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ABSTRACT

A computer code has been developed for simulation of absorption systems at steady state in
a flexible and modular form, making it possible to investigate various cycle configurations with
different working fluids. The code is based on unit subroutines containing the governing equations
for the system's components and property subroutines containing thermodynamic properties of the
working fluids. The components are linked together by a main program according to the user's
specifications to form the complete system. Once all the equations have been established, a
mathematical solver routine is employed to solve them simultaneously.

The user-oriented code requires a relatively simple input, which contains the given
operating conditions and the working fluid at each state point. The user conveys to the computer an
image of his cycle by specifying the different subunits and their interconnections. Based on this
information, the program calculates the temperature, flow rate, concentration, pressure, and vapor
fraction at each state point in the system, and the heat duty at each unit, from which the coefficient
of performance (COP) may be determined.

This report describes the code and its operation, including improvements introduced into
the present version. Particular attention has been devoted to the mathematical portion of the code to
enhance its capability to converge with large and complex cycles. Simulation results are described
for LiBr-H,O triple-effect cycles, LiCI-H,0 solar-powered open absorption cycles, and NH3-H,0
single-effect and generator-absorber heat exchange (GAX) cycles.






IX)
LiBr
LiCl

NOMENCLATURE, ACRONYMS, AND SUBSCRIPTS

heat transfer area (ft2 or m2)

absorbent/absorbate concentration (weight %)
closest approach temperature (°F or °C)

methyl alcohol (methanol)

coefficient of performance

step-length restrictor, defining "trust region" (dimensionless)
extent of deviation from equilibrium state (°F or °C)
current step (dimensionless)

Newton step, Eq. (18)

U.S. Department of Energy

direct regeneration

residual of function (dimensionless)

heat transfer effectiveness (dimensionless)

mass flow rate (Ib/min or kg/sec)

sum of squares of the functions, Eq. (19) (dimensionless)
steepest-descent step, Eq. (20) (dimensionless)
generator-absorber heat exchange

specific enthalpy (Btu/Ib or kJ/kg)

indirect regeneration

Jacobian matrix of the system of equations

lithium bromide

lithium chloride

logarithmic mean temperature difference (°F or °C)
number of equations

number of unknowns

ammonia

Oak Ridge National Laboratory

pressure (psia or kPa)

Vapor pressure-temperature-concentration

heat transfer rate (Btu/min or kW)

symbol for function, Eq. (7) (dimensionless)
research and development

temperature (°F or °C)

overall heat transfer coefficient [Btu/(ft2 - F - min) or kW/m? - °C]



UA overall heat transfer coefficient times area (Btu/F-min. or kW/ °C)

W vapor mass fraction (dimensionless)

X symbol for unknown variable (dimensionless)
ZnBr; zinc bromide

Subscripts

E = equilibrium

1, j, or numerical = state point index

k = number of current iteration

L = liquid

Pr = projection

A% = vapor



1.INTRODUCTION

Absorption heat pumps, once dominant in the cooling industry, have received renewed and
increasing attention in the past two decades. The rising cost of electricity has made the particular
features of this heat-powered cycle attractive for both residential and industrial applications. Solar-
powered absorption chillers, gas-fired domestic heat pumps, and waste-heat-powered industrial
temperature boosters are a few of the applications recently subjected to intensive research and
development (R&D). Some of these developments have matured into commercial products that are
competing successfully in the market with their electric-powered counterparts. The absorption heat
pump research community has begun to search for both advanced cycles in various multistage
configurations and new working fluid combinations with potential for enhanced performance and
reliability.

The development of ‘worldng absorption systems has created a need for reliable and
effective system simulations. Several system-specific computer models have been developed [1-5]
that have proven to be very valuable tools for R&D and for design optimization. Some of the
models were validated against experimental data with good agreement. However, system-specific
models are quite restricted. All of the models mentioned were limited to the particular system for
which they were created; their structure did not allow easy modification for modeling other
systems. For that to be done, major parts of the code, particularly the iterative sequence, required
rewriting by the user for each new cycle.

The objective of the present work has been to develop a modular computer code capable of
simulating absorption systems in different cycle configurations and with different working fluids.
The usefulness of such a code has become apparent during repeated attempts under absorption
research programs to evaluate new ideas for absorption cycles and working substances and to
compare them with existing ones. Earlier publications [6-8] described the modular approach taken
to achieve this flexibility without the need for the user to worry about the iterative scheme or do
any programming. Simulation capabilities of the code in its earlier versions were also described in
refs. [6-8]. The main shortcoming of these versions has been their failure to achieve convergence
for complex systems.

This report describes a further improved version of the code with considerably extended,
user-oriented simulation capability and applicability. Particular effort has been devoted to the
mathematical portion of the code to enhance its convergence capability for large and complex
cycles. As will be shown, the code in its present form may be used not only for evaluating new
cycles and working fluids, but also to investigate a system's behavior in off-design conditions, to
analyze experimental data, and to perform preliminary design optimization.



2. STRUCTURE OF THE COMPUTER MODEL

Developing a flexible and user-oriented simulation code has led to several basic
requirements with respect to its structure. First, to enable the user to specify different cycle
configurations, different working fluids, and obviously different unit sizes and operating
conditions, the code had to be modular in nature. Second, to keep the input requirements simple
and the application straightforward, the code had to contain, as an integral part, all the equations
and algorithms required for the solution. The decision was made early on to eliminate the need for
the user to write parts of the code specific to the cycle, in the form of external subroutines or
otherwise, as is often done in sequential flowsheeting simulators. This is the case because in a
closed cycle containing several loops, defining a stable sequence of iteration can constitute a major
difficulty for the user. _

The structure of the code is based on the following logic: recognizing that each absorption
system consists of a number of standard components (e.g., absorber, evaporator, desorber,
condenser, etc.), and that each of those components can employ a variety of working fluids, the
code is built upon unit subroutines and property subroutines in separate modules. Each basic
component is simulated by a unit subroutine that provides a mathematical expression of the physics
of that component. The unit subroutine contains all the physical equations required to fully describe
its behavior, such as energy balance, conservation of mass for each material species, heat and mass
transfer, and thermodynamic equilibrium. When activated, the unit subroutine calls upon the
property subroutines, contained in a property data base, for the thermodynamic properties of the
working fluids. This separation between the unit subroutines and property subroutines provides
the flexibility for each unit to operate with different working fluids. The main program calls the
unit subroutines and links the components together in a form corresponding to the user's
specification of the cycle. Each call to a unit subroutine is equivalent to collecting all the equations
associated with it without attempting to solve them as yet. When the calls to all the unit subroutines
have been completed, all the equations have been established, and a mathematical solver routine is
employed to solve the set of nonlinear equations simultaneously. During the solution process, the
solver calls the unit subroutines to calculate the residual values of the equations for definite values
of the variables.

Figure 1 is a schematic description of the program architecture. With input, the user
conveys to the program an "image" of the cycle to be simulated: the number and types of units
contained in it, their interconnections, and their size (or transfer characteristics, where applicable).
The input must also specify the working fluids and must contain the values of the parameters set by
the user (e.g., temperatures, flow rates, etc.) at specific state points. The main program interprets
the input and creates a variable vector containing all the independent unknown quantities. It then
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Fig. 1. Structure of the computer code.




calls the unit subroutines, thereby establishing the system's governing equations. The unit
subroutines refer to the property data base as illustrated. All the equations and variables are
normalized and brought to the same order of magnitude. The solver package is then activated, and
the values of the unknowns are calculated to a user-specified accuracy. Because the set of nonlinear
equations may have more than one mathematical solution, the physical validity of the solution is
ensured by applying linear constraints on the variables, which define a feasible region. The output
contains the temperature, enthalpy, flow rate, concentration, pressure, and vapor fraction at each of
the cycle's state points, as well as the heat duty and transfer characteristics of each unit.

Unlike most process simulators and flowsheeting programs commonly used by the
chemical industry, the present program does not require the user to do any programming. Further,
because all the governing equations are solved simultaneously, the user does not have to specify an
iterative sequence by which the program is to proceed through a cycle, which eliminates the worry
about the order of variables and parameters. To prepare an input, the user first draws a schematic
diagram depicting the cycle to be simulated in terms of the twelve basic units recognizable by the
code (Fig. 1). A detailed description of these units and their governing equations will follow. The
diagram must display schematically the system's breakdown into the basic units and their
interconnections. The user must label each state point and each unit, in an arbitrary order. The
input consists of the following three parts:

1. General Information—containing a user-supplied problem title, scaling parameters for
normalization, limits on the number of iterations, and convergence criteria. Default
options are available for all of the above. The code can operate either in Standard
International or British units, as indicated by a proper flag. The total numbers of units
and state points are specified.

2. Unit Input—for each of the units in the cycle, showing the unit number in the diagram,
its type, its heat and mass transfer characteristics, and a list of its state point numbers in
the schematic diagram in an order corresponding to that of the unit subroutine. Heat
transfer characteristics of a unit may be specified by one of four methods. The user can
supply either the UA (overall heat transfer coefficient times area), the EFF
(effectiveness), the CAT (closest approach temperature), or the LMTD (logarithmic
mean temperature difference). Mass transfer characteristics of a unit are specified by a
temperature deviation (DEV) from equilibrium at the outlet.

3. State Point Input—for each of the state points in the cycle, showing the state point
number, a code for the working fluid in it, and five pairs of numbers for the
temperature, flow rate, concentration, vapor pressure, and vapor fraction in that state
point. Each pair of numbers consists of an integer index and a real value. The former can



be either zero or non-zero, indicating a fixed or variable quantity, respectively. The latter
gives a fixed value or an initial guess for the quantity in question.

In summary, this form of user input completely conveys to the program the necessary
information about a given cycle, without the need for any programming. In the unit input, the
program is told which units are contained in the cycle, what their heat and mass transfer
characteristics are, and how they are interconnected. In the state point input, the program is told the
fixed and variable parameters of the problem, which working fluids are used, and where they are
used. Additional details have been included in the users’ manual (see Appendix B).

The main program is the coordinator among the different modules shown in Fig. 1. The
principal tasks performed by the main program are interpreting the user input and constructing a
mathematical model of the cycle. The latter task includes forming a vector of normalized variables,
linking the units and fonning the system of equations and constraints, testing for and eliminating
redundant equations, and (if necessary) forming the pattern of the Jacobian. Then the solver is
activated. As illustrated in Fig. 1, the main program calls the unit subroutines and the solver
package, when required.

By scanning through the State Point Input, the main program is able to identify the variable
quantities by their non-zero flag. The physical variables are normalized by division with the proper
scaling parameters, which are taken from the General Information section of the Input. The
variable vector can contain unknown temperatures, flow rates, concentrations, pressures, and
vapor fractions. Other unknown properties such as enthalpy are treated as dependent variables and
are calculated at each iteration from the current values of the properties in the variable vector.
Calling the unit subroutines in the order given in the Unit Input enables the main program to collect
the equations associated with each, and to substitute in them the appropriate variables and fixed
quantities as mandated by the unit's interconnections. The equations are counted, and each is
assigned a number. During the solution process, the residuals of the equations are calculated at
successive iterations. The equations are normalized using the scaling parameters.

Before beginning to solve, the program displays (at the user's request) the total number of
equations and unknowns. Usually, the former exceeds the latter because calls to unit subroutines
sometimes generate redundant equations originating from essentially identical mass balances at
different units. The redundant equations are eliminated automatically by the program. When all the
unknown variables have been computed to the desired accuracy, the main program converts them
back from the dimensionless values to physical values.

Each of the program's parts mentioned in the preceding section (and illustrated in Fig. 1)
has been described and elaborated upon in ref. [7]. The following chapters will discuss certain
modules of the code where significant changes have been introduced relative to earlier versions.



3. UNIT SUBROUTINES AND GOVERNING EQUATIONS

Figure 2 illustrates the twelve standard units recognizable by the code, with their respective
state points. The units, with their identity code given in parentheses, are as follows: absorber (1),
desorber (2), heat exchanger (3), condenser (4), evaporator (5), valve (6), mixer (7), splitter (8),
rectifier (9), analyzer (10), compressor (11), and pump (12). These units were found sufficient to
create most absorption cycles of interest. Each unit is treated as a black box, with its own inputs
and outputs, that can be connected to other components. The governing equations take the unit as a
whole and are formed from some or all of the following physical laws:

a. Conservation of total mass:

ZFi=O. (1)

b. Conservation of mass for each material species (absorbent-absorbate):

Z (B,C)=0. )

c. Energy balance:

Y., (Fih)=0. 3)

4

d. Heat transfer, expressed in either of the following four forms:

OQuur —UA*LMTD =0 , (4a)
EFF -EFF =0, (4b)
CAT -CAT =0 , or (4c)
LMTD -IMTD =0 , (4d)

where EFF, CAT, and LMTD are user-supplied values of heat transfer effectiveness,
closest approach temperature, and logarithmic mean temperature difference, respectively,
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Fig. 2. Schematic description of individual components forming absorption systems.



and EEF, CAT, and LMTD, are calculated values of these quantities in terms of the temperature at
the unit’s state points.

e. Vapor pressure-temperature-concentration (PTX) equilibrium between liquid and vapor:

f(PiiTj’C,') =0. i (5)

f. Mass transfer, expressed in terms of temperature deviation from equilibrium (DEV):

T, =Tg(P,,C.)+DEV | ©

From the above equations for each unit, a set of nonlinear equations is formed for the entire
system that must be solved simultaneously. This is done by expressing the equations in the form of
functions whose residuals must be reduced by the solver to zero or, in practice, to a value below a
given tolerance:

R(Xp Xy X)) =6, .
Ry(X Xy X)) =€,

R(X, Xy X)) =€
Ru(Xl’XZ“"'““X )= En . (7)

|&;| — 0 at the solution .

As an example, consider the governing equations for the unit Analyzer (type 10)—a heat
and mass exchanger common in ammonia-water systems. This unit was not part of earlier versions
of the code but has been added to the current version. Figure 2 illustrates the Analyzer with its
seven state points. A stream of liquid solution entering at state 1, possibly superheated or
subcooled, reaches equilibrium at state 7 and leaves at state 5. It interacts with a stream of vapor
entering at state 6 and leaving at state 2, in counterflow to the liquid. Heat may be added or
removed in indirect contact through the stream (states 3—4).

Considering the Analyzer alone, one assumes that the fluid properties at all the inlet streams
(1, 6, and 3) are known. The pressure in the Analyzer is assumed to be uniform and therefore
fixed by the inlet streams for the outlet ones. The vapor leaving at state 2 is assumed to be in



thermal equilibrium with the incoming liquid at 1 (or 7), and its temperature is known. If the
incoming liquid is neither subcooled nor superheated, states 1 and 7 are identical, and the flow and
concentration at 2, the temperature, flow, and concentration at 5, and the temperature at 4—a total
of six unknowns—remain to be found, requiring six physical equations as follows:
a. Conservation of total mass:
Fi1+Fs-F,-F5=0. ®
b. Conservation of absorbent mass:
FiC; +FgCs —FoCy—FsCs = 0. ©)
¢. Thermodynamic equilibrium (with possible temperature deviation) at liquid outlet 5:
Tsg(Ps, C5) ~ TS+ DEV =0. (10)
d. Thermodynamic equilibrium at vapor outlet 2:
C2e(Py, T2) - C2=0. (11)
e. Heat balance:

Fih; + Fghg — Fohy — Fshs — Fa(hg—h3) = 0. (12)

f. Heat transfer, expressed by one of the four options in Eq. (4). If the user chooses to specify,
say, the LMTD, Eq. (4d) becomes

(13)
mrp-Te=T) =T =T5) _

h{n -ij
Ts "’Ts

If the inlet stream 1 is either subcooled or superheated, three additional equations are
generated for the temperature, flow, and concentration at 7. These are obtained from

thermodynamic equilibrium at 7 and from heat and mass balances for the adiabatic absorption or



desorption process occurring, while the inlet stream 1 (subcooled or superheated, respectively)
attempts to reach equilibrium [9].

Two of the twelve units—Compressor (type 11) and Pump (type 12)—are mechanical
devices that require, in part, governing equations other than those in the set (1)—(6). Instead of heat
transfer characteristics, the user specifies an isentropic efficiency for these units. Instead of a heat
transfer equation, a compression equation is given, linking the change in enthalpy to the change in
pressure. Instead of the heat duty, the output contains the work of compression.

By its nature, a system of simultaneous nonlinear equations may have more than one
solution. One of the main problems in developing the code has been to ensure the physical solution
regardless of the starting point. To do this, constraints were introduced into the program. The
constraints are of inequality type and are generated by the unit subroutines when called, in much
the same way as the equations. Each unit has its own constraints ensuring, for example, that the
heat flow is from a hot to a cold stream and not vice versa. Thus, in the foregoing example, the
constraints for the Analyzer, when heated externally, are

T,>T,)
(14)
T,>T,;

T,2T,]

10



4. MATERIAL PROPERTIES

As mentioned earlier, the thermodynamic properties of working fluids have been
incorporated into the code in the form of a property data base external to the unit subroutines. The
purpose of doing so was twofold: first, to enhance modularity and flexibility by allowing different
parts of a system to operate with different working fluids; and second, to allow for extension of the
data base in the future and for adding properties of additional materials without affecting the rest of
the code. Under this approach, each unit subroutine, when invoked, calls the data base several
times and retrieves from it the properties required by its various equations. Also, the material may
vary from one state point to another, as specified by the user.

The structure of the property data base has been described in detail in ref. [7]. For given
pressure and liquid concentration, the property data base produces information on equilibrium
temperature, equilibrium vapor concentration, and liquid and vapor enthalpies. For some of the
materials, vapor entropy and liquid density have been added for calculating compression work in
the Compressor and Pump units. The thermodynamic properties have been extracted from the
literature, with references given in ref. [7].

The property data base currently contains the following materials:

Material Code Material
1 LiBr-H,0 solution
H,0-NH; solution and vapor

H,0 liquid and vapor
LiBr-H,0-NH; solution
LiBr/ZnBr,-CH;0H solution
CH;0H liquid and vapor
LiNO3/KNO3/NaNO5-H,O solution
NaOH-H;O0 solution

LiCl-H,O solution

e 00 NN W

11



5. CONSTRUCTION OF MATHEMATICAL MODEL

The process by which the physical behavior of the absorption system to be simulated is
translated by the code into governing equations has been described in the preceding section. The
equations are expressed in the form of functions whose residuals at the solution are to vanish.
Some of the equations are highly nonlinear, and the set therefore can have more than one
mathematical solution. Also, the code often generates redundant equations due to multiple mass
balances from different units within a closed loop. To solve this problem, therefore, it is necessary
to (1) identify and eliminate redundant equations, (2) apply constraints and define the feasible
region for the physically valid solution, and (3) apply algorithms for solving the constrained set of
equations.

The technique of solution was the bottleneck in earlier versions of the code [6, 7]. With
complex cycles generating large sets of equations, the solver was unable to handle the task and
achieve convergence. This was true particularly with systems employing working fluids with
highly nonlinear properties, such as ammonia-water. In the current version, a great deal of
attention was devoted to the mathematical part of the code, which has been enhanced considerably.

The first step toward the solution is a properly constructed mathematical model of the cycle.
To this end, the unit subroutines in the code are employed in two different modes: first, to retrieve
and construct the system of equations describing the entire cycle and the constraints on the
variables; second, in the solver, to calculate the residual values of the functions for the physical
variables within the feasible region.

After reading the input data, the main program begins building the mathematical model of
the cycle. This process is accompanied by testing of the correctness of the input data. First, scaled
mathematical variables X = (X3, Xy, ..., Xp) are defined corresponding to the physical quantities
to be calculated. Then, by calling the unit subroutines, the set of nonlinear equations

RX)=0 (15)

is formed, where R = (Ry, Ry, ..., Rp). Also, physical constraints are imposed on the variables in
the form of upper and lower bounds,

A;>X;>B;,i=1,n, (16)
and so-called diagonal constraints,

Xi>X; 17

12



for certain i and j. (An example of the latter constraint is the requirement set by the Second Law of
Thermodynamics for the temperature at point i to be higher than that at point j if heat flows from
point i to point j).

For a correctly defined cycle, the system in Eq. (15) should be neither over determined nor
underdetermined. In the process of constructing the system in Eq. (15), two types of redundant
equations may appear: linearly dependent equations (resulting from total and specific mass
balances, which are interdependent due to the existence of closed loops in the cycle) and sometimes
nonlinear duplicate equations. These redundant equations are identified and eliminated explicitly
from the system in Eq. (15).

An absorption cycle may be treated as an oriented graph or network in which units—nodes
and connections—are directed edges. Our linear equations describe the stream distribution in the
nodes of the graph, and the number of independent equations is equal to the rank of the incidence
matrix of the graph; This matrix is formed, and a Gauss elimination procedure is applied to select
and eliminate the linearly dependent equations. This procedure is used separately for the truly linear
equations of total mass balance and then in a somewhat more sophisticated form for the "quasi"
linear equations of specific material mass balance.

Sometimes, for a definite structure of the cycle, the simulation program generates a number
of duplicate nonlinear equations. A very simple method is employed for elimination of these
equations. At the feasible initial point Xp, the values of the functions R;(X) and the Jacobian J(Xp)
are calculated. If some functions have the same values and the elements of the derivatives are also
the same, this indicates that these functions are duplicate; redundant ones are eliminated from the
system in Eq. (15).

As a result of the above two procedures, we are able to obtain, for a correctly defined
absorption cycle, the system in Eq. (15) with an equal number of equations and unknowns (m =
n). If this condition is not satisfied, we obtain a diagnostic criterion of improper cycle definition in
the input data. Elimination of redundant equations supplies the solver with a well-defined system.

The physical nature of the problem causes the Jacobian of the system in Eq. (15) to be
sparse, involving usually no more than 10-25% nonzero elements. During the solution process,
the finite difference approximation of the Jacobian is calculated several times, which takes n
evaluations of all the functions R;(X). Using the sparsity pattern of the Jacobian makes it possible
to significantly reduce the number of function evaluations for building the approximation with
respect to filling of nonzero elements. Therefore, on the last step of constructing the mathematical
model, the code builds the sparsity pattern of the Jacobian J(X).

13



6. ALGORITHM OF SOLUTION

The problem of calculating the performance parameters of an absorption cycle has been
reduced to the solution of a well-defined system of nonlinear algebraic equations [Eq. (15)] with
the constraints in Eq. (16) and Eq. (17). Four characteristic features of the problem are as follows:

* the number, type, and order of the equations vary from one case to another, depending on the
cycle and working fluids;

+ some of the functions in the system are not defined explicitly;

* the residuals can be calculated only within the feasible region [Eqs.(16)—(17)] by the unit
subroutines; and

+ for calculation of some functions, it is necessary to call the property data base, a task that is
often time consuming.

An extensive search among available software has revealed no algorithms for solution of
systems of nonlinear equations with constraints of the present type; ref. [10] emphasizes the need
for their development. Standard methods of constrained optimization do not accommodate the
specific features of the present problem, and algorithms of nonlinear least squares with linear
constraints [11] presume an analytical calculation of the Jacobian; this is unacceptable for the
present problem. We therefore preferred to use an algorithm for solving simultaneously a system
of nonlinear equations with numerical approximation of the Jacobian and to adapt it to the
constrained situation by projection on the feasible region.

As a basic method for solving the system of nonlinear equations, a hybrid algorithm for
unconstrained systems that was developed by Powell [12] has been employed. This method
combines quasi-Newton and gradient approaches. Such a combination makes it possible to avoid
complications due to a singular Jacobian and to reduce the strict requirements on the initial guess.
At the same time, the hybrid algorithm retains the efficiency of a quasi-Newton method.

The hybrid algorithm has been described in detail in ref. [12]; it is an iterative algorithm in
which each step is constrained by a repeatedly adjusted value A,—which defines a so-called "trust
region." For the current iterate, the displacement & of Xk is selected according to the following
logic. Two searching directions are considered: first, the Newton step, which has the form

&p =-J1 (Xk) * R(XK), (18)

where J(XX) is an approximation of the Jacobian at the X¥; and second, the steepest descent step
toward the minimum of the function

14



fX) = Z [Ri(X)]? 19)
along the antigradient direction that can be expressed as
g = -PHITXK)*R(XK) : (20)

for definite B>0. If Il §,ll < Ay, the step 8y is just the classical Newton correction: & = 8y, If the
inequality does not hold, the step in Eq. (20) is tested. If Il g Il > Ay, then the step of the length A
along the antigradient is executed. However, if Il g Il < Ay, the displacement has also the length Ay

and is a linear combination of the Newton and gradient steps. The actual displacement to the new
point Xk +1 = Xk + §, is realized only if

f(Xk+1) < £(X¥) . (21)

The hybrid method uses a numerical approximation of the Jacobian J(X) that is updated at
each iteration and recalculated by finite differences when necessary. Special conditions for
adjusting Ay and updating the approximation of the Jacobian ensure convergence and efficiency of
the hybrid algorithm [12].

For the constrained problem, the current point Xk should be inside the feasible region.
There are several different approaches for keeping the current point feasible. We ensure the
feasibility by projection on the polyhedron defined by the constraints in Eqs.(16)—(17). Vector 8
is calculated as in the original hybrid method. The point X + J is tested for feasibility and, if
certain constraints are violated, the orthogonal projection Xpy is calculated. The next stage of
iteration is to try to estimate f(Xp; ); the functions R;(Xpy), i = 1,n are therefore calculated at this
point. If the expected inequality f(Xp; ) < f(XX) holds, then the iteration defines Xk+! = Xp,.
However, if this condition fails, we let Xk+1 = Xk and reduce the step-length restrictor Ak, Due to
the logic of the hybrid method, if Ay is small enough, the searching direction coincides with the
antigradient direction for function f(X). In this case, one can take advantage of the gradient
projection algorithm [13], which converges to the minimum of f(X). This convergence ensures a
decrease of the function f(X) and provides a criterion of existence of nonzero minimum f(X) on the
boundaries. In the latter case, the algorithm stops and recommends that the user repeat the
calculation with another initial guess.

The rules for adjusting the step-length restrictor Ay and reevaluating the Jacobian by finite
difference approximation are chosen so as to reduce the amount of work spent on searching the
exact minimum of f(X) on the boundaries. ‘
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The procedure of testing the current point for feasibility and projecting it on the feasible
region is implemented in a separate subroutine. The existence of the diagonal constraints (17)
makes this task nontrivial but still simpler than in the case of common linear constraints. For
orthogonal projection, a method of quadratic programming is employed [13], which comprises
successive solutions of the system of linear equations. For our case, these systems are very sparse;
an algorithm has been selected [14] that can take advantage of this sparsity. -

The new algorithm was applied to the solution of sets of the system in Eqs.(15)—(17) for
different types of absorption cycles. Results of calculations show fast and reliable convergence to
the solution and only a weak dependence of the convergence properties of the algorithm on the
initial guess for such tasks. After checking the algorithm on some test problems, we would
recommend it for other applications.
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7. SIMULATION RESULTS

Before the program was used extensively for analysis of various advanced cycles, several
initial runs were made for validation against experimental data taken on working absorption
systems. Unfortunately, good documented data are quite scarce. The literature describes a number
of absorption systems developed during the past two decades, but only limited information is given
on their heat transfer characteristics, with test data confined to a narrow range around the design
point. Experimental data for our validation of the program were selected from measurements on an
LiBr-H0 heat transformer for upgrading waste heat and were developed and tested extensively at
Oak Ridge National Laboratory (ORNL) [15]. Seventy-three experimental runs were documented
in which the machine had operated under steady-state, stable conditions for 1 to 8 h. The results of
the validation have been described in detail in ref. [6]. Very good agreement was obtained between
the simulation and experimehtal results.

Earlier versions of the code have been used to simulate more than 30 various cycles of
interest with the working fluids LiBr-H,0, HyO-NH3, LiBr-H,0-NHj3, and LiB1/ZnBr,-CH30H.
These cycles included single-effect, double-effect, and dual-loop chillers, heat pumps, and heat
transformers in various configurations. Some results for typical cases showing design point
performance have been described in ref. [7]. Most systems with a working fluid involving a
nonvolatile absorbent usually converged without difficulty; some problems were encountered
concerning fluids with a volatile absorbent such as H,O-NH; due to the highly nonlinear behavior
of these materials at large concentrations of the volatile component in the vapor phase. The
mathematical improvements in the present version of the code were designed primarily to deal with
these problems.

An earlier version of the code has been employed to conduct a detailed parametric study to
investigate the performance of various cycles using LiBr-H,O [16], a fluid pair of much practical
interest. Complete performance maps under varying operating conditions have been generated for
systems in single-stage and several double-stage configurations, in series and in parallel
connection. The lack of flexibility in system-specific simulation models may be the reason why
only a few comparative studies of advanced cycles have been carried out to date [17, 18]. In the
published literature describing these studies, a cycle's performance is often characterized by no
more than a single point. Here, the performance has been compared over the entire temperature
domain applicable to the cycle. Figure 3 shows a set of curves typical of those calculated in ref.
[16], describing COP as a function of operating temperatures with a comparison to Carnot. It is
evident that for each cooling water temperature there exists a minimum temperature of the supply
heat below which the COP vanishes, and that this minimum is higher for a double-effect system
than for a single-effect one. With increasing heat supply tempe:aturé, the COP increases rapidly at
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first, then levels off and even declines slightly; a switch from single to double-effect is then in
order. The reason for this behavior has been discussed in ref. [17]. The effect of other operating
parameters, such as solution flow rate and heat transfer area in the different components, has been
investigated. The thermodynamic potential of LiBr-H,0 has been studied and compared with that
of other absorption fluid pairs.

The present version of the code made it possible to simulate cycles with a degree of
complexity never attempted before. The LiBr-H,O study [16] of single- and double-effect systems
has been extended to triple-effect cycles. Figure 4 describes two triple-effect chillers, in parallel
and in series connection. These were formed as an extension of the corresponding double-effect
systems in ref. [16] by maintaining the same heat transfer characteristics and adding one desorber,
one condenser, and one heat exchanger of the same size as in ref. [16]. Cooling is produced in
Evaporator 1, fed by water condensate from three condensers, while high-temperature heat from an
external source is supplied to Desorber 13 only. Desorbers 3 and 4 are powered by reject heat from
Condensers 6 and 14, respectively, as shown. Calculation results for a typical design point (S00°F
heat supply, 85°F cooling water supply, and 45°F chilled water output) are given in Tables A-1
and A-2 in Appendix A for the two cycles. The parallel flow system yields a higher COP than the
series system, under the same operating conditions, as has been the case for the double-effect
cycles in [16]. Additional configurations of triple-effect cycles with LiBr-H,0, employing more
sophisticated methods of internal heat recovery, have been simulated.

Another study [19] has employed the code to perform a comparative simulation of two
open-cycle absorption systems for solar cooling. Such systems have been under development in
parallel for the past few years [20, 21]. The systems are described schematically in Fig. 5. The
working fluid in both is LiCl-H,O, where the water desorbs into the atmosphere and is
replaceable. Both systems comprise a closed absorber and evaporator as in conventional, single-
stage absorption chillers. The open part of the cycle is in the regenerator, used to reconcentrate the
absorbent solution by means of solar energy. One of the systems under study [20] has employed
direct regeneration (DR) in a regenerating collector, exposing the solution simultaneously to the
sun and to a stream of air. The other system [21] has employed indirect regeneration (IR) by
bringing the solution into contact with air heated elsewhere in a flat plate collector. To perform the
simulation, unit subroutines for solar components—air heating collector, air solution contactor,
and regenerating collector—were added to the code, and its property data base was expanded to
include properties of moist air. The code was applied first to study the behavior of these newly
added individual components, and then to evaluate the performance of the complete open-cycle
absorption systems. The simulation yielded two measures of performance—COP and capacity—as
functions of the operating parameters. Performance maps similar to those in Fig. 3 were drawn
over the entire applicable domain. The behavior of both systems was observed to be qualitatively

19



(@) . (b)

Fig. 4. Schematic description of triple-effect lithium bromide-water
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similar; however, COP values in the IR system were considerably lower than those in the DR one.
The primary reason for this is that the DR system employs direct heating of the solution during
regeneration whereby solar heat is provided where needed, while the IR system heats air that then
has to transfer the heat to the solution, leading to greater losses.

Another working fluid pair of great practical interest is ammonia-water. It is well known
that due to the volatile nature of the absorbent (water) and the relatively high vapor pressure of the
refrigerant (ammonia), systems employing this working pair must be designed differently from
those with LiBr-HO. In particular, rectification must generally be provided downstream of the
desorber. As mentioned earlier, the volatile absorbent results in highly nonlinear behavior of the
properties, which makes the solution of the equations generated by the simulation code very
difficult. The enhanced algorithm in the current version of the code has made it possible to simulate
a variety of ammonia-water heat pumps and heat transformers. Figure 6 shows a single-effect
ammonia-water chiller involving a rectifier (7) and a recuperative heat exchanger (10) from liquid
to vapor refrigerant. Evaporator 1 is actually a desorber, allowing for some liquid refrigerant to
leave unevaporated. Calculation results for a typical design point are given in Table A-3 in
Appendix A.

One of the main absorption programs in the United States is currently developing a
residential heat pump based on the GAX cycle [22]. When using a working fluid with a wide
solution field such as ammonia-water in a single-stage system with a high regeneration
temperature, some temperature overlap exists between the absorber and desorber, making it
possible to recover heat from the former to the latter and to obtain some "free" regeneration. The
possibility of using GAX in combination with a solution-cooled absorber and a solution-heated
generator is described in detail in ref. [22] and has been contemplated for some time. Some
simplified calculations were performed for COP estimation under Phase 1 of the U.S. Department
of Energy (DOE)/ORNL advanced cycles development program [22]. However, a detailed
calculation has been a formidable task due to the complexity of the cycle combined with the highly
nonlinear nature of the NH3-Hy0 working fluid. The current version of the code has made it
possible recently to perform such detailed simulation. Figure 7 describes the GAX heat pump in
terms of the units recognizable by the code. The absorber and desorber are each split into three
parts. Absorber 12 is externally cooled, Absorber 11 is solution cooled, and Absorber 5 is GAX
cooled; similarly, Desorber 3 is externally heated, Desorber 2 is solution heated, and Desorber 13
is GAX heated, as shown. Calculation results for a typical cooling condition are given in Table A-4
in Appendix A.
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8. CONCLUSION

The improvements made to the present version of the code have significantly enhanced its
capabilities compared with earlier versions. The code was used successfully in calculating various
new absorption cycles, including rather complex ones: triple-effect chillers in several
configurations with lithium bromide-water as the working pair, and GAX heat pumps with
ammonia-water as a working fluid. The mathematical model for these cycles produces about
60 equations and around 40 constraints of the type in Eq. (17). The solver successfully copes with
such rather large problems. It takes about 20 iterations of the algorithm and about 30 function
evaluations to get the solution; these values do not depend very much on the initial guess. Results
of calculations show that the above changes to the original computer code have made it more
reliable and effective than ever before.
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Outputs are in British Units;

Temperatures (T) in °F

APPENDIX A: RESULTS OF CALCULATIONS

Mass Flow Rates (F) in Ib/min
Concentrations (C) in wt %
Enthalpies (H) in Btw/1b
Pressures (P) in psia
Heat Quantities (Q) in Btu/min
Table A-1. LiBr-H20 3-Effect Chiller Series Flow 1

State
Point Temper, Enthalpy Flow Rate Concentr, Pressure Vapor Fr,

1 1.3940D+02 8.5393D+01 5.4746D+01 6.7863D+01 1.1628D-01  0.0000D+00
2 3.8833D+01 1.0781D+03 5.2543D+00 0.0000D+00 1.1628D-01  1.0000D+00
3 8.5000D+01 5.2890D+01 4.8300D+02 0.0000D+00 0.0000D+00  0.0000D+00
4 9.9042D+01 6.6859D+01 4.8300D+02 0.0000D+00 0.0000D+00  0.0000D+00
5 1.1613D+02 5.9872D+01 6.0000D+01 6.1920D+01 1.1628D-01  0.0000D+00
6 1.3813D+02 8.4949D+01 5.4721D+01 6.7894D+01 1.1628D-01  0.0000D+00
7 2.2308D+02 1.1987D+02 5.4746D+01 6.7863D+01 7.0499D-01  0.0000D+00
8 1.8634D+02 9.1330D+01  6.0000D+01 6.1920D+01 7.0499D-01  0.0000D+00
9 1.8357D+02 1.1422D+03  1.4666D+00 0.0000D+00 7.0499D-01  1.0000D+00
10 1.8901D+02 1.5700D+02  4.0000D+02 0.0000D+00 0.0000D+00  0.0000D+00
11 1.8490D+02 1.5285D+02  4.0000D+02 0.0000D+00 0.0000D+00  0.0000D+00
12 1.8357D+02 9.3340D+01  5.8533D+01 6.3472D+01 7.0499D-01  0.0000D+00
13 3.0109D+02 1.4483D+02 5.8533D+01 6.3472D+01 9.4091D+00 0.0000D+00
14 3.1328D+02 1.1974D+03  1.5965D+00 0.0000D+00 9.4091D+00  1.0000D+00
15 3.1903D+02 2.8923D+02  4.0000D+02 0.0000D+00 0.0000D+00  0.0000D+00
16  3.1384D+02 2.8390D+02 4.0000D+02 0.0000D+00 0.0000D+00  0.0000D+00
17 3.5667D+02 1.7492D+02 5.4746D+01 6.7863D+01 9.4091D+00 0.0000D+00
18 3.0318D+02 1.4568D+02 5.8581D+01 6.3421D+01 9.4091D+00 0.0000D+00
19 1.9036D+02 1.5836D+02 1.5965D+00 0.0000D+00 9.4091D+00 0.0000D+00
20 1.9036D+02 1.1421D+03  1.5965D+00 0.0000D+00 9.4091D+00  1.0000D+00
21 3.8833D+01 1.5836D+02 1.5965D+00 0.0000D+00 1.1628D-01  1.4119D-01
22 9.0338D+01 5.8197D+01 1.4666D+00 0.0000D+00 7.0499D-01  0.0000D+00
23 8.5000D+01 5.2890D+01 3.9100D+02 0.0000D+00 0.0000D+00  0.0000D+00
24 8.9090D+01 5.6956D+01 3.9100D+02 0.0000D+00 0.0000D+00  0.0000D+00
25  9.0338D+01 1.1003D+03  1.4666D+00 0.0000D+00 7.0499D-01  1.0000D+00
26 3.8833D+01 5.8197D+01 1.4666D+00 0.0000D+00 1.1628D-01 4.7663D-02
27  3.8833D+01 1.8572D+02 5.2543D+00 0.0000D+00 1.1628D-01  1.6674D-01
28  6.0796D+01 2.8876D+01 3.0000D+02 0.0000D+00 0.0000D+00  0.0000D+00
29 4.5000D+01 1.3247D+01 3.0000D+02 0.0000D+00 0.0000D+00  0.0000D+00
30  3.8833D+01 1.8572D+02 5.2543D+00 0.0000D+00 1.1628D-01  1.6674D-01
31  1.7790D+02 8.7954D+01 5.9808D+01 6.2119D+01 7.0499D-01  0.0000D+00
32 3.1328D+402 1.5273D+02  5.6937D+01 6.5252D+01 9.4091D+00 0.0000D+00
33 44003D+02 2.0690D+02 5.6937D+01 6.5252D+01 9.0628D+01 0.0000D+00
34 4.6732D+02 2.1820D+02 5.7553D+01 6.4553D+01 9.0628D+01  0.0000D+00
35 5.0000D+02 4.7713D+02 4.1600D+02 0.0000D+00 0.0000D+00  0.0000D+00
36 4.9165D+02 4.6836D+02 4.1600D+02 0.0000D+00 0.0000D+00  0.0000D+00
37 4.9337D+02 2.3126D+02 5.4746D+01 6.7863D+01 9.0628D+01  0.0000D+00
38 49337D+02 1.2631D+03 2.1912D+00 0.0000D+00 9.0628D+01  1.0000D+00
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39  3.2078D+02 1.1854D+03 2.1912D+00 0.0000D+00 9.0628D+01  1.0000D+00
40  3.2078D+02 2.9102D+02 2.1912D+00 0.0000D+00 9.0628D+01  0.0000D+00
41  3.8833D+01 2.9102D+02 2.1912D+00 0.0000D+00 1.1628D-01  2.6507D-01
42 3.8833D+01 2.3510D+02 3.7877D+00 0.0000D+00 1.1628D-01  2.1285D-01
Equivalent Unit Heat Transfer Characteristics for Each Unit
No. _Type UA EFF CAT ILMTD
1 Evaporator 3.7700D+02  7.1920D-01 6.1675D+00 1.2437D+01
2 Absorber 1.9300D+02 4.1400D-01 3.1134D+01  3.4959D+01
3 Desorber 2.6800D+02 5.1029D-01 5.4438D+00 6.1898D+00
4 Desorber 2.6800D+02 6.3748D-01 5.7444D+00 7.9478D+00
5 Condenser 5.6500D+02 7.6627D-01 1.2476D+00 2.8139D+00
6 Condenser 5.6500D+02 7.5379D-01 1.3441D+00 2.9361D+00
7 Heat Exger 6.4000D+01 7.8242D-01 2.3269D+01 2.9492D+01
8 Heat Exger 6.4000D+01 7.7176D-01 3.9510D+01 4.7092D+01
9 Mixer 0.0000D+00  0.0000D+00 0.0000D+00  0.0000D+00
10 Valve 0.0000D+00  0.0000D+00 0.0000D+00  0.0000D+00
11 Valve 0.0000D+00  0.0000D+00 0.0000D+00  0.0000D+00
12 Heat Exger 6.4000D+01  7.5907D-01 4.3389D+01 4.8195D+01
13 Desorber 2.6800D+02 7.9722D-01 6.6274D+00 1.3613D+01
14  Condenser 5.6500D+02 7.4775D-01 1.7517D+00  3.7699D+00
15 Valve 0.0000D+00  0.0000D+00 0.0000D+00  0.0000D+00
16 Mixer 0.0000D+00  0.0000D+00 0.0000D+00  0.0000D+00
No.. Tvype Heat TTa!lS_Qf___Eﬂ._D_QL___IEIDQ_h
1 Evaporator 4.6887D+03 0.000D+00
2 Absorber 6.7471D+03 0.000D+00 -1
3 Desorber 1.6589D+03 0.000D+00 1
4 Desorber 2.1300D+03 0.000D+00 1
5 Condenser 1.5899D+03 0.000D+00 1
6 Condenser 1.6589D+03 0.000D+00 1
7 Heat Exger 1.8875D+03 0.000D+00 -1
8 Heat Exger 3.0139D+03 0.000D+00 -1
9 Mixer 0.0000D+00 0.000D+00 0
10 Valve 0.0000D+00 0.000D+00 0
11 Valve 0.0000D+00 0.000D+00 0
12 Heat Exger 3.0845D+03 0.000D+00 -1
13 Desorber 3.6483D+03 0.000D+00 1
14 Condenser 2.1300D+03 0.000D+00 1
15 Valve 0.0000D+00 0.000D+00 0
16 Mixer 0.0000D+00 0.000D+00 0
COP = 1.2852
Table A-2. LiBr-H20 3-Effect Chiller, Parallel Flow
State
Point Temper, Enthalpy Flow Rate Concentr, Pressure Yapor Fr,
1 2803D+02 7.6611D+01  5.5139D+01 6.6347D+01 1.1874D-01  0.0000D+00
2 39366D+01 1.0783D+03  4.8613D+00 0.0000D+00 1.1874D-01  1.0000D+00
3 8.5000D+01  5.2890D+01  4.8300D+02 0.0000D+00 0.0000D+00  0.0000D+00
4 9.7672D+01  6.5495D+01  4.8300D+02 0.0000D+00 0.0000D+00  0.0000D+00
5 1.1330D+02  5.6301D+01  6.0000D+01 6.0972D+01 1.1874D-01  0.0000D+00
6 1.3270D+02  7.8276D+01 5.5230D+01 6.6237D+01 1.1874D-01  0.0000D+00
7 1.7852D+02  9.7817D+01 5.5139D+01 6.6347D+01 6.7436D-01  0.0000D+00
8 1.5618D+02  7.5788D+01  2.0000D+01 6.0972D+01 6.7436D-01  0.0000D+00
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1.8599D+02  1.1433D+03  1.0753D+00 0.0000D+00 6.7436D-01  1.0000D+00
1.8769D+02  1.5567D+02  4.0000D+02 0.0000D+00 0.0000D+00  0.0000D+00
1.8387D+02  1.5182D+02  4.0000D+02 0.0000D+00 0.0000D+00  0.0000D+00
1.8599D+02  9.6527D+01  1.8925D+01 6.4436D+01 6.7436D-01  0.0000D+00
2.5069D+02  1.1877D+02  2.,0000D+01 6.0972D+01 0.1284D+00 0.0000D+00
3.1496D+02  1.1983D+03  1.4793D+00 0.0000D+00 9.1284D+00  1.0000D+00
3.1638D+02  2.8651D+02  4.0000D+02 0.0000D+00 0.0000D+00  0.0000D+00
3.1088D+02  2.8087D+02  4.0000D+02 0.0000D+00 0.0000D+00  0.0000D+00
2.8877D+02 1.4597D+02  3.6214D+01 6.7346D+01 9.1284D+00 0.0000D+00
2.8509D+02  1.3350D+02  2.0277D+01 6.0140D+01  9.1284D+00 0.0000D+00
1.8894D+02  1.5693D+02  1.4793D+00 0.0000D+00 9.1284D+00  0.0000D+00
1.8894D+02 1.1416D+03  1.4793D+00 0.0000D+00 9.1284D+00 1.0000D+00
3.9366D+01  1.5693D+02  1.4793D+00 0.0000D+00 1.1874D-01  1.3941D-01
8.8923D+01 5.6790D+01  1.0753D+00 0.0000D+00 6.7436D-01  0.0000D+00
8.5000D+01  5.2890D+01  3.9100D+02 0.0000D+00 0.0000D+00  0.0000D+00
8.8006D+01  5.5878D+01  3.9100D+02 0.0000D+00 0.0000D+00  0.0000D+00
8.8923D+01  1.0997D+03  1.0753D+00 0.0000D+00 6.7436D-01  1.0000D+00
39366D+01 5.6790D+01  1.0753D+00 0.0000D+00 1.1874D-01  4.5870D-02
3.9366D+01 1.9717D+02  4.8613D+00 0.0000D+00 1.1874D-01  1.7699D-01
59432D+01  2.7525D+01  3.0000D+02 0.0000D+00 0.0000D+00  0.0000D+00
4.5000D+01  1.3247D+01  3.0000D+02  0.0000D+00 0.0000D+00  0.0000D+00
3.9366D+01 19717D+02  4.8613D+00 0.0000D+00 1.1874D-01  1.7699D-01
1.7022D+02  8.1525D+01  2.0108D+01 6.0644D+01 6.7436D-01  0.0000D+00
3.1496D+02  1.5436D+02  1.8521D+01 6.5842D+01 9.1284D+00  0.0000D+00
4.3983D+02 2.0497D+02  2,0000D+01 6.0972D+01 8.7427D+01 0.0000D+00
4.4083D+02  2.0542D+02  2.0009D+01 6.0946D+01 8.7427D+01  0.0000D+00
5.0000D+02 4.7713D+02  4.1600D+02  0.0000D+00 0.0000D+00  0.0000D+00
49319D+02 4.6998D+02  4.1600D+02 0.0000D+00 0.0000D+00  0.0000D+00
4.9951D+02  2.3462D+02  1.7693D+01 6.8921D+01 8.7427D+01  0.0000D+00
4.9951D+02  1.2663D+03  2.3068D+00 0.0000D+00 8.7427D+01 1.0000D+00
3.1824D+02  1.1847D+03  2.3068D+00 0.0000D+00 8.7427D+01  1.0000D+00
3.1824D+02  2.8842D+02  2.3068D+00 0.0000D+00 8.7427D+01  0.0000D+00
3.9366D+01  2.8842D+02  2.3068D+00 0.0000D+00 1.1874D-01  2.6222D-01
2.5069D+02  1.1877D+02  2.0000D+01 6.0972D+01 9.1284D+00  0.0000D+00
1.5618D+02  7.5788D+01  4.0000D+01 6.0972D+01 6.7436D-01  0.0000D+00
2.5069D+02  1.1877D+02  4.0000D+01 6.0972D+01 9.1284D+00  0.0000D+00
1.7429D+02  9.8490D+01  3.6214D+01 6.7346D+01 6.7436D-01  0.0000D+00
2.5983D+02 1.3719D+02  1.7693D+01 6.8921D+01 9.1284D+00 0.0000D+00
1.5618D+02  7.5788D+01 6.0000D+01 6.0972D+01 6.7436D-01  0.0000D+00
Equivalent Unit Heat Transfer Characteristics for Each Unit
No. Type UA EFE CAT LMTD
1 Evaporator 3.7700D+02 7.1923D-01 5.6340D+00 1.1362D+01
2 Absorber 1.9300D+02 4,0661D-01 2.8303D+01 3.1545D+01
3  Desorber 2,6800D+02 9.0229D-01 1.7079D+00  5.7478D+00
4 Desorber 2.6800D+02 9.5443D-01 1.4261D+00 8.4173D+00
5 Condenser 5.6500D+02 7.6629D-01 9.1679D-01  2.0679D+00
6 Condenser 5.6500D+02 7.5385D-01 1.2479D+00 2.7264D+00
7 Heat Exger 6.4000D+01 7.7414D-01 1.4730D+01 1.8269D+01
8 Heat Exger 6.4000D+01 8.6344D-01 1.8106D+01 2.6867D+01
9 Mixer 0.0000D+00 0.0000D+00 0.0000D+00  0.0000D+00
10 Valve 0.0000D+00 0.0000D+00 .  0.0000D+00 0.0000D+00
11 Valve 0.0000D+00 0.0000D+00 0.0000D+00  0.0000D+00
12 Heat Exger 6.4000D+01 9.6327D-01 9.1397D+00  2.6935D+01
13 Desorber 2.6800D+02 9.9176D-01 4.8780D-01  1.1093D+01
14 Condenser 5.6500D+02 7.4788D-01 1.8545D+00  3.9926D+00
15 Valve 0.0000D+00 0.0000D+00 0.0000D+00  0.0000D+00
16 Mixer 0.0000D+00 0.0000D+00 0.0000D+00  0.0000D+00
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17  Mixer 0.0000D+00 0.0000D+00 0.0000D+00  0.0000D+00
18 Splitter 0.0000D+00 0.0000D+00 0.0000D+00 0.0000D+00
19  Splitter 0.0000D+00 0.0000D+00 0.0000D+00 0.0000D+00
T Transfer Eg. Dev,  IPInch

1 Evaporator 4.2835D+03  0.000D+00 -1

2 Absorber 6.0882D+03  0.000D+00 -1

3  Desorber 1.5404D+03  0.000D+00 1

4 Desorber 2.2558D+03  0.000D+00 1

5 Condenser 1.1683D+03  0.000D+00 1

6 Condenser 1.5404D+03  0.000D+00 1

7 Heat Exger 1.1692D+03  0.000D+00 -1

8 Heat Exger 1.7195D+03  0.000D+00 -1

9 Mixer 0.0000D+00 0.000D+00 O

10 Valve 0.0000D+00 0.000D+00 O

11 Valve 0.0000D+00 0.000D+00 O

12 Heat Exger 1.7239D+03  0.000D+00 -1

13 Desorber 29731D+03 0.000D+00 1

14 Condenser 2.2558D+03 0.000D+00 1

15 Valve 0.0000D+00 0.000D+00 O

16 Mixer 0.0000D+00  0.000D+00 O

17 Mixer 0.0000D+00 0.000D+00 O

18  Splitter 0.0000D+00 0.000D+00 O

19  Splitter 0.0000D+00 0.000D+00 O

COP = 1.4408

Table A-3. NH3-H;0 1-Effect Chiller with Rectifier, Desorber/Mixer, and Precooler
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State
Point _Temper, Enthalpy Flow Rate Concentr, Pressure VaporFr,
1 6.0000D+01 2.8087D+01 4.7940D+01 0.0000D+00  0.0000D+00 0.0000D+00
2  5.6179D+01 2.4304D+01 4.7940D+01 0.0000D+00  0.0000D+00  0.0000D+00
3 42986D+01 5.5246D+02 3.5000D-01 9.9960D+01  5.2531D+01 9.9974D -01
4  8.5000D+01 5.2890D+01 9.0600D+00 0.0000D+00  0.0000D+00 0.0000D+00
5 1.1456D+02 8.2324D+01 9.0600D+00 0.0000D+00  0.0000D+00 0.0000D+00
6  9.5664D+01 -4.1460D+01 3.0000D+00 4.5597D+01  5.2531D+01 0.0000D+00
7 1.7124D+02  4.1616D+01 3.0000D+00 4.5597D+01  1.6945D+02 0.0000D+00
8  2.2000D+02 1.8830D+02 9.6400D+00 0.0000D+00  0.0000D+00 0.0000D+00
9 1.8838D+02 1.5636D+02 9.6400D+00 0.0000D+00  0.0000D+00 0.0000D+00
10  9.0564D+01 S5.5792D+02 3.5000D-01 9.9960D+01  1.6945D+02 1.0000D+00
11 1.9462D+02 7.1254D+01 2.6500D+00 3.8417D+01  1.6945D+02 0.0000D+00
12 1.1070D+02 -2.2794D+01 2.6500D+00 3.8417D+01  5.2531D+01 0.0000D+00
13 8.5000D+01 5.2800D+01 4.8460D+01 0.0000D+00  0.0000D+00 0.0000D+00
14 8.8611D+01 5.6480D+01 4.8460D+01 0.0000D+00  0.0000D+00  0.0000D+00
15  8.6200D+01 6.0922D+01 3.5000D-01 9.9960D+01  1.6945D+02 0.0000D+00
16  1.1701D+02 -1.6557D+01 2.6777D+00 3.9055D+01  5.2531D+01 0.0000D+00
17 1.7074D+02 4.1070D+01 3.0242D+00 4.5463D+01  1.6945D+02  0.0000D+00
18 2.3827D+01 3.4250D+01 3.5000D-01 9.9960D+01  5.2531D+01 7.8727D-02
19 9.0564D+01 5.5792D+02 3.5000D-01 9.9960D+01  1.6945D+02 1.0000D+00
20  2.3827D+01 3.4250D+01 3.5000D-01 9.9960D+01  5.2531D+01 7.8727D-02
21 1.7147D+02 4.1892D+01 3.0283D+00 4.5530D+01  1.6945D+02 0.0000D+00
22 1.9462D+02 7.1254D+01 2.8271D-02 3.8417D+01  1.6945D+02  0.0000D+00
23 1.9462D+02 6.5031D+02 3.7827D-01 9.5360D+01  1.6945D+02  1.0000D+00
24 8.5000D+01 5.2800D+01 6.0000D-01  0.0000D+00  0.0000D+00  0.0000D+00
25  1.6623D+02 1.3407D+02 6.0000D-01  0.0000D+00  0.0000D+00 0.0000D+00
26 1.9462D+02 6.5031D+02 3.7827D-01 9.5360D+01  1.6945D+02  1.0000D+00



27  4.2986D+01 -6.6955D+01 8.0008D-05 7.2334D+01  5.2531D+01 0.0000D+00
28 4.2986D+01 5.5260D+02 3.4992D-01  9.9966D+01  5.2531D+01  1.0000D+00
29  6.2634D+01 3.4250D+01 3.5000D-01  9.9960D+01  1.6945D+02 0.0000D+00
30 8.6164D+01 5.7913D+02 3.5000D-01 9.9960D+01  5.2531D+01 1.0000D+00
Equivalent Unit Heat Transfer Characteristics for Each Unit
No. _Tvpe UA EFE CAT ILMTD
1 Desorber 7.5992D+00 5.2965D-01 1.7014D+01  2.3867D+01
2 Heat Exger 1.3186D+01 8.4805D-01 1.5036D+01  1.8901D+01
3 Desorber 1.4475D+01 6.4198D-01 1.7637D+01  2.1275D+01
4 Condenser 1.1251D+02 7.8439D-01 1.1998D+00  1.5461D+00
5 Absorber 4,7724D+01 9.2335D-01 24534D+00  5.5878D+00
6 Valve 0.0000D+00 0.0000D+00 0.0000D+00  0.0000D+00
7 Rectifier 8.1010D- 01 7.4102D-01 2.8389D+01  6.0125D+01
8 Mixer 0.0000D+00 0.0000D+00 0.0000D+00  0.0000D+00
9 Mixer 0.0000D+00 0.0000D+00 0.0000D+00  0.0000D+00
10 Heat Exger 3.0024D+00 9.9917D-01 3.5809D-02  3.1093D+00
No. Type Heat Transfer Eq, Dev, _ IPInch
1 Desorber 1.8137D+02  0.000D+00 1
2 Heat Exger 24923D+02  0.000D+00 -1
3 Desorber 3.0796D+02  0.000D+00 -1
4 Condenser 1.7395D+02  0.000D+00 -1
5 Absorber 2,6667D+02 0.000D+00 1
6 Valve 0.0000D+00  0.000D+00 O
7 Rectifier 4.8707D+01  0.000D+00 1
8 Mixer 0.0000D+00  0.000D+00 O
9 Mixer 0.0000D+00 0.000D+00 0
10 Heat Exger 9.3354D+00  0.000D+00 1
COP = .5890
Table A-4. NH3-H20 Generator-Absorber Heat Exchanger, Phillips Cooling Mode
State
Point Temper, Enthalpy Flow Rate _Concentr, Pressure Vapor Fr,
1 0.0000D+00  -3.1090D+01 0.0000D+00 0.0000D+00 0.0000D+00  0.0000D+00
2 0.0000D+00  -3.1090D+01 0.0000D+00 0.0000D+00 0.0000D+00  0.0000D+00
3 4.8000D+01 5.1379D+02 1.0000D+00 9.9539D+01 8.0300D+01 9.3532D-01
4  2.2923D+02 1.9766D+02 1.4000D+01 0.0000D+00 0.0000D+00  0.0000D+00
5  24364D+02 2.1227D+02  1.4000D+01 0.0000D+00 0.0000D+00  0.0000D+00
6  2.7765D+02 1.7887D+02 1.4963D+00 2.7292D+01 2.7740D+02  0.0000D+00
7  0.0000D+00  -3.1090D+01 0.0000D+00 0.0000D+00 0.0000D+00  0.0000D+00
8  0.0000D+00  -3.1090D+01 0.0000D+00 0.0000D+00 0.0000D+00 0.0000D+00
9  0.0000D+00  -3.1090D+01 0.0000D+00 0.0000D+00 0.0000D+00 0.0000D+00
10 1.5100D+02 5.8591D+02 1.0000D+00 9.9539D+01 2.7740D+02  1.0000D+00
11 2.3616D+02 1.2068D+02 1.7004D+00 3.7446D+01 2.7740D+02  0.0000D+00
12 2.7765D+02 7.4436D+02 4.5966D-01  8.4489D+01 2.7740D+02  1.0000D+00
13 0.0000D+00  -3.1090D+01 0.0000D+00 0.0000D+00 0.0000D+00  0.0000D+00
14 0.0000D+00  -3.1090D+01 0.0000D+00 0.0000D+00 0.0000D+00 0.0000D+00
15 1.0803D+02 8.5333D+01 1.0000D+00 9.9539D+01 2.7740D+02  0.0000D+00
16  2.8228D+02 2.3424D+02  1.0926D+00 5.5449D+00 8.0300D+01 0.0000D+00
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2.7765D+02
4.4815D+01
1.5100D+02
4.4815D+01
2.2289D+02
2.0129D+02
2.0125D+02
0.0000D+00
0.0000D+00
2.0129D+02
4.8000D+01
4.8000D+01
5.3097D+01
9.5000D+01
2.3301D+02
2.3301D+02
1.0800D+02
2.2351D+02
2.3301D+02
2.4237D+02
4.0000D+02
1.6533D+02
1.6533D+02
1.6533D+02
0.0000D+00
2.3616D+02
2.3616D+02
2.0129D+02

1.7887D+02
2.1939D+01

5.8591D+02

2.1939D+01

1.0358D+02

7.7464D+01

6.3383D+02
-3.1090D+01
-3.1090D+01

6.3383D+02
-5.9639D+00
5.4820D+02
2.1939D+01
5.7718D+02
1.5499D+02
7.8171D+02
2.6422D+01
1.0425D+02
1.5499D+02
2.0471D+02
3.7014D+02
4.3527D+01
6.4141D+02
4.3527D+01
3.1090D+01
1.2068D+02
6.7982D+02
7.7464D+01

1.4963D+00
1.0000D+00
1.0000D+00
1.0000D+00
2.0889D+00
5.2232D-02

1.0522D+00
0.0000D+00
0.0000D+00
1.0522D+00
6.2097D-02

9.3790D-01

1.0000D+00
1.0000D+00
1.2808D+00
2.4417D-01

2.0367D+00
2.0367D+00
1.2808D+00
1.0367D+00
1.0367D+00
1.5445D+00
5.0779D-01

1.5445D+00
0.0000D+00
1.7004D+00
6.6371D-01
1.9909D+00

2.7292D+01
9.9539D+01
9.9539D+01
9.9539D+01
4.9796D+01
4.7474D+01
9.6955D+01
0.0000D+00
0.0000D+00
9.6955D+01
9.2712D+01
9.9991D+01
9.9539D+01
9.9539D+01
1.5395D+01
7.2563D+01
4.9856D+01
4.9856D+01
1.5395D+01
1.9303D+00
1.9303D+00
3.2568D+01
9.5118D+01
3.2568D+-01
0.0000D+00
3.7446D+01
9.2920D+01
4.7474D+01

2.7740D+02
8.0300D+01
2.7740D+02
8.0300D+01
2.7740D+02
2.7740D+02
2.7740D+02
0.0000D+00
0.0000D+00
2.7740D+02
8.0300D+01
8.0300D+01
2.7740D+02
8.0300D+01
8.0300D+01
8.0300D+01
8.0300D+01
8.0300D+01
8.0300D+01
2.7740D+02
2.7740D+02
8.0300D+01
8.0300D+01
8.0300D+01
0.0000D+00
2.7740D+02
2.7740D+02
2.7740D+02

0.0000D+00
1.7415D-02

1.0000D+00
1.7415D-02

0.0000D+00
0.0000D+00
1.0000D+00
0.0000D+00
0.0000D+00
1.0000D+00
0.0000D+00
1.0000D+-00
0.0000D+00
9.9523D-01

0.0000D+00
1.0000D+00
0.0000D+00
0.0000D+00
0.0000D+00
0.0000D+00
0.0000D+00
0.0000D+00
1.0000D+00
0.0000D+-00
0.0000D+00
0.0000D+00
1.0000D+00
0.0000D+00

Equivalent Unit Heat Transfer Characteristics for Each Unit
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No. Type UA EFF CAT LMTD
1 Desorber 0.0000D+00 0.0000D+00  0.0000D+00  0.0000D+-00
2 Analyzer 4.4000D+00 9.6205D-01 6.2172D+00  3.8977D+01
3 Desorber 0.0000D+00 0.0000D+00  0.0000D+00  0.0000D+00
4 Condenser 0.0000D+00 0.0000D+00  0.0000D+00  0.0000D+00
5 Absorber 1.3643D+01 9.2879D-01 3.7777D+00  1.4995D+01
6 Valve 0.0000D+00 0.0000D+00  0.0000D+00  0.0000D+00
7 Rectifier 0.0000D+00 0.0000D+00  0.0000D+00  0.0000D+00
8 Mixer 0.0000D+00 0.0000D+00  0.0000D+00  0.0000D+00
9 Mixer 0.0000D+00 0.0000D+00  0.0000D+00  0.0000D+00
10 Heat Exger 7.5000D+00 9.1509D-01 5.0975D+00  8.4526D+00
11 Analyzer 1.0000D+01 9.2398D-01 9.5032D+00  2.6613D+01
12 Analyzer 0.0000D+00 0.0000D+00  0.0000D+00  0.0000D+00
13 Analyzer 1.3178D+01 8.2338D-01 7.4782D+00  1.5524D+01
No  Type  HeatTransfer Eq. Dev, IPInch

1 Desorber 49185D+02 0.000D+00 1

2 Analyzer 1.7150D+02  0.000D+00 -1

3 Desorber 4.5823D+02  0.000D+00 -1

4 Condenser 5.0058D+02 -9.900D+00 -1

S Absorber 2.0457D+02 0.000D+00 -1

6 Valve 0.0000D+00 0.000D+00 O

7 Rectifier 7.6979D+01  0.000D+00 1

8 Mixer 0.0000D+00 0.000D+00 O

9 Mixer 0.0000D+00  0.000D+00 O

10 Heat Exger 6.3394D+01  0.000D+00 -1

11 Analyzer 2.6613D+02 0.000D+00 1



12 Analyzer 3.7252D+02  0.000D+00 O
13 Analyzer 2.0457D+02  0.000D+00 1

COP = 1.0734
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APPENDIX B
USERS’ MANUAL

This manual describes in detail the parameters required on each card of the input, their
mathematical symbols, and their formats.

B.1. GENERAL INFORMATION

The first card allows the user to supply a problem title. If no title is desired, input "blanks."
The card has the following format:

Columns 1 2-66
Title card : ATITLE
Format 1X A65
Explanation
ATITLE Name or title of problem, which can
consist of any characters

The second card includes scaling parameters for normalization and has the following format:

Columns 1-10 11-20 21-30 3140
Scaling TMAX TMIN FMAX PMAX
parameter
card Format F10.1 F10.1 F10.1 F10.1
Explanation
TMAX maximum expected temperature in the system
TMIN minimum expected temperature in the system
FMAX maximum expected mass flow rate in the system
PMAX maximum expected pressure in the system
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The third card contains control parameters and has the following format:

Columns 1-5 6-10 11-15 16-25 [26-35 | 36-40
Control MAXFEV |MSGLVL | IUFLAG | FTOL |XTOL | NEWDAT
card

Format I5 I5 I5 D10.1 [D10.1 IS5

Explanation ,

MAXFEV | maximum number of iterations allowed before termination

MSGLVL |integer flag controlling the printing of intermediate results

=0 no intermediate results are printed

intermediate results are printed
=n every n iterations
IUFLAG integer flag indicating the system of units used for the input and
final output results (intermediate results are always in British
units)

=1 input and output in British units

=2 input in British units; output in SI units

=3 input and output in SI units

= input in ST units; output in British units

FTOL Convergence tolerance on the value of the functions’ residuals.

Exit from the solver routine occurs when the Euclidian norm
>0 of the residuals is less than FTOL.

XTOL Convergence tolerance on the values of the variables. Exit from

0 the solver routine occurs when the relative error between two
> successive iterations is at most XTOL.

NEWDAT | integer flag controlling the generation of an optional new input

) file NEW.DAT based on the results of the current run
=0 new input file is not generated

>0 new input file is generated
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The fourth card indicates the number of units and state points in the system and has the
following format:

Columns 14 5-8
System NUNITS NSP
card
Format 14 14
Explanation
NUNITS | total number of units or components
NSP total number of state points
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B.2. USER INPUT

This part of the input describes the units that compose the system. The user must supply two
data cards for each unit. The first card provides a unit description and has the following format:

Columns | 1-5 |6-10 11-15 11625 |[26-30 3140 | 41-45
Unit NU [|IDUNIT |IHT HT IPINCH |DEV |ICOP
I.D. ‘
card |Format |I5 I5 IS F10.4 |I5 F10.4 | I5

Explanation

NU number assigned to the unit in the cycle diagram

IDUNIT | Unit type:

=1 Absorber

=2 Desorber .

=3 Heat Exchanger

=4 Condenser

=5 Evaporator

=6 Valve

=7 Mixer

=§ Splitter

=9 Rectifier

=10 Analyser

=11 Compressor

=12 Pump

IHT integer index indicating method of specification of unit heat transfer

characteristics

=1 UA Method

=2 EFF Method

=3 CAT Method

=4 LMTD Method

HT value of UA or EFF or CAT or LMTD according to IHT index

IPINCH |integer index indicating location of temperature pinch

=-1 pinch at cold end '

=+] pinch at hot end

=0 program decides the location of the pinch

DEV temperature deviation from the equilibrium state

ICOP integer index for calculating coefficient of performance based

on the heat duty of the current unit

=+1 heat duty of current unit added to COP numerator

= -1 heat duty of current unit added to COP denominator

=0 heat duty of current unit not included in COP calculation
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The second card describes how the unit is connected to other units in the system.
The user must list the numbers of the state points associated with the unit in the system in
an order corresponding to that in the unit subroutine. The card has the following format:

Columns | 14 5-8 9-12 13-16 |17-20 |[21-24 [25-28
State ISP-1 |ISP-2 |ISP-3 |ISP-4 [ISP-5 |[ISP-6 |ISP-7
point
order
card '
Format |I4 I4 14 14 14 14 14
Explanation |
ISP state point number to be listed in the order 1 to 7, corresponding with
the unit subroutine
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B.3. STATE POINT INPUT

This part of the input requires one card for each state point in the cycle. The card gives the
state point number, a code for the working fluid in it, and five pairs of numbers for the
temperature, mass flow rate, concentration, pressure, and vapor fraction at that state point. In each
pair of numbers, the first is an integer indicating a fixed or variable quantity, and the second is a
real number giving a fixed value or an initial guess for the quantity in question.

The user must supply for each state point one input card that has the following format:

Columns | 1-5 6-10 11-14 15-20 21-24 25-30
Initial NDUM |KSUB |ITFIX |T IFFIX |F
values
card Format |I5 15 14 F6.1 14 F6.1

Columns | 31-34 35-40 41-44 45-50 51-54 55-60

ICFIX |C IPFIX |P IWFIX |W

Format |I4 F6.1 I4 F6.1 14 F6.1

Explanation

NDUM | state point number in the cycle diagram

KSUB | type of working fluid

=1 LiBr-H,O solution

=2 H,0-NH, solution and vapor

=3 H,0 liquid and vapor

=4 LiBr-H,0-NH, solution

=5 LiBr/ZnBr,-CH;0H solution

=6 CH,OH liquid and vapor

=7 LiNO,/KNQ,/NaNQ,-H,0 solution

=§ NaOH-H,0O solution

=9 LiCl-H,0 solution

ITFIX integer index for temperature

= fixed temperature

=1 variable temperature, not equal to the temperature at any other state

point o
22 Variable temp. State points for which this integer is the same have
identical temperatures.

T initial value of temperature

IFFIX same as [TFIX, for mass flow rate instead of temperature

F initial value of mass flow rate

ICFIX | same as ITFIX, for concentration instead of temperature
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C initial value of concentration

IPFIX same as ITFIX, for pressure instead of temperature

P initial value of pressure

IWFIX |same as ITFIX, for vapor fraction instead of temperature
W initial value of vapor fraction
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