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coefficient in Margules equation
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specific heat of vapor absorbent
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specific heat of refrigerant liquid

heat of vaporization of absorbent at reference temperature
heat of vaporization of refrigerant at reference temperature
functional dependence

Gibbs free energy function

partial molal enthalpy of absorbent on vapor

partial molal enthalpy of absorbent in solution
enthalpy of liquid refrigerant
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heat partial molal enthalpy of refrigerant in solution
heat of vaporization of the mixture

specifie enthalpy

enthalpy

refrigerant excess partial molar enthalpy

absorbent excess partial molar enthalpy

Margules equation coefficient

heat of vaporization, Margules equation coefficient
Margules equation coefficient

vapor pressure
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o .
PR pure refrigerant vapor pressure
o
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PZR pressure scale factor
Qa heat exchanged in absorber
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Qe heat exchanged in evaporator
Qg heat exchanged in generatoxr
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o pure fluid
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1 liquid
X mole fraction
m mixture
Subscripts
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function
refrigerant
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partial molar Gibbs function or chemical potential
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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 for 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. With few
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 common construction materials, or have
a range of solubility appropriate for new advanced cycles.

The present work takes a radically different route than the ones
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: an alternative route other than
the development of advanced cycles may exist for ephancing thermal
performance, and that alternative could very well be fluids with
properties similar to those unearthed by this study.

A simple model of a single-effect heat pump was formulated, with
adequate provisions for caleculating the distillation and pumping energy
requirements. The working fluid was modeled parametrically, employing a
thermodynamically consistent equation of state. An optimization
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% of Carnot
obtainable with current systems.

The Margules equation defines a thermodynamically consistent fluid
pair in the sense that, to the best of our understanding, none of the
basic laws of thermodynamics are violated. Yet, the best that can be
hoped for is to find solutions that aprroach 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 remains to be
done, could prove very useful for defining research directions.
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ABSTRACT

This report focuses on defining the fluid properties that will
optimize the performance of a heat pump cycle., A simple heat pump
computer model in conjunction with a parametric binary solution model is
coupled to a computer code that searches for optimum values. The code
determines the values of the parameters that maximize the thermal
performance of the heat pump. The set of parameters is
thermodynamically consistent. This set describes an ideal fluid with
which single-effect cycle performance of 90% of Carnot is possible. The
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.






1. INTRODUCTION

1.1 BACKGROUND

The Office of Industrial Programs (OIP) of the Department of Energy
is developing advanced chemical heat pumps for industrial applications.
The search for new working fluids for heat pumps is an active part of
this program._ The search focuses on fluids for high temperature
applications.” The OIP defined the strategy for a fluids search in the
following way: the properties of an ideal fluid must be defined. Those
properties may then be used as a guide in the search for new, real
fluids. The methodology employed for defining the fluid as well as the
ideal fluid properties are described in this report.

The general approach undertaken was based on well-known facts: some
properties are desirable for virtually any heat pump cycle considered,
whereas the desirable values of other properties are highly cycle
specific.” For instance, low corrosivity and chemical stability at high
temperatures are desirable fluid features that apply to virtually any
cycle. However, high or low heats of solution are desirable depending
on the type of cycle under counsideration. The desirability of positive
or negative deviations frgmhRaoult’s Lzw has been investigated before,
with conflicting results.™’ Maximizing cycle performance by means of
operation at critical pressures has also been proposed. In this
report, we focus on a heat amplifier cycle. Thus, the desirable trends
of thermodynamic properties defined here are specific to the heat
amplifier cycle, which is explained below.

In a heat amplifier cycle, also known as a refrigeration cycle, a
working solution formed by an absorbent and a refrigerant is employed.
In the generator (Fig. 1), heat is applied to boil off refrigerant from
the solution, T1If the absorbent is volatile, a distillation column with
a reflux condenser is employed to obtain mnearly pure refrigerant. The
refrigerant is condensed in the condenser (state point 6), where heat is
removed. The pressure of the refrigerant liquid is then reduced, and
the refrigerant is evaporated in the evaporator. The heat for
evaporation is furnished by waste heat. The refrigerant vapor (state
point 8) is absorbed in the solution coming from the generator (state
point 3) via a recuperative heat exchanger. 1In the absorber, the heat
evolved during absorption is removed as process heat. The solution,
rich in refrigerant (state point &4), returns to the generator (state
point 1), after being preheated in the solution heat exchanger by the
solution flowing into the absorber. In the heat amplifier cycle just
described, heat is delivered in the condenser and in the absorber, and
heat is furnished in the generator and evaporator.

To define the guiding criteria for the new fluid search for heat
amplifier cycles, we chose the following approach. Simple, pure-fluid
models were formulated for both absorbent and refrigerant. These models
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Fig. 1. Schematic of a heat amplifier cycle.



are thermodynamically consistent. Key properties such as specific heats
and heats of vaporization were cast in parametric form. The absorbent
and refrigerant form a solution. The thermodynamic properties of this
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 strongly influence
cycle performance. To characterize the solution properties, a
pavametric model of the solution was formulated. The model is also
thermodynamically consistent.

The fluid parametric models were combined with a computer model of
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. The energy
spent in distillation in the case of a volatile absorbent was thus taken
into account.

The parametric fluid model and the heat amplifier ecycle were then
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 criteria for the search of new
fluids.

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. The selection of this simple cycle
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 273 K.

Standard mass and energy balances were used to obtain the cycle
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.

The model was gradually increased in complexity by allowing more
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
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find the optimum, so we attempted to keep the number of parameters as
low as was practical to yield valid and useful information. The current
set probably includes enough parameters to characterize many working
fluids but constitutes a minimum number of parameters.

Once the values for these twelve parameters are obtained by
optimization, the inverse problem is to identify a working fluid, a
binary pair of fluids, that corresponds as nearly as possible to those
properties. This problem is just as demanding as that of finding the
optimum properties and requires skill and insight into the relationships
among these variables for realizable substances. This problem is not
part of the scope of this work and will not be addressed herein at any
great length. Instead, the results of the optimization will be
presented and the findings will be summarized. These results will serve
to guide the search for a realizable working fluid.

The twelve fluid properties chosen as parameters for the
optimization are defined in Chap. 3. They include specific heats,
latent heats, vapor pressures, and intervaction parameters that govern
the temperature dependence and cowmposition dependence of the activity
coefficient and the structural effect of the binary interaction on the
activity coefficient. The objective is to maximize the COP of the heat
pump by varying these twelve parameters. A pattern search optimization
program was employed to perform this optimization, and the results are
given in a later section. The optimization results conform with
intuitive expectation on those properties for which such an expectation
can be formulated.

The overall results of the analysis are reasonable: a set of
properties has been determined that can furnish guidance in determining
the actual substances that come closest to realizing this desired set.
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2. GENERAL THERMODYNAMIC 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 refrigerant 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 mixing of refrigerant and absorbent, as
functions of temperature and of solution composition.216r7 The need to
operate the cycles at manageable pressures constrains the magnitude of
acceptable vapor pressures. BSo that a range of operating conditions can
be provided that will permit the pumping of the desired quantity of
thermal energy at the desired temperatures, the solution field ov 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 witg %gmperature, 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 ecycle is made up of wvapor
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 composition asymmetry
factor). Not included are fugacity coefficients of the mixed vapors or
the volumetric and kinetic properties that are related to heat and mass
transfer.

Below is a summary of the important thermodynamic relations that
must be satisfied by the model. Complete derivations are not given, but
they may be found in ref. 9.

The heats of vaporization of the pure components, usually pure
absorbent A and refrigerant R, are

(v}
Le(T) = Dgryr + (Opyg = Cprr? " (T~ Trgp) - (z.1)
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o " ®
Lo(T) =D (C C.. ) (T

PVA ~ “PlA (2.2)

+ - T
ELHA REF)

The heat capacities have been assumed to be independent of
temperature in order to reduce the number of parameters and because data
are scarce. In the more general case of temperature-dependent heat
capacities,

o T
Lo(T) = Dy + ITREF (Cpyr ~ Cprp)dT - (2.3)

For mixtures of composition mole fraction of refrigerant x, the
heats of vaporization are composition dependent alsc and may be written

i

LN(T,%) = Lo(T) = hi(x,T)

X,om v _ 10 R
LA(f,x) = LA(T) hA(x,T)

E E . . .
The terms hR and h, are excess partial molar enthalpies to be discussed
later. The heat o% vaporization of the mixture may be written

HOV = y[HRV(x,T) ~ HRS(x,T)] + (1 - y) [HAV(x,T) — HAS(x,T)] ,(2.4)

where y is the mole fraction of refrigerant in the vapor in equilibrium
with solution of composition x.

2.2 PARTIAL PRESSURES

The total pressure is calculated as the sum of the partial
pressures of refrigerant and of absorbent as a function of temperature
and composition,

P~DP + P, , (2.5)
E
pp/RT

(0]
ATa = XPp e

o
PR + PA = XPRYR + (1 - x)P
E
o pA/RT (2.6)
+ (1 - x) PA e ,

where P. and P are the vapor pressures of pure liquid refrigerant and
of pure liquid absorbent. The liquid state activity coefficients, 7



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

o
XPR7R = yP ,

(1 - X)PA“rA = (1 - y)P . 2.7)

Since the total pressure is mnot high, the vapor phase is assumed to be
ideal.

The dependence of the wvapor pressure of pure refrigerant (PR) on
temperature is

o o 1, 1 1
Pp = P1(T) = PplTppp) exp {5 [Dyyp * GG~ 7 (2.8)
REF
T T
. “REF “REE
- Gyt (1= I
where P;(TREF) is the pressure scale factor, D is the heat of

vaporization at the reference temperature (T F), and AC_ is the heat
capacity dlfference between vapor and liquid refrigerant. Equatlon 2.8
applies to p° (T), for absorbent with the substitution P P (T

(D ), and AC for P ELHR’ and ACR

REF)’
ELHA

2.3 MOLAR 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. This function consists of an ideal part
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 includs the deviations from Racult’'s Law
for the vapor pressures, the heat of mixing 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 for condensed phases at ordinary pressures. The excess free
energy function may be written in the form

¢®(T,x,P) = Ax(1 - %) [1 + £(x)] , (2.9)
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where £ may be a polynomial in x, and A and the coefficients in f may be
temperature dependent.ll‘1

The coefficient A expresses the principal part of the composition
dependence of the excess thermodynamic properties of the mixture. It is
sometimes referred to as the interaction parameter since, in molecular
theories of mixing, it arises from the difference of energy between
pairs of like and of unlike molecules.

The excess chemical potential of a component in a mixture is the
partial molar excess free energy. It is related logarithmically to the
activity coefficient and may be derived from the excess free energy
function.

kT oy = 6T+ (1 - x) et ax),. (2.10)
R R T
E ...  _ E_ £

By = RT 1n Yy = G x(9G /dx)T . (2.11)

The chemical po%entials of refrigerant and of absorbent in the
liquid mixture are Br and By superscripts o and A designate standard
states of pure liquid or pure gas at 1 atm (101.325 kPa) pressure. The
composition dependence may be expressed as follows:

1 o E
P = Bp + RT 1In x + B
1 o E
fy = By + RT In (1 - x) + By (2.12)

The first term on the right hand side is temperature dependent but
composition independent, the second term is the ideal composition
dependence, and the third term describes the nonideality. The chemical
potentials of refrigerant and of absorbent in the vapor phase are
represented by p; and yz, where P and PA designate the partial
pressures above the liquid. Assuming ideal gas behavior in the vapor
phase [pg (vapor) - pi(vapor) - 0],

v A

Bp = Hp + RT 1n PR ; (2.13)
v A
gy = #, +RT In P, .

Enthalpies are related to the free energy function through the
Gibbs-Helwholtz equation. The excess partial molal enthalpies and the
heat of mixing, AHM, thus follow from the temperature dependence of the
chemical potentials.
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he = 3(up/T)/3CL/T) = (3/8 £ ([6" + (1 - 036 /6x]/T) ,  (2.14)
by = 8(ry/T)/8(L/T) = (3/8 P ([6° - x(3c"/a)1/m)

E E
AR, = (1 - x)h, + xh

o X X
L R = (1 x) HA + X HR ; (2.15)

2.4 MARGULES EQUATION

A minimum of twelve coefficients is needed to characterize the
thermodynamic properties of the binary fluid - eight for the pure
components and four for the mixtures. Although ?2g¥oother formulations
of the activity coefficients have been reported, “” the Margules
equation provides a relatively simple and thermodynamically consistent
representation of the mixture excess properties as functions of
temperature and composition. In a three-coefficient representation, two
of the coefficients are needed for the temperature dependence of the
interaction parameter; this interaction parameter determines the major
part of the composition dependence at each temperature. A third
coefficient accounts for possible distortion of the composition
dependence, shifting the maximum (or minimum) heat of mixing to
compositions other than x = 0.5. 1In such a three-coefficient
formulation, the excess partial molar enthalpies and excess chemical
potentials are linear 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. The term (K + LT) is the symmetric part of the
enthalpy interaction parameter and 8 is the skewing factor.

hg _ (R4 LT) {142 (B-Dx] (1-x)2, (2.16)
E 2
hy = (K+L1T) [f-2 (8- D(1-0]x, (2.17)

where (K + LT) = ALPHAH'

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

E

Bp = RT 1n R~ [K = MT + LT(1 — 1n T)] (2.18)

S+ 2 (8- Dx] (1-x2,
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E

py = RT Iny, = [K = MT + LT(1 - 1n T)]

CIB - 28 - 1 - 0] x°, (2.19)

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

@ = [K ~MT + LT(L - In T)]

The term 8 — 1 represents the asymmetry of the composition dependence.
With B equal to 1, the equation represents a symmetrical composition
dependence of the deviations from ideality. With § equal to 1 and L
equal to g egqual to 0, the equations reduce to those for a regular
solution,

E

RT In 7, = K(1 - 02 - by (2.20)

RT 1n Ty = sz = hi

2.5 STABILITY CONDITIONS

A number of 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 the composition
and temperature dependence must satisfy the Gibbs condition for
stability of a phase:

(aui/axi)T >0 . (2.21)

The system is presumed to be below the critical temperature. Thus
the heat capacity difference between vapor and liquid, which is negative
since vapor heat capacities are generally of the order of one-half to
two-thirde of liquid heat capacities, should not be large enocugh to
permit the heat of vaporization to become zero or negative at any point
in the cycle,

0 M — -
Lp(D = Dgryr * Cpyr ~ Cpir? (T~ Tpep? > @ Cpyr < Cprr

o
H, (T)

i

( (T ~ ) >0; C (2.22)

Perya ¥ Cpya ~ Cpra) YREF pva < Cpra

* Data sources for mixtures are widely scattered in the literature.
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.
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3. CYCLE EQUATIONS AND COMPUTER MODEL

3.1 HEAT AND MASS BALANCES

For the cycle diagram shown in Fig. 1, certain operating values are
fixed during the current study. The four operating temperatures, namely
T2, T&’ T6, and T,, are fixed. 1In addition, the effectiveness E of the
heat exchanger is fixed at 0.6.

The vapor pressure of the refrigerant at a given temperature is
given by the equivalent of Eq. 2.8:

PR(T) = PZR exp[(—-A + BTREF) e (/T - l/TREF) + B 1n(T/TREF)] ,(3.1)
where
PZR = pressure scale factor,
Ao BT e
= (Cpyg = Cprr?/® -
Using the above, we calculate
P6 = PR(T6) (3.2)
and
P8 = PR(Tg) . (3.3

Knowing the pressure and temperature at these points in the cycle, we
can solve for X, and X, by using a function to zero the following
equation,

xp = 1nx +all+2(8 - Dx] (1 - x)°/RT = ln (B/B,) = 0,  (3.4)

and solve for the molar concentration of refrigerant x. The parameter a
in Eq. 3.4 can have a temperature and concentration dependence. The

nature of this function is explained in Sect. 4. 1In this manner, given
P, and T, as the pressure and temperature at state point 2 in the cycle,

6
we solve for

x, = Z[xg(x,T,,P)] (3.5)

where % is the operator that zeros the function Xp- In a similar
manner, we find that
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X, = Z[XF(X,TQ,PB)] . (3.6)

Having found x, and %,, We can find the molar flow rates given unit
rates at four nodes:

g - (3.7)

From mass balances on the generator for refrigerant and total flows, we
get

nlxl = n2X2 + 1 3.8)

and

n, =1, + 1. (3.9)

These two equations yield a value for the flow at node 2,
n, = (1 - XA)/(XQ —- x2) , (3.10)

which can be substituted in the above equation to find n..
The specific enthalpy of the refrigerant vapor relative to the pure
liquid is represented by the function

HRV(T) = DELHR + CPVR<T - TREF) (3.11)
From this expression we obtain

h5 = HRV(Tl) (3.12)
and

h8 = HRV(TS) . (3.13)
The corresponding extensive enthalpies are

H5 = nShS = h5 (3.14)

and
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H, = n,h, = h, . (3.15)

Representing the intensive enthalpy for liquid refrigerant by the
function

HIR = CPLR(T - TREF) , (3.16)
we obtain

h6 = HLR(T6) , (3.17)

H6 = h6 s (3.18)
and

H7 = H6 . (3.19)

Solution enthalpies are functions of both concentrations and
temperatures. We represent the specific enthalpy of the refrigerant in
solution by

HRS(T,x) = C (T - T Y + (K + LT)[1 + 2(8 - L)x](L - x)2 (3.20)

PLR REF

and that of the absorbent in solution by

2

HAS(T,x) = T - T + (K + LD[B - 2(8 - DA = x)]x" .(3.21)

Cpral

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

o o0 .0, 00 o o o 0 o o
Hm(ni’xi’Ti) niXiHRS(Ti’Xi) + ni(l Xi)HAS(Ti’Xi) . (3.22)

Because we know T?, X, TA’ and X, we can find the total enthalpy of
those two points directly:

H2 = Hm(nz,x2,T2) (3.23)

and
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H4 = Hm(HA'X4’T4) . (3.

To find the total enthalpy at nodes 1 and 3, we need T, and T3. The
value for T, can be found from the value given for the recuperator
efficiency E = 0.6:

E= (T, -T/(T, - T, , (3.

from which

T3 = T2(1 - E) + T4E . (3

From continuity,

Xy = X, (3.
and

X =%, . (3.
We calculate H3 from

H3 s Hm(n3,x3,T3) , (3.

and an energy balance around the recuperator yields

H1=H2+H4~H3. (3

The temperature T, can now be found by zeroing the eunthalpy function

because the flow ny and the concentration X, are known,

The total enthalpy of the vapor emerging from the generator is

T, = Z(H3,n1,xl,T) . (3.

24)

25)

.26)

27)

28)

29)

.30)

31)

calculated at the average temperature of the other two generator flows,

5

and

h, = HRV(T6) (3.

32)
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H. = h. . (3.33)

The energy required for distillation is a function of the reflux.
For the present model, the minimum reflux ratio was determined by
assuming a refrigerant concentration of 0.99. Then, the minimum reflux
R_ was calculated by determining the operating line that coincides with
the wvapor/liquid isothevrm that corresponds to the feed inlet conditions.
It can be shown?3 that the intersection of that operating line with the
constant concentration line, x = 0.99, in the enthalpy concentration
diagram determines a point. The enthalpy difference between this point
and the saturated vapor of the same concentration is the heat removed to
condense the reflux. From this enthalpy value and from the heat of
condensation of the refrigerant, the reflux ratio can be calculated.

The heat flows can be calculated for the generator as follows:

= H .- — I — R 1 .

Qg 12 + (1 + RX)H5 Pl qu6 , (3.34)
where Rx = reflux ratio. The absorber heat flow is

Q = Hy + Hg — H, , (3.35)
the heat flow for the condenser is
and the evaporator heat flow is

Qe = H8 - H7 . (3.37)
The pump work is

W = (P6 - P8)m4V501 , (3.38)

where the specific volume of the solution is VSO taken constant and
equal to 0.01. That is, no correction due to solution volume change was
adopted. Finally, the COP is

COP =~ (Q_ + QC)/(Qg + 40 . (3.39)

The COP is the measure of performance that we choose to optimize in
order to determine several thermodynamic properties of the refrigerant-
absorbent solution. Its optimization is discussed in the following
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section. The factor of 4 is employed to convert the work required by
the pump to equivalent thermal energy.

3.2 OVERALL DESCRIPTION OF COMPUTER PROGRAM

The computer program CALS]12 is written in Fortran 77 in double
precision and executes on the Digital Equipment Corporation (DEC) PDP1O
computer. All of the routines in the program are locally written and
nonproprietary. The code can readily be transported from one type of
computer to another. Its development began on an International Business
Machine personal computer (IBM PC) and continued on the IBM PC through
the optimization of four parameters.

The complete program is made up of three files. The first file,
about 450 lines long, contains the mailn program, the cycle equations,
and the thermodynamic property routines. The second file, about 200
lines long, includes the optimization routine. The third file holds a
routine to find a root of a nonlinear equation and has about 130 lines.
The overall length of the program is about 780 lines. Because there are
no large arrays in the program, the storage requirements for the code
are small, about 100 kilobytes,

The rumning time for the longest running case that has been tried
was about 15 min on the PDP10O. 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-nmin maximum could well be less,
because there could be fewer time-sharing programs executing
simultaneously,

The cycle equations, presented in Sect. 3.1, form the nucleus of
the program. The cycle equations are solved in each iteration of the
search, producing the COP as a summary of the overall efficiency for
that particular set of parameters. The cycle is assumed to be optimized
when the COP is maximized. Because the optimizer attempts to minimize
the function on which it operates, the quantity

F (2.2 - COP)2

testl

is returned to the optimizer as the function value. Note that by
minimizing the value of F st1’ the value of COP will be 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 size of values farther from the
optimum,

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

a minimum. The present study

1. K = a Margules parameter

2. L = a Margules parameter

3. M = a Margules parameter

4, CPVR = specific heat for refrigerant vapor [kJ/(kmol.K)]
5. DELHR = latent heat for refrigerant (kJ/kmol)

6. DE[HA = latent heat for absorbent (kJ/kmol)

7. CPIR = specific heat for liquid refrigerant [kJ/(kmol.K)]
8. CPLA = specific heat for absorbent liquid [kJI/(kmol.K)]
9. CPVA = specific heat for abserbent vapor [kJ/(kmol.K)]

10. PZA = multiplier for absorbent pressure (kPa)
11. PZR = multiplier for refrigerant pressure (kPa)
12. BETA = 8, a Margules parameter

The SEARCH routine allows each of these parameters to be limited to
a definite range; however, no other inequality constraints are allowed.
The solution is also required to satisfy the condition for nomseparation
of the two liquids. This constraint is not imposed on the program by
the SEARCH 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 CALS12 has the functions of 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.

The SEARCH routine requires 14 arguments including initial
estimates for the parameters, upper and lower limits on each parameter,
the name of the function to be evaluated (IDEAL), and convergence
criteria. 1In turn, SEARCH calls IDEAL with two arguments: XARG, the
vector of parameter values, and FTEST1, the function value returned to
SEARCH. 1IDEAL calls nine functions that evaluate various thermodynamic
properties, including vapor pressure for the refrigerant (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 solution
enthalpy routines for refrigerant and absorbent (HRS and HAS). Several
of these routines call the routines ALPHAF and ALPHAH 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 ZERDOB is used to find the values of 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
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CALS12

MAIN PROGRAM, READS ESTIMATES, SETS LIMITS

SEARCH (14 ARGUMENTS)
OPTIMIZATION ROUTINE

IDEAL {XARG, FTEST1)
EVALUATE CYCLE PERFORMANCE

ALPHAF (XARG, T)

MARGULES'S EQUATION, TEMPERATURE DEPENDENT

ORNL-DWG 86-8015

¥

PR (T)
REFRIGERANT VAPOR PRESSURE

A

A

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

XFUN (X)

YEILDS CONCENTRATION X

Y

HRY (T}
SPECIFIC ENTHALPY OF REFRIGERANT VAPOR

HRL (T)
SPECIFIC ENTHALPY OF REFRIGERANT LIQUID

HMIX (N, X, T, XARG)
EXTENSIVE ENTHALPY OF SOLUTION MIXTURE

HRS (T, X, XARG)

ENTHALPY OF REFRIGERANT SOLUTIOM

HCAPF (T)

™ YIELDS TEMPERATURE

FROM ENTHALPY

HAS (T, X, XARG)

ENTHALPY OF ABSORBANT SOLUTION

Y

PAF (X, T, XARG)
PARTIAL PRESSURE OF ABSORBENT

PRF (XT, XARG)
PARTIAL PRESSURE OF REFRIGERANT

ALPHAH (XARG, T}
TERM IN MARGULES’S EQUATION

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 TOL1 and the tolerance on the function value of TOL2.

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 be 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 for twelve variables on the PDP10 in double precision is not so
large as to inhibit trying other starting values or other configurations
of the heat pump. The results of the optimization for two independent
variables were checked by plotting the COP for several values of the
variables. In addition, SEARCH had been employed before in a relatively
large number of problems, yielding reasonable results,
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4. RESULTS

4.1 OPTIMIZATION FOR A GIVEN SET OF TEMPERATURES

When the temperatures at state points 6, 8, 4, and 2 are given (see
Fig. 1), the program arrives at the values of the parameters that define
the fluid properties. These values optimize the thermal performance of
the cycle. The parameters, described in Chap. 2, influence the activity
coefficient of the refrigerant as follows:

RT In(y) = (K - MT + LT[1 — 1n(T)]}e (1 + 2(8 -~ 1)x].(1 - x)°

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

The values of Table 1 define the thermedynamic characteristics of
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 2.43. Single-effect cycles with
conventional fluids have calculated COPs ranging from 1.4 to 1.7. The
"jdeal" 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 Egqs. 2.1 and 2.2.
Although a large heat of wvaporization 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 out to be
large, with the specific heats following suit. This turned out not to be
the case. The specific heats, or rather the circulation losses
associated with them, are of such magnitude that the optimizer reduced
the specific heats to their minimum value, with the heat of vaporization
following suit.

The specific heats of the absorbent, its vapor pressure, and its
heat of vaporization were minimized. These would appear to be the
reasonable steps toward reducing the rectification and circulation
losses. The number of parameters in the program could be reduced by
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.
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Table 1. Optimization results for temperatures

T2 = 420 K, T4 = T6 = 340 K, T8 = 300 K
Identification Range allowed Final value
Margules K -5000 < K < 5000 1701
Margules L ~4 <L <4 —2.766
Margules M -20 < M < 20 17.91
Refrigerant vapor/specific 10 < CPVR 3 kJ/(kmol.K)
heat
Refrigerant latent heat 10,000 < DELHR < 50,000 10,051 kJ/(kmol.K)
Absorbent latent heat 5000 < DELHA < 20,000 5000 kJ/(kmol.K)
Refrigerant liquid specific 5 < CPLA < 100 5.44 kI /(kmol . K)
heat
Absorbent liquid specific 5 < CPLA < 80 5 kJ/(kmol.K)
heat
Absorbent vapor specific 5 < CPVA <1.5 1.50
heat
Absorbent pressure multi- 0 < PZA < 10 0 Pa
plier
Refrigerant pressure multi- 100 < PZR < 400 100 Pa
plier
Margules B -20 < BETA < 20 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 positively deviating solution are for the
best COP. Concerning the solution properties, it is clear that of all
the Margules coefficients, only L is mnegative. 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. The heat
of vaporization from the generator is reduced by the heat of mixing,
namely, 881 kJ/kmol. As 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 l-butenol.2?% However, enthalpy data are
not 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. A
cursory comparison with known refrigerants shows that the vapor pressure
of the pure refrigerant at the upper tezmperature 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.

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 of
2.18 show 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.

Clearly, developing mew fluids for the single-effect cycle requires
being able to "tailor" fluid properties. Basic chemistry of polymers
has developed to the point that some properties can be related to
molecular 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
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Table 2. Heats of vaporization and mixing at typical
generator and absorber conditions

Generator Absorber
Heat of vaporization, 8076 7806
kJ /kmol
Heat of mixing, 881 1314

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

The first additional step would be a sensitivity analysis of the
parameters in the model. This analysis would serve several purposes.

1. Uniqueness. It would indicate whether some of the parameters
contribute little to variations in the 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 of 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 for 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 included in the sensitivity
analysis.

3. Matching to Real Systems. Data are reported in the literature
on real systems in many different forms. For systems with extensive
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. This
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.

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 of heats of mixing may show similar forms whether the
interactions arise from ion-ion forces as in simple molten salts, from
ion-polarizable ion forces as in more complex molten saltg, from ion-
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 of 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 anmalyses of
steps 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 not yet
synthesized. As pointed out by Simonson and Pitzer,25 especially for
multicomponent systems, a first principle theory of electrolyte
solutions is impractically complex. 1Instead, 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, for the
various thermodynamic quantities that occur in a heat pump cycle. These
quantities may include the overall coefficient of performance (COP),
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 carvried through
to the coefficients in the equations characterizing the thermodynamic
properties.

The following section, taken from a report in preparation by one of
the authors of the present report at Oak Ridge National Laboratory,
indicates how such identification can be made. Although the analysis is
not complete, the section is included to demonstrate the approach.
Isothermal enthalpy changes, per mole of refrigerant, are derived for
the phase changes (absorption, distillation, condensation and
evaporation) occurring at differing temperatures and differing solution
compositions in the absorber, generatoir, 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.

In the abiorber, at temperature TD = Th’ solution is replenished in
refrigerant, X =+ X . The isothermal process may be written

R(v) + solution (X ) - solution (X+)

For addition of one mole of refrigerant to a solution of n, moles
of refrigerant in n, moles of absorbent, the enthalpy change, in terms
of the partial molar enthalpies of refrigerant and absorbant, HR and HA’
are

AHTD = (nR + 1) HR (X ,T4) + nAHA(X ,T4) - nRHR(X ’Th)

= —0
- nAHA(X ’TQ) - HR(TQ) ’
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=0, - + e —
- HR(TQ)] + nR[HR(X ’Ta) - HR(X ,Ta)]

= +
AH, = [H (X', T,)

Iy

. L (a.1)
+ nA[HA(X :Ta) - HA(X !T4)] ’

AHT == —Lé(x+,T4) + nR[hE(X+1T4) - hg(x_xTA)]

D
E + E, -
+n, [h (X, T,) — (X, T,
abs o E, + . E E
AHTD = LT + hp (X, T,) + npd hp(T,) + 0,8 .0, (T,

where 0(T ) is heat of vaporization of pure refrigerant at temperature
T,, and h, and hA are partial molar excess enthalpies of refrigerant and
absorbent in solution, at the composition and temperature indicated in
parentheses., The term X' is the mole fraction of refrigerant in
replenished” solution, and X is the mole fraction of refrigerant in the
depletedt solution. Since X = n_/(n, + n ) and

X+ == (nR + 1)/(nR + 1 + nA), the mole numbers of R and A, per mole of
vaporized refrigerant, are

(1-3)a -3y« -x0) (A.1a)

=]
I

X1 -xhat-x) . (A.1b)

"R

The operator §_ indicates the isothermal difference between the
. . P + -~
excess partial molar enthalpies at the compositions X and X at the
designated temperature; e.g.,

E E + E -
6th(T4) = hR(X ,Ta) - hR(X ,T4) . (A.1lc)

For the reverse, desorption process, at the generator temperature
TH = T2, with a nonvolatile absorbent,

solution (X+) + solution (X ) + R(v) ,

* Leaving absorber and entering generator.

t Leaving generator and entering absorber.
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gen _ .o _ nE _ E _ E
AHTH LR(T2) hR(X ,T2) nR6XhR(T2) nASXhA(TZ) . (A.2)

The heats of vaporization of pure refrigerant [first term on
right-hand side of Eqs. 2.1 and 2.2] may be written

o] o]
Lp(Ty) = Ly(Tpgp) + Cpyp = Cprr) (T) ~Togpy

and
O(T,) = Lo(Tpo ) + (Cpon = G o) (T, =T )
LR 4 LR REF PVR PLR 4 REF’ ’
where LR(TREF = DELHR .
In the condenser, at TD = Th’
R(v) » R(1) ,
cond o
= LR(Ty) = g (Tpe) = (Cpyg = Oprp) (T, = Tppp) - (&.3)
In the evaporator, at Tw T8’
R(1) » R(v) ,
evap o _ _
- Lp(Tg) = Ly(Tepp) + (Cpyp = Cppp)(Tg = Tppp) (A.4)
In the subsequent equations, (CPVR - C LR) is designated by the
constant AC_ . Since the results must be independent of T , the
equations are simplified by eliminating T and referring all L; to the
value at the lowest temperature of the cycle, TW == T8. Thus,
o o
Le(T,) = Tg(Tppe) + (T, = Tpp)ACy = Lo(Tg) + (T, — Tg)acy

[0} (o) (o)
Lp(Ty) = Lp(Tppp) + (Ty = Tppp)hCp = Lp(Tg) + (T, ~ T)AC, ,

(o] o] e
Lp(Tg) = Lp(Tppg) + (Tg = TpppdACp = Doy + (Tg = Tppp)AC




Thus (noting that TH = T2, TD = Th’ TW = T8),

evap _ .0
AH T = LR (Tw) (A.5)
W
gen O _ _ E, +
AHTH = LR(T',J) + (TH TW)ACR hR(X ’TH) (A.6)
E E
- b hp(Ty) — my8 b, (Ty)
cond o —_—
AH TD = wLR(TW) - (fD TW)ACR (A.7)
abs 0 — E. .+
AHTD = uLR(Tw) - (lD TW)ACR + hR(X ,TD) (A.8)

E E
+ nRSXhR(TD) + nASXhA(TD)

Additional heat terms needed to complete the cycle include the
following.

Temperature change of depleted liquid from generator temperature to
absorber temperature:

h = ( +n,) G (T, —T)) ; (A.9)
® A soln (X ) H p
Temperature change of vapor from generator to condenser:
h = _CPVR (TH - TD) ; (A.10)

Temperature change of replenished solution from absorber to generator:

h = (nA + np + 1) C (T

+ - T.) . (A.11)
soln (X))

H D

With these equations, differences of heat inmputs and outputs in
different physical processes in the cycle can be characterized in terms
of the parameters that are used to represent the thermodynamic
properties. For example, excess of heat required to distill refrigerant
in generator over heat delivered in absorber:
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AHB®T 4 AnZPS

n ™p

= (T, — T )AC, + hg(x+,TD) - hg(x+,TH)
E E
+ 016 hE(T) — 6 b (T,)] (A.12)
+ 10, [6 h,(T,.) - 6 ho(T.)]
Dpleyatly <A H

P E E E
Defining GThi(Xj) = hi(xj’TH) - hi(xj’TD)’ Eq. A.12 may be

rewritten
gen abs _ _ _ E _+ E _ E
AHTH + AHTD (TH TD)ACR SThR(X ) + nR[SXhR(TD) ath(TH)]

+ nA[thi(TD) - sth(TH)]

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

aHBE™ 4+ ar®S = (.~ Tolac, + L(iL ¥ 208 - XY (- ¥H2
T, T, H ™ ‘o’ PR

|

ng ([ + 2(8 - DX - xH?

[1+ 208 - DX 1(L - X)) (A.13)

I

n (16 - 2¢8 -~ (L - xH1(xH?

w—zw—lxl—fnm3%ﬂ

The terms involving L, nRL, and n, L. in the above equatigns are the
partial molal excess heat capacities (e.g., L [1 + 2(8 ~ 1)X ]

(1 - X+)2 is the partial molal excess heat capacity of refrigerant at
composition X .) The value of the enthalpy interaction parameter K does
not appear, nor does D , the heat of vaporization of refrigerant.

For a regular solution, (=1, L =M = 0), AHTH + AHT = (TH - TD)ACR’
as for an ideal solution. Thus the temperature dependence of the
enthalpy interaction parameter (given bw L) and the composition
dependence of the enthalpy interaction parameter (given by 8, the
asymmetry parameter) lead to differences between the heats of
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vaporization in the generator and in 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 in terms of the parameters representing
the physical properties of the components; such expressions, together
with a sensitivity analysis, should prove useful in identifying key
parameters for improvement of COP.
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