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EXECUTIVE SUMMARY 

Within the technology area of absorption heat pumps, two broad 
issues are being pursued vigorously. One is the development of advanced 
cycles, and the other is the search fur new fluids. The ultimate result 
sought by the research organizations involved in these issues is to 
raise the thermal performance of absorption cycles to generate cost- 
effective alternatives to currently employed systems. 
exceptions, advanced cycles call for additional hardware and levels of 
complexity over existing cycles. The search for new fluids, on the 
other hand, focuses on producing alternatives that can withstand high 
temperatures, are compatible with conuron construction materials, or have 
a range of solubility appropriate for new advanced cycles. 

currently being pursued. At the request of the DOE Office of Industrial 
Programs, this work aimed at answering the following questions: Which 
type of working fluids will improve the performance of existing, simple 
heat pump systems? How can these fluids be defined? What are the 
potential performance improvements? The answers to these questions are 

relevant from the following standpoint: 
the development of advanced cycles may exist for enhancing thermal 
performance, and that alternative could very well be fluids with 
properties similar to those unearthed hy this study. 

A simple model of a single-effect heat pump w a s  formulated, with 
adequate provisions for calculating thz distillation and pumping energy 
requirements, The working fluid was modeled parametrically, employing a 
thermodynamically consistent equation of state. 
subroutine was used to calculate the parameter values that maximize the 
coefficient of performance (COP) of the heat pump. The set of 
parameters thus arrived at defines an ideal fluid combination that can 
reach COPS on the order of 90% of Carnot at typical heat recovery 
industrial temperatures. This value compares with 66% o f  Carnot 
obtainable with current systems. 

pair in the sense that, to the best of our understanding, none of  the 
basic laws o f  thermodynamics are violated. Yet, the best that can be 
hoped for is to find solutions that apFroach the ideal fluid properties, 
and this is by no means a simple undertaking. A way to simplify this 
search could be to thin out the numbers of defining parameters by 
carrying out  a sensitivity analysis. This work, which remairis to be 
done, could prove very useful for defining research directions. 

With few 

The present work takes a radically different route than the ones 

an alternative route other than 

An optimization 

The Margules equation defines a thermodynamically consistent f l u i d  

xi 





ABSTRACT 

This report focuses on defining the fluid properties that w i . l l  

optimize the performance of a heat pump cycle. 
computer model in conjunction with a parametric binary solution model. is 
coupled to a computer code that searches for optimum values. 
determines the values of the parameters that maximize the thermal 
performance of the heat pump. The set of parameters is 
thermodynamically consistent. This sat describes an ideal fluid with 
which single-effect cycle performance of 90% of Carnot is p o s s i b l e .  
ideal fluid properties are a guide toward the properties that real. 
fluids must exhibit in order to enhance the thermal performance of  
single-effect cycles. 

A simple heat pump 

The code 

The 

xiii 





1. INTRODUCTION 

1.1 BACKGROUND 

The Office of Indus t r i a l  Programs (OIP)  of the Department of Energy 
i s  developing advanced chemical hea t  pumps f o r  i n d u s t r i a l  appl ica t ions .  
The search f o r  new working f l u i d s  f o r  heat pumps i s  an ac t ive  p a r t  o f  
t h i s  program. The search focuses on fLuids f o r  high temperature 
appl ica t ions" '  The OIP defined the s t r a t egy  f o r  a f l u i d s  search i n  the 
following way: the propert ies  oE an i d e a l  f l u i d  must be defined. Those 
proper t ies  may then be used as a guide i n  the search f o r  new, r e a l  
f l u i d s .  The methodology employed f o r  defining the f l u i d  as well as the  
ideal  f l u i d  proper t ies  a re  described i n  t h i s  r epor t .  

The general  approach undertaken was based on well-known f a c t s  : some 
proper t ies  a r e  desi-rable f o r  v i r t u a l l y  any heat  pump cycle considered, 
whereas the  des i rab le  values of other  proper t ies  a r e  highly cycle 
s p e c i f i c  ~ 

temperatures are des i rab le  f l u i d  fea tures  t h a t  apply t o  v i r t u a l l y  any 
cycle .  However, high o r  l o w  hea t s  of Eolution are des i rab le  depending 
on the  type o f  cycle under 
o r  negative deviat ions f r  rn Raoult 's  Ls.w has been invest igated before ,  

Maximizing cycle performance by means of with conf l i c t ing  r e s u l t s .  
operat ion a t  c r i t i c a l  pressures has a l so  been p r o p ~ s e d . ~  I n  t h i s  
r epor t ,  we focus on a hea t  amplif ier  cycle .  Thus, the des i rab le  t rends 
o f  thermodynamic proper t ies  defined here a r e  spec i f i c  t o  the hea t  
ampl i f ie r  cyc le ,  which is explained below. 

I n  a hea t  amplif ier  cycle ,  a l s o  known as  a r e f r i g e r a t i o n  cyc le ,  a 

working so lu t ion  formed by an absorbent and a r e f r ige ran t  is  employed. 

I n  the  generator (Fig.  l), heat  is applied t o  b o i l  o f f  r e f r ige ran t  froln 
the  so lu t ion .  I f  the absorbent i s  v o l a t i l e ,  a d i s t i l l a t i o n  column with 
a r e f lux  condenser i s  employed t o  ob ta in  near ly  pure r e f r ige ran t .  
r e f r i g e r a n t  is  condensed i n  the condenser ( s t a t e  point  6 ) ,  where heat i s  
removed. The pressure of the r e f r ige ran t  l i qu id  i s  then reduced, and 
the  r e f r i g e r a n t  is evaporated i n  the evaporator.  The hea t  f o r  
evaporation i s  furnished by waste hea t .  The r e f r ige ran t  vapor ( s t a t e  

point  8)  i s  absorbed i n  the  so lu t ion  caxing from the generator ( s t a t e  
point  3 )  v i a  a recuperative hea t  exchanger. I n  the  absorber,  the hea t  
evolved during absorption i s  removed as  process heat.  The so lu t ion ,  
r i c h  i n  r e f r ige ran t  ( s t a t e  point  4 1 ,  re turns  t o  the  generator ( s t a t e  
point  I), a f t e r  being preheated i n  the so lu t ion  hea t  exchanger by the 
so lu t ion  flowing i n to  the absorber. I n  the heat amplif ier  cycle j u s t  
descr ibed,  hea t  i s  del ivered i n  the condenser and i n  the absorber,  and 
hea t  is  furnished i n  the generator and evaporator.  

ampl i f ie r  cyc les ,  we chose the following approach. S i m p l e ,  pure- f lu id  
models were formulated fo r  both absorbent and r e f r ige ran t .  These models 

For instance,  low cor ros iv i ty  and chemical s t a b i l i t y  a t  high 

The d e s i r a b i l i t y  of positi-ve 

3 , 4  

The 

To def ine the guiding c r i t e r i a  f o r  the new f l u i d  search f o r  heat  
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are thermodynamically consistent. Key properties such as specific heats 
and heats o f  vaporization were cast in parametric form. 
and refrigerant form a solution. 
solution (i.e., vapor pressure, enthalpy) are a function of the pure 
fluid properties and of the type of molecular interactions that take 
place in mixing. The properties of the solution stxongly influence 
cycle performance. To characterize t’?e solution properties, a 
parametric model of the solution was formulated. The model is also 
thermodynamically consistent. 

a heat amplifier cycle. Special features of this model were the 
distillation column, formulated as per the Ponchon Savarit method, and 
the capability of varying heat exchanger effectiveness. 
spent in distillation in the case of a volatile absorbent was thus taken 
into account. 

combined with an optimizer subroutine. The objective function was 
formulated as the coefficient of performance (COP) of the cycle. The 
optimizer then defined the parameters of the fluid models that maximize 
the thermal performance of the cycle. The values of the parameters thus 
defined were employed to formulate crcteria for the search of new 
fluids . 

The absorbent 
The thermodynamic properties of this 

The fluid parametric models were combined with a computer model of  

The energy 

The parametric fluid model and the heat amplifier cycle were then 

1.2 SUMMARY OF MODEL 

A basis for investigation of the characteristics of an ideal binary 
mixture of fluids for heat pump applications was established by the 
selection of a simple heat amplifier cycle, in which the optimization of  
the model fluid could be examined. 
allows one to study the working fluid without the larger number of 
complications brought about by using an advanced design of the heat 
amplifier. The advantage of being able to focus on the characteristics 
of the fluid is apparent. 

The temperatures at the outlet of the generator, the absorber, the 
condenser, and the evaporator were fixed at constant values. These 
temperatures define the upper, middle, and low operating temperatures 
for the cycle. The reference temperature was established at 2 7 3  K .  

equations, supplemented by properties such as vapor pressures, latent 
heats, and specific heats that were varied to determine their values for 
an ideal binary fluid. 

properties to be included in the optimization. Twelve variables 
eventually were changed from a fixed value to variables that are 
determined by the optimization process. Each addition of a parameter to 
the list to be optimized adds to the amount of computer time required to 

Th.e selection of this simple cycle 

Standard mass and energy balances were used to obtain the cycle 

The model was gradually increased in complexity by allowing more 
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f ind  the optimum, so we attempted t o  keep the number of  parameters as  
l o w  as was prac t i ca l  t o  y i e ld  v a l i d  and useful  information. The current  
set: probably includes enough parameters t o  character ize  many working 
f l u i d s  but  cons t i tu tes  a minimum number of parameters. 

Once the values f o r  these twelve parameters a re  obtained by 
optimization, the inverse problem i s  t o  ident i fy  a working f l u i d ,  a 
binary p a i r  of  f l u i d s ,  t h a t  corresponds as nearly as possible  t o  those 
proper t ies .  This problem i s  just as demanding as  t h a t  o f  f inding the 
optirnum proper t ies  and req1i.re.s s k i l l  and ins ight  i n to  the relationshi.ps 
among these var iab les  fo r  rea l izable  substances. This problem is not 
p a r t  o f  the scope of t h i s  work and w i l l  n o t  be addressed here in  a t  any 
grea t  length.  Instead,  the r e s u l t s  o f  the optimi.zation w i l l  be 
presented and the findings w i l l  be summarized. These r e s u l t s  will serve 
t o  guide the search fo r  a r ea l i zab le  working f l u i d .  

The twelve f l u i d  propert ies  chosen as parameters f o r  the 
optimization are defined i n  Chap. 3 .  They include spec i f i c  hea t s ,  
l a t e n t  hea t s ,  vapor pressures ,  and in t e rac t ion  parameters t h a t  govern 
the temperature dependence and composition dependence o f  the act ivi- ty  
coe f f i c i en t  a-nd the s t r u c t u r a l  e f f e c t  of the binary in t e rac t ion  o n  the 
a c t i v i t y  coe f f i c i en t .  The object ive i s  to  maximize (:he COP of t:he hea t  
pump by varylng these twelve parameters. A pa t t e rn  search optimization 
program was employed t o  perform t h i s  optimization, arid the r e s u l t s  a r e  
given i n  a l a t e r  sec t ion .  
i n t u i t i v e  expectation on those proper t ies  f o r  which such an expectation 
can be formulated. 

p roper t ies  has been determined t h a t  can furnish guidance i n  determining 
the ac tua l  substances t h a t  come c loses t  t o  r ea l i z ing  tihis desired set. 

The optimization r e s u l t s  conform with 

The overa l l  r e s u l t s  of  the analysis  a r e  reasonable: a s e t  o f  
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2. GENERAL THERMODYN4MIC RELATIONSHIPS 

2.1 PRELIMINARY CONCEPTS 

In an absorption heat pump cycle, as in an absorption refrigerator, 
principal heat consuming (and heat evolving) steps that depend strongly 
on thermophysical properties of the components include the vaporization 
(and condensation) of pure refrigeran: and the vaporization (and 
condensation) of refrigerant in a liquid mixture of refrigerant and 
absorbent components at different temperatures in the cycle. The 
properties on which the heat evolved or absorbed in each of the steps 
depends are the enthalpy of  vaporization, the heat capacities of liquid 
and vapor, and the enthalpies of nixing of refrigerant and absorbent ,  as 
functions of temperature and of solutj-on composition. 9 9 7 The need to 
operate the cycles at manageable pressures constrains the magnitude of 
acceptable vapor pressures. So that .a range of operating conditions can 
be provided that w i l l  permit the pumpi-ng of the desired quantity of 
thermal energy at the desired temperatures, the solutjon field 01- range 
of  temperatures, pressures, and compositions must be sufficiently broad. 

The thermodynamic information needed to describe the above 
characteristics and requirements is contained in the Gibbs free energy 
and its temperature and pressure dependence for the pure components 
along with temperature, pressure, and composition dependence for their 
solution, 

The smallest set of parameters that can account for most of the 
thermochemical properties of mixtures in a cycle is made up of vapor 
pressures and heats of vaporization of refrigerant and of absorbent at a 
reference temperature (four parameters); heat capacities of  liquid and 
gaseous refrigerant and absorbent (four parameters); activity 
coefficients and their composition and temperature dependence for 
solutions of refrigerant in absorbent (minimum of three parameters, one 
each for an interaction parameter, a temperature dependence that is 
proportional to reciprocal temperature, and a cornposition asymmetry 
factor). Not included are fugacity coefficients of the mixed vapors o r  
the volumetric and kinetic properties that are related to heat and mass 
transfer. 

must be satisfied by the model. 
they may be found in ref. 9. 

absorbent A and refrigerant R, are 

8-1 0 

Below is a summary of the important thermodynamic relations that 
Complete derivations are not given, but 

The heats of vaporization of the pure componentis usually pure 
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REF) . )*(T - T 
ELHA -b (‘PVA - ‘PIA 

Lo(T)  = D 
A 

The hea t  capac i t i e s  have been assumed t o  be independent of 
temperati-ire i n  order t o  reduce the number of  parameters and because data 
a r e  scarce .  
capac i t i e s ,  

I n  the more general  case of temperature-dependent hea t  

( 2 . 3 )  

For  mixtures of composition mole f r a c t i o n  of  r e f r ige ran t  x ,  the 
hea ts  of  vaporizat ion are composition dependent a l so  and may be wr i t ten  

E 
A A A 

Lx(T,x) = Lo(T) - h ( x , T )  . 

The terms hE and hE a re  excess par t - ia l  molar enthal-pies t o  be discussed 
l a t e r .  The heat  04; vaporization of the mixture may be wr i t t en  

R 

HOV y [ H R V ( x , T )  - XRS(x,T)] -1- (1 - y) [ I lAV(x,T)  - HAS(x,T)] , ( 2 . 4 )  

where y i s  the m o l e  f r a c t i o n  o f  r e f r ige ran t  i n  the vapor i n  equilibrium 
with so lu t ion  of  composition x. 

2 . 2  PARTIAL PRESSIJRES 

The t o t a l  pressure is  ca lcu la ted  a s  the sun of the par t ia l .  
pressures  of r e f r ige ran t  and of absorbent as a function of  ternperature 
and composition, 

(2.5) 

( 2 . 6 )  
E 

0 PA/KT 
c ( 1 - x ) P  e 

A I 

0 0 
where P 
of pure l i qu id  absorbent. 

and PA are the vapor pressures of pure l i q u i d  r e f r ige ran t  and 
The l i qu id  s t a t e  a c t i v i t y  c o e f f i c i e n t s ,  y i ,  

R 
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are derivable from the excess free or excess chemical potentials, p E  
energy function for the solution. Note that 

i’ 

( 2 . 7 )  
0 (1 - X)P*YA = (1 - y)P . 

Since the total pressure is not high, the vapor phase is assumed to be 
ideal. 

temperature is 
The dependence of t:he vapor pressure of  pure refrigerant (P ) on 

R 

is the heat of 
DEWR 

where Po(T ) is the pressure scale factor, 
vaporization at the reference temperature (T ) ,  and AC is the heat 

REF R 
capacity difference between vapor and liquid refrigerant. 
applies to P o ( T ) ,  for absorbent, with the substitution P 
( D E W > ,  and ACA for PR, 

R -REF 

Equation 2.8 

A 2  - PZ(TREF)’ A 0 

R ’  
and hC 

D~~~ 9 

2.3 ‘frlQLAR EXCESS MAGNITUDES 

The thermodynamic properties of  a mixture are described by the 
Gibbs free energy function and its derivatives with respect to 
composition and temperature.’ 
and an excess part. The ideal part leads to expressions such as 
Raoult‘s Law for the vapor pressures of the mixtures, zero heat of 
mixing, and random entropy of mixing. The excess (i.e., nonideal or 
excess over ideal) free energy function describes the deviations from 
ideality of  the mixture. These includ? the deviations from Raoult’s Law 
for the vapor pressures, the heat of !nixing of  the components, and the 
change of  heats of vaporization with composition, These deviations can 
be described in terms of activity coefficients of the components or, in 
equivalent form, in terms of excess chemical potentials. The excess 
free energy per mole of mixture is an intensive quantity. It depends on 
temperature, composition, and pressure, but: the dependence on pressure 
is weak f o r  condensed phases at ordinary pressures. The excess free 
energy function may be written in the form 

This function consists of an ideal part 

( 2 . 9 )  
E G (T,x,P) = AX(1 - X) [l + f(x)] , 
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where f may be a polynomial i n  x, and A and the coe f f i c i en t s  i n  € may be 
temperature dependent. l1 -I3  

The coe f f i c i en t  A expresses the p r inc ipa l  p a r t  o f  the  composition 
dependence of the excess thermodynamic proper t ies  o f  the mixture. 
sometimes r e fe r r ed  t o  as the in t e rac t ion  parameter s ince ,  'in molecular 
theor ies  o f  mixing, it a r i s e s  from the difference of energy he-tween 
p a i r s  of  l i k e  and of unlike molecules. 

p a r t i a l  molar excess f r e e  energy. I t  i s  r e l a t e d  logari thmical ly  t o  the 

actzi-vity coeffici .ent and may be derived from the excess f ree  energy 
funct ion.  

I t  i s  

The excess chemical po ten t i a l  o f  a component i.n a mlxture i s  the 

E E E 
pR = KT In  yR -:.: G + (1 - x) ( a G  /ax),, , (2. lo) 

( 2 . 1 1 )  
E E E 

/LA = RT I n  'yA = G - x(a@ /ax>, . 

The chemical PO e n t i a l s  of r e f r jge ran t  and of absorbent i n  tire 
l i q u i d  mixture a re  y 

R 
s t a t e s  o f  pure 1iqui.d o r  pure gas a t  1 a t m  (101.325 kPa) pressure.  The 
composition dependence may be expressed as follows: 

A '  
SI 

and p l *  superscr ip ts  o and A designate standard 

0 E 
R '  

- + RT In x f y 
1 

PR - PR 

0 E 
P A  

- + RT I n  (1 - X )  + p 
1 

/'A - (2.1~2) 

The f i r s t  term 011 the  r i g h t  hand s ide  i s  temperature dependent but  
composition independent, the second term i s  the idea l  coinposition 
dependence, and the t h i r d  term descr ibes  the nonideali . ty.  The chemical. 
po ten t i a l s  of  r e f r ige ran t  and of absorbent i n  the vapor phase a re  
represented by p and p where P and P desi-gnate the p a r t i a l  
pressures  above the l i q u i d .  

phase [ p  (vapor) = p (vapor) = 01, 

V V 

R A :  R A 
Assuming idea l  gas behavi-or i n  the vapor  

E E 
R A 

V 
pA = p: + RT I n  pA 

( 2 . 1 3 )  

Enthalpies a r e  r e l a t ed  t x  the f r e e  energy funct ion through the 
Gibbs-Helmholtz equation. 
hea t  of  mixing, AHM, thus fo l low from the temperature dependence o f  the 
chemical p o t e n t i a l s .  

The excess p a r t i a l  molal entha lp ies  and the 
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E E X X AH (I - x)h -t- X h  sz (1 - X) E-I + x HR, 
Iy A R A 

2.4 MARGULES EQUATION 

( 2 . 1 5 )  

A minimum of twelve coefficients is needed to characterize the 
thermodynamic properties of the binary fluid - eight for the pura 
components and four for the mixtures, Although man other formulations 
of the activity coefficients have been reported, "+-" the Margul e s 
equation provides a relatively simple and thermodynamically consistent 
representation of the mixture excess properties as functions o f  
temperature and composition. In a three-coefficient representation, two 
of the coefficients are needed for the temperature dependence of the 
interaction parameter; this interactioa parameter determines the major 
pa r t  of the composition dependence at each temperature. 
coefficient accounts f o r  possible distortion of the composition 
dependence, shifting the maximum (or m:inimum) heat of  mixing to 
compositions other than x = 0 . 5 .  In such a three-coefficienc 
formulation, the excess partial molar enthalpies and excess chemical 
potentials are l inear  in reciprocal temperature (but with differing 
coefficients). In the current study, the excess partial molar 
enthalpies were taken as linear in temperature, which requires a four- 
coefficient expression. 
enthalpy interaction parameter and p is the skewing factor. 

A third 

The term (K + LT) is the symmetric part of  the 

hR E = (K + LT) [I f 2 ( p  - l ) X ]  (1 - X) 2 , (2.16) 

hE = (K + LT) [ p  - 2 (J3 - 1)(1 - x ) l  x 2 , (2.17) 
A 

LPHAH * where (K + LT) = A 

Integration of the Gibbs-Helmholz equati-on (Eq. 2.14)  leads to the 
form of the excess chemical potential consistent with the form of  the 
excess enthalpy. 

E = RT I n  yR - [K - MT + LT(1 - ln T)] 
PR 

'[l + 2 ( p  - l ) x ]  (1 - x) 2 , 
( 2 . 1 8 )  

-_ ___. . . . . . . . . . . . . . . . . __ . . . . . .. . 
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E - RT In yA = (K - MT + L T ( 1  - I n  T ) ]  
I-LA 

2 ‘ [ P  - 2 ( 8  - 1)(1 - x > l  x , ( 2 . 1 9 )  

where the symmetric part of the excess chemical potential interaction 
parameter is 

a = [K - MT -I- LT(1 - In T ) ]  . 

The term @ - 1. represents the asymmetry of the composition dependence. 
With /3 equal to 1, the equation represents a symmetrical composition 
dependence o f  the deviations from ideality. With /? equal t o  1 and L 
equal t o  PI equal to 0, the equations reduce to those f o r  a regular 
s o l u t i o n ,  

A 

(2.20) 2 E RT In y = Kx = hA . 2 E  
= h 

R ’  A 
RT In  yR = K(l - x) 

2.5 STABILITY CONDITIONS 

A number o f  auxiliary conditions must be imposed on the parameters 
during cycle calculation to ensure thermodynamic consistency and 
physically realistic properties. Thus, since the material balances and 
flow equations in the model of the absorption cycle are based on a 
single-liquid phase and a vapor phase, the parameters in ::he composition 
and temperature dependence must satisfy the Gibbs condition f o r  
stability of a phase: 

The system is presumed to he below the critical txmperature. Thus 
the heat capacit:y difference between vapor and liquid, which is negative 
since vapor heat capacities aKe geslerally of the order of  one-ha1.f to 
two-thirds of liquid heat capacities, should not be large enough to 
permit the heat of vaporization to become z e r o  or negative at any point 
in the cycle. 

* Data sources f o r  mixtures are widely scattered in the 1-iterature 
Compilations include refs. 11 and 19 through 22. 
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Additional conditions relating to solubilities or other physical 
characteristics may also be required. 



3. CYCLE EQUATIONS AND CO’MPUTER MODEL 

3.1 HEAT AND PlPbSS BAIANGES 

For  the  cycle diagram shown i n  Fig. I, c e r t a i n  operatine, values a re  
f ixed  during the  cur ren t  study. The four operat ing temperatures,  namely 
T 2 ,  T 4 ,  T6,  and T 8 ,  a r e  f ixed .  
hea t  exchanger is  f ixed  a t  0.6. 

given by the  equivalent  of  E q .  2 . 8 :  

In  addi t ion ,  the e f fec t iveness  E o f  the 

The vapor pressure of the r e f r ige ran t  a t  a given temperature is  

P (T) :.= PZR exp [ (.--A + BT ) (1 /T  - l /TREF)  f B ln(T/TREF) ] , ( 3 .  I) K REF 

where 

PZR = pressure scale f a c t o r ,  
A = I )  

E L H d R  ’ 
€5 = ( C  PVR - ‘PLR ) / R  * 

Using the above, w e  ca1.culate 

P = P ( T )  
6 R 6  ( 3 . 2 )  

and 

P 8 = P  (T  1 . ( 3 . 3 )  R 8  

Knowing the pressure and temperature a t  these points  i n  the c.ycle, w e  
can solve f o r  x and x by using a funct ion t o  zero  the following 
equat ion,  

2 4 

2 x .= In x + a [ l  + 2 ( p  - 11x1 (1 - x) /RT - I n  (P/Pz,) = 0 , ( 3 . 4 )  F 

and solve f o r  the molar concentration of r e f r i g e r a n t  x .  The parameter a 

i n  Eq. 3 . 4  can have a temperature and concentration dependence. The 
nature  of  t h i s  funct ion i s  explained i n  Sec t .  11. I n  t h i s  manner, given 
P and T as the  pressure and temperature a t  s t a t e  po in t  2 i n  the c y c l e ,  
w e  solve f o r  

6 2 

where Z i s  the  operator t h a t  zeros the funct ion x En a similar 
inanne r , w e  f i n d  that: 

F’ 



Having found x and x 
rates a t  four nodes: 

we can f ind  the molar flow r a t e s  given u n i t  2 4’ 

From mass balances on the  generator f o r  r e f r ige ran t  and t o t a l  flows, w e  

ge t  

n x  = n x  + l  1 s  2 2  

and 

(3 .8)  

n l = n 2 + l .  (3 .9)  

These two equations y i e l d  a value f o r  the f l o w  a t  node 2 ,  

which can be subs t i t u t ed  i n  the above equation t o  f i nd  n 

l i q u i d  i s  represented by the funct ion 
The spec i f i c  enthalpy of the refrigerant vapor relative 1: t o  the pure 

PiRV(T) = D ELHR + cPvR (T - T REF) . (3.11) 

From this  expression w e  obtain 

h5 = HRV(T 1 ) (3.12) 

and 

h8 = HKV(T ) . 8 

The corresponding extensive enthalpies  a re  

(3.13) 

H5 = n5h5 - h5 

and 

( 3 . 1 4 )  
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FIB = n8h8 = h8 . 

Representing the intensive enthalpy f o r  1iqui.d refrigerant by the 
function 

HIX = Cpm(T - TREF) , 

we obtain 

h6 = HLR(T6) , 

6 ’  
H = h 

6 

and 

6 ’  
H ==H 7 

Solution enthalpie are fun 

(3.15) 

( 3 . 1 6 )  

( 3 . 1 7 )  

( 3 . 1 8 )  

(3.1.9) 

tions of both concentrations and 
temperatures. 
solution by 

We represent the specific enthal-py o f  the refrigerant in 

2 
HR§(T,x) .= Cpm(T - T ) I- (K + LT)[1 -f 2 ( 8  - l ) x ] ( l  - X )  (3.20) 

REF 

and that of the absorbent in solution by 

From these two, we can express the total enthalpy of the mixture at a 
given node i as 

( 3 . 2 2 )  

Because we know T 2 
those  two points d 

H = H ( n  x 
2 m 2 ’  2 

x TI+, and x t7e can find the total enthalpy of 
2 ’  4’ 

rectly: 

( 3 . 2 3 )  
*2) 

and 
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H = H ( n  x T ) .  4 m 4’ 4’ 4 ( 3 . 2 4 )  

To f ind  the t o t a l  enthalpy at nodes 1. and 3 ,  we need T and T The 
value f o r  T 

e f f i c i ency  E = 0 . 6 :  

1 3’ 
can be found from the value given f o r  the recuperator 

3 

from which 

T = T (1 - E )  + T4E . ( 3 . 2 6 )  3 2 

From con t inu i ty ,  

( 3 . 2 7 )  x3 = x2 

and 

x = x  1 4 * 

\{e ca lcu la t e  H from 3 

(3.28) 

H = H ( n  x T ) ,  ( 3 . 2 9 )  3 m 3 ’  3 ’  3 

and an energy balance around the r e c y e r a t o r  y i e lds  

H = H  + H  1 2 4 - 3 .  (3.30) 

The temperature T. 
because the f l o w  nl and the concentration x 

can now be found by zeroing the enthalpy funct.ion 

1 
1 

are known, 

T = Z(H ,n ,X ,T) . (3.31) 1 3 1 1  

The t o t a l  enthalpy o f  the vapor emerging from the generator is 
ca lcu la ted  a t  the average temperature of the other  t w o  generator flows, 

h5 = HRV(T ) ( 3 . 3 2 )  6 

and 



1 6  

( 3 . 3 3 )  
5 -  

H = = h  
5 

The energy required f o r  d i s t i l l a t i o n  i s  a funct ion of  the r e f lux .  
For the  present  model, the minimum re f lux  r a t i o  w a s  determined hy 
assuming a r e f r i g e r a n t  concentrat ion o f  0 . 9 9 .  Then, the minimum ref lux  
R W ~ . S  ca lcu la ted  by determining the operat ing l i n e  t h a t  coincides w i . t h  
t he  vapor/ l iquid i.sotherm t h a t  corresponds t o  the feed i n l e t  condi t ions.  
I t  c a n  be shown23 that: the i n t e r sec t ion  of  t h a t  operat ing l i n e  with the 
constant  concentrat ion l i n e ,  x = 0 . 9 9 ,  i n  the enthalpy concentrat ion 
diagram determines a poin t .  The enthalpy d i f fe rence  between t h i s  point  
and. the  sa tu ra t ed  vapor of the same concentrat ion i s  the heat removed t.o 
condense the  r e f lux .  From t h i s  enthalpy value and f r o m  the  hea t  o f  
condensation of the r e f r i g e r a n t ,  the  re f lux  r a t i o  can be ca lcu la ted .  

The hea t  flows can be ca lcu la ted  f o r  the generator as follows: 

X 

Q - ! I  + ( l : + R ) M  - H  - - R H  ( 3 . 3 4 )  g 2  x 5  1. x 6 ’  

where Rx = r e f l u x  r a t i o .  The absorber hea t  flow i s  

Q - H  + H  - I t 4 ,  
a 3 a 

the heat flow f o r  the  condenser 

Qc = (Hs - H 6 ) ( l  + Rx> , 

and the evaporator heat  flow is  

7 .  Qe = H8 - H 

T h e  pump work i s  

W = ( P  - J ? ) m V  
6 8 4 s o l  ’ 

( 3 . 3 5 )  

i s  

( 3 . 3 6 )  

( 3 . 3 7 )  

( 3 . 3 8 )  

where the  s p e c i f i c  volume of t:he so lu t ion  i s  V taken constant  and 
equal t o  0 . 0 1 ,  That i s ,  no cor rec t ion  due t o  so lu t ion  volume change was 

adopted. F ina l ly ,  the  COP Fs 

s o l  

COP = (Q, + Qc)/(Q, + 4LJ) ( 3 . 3 9 )  

The COP i s  the measure o f  performance t h a t  we choose t o  optimize i n  
order  t o  determine severa l  thermodynamic p rope r t i e s  o f  the  r e f r i g e r a n t -  
absorbent so lu t ion .  I ts  optimization i s  discussed i n  the  following 
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section. 
the pump to equivalent thermal energy. 

The factor of 4 is employed to convert the work required by 

3.2 OVERALL DESCRIPTION QF COHPUTER PROGRAM 

The computer program CALSl2 is written in Fortran 77 in double 
precision and executes on the Digital Equipinent Corporation (DEC) PDPIO 
computer. 
nonproprietary. 
computer to another. Its development began on an International Business 
Machi.ne personal computer ( IBM PC> and continued on the IRN FC through 
the optimization of four parameters. 

The complete program is made up o€ three files. The first file, 
abaut 450 lines long, contains the m a h  program, the cyc3.e equations, 
and the thermodynamic property routines. The second file, about 208 
lines long, includes the optimization routine. The third file holds a 
routine to €ind a. root o f  a nonlinear equation and has about: 130 lines. 
The overall length of the program is about 780 lines. Because there are 
no large arrays i n  the program, the storage requirements for the code 
are small, about 200 kilobytes. 

was about 15 min on the PDPl0. Different starting values for the 12 
parameters being optimized can lead to longer running times, if the 
starting values are far from the final values that are obtained as a 
solution. On the other hand, the 15-n.in maxirnim could well he less, 
because there could he fewer time-sharing programs executing 
simultaneously, 

The cycle equations, presented in Sect. 3 . 1 ,  form the nucleus of  
the program. The cycle equations are salved in each iteration o f  the 
search, producing the COP as a summary of the overall efficiency for  
that particular set of parameters. 
when the COP is maximized. Because the optimizer attempts co minimize 
the function on which it operates, the quantity 

All of the routines in the prograin are locally written and 
The code can readily be transported from one type of 

The running time for the longest running case that has becn tried 

The cycle is assumed to be optimized 

-E (2 .2  - 
Ftestl 

COP) * 
is returned to the optimizer as the function value. 
minimizing the value of F the value of COP will he maximized and 
the value 2.2 is larger than the upper limit expected for the COP. The 
value of Ftestl should be small in the vicinity of large COPS, but never 
zero, Squaring the quantity (2.2 - COP) helps convergence near the 
optimum by exaggerating the larger s i z e  of values farther from the 
optimum . 

The function evaluation F defined above is returned to the 
SEARCH optimization routine. The SEARCH routine is a pattern search 
type of optimization that systematically explores most of the space 

Note that by 

testl’ 

test1 
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within the limits defined for each parameter, gravitating toward those 
parameters that make the function F 
examines the following 12 parameters: 

a minimum. The present study 
text1 

1. 
2. 
3 .  
4 . 
5 .  
6 .  
7 .  
8 ,  
9. 
10. 
11. 
12. 

K: a Margules parameter 
L a Margules parameter 
M 5 a Margules parameter 
CPVR = specific heat for refrigerant vapor [kJ/(kmol.K)] 
DELHR = latent: heat for refrigerant (kJ/kmol) 
DEl,ttZ = latent: heat for absorbent (kJ/kmol) 
CPTX = specific heat €or liquid refrigerant [kJ/(kmol.K)] 
CPLA = specific heat f o r  absorbent liquid [kJ/(kmol.K)] 
CPVA = specific heat for absorbent vapor [kJ/(kmol.K)] 
PZA = multiplier for absorbent pressure (kPa) 
PZR = multiplier for refrigerant: pressure (kPa) 
BETA = p ,  a Margiiles parameter 

The SEAEKH routine allows each o f  these parameters to be limited to 
a defini.te range; however, no other inequality constraints are allowed. 
The solution is also required to satisfy the condition for nonseparation 
of the two liquids. T h i s  constraint is not imposed on the program by 
the SENiCH routine; instead, the values for the separation criteria are 
printed both during and at the end of the run for evaluation by the 
user. 

A flowchart for the program is given in Fig. 2. This flowchart 
shows that the main program GALS12 has the functions o f  reading the 
parameter estimates for all twelve parameters, setting the lower and 
upper limits for each parameter ~ calling the optimization routine 
SEARCH, and printing the final results. 

estimates for the parameters, upper and lower 1imit;s on each parameter, 
the name of the function to be evaluated ( IDFAL) ,  and convergence 
criteria. In turn, SEARCH calls IDEAL with two arguments: XARG, the 
vector of parameter values, and FTEST1, the function value returned to 
SEARCH. IDEAL calls nine functions that evaluate various thermodynami-c 
properties, including vapor pressure for the refrj-gerant (PR), partial 
pressure for the refrigerant and absorbent (PRF and PAF), enthalpy of 
the refrigerant vapor and liquid (HRV and HRL),  and the extensive 
enthalpy of the mixture (HMIX). The HMIX function calls sol-ution 
enthalpy routines for refrigerant and absorbent (HRS and IL4S). Several 
of  these routines call the routines ALPHAF and A L P W  to evaluate the 
contribution of the Margules’ equation to the activity coefficient and, 
in turn, to the property being calculated, for example, the pressure. 

The function ZEKDOB is used to find the val.ues o f  concentration 
given the values of solution pressure and temperature or to find the 
temperature corresponding to total enthalpy, concentration, and amount 
of refrigerant. It solves for the root of  a nonlinear equation, thus 

The SEARCH routine requires 14 arguments including initial 
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I 

CALS 12 
MAIN PROGRAM, READS ESTIMATES, SETS LIMITS 

ORNL-DWG 86-8015 

t- h SEARCH (14 ARGUMENTS) 
OPTIMIZATION ROUTINE 

I I I + L I IDEAL (XARG, FTESTI] 
EVALUATE CYCLE PERFORMANCE . ALPHAF (XARG, T) 

MARGULES'S EQUATION,TEMPERATURE DEXNDENT 

PR (TI 1 

REFRIGERANT VAPOR PRESSURE 

.). 
YEILDS CONCENTRATION X 

ZERDOB (XLO, XHI, XFUN, TOL1, TOL2) 
ZERO FUNCTION XFUN 

HCAPF IT) 
YIELDS TEMPERATURE 
f ROM ENTHALPY 

* HRV IT) 
SPEClFfC ENTHALPY OF REFRffiERANT VAPOR 

* 
SPECIFIC ENTHALPY OF REFRIGERANT LiQUID 
HRL (TI 

HMlX (N. X. T, XAAGJ 
EXTENSIVE ENTHALPY OF SOLUTION MIXTURE 

I - 
ENTHALPY OF REFRIGERANT SOLUTIOPI 
HRS (T, X, XARG) t- 

1 HAS Cf, X, XARG) 
ENTHALPY OF ABSORBANT SOLUTION 

- 1. 
r 1 I 

PAF (X, T. XARG) f\ 
PARTIAL PRESSURE OF ABSORBENT 

- 
r 7 I 

PRF (XT, XARG] 
PARTIAL PRESSURE OF REFRIGERANT 

I I 
ALPHAH (XARG,T) 
TERM IN MARGUFES'S EQUATION 

4 

L 

Fig. 2. Flowchart of computer program. 
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zeroing the function, in the range XLO to XHI within the tolerance on X 
of TOLl  and the tolerance on the function value o f  TQL2. 

In operation the optimizer SEARCH calls the  function evaluation 
IDEAL several hundred times during a run- Despite the lack of 
inequality constraints, the SEARCH routine has proven to bF reliable for 
this problem. The SEARCH routine found the optimum in fewer iterations 
than a gradient search routine that also was tried. The computer time 
required fo r  twelve variables on the PDPI.0 in double precision is not s o  
large as to inhibit trying other starting values or other conf ig-ura.t::i ons  

o f  the heat pump. The results of  the optimization f o r  two independent 
variables were checked by plotting the COP f o r  several values o f  the 
variables. 
large number of problems, yielding reasonable results. 

In addition, SEARCH had been employed before in a re1ativel.y 
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4. RESULTS 

4.1 OPTIMIZATION FOR A GIVEN SET OF TEMPERATURES 

When the temperatures at state p3ints 6, 8 ,  4 ,  and 2 are given (see 
Fig. l), the program arrives at the values of the parameters that define 
the fluid properties. 
the cycle. The parameters, described in Chap. 2, influence rhe activity 
coefficient of  the refrigerant as follows: 

These values o'3timize the thermal performance of 

2 
RT ln(7) - (K - FIT + LT[l - ln(T;i]}* [l + 2(j3 - l)x].(l - x) . 

The results of the optimization run are given in Table 1 for Che 
parameters that occur in the program, in  the order that they occur, 
along with the limits that were imposed during the run. 

the ideal fluids and of their solutiors. The calculated COP for this 
heat pump is 2.18, which is high for a single-effect cycle. The Carnot: 
COP for those temperatures is 2 . 4 3 .  Single-effect cycles with 
conventional fluids have calculated COPS ranging from 1.4 to l . 7 .  The 
"ideal" fluid does enhance the cycle thermal efficiency. 

Regarding the pure refrigerant properties, the results of  Table 1 
are somewhat surprising. The optimizer could vary the heat of 
vaporization, but related to the specific heats as per E q s .  2.1 and 2.2. 
Although a large heat of vaporization would reduce the circulation 
losses, large values of the specific heats would increase them. One 
would expect then that the heat of vaporization would turn ouc to be 
large, with the specific heats following suit. This turned out not to be 
the ease. The specific heats, or rather the circulation losses 
associated with them, are of such magnitude that the optimizer seduced 
the specific heats to their minimum value, with the heat of vaporization 
following suit. 

heat of vaporization were minimized. These would appear to be the 
reasonable steps toward reducing the rectification and circulation 
losses.  
specifying a nonvolatile absorbent, but: the more general equations have 
been retained to cover the possibility of volatile absorbents. 

The optimizer, then, for this particular cycle and set of 
conditions produces a positively deviating solution, both in the free 
energy (i-e., positive deviations from Raoult's Law) and in the enthalpy 
(endothermic mixing), decreasing the heat required in the generator and 
released in the absorber. The detrimental effect of the increased 
circulation rates is offset by minimization of the specific heats. 

The values of Table 1 define the thermodynamic characteristics of 

The specific heats of the absorbent, its vapor pressure, and its 

The number of parameters in the program could be reduced by 
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Table 1. Optimization results for temperatures 
T = 420 K, T = T = 340 K ,  T8 = 300 K 2 4 6  

~. ~ - 

Identification Range allowed Final value 

Mscgules K 

Margules L 

Margules M 

Refrigerant vapor/specific 
heat 

Refrigerant latent heat 

Absorbent latent heat 

Refrigerant liquid specific 
heat 

Absorbent liquid specific 
heat 

Absorbent vapor specific 
heat 

Absorbent pressure multi- 
plier 

Refrigerant pressure multi- 
plier 

Margules /3 

-5000 < K < 5000 

- 4 < L < 4  

-20 < M < 20 

10 < cpm 

5000 < DEuM < 20,000 

10,000 < DELplR < 50,000 

< 100 < CPT.A 

< c P u  

< cPvA 

0 < Pa < 10 

< 80 

< 1.5 

100 < PZR < 400 

-20 < BETA < 20 

1 7 0 1  

-2.766 

1 7 . 9 1  

3 kJ/(kmol.K) 

10,051 kJ/(kmol.K) 

5000 kJ/(krnal.K) 

5.44 W/(kmol.K) 

5 W/(kmol.K) 

1 .50  

0 Pa 

100 Pa 

12.04 
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Clearly, as the ranges allowed for each parameter or the solution 
heat exchanger effectiveness is varied, the type of solution changes. 
Negatively deviating solutions can then be obtained. However, the 
results presented here for a positiveiy deviating solution are for the 
best COP. Concerning the solution properties, it is clear that of all 
the Margules coefficients, only L is negative. Yet, the value of  K is 
large enough that the solution deviates positively from Raoult's Law. 
The heats of vaporization of the solution and the heats of mixing are 
shown in Table 2, for exit generator and absorber conditions. 
of vaporization from the generator is reduced by the heat o f  mixing, 
namely, 881 kJ/kmol. A s  the solution absorbs refrigerant in the 
absorber, the heat delivered is reduced by the heat of mixing, or 
1314 kJ/kmol. Systems showing positive deviations from Raoult's Law 
include mixtures of low-melting salts, such as tetra-m-butylammonium 
picrate, with alcohols, such as 1-butenol. 24 However, enthalpy data are 
no t  available for that system, and the vapor pressure is lower than that 
of  the optimized fluid. 

In any case, it would be premature at this stage to try to identify 
a fluid having the characteristics found with the optimizer. Additional 
effort is needed first in matching the equations to real systems. 
cursory comparison with known refrigerants shows that the vapor pressure 
of the pure refrigerant at the upper tomperature of the cycle is not far 
from that of water and is much lower than that of ammonia. The heat of 
Vaporization, however, is smaller even than that of ammonia, leading to 
a weak dependence of vapor pressure on temperature. The excess entropy 
of mixing is positive and surprisingly large. 

The heat 

A 

4.2 CONCLUSION 

The present study shows that optimization techniques are an 
adequate tool for determining fluid properties in order to optimize 
cycle performance. For the particular set of conditions considered 
here, and for the heat amplifier cycle, it was found that positive 
deviations from Raoult's Law enhance the COP. Calculated COP values OS 
2 . 1 8  s h o w  that the performance of the single-effect cycle could be 
increased from the current 1.6 if the right fluids could be found or 
developed. 

being able to "tailor" fluid properties. Basic chemistry of polymers 
has developed to the point that some properties can be related to 
rnQlC?CUlar characteristics, and a real possibility exists of developing 
polymers with sought properties. Perhaps the same type of development 
could be carried out in searching for new heat pump fluids. 

This work has demonstrated that the ideal fluid model approach 
taken can be a useful guide in the search for fluid pairs giving 
improved COPS in absorption heat pumps. Within the imposed constraints, 
the optimizer selected properties that if not yet identified among known 

Clearly, developing new fluids f o r  the single-effect cycle requires 
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Table 2. Heats of vaporization and mixing at t y p i c a l  
generator and absorber conditfaais 

G eiie rat o r Absorb e r 

Heat of  vaporization, 80'76 7806 

kJ/kmol 

Heat o f  mixing, 
k.J/kmol 

881 1314 



substances, are not physically implausible. A number of additional 
steps are required, however, before successful implementation of the 
approach can be expected. 

parameters in the model. 
The first additional step would he a sensitivity analysis of the 

This ana1ysl.s would serve several purposes, 

1. Uniqueness. It would indicate whether some of the parameters 
contribute little to variations in tho COP and could therefore be 
eliminated or fixed to simplify the optimization. It could indicate 
correlations among the parameters which again could simplify the 
optimization. It could indicate the kinds of incremental changes in 
parameters that would be needed for significant improvement of COP that 
could be correlated with incremental changes of parameters in series of 
homologous compounds. 

2. Completeness. The numbers of parameters chosen to represent 
nonideality of the mixtures is nearly a minimum set. One parameter, M, 
could be eliminated without loss o f  generality by choosing the 
temperature dependence of the interaction parameter to be linear, not in 
temperature but in reciprocal temperature. On the other hand, the 
Margules type representation chosen f o r  simplicity accounts for the 
magnitude, temperature dependence, and composition dependence, including 
composition asymmetry of the excess thermodynamic quantities. Because 
the maximum in the excess quantities occurs at the same composition at 
all temperatures, the change of excess enthalpy, and therefore the 
change of heat of vaporization, with temperature at a fixed composition 
is somewhat restricted. An additional parameter to represent the 
possible shift of the composition of maximum excess enthalpy would 
remove this restriction and should be imcluded in the sensitivity 
analysis. 

3 .  Hatching to Real Systems. Data are reported in the literature 
on real systems in many different forms. 
data, many more parameters are used than in the ideal fluid model 
(including, for example, temperature-dependent heat capacities) to 
provide a complete representation. For systems with sparse data, 
however, the number of parameters would have to be reduced. Data 
representations for real systems need to be recast in the parametric 
form of the ideal fluid model so that comparisons are meaningful. 
needs to be done in the light of the sensitivity analysis so that the 
best parametric representation is chosen. This representation, then, 
should account for the shifts, with composition and temperature, in 
partial pressures, heats of mixing, and vaporization, which ultimately 
determine the COP. 

For systems with extensive 

This 

4 .  Identification of Key Thermodynamic Quantities. An analysis 
such as that outlined in the appendix should be extended. This would 
assist in matching the shifts of heats of vaporization with composition 
and temperature to the model parameters and choosing the most 
appropriate data representations for real systems and for the model. 
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5. Molecular Thermodynamics. An implied goal of the effort is to 
develop criteria for kinds of substances, in terms of molecular 
characteristics, expected to provide improved COP. This has not yet 
been addressed in the current approach, which has been phenomenological 
in nature. The reason is that there is no strong correlation of 
molecular characteristics with many of the thermodynamic properties that 
contribute to the COP. Thus the composition dependence of activity 
coefficients and oE heats of mixing may show similar forms whether the 
interactions arise from ion-ion forces as in simple molten salts, froin 
ion-polarizable ion forces as in more complex molten salts, from i o n -  
dipole forces as in water-salt systems (detailed theory of the limiting 
law region is not considered here), or from dipole-dipole forces. Thus, 
a cursory examination o f  Raoult’s Law deviation plots is insufficient to 
distinguish among systems of salts and water, mixed molten salts, 
organic liquids, or even intermetallic mixtures. Once the analyses o f  
streps 1 through 4 have been carried out, molecular thermodynamics may 
become useful in identifying incremental changes of thermodynamic 
properties in homologous series, possibly including compounds n o t  yet 
synthesized. As pointed out by Simonson and P i t ~ e r , ~ ~  especially for 
multicomponent systems, a first principle theory of electrolyte 
solutions is impractically complex. Instead, simple equations are 
chosen to represent the data in which the parameters have a general but 
not precise meaning at the molecular level. 
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Appendix 

A NOVEL APPROACH FOR CYCLE PERFORMANCE PREDICTION 

Given a parametric form for the free energy function, it is 
possible to derive expressions, in terms of those parameters, f o r  the 
various thermodynamic quantities that occur in a heat pump cycle. These 
quantities may include the overall coefficient of performance ( C O P ) ,  
heats of mixing, vaporization or condensation, or combinations of heat 
inputs and heat outputs at various points in the cycle. Such 
expressions facilitate identification of the critical parameters, and 
thus the critical properties, to which performance (or economics) of the 
cycle is most sensitive. Although Dietrich et al. have tried to 
identify critical enthalpy terms, their analysis was not carried through 
to the coefficients in the equations characterizing the thermodynamic 
properties. 

the authors of the present report at Oak Ridge National Laboratory, 
indicates how such identification can be made. 
not complete, the section is included to demonstrate the approach. 
Isothermal enthalpy changes, per mole of refrigerant, are derived f o r  
the phase changes (absorption, distillation, condensation and 
evaporation) occurring at differing temperatures and differing solution 
compositions in the absorber, generator, condenser, and evaporator. An 
expression is then derived for the excess of heat, per mole of 
refrigerant, required to distill refrigerant from the generator, in 
addition to the heat delivered in the absorber. 

refrigerant, X -+ X . The isothermal process may be written 

The following section, taken from a report in preparation by one of 

Although the analysis is 

In the absorber at temperature T E) - T4, solution is replenished in - +’ 

~ ( v )  + solution (x-> -, solution <x+> . 

For addition of one mole of refrigerant to a solution of % moles 
of  refrigerant in n moles of absorbent., the enthalpy change, Ln term2 
of the partial molar enthalpies of refrigerant and absorbant, % and H 
are 

A 
A ’  
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ab s = -G(T4) + hi(X F +  ,T4) + n 6 h E (T  1 + nA"hA(T4) E , AHTD R x R  4 

0 where \ ( T  ) is heat o f  vaporization of  pure refrigerant at temperature 
T 4 ,  and h and h 
absorbent in solution, at the composition and temperature indicated in 
parentheses The term X is the mole fraction of refrigerant in 
replenished 
depletedt solution. 
X 
vaporized refrigerant, are 

E 4  E 
R A are partial molar excess enthalpies of refrigerant and 

+ 
* 
solution, and X- is the mole fraction of refrigerant: in the 

Since X- = nR/(nA + n ) and 
t- R 

= (% + l)/(% + 1 + nA), the mole numbers of  R and A ,  per mole of  

n = (1 - x-)(I - x+)/(x+ - x-) , ( A .  la) A 

"R = X--(l - X+)/(X+ - x-) . (A. lb) 

The operator 6x indicates the isothermal difference between the 
and X- at the 

+ 
excess partial molar enthalpies at the compositions X 
designated temperature; e.g., 

For the reverse, desorption process, at the generator temperature 
TH = T 2 ,  with a nonvolatile absorbent, 

+ 
solution (X ) -, so l t l t i on  (x-) + R(V) , 

* Leaving absorber and entering generator. 
t Leaving generator and entering absorber. 



The heats of  vaporization of pure refrigerant [first term on 
right-hand side cif Eqs. 2.1 and 2.21 m y  be written 

In the evaporator, at Tw = T8,  

In the subsequent equations, (CpvR -.Cp,) is designated by the 
the 

I;; 
REF ' 

Thus, 

constant AC Since the results must be independent of T 
equations are simplified by eliminating T 
value at the lowest temperature of the cycle ,  TW = T8. 

R '  
and referring all to the REF 
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Thus (noting t h a t  TH = T 2 ,  TD = T 4 ,  TW = T 8 ) ,  

*$=P 'F = < (Tu) 

Additional hea t  terms needed t o  
following. 

(A. 5) 

omplete the cycle include the 

Temperature change of depleted l i q u i d  from generator temperature t o  
absorber temperature: 

h = (% + nA) C (TH - ; 
s o l n  (x-> 

( A . 9 )  

Temperature change of  vapor from generator t o  condenser: 

h = -CpW (TH - TD) ; ( A .  I O )  

Temperature change o f  replenished so lu t ion  from absorber t o  generator:  

(A. 11) 

With these equations,  differences o f  heat  inputs and outputs i n  

d i f f e r e n t  physical  processes i n  the cycle can be character ized i n  terms 
of the parameters t h a t  a re  used t o  represent the  Lhermodynamic 
proper t ies .  For example, excess of heat: required to distill refrigerant 
in generator O V ~ K  heat  delivered in absorber: 
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= (TH - TD)AC + h E +  (X ,TD) - h E +  (X ,T ) 
R R  R H 

 AH^^^ -t-  AH^^^ 
TH TD 

( A .  12) 

Defining 6Thi(Xj) E = hi(X E T ) - h.'(X E' ,T ) ,  E q .  A.12 may be j' H 1. j D 
rewritten 

AHgen + AHT ab s - (TH - Tp)ACR - 6TbLR(X E +  ) + %[SxhR(TD) E - 6xh:(TH)] 
TH D 

E 
+ nA[6xhA(TD) - 6xhi(TH) 1 * 

In terms of the parameters of the temperature-dependent Margules 
equation, the difference may be written. 

 AH^^^ + A " H ~  ab s = ( T ~  - T ~ )  + L([I -t- 2 ( p  - i > x  + 1 (1 - x + 2  
TH a 

- rg [l 4- 2(/3 - 1 ) X +  

- [l + 2(p  - l ) X - J ( l  

(I - x+)2 

- x-)*) (A. 13) 

- [ p  - 2(@ - 1)(1 - X--)](X-j 1)  2 1  
The terms involving L,  %L, and n L in the above equations are the 

A f partial molal excess heat capacities (e.g., L [l + 2 ( p  - l ) X  ] 
+ 2  .(l - X ) 

composition X .) 
not appear, nor does D 
For a regular solution, ( p  = 1, L = M - a), AH 

as for an ideal solution. Thus the temperature dependence of the 
enthalpy interaction parameter (given by L) and the composition 
dependence of the enthalpy interaction parameter (given by ,L?, the 
asymmetry parameter) lead to differences between the heats of 

is the partial molal excess heat capacity of refrigerant at 
f The value of the enthalpy interaction parameter K does 

the heat of vaporization of refrigerant. 
ELHR' + AHT = (TH - TD)ACR, 

TH D 
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vaporization in the generator and i n  the absorber beyond the difference 
found for an ideal or regular solution. 

Other combinations of enthalpy terms in the cycle, and presumably 
the COP, also may be expressed i n  terms of the  parameters representing 
the physical properties of  the components; such expressions, together 
with a sensitivity analysis, should prove useful i n  identifying key 
parameters for improvement of COP. 
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