZATION 

The method of Powell [ 8 1 was usad . This method 
depends upon f i x i n g  all vector components except one 



d i r e c t i o n  a n d  s e a r c h i n g  t h e  minimum i n  t h i s  d i r e c t i o n  
by a n y  o t h e r  u n i - s e a r c h  method ( G o s g i n  method ),then 
t h e  o b t a i n e d  minimum v a l u e  is f i x e d  a n d  t h e  process 
is repeated f o r  a n o t h e r  d i r e c t i o n  . 

RESULTS AND DISCUSSION 

The o b j e c t i v e  f u n c t i o n  eq.(b)  is u s e d  for o b t a i n i n g  
t h e  s a t u r a t e d  v a p o u r  a n d  l i q u i d  r e d u c e d  d e n s i t i e s  a n d  
the s a t u r a t e d  pressure a t  c e r t a i n  r e d u c e d  t e m p e r a t u r e  
The o b t a i n e d  r e s u l t s  are c o r r e l a t e c f  by the f o l l o w i n g  
e q u a t i o n s  : 

pi-  The s a t u r a t i o n  r e d u c e d  l i q u i d  d e n s i t y  

= - . 2 8 3 9 5 6 /  x%' +I. 9 1 1 2 7  - 2 . 4 0 5 9 7 * x V  +l. 79650*%r2 

where  3%' = ( 1.35 - 

4 h  p - The s a t u r a t i o n  r e d u c e d  v a p o r  d e n s i t y  
v 

= - 3.21787667 t- 7.63761* 8 4 ~ )  - 7 . 2 0 9 1 3 / T  

&s - The s a t u r a t e d  r e d u c e d  p r e s s u r e  

G - The saturated r e d u c e d  G i b b s  f t ~ n c t i o n  
= 2.31139 * L o g  T - 2 . 8 6 4 2 5  

8 
(23) 

dPs - The r e d u c e d  p r e s s u r e  d e r i v a r i v e  is 67 

The o b t a i n e d  r e s u l t s  for L e n n a r d -  J o n e s  p o t e n t i a l  
parameters by  d i f f e r e n t  m e t h o d s  f o r  many f r e o n s  ( R 1 1 ,  
R12 , R l 3 , R l 4  ,R21  , R 2 1  ,RZ2 ,R23 ,  R 3 2  ,R4O,RSO, R 1 1 3 ,  R l l 4 ,  
R 1 1 5 ,  R 1 2 3 b ,  R 1 3 4 a .  R 1 4 2 b ,  RISZa,  4 1 7 0 ,  R 2 1 6 ,  R 2 1 8 ,  
R Z 4 5 ,  R 2 9 0 ,  R 3 1 1 0  ) had been c o r r e l a t e d  as : 
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and their derivatives w.r.t. temperature are : 

For the purposes of comparison , the obtained 
coefficients of eq .(24) obtained by different methods 
( objective functions 9 .I0 $11 & 12 ) for the freons 
(R123b. R134a, R32 & R152a ) are listed 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 Liquid density is 
less than 1% . The relative error in calculating the 
density of saturated vapor and also the saturated 
pressure is 2 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 eq.(ll)& the saturated pressure by eq.(12) 
for different freons is shown in f1gs.4 , 5 & 6 
respectively . Comparison between the reliability of 
different methods for predicting the latent heat of 
evaporation by eq. (13) and the latent heat o f  
evaporation per unit volume by eq.( 1 4 )  for (R134a , 
R123b & R 3 2  )is shown in figs. 7 to 12 respectively 

In all cases the relative error i s  + 2% , while for 
au 2 3% , in the range [ 0.9< J / Tb ( 1.25 1 which 
is the range of refrigeratian and air conditioning 
applications . 

It is worth to compare the accuracy of the 
presented methods by the other meq:hods as in [I61 
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 
25% for calculating the saturated vapour pressure and 
densities ,which means that the suggested methods are 
better . 
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The reliability of predicting the enthalpy of the 
saturated liquid 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 than 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 . These methods had been 
tested by using the data of the refrigerants R123b , 
R134a ,R32 and others and gave relative error k 2% or 
less specially in the range 1 0.9(3' /Tb ( 2-25] which 
is the range of refrigeratio~ and air condi- tioning 
applications . Also the accuracy of the presented 
methods is 
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NOMENCLATURE 

B( T ) ,C( T 9: functions o f  reduced terr~psrature in eq .( 1 ) 
da : change of heat entering the system , kJ/kg 
dU : change of intenal energy of a system , kJ/kg 

9 
Z) : density , kg/m 
E -the Lennard-Jones energy parameter = EO / k , K 
ES:the Lennard-Jones energy volume parameter = E*S 
F : helmholz function kJ/kg 
G :Gibb's function deduced from LJF saturation line 



killat: Latent heat of evaporation , kJ/kg 
ti :enthalpy , kJ/kg 
k :Boltzmann constant = 1 -38064E-26 kJ/K/molecule 
M :molecular weight 

-1 
Na :Avogadro's number = 6 .O22L69E+Z6 , Kmol 
P :the reduced pressure 
I p  :pressure , kF'a 
au :heat of evaporation per unit volume , kJ/ms 
R :gas constant = Ma * k = 8.31441 kJ/K/Kmol 
r :the distance from molecule center . 

ff3 S :the Lennard - Jones volume parameter - a ,  
3 :entropy k J/ kg/K 
T :the reduced temperature = J /E: 
Tb :refrigerant boiling temp-at normal pressure , K . 
7 :temperature , K 
21 : internal energy , kJ/ kg  
V :specific volume of the system , m W k s  
y :constant in eq.(l) 
EO :the minimum energy of interaction ,kJ 
p :chemical potential , kJ/kmole 
p :the reduced density 

:distance at which Lennard-Jones potential= 0, 8 
CT 12 I :Lennerd - Jones potential= 4~o[(--;--) - 

Subscr ipts 

i. saturated liquid freon in seduced coordinates . 
v saturated vapour freon in reduced coordinates . 
* deduced from experimental tabulated ) quantities 

APPENDIX A 
THERMODYNAMIC RELATIONSHIPS I N  TERMS OF LJF PARAMETERS 

Helmhotlz function F = U - 7 + Y 
dF = dU - T d Y  - Y d 7  = d'U - (dP1 + !p d v )  - YdJ 

= - VV - YdJ 



For the  isothermal process : 

a n d  

Nico las  equation o f  s t a t e  has the form : 

Let  : s : entropy i n  reduced co-ordinates  
P 

u : internal  energy i n  reduced coordinates  
P 

Taking i n  mind that : 

R .E and : 
= ( Na.5 

} kPa 

and d i f f e r e n t i a t i n g  w .r .t . temperature : 

Subst i tu t ing  and rearranging : 






