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Improved Property Data Correlations
of Absorption Fluids for Computer
Simulation of Heat Pump Cycles
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ABSTRACT

Substantial amounts of data have been generated over the

vears on the thermodynamic and transport properties of

absarption fluids, based on measurements conducted both in
laboratory equipment and in working heat pump systems, In
recent years, efforts have been under way to extend the range
of available data to higher temperatures and pressures to
facilitate implementation of advanced, multistage cycles. The
data have been presented in the literature in various forms,
including tables, equations of state based on thermodynamic
models, and empirical equations, for different ranges.

The growing need for computer simulations of absorption
systems has prompted the correlation of property data. The
abjective af the present study has been to compile the most
recent available information on common absorption fluds
and present it in a form suitable for computer caleulations,
Considering the fact that modeling a complex evele may
involve a large number of iterations by the simulation pro-
gram, easy evaluation of the required praperties is of wtmost
importance. In correlating the duta, an effort has been made
o reduce to a minimum any iteranve calculations. Property
data correlations have been developed for the fluids most
commonly used in absorption systems: water, lithium bromide
(LiBr)-water, and water-ammaonia. The correlations are based
on physical equations of state, relying on thermodynamic
madels. Correlations are given for vapor-liguid eguilibrium
(PTX), liquid and vapar enthalpy, liguid density, and vapor
entropy. The correlations have been implemented in a com-
puter code for simulation of absorption systems and were
Sfound to be both accurate and convenient for calculations.

INTRODUCTION

The sccelerated development of advanced absorption
systems in the last two decades has created a need for relinble and
effective computer simulations to predict performance, analyze
behavior, and perform parametric studies and various optimiza-
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tions. Several system-specific computer models have been
developed in recent vears that have proven to be valuable 1opls
for research and development and for design optimization. Some
of them were validated against experimental data with good
agreement. Along with the development of simulation models
came the need for property data. Efforts have been under way 1o
correlate existing data on the thermodynamic and transport prop-
ertics of absorption fluids and extend their mnge 1o higher
temperatures and pressures to facilitate implementation of
advanced, multistage cycles.

System-specific models are restricted in their simulation
capability and limited to the particular system for which they
were created. Their structure usually does not allow easy modi-
fication to model other systems and they penerally fit one
specific working fluid pair. A computer code has been devel-
oped for simulation of absorption systems in a flexible and
modular form, making it possible to investigate vanous cycle
configurations with different working fluids (Grossman et al
1987; Grossman and Wilk 1994), The structure of the code is
based on the fact that each absorption system consists of standand
companents (e.g., absorber, evaporator, generator, condenser,
etc.). Each basic component is simulated in the code by @ unil
subroutine providing a mathematical description of the physics
of that component. The unit subroutine contains all the physical
equations required 1o fully simulate its behavior, such as energy
balance, conservation of mass for each material species, heat and
mass transfer, and thermodynamic equilibrium. The main
program calls the unit subroutines and links them together in 2
form comresponding to the user's specification to form the
complete cycle. Each call 10 a unit subroutine is equivalent
collecting all the equations associated with it, without attempting
to solve them as yer. When the calls to all the unit subroutines
have been completed, a mathematical solver routine 15 employed
to solve the set of nonlinear equations simultaneously, using an
iterative procedure. The output contains the temperaturt,
enthalpy, flow rate, concentration, pressure, aned vapor fraction
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at each of the eycle's state points as well as the heat load and
transfer characteristics of each unit.

Animportant part of each simulation code is the thermody-
namic properties of working fluids. In the code, where the user
can select from a vanety of fluids, the properties have been incor-
porated in the form of a property database external to the unit
subroutines, Each unit subroutine, when invoked, calls the data-
huse several times and retrieves from it the properties required by
its various equations. The separation between the unit subrou-
tines and the property subroutines provides the flexibility for
each unit to operate with different working fluids, as specified by
the user. In addition, it allows for extending and improving the
dutabase without affecting the rest of the program. The structure
of the database has been described in detail by Grossman et al,
(1987). It presently contains the materials LiBr-H,O solution,
H,0-NH; solution and vapor, H;O liquid and vapor, LiBr-H,0-
NH; solution, LiBr/ZnBr,-CHyOH solution, CH;OH hiquid and
vapor, LINOy/KNOy/NaNOy-H,0 solution, NaOH-H,0 solu-
tion, and LiCl-H,0 solution,

The objective of this work has been to update the existing
property subroutines for the most common and important
shsorption  fluids—water, LiBr-water, and waler-ammonia,
according to the latest information available in the literature. In
particular, the present data of agueous lithium bromide solution
taken from the ASHRAE Handbook (ASHRAE 1989) is not
satisfactory, ns it covers only LiBr concentrations above 45 witSh
and is limited 1o solution temperatures below 177°C (350°F);
with the current interest in double- and triple-effect chillers,
higher temperatures are desired. The water-ammonia data taken
from Jennings (1981) cover only the saturation range and do not
include the superheated range; they also are limited to tempera-
tures below 230°C (446°F). Thus, an imporiant objective is to
extend the applicable range of the data in temperature, pressure,
and concentration for all the fluids. It is believed that the updated
property data will be useful not only in the present database, but
also for others interested in extended properties for computer
simulations,

Three major features are required from property equations
to be suitable for incorporation into the computer simulation
code:

1. One particular fluid property should be described by a sin-
gle equation within the whole desired parameter range.
Using different equations for different segments of the
parameter range would most likely entall convergence
problems in cases where the solution lies close to the bor-
der between two subparameter ranges; the solver would
then be compelied to switch between different equations
during the iteration process.

2 The transition from one property equation to another
should be smooth, e.g., a property equation for a super-
heated or subcooled fluid should convert to the respective
property equation for the saturated fluid when temperature

and pressure approach saturation values; a property equa-
tion of a mixture should reduce to the respective property
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equation of its component when the component's concen-
tration approaches 100%. The reason for this requirement
is again expected convergence problems in cases where the
solution of the simulation lies close to a concentration
value of zero, forcing the solver to switch between different
equations during the iteration process,

3. All equations should be explicit in the property in question
to avoid additional iterations during calls to the property
database,

Equations that meet the above requirements will be selected
and analyzed with respect to their accuracy and applicability 1o
the broadest possible parameter ranges. The selected eguations
will be implemented in the existing property datbase of the
computer simulation code.

PROPERTIES OF PURE WATER

Various correlations for the properties of saturated liquid
water and saturnted water vapor can be found in the literature
(Irvine and Liley 1984; Saul and Wagner 1987). However, the
correlations of Irvine and Liley (1984) cannot be applied for the
present purpose for two reasons: (1) Most saturation properties
are covered by two or more separate equations, each valid only
in a limited parameter range. Using these equations in a simula-
tion program package that conducts iterations of any kind will
most likely entail convergence problems in cases where the solu-
tion of the simulation lies close to the border of a parameter range
and will compel the solver to switch between these different
equations during the iteration process. (2) Different equations
are proposed for the saturation pressure as a function of the
temperature p, = fif) and its inverse, the saturation temperature as
a function of the pressure, r, = fip}, a foct that may well cause
similar convergence problems during iteration as described
above. Hence, the correlations from Saul and Wagner (1987) are
used for calculating all saturation properties. Equations for the
properties of superheated water vapor had to be developed based
on the correlations from Irvine and Liley (1984) 1o obtain consis-
tency with the saturation properties of Saul and Wagner (1987),

Properties of Saturated Water

The equations for vapor pressure, enthalpies (', A™), entro-
pies (7, 57), and densities (p’, p") of saturated liquid water and
water vapor (Saul and Wagner 1987) cover the entire range of
vapor-liquid equilibrium from the triple point to the critical
point. They have been approved by the International Association
for the Propenties of Steam (IAPS) 1986. As they have been
published before in a rather comprehensive form by Saul and
Wagner (1987), there is no need to present them here again,

Properties of Superheated Water Vapor

Properties of superheated water vapor can be found (Irvine
and Liley 1984) in the form of whles and correlations, However,
the correlations cannot be applied directly for the present
purpose as they are based on the respective correlations for satu-
rated vapor, which give resulls slightly different from those
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obtained by Saul and Wagner (1987).' Using these equations in
the program package will most likely entail convergence prob-
lems in cases where the state of the vapor is close to saturation;
the solver would then be compelled to switch from the saturated
vapor equation to the superheated vapor equation during the iter-
ation process. Hence, there was a need to develop enthalpy and
entropy equations for superheated vapor that are consistent with
the chosen saturated vapor equanons.

Applying Irvine and Liley's(1984) superheated vapor equa-
tions for calculating the enthalpies A(p.r) and h(p.1,(p)) and the
entropies s(p,1) and s{p.t,(p)) leads to the expressions:
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The numerical values of the coefficients e, f. g;, and h; are
given in Table 1. Note that temperatures, T, have to be pro-

1. lrvine and Liley base their equations on the critical temperature T, = 6473
K as opposed to the more recent value 7, = 647,14 K by Saul and Wagner.

vided in K and pressures, p, in MPa, leading o ¢, y and s i
Kikg K.

Using Equations | and 2 allows the calculation of hir,p)
from

hip 1) = ﬁ”(pl+cp. =g} (3)
and of s(r,p) from
sipo 1) = 5"(p) + (slps 1) = slpy 1, (p) )}, (4)

which are consistent with the respective saturation properties
in cases when t,(p), h"(p), and 5"(p) are taken from Saul and
Wagner (1987). It is evident that the accuracy of the numerical
enthalpy and entropy values obtained with the described
approach strongly depends on the accuracy of the saturation
properties from Irvine and Liley with respect to those from
Saul and Wagner. The correlations of both authors agree well,
with a maximum deviation in the enthalpy of less than | kl/kg.
This proves that the proposed approach gives results that can
be regarded as sufficiently accurate for the present purpose.

PROPERTIES OF AQUEOUS
LITHIUM BROMIDE SOLUTION

Various correlations for the properties of saturated agueous
lithium bromide solution can be found in the literature (McNeely
1979: Brunk 1982; Patterson and Perez-Blanco 1988; Lénard et
al. 1992; Feucrecker et al. 1993; Peters and Keller 1994).
McNeely (1979) compiled vapor pressure and enthalpy data
from Pennington (1955) and Lower (1960) and additional data
were provided by various industrial companies in the range 0 €
1< 180°C, 0 % E; i, < 70% in the form of tables. He developed
correlations for the boiling point temperature £ = f{p, § ), valid
within the range 5 < t £ 175°C, 45 < &5, S 70%, and for the
enthalpy h =fit, E; ) valid within the range 15 S 7= 165 °C,40
<E, n €706, hased on these data. These equations are recom-

TABLE1 Numerical Values of the Coefficients e, f, g, and hin Equations 1 and 2
e f g h

0 + 1.610693 + 1.707820 10° + 1.777804

1 + 5.472051 107 - 1.699419 10' + 1.039008 107 - 1.802468 10?
2 +7.517537 10* | + 6.2746295 107 - 9.873085 10 + 6.854459 10°
3 +3.383117 10° - 1.0284259 10 +5.434110 107 - 1.184424 107
4 - 1975736 10° | +6.4561298 10 - 1,170465 10 | + 8.142201 10"
5 - 2.874090 107
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mended in the ASHRAE Handbook (ASHRAE 1989)2 1o be used
in the design of absorption heat pump equipment,

Brunk (1982) published an improved boiling point temper-
ature comrelation for a broader parameter range 5<1< 180°C, 0
= GLine < 70% based on McNeely's tables, In addition, he devel-
oped an enthalpy correlation by fitting the data of Léwer (1960)
for the parameter range 15 <1 < 165°C, 0 & i, < 40% that is
not covered by McNeely's enthalpy equation. Brunk also gives
an equation for the density of saturated solution in the range () <
1s100°C,0<E; . <70% (excluding concentrations below 155
at temperatures above 70°C) hased on the data of Liéswer, and an
equation for the crystallization lemperature in the concentration
range 47.9 < &, g, < 75%. Patterson and Perez-Blanco (1988)
derived equations for the boiling point temperature in the range
0<¢<180°C, 025 ia; < T0%, for the enthalpy in the range 0
StS180°C, 0 & < 70%, both based on the database of
McNeely (1979), and for the density in the range 0 < < 100°C,
10 5 Eig, < 60%, based on the data of Uemura (1975).

Lee et al. (1990) measured densities of saturated aqueous
lithium bromide solution in the range 25 < r < 200°C, 45<E, ;1
< 60% and developed a correlation by fitting these data. In addi-
tion, they included data available in the literature 1o develop a
second correlation that covers a wider parameter range, i.e., 120
StS210°C, 44 <& o < 65%, Lénard et al, (1992) measured
vipor pressures at high temperatures and high concentrations.
They fitted their experimental results in the range 120 < ¢ <
210°C, 44 < &y < 656,

Feuerecker et al. (1993) measured boiling point data and
fitted their experimental resulis in the range 45 < ¢ < 190°C, 40
S8 S 76%. In addition, they measured the specific hear of
saturated solution, which allowed them to calculate a set of
enthalpy values that they fitted in the range 10< < 190°C, 40 <
Eum: € 75% mt vapor pressures of less than 200 kP They
employed for this purpose a density correlation that is valid for
10 < &; g, < 80%. Peters and Keller (1994) developed a semi-
empirical thermodynamic model 1o fit the VLE data published
by Pennington (1955), Léwer (1960), Renz (1980), Zimmer-
mann (1991}, and Feuerecker et al. (1993) in therange 0 < ¢ g
190°C, 5<§; 15, < 76%. The claimed advantage of this model is
that it allows one 1o extrapolate measured VLE daty, ar least to
i cenain extent

Boiling Point Temperature and Vapor Pressure
of Aqueous Lithium Bromide Solution

The empirical equations of McNeely ( 1979), Brunk (1982),
and Feuerecker et al. (1993) for the boiling temperature of saty-
rated aqueous lithium bromide solution as a function of the pres-
sure and the concentration are fits in the form of Diihring lines:

tp Epupe) = A{Er_m,}"‘aitu;u,} “t,p) (5)

2 Note that the coefficient D on page 17.70 of the J9%e ASHRAE Huand.
book—Fundamentals, 51 Edition, should rad correctly D =—1603.54 (as
opposed 1o the given value [ = =1596.49) to be consiglent with the [-P
Editign,
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where 1, is the saturation temperature of pure water af the pres
sure p. McNeely and Brunk give A and B as cubic polynome
in &y g, with four fitted coefficients cach, whereas Feuerecke
et al. give expressions for A and & that contain the LiBr/H,C
mole ratio with fractional exponents from 1/2 to 4/2, arrangec
in sums with five fitted coeflicients each. Patierson and Perez-
Blanco (1988) fitted their data with the equation

tp) = A+ B - Eyg + 0l £, (6)

where 1, is the saturation tem perature of pure water at the pres-
Sure p, and A, B, and C are quadratic polynomes in ¢t with three
fitted coefficients each. Lénard et al. (1992) chose the semi-
cmpirical equation

F{r' EL.I!:-:I - {wﬁ‘kwﬁtl -.‘FH'-:I Alp li-'H” .p’iIJl {?}

which is suitable for correlating vapor pressures of Aqueous
electrolyte solutions to fit their data. The saturation pressure of
pure water, p,, is taken at the temperature 1, W, is the mole
concentration of water in the solution with respect to the total
number of particles when assuming complete dissociation of
all LiBr molecules, and A stands for an algebraic function in ¢
and .

Peters and Keller (1994) comelated their data by means of 3
semi-empirical thermodynamic model as opposed to the purely
empirical models leading to Equations 5 and 6. They obtain the
equation

F“' F!LI.HI'I = T.H. wﬁ P:{I.:I Es_}

from the theory of thermodynamics of mixtures, In addition,
they introduce a so-called “solvation model" that assumes that
LiBr, after being dissolved in water, partially dissociates. The
Li* and Br ions generated in this way are immediately coated
with water molecules, forming ionic clusters that are consid-
ered new compaonents in the thermodynamic sense. Hence, the
mole concentration, Wip and the activity coefficient of water,
T in Equation 8 refer to the number of remaining free water
molecules in the solution after formation of the clusters. Both
quantities follow from a system of four highly nonlinear coy-
pled equations that has 1o he solved iteratively, A further
detailed description of this model is beyond the scope of this
work and the interested reader is referred to Peters and Keller
(1994),

The advantage Equations 5 and 6 have in common is that
they allow for explicit caleulation of both the boiling temperature
as & function of pressure and concentration, and the vapor pres-
sure as a function of temperature and concentration without any
iterative procedure, Being explicit is regarded as o major regquire-
ment for using working-fluid Property equations in the existing
computer code that already includes a heavily iterative solver.
However, Equations 5 and 6 cannot be recommended for use in
the code for various reasons, The models of McNeely (1979) and
Feuerccker et al, (1993) cover only coneentrations above 45%
and 40%, respectively. Brunk propases three different equations
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to cover the whole desired concentration range, a fact that may
well entail similar convergence problems during iteration, as
described in the previous section. The equation of Patterson and
Perez-Blanco is valid for the whole concentration range, but it
was developed by utilizing a limited experimental data set, i.e.,
only the data published by McNeely,

Equation 7 cannot be recommended as it s valid only at
temperatures above 120°C and at concentrations above 44%.
Additionally, itis explicit only in the vapor pressure in p = fir,
E; i5,) but not in the boiling temperature ¢ = fip, & 5.). The
model of Peters and Keller (Equation 8) cannot be recom-
mended from the standpoint of “computer friendliness™ as it
includes a system of nonlinear equations that requires itera-
tive solution. Yet, it was developed with the broadest and
most up-to-date set of experimental data and the correlation
is based on a thermodynamic model rather than a mere math-
ematical formula with no physical basis. Therefore, the
model of Peters and Keller has been selected in this work as
the basis for developing a novel, improved explicit equation.

The foregoing discussion has explained why none of the
existing equations for the boiling point temperature and the
vapor pressure of saturated aqueous lithium bromide solution
should be incorporated into the existing computer code. The
objective of this work is to develop a new correlation that covers
the whole desired concentration and temperature range, and is
explicit in both temperature as a function of pressure and concen-
tration, and pressure as a function of temperature and concentra-
tion. To accomplish this, a database of 1,320 points was
generated by calculating the vapor pressure of saturated aqueous
lithium bromide solution at concentrations between 5% and 76%:
and at emperatures between 0°C and 190°C by means of the
model of Peters and Keller (Equation 8). This database repre-
sents 388 measured VLE data points by Pennington (1955),
Lower (1960), Renz (1980), Zimmermann (1991), and
Feuerecker et al. (1993) with a mean deviation in the vapor pres-
sure of 1.6%, as does the model of Peters and Keller itself. The
numerically generated dita were fitted by Dithring lines accord-
ing to Equation 5 with the polynomes A and B following from

A= E aé:.tﬂl'
()

The coefficients a; and b, are listed in Table 2. They were
calculated by minimizing the maximom absolute deviation
between the temperatures that follow from the correlation and
the temperatures of the database at all 1,320 considered data

points, as dependent upon (p, &; ip,)

t data

6 G Suimed = r_,"'"{pr Exuml[“, = min- (10}

It is evident that the polynomes A(E g, = 0) and B(E; 5, =0)

have to attain the values 0.0 and 1.0, respectively, to accom-
plish a smooth transition from the property equation of lithium
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bromide/water solution to the property equation of pure wagey
Hence, the coefficients ag and by were set to 0.0 and |,
respectively, and were not fitted as done by Brunk (1982) and
Patterson and Perez-Blanco (1988), The largest lemperature
deviation between the correlation and the database at the 1,32
data points is no more than 0.6 K.

Figure 1 shows the boiling point temperatures of aqueous
lithium bromide solution at different concentrations according 1n
the various proposed correlations in comparison with the valyeg
given by the model of Peters and Keller (1994). At low concen-
trations (109% and 25%), the correlations of Brunk (1982), Patter.
son and Perez-Blanco (1988) (at 25% only below 150°C), and
the one developed in this work are sufficiently accurate, while the
remaining correlations cannot be recommended. At a concentra.
ton of 40% all equations give good results, except that of
McNeely (1979) and that of Lénard et al. (1992) above 150°C,
Al a concentration of 55% all correlations give accurate resylts,
except for the equation of Lénard et al,, which is valid only
temperatures above 120°C. Al a concentration of 70% none of
the published correlations approach the correct boiling temper-
ature closer than some 3 K, except for the equation of Lénard et
al. and the one developed in this work. These five examples illus-
trate that only the new equation developed in this work gives
satisfactory results within the whole desired parameter range,
that is, 0 S £ S 190°C, 0 S & 5, < 76%.

Enthalpy of Saturated Aqueous
Lithium Bromide Solution

Enthalpy from Activity Coefficients Peters and Keller
(1994) developed a semi-empirical thermodynamic model of
aqueous lithium bromide solution to comrelate their experimental
VLE data. This model was applied successfully 1o the prediction
of the solution vapor pressure as a function of concentration and
temperature, as shown in the previous section. The fact that their
data correlating procedure includes the fitting of activity coeffi-
cients gives reason 1o believe that the model also may be
employed for calculating caloric solution properties. The objec-
tive of this section is to exaumine their model with respect to the
possibility of calculating the solution enthalpy.

According to the model, the solution consists of three
components in the thermodynamic sense: water molecules, lith-
ium bromide molecules, and clusters of Li* and Br™ jons, each
coated by a variable number of water molecules, The dissocia-
tion process generating the ionic clusters is described by the
chemical reaction equation

m Hy0 # LiBres Li'(H,0) . +Br (H0) . (1D

with the so-called solvation number of the reaction
m=4&=5 WYy (12)
where iy i, denotes the molar lithium bromide concentration

before the dissociation. Considering the above three compo
nents, the molar Gibbs free energy of the solution is given by
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+ 1.6634856 10"

- 6.8242821 10°

- 5.5338169 10*

+ 5.8736190 10°

+ 1.1228336 10

- 10278186 10+

- 1.1028390 10*

+ 9.3032374 10"

+ 6.2109464 10*

- 4.8223940 10"

- 2.1112567 10*

+ 1.5189038 10*

+ 4.3851901 10*

- 2.9412863 10

- 54098115 10*

+ 3.4100528 10+

+ 3.6266742 10*¢

- 2.1671480 10™

[} L.} iy m m
£ = Vg + VisL + W ege +Agn +Ag

with the molar excess Gibbs free cnergy

g™ = RTllnv, +y, Iy, + 2y .

- 10153059 10*

(13)

(14)

Ag™, 15 the molar Gibbs free energy of mixing; g%, o, and
& ; .
g are reference molar Gibbs free energies of the components
(in pure state or at infinite dilution); g, w,, and Y are the
molar concentrations of the components after dissociation;
and Yy, ¥, and Yc are the activity coefficients of the compo-
nents in the solution. The molar solution enthalpy follows by
dividing Equation 13 by the temperature, forming the deriva-
uve with respect to the lemperature at constant pressure and

concentrations, and substipug ng

i _I}(HE BMT'/ ﬂl:- v,
and

P 4 t‘-‘{g:‘fﬂ
h‘. B = __TT—_

to be

B = ko + Vehy #2900 + A"

with the molar excess enthalpy

(15)

(16)

e _H:["P"(J _‘g’_:ﬁ_’L v,
(Iny,) (Iny,.)
T (')_Fr—,]u v.]

Y. '_.T_J\ v, ¥
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(7

+ 5.7995604 10*

and the reference enthalpies of the components 7, hy v and
L.

o-

The first obstacle encountered when employing Equation
16 is 10 obtain the reference enthalpies of the Components,
Neither water nor lithium bramide exists in the present temper-
ature and pressure range as a pure fluid, and pure “ionic cluster
fluids™ do not exist at all. However, the reference enthalpy of the
clusterscan be eliminated from Equation 16 by making use of the
equilibrium condition of the dissociation reaction ( Equation 11)
in the form

2

(W.7.)
Zgg = mg:-r-gr—ﬂlﬂ‘————-—-—tmc :
(W) (w1,

Dividing this expression by the temperature, forming the
ivative with respect to the lemperature at constant pressure

and concentrations, and considering Equation 15 yields the
molar reference cluster enthal P,

(18)

py = m;.}'jwfmﬁ;,,. (19)

as a function of the molar reference enthalpies of water and
lithium bromide, and the molar dissociation enthalpy:

ar [!nTHJ
Ahisy = -R r["‘(a_ﬁ“__L v,

20
d(lny, ) L (9ny,) 0
+[ T .w,_"( a7 ?.-]
Substituting Equation 19 into Equation 16 leads 10
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BT = (Wt mW ek + (W, + WAIRE + W ARG, + AR, (21)

This expression allows one to calculate the solution enthalpy
from the reference enthalpies of water and lithium bromide,
the molar concentrations of the components after the dissocia-
tion, and the activity coefficients of the components. The
molar reference enthalpy of water can be set equal 1o the
molar enthalpy of pure saturated liquid water at the tempera-
ture f, when neglecting its pressure dependence, The molar
reference enthalpy of lithium bromide is not available. How-
ever, assuming it to be independent of pressure and concentra-
tion, one may obtain it from Equation 21 as a function of the
temperature by introducing the solution enthalpy &™ from reli-
ahle measurements at the appropriate temperatures.

The second difficulty encountered when employing the
model for calculating the solution enthalpy is how to obtain the
activity coefficient derivatives nt constant pressure and concen-
trations that are required in Equation 17 for the molar excess
enthalpy and in Equation 20 for the molar dissociation enthalpy.
Peters and Keller (1994) provide activity coefficients only at
VLE. Thus, formulation of the derivatives with respect to
lemperature at constant concentrations implies inevitably vary-
ing pressure according to the Dilhring lines. However, these
derivatives may be used in Equations 17 and 20, assuming pres-
sure-independent activity coefficients in the liquid region.

It was attempted in this work to employ the above set of
equations in conjunction with the fitted activity coefficients of
Peters and Keller (1994) for calculating the enthalpy of saturated
aquecus lithium bromide solution. The lithium bromide refer-
ence enthalpy/temperature function was determined from Equa-
tion 21 by using solution enthalpies published by Feuerecker et
al. (1993). The function was expected to be independent of the
lithium bromide mass concentration at which the solution
enthalpies were taken. However, it was recognized that signifi-
cantly different reference enthalpy/ftemperature functions were
obtained when using solution enthalpies at identical lempera-
tures but at different lithium bromide mass concentrations in the
range 40 < & 5. < 75%. Further detailed examinations of the
thermodynamic model were required, namely with respect to the
consistency of the fitted activity coefficients, to illuminate this
phenomenon.

During development of their model, Peters and Keller
(1954) made use of the equilibrium condition of the dissociation
reaction in form of the van't Hoff relation:

- 2
. Al (W1
K[.. = KL‘E“F'IV_ R‘;“J = L2

< (@)

where K- is the equilibrium constant, and g7, = 0.022 and
AR, = —28936.3818 ki/kmol are fitted constants. Forming
the derivative with respect to the temperature of this relation
for constant pressure and concentrations again yields Equation
20. Hence, the right-hand side of Equation 20 must equal the
fitted constant value of the molar dissociation enthalpy for all
temperatures and concentrations.
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Figure 2 Molar dissociation enthalpy ar different lith-
ium bromide mass concenirations and temper-
atures as obtained from the thermodynamic
model when employing the Wilson equations
and the NRTL approach, respectively.

This can be verified easily. The temperature deviations of
the activity coefficients required in Equation 20 follow from the
Wilson equations (which Peters and Keller [1994) employed for
correlating their VLE data) in a straightforward, analytical
mannier. The lefi-hand side of Figure 2 illustrates the deviation
between the molar dissociation enthalpy (as calculated from the
activity coefficient derivatives at different lithium bromide mass
concentrations and temperatures) and the fitted constant value,
The observed large deviations of up to 25,000 kl/kmol give
reason to assume that Peters and Keller’s data fit produced ther-
modynamically inconsistent results, This may be attributed 1o
the fact that the measured VLE data of the three-component
system {water molecules, lithium bromide molecules, and clus-
ters) were fitted by means of a model consisting of a single VLE
condition, namely, water vapor being in equilibrium with the
liquid water in the solution. Thus, the constants in the Wilson
equations and in the van't Hoff relation were fitted merely with
respect to the water activity (W Yy, see Equation ). The molar
concentrations after dissociation—yy, y;, and y,—and the
activity coefficients ¥y, v, , and ¥, which are additional results of
the data-fitting procedure, apparently do not represent valid
physical information of the system.

This conclusion is supparted by the results of a comparison
between the data fit employing the thermodynamic model in
conjunction with the Wilson equations (Peters and Keller 1994)
and the data fit employing the same model, but in conjunction
with the NRTL approach (Peters 1994). The right-hand side of
Figure 2 illustrates that the molar dissociation enthalpies, as
calculated from the activity coefficient derivatives according to
the NRTL approach, differ considerably from the fitted constant
value gy =-47696.05 klfkmol, which itself is significantly
different from the value obtained when using the Wilson equa-
tions,

The molar concentrations, after dissociation yielded by the
two, show mostly moderate deviations of less than 0.1 kmol/

kmal. As opposed to that, the lithium bromide activity coeffi-
cients and the cluster activity coefficients that follow from the

Bar



two different approaches differ considerably, with maximum
deviations on the order of up to 0.6. They evidently do not
contain any valid physical information about the contribution of
each component to the caloric properties of the solution. Hence,
calculation of the molar solution enthalpy after Equation 21 in
conjunction with Equation 17 for the molar excess enthalpy and
Equation 20 for the molar dissociation enthalpy must be
regarded as impossible. However, both approaches yield almost
identical water activities yy; - 7y and solution saturation pres-
sures. This verifies the virtue of both approaches to predict the
solution saturation pressure as a function of temperature and
concentrations, as was the objective of the development of the
mdel.

Enthalpy from Specific Heat Measurements The empir-
ical equations of McNeely (1979), Brunk (1982), and Patterson
and Perez-Blanco (1988) for the enthalpy of saturated agueous
lithium bromide solution are all based on the data tables
published by McNeely (1979) and Lower (1960), Their form 15
given by the formula

Mot = % Z bl (23)

where the values of the upper limits m and n vary from author
to author. Kuck (1994) fined the enthalpy data of McNeely
(1979} in the entire parameter range 0 < 1S 180°C, 0 S &, S
70% with an approach similar to that in Equation 21:

hin ﬁ.ug:} - E,.un,r ’ Jﬂ_,n.-{”

2
# (1 = &) A0 + Ahle Spime) (24)

with
oo = 2ok

Ah ¢ % if
07k = Sund! 'El-lllr}i _Eﬂ Eubr,':y%l.ms‘ 1 [TI

The structure of this équation, where the first term on the
right represents the contribution of the enthalpy of the salt, the
second term represents the contribution of the enthalpy of the
water, and the third tenm represents the excess enthalpy, guaran-
tees a smooth transition to the values of the pure water enthalpy
K after Equation 9 for lithium bromide concentrations
approaching zero. The numencal values of the coefficients a; and
by; are given in Table 3.

Feuerecker et al. (1993) developed a comelation similar 1o
Equation 23 for lithium bromide mass concentrations above
40% by fitting enthalpy data that were numerically generated
based on their specific heat measurements. Figure 3 illustrates
that McNeely's data (1979) agree well with Feuerecker's recent
measurements. Most of McNeely's enthalpy values lie in the
accuracy range that Feverecker states for his correlation, with
some minor exceptions at low temperatures. Hence, McNeely's
data table can be regarded a5 a basis for enthalpy correlations, of
the kind developed by the mentioned references, that is suffi-
ciently accurate for the present purpose.

Only two out of the five enthalpy correlations presented here
are suitable for implementation into the computer code. The
equations of McNeely (1979) and Feuerecker et al. (1993) are
valid only at lithium bromide concentrations above 45% and
40%, respectively. Brunk (1982) developed his correlation based
an the data of Léwer (1960) for concentrations below 40% and
recommends using McNeely's equation for higher concentra-
tions. As already pointed out, the use of a fluid property basis that
requires switching between different equations should be strictly
avoided to prevent convergence problems in the solver of the
code. The equation of Patterson and Perez-Blanco (1988) and the
correlation of Kuck (1994) remain the only ones that are consid-
ered for use in the code, Figure 4 shows a comparison of their
correlations with the data of McNeely (1979) for four lithium
bromide concentrations. It is evident that the equation of Kuck
gives slightly better results than the equation of Patterson and
Perez-Blanco for all concentrations. As Kuck's equation has the
additional advantage of allowing for a smooth transition o the
enthalpy equation of pure water for & 5, — 0, it was selected 10
be incorporated into the computer simulation code.

TABLE 3 Numerical Values of the Coefficients a and b in Equation 24

+6.40622 10°* | +1.31032 10" | -7.75101 107 | 0.0 I

+5.08668 10°* | -1.02161 10° | +3.68773 10** | -1.86051 10" | -7.51277 10°
-1.86241 10" | -5.33308 10** | +4.02847 10" | -1.91198 10" | 0.0
+9.85946 107 | +4.83628 10" | +3.99142 10" | -1.99213 10" | 0.0
-2.50979 10°° | +1.15513 10" | +3.33572 10™" | -1.78258 10" | 0.0
+4.15801 10*
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Figure 3 Enthalpy data of saturated aqueous lithium bromide solution after McNeely (1979) compared to the correla-

tion of Fewerecker (1993),

Density of Saturated Aqueous
Lithium Bromide Solution

The correlations of Brunk (1982) and Patterson and Perez-
Blanco (1988) for the density of saturated aqueous lithium
bromide solution are valid only at temperatures below 100°C.
Lee et al, (1990) developed the correlation

p

P = 114536 + 470.84 - £, + 137479
kg/m

(25)

£ ine — (0.333393 + 0571749 - E—.L-.,,}%
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based on their own experiments and additional data taken
from the literature. This equation is valid in the parameter
range 00 = ¢ < 200°C, 20 < E 5, S 65%. Feuerecker et al.
(1993) published the correlation

_ P

P 2 [ expl 128,45, }

+ :xp{ﬁi-.,.r(ﬂ.s-:p 16414107 ')H

which is valid in the range 10 < & 5, < 80% but only at tem-
peratures below the boiling point temperatures associated with
pressures of 100 kPa. The principal advantage of the structure

{26)

Bag
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Figure 4 Enthalpy of saturated agueous lithiwm bromide solution after Kuck (1994) and Patterson and Perez-Blanco

{1988) compared fo the data af McNeely (1979),

of this equation is that it guarantees a smooth transition to the
density values of pure water p'(f) after Equation 2 for lithium
bromide concentrations approaching zero. Figure 5 illustrates
that both correlations agree well in the parameter range where
both of them are valid (20 < £ 5, < 65%, temperatures below
tlp = 100 kPa, E; ]}, showing deviations of less than 2%.
Feuerecker's equation yields densities up 1o 7% higher than
those obtained by Lee's equation at temperatures above his
validity range. Lee's densities al concentrations above 65%
deviate from Feuerecker's values only by up to 2%, indicating
that Equation 25 can be recommended even for concentrations
up to 73%. The principal advantage of the structure of Equa-
tion 26 cannot compensate for its poor accuracy at high tem-

880

peratures. Therefore, Equation 25 was selected to be
incorporated into the computer simulation code.

PROPERTIES OF AMMONIA-WATER MIXTURE

Many studies of the thermodynamic properties of ammo-
nia-water mixtures are cited in the literature. Results of VLE
measurements have been published, among others, by Perman
(1901), Wilson (1925), Wucherer (1932), Clifford and Hunier
(1933), Pierre (1959), Macriss et al. (1964), Jennings (1965),
Gillespie et al. (1985), Guillevic et al. (1985), Rizvi and Heide-
mann (1987), and Zimmermann (1991), These experimental
data were reduced by a number of authors to tables or comela-
tions, yielding p--y data, as well as caloric properties. Jennings

ASHRAE Transactions: Symposia
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Figure 5 Density of saturated aqueous lithium bromide solution after Lee et al. (1990) and Feuerecker et al, {1993 ).

and Shannon (1938) compiled Wucherer's data in tables, while
Scatchard et al. (1947) combined Perman’'s and Wucherer’s data
in their tables. Macriss et al. (1964) extended Scatchard’s 1ables
by adding Pierre's data and their own measurements. Jennings
(1981) updated his tables from 1938 by including most of the
above experimental data. Jain and Gable (1971 }developed poly-
nominal equations for the boiling tlemperature and the vapor-
ammonia cancentration, both as functions of pressure and liquid
ammania concentration, and for the liquid and vapor enthalpies,
based on Macriss's tables.

Schulz (1971) was the first 1o develop equations of state
(EOS) for the Gibbs free energy of the liquid and the gaseous
mixture. The two separate equations are linked by the VLE
conditions of equality of the components’ chemical potentials in

ASHRAAE Transactions: Symposia

the liquid and in the vapor, He employed the Redlich-Kister rela-
tion for the molar excess Gibbs free encrgy and fitted the coef-
ficients in the equations with most of the experimental data
available to him in the range ~73 <1 < 177°C, 1 s p£2,500 kPa.
Ziegler and Trepp (1984) modified Schulz's equations and
extended the validity range 10 —43 < £=230°C, 20 < p < 5,000
kPa. Higher temperatures from 40°C up to 315°C and higher
pressures from 74 kPa up to 20,000 kPa are governed by the data-
reduction procedure of Gillespie et al. (1985). They employed
the Redlich-Kister relation for the molar excess Gibbs free
energy 1o calculate the activity coefficients required when solv-
ing the VLE conditions of equality of the components’ partial
fugacities. Zawacki and Macriss ( 1987) applied it for generating
p-t-y tables. The procedure, however, vields only p-t-y data, but
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Figure 6 Deviations of the boiling point temperatures and the ammaonia vapor concentrations of ammonia-water mix-
tures at VLE berween the correlations of Peters (1995) and the corvelations of Ibrahim and Klein {1993) a;

various liguid ammonia mass concentrations,

no caloric properties. The same holds true for the data-reduction
procedures presented by Heidemann and Rizvi (1986) in the
range 30 < ¢ € 35°C, 30 £ p < 22,000 kPa. Ibrahim and Klein
{1993) improved the equations of Ziegler and Trepp (1984) by
including the experimental data of Gillespie et al. (1985) at
higher temperatures and pressures, thus extending the validity
range to —43 < r < 327°C, 20 < p < 11,000 kPa. Peters (1994)
included in his VLE data reduction additional experimental data
by Zimmermann (1991), His procedure provides p-t-y data in
the range —S0 <1< 230°C, 10 £ p < 18,000 kPa.

The above survey of available thermodynamic properties of
ammonia-water mixtures reveals that only the data-reduction
procedure developed by Schulz (1971) and improved by Zicgler
and Trepp (1984) and Ibrahim and Klein (1993) provides both
VLE data and caloric properties in a single and self-consistent
thermodynamic model, Thus, the correlations of Thrahim and
Klein (1993) were chosen to be incorporated into the computer
code because they cover the widest parameter range 43 €1 <
327°C, 20 p = 11,000 kPa.

Pressure-Temperature-Composition (p-t-y)
Behavior of Ammonia-Water Mixture at VLE

Thrahim and Klein (1993) developed their correlations by
employing the VLE condition that the partial fugacity of cach
component in the gas phase must equal its partial fugacity in the
liquid mixture:

O, p W, = Yo, 0K, P, v, Vo O, , (27)
O.0pVi,0 = Tn,o¥iop,, Hzo’“l-‘H,aa;}:Ef E‘Fr:t'g (28)

Fitting of the experimental data yielded the fugacity coeffi-
cients §, the activity coefficients ¥, and the Poynting factors &
that are required in these equations, as functions of pressure,
temperature, and concentrations. Knowing these quantities
allows one, for example, to calculate from these two equations
the boiling point temperature, f, and the ammonia concentra-
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tion Wy, in the gas phase, if the pressure p the and ammonis
concentration Wy, in the liquid mixire are specified.

To assess the accuracy of the equations, they are compared
with the correlations developed by Peters (1994). Peters fitted the
experimental data also by means of Equations 27 and 28. But,
similar to his treatment of aqueous lithium bromide solution (see
the previous section), he introduced an association model that
assumes an association reaction of ammonia and water mole-
cules forming a species of clusters that is regarded as a third
liquid component in the thermodynamic sense. Figure 6 shows
on the lefi-hand side the deviation between the boiling point
temperatures after the two references and, on the right-hand side,
the deviation between the ammonia concentrations Yo, 10 the
gas phase after the two references, as functions of the pressure for
Various amimonia mass concentrations in the liquid, as indicated.
“The chosen pressure and temperature range lies within the valid-
ity ranges of both references. The boiling point temperature devi-
ations remain below £2 K at pressures below 1,000 kPa. Al
higher pressures the boiling point temperature after Peters
assumes values up to 2 K higher and up to 6 K lower than those
predicted by the correlations of Ibrahim and Klein. The maxi-
mum ammonia vapor concentration deviation is about £0.025
kmol/kmol, mainly at low ammonia liquid concentrations and
medium pressures, and at pressures above 5,000 kPa for the
whole liguid concentration range. Both references based the
development of their correlations on more or less identical exper-
imental data. Hence, the observed deviations must be attributed
to the accuracy of their respective data-fitting procedures.

Equations 27 and 28 together constitute a system of nonlin-
ear equations that has to be solved iteratively to produce the VLE
properties of ammonia-water mixtures, as required in the
computer code. However, any additional iteration process should
be avoided in the code, as already pointed out. Therefore, Equa
tions 27 and 28 were employed in this work to generate a base 0
5,260 p-+-£ -E_data points in the range —43 <15 327°C, 2054
< 11,000 kPa. These numerically generated data were success
fully reduced by Diihring lines of the form

ASHRAE Transactions: Symposh



|
E
|

TABLE 4 Numerical Values of Coefficients a, b, and ¢ in Equation 30

i 2 b e

0 (.0 1.0 0.0

1 - 5.5542808 107 + 2.9401340 10° - 73825347 107
2 + 2.8903954 107 - 29746632 10 +7.0452714 107
3 - 9.9993985 10° + 1.1301928 10% - 2.6091336 10
4 + 20707756 107 - 2.5444689 10 + 57941902 10"
5 - 2.5032344 10% + 3.3726490 107 - 17216652 10"
f + 1.6201291 10 - 23587537 10™ + 5.4793460 107
7 - 43153626 10" + 6.6517338 10" - 1.5714291 10"

tp, 'El:N}-l,J = "'-“;;\rn,] +B‘§.NH.’
. ] (29)
fmyo(P) + Cllyy ) 1y olp)

where 1, 4, o, the saturation temperature of pure water at the
pressure p, follows from Equation 1. The parameters A, B, and
C stand for the polynomes
A= ¥ a-En,
(=D
7

evident that the boiling point emperature is predicted by Equa-
tion 29 for given pressure and liguid composition with a maxi-
mum deviation of £2 K as compared to the results of Thrahim and
Klein. The liquid composition is predicted by Equation 29 for
given pressure and temperature (corresponding to the indicated
liquid composition after Ibrahim and Klein) with an accumcy of
+0.04 kg/kg. Using the liguid composition that follows from
Equation 29 for given pressure and temperature in Equations 27
and 28 produces two different vapor compositions as depicted in

- EI!
g i :‘Enb' L Go) the lower part of Figure 7. Note that the VLE condition of equal-
. ity of the partial fugacities of liquid ammonia and ammonia
C= ¥ éfml vapar (Equation 27) predicts the vapor l;:::m;rn.rtili_un for given
=0 pressure and temperature with a maximum deviation of —0.04

with the fitted coefficients a;, b, and ¢; listed in Table 4.
They were calculated by minimizing the maximum abso-
lute deviation between the boiling point temperatures that
follow from Equation 29 and those of the numerically gen-
crated database in a form similar to that of Equation 10,
Note that the values a; =0, by = 1, and ¢; = 0 were set to
ensure a smooth transition to the properties of pure water
for S, Approaching zero,

The new correlation allows one to calculate explicitly both
the bailing point temperature as a function of the pressure and the
saturation pressure as a function of the temperature of a liquid
ammaonia-water mixture of specified compositon. Only the
composition of the liquid mixture has to be calculated iteratively
from Equation 29, in case pressure and temperature are speci-
fied. The composition of the vapor in equilibrium with the solu-
tion is provided in any case explicitly by Equation 27 or 28, when
two of the three parameters—pressure, temperature, and liquid
composition—are specified, and the third one is supplied by
Equation 29,

Figure 7 illustrates the accuracy of this novel approach with
respect 1o the procedure of Throhim and Klein (1993), It is

ASHRAE Transactions: Symposia

kg/kg to +0.12 kg/kg, as opposed to the VLE condition of equal-
ity of the partial fugacities of liquid water and water vapor (Equa-
tion 28), which predicts the vapor composition far more
accurately with a maximum deviation of only —0.004 kg/kg 10
+0.002 kg/kg. Thus, Equation 28 was selected for caleulation of
the vapor composition in the computer code. The observed devi-
ations compare well with the accuracy of the procedure of Thra-
him and Klein itself with respect to the model of Peters ( 1994),
as illustrated in Figure 6. The advantage of Equation 29, namely
its explicity in the boiling temperature and in the saturation pres-
sure, compensates for the insignificant loss in accuracy.

Caloric Properties of Ammonia-Water Mixture

Caloric propenties of liquid and gaseous ammonia-water
mixtures can be obtained for both superheated and subcooled or
saturated states from the equations of state for the molar Gibbs
free energy that were developed in the first place by Schulz
(1971). The two separate equations for the liquid and the vapor
have the structure
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after Ibrahim and Klein.

(P TV = Vo e, T)

+Waotio W T) (31)

+Agm AT W)+ 48" (p, T W)

with the molar Gibbs free energy of mixing
Al T W) = RT(Wg, 0¥ + Wi 0 MW o). (32)

Assuming ideal vapor mixtures, the molarexcess Gibbs free
energy Ag™ " of the vapor is set o zero. The molar excess
Gibbs free energy of the hiquid is given by the Redlich-Kister
relation:

a4

Ag"(p. W) = W Wi ol Dy (. T

+D;(p. THWYp, = Yi,0! (33}

+D4ip, )Wy, "wﬁlu}:!

where the pressure and temperature-dependent [ are
expressed by algebraic functions containing 16 coefficients
altogether that were fitted by Ibrahim and Klein (1993). In
their data-fitting procedure they made use of algebraic expres-
sions for the Gibbs free energies of the pure components
ammonia and water as functions of pressure and temperature
as published by Ziegler and Trepp (1984). After substituting
these expressions and Equations 32 and 33 into Equation 31,
all caloric properties of the mixture can be obtained as explicit
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functions of pressure, temperature, and composition by simple
mathematical manipulations. Molar volume, molar enthalpy,
and molar entropy follow from

(p W) = (Ej;;]” (34)
K p T y) = f(‘""—*ﬁa’?L % (35)

and

MpTow) = {%Jﬂ (36)

for subcooled liquid, superheated vapor, and both liquid and
gaseous mixtures in VLE.

CONCLUSION
Various published equations describing the thermodynamic
properties of liquid water, water vapor, aqueous lithium bromide
solution, and ammonis-water mixtures have been studied with
respect to three major criteria:
»  One particular fluid property should be described by only a
single equation within the whole desired parameter range.
+ The transition from one property equation to another, if
necessary after all, should be smooth.

+  All equations should be explicit in the property in question.

By correlating data published by Peters and Keller (1994),
a novel equation for the boiling point temperature of LiBr-H,0
solution has been developed that covers the concentration range
from 0% o0 76% LiBr. VLE data of Ibrahim and Klein (1993)
were used for developing a novel comrelation for the boiling paint
temperature of ammonia-water mixtures, Equations meeting the
above requirements have been implemented in the computer
code for simulation of absorption heat pump cycles, providing it
with an improved and updated property database that is consis-
tent und extremely robust.
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NOMENCLATURE

€y = specific heat of superheated water vapor (kI/kg-K)
B = Gibbs free energy (KIfkg [kK/kmol])

h = specific enthalpy (k]/kg [kJ/kmol])

K = equilibrium constant of dissociation reactions

producing Li* and Br™ jons coated with H,0
molecules (=)

" = solvation number of dissociation reactions
producing Li* and Br™ jons coated with H,0
molecules (—)

p = pressure (kPa)

R = universal gas constant (8.315 kJ/[kmol - K])
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F ) = specific entropy (kl/kg K [K/kmal-K])

t. T = temperature ("C [K])

v = specific volume (m*/kg [m/kmol))

Greek

b = activity coefficient (—)

& = Poynting factor (—)

8 = normalized temperature (= T/T,)

E = mass concentration (kg component/kg mixture)

p = density (kg/m’)

T = normalized temperature (= 1 - TIT)

q:. = fugacity coefficient (=)

W = mole concentration (kmol component/kmol mixture)

Subscripts

€ = critical point

54 = cluster as component in solution after dissociation of
LiBr

H = waler as component in solution after dissociation of
LiBr

i = index for component in a mixture

L = lithium bromide as component in solution after
dissociation of LiBr

LiBr = lithium bromide as component in solution before
dissociation

5 = saturated

Superscripts

m = molar property

' = saturated liquid

¥ = saturated vapor
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QUESTIONS AND COMMENTS

S.A. Klein, Professor, University of Wisconsin, Madison:
Why did you use tenth-order polynomes for the LiBr-H,O
correlations?

Hans-Martin Hellmann: We increased the order of the poly-
nomes until the gain in accuracy became insignificant.

ASHRAE Transactions: Symposia

Keith Herold, Department of Mechanical Engineering,
University of Maryland, College Park: [ would like 1o bring
your attention to a work published previously in the ASHRAE
Transactions that you do not cite in your paper. This work
deals with the properties of LiBr/H,O and appears to he
directly relevant to a major part of your study:

Herold, K.E., and M.J. Moran, 1987. A Gibbs free energy
expression for calculating thermodynamic properties of
lithium bromide/water solutions, ASHRAE Transac-
tiony 93(1): 35-48,

Hellmann: In the recent liternture studied in this work, unfor-
tunately no reference was made 1o your work. Thus, we have
not been farniliar with it while conducting our study. 1 am sure
that it would probably have been very useful to us,
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