
INTRODUCTION 

The problem of evaluation and choice of working fluid 
combinations for absorption cooling cycles has been 
the major question in the development of such cycles. 
Extension of the applicability of absorption cycle to 
low temperature heat sources has brought about a new 
challenge in redesigning this cycle. The primary part of 
this challenge has been the choice of appropriate 
working fluid combinations (refrigerant and absorb
ent) which would operate at relativeiy small tem
perature difference between source and sink tem
peratures and would produce cooling effect more 
efficiently [J-8). Due to the long list of available fluid 
combinations and the complex mixing characteristics 
of these mixtures, it is clear that experimental methods 
by themselves can not be successful for rapid screening 
of working fluid combinations. This is mostly due to 
the volume of the experimental measurements needed 
and the fonnidable task of laboratory testing of the 
working fluids in an actual absorption cooling cycle. 
For this reason it is beneficial to develop thermo
dynamic models which could be used for screening of 
candidate working fluid combinations. 

In the present report an equation of state approach 
is developed through which we are now able to evalu
ate working fluid combinations when limited data are 
available about them. This technique utilizes the upper 
and lower limits of the cycle coefficient of 
perfonnance, which were developed by Mansoori 
and Patel (1), together with appropriate �uations of 
state for refrigerant, absorbent and their mixture. 
Then by defining the fluid phase equilibrium 
restrictions of the cycle we are able to evaluate cycle 
performance and characteristics. In doing so we 
require only a limited equilibrium thermodynamic 
mixture data such as enthalpy and entropy of 
mixture. There exists a variety of equations of state 
which one can utiliz.e for per- 
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forming the kind of computations reported here. 
However, we use the Redlich-Kwong (RK) equation 
of state in this report because of the simplicity of the 
RK equation of state and its proven versatility in 
predicting properties of both polar and non-polar 
fluids and fluid mixtures (9--12]. 

The absorption cooling cycle to be studied here is 
the basic continuous cycle which is referred to exten
sively in the literature [1-8]. However, a brief descrip
tion of it is necessary in defining the fluid phase 
equilibrium restrictions on the cycle. As is shown in 
Fig. 1, the cycle consists of four components: a 
generator, a condenser, an evaporator, and an ab
sorber. The saturated vapor coming out of the gener
ator is assumed to be pure refrigerant which is 
condensed at the environmental temperature (or the 
sink temperature) T0 in the condenser. Temperature 
T0 fixes the pressure in both the condenser and the 
generator. The refrigerant leaves the condenser as a 
saturated liquid and undergoes an isenthalpic expan
sion process in throttling valve I. This value reduces 
the refrigerant pressure, causing a partial vapor
ization which is then completed in the evaporator. In 
the evaporator, the refrigerant produces the cooling 
effect of the cycle by absorbing heat at the evaporator 
temperature TE. Temperature TE ·also fixes the pres
sure in both the evaporator and the absorber. 

Refrigerant leaves the evaporator as a saturated 
vapor. It is then mixed in the absorber with a weak 
solution coming from the generator through throt
tling valve II. The heat of solution generated in the 
absorber is removed by heat exchanger at the sink 
temperature in order to maintain a low temperature 
and, therefore, high solubility of refrigerant in the 
solvent. The absorber solution is pumped back into 
the generator. High temperature heat is provided to 
heat up the generator to temperature TG in order to 
evaporate the refrigerant out of the solvent. The low 
refrigerant concentration solution produced in the 
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Fig. I. Schematic diagram of the absorption cooling cycle. 

generator is transferred to the absorber through
throttling value II by the pressure difference Pa -P,. 

between the generator (high pressure) and the ab
sorber (low pressure). As in the case of valve I, the
process across valve II is isenthalpic. In the analysis
performed in this report the heat exchangers are
assumed to have perfect efficiency (no temperature
gradient across heat exchanger walls). This assump
tion will not have any effect in the thermodynamic
comparative study of working fluid combinations
which is our purpose here. 

The theoretical coefficient of performance (COP)
of an absorption cooling system is defined as the ratio
of the cooling effect Qc (heat added to the refrigerant
in the evaporator) to the input heat Qa (heat added
to the mixture in the generator). Theoretical COP can
be expressed with respect to working fluid properties
of different locations in the cycle by the following
equation (I] 

Op) IQcl(C CJ1C1e =

iQaj

= (h4 -h,)/[h, -h, + ;,.-=.K_:c(h1-hs)J

(I)

The upper (UL) and lower limits (LL) of COP, can
also be cal�ulated, based on the second law of
thermodynamics, as functions of thermodynamic
properties and operating conditions of the absorption
cycle [t] as follows 

UL= {ii,1TJ.s1 -s7)+ Tc(s4 -s3)] + TJ,s1 -s6)}/ 

[ �h1 -h1) + (h1-h5)]-I (2)

and

LL= {�T0(s 1 -s2 +s,.-s1)+ To(s,-s,)}/

[ �h1 - h1) + (h, -h5)]- I. (3)

In the above equations M, is the mass flow rate of the
refrigeraqt going through throttling valve I, M

P 
is the

mass flow rate of the strong solution pumped from
the absorber to the generator, h; and s1 are molar
enthalpy and entropy of the fluid at point i specified
in Fig. t, Tc is the hot source temperature added to
the generator and T0 is the environmental tem
perature. XA and XG are mole fractions of the refrig
erant in the solutions leaving from the absorber and
generator, respectively. 

The idealized COP of the cycle, the Carnot COP,
can be defined as 

(COP)eamot = T J_Tc - To)/T JTo Tc), (4)

It should be pointed out that the actual COP of the
cycle, the theoretical COP given by eqn (I), the upper
and lower limits of COP and the Carnot COP are
related by the following inequality [I) 

LL s; (COP)"""'"' S (COP)
eqn I s; UL S (COP)c,,,_, (5)

In addition to the COP there are two other param
eters which should be considered in studying the
characteristics of an absorption cooling cycle and its
working fluids. The first parameter M,/M

,. 
is a mea

sure of the pumping required per unit refrigerant
circulated through the cooling cycle. The second
parameter IW

,.
l/!Qt:I is a measure of pumping energy

consumed per unit of cooling energy effect. It can be

558 

Solar Energy J. 31(6): 557-566, 1981



shown (I] that these para..-:,eters are related to the
cycle properties by the ro::owing equations

;, = (X,4- Xdi(I -Xa)
p 

(6)

and

(7)

where Pa and PA are pressures in the generator and
absorber, respectively, and p is the density of the
liquid passing through valve II.

Equations (1H7) are the basic thermodynamic
criteria needed for the evaluation and comparison of
different refrigerant/absorbent combinations. In ap
plying these relations it is necessary to know the
thermodynamic properties of the working fluids and
their mixtures around the cycle. However, lack of
sufficient data for thermodynamic properties of the
candidate refrigerants, absorbents and their mixtures
has hampered the rapid evaluation of the candidate
working fluids. This lack of experimental thermo
dynamic data and the difficulty of doing many experi
'ments has led us to develop a method based on
equations of state. In this method we assume that an
equation of state, such as the Redlich-Kwong (RK)
equation of state, could effectively represent the
P-V-T and other thermodynamic properties of re
frigerant, absorbent. and their mixtures in both the
liquid and vapor phases. The equation of state can
then be used to determine the vapor-liquid equi
librium of the refrigerant in both the condenser and
the evaporator, the phase equilibria between the
refrigerant and absorbent in both the absorber and
generator, as well as the necessary thermodynamic
parameters in eqns (1H7).

· PHASE EQUILIBRIUM CALCULATIONS FOR THE 

CONDENSER Al''D EVAPORATOR 

Temperatures in the condenser and evaporator de
termine the pressures in the condenser-generator side
and evaporator-absorber side of the cycle, re
spectively. An equation of state could be used to per
form phase equilibria calculations in both the con
denser and evaporator in order to predict the
respective thermodynamic states of the refrigerant.

Condensation and evaporation processes of pure
fluids are characterized by the fact that the chemical
potential µ of the liquid and vapor, phases in equi
librium are identical. Temperature and pressure also
remain the same across the two phases in equilibrium,
1.e.

dT=dP =0.

Therefore, the thermodynamic differential relation

dµ = -sdT + vdP (8)

where s and t' are molar entropy and volume, re
spectively, along an isothermal line can be written in
the following integral form (11]

f vdP =0.
two pha1< 

ftlion 

(9)

By changing the variable of integration this equation
can be transformed to the following:

rl' 

f Pdv-P'(v"-vl)=0, (10)
rl. 

where vL and v" are molar volumes of the saturated
liquid and vapor phases, respectively, in equilibrium.
Now, by using the Redlich-Kwong (RK) equation of
state, which is an expression relating pressure of a fluid
(liquid or vapor) to its molar volume and temperature,

P = RT/(v -b)-a/f.v(v + b)T1f2] (11)

in eqn (10) and integrating along an isothermal path,
we obtain the following equilibrium condition

RT ln[(v" -b )/(vL -b )] -[a /(bT 112)]

In eqns (11) and (12) R is the universal gas constant
and a and b are constants related to the critical tem
perature Tr and critical pressure Pr by

a= 0.42148R 2T;·5f Pr; b = 0.08664RT,/P,.

Equation (12) is a result of the equality of chemical
potentials of vapor and liquid phases in equilibrium in 
the condenser or evaporator. To this equilibrium con
dition we should add the relation representing the 
equality of pressures and temperatures,

ps = RT /(vL -b) -a /f.vicvi + b )T112]

=RT/(v"+b)-a/f.v"(v"+b)T1f2]. (13)

Hence, given the critical properties (T, and P,) of the
refrigerant and the operating temperature in the con
denser or the evaporator, eqns (12) and (13) can be
used to predict molar volumes of vapor and liquid (v v
and vL) and the saturation pressure P'. Knowing the
pressure, temperature, and volume of one phase the
RK equation of state can then be used to calculate
entropy and enthalpy of that phase. The analytic re
lations of entropy and enthalpy based on the RK
equation of state are

aT-312 s = s0 
+ R ln[(v - b )/(RT)] --- ln[(v + b )/v]2b 

(14)
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and 

3ar·-l,'2 
h = u0 + Pv + � 

ln(v /(v + b )). (15) 

In eqns (14) and (15) s0 and u0 are ideal gas state 
entropy and internal energy, respectively. 

PHASE EQUILIBRIUM CALCULATIONS FOR 1HE 

ABSORBER AND 1HE GENERA TOR 

The fluids passing through the absorber and gener
ator are binary mixtures of refrigerant and solvent in 
both liquid and vapor phases. To perform phase equi
librium calculations between a liquid and a vapor 
phase of a multicomponent mixture it is necessary to 
equate pressures, temperatures, and chemical poten
tials of each component in the two phases. The criteria 
of equilibrium between the liquid and vapor phases in 
the absorber or generator can be represented by 

and 

P' = RT/(vL -b,,,)-a,,,/vL(vL 
+ b,,,)T112 

(16) 

(17) 

= RT/(v" -b,,,)-a,,,/v"(v" + b,,,)T112
• (18)

For the calculation of thermodynamic properties of 
multicomponent fluid phases we can use an equation 
of state. For the binary mil',ture of refrigerant and 
solvent the RK equation of state assumes the follow
ing form (12] 

with 

and 

P = RT/(v -b'")-a.,/(v(v + b.,)T 112] (19) 

(21) 

Subscript R refers to refrigerant and subscript S

refers to solvent. Coefficient kRS accounts for the 
unlike interaction of a refrigerant molecule and a 
solvent molecule. Its contribution is most significant 
in the liquid state and for dense gases [11). There exist 
some approximate molecular thermodynamic re
lations for calculating kRS (11). But for practical 
purposes it is beneficial to derive it from mixture 
thermodynamic data. For large temperature ranges it 
can be considered a function of temperature, but for 
small temperature ranges of a mixture kRS will be a 
constant. In the present report it is assumed to be a 
constant. 

By using eqns (16)-(18) we can derive the relation 
for the chemical potentials of the refrigerant in a 

mixture of refrigerant and solvent is in the following 
form 

µ11,/RT =µ�/RT+ ln[X11,RT/(v -b'")] + b11,/(v - b.,) 
2r- 3

•
7 

-�X1P11.+0 -k11.s)
"' 

Xs(a,P5)112 ln[(v + bm)/v) 

amb11. { 
} + 

Rb 2 T312 ln[(v + b'")/v)-b,../(v + b,,,) .
'" 

(22) 

A similar expression can be derived for the chemical 
potential of the solvent by interchanging the places of 
subscripts R and Sin eqn (19). 

Saturation pressure P' in the absorber is identical 
with the saturation pressure in the evaporator. Also 
saturation pressures in the condenser and generator 
are identical. By knowing the saturation pressure and 
temperature in the absorber (or generator) eqns 
(16)-(18) can be used to calculate vL, v", and com
position of the liquid and · vapor phases in equi
librium. The only data required for doing this com
putation are the critical properties (T, and P,) of the 
refrigerant and solvent and the unlike-interaction 
parameter kRS which is calculated from the mixture 
data. 

With knowledge of the composition, temperature, 
and molar volume of each phase in the absorber and 
generator, molar entropy and enthalpy values of each 
phase can then be calculated by the following equa
tions 

s = X�� + x�i + R ln[(v -b,.,)/RTX5J 

and 

a., + 
2b T312 ln[v/(v + b,,,)) + RX11, �n(X5/XJ (23)

"' 

o o 3a,., h=X�11.+XsUs+Pv+-
2b 112 ln[v/(v+b'")). (24) ,.,T 

CYCLE CALCULATIONS FOR DIFFERENT WORKING 

n,um COMBINATIONS 

The criteria for choosing candidate refrigerant/ 
absorbent combinations are discussed elsewhere in 
the literature (1-7]. It includes toxicity, chemical 
stability and corrosiveness, solubility of refrigerant in 
the solvent, viscosity· of the solution, boiling and 
melting points of refrigerant and solvent, and the 
latent heat of vaporization of the refrigerant. Table 
I contains five potential candidate refrigerant/ 
absorbent (solvent) combinations for an absorption 
cooling cycle which are studied in the present report 
by the equation of state approach. Absent in this 
table are combinations such as water-lithium bro
mide, of which the solvent (lithium bormide) is in 
solid form when it is in pure state so that the RK and 
other fluid equations of state do not apply. 

In order to evaluate the performance of a given 
refrigerant/absorbent combination, computations be-
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Table I. Sample working ftuid combinations and their unlike-mteraction 
parameters - --------- - ---- ---

Refrigerant Solvent 

Ammonia Water 
nbp -33.4S°C nbp IOO"C 

mp 0.00°C
Ammonia Hydrazine 
nbp -33.4S°C nbp ll3.SS°C

mp I.SS°C
Methylamine Hexane 
nbp -6.4°C nbp 68.7°C

mp -9S.4°C

kllS 

-0.30

-0.03

-0.31

·- -·· ------

Reference 

(12, 13) 

(12, 14) 

(12, IS, 16) 

1-3 Butadiene Tetrachloromethane - 0.04 (12, 16, 18] 
nbp -4.5°C nbp 76.5°C

mp -23.2°C
1-3 Butadiene Nitromethane 0.04 (12, 16, 17, 18) 
nbp -4.S°C nbp I0l.2°C

mp -28.6°C

nbp = nonnal boiling point, mp = melting point. 

gin with the determination of properties around the 
condenser, then the evaporator, absorber, and finally 
the generator. Temperature in the condenser T0 is 
assumed to be known. Then the pressure Pa in the 
generator and condenser is determined by simulta
neous solution of eqns (12) and (13). This com
putation also provides us with the values of vL and 
v" which are used in eqns (14) and (15) to calculate 
hi , s 1 , h2, and s2 • 

Temperature in the evaporator Tc determines the 
pressure PA in both the absorber and evaporator 
through the simultaneous solution of eqns ( 12) and 
(13). Then eqns (14) and (15) will be solved for h4 and 
s4 of point 4 on Figs I and 2, and � and s9 of point 
9 on Fig. 2, the T - v diagram of the cycle. Assuming 
an isenthalpic expansion between points 2 and 3, 
h2 = h3 • Knowing that the fraction x of refrigerant 
evaporated after throttling expansion is 

• 
Fig. 2. Temperature vs specific volume diagram for the 

refrigerant in the absorption cooling cycle. 

The enthalpy and entropy of the refrigerant at point 
3 can be then calculated by 

The temperature in the absorber is assumed to be the 
same as the condenser temperature T0• Knowing the 
pressure PA and temperature T0 of the absorber, eqns 
(20)---{22) can be solved simultaneously for XA, the 
composition of the strong solution leaving the ab
sorber. Equations (23) and (24) can be then used to 
calculate h5 and s5 • By assuming the energy input 
through the liquid pump to the working fluid to be 
negligible we may conclude that 

In a similar fashion Xa, h1, and s1 can be calculated 
by knowing the temperature Ta and pressure Pa in 
the generator and solving eqns (20)---{24). The weak 
solution coming out of the generator expands is
enthalpicly through throttling valve II, so h8 = h7 • 

The pressure reduction causes some vaporization. In 
order to calculate s8 we need to know T8 and X "8• Y "8• 

compositions of the vapor and liquid phases at point 
8. These compositions can be calculated by per
forming mass and energy balances around valve II
and a vapor-liquid equilibrium calculation at point 8.
At this stage, evaluation of the thermodynamic prop
erties of the working fluids around the whole cycle is
completed. These properties are used in eqns (1)---{4),
(6) and (7) to calculate the parameters pertinent to
the performance of the cycle. Except for the
vapor-liquid equilibrium which requires computer
programing the rest of calculations can be performed
on a desk calculator.

A few words about the method of calculation of the 
unlike-interaction parameter k/lS are in order. This 
parameter, which appears in eqns (17) and (19) is a 
result of interaction of a molecule of absorbent and 
a molecule of refrigerant in the mixture. For simple 
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spherical molecules it vanishes, but for non-spherical 
molecular interactions it deviates from zero. Even 
though numerically it is a small value, it has a strong 
effect on mixture thermodynamic calculations. Pro
vided that excess thermodynamic property data are 
available it is calculated by fitting the equimolar · 
excess property data to the equation of state. In the 
absence of such data other mixture thermodynamic 
data can be used to calculate this coefficient. Table I 
contains kltS parameters as calculated from the mix
ture data for the working fluid combinations which 
are studied here. 

RESULTS AND DISCUSSION 

For the five different working fluid combinations 
studied the lower limit (LL) of COP and the COP 
according to eqn (I) are calculated and the results are 
reported in Figs. 3--6. The reason for reporting only 
LL and (COP)

cqn(I > is because, according to eqn (5), 
the actual COP of the cycle is situated in between 
these two quantities. In Figs. 3 and 4 the COP bounds 

COP 

o,6 

0.5 

0.4 

O.J

0.2 

o. l

80 

are reported for an ammonia-water system as calcu
lated from experimental data (I] and from the RK 
equation of state, for the cases of refrigeration 
(TE = 2.2"C = 36'F) and air conditioning 
(TE = 7.2' C = 45''F). According to Figs. 3 and 4 
results obtained by the RK equation of state are in 
agreement with the results when the experimental 
data are used, to the extent that the COP bounds 
calculated by the RK equation of state contain the 
COP bounds based on the experimental data. For 
T

0 
= 37.8°C in the air conditioning case (Fig. 4), the 

agreement of the calculations from experiment and 
the RK equation of state is not good. However, this 
deviation is not very sensitive in the comparative 
study of different working fluid combinations. In 
Figs. 5 and 6 the COP bounds of the five working 
fluid combinations are reported for generator tem
perature TG = 90°C as a function of the sink tern
. perature T0 for the refrigeration and air conditioning 
cases. According to these two figures, the 
methylamine/n-hexane combination is superior to the 

90 

Exp. data: ,,, 

RK F.qu&tion:/// 

TG(C) 
100 

Fig. 3. Bounds for the actual COP vs generator temperature TG of ammonia/water system calculated by 
the RK equation of state technique and with the use of experimental data [I] for different environmental 
temperatures T0• The upper bound of (COP) .... ..i is given by cqn ( 1) and its lower bound is given by eqn 

(3). This diagram is for refrigeration case (Tc = 2.2'C), 
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COP 

o.6

0
.

5 
r 

0.4 t-

o. J I-

0.2 I-

0.1 r 

T • � 
0 1//// 

32.2 

.;>y 

/// 

80 

---���"'��"-'< 

////� 

Exp. data: ,,,,,,,,

RIC Equation://////// 

90 TC (Cl 
100 

Fig. 4. Same a� Fig. 3, except for air conditioning case (TE= 7.2°C). 
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20.0 30.0 40.0 

T0 ( C) 

Fig. 5. Bounds for the actual COP vs generator temperature TG of five different working fluid combination 
systems calculated by the RK equation of state technique and with the use of experimental data [I J. The 
upper bound of (COP).....i is given by eqn (I) and its lower bound is given by eqn (3). In this diagram 
TE

= 2.2°C and TG
,.. 90°C. System notations: I = ammonia/water; II = methylamine/11-hexane; III = 1-3 

butadiene/tetrachloromethane; IV= ammonia/hydrazine; V = 1-3 butadient/nitrobenzene. 
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COP 

0.6 � I 

0.5 l � I 

0.4 � - -<✓�<�I 'l'\. I 
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T0 ( C) 

Fig. 6. The same as Fig. 5 except for air conditioning case (TE = 7.2°C). 
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Fig. 7. Pump work to cooling effect ratio IW�/IQEI vs the environmental (sink) temperature for five
different working fluid combinations with generator temperature TG = 90°C. ---, Refrigeration case: 

-----. air conditioning case. System notations are the same as in Figs. 5 and 6. 
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Ref rig, 

- - - - - Air Cond. 
0,6 

Kt 

"v 
0.5 

0.4 

0.3 

{), 2 

0.1 

IV 

20.0 30.0 

TO ( C) 

I 

III 

V 

40.0 

Fig, 8. Ratio of flow rates of valve I and pump M,/M, vs the environmental temperature for five different 
working fluid combinations with generator temperature TG = 90°C. The solid lines are for refrigeration case 

and the dashed lines are for air conditioning case. System notations are the same as Figs. 5 and 6. 

other four working fluid combinations. In Fig. 7 the 
M,/Mr ratio and in Fig. 8 the IW,I/IQJ ratio for the
five working fluid combinations are reported vs T0 for 
the two cases of refrigeration and air conditioning. 
Figures 7 ar.d 8 also show that the 
methylamine/n-hexane system performs better than 
the other working fluid combinations. Overall, the 
highest ranking system is methylamine/n-hexane and 
the lowest ranking is butadiene/nitromethane. 

The technique presented here requires very limited 
experimental data, namely the critical pressure, crit
ical temperature, and the unlike-interaction parame
ter k/lS. This technique can be readily applied for 
comparative study of potential refrigerant/absorbent 
combinations. 
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