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ABBREVIATIONS, ACRONYMS, AND INITIALISMS

A heat transfer area (ft or m?)

C absorbent/absorbate concentration (weight percent)

CAT user-supplied value of the closest approached temperature (°F or "C)
CAT calculated value of the closest approach temperature

DEV extent of deviation from equilibrium state (°F or °C)

E equilibrium

EFF user-supplied value of heat transfer effectiveness (dimensionless)
EFF calculated value of heat transfer effectiveness

F mass flow rate (Ib/min or kg/s)

FTOL user-supplied tolerance for functions

h specific enthalpy (Btu/1b or kJ/kg)

i a state point index

IPINCH integer index indicating location of temperature pinch

J a state point index

1 a state point index

LMTD user-supplied value of logarithmic mean temperature difference (°F or °C)
LMTD calculated value of logarithmic mean temperature difference
MSGLVL output message level code

P pressure (psia or kPa)

PTX vapor pressure, temperature, and concentration

Q heat transfer rate (Btu/min or kW)

T temperature ('F or °C)

U overall heat transfer coefficient [Btu /(ft2 x °F x s) or kW/m? x °C]
v vapor

w mass vapor fraction (dimensionless)

XTOL user-supplied tolerance for variables
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SUMMARY

Absorption heat pumps, first developed in the 19th century, have received growing
attention in the past two decades. The increasing 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.

The development of working absorption systems has created a need for reliable and
effective system simulations. Several system-specific computer models have been
developed that have proven to be very valuabhle tools for research and development and
for design optimization. The models were, however, limited to the particular system for
which they were created.

The objective of the present work has been to develop a modular computer
simulation code capable of simulating absorption heat pumps 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.

Because each absorption system consists of a number of standard components (e.g.,
absorber, condenser, etc.), the code has been structured around unit subroutines, each of
which contains the governing equations for the particular component. These
subroutines are activated by a main program, which interprets the user input, calls the
units, and links them in an order corresponding to the user's specification to form the
complete system. Each unit subroutine, when activated, addresses a property data base
for the thermodynarmic properties of the working fluids. The equations generated by the
unit subroutines are solved simultaneously.

The code is user oriented and requires a relatively simple input: 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 (1) the temperature, flow rate,
concentration, pressure, and vapor fraction at each state point in the system and (2) the

heat duty at each unit, from which the coefficient of performance can be determined.
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The program has been used successfully to simulate a variety of single-stage,

double-stage, and dual-loop heat pumps and heat transformers, using the working fluids
LiBr-H,0, H,0-NH,, LiBr/H,0-NH,, LiBr/ZnBr,-CH,0H, and LINO,/KNO,/NaNO,-H,0.



ABSTRACT

A computer code in a flexible and modular form developed for simulation of
absorption systems makes 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. The equations are linked by a main program
according to the user's specifications to form the complete system. The equations arc
solved simultaneously, and fluid properties are taken from a property data base.

The code is user oriented and requires a relatively simple input containing the
given operating conditions and the working fluid at each state point. The user conveys to
the computer an image of his or her cycle by specifying the different subunits and their
interconnection. Based on this information, the program calculates (1) the temperature,
flow rate, concentration, pressure, and vapor fraction at each state point in the system
and (2) the heat duty at each unit, from which the coefficient of performance may be
determined.

The program has been used successfully to sirnulate a variety of single-stage,

double-stage, and dual-loop heat pumps and heat transformers, with the working fluids
LiBr-H,0, HyO-NHg, LiBr/H,0-NH,, LiBr/ZnBr,-CH,OH, and more.
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1. INTRODUCTION

The need for computer simulation models of absorption systems has become apparent
because of renewed interest in these systems during the past two decades. The advantage of the
absorption cycle has been recognized for heat pumping applications for which heat may be
utilized as a source of power in preference over mechanical energy. Thus, absorption heat
pumps that utilize waste or solar low-grade heat have emerged alongside gas- and steam-fired
systems for residential, commercial, and industrial applications. A variety of advanced cycles
in multistage configurations have been proposed to fully utilize the thermodynamic potential
of the heat source at hand. The development of working systems based on these cycles and the
desire to investigate novel cycles and working fluids created the need for effective and reliable
simulation.

Several computer simulation codes of absorption systems have been developed and
described in the literature [1-6]. The results of some of them have been compared with
experimental data and found to agree. The codes were all system specific; that is, they were
written to simulate one particular system with a particular design, flow arrangement, and
working material. Their structure did not allow the ease of modification needed to model other
systems. To modify the structure, major parts of the program (especially the iterative
sequence) would have to be rewritten.

The objective of the present work has been to develcp a flexible computer simulation code
capable of simulating absorption systems in varying cycle configuratioris and with different
working fluids The need for such a code grew out of repeated attempts to evaluate new ideas for
advanced cycles and working substances and to compare them with existing ones. An earlier
paper [7] described the modular approach taken to achiéve this goal and described the early
results with three cycle configurations and two working fluids.

This report describes the present status of the code with a considerably extended user-
oriented simulation capability and applicability. As will be shown, the code may be used not
only to evaluate 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. PROGRAM STRUCTURE

The objective of developing a flexible and user-oriented simulation code has led to two
basic requirements with respect to the program structure. First, the program had to be
modular to enable the user to specify different cycle configurations, different working fluids,
and obviously different unit sizes and operating conditions. Second, the input requirements
had to be simple and straightforward.

Because each absorption system consists of a number of standard components (e.g.,
absorber, evaporator, desorber, condenser, etc.), the following logic was developed for the
program. Each basic component is simulated by a unit subroutine that provides a
mathematical expression of the physics of that component. Each 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. The unit subroutine, when activated, addresses 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 them in a
form corresponding to the user's specification. 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, and all the equations have been
established, a mathematical solver routine is employed to solve the set of nonlinear equations
simultaneously.

Figure 1 is a schematic description of the program architecture. The user input conveys {o
the program an "image" of the cycle to be simulated: the number and types of units contained in
it; their interconnections; and size or transfer characteristics, where applicable. The input
must also contain the values of the parameters set fixed by the user (e.g., temperatures, flow
rates, etc.) at specific state points. The main program interprets the user input and creates a
variable vector that contains all the independent unknown quantities. It then calls the unit
subroutiiles, 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 to be
brought to the same order of magnitude. The solver package is then activated, and the values of
the unknowns calculated to a user-specified accuracy. Recognizing that the set of nonlinear
equations may have more than one mathematical solution, a set of constraints is applied to
direct the solver toward the physically valid solution. The output contains (1) the temperature,
enthalpy, flow rate, concentration, pressure, and vapor fraction at each of the cycle's state

points and (2) the heat duty and transfer characteristics of each unit.
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In developing the simulation code, the following tasks had to be attended to: (1) develop
the program logic: (2) develop a mathematical simulation oi the system's units, describing
their physical behaviors; (3) obtain property data for the working fluids and develop a data
structure; (4) adopt a method of solution and develop the solver package: (5) develop a user-
friendly interface; (6) implement the above in an effective computer code; and (7) validate the
model with experimental data.

Each of the program's parts mentioned above and illustrated in Fig. 1 will be described in

detail and elaborated in the following chapters.



3. INPUT AND OUTPUT

As the program logic was being developed, as described in the previous chapter, the main
program was assigned certain tasks (Fig. 1) to alleviate a great deal of the user's burden. 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. Furthermore, since 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 his cycle, which eliminates the
neec to worry about the order of the variables and parameters. This chapter describes the form
of input and output to the code. The function of the main program will be described in the next
chapter.

3.1 THE INPUT DATA

The user is first required to prepare a schematic diagram depicting the cycle to be
simulated in terms of the basic nine units recognizable by the code (Fig. 1). A detailed
description of these units and their governing equations is given in Sect. 5. The diagram
should display schematically the system's breakdown into the basic units and their
interconnections. We shall follow the example in Fig. 2, which shows a single-stage, LiBr-H,0
absorption chiller consisting of an absorber, a desorber, an evaporator, a condenser, a heat
exchanger, and a valve. The user is required to label each state point and each unit, in an
arbitrary order. In Fig. 2, numbers in a circle have been used for units, and numbers with no
circle indicate state points. Then, the user prepares an input data file, as described next. The
example data file for the cycle in Fig. 2 is given in Table 1. Further details on the preparation

of input are given in the Users’ Manual (Appendix C). The input consists of the following three
parts:

U General Preliminary Input contains a user-supplied problem title [first card (see line one
in Table 1)], scaling parameters for normalization [second card (see line two in Table 1)],
array sizes, and convergence criteria [third card (see line three in Table 1)]. Default
options are available for all the above. The code can operate either in SI or British units,
as indicated by a flag on the third card. On the fourth card (see line four in Table 1) the
user lists the total number of units and state points for the problem (6 and 20,

respectively, for the present example).
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Table 1. Data file for a single stage chiller LiBr-FL,0 cycle (See Fig. 2.)
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Unit Input consists of two cards for each of the units in the cycle. The first card shows the
unit number, type, and heat and mass transfer characteristics. The second card lists its
state point numbers in the schematic diagram in an order corresponding to that of the
unit subroutine. Thus, for example, unit 1 in Fig. 2 is listed in the input as type 5, which
the program recognizes as an evaporator; its state point numbers are 20,3,1,2,18,
corresponding to 1,2,3,4.5 in subroutine EVAP contained in the code (Fig. 3).

Heat transfer characteristics of a unit may be specified by one of four methods. The
user can supply either the UA (overall heat transfer coeflicient times area), the
effectiveness, the CAT (closest approach temperature), or the LMTD (logarithmic mean
temperature difference). A flag ( 1 through 4) ahead of the applicable quantity on the first
card indicates which of the four methods has been chosen for the particular unit. Thus,
for the example in Table 1, unit 1 (evaporator) has been characterized by a UA of
662.1 Btu/(hr - “F); unit 2 (heat exchanger), by an effectiveness of 0.72; and unit 4
(condenser), by a CAT of 2.5°F. The next integer flag indicates the location of the
temperature pinch: -1 when at the cold end, +1 when at the hot end. In the example of
Table 1, the pinch for unit 1 is at the cold end; that is, between state points 2 and 18. By
setting IPINCH = O the user lets the code decide the location of the pinch. Further details
are given in Sect. 5.

Mass transfer characteristics of a unit are specified by a temperature deviation
from equilibrium at the outlet (last number on the first card). In Table 1, the deviation

from equilibrium at the solution outlet from unit 5 (absorber) is specified as -2.0'F.

State Point Input consists of one card for each of the state points in the cycle. Each card
lists 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 nonzero, indicating a fixed or variable quantity respectively.
The latter gives a fixed value or an initial guess for the quantity in question. The same
nonzero index greater-than unity given to the same variable quantity at two different
state points indicates that those two, although unknown, have the same value. In the
example in Table 1, state point 1 (chilled water inlet to the evaporator) has a fluid code 3
(for water), a fixed temperature of 55.0°F, a fixed flow rate of 402.1 Ib/min, a fixed
concentration of 0.0, a fixed vapor pressure of 0.0 (as a subcooled liquid), and a fixed
vapor fraction of 0.0; state point 10 (vapor outlet from the desorber) has a fluid code 3 (for

water), an unknown temperature with an fnitial guess of 60.0°'F, an unknown flow rate
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with an initial guess of 3.7 1b/min, a fixed concentration of 0.0, an unknown vapor

pressure with an initial guess of 3.0 psia, and a fixed vapor fraction of 1.0.

By this form of input, the user has entered all necessary information about his cycle
without having to program. By 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. By the state point input, the program is told which working fluids are used
where and what the fixed and variable parameters of the problem are.

3.2 THE OUTPUT

The output structure is modular to give the user control over the extent of the information
presented. The integer flag MSGLVL in the third card of the General Preliminary Input allows
the user to specify how frequently values of the variables and equation residuals at
intermediate iterations should be printed.

Table 2 shows a sample output file for the example in Fig. 2 and Table 1. This file was
printed with MSGLVL = O and hence does not show any intermediate results. The initial
section reproduces the input file as read by the program. This input-return enables the user to
ascertain input errors by inspection. Next, the program prints the total number of iterations it
took to converge and also a convergence code (IER) indicating whether the required tolerance
has been achieved. The next section contains the values of the temperature, enthalpy, flow
rate, concentration, pressure and vapor fraction at all state points. In the final section, the
heat transfer characteristics and heat duty are given for each unit.

When MSGLVL > 0, additional information is printed. Table 3 describes a sample output
file for the example in Fig. 2, with MSGLVL = 100. Following the initial section with the input
return, preprocessed values of the temperatures at all state points are presented. These values
have been reached by applying the constraints to the initial guesses for the temperatures to
produce a feasible set-off point. Next is a printout of the total number of variables and
equations and their respective types. The following section is, again, optional and consists of
intermediate values of the physical quantities at all state points and also the equation
residuals. This information is presented in a table; the printing frequency is set by the value of
the integer flag MSGLVL. Finally, the values of all dimensionless variables and equation

residuals upon convergence are printed following the convergence code.
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Table 2. Sample ouput file for a single stage chiller
LiBr-H,0 cycle, with MSGLVL = 0 (See Fig. 2.)

SINGLE STAGE CHILLER LIBR-H20
IMPUY AND DUTPUT IN BRITISH UNITS
THE BRITISH UNITS ARE @
TEMPERATURES (T) IM DEG F
MASS FLOWS {(F) IN LB/MIN
COMNCENTRATION (C) IN PERCENTS
ENTHALPIES (H) IN BTU/LB
PRESSUR ES (P) 1IN PSIA
HEAT QUANTITIES (Q) IN BTU/MIN
TOLERANCES IN F, X 1.0D-06 1. 0D-09
N3. OQOF UNITS 6
NOs QOF STATE POINTS 20
1 5 662,1000 -1 0.0000
20 3 1 2 18 0 0
2 3 0.7200 0 0.C000
6 7 11 12 0 o 0
3 2 9.9379 -1 0.0000
7 10 8 9 11 17 0
4 4 2.5000 1 0.0000
10 15 13 14 19 0 0
5 1 0.9183 1 ~2.0000
12 3 4 5 6 16 0
6 6 0.0000 0 0.0000
1s 20 0 0 0 c 6
STARTING POINTS
1 3 0 55,0 0 402410 0 0.0 0 0.0
2 3 1 60.0 0 402.10 b} 0.0 ls) 0.0
3 3 2 60.0 3 3.70 0 0.0 3 1.0
4 3 0 85,0 0 59 .30 0 0.0 0 0.0
5 3 1 60,9 0 59.30 ] 0.C 0 0.0
) 1 1 60.0 0 2379 3 45.0 3 1e0
7 1 1 600 0 23«77 3 45,0 2 3.0
8 3 0 187.90 0 118460 0 Na.C 0 Os 0
9 3 1 60.7 0 118460 o] Ded n 0.0
10 3 2 60,9 3 3.70 0 0.0 2 3.0
11 1 2 60N 2 20 400 2 55,0 2 3.0
12 1 1 60.) 2 20 .00 2 55.0 3 1e9
13 3 0 85.2 0 256429 o] 0,0 0 0.9
14 3 1 6Ce 9 ¢ 25%6.29 O 0.0 o) 0a0
15 3 4 600 3 3.7) D U0 2 3.0
16 1 1 60.0 0 0«0C 1 54.0 3 1e0
17 1 1 62.9 c Q.00 1 46.0 2 3.2
18 3 3 60.9 3 2.7 ) Je0 3 1.0
19 3 4 60,0 3 372 0 049 2 3.0
20 o/ 3 60.0 3 270 0 Ce 3 1.¢C

MOMNMNOOODTOOOOOOO0O0O0UCO0O0O0

. e ® ¢ e o & o
O~ OO0 WO VONODODODONDOOCOOOO

[] T e @ o e o »

O~ 00 Q0000+ ODOOOOO~O0O0
L]



LAST ITERATION MO, IS

STATE

[ER = 1

EUCLIDEAN NORM

TEMPER.

POINT

W= 0 V0 ®~NOG & UN~

O e
OO ~N N & W

ro

S.5000D+01
S5.1264D0+01
5. 0391D+01
8.35000D+01
1.1639D0+02
1.04197+02
1.459204+02
1.3000D+02
1.6381D¢+02
1.69103+02
1.69100+02
122360+02
8.50020+01
9.11270+01
9.36370 t01
1.19190+02
1.5478D+02
5.02G120+01
9.36370+01
5.03910+01

IOF FUM
ENTHALPY

2,31270+01
1.24400+01
1,08300+03
S.,2890D0+91
8.,4158D0+01
4,C904D+01
6,1%45D+01
1.47620+02
1¢3164D+02
1.13570+023
7.79680D0+01
S«6083D +01
5.2890D+01
S568991D+01
6¢1479D+9 1
5447530+ 1
665S61D+J1
614790+ 01
11017D+23
64184790 01

14

Table 2. (continued)

125

IS LESS THAN FTOL

FLOW RATE

4.0210D+02
4.02100+02
144552D+00
$Se9300D4+01
S«93C0D+01
24 37000+01
24370005+ C1
1.18€0D+32
1.18600+02
1.45520+00
2.2245D+01
2422450+ 01
25620D+02
2056200402
le 4552D+0C0
2.22160+01
2¢3791D0+01
1e45520D+199
1.45520+00
145520420

CONCENTR &

2.C0000+00
0.03C23D+20
0,0072004¢273
0.C0C00#CC
0.0000D+00
5453530 +01
5.53530+C1
¢.0000D+00
0.0000D+CO
0.00000+0¢C
589740 +31
5483740 ¢01
C.02020D+0CO0
Ne2232D 400
0.02900+0¢C
S«9051D+C1
S«5141D401
0.0203D40¢0C
0.00220+0C0
Ce02000+00

THE ECQUIVALENT HEAT TRANSFER QUANTITIES

FOR EVERY
NO. TYRPE
1 E
2 H
3 o]
4 C
S A
[SY Y
ND o TYPE
1 (of
2 3!
3 D
4 C
5 A
(5 \

UNT T

PRESSURE

C.00200¢CC
0«0300D+0GO
1.80690-01
CeCJ0130D4+902
0.00221:+0)
1.8069D-C1
7.81130=-21
Ce2CIO0D+0Q
C.3000L+CC
T.8113D0-01
7.81 130-21
1.8069C~-01
0.2200C+00
CeJdO 00D+ CO
7.81130-0C1
1.80690-01
7.8113D0-721
1.8C€9D0-01
7.811335-C1
1.80690~-01

VAPOR FRa
Q0+2C02D+00
0.G200D20
140000D+920
0.CCOOD+OC
000000 +90
0.CCOOQCC+00
C.COCOD+00
0eJ0230D+00
04000CD+920
1.00CCO+CC
0«0000D+00
J.000CD#DC
C«0000D+00
0.0000D+00
C.0000D+02
0«CCCCD+CO
00020D+99
4403050-02
1.C0CCD+CO
4 40305D-02

UA
6621 0D+C2
236600401
1 .9428D0+02
341879D+02
2.1795D+)2
ND.COMCD+0N

HEAT TRANSFER

144866D+)3
4+8633D+02
1.93080+53
1 43622D04+92
18542D0+23
Ce2200D0+20

EFF
8.1065D-91
7.20990-21
Hed180D=-01
7.1054D=C1
2.18390-01
NL002IADHID

CAT
8.72750-01
1481760 +01
9+0343D0+00
2+500CD+22
2 79310 +20
000020400

LMTD
242452D+00
2.0577D0+901
9.49379D +20
4.9500C0D+00
8,5072D+00
CeCGONOD+L O

EQ., LEV.,
24700D+10
2,0J)20+)0
NeNIID+I)
DeNOND+ID
=2.000D+ 0
0«130D 490

IPINCH

-1
-1

O - -
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Table 3. Sample output file for a single stage chiller
LiBr-H,O cycle, with MSGLVL = 100 (See Fig. 2.)

SINGLE STAGE CHILLER LIER=-1120

INPUT AND OQUTPUT IN 3RITISH "JNITS

THE BRITISII WNITS ARE @

TEMRPERATURES (T) It DEG F

MASS FLOWS (F) IN LB/ IH

COMNCENTRATYION (C) IN PERCINTS

ENTHALPIES (H) 1t} crTuszLe

PRTCSSURES (P) IN PSIA

HEAT QU'ANTITIZS (0) IN BTUH/MIN

TOLEPAMCES I F, X 1.0D-06 1200~-09

NCe OF UNITS 6

MOe OF STATE POINTS 20
1 5 1 66241200 -1 a0
20 3 1 2 18 n J
2 3 2 Qe7200 Q D e 0NND
€ g 11 12 0 0 p]
3 2 4 Ge9379 -1 De2000
7 10 8 Q 11 17 0
4 4 3 232700 1 N s7CI0
10 15 13 14 19 N 0
) 1 2 0.91832 1 =2 +CI0D
12 3 4 S [¢) 16 0
5 5 n CeICAHC G T 4200
15 20 0 b} 9 0 2

START ING PCINTS
1 3 o 550 o} 4232 ,1¢Q 0 Jel 5 CeC
2 3 1 HDe ) ) 402 .10 D) Ded 0 Ne9
3 3 2 6E2e 0 3 347D hl Ne0 3 1.0
4 3 P 35 0 Q 59 o2 D 0 ) el o] De 0
S 3 1 £0e2 0 $52430 J Deo o] Qe Q
6 1 1 506D 2 2275 3 45640 3 1.0
g 1 1 H0e C 23 47C 3 G356 2 2.0
8 3 N 182.1 0 119.60 0 Ve 0 Ne0
9 3 1 6740 2 113,072 N g0 B Ne
10 K 2 627 2 D70 0 C eV 2 2.0
11 1 2 HCe D 2 060 2 5540 2 Je 2
12 ! 1 SRV 2 23«22 2 S5.0 3 e
13 2 2 3562 pi 2OH e N el [ Te
14 3 1 bfe) D 23AH S 3} Te?) 2 Jat)
15 3 4 62.2 2 37D 2 Qe 2 Je
16 1 1 fHCe D 0 (AN 1 S4,9 3 1.0
17 1 1 HCe D 0 DU 1 1G6C e 3.0
18 3 2 ACe ) 3 Se70 U] Y. 0 3 1.0
19 3 4 0D 3 27D D] s 2 3.0
22 3 3 e 3 37D ) T2l 2 1.0

OO C O

DO OO )OO0 DO O U0

n

- o O
® o s
o oo

<
° e

- OO0 0O OO0
* o &
D00 OO0 0000

[}
L}

>
[



START ING POINTS

Table 3. (continued)

16

AFTER CCNSTRAINTGS

1 5.0 0

2 5449 1

3 54 .3 3

4 8540 9

5 851 1

6 851 1

7 85e2 1

8 1800 0

a €01 1

10 8542 2

11 25.2 2

12 85e1 1

13 3560 0

14 851 1

15 852 4

16 85.1 1

17 59.9 1

18 548 3

19 852 4

29 S54.8 3
MCe OF VARIABLES 21
NDes OF TEMPERATURES 12
N{e. CF CCMNCENTRATIONS 4
NQ. OF FLOWS 2
NGO, OF PRESSURES 2
NO. NF VAPOUR FRACTIONS 1
TOTAL NDe. CF EQUATIONS OR FUNS
M0D. OF NON-L IMEAR EQUATIONS
HNOe. OF VARIABLES
NO. OF REDUMDANT FUNS

WERE ARPPLIED

2
18
21



STATE

ITEFATI
T ZAPCF .,

POINT

1

eRR: RN IRS SV - Wi ¥}

«S00D4+21
Se 127D+01
Se ?340+21
3.509704+01
le 1855D+0C2
le CA2D+02
le 4600+02
1. 8000+02
1.628D+C<
1457930¢22
1.0930+0C2
1. 225D+22
3.5000+1
9. 11E6D+01}
Qe 366D+ 1
1. 1930+22
1. 3490+02
Se 224D¢C1
9. 3663+21
Se 134D4+31
s 3C20+2C

LAST
IER =

SUCLIDEAM

1

DO NOE N E WD

1

it}

MG 1
EMNTHALRPY

2,321 430491
1692504921
1.383D0+02
Se 2890401
8.4260+01
4,097C+C1
6. 153D+01
1.4790+02
1.,316D+¢22
1.1360+02
7.3110+21
5,62C0+C1
5428904101
S«901D+21
£e13500+71
S5.4880+21
E.564D+01
Oel145D+21
1.102°+53
641460401
CeCTCD#3D

ITERATION NO.

1
NORM

oF

17

Table 3. (continued)

¢
FL OWPATS

4,0210+C2
4,0210+C2
1.4600+3°2
S5.C8Z0D+1
5.9300+01
2.37CD+0C1
2437030401
1.18€D+402
lelB€6D+C2
1¢e46CD ¢20
2.224D0 %01
242240401
2435520 +N2
2:562D+02
1,463D+0C
Ce221D401
23790401
1.46C0+CC
1,462 +#90
1.4600+090
CL.CCID+00

Is 125

FUN

CONCENT.,

Je QO0CD#CH
« 2020409
J.0CCD+CO
2.,2000+0C
Qe 20020400
3538D+0C1
5,538D+01
7. C0CD+09)
Ce0CCTCOHOQ
Je 0O 0D+ND
5.901D+01
S+9010+21
De II0D+I0
Ce OCCD+CN
J.0CCD+CC
5.9N9D+D1
S¢5160+01
2o JCCO+CD
2000249¢C
De0000+022
2. 0CCD#CC

9.71990-93
3.0064D-03
S510720-01
4.16830-01
7.2784D-"1
8.75480-21
9.1616D=-01
Se5:364D-01
3.16440-01
3.435%67D2-01
S5e22210-71
e 5230=21
3530=-91
742-01
510-21
410=-131
320-22
2sMh=-2J2
38d03-02
230 =21
0S50 =02

[8E)
vt

.
O Q0 e UL B

e =, W
WO =0 =0 Q¢

S.2767D0-13
-9.97590-1¢C
1.38495-12
-3.28490-1
S 354801
S.31385-1
-3.42720-1
3.11760-1
5 e24740D-1
-1.13€3D-1
-1 .60940C-1)
2.7229D0-1
H547256D-1
3.11220-1
~-1.53412-1
-2.19430-1
-3e2552D0-1
S e266850~-1
=2 «712€0-1
=343£85S0-12
-5.,0479D-12

DWERUST NN~ OONNDN -

PRPESS .

CeJ020D+00
CeDIN0D+CQ
1.806D-01
Ce JJ0D+CO
0«2000+CQ
1.8C€D-C1
7.3160-01
0.2900D+CO
CelQClD+0O0
7e81€0-01
7.81€D=-01
1.8060-C1
0>J3J)904+00
Ce 220D +4C0O
7.81€D0-21
1.806C-0C1
7.816C-01
1.8000-21
7.816C-01
18926D0-C1
0.000T+C0C

IS LESS THAN FTOUL

VAPCR FRAC.

CeCCCD+CO
Ge 2QJ20+CCQ
1. 200D+CC
Ce COOD*LO
Je J0CD4CQ
Coe
0. 002D+CC
0. 200D+C0
2.270D¢0C
1o
Ce
(4.
jl

Q.

230D+l
0020 +CC
COOD+00 T
20 20+0 C
QT CD+0C

Coe
O
Qe
4.
1.2200+00
400340‘02
0. CCCD#CC

CCoD+C 0O~
C34D-22-5.719D~C4

FUN

3.293D-04
1.614D-C3
Se1700-07
1.241D0-14
1.845D-05

CCCO+CC 6.,7170-06

2:.506D0-07
5.280D0-07
2¢347D=-04

I00D4+0C-1,754D-06
oJCD+C O~

3.8850-97
C.CCCD+QQ
5,1280-C6
.876D0-06
6.1320-07
7.5730-07
7.133D-15

8.8422-05
1.2990-04
1,7100-C4



STA
SID I §

oV NOUPUWUN-

-
]

T TEMPCF,

NT

S¢50Q0D+ 01
5. 12640+ 21
S.0391D+01
8.50000+0C)
1.1639D+02
1.0419D+92
1,45920+02
1.80000+02
1.63810+ 22
1.69100+932
1.6910D+92
1,223236D0+92
8.50000+01
9.11370+01
9.30637D0+ 21
1619190 +02
1.54780+02
Se 03910 +91
9e3037C+01
5.03910+C1

ENT HALPY

2,3127D+01
1.9440D+121
1.083200+402
5.2890D+01
8.41580+01
4.0904D+021
6.1445D0+01
1.4792D+402
1.3164D+02
1.1357D+03
7.7968C+C1
53.6083D+01
S.2820D+91
5.39910D+01
614790 +91
547530491
6.5561D+01
6.1479D+01
110170403
6414790, ¢C1

18

Tible 3. (continued)

FLUW RATC
A4.0210D+02
4.,C21CD+02
1.4532D0+00
S5.9300N+01
Se93200+C1
2.3700ND+01
2437030D+01
1.186C0D+02
1.18600+932
1.4552D+00
2622450+ 01
2¢2245D4+01
2517200+ 22
2.5620D4+ 02
16453520400
242216D+21
2¢37910+C1
1.45520+C0
1445320+ 0
144552D+C0O

CCHCINTF .«

0.0020D+CO
0 00CCD#CC
N0.2000D+20
0.000CD+00
D.C0CJD+CC
5.53530+C1
S «5353D+C !
0.0020D+CO
0.,2000D0+00
0.023000+00C
S e89740D+C 1
5.8974D4+91
0eNN0GID4+TC
CeCCI2D+0Q
0.000CD+0C0
S59051D+01
S.5141D+01
0.2000D+00
0.09N00+CQ
Q.C202D+0 0

THE EQUIVALENT HEAT TRANSFER QUANTITIES

FOR EVERY

.
-4
<
J
m

owne W~ 0
<P ONOIM

MO . TYRPE

UL U=
0

UNIT

UA

EFF

PRESSUET

0.02900+02
C.JCCID+CO
1.80690-91
0«0)200+00
CeQ" 20D+0QC
1.80690-01
7.81130-01
Ce0CCOD+0OC
0e322300D+00
7.8113D0-01
7.8113D0-01
1.80€90~-01
C.QCO0D+N2
CeNCC2D+0D
7.8113D0-01
1.8069D-01
7.8113D-0C1
1.806950-01
7.3113D-01
1.3C€9D-0C1

CAT

VAPOR FRe
c.CC00D+00
CeCCOCD+CO
1.0000D4%00
C.0000D+00
P CCOBD+CO
0.0009D0+00
0.003CD+00
C.0000D+CO
2.0G000+00
1.0C000D+0D
CeCTROZD+GO
CeCOICD+0C
C.0200D+90¢C
CesC0QOD+OQC
0.C000D400
C.0C0O0D+CO
CeQCOCD+0OC
4.0305D-02
1.0000D+00
4,03035D0-02

LMTD

€£.6210C+02
2.3660D+01
1¢9428D+902
3.1579D+02
2417950 +32
0.2000D0490)

B8410650-01
7 «2000D-01
6.4180D-01
7.1054D-01
9.1830D-01
0.0000D4+00

8472750-01
1.8176D+91
9.0342D 400
2500030 +C0
2793104090
0.0000D+00

2e2452D+CC
2e0S77D4+01
9.9379D+00
4 ,95CCD+00
B8¢5072D+00
0.,0000D+00Q

HEAT TRANSFLER

Q. DEV,

1.4866D+03
4.8683D+02
1.93080+03
1.5632D+403
1.8£42D+03
c.0C0CDTOC

Je 020D+ 30
0J003D0+)0
0. 000D +0C
04003D0+30
-2.0072D0+00
C.CCNDO+00

IP INCH

-1
-1
-1

1

[ 2 ad



4. THE MAIN PROGRAM

The principal tasks performed by the main program are (1) interpreting the user input,
{2) forming a variable vector, (3) linking the units and forming an equation matrix, (4)
normalizing the variables, and (5) activating the solver. The main program calls the unit
subroutines and the solver package, when required, as illustrated in Fig.1.

By scanning through the State Point Input, the main program is able to identify the
variable quantities by their nonzero flags. A variable quantity that has the same nonzero flag
greater than unity at two or more different state points is entered only once into the variable
vector. The physical variables are normalized by division by the proper scaling parameters,
which are taken from the second card in the General Preliminary 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 in which they are 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 units' interconnections. The
equations are counted and each is assigned a number. During the solution process, the residues
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. For a unique solution to be obtained, the number of equations must
be greater than or equal to the number of unknowns. Usually, the former exceeds the latter,
because calls to unit subroutines sometime generate redundant equations, which originate
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 dimensionless values to physical values.

19



5. UNIT SUBROUTINES AND GOVERNING EQUATIONS

Each of the system's standard units is modeled in a subroutine. The unit is treated as a
black box, with its own inputs and outputs, that can be connected to other components. The
governing equations consider the unit as a whole and are formed from some or all of the

following physical laws.

. Conservation of mass for each material species (absorbent/ absorbate) or conservation of

total mass:

Z(Fic() =0. (1)
{

o Energy balance:

Z(F(h[) =0. (2)
{

. Heat transfer, expressed in one of the following four forms:
Q- UALMID=0, (3a)
EFF ~-EFF=0, (3b)
CAT- CAT=0, or (3¢)
IMTD - LMTD =0 , (3d)

where EFF, CAT, and LMTD are user-supplied values of the heat transfer effectiveness
and of the closest approach temperature and logarithmic mean temperature difference
respectively and EFF, CAT, and LMTD are calculated values of these quantities in terms
of the temperatures at each unit's state points. When specifying a unit in terms of EFF or
CAT, the user must indicate the location of the temperature pinch, whether at the hot or
cold end, by setting the integer flag IPINCH to +1 or -1 respectively. Figure 4 illustrates
the two possibilities in counterflow heat exchange and defines CAT and EFF for each
case. The definition of LMTD is the same in both cases. By setting IPINCH = 0O, the user
lets the code decide the location of the pinch.

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

JSIP. T, C)=0. (4)

21
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o ot STREAMS
< 2
& { N

o a o

M
375w STRER 3eov

PINCH AT COLD END, IPINCH = -1 PINCH AT HOT END, IPINCH = +1
CAT=T,-T, CAT=T,-T,
EFE=(T,~ T)(T,~ Ty EFE=(T,~ TY(T,~ Ty

(T =T = (T, = Ty)
LMID = {qir =T 0T, = 7))

Figure 4. Tlustration of the two possibilities for temperature variations in counterflow
heat exchange.
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. Mass transfer, expressed in terms of temperature deviation from equilibrium (DEV):

T,= T,z(P,. C,) + DEV. (5)

From the above equations for each unit, a set of nonlinear equations is formed for the
entire system and must be solved simultaneously. This is done by expressing the equations in
the form of functions the residuals of which must be reduced by the solver to zero or, in

practice, to a value below a given tolerance:

Filx Xy x,)= 61
Folx) Xyeeeeninn x,)=96,.
F(x), Xyunee.. x,) =34,
Fo(x), Xpeene. x)=96.
| 8, ] — 0 at the solution . (6)

By its nature, a system of simultaneous nonlinear equations has many solutions. One of
the main problems in developing the code has been to ensure the physical solution regardless
of the starting point. To ensure the solution, constraints were introduced into the program.
The constraints are of an inequality type and are generated by the unit subroutines when
called, in much the same way as are the equations. Each unit has its own constraints that
ensure, for example, that the heat flow is from a hot to a cold stream and not vice versa.

Following is a detailed listing, by unit, of the governing equations and constraints in
each unit subroutine.

5.1 ABSORBER (SUBROUTINE ABSORB)

The absorber is referred to in the code as unit type 1 and is described schematically in
Fig. 3. A strong liquid absorbent (state 1) enters the unit at a total pressure equal to or greater
than the absorber pressure. It contacts absorbate vapor that may contain some liquid at state
2. Absorption occurs while heat is rejected to the coolant stream that enters at state 3 and

leaves at state 4. The absorbent exits weaker at state 5. The entering, strong absorbent may be
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subcooled or superheated; it is therefore allowed to reach equilibrium at point 6 by adiabatic
absorption or desorption [8] before the absorption process 6 —» 5, accompanied by heat transfer,
begins. The coolant may be any liquid (e.g., water or absorbent solution) or phase-changing

pure substance (e.g., water evaporating into steam). The governing equations are

. overall mass balance,

F, +F, -F;=0; (7)
. absorbent/absorbate mass balance,

F,C, +F,C, -F(C;=0; 8)
o energy balance,

(F\h, + F,hy - Fghy) -Fg(h, - h,) =0; )

. heat transfer [one of the equations (3a), (3b), (3c), or (3d)].

where

Ounu =Fy(h, - hy) . (10a)
turp =re = To) ~(Ts - T) (10b)
= In{(Tg - T)/(Tg - Tyl
CAT =(Tg - T,) for IPINCH = -1 and

=(T¢ - T,) for IPINCH = +1, (10c)
EFE  =(Tg- T4)/(Tg - T,) for IPINCH = -1 and

=(T, - T4)/(Tg - T,) for IPINCH = +1 ; (10d)

. mass transfer,
T =Ty (P,.C.) + DEV; and (11)

. adiabatic equilibrium at point 6 (if T = T, , then C, = C,),

(h, - hy)/th, - h,) = (C, - C,)/(C, - C) . (12)
Ty = Tgu(Pg.Cg) . and (13)
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Feg/F, =(C, - C)/(Cy - C,) . (14)
Thus we have a total of eight equations. The constraints are

Tg>T, .
T,>T,, and
T,2T,. (15)

5.2 DESORBER (SUBROUTINE DESORB)

The desorber is referred to in the code as unit type 2 and is described schematically in
Fig. 3. A weak liquid absorbent (state 1) enters the unit at a total pressure equal to or greater
than the desorber pressure. The absorbent receives heat from a heating fluid, which enters at
state 3 and leaves at state 4, and also releases absorbate vapor at state 2. The absorbent exits
stronger at state 5. The entering weak absorbent may be subcooled or superheated:; it is
therefore allowed to reach equilibrium at point 6 by adiabatic absorption or desorption (8]
before the desorption process 6 — 5, accompanied by heat transfer, begins. The heat transfer
fluid may be any liquid (e.g., water or absorbent solution) or phase-changing pure substance

(e.g., condensing steam). The governing equations are

. overall mass balance,

F,+F -F, =0; (16)
. absorbent/absorbate mass balance,

F,C, + F,C, - F C, =0; (17)
. energy balance,

(F,h, + Fohg - F h,) - F (h, - h,)=0: (18)
. heat transfer [one of the equations (3a), (3b), (3c), or (3d)],

where
Qunit =Fslhy - hy). (19a)
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(T, - Te) = (T4 - Ty)

LMID  =Tn{(T, - Te)/(Tg - Tg)l" (19b)
CAT = ('1"4 - TG) for IPINCH = -1 and
=(T45 - Tg) for IPINCH = +1, (19¢)
EFE  =(Tg- T,)/(T4 - Tg) for IINCH= -1 and
=(Tg - Tg) /(T4 ~ Tg) for IPINCH = +1 ; (19d)
. mass transfer,
T, = T, (P..C.) + DEV; (20)

. equilibrium at point 2 (when C, =0),
C, = CyplT,.P,): and (21)

. adiabatic equilibrium at point 6 (when C, # C, and Tg # T, ),

(h) - h,)/(h, - hg) =(C, - C,)/(C| - Cy) (22)
Ty = Tgp(Pg.C) . and (23)
F4/F =(C, - C)/(Cs- C,). (24)

Thus, we have a total of nine equations, The constraints are

T,>T,,

T,>Tg,

T,>T,, and

T,2T,. (25)

5.3 COUNTERFLOW HEAT EXCHANGFER (SUBROUTINE HEX)

The heat exchanger is referred to in the code as unit type 3 and is described schematically
in Fig. 3. A hot stream entering at state 3 and leaving at state 4 transfers heat in counterflow to
a cold stream entering at state 1 and leaving at state 2. Either stream may comprise any liquid

or gas not undergoing a phase change. The governing equations are

. energy balance,

Fyh, - h,) - F (h,~- h,)=0 and (26)
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. heat transfer [one of the equations (3a), (3b), (3c), or (3d)].

where
Quue  =Filhy - hy), (27a)
T,-T,))-(T, -T
LMTD =II(1[(3T3 _2;‘2)/((7?4 __ T])))] , (27b)
CAT  =(T,-T,) for IINCH=-1 and
=(T3 -T,) for IPINCH = +1 , (27¢)
EFF =(T, - T4)/\’I‘,3 - T,)for IPINCH= -1 and
=(T, - T,)/ (T, -~ T,) for IPINCH = +1 . (274d)

Thus we have a total of two equations. The constraints are

T3 > ’I‘2 and
T,>T,. (28)

5.4 CONDENSER (SUBROUTINE COND)

The condenser is referred to in the code as unit type 4 and is described schematically in
Fig. 3. Avapor that is either salurated or superheated at the condenser pressure enters the unit
at state 1. If superheated, it first cools to the condensing temperature at state 5. The
condensation process takes place between states 5 and 2, and heat is rejected to a coolant,
which may be any liquid or a phase-changing pure substance. The condensate leaving at state 2

is a saturated liquid. The governing equations are
. energy balance,
F_.(h

slhy = hy) - F (h, - h,) =0; (29)

. heat transfer [one of the equations (3a), (3b), (3c), or (3d)].

where
Ounit = Fylh, - h), (30a)
(Tg- T,) - (T, - T,
LMTD =1n[(T5 TTO/T, - Tl (30b)
CAT =(T, - T,) for IPINCH = -1 and
=(T5 -T,) for IPINCH = +1 , (30c¢)

EFF =(T5 - Tz)/(’l‘5 -T,) for IPINCH = -1 and
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=(T, - T4) /(T4 - T,) for IPINCH = +1 ; (30d)
. mass transfer,
T,=T,g(P,.C,)+DEV; and (31)
. equilibrium at point 5 (when C, # O and T, # T,),
T, = T, (Pg.Cy). (32)
Thus we have a total of four equations. The constraints are

T5 > T4 R
T,>T,. and
T42T3. (33)

5.5 EVAPORATOR (SUBROUTINE EVAP)

The evaporator is referred to in the code as unit type 5 and is described schematically in
Fig. 3. A subcooled liquid or saturated vapor-liquid mixture at the evaporator pressure enters
the unit at state 1. If subcooled, it first heats to the evaporation temperature at state 5. The
evaporation process takes place between states 5 and 2, and heat is received from a heating
fluid, which may be any liquid or phase-changing pure substance. The substance leaving at

state 2 may be a saturated vapor or, in the case of incomplete evaporation, a vapor-liquid
mixture at saturation.

The governing equations are

. energy balance,
F,(hy - h,) - F,(h, - h,) =0; (34)
. heat transfer [one of the equations (3a), (3b). (3c), or (3d)],
where

Qun(t = Fa(hs - hq) , (35a)
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(Tg- T,) - (T, - Ty)

LMID  =Ta{(r, = T /(T, - TJI" (35)
CAT =(T, -~ Tg) for IINCH=-1 and

=(T4 - T,) for IPINCH = +1, (35¢)
EFF  =(T,- T,)/(T4- T,) for IINCH=-1 and

=(T, - Tg)/(T4 - Tg) for IPINCH = +1 ; (35d)

. equilibrium at point 5 (when T,#T, ),
Ty =Tgg(P,.Cg): and (36)
U equilibrium at point 2 (when T, # T),

Cp = W,Cp (P, T,) + (1 - W,)C

4 216(PyTy). (37

Thus we have a total of four equations. The constraints are
T, > T,
T,>T,, and

T,>T,. (38)

5.6 VALVE (SUBROUTINE VALVE)

The valve is referred to in the code as unit type 6 and is described schematically in Fig. 3.
Liquid or a liquid-vapor mixture enters at state 1 and expands to the lower pressure at state 2,
yielding saturated vapor or liquid-vapor mixture. The governing equations are
. energy balance,

h,-h, =0, and (39;
. equilibrium at point 2,

T,=T,,(P,.C,). (40)

a total of two equations.
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5.7 MIXER (SUBROUTINE MIX)

The mixer is referred to in the code as unit type 7 and is described schematically in Fig. 3.
Two streams (states 1 and 2) may be at different temperatures, flow rates, concentrations, and
vapor fractions but enter the unit at the same pressure and combine to yield a third stream
(state 3). The governing equations are

. overall mass balance,

F,+F, - F =0; (41)
. absorbent/absorbate mass balance,

F,C, +F,C, - F,C,=0: and (42)
. energy balance,

F,h, + F,h, - F;h, =0, (43)

a total of three equations.

5.8 SPLITTER (SUBROUTINE SPLIT)

The splitter is referred to in the code as unit type 8 and is described schematically in
Fig. 3. A stream at state 3 splits into two parts:1 and 2. Only one equation governs this unit:
overall mass balance,
Fy-F, - F =0. (44)

5.9 RECTIFIER (SUBROUTINE RECT)

The rectifier is referred to in the code as unit type 9 and is described schematically in
Fig. 3. Saturated or superheated vapor at state 1 enters the unit at the rectifier pressure. Part of
this vapor condenses as heat is rejected to the coolant and leaves the rectifier as saturated
reflux liquid (state 5). The distilled vapor, now at saturation, leaves at state 2. The coolant

may be any liquid or phase-changing pure substance. The governing equations are
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overall mass balance,
F,-F, - Fg=0;
absorbent/absorbate mass balance,

F.C, - F,C, - F,C, =0;

energy balance,

Fglh, - hy) -~ (F | h, - F,h, - F,h)=0;

heat transfer [one of the equations (3a), (3b), (3¢c), or (3d)],
where

Qo =Fslh, - hy),

(Tg - T,) - (T, - T,)
LMID  =Ta((T, = T,)/(T, = T,01"
CAT  =(T4 - T,4) for IPINCH=-1 and
=(Tg - T,) for IPINCH= +1 ,
EFF  =(T4- Tg)/(Tg - T,) for IPINCH = -1 and

=(T, - T3) /(T - T,) for IPINCH = +1 ;

equilibrium at point 2,

]
I

= C2E(P2. T,):
mass transfer,

T

Ty p(Pg, C,) + DEV; and
equilibrium at point 6 (when Tg# T,),

Co= CgplPy. Ty).

(45)

(46)

(47)

{48a)
(48b)

(48¢)

(48d)

(49)

(50)

(51)
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Thus we have a total of seven equations. The constraints are

T6>T5.
T6>T4,
T,>T,, and

T,2T,.

(52)



6. MATERIAL PROPERTIES

The thermodynamic properties of working fluids have been incorporated in the code in
the form of a property data base external to the unit subroutines. The purpose for 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 the database to be extended in the
future and to allow properties of additional materials to be added without affecting the rest of
the program. 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 data base is illustrated in Fig. 5. Two main subroutines, EQB and
ENTHAL, form the interface between the property data base and the rest of the program and
channel the flow of data to and from the specific fluid subroutines EQBI, one for each material

i. These in turn evoke more routines, which produce information on equilibrium r

~

temperatures, equilibrium vapor concentration, liquid and vapor enthalpies, and the like for )
the material £ Subroutine EQB deals with the independent properties— temperatures,

pressures, and concentrations— and is called by the unit subroutines as they generate the

equations at each iteration. Subroutine ENTHAL deals with the dependent property—

enthalpy— and is called at the end of an iteration, after the independent properties have been

determined at all state points for that iteration.

The structure cf each specific fluid routine varies according to the nature of the substance
and data available. Originally, a uniform data structure was used for all fluids but was
ineffective. Some materials may be easily described by a single property; others require a very
complicated and cumbersome formula to cover only part of the range, and the round-off error
resulting from substitution in such a formula is prohibitively large. Furthermore, some
materials behave quite differently in one part of the range than in other parts. Mixtures with a
volatile absorbent such as ammonia-water exhibit very steep derivatives of temperature and
pressure with respect to vapor concentrations at high compositions of the more volatile
component. Therefore, whatever form was most convenient and accurate was used for each
material in each specific fluid routine. Table 4 lists the materials presently in the property
data base.

A detailed description, by material, of the properties in the data base is given in the
following section. A list of the equations is in Appendix A.
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UNIT SUBROUTINES

EQB ——=——ENTHAL

]
! l

EQBI1 EQB2 | ®°* EQBi o e EQBn
! ! l !
l . & l
Te(P,CL) Cve(P,Cy) he(T,CL) hv(P,T,Cy)

Figure 8. Structure of the property data base.
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Table 4. Materials presently contained in the property data base

Material code Material

LiBr-H,O solution
H,0-NH, solution and vapor
H, O liquid and vapor
LiBr-H,O-NH;, solution
LiBr/ZnBr,-CH4OH solution

CH,;OH liquid and vapor
LiNO3/KN03/NaN03-H20 solution

N O O b WN

6.1 LiBr-H,O SOLUTION (CODE 1)

This solution has a nonvolatile absorient, the salt LiBr, and uses H,0 (code 3) as an
absorbate. Properties for this material for the practical range were compiled a few years ago by
McNeely [9], who compared data from more than fifteen sources and developed the pressure-
temperature-concentration (PTX) and enthalpy diagrams. The properties are also available in
the form of mathematical formulas and were taken from Ref. 10.

Subroutine EQBI for LiBr-H,O solution supplies the following property data: (1)
equilibrium solution temperature as a function of LiBr concentration in the range 45% < C<
70% and absorbate (water) vapor pressure in the range 0.06 < P < 3.9 psia and (2) liquid solution
enthalpy as a function of solution concentration in the above range and solution temperature
in the range 60°F < T < 330°F.

6.2 H,0-NH, SOLUTION AND VAPOR (CODE 2)

Because it was not possible ‘o find a simple enough formula to describe ammonia-water
properties, the data were incorporat>d in the code in tabular form. Two sources of tabular data,
refs. 11 and 12, were compared with each other and found to be in agreement for most of the
range. Jennings's tables [11] were used because they are more detailed and so make linear
interpolation results more accurate. Jennings's tables give the equilibrium temperature, NH,
content in vapor, liquid and vapor enthalpies as functions of pressure, and NH, concentration

in the liquid.
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The tables contain the entire range of ammonia concentrations and a pressure range
from 1.45 psia to 406.2 psia. The enthalpy reference point is taken at 32°F (0°C), at which the
enthalpy of both pure ammonia and pure water is considered to be zero. Thus, the tabulation is
compatible with convent.onal steam tables. Because some pure ammonia tables use a datum of
-40°F, a correction must be made for cross reference with such a table.

Subroutine EQB2 for H,0-NH, supplies the following property data: (1) equilibrium liquid
and vapor temperature as a function of pressure and ammonia concentration in the liquid, (2)
liquid enthalpy as a function of the same, (3) equilibrium ammonia concentration in the vapor
as a function of temperature and pressure, and (4) vapor enthalpy as a function of the same. All

the properties are for the mixture at saturation.
6.3 H,0 LIQUID AND VAPOR (CODE 3)

As a pure substance, functional relations for properties of water do not include
concentration. Reference 13 presents H,O property data in the form of steam tables and in
functional form. The latter form was chosen to be included in the data base.

Subroutine EQB3 for H,O supplies the following property data: (1) saturation temperature
as a function of pressure in the range 0.06 < P < 3.9 psia; (2) saturation liquid and vapor
enthalpies as functions of saturation pressure in the above range, and hence from enthalpies of
liquid-vapor mixtures using the vapor fraction; (3) subcooled liquid enthalpy as a function of
temperature in the range 32 < T < 230°F; and (4) superheated vapor enthalpy as a function of

temperature.
6.4 LiBr-H,0-NH, SOLUTION (CODE 4)

The ternary solution is a rather complex fluid involving one nonvolatile (LiBr) and one
volatile (H,O) absorbent. The solution's vapor is an ammonia-water mixture (code 2) that,
while in equilibrium with the ternary liquid, is generally superheated in NH,;-H,O terms. The
properties in the data base are for a solution with 60% : 40% LiBr-H,O ratio by weight, with an
amount of NH, varying from 0% to 100% of the solution content. The properties of this
solution were measured and documented by Radermacher [14] and were fitted into
mathematical equations consistent with the H,0-NH, and LiBr-H,O data described earlier.

Subroutine EQB4 for the ternary mixture supplies the following property data: (1)
equilibrium temperature as a function of pressure in the range 10 < P < 500 psia and NH, mass
concentration in the entire range, (2) liquid enthalpy as a function of temperature in the range

0" < T< 600°F and NH3 mass concentration in the entire range, (3) ammonia concentration in
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the ammonia-water vapor as a function of temperature and pressure in the above ranges, and

(4) vapor enthalpy as a function of the same.
6.5 LiBr/ZnBr,-CH;OH SOLUTION (CODE 5)

This solution employs a salt mixture as a non-volatile absorbent for the methanol (code
6) absorbate. The properties in the database are for a solution with an equal number of moles
of LiBr and ZnBr,. The properties of this solution were measured by Renz [16] and Uemura [17]
and further extended and correlated by Biermann [18].

Subroutine EQBS for this solution supplies the following property data: (1) equilibrium
temperature as a function of salt mass concentration in the range 30% < C < 45% and methanol
vapor pressure in the range 0.1 < P < 100 kPa and (2) liquid solution enthalpy as a function of
salt concentration in the above range and solution temperature in the range
-10< T< 120°C.

6.6 CH,OH LIQUID AND VAPOR (CODE 6)

As a pure substance, functional relations for methanol do not include concentration.
Properties in the subcooled, saturated, and superheated ranges were compiled and calculated by
Biermann [18] from data measurements by Gibbard and Creek [19].

Subroutine EQB6 for methanol supplies the following property data: (1) saturation
temperature as a function of pressure in the range 10 < P < 100 kPa; (2) saturation liquid and
vapor enthalpies as functions of saturation pressure in the above range, and hence from
enthalpies of liquid-vapor mixtures using the vapor fraction; (3) subcooled liquid enthalpy as a
function of temperature in the range 288 < T< 338°K; and (4) superheated vapor enthalpy as a

function of temperature and pressure.
6.7 LiNOa/KNoalNaNOa-HzO SOLUTION (CODE 7)

This solution employs a mixture of three nitrate salts as a nonvolatile absorbent of water
for high temperature lifts beyond the range accessible by LiBr-H,0. The solution was studied by
Davidson and Erickson [20] who found an optimum ratio of the nitrate salts at 53 weight
percent LINO,, 28 weight percent KNO, and 19 weight percent NaNO,. Their property
measurements were fitted into mathematical forrnulas [21] consistent with the properties of
pure H,O (code 3).

Subroutine EQB?7 for the ternary nitrate solution supplies the following properly data:
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(1) equilibrium temperature as a function of salt mass concentration in the range 70% < C <
92.5% and water vapor pressure in the range 0.01 < P < 220 psia and (2} liquid solution enthalpy
as a function of salt concentrations in the above range and solution temperature in the range
75<T<2.75C.



7. THE SOLVER

In previous chapters we have described the process by which the physical behavior of the
absorption system to be simulated is translated by the code into governing equations. The
equations are expressed in the form of functions that have residuals at the solution that are to
cancel. Some of the equations are highly nonlinear, and the set therefore has more than one
mathematical solution. Also, the code often generates redundant equations because of
multiple mass balances from different units within a closed loop. It is therefore necessary to
(1) identify and eliminate redundant equations, (2) apply constraints to direct the solution-
finding routine away from the physically unacceptable solutions, and (3) converge to a solution
by reducing the residuals to a specified tolerance.

Redundant equations could be avoided if a solution method that could manage an over-
determined system were chosen. Such methods use an optimizer instead of an equation solver,
which minimizes an objective function, including the residuals in some form (e.g., the sum of
their squares). When a solution does not exist, the objective function does not become zero but
rather represents a "best attempt" to satisfy all the equations. Furthermore, a constrained
optimizer method could be employed that would select the physically acceptable solution from
the multitude of mathematical solutions.

The main drawback of an optimizer for the present code is that it can, without being
detected, converge and provide a physically erroneous result in an under-determined system.
This would happen, for example, if the user made a mistake in preparing the input and did not
provide enough information. A solver, on the other hand, would not converge if it had more
unknowns than equations.

The present version of the code employs the routine HYBRID1 that Powell [22,23] designed
to solve an unconstrained fully determined system of nonlinear equations. The routine begins
from an initial guess supplied for all the unknowns and searches for the solution by taking
successive steps of restricted size toward it. The search direction is determined at each step
using the Levenberg-Marquardt algorithm, which combines the Newton-Raphson and steepest-
descent approaches. This makes it possible to avoid complications due to singular Jacobians.
The routine returns the current values of the unknown variables after each step, which makes
it possible to evaluate the residuals. Convergence is considered successful when the routine is
able to satisfy either or both of the following conditions in less than the maximum number of
iterations allowed by the user: (1) the Euclidian norm of the residuals is less than the user-
supplied tolerance FTOL and (2) the difference between two successive iterations is less than the
user-supplied tolerance XTOL. When terminated, the routine returns a convergence code

indicating the status of the solution.
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HYBRID 1 operates in an unconstrained manner, and constraints directing it toward the
physical solution have to be applied externally. As mentioned earlier, the constraints in this
program are linear inequalities concerning the temperature values at different state points in
the simulated system. As described in Sect. 4, they are defined internally in each unit
subroutine to ensure a physically meaningful temperature distribution in the unit.

The constraints are applied in the code in two stages: once in a preprocessor of the input
to modify the initial guess for temperatures and to provide the solver with an improved
starting point; and again after each step taken by the solver toward the solution. The
intermediate values of the unknown variables returned by HYBRID 1 are examined in light of
the constraints after each step, and any noncomplying temperature value is changed to a
permissible one. The procedure interferes with the normal course the system would have taken
in an unconstrained manner and forces it toward the physically meaningful solution.

The constraint enforcement is handled in the code by calling subroutine CONS. Any
noncomplying state point temperature value is shifted by a certain measure, specified in the
code. The shifting is done by either adding the above measure to a value too small, subtracting
it from a value too large, or executing a combination of both until the inequality constraint is
satisfied. This approach, althouvgh somewhat heuristic, sufficed.

The matter of redundant equations is handled by subroutine REDUN. It should be noted
that the system is never truly overdetermined when the problem is correctly specified; the set
includes redundant but not conflicting equations. The mass conservation equations from all
units are separated from the other equations and placed at the end of the equation array.
Because each mass balance equation is linear, it is possible to replace each one with a linear
combination of itself and the others. Because the redundant equations in the system come
from the linear (mass conservation) ones, it is possible to properly eliminate some of the
linear equations that have indexes that exceed the number of unknowns. This is done by
adding each one to all the preceding linear equations and then discarding it, without loss of
information.

Having dealt with the requirements stated at the outset, the solver is supplied with a fully
determined, well defined set of equations and a feasible starting value. Moreover, the solver is
guided by the external constraint enforcement to a physical solution, while the iterations are

confined to the feasible region.



8. RESULTS AND VALIDATION

Prior to using the program extensively for analysis of various advanced cycles, several
initial validation runs were made against experimental data derived from working absorption
systems. Unfortunately, well-documented data are quite scarce. The literature describes a
number of absorption systems developed during the past decade, but only limited information
is given on their heat transfer characteristics, and test data are confined to a narrow range
around the design point. Experimental data for our validation of the program were selected
from measurements on a lithium bromide-water heat transformer for upgrading waste heat
that was developed and tested extensively at Oak Ridge National Laboratory [24]. Seventy-
three experimental runs were documented during which the machine had operated under
steady-state, stable conditions for one to eight hours. The results of the validation have been
described in detail in ref. [7]. Very good agreement was obtained between the simulation and
experimental results.

The program has been used to simulate a variety of cycles of interest with the working
fluids presently in the data base. Some typical results are given in Appendix B. Among the
cycles simulated are a single-stage heat transformer (see Appendix B, Fig. B.1) with LiBr-H, 0,
H,0-NH,, LiBr/Hp0-NH,, LiBr/ZnBr,CH,OH and ternary nitrate-water; a single-stage chiller
(see Appendix B, Fig. B.2) with all the above fluids; a single-stage chiller with a rectifier (see
Appendix B, Fig. B.3) for H,0-NH,; a double-stage heat transformer (see Appendix B, Fig. B.4)
with LiBr-H20; a double-effect chiller (see Appendix B, Fig. B.5) with LiBr-H,O. Other systems,
not shown here, that involve various variations of the above have been simulated successfully.

In preparing the input for a particular system, the user must supply those operating
parameters that would be fixed in a real situation by the operator of a machine. These
parameters include the external flows, inlet temperatures, and rates of pumps forming part of
the system. For example, in the single stage chiller of Fig. B.2, the input must include the flow
rate and inlet temperature of chilled water to the evaporator, cooling water to the absorber and
condenser, and hot water or steam to the desorber, as well as the solution pumping rate. Over-
or underspecification would lead to nonconvergence. Our experience has shown that in most
cases, many of these fixed parameters may be traded off against other variables, one for one,
and convergence may still be obtained. In the above example, the user may choose to fix both
inlet and outlet chilled water temperatures and let the computer calculate the flow rate.

The code was found to be quite robust with all the above systems. Run times are on the
order of several seconds on a mainframe computer such as an IBM 3081. Most systems with a
working fluid involving a nonvolatile absorbent usually converge without difficulty; some

problems are still encountered concerning fluids with a vclatile abcorbent such as HyO-NHjy
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because of the complex behavior of these materials at large concentrations of the volatile

component in the vapor phase. Efforts are now under way to overcome these problems.



9. CONCLUSIONS

A computer code has been developed for simulating absorption systems in a flexible,
modular form. The code can simulate systems in various cycle configurations and with
different working fluids.

A modular program structure has been developed for this purpose. The program has been

used successfully to simulate several advanced cycles and has been validated against
experimental test results.
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APPENDIX A: MATERIAL PROPERTIES

This appendix contains the equations used in the program to calculate the properties of

the different working fluids.

A.1 LiBr-H,O0 SOLUTION
A.1.1 Solution Temperature
The solution temperature equation is
T(F)=AxT_,+ B,

where
T, = 101.74 + 0.0275 x P+ 33.435 x D+ 2.2365x D? + 0.162 x D% + 0.0136 x D* ;

D=1In(P ;
3 .
for A = ZAiC‘.
i=0
Ay = -2.00755,
A =+1.6976x%10" !,
A, =-3.133362x 1073,

Ay =+1.97668 x 1075 ;
3

for B= ZBiCi .
i=0

B,=+3.21128 x 102,

B, =-1.9322x 10!,

B,=+3.74382 x 107,

B,=-2.0637 x 1073 ;

T is the solution temperature in ‘F—the formula is valid for 40°F € T < 350°F:

T, is the water saturation temperature that corresponds to the vapor pressure in ‘F—the
formula is valid for 60°F < T, < 300°F;

C is the percent weight of LiBr/soluticn for solution concentrations between weight
percents 45 and 70;

P (psia) is the rressure— the formula is valid for 0.08 psia < P < 3.9 psia.

47



48

A.l.. Solution Enthalpy
The solution enthalpy equation is

h (Btu/Ib solution) = A + BT + CT?2,

where,
4

for A= ZA [Ci ,
i=0

Ay =-1.01507 x 107,

A, =+7.95387x 10",

A, =-2.3358016,

A, = +3.031583 x 1072,

A, =-1.400261x 1074 ;

4
forB= zBlCi.
i=0
BO=+4.68108.

B, =-3.037766x 10”2,
B, =+8.44845x 1073,
By =-1.047721x 1074,

B, = +4.80097 x 10”7 ;
4

for C= ZC,-C‘. ,
i=0
Cy=—4.9107x1073 .
C, =+3.8384x107%,
C,=-1.078963x 1075 ,
C,=+1.3i52x1077,
C,=-5.897x10719;
h (Btu/Ib solution) is the specific solution enthalpy,
T is the solution temperature in *F— the formula is valid for 40°F < T< 350°F.

A.2 H,0-NH, LIQUID AND VAPOR

Data for this material are available in tabular form.
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A.3 H,O0 LIQUID AND VAPOR
A.3.1 Saturation Temperature
The saturation temperature equation is

T, ('F) = 1.0174 x 102 +2.75x10"2 x P+ 3.34351 x 10! InP +
2.2365 In%P+ 1.621x 10" In3P+ 1.36 x 10~ 2 In?P,

where

Toas (°'F) is the saturation temperature corresponding to vapor pressure;

P (psia) is the vapor pressure—the formula is valid for 0.06 psia < P < 3.9 psia.
A.3.2 Saturation Enthalpies

The saturation enthalpies are

H, (Btu/Ib) = 6.967 x 10! +5.68x 1072 x P+ 3.3305x 10! InP +
2.2236 In2P+1.71 x 10~ ! In3P+ 1.255x 10”2 In“P

and

H_ (Btu/Ib) = 1.10525 x 103 -289x10"2 x P+ 1.452x 10! InP +
9.19x10° ! In2P+78%x10"31n3P-4.9x10"3 1n*P,

where H, is the specific saturated liquid enthalpy and H, o 1s the specific saturated vapor
enthalpy. In the saturated region,

H (Btu/1b) equals w x Hg +(1-w) xHj ,
where w is the vapor mass fraction.
A.3.3 Subcooled Region Enthalpies (w=0.0; T< T, )

The subcooled region enthalpy equation is
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H (Btu/lb) = 9.8217522 T+ 6.851 x 107 °T2 - 3.108984774 x 10!
and is valid for the range 32°F < T< 230°F .
A.3.4 Superheated Region Enthalpy (w= 1.0; T> T__ )
The superheated region enthalpy equation is

H(Btu/Ib) = H + 0.45 (T-T,,,) .

A.4 LiBr-H,0-NHg; SOLUTION
A.4.1 Solution Temperature
The solution temperature equation is
T(°F) = A+ Bx DPF,

where
DPF = 4.04397 x 103/(1.33014 x 10! - InP) - 4.09 x 102
4

for A= ZAt(l -ottt,
i=0

A, = +1.56085 x 102,

A =-4.92398 x 102 ,

A, = +2.55252 x 103 ,

A, = +2.96947 x 103,
A, =+1.109756 x 103 ;

4

forB= Y B(1 - C)',
i=0

B,=+10,

B, =-9.9352x10" !,

B, = +3.79108

B, = -2.09462

B,=-1.1414x10" ' ;
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T (°F) is the liquid solution temperature;

C (weight percent NH 5/solution) is the concentration;

DPF(’F) is the solution saturation temperature (H 20/60% LiBr)— the formula is valid for
the range 10 psia < P < 500 psia.

A.4.2 Solution Enthalpy
The solution enthalpy equation is
H(kJ/mol) = A + BT + CT? ,

where
3

A= YAaxt
i=0

3
B= Y BX!
i=0

3
c= Ycxt
i=0

for06<X <10,

A, =-2.86006 x 10! ,
A, =+1.38294 x 102,
A, =-1.95754 x 102 ,
Ay=+1.01938x 102,
B,=-1.99637x 107!,
B, =+1.02884,

B, =-1.32152,
B;=+5.70469x 107!
Cp=+2.53965 x 1073 ,
C,=-9.39951x 1073,
C,=+1.1557x10"2 ,
C;=-4.6076x 1073 ;
for0<X, <06,

A, = +8.806 ,

A, =-5.8289,

A, =+7.2631,
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A;=00,
B, =+6.7384x 107! ,

B, =-1.2632x 107},

B,=+1.4821x10"2,

B;=00,

C,=-8.7728x107° ,

C,=+1.21815x10"%,

C,=+2.374%x107°,

G;=00;

T is the solution temperature in 'C— the formula is valid for the range O'F < T < 600°F ;

X_ is the molal NH; concentration in the NH;/H, O solution, expressed in terms of the
concentration C of NH; in the ternary mixture NH;-H,0/60% LiBr:

X,

Xn=1X_+ (1 - X) x 0.945382] 27d

C
X1=06C+04

(X, is the NH, weight concentration in NH; /H,0 solution);

H, (Btu/1b) = H, {(kJ/mol)/ (M x 2.326 x 10~ 3), where M is a molar-mass conversion factor
and

[17.032X +2.5(1 -X ) x18.016]
1+ 1.5(1 -X ) x1806/86.856]

The result received terids to deviate from Radermacher's measurements, and is
accordingly corrected by

H, (Btu/1b) = H, (Btu/Ib) - 276.1 x C-125.0.
A.4.3 Vapor NH, Concentration
The vapor NH4 concentration equation is

C,,, (mol NH,/mol solution vapor) = 1 - (1 - X, ) 1A+ 801 -Xm + C1 - Xm)2].
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where,
2

forA= Y A,(InP),
=0

Ay = +20.6091 ,

A =-8.11881,

A, =+1.04895 ;

2

forB= Y B,(InP)',
i=0

B, = -42.6785,

B, = +22.3016,

B,=-2.97371;
2

for C= Y C/(InP)‘,
i=0

Co = +31.0696 ,

C, = -16.4635

G, = +2.06656 .

C,, (Ib NH4/1b solution vapor} = [C.+(1- cm) x 1.0578]"
m m ’

A.4.4 Vapor Enthalpy.

Vapor enthalpy depends on vapor pressure, temperature, and vapor NH, molal
concentration (C, ). The enthalpy for each vapor component (NH; and H,O) is computed
separately and depends on the partial pressure,

PNH3(psia) = P (Psia) x C and
Pii,0 (psia) = p (psia) x (1-C,).

The combined overall vapor enthalpy depends on the relative weight concentrations:
Hy, Btu/Ib) = A+ BT + CcT? -779,

where

A= Y AP({/NH,),
i=0
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Ay =+6.21098 x 102 ,
A, =-2.93663x 1071,

A, =+5.07537 x 107° ,
2

B= %' BP(1/NH,),
i=0

B,=+5.04312x107 1,

B, =+1.43451x1073,

B, =-1.04291x107¢
2

C= Y CP(/NH,),
{=0
C,=+3.24743x 1075 ,
C, =-2.00178x 107% ,
C,=+2.52943x 1079 ;

Hy o(Btu/Ib) = A+ BT + CT?,

where
2

A= ZAtP(i/Hzo) ,
i=0

A, = +1.06031 x 102 ,

A =-7.88073x 107!,

A, =-5.81695x 107°
2

B= Y BP({/H,0),
t=0

B,=+4.46254x 107!

B, = +2.60441x 1073,

B, =-8.45853x 1077,
2

C= 3 CP(i/H,0)
i=0
C,=+1.91856x1075,
C,=-2.40891x 1075,
C,=+1.73681x10"9 ;

and



Hyyod B/10) = G Hgy + (1~ C ) Hy .

A3 ZnBr,/LiBr-CH,0H SOLUTION

ZnBr, and LiBr are present in equal moles. Concentration in this solution hence will be

defined as ZnBr,/LiBr to solution mass ratio.
A.5.1 Solution Temperature
The solution temperature equation is
T(C) =(T,,-B)/A,

where,

forA = zAtCt.
i=0

Ay =+1.19397 ,

A;=-1.0993x1072,

A,=+2.0436x 1074,

Ay=-1.7046x 1076 ;
3

for B= ZBiCi '
i=0
B,=-1.3184x 102,
B, =+7.2141,
B,=-1.19174x 107},
By = +4.7409 x 1074 ;
T (°C) is the solution temperature;
T4 ('C) is the CH;OH saturation temperature corresponding to vapor pressure (kPa)— the
formula is valid for the range 0.2 kPa < P < 100 kPa:
C is the solution concentration and is valid for the range 30 weight percent < C

(ZnBr, /LiBr weight percent in solution) < 45 weight percent.
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A.5.2 Solution Enthalpy
The solution enthalpy equation is

HkJ/kgd=A+BxC+GxC2+DxC3 +ExC*,

where,
3
= {
forA= YA,T!,
i=0
Ay=-4.79%10%,
A =+4.52885,

A,=-7.2659x1073,

A, =+2.21542x107%;
3

for B= ZBiTi,

i=0
B, =+3.652591x 10! ,
B, =-1.943945x 107!,

B, = +6.981242 x 10" %,

B, =-1.525332x 1076 ;
3

for C= ZC{I“ .
i=0
Cy=-9.7616x 10" %,
C, =+4.5588 x 1073 ,

C, =-2.0259x 1075,
C,=+3.596168 x 1078 ;
3
- {
for D= thT .

{=0
D,=1.085991x 102 ,
D, =-5.048672x 10°° ,
D, = +2.60703x 1077 ,
D, = 42877221 x 10710 ;

3
- {
forE= Y E,T',

i=0
E,=-3.78606 x 10~ %,
E, =+1.996746x 1077,
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E,=-1.1892x 1079,
E; = +1.9653662 x 10712 ;

T (*C) is the solution temperature— the formula is valid for the range -10°C < T < 120°C.

A.6 CH,0H LIQUID AND VAPOR
A.6.1 Saturation Temperature

The saturation temperature is

To (K) = [3.9577 < 1073 -2.091354 x 10 * InP - 15002 x
10°®1In?p]~!,

where
Tq (K) 1s the CH,OH saturation temperature,
P (kPa) is the pressure— the formula is valid for the range 0.1 kPa < P < 100 kPa.

A.6.2 Saturation Enthalpies

The saturation enthalpy equations are

H, (kJ/kg x mol) = AT+ BT? + CT® ,

where
A=7684x10!,
B=8.15x1072,
C=-7.8667x 1075 ;

and

H, (Btu/1b) = H, (kJ/kg mol)/7.452504 x 10!,

where
H, is the specific saturated liquid enthalpy,

T is the saturation temperature, corresponding to the vapor pressure, in °F.
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Using Clapeyron's equation, evaporation heat is estimated by

d(lnP)
Hfg(kJ/kgmol) =P gqr XxXTx (Vg -V),

where
T ('K) is the saturation temperature,
Vg (L/mol) is the saturation vapor specific volume,

P (kPa) is the pressure,

V| (L/mo]) is the saturation liquid specific volume,

d(lnP) 2.845921x 103 2 x 3.74341546 x 10° 3x2.1887 x 107
daT = T2 + T3 + T4 .

RT 0
V,=p +B+DP?,

1.986
B=-0.1-2.148x 10‘3exp—7— ,

1.075 x 104
T 0}

R (kJ/kg x mol x K) = 8.3143 ,
V,=32.04 x (1077.2 -0.97635x T) " !,

D=-8.1297 x 107!® exp

H g (kJ/kg x mol) is the saturated vapor enthalpy,

Hy=H+Hp.

H_(Btu/Ib) = H_(kJ/kg x mol)/7.452504 x 10 1

In is the saturated region,

H(Btu/lb) = H x (1 - w) - ng w , where w is the vapor mass fraction.
A.6.3 Subcooled Region Enthalpy (w=0.0; T< T, sa.t)

The subcooled region enthalpy equation is

H (Btu/Ib) = H|(T)

and is valid for the range 288°K < T < 338°K.

A.6.4 Superheated Region Enthalpy (w= 1.0; T > Tsat)

The superheated region enthalpy equation is
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H(Btu/Ib) = H + 0.32722 (T- T, ) ,

where T (°F) is the vapor temperature.

A.7 TERNARY NITRATE SOLUTION

The solution composition is 53 weight percent LINO,, 28 weight percent KN 0,, and
19 weight percent NaNOg

A.7.1 Solution Temperature
The solution temperature equation is
T=AT,,+ B,

where,
3

for A= ZA ( ct,

i=0
Ay=-1.06,
A =+1021x10""!,
A, =-1.627x1073,
Az = +8.931 x 1076 ;

3

forB= Y B,C',

i=0
B,=+2.911x 102,
B, =-1.303x 10!,
B,=+1.871x10"!,
B;=-7.877x1074;
T (°F) is the solution temperature;
T, ('F) is the water saturation temperature, corresponding to the vapor pressure, and is

valid for the range 30°F < T, < 230°F;

C is the mass concentration (weight percent nitrates to solution) and is valid for the range

70 weight percent < C < 92.5 weight percent.
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A.7.2 Solution Enthalpy
The solution enthalpy equation is
H=AT+ B,

where
2

for A= ZA,-C‘ ,
i=0

Ag=+3.94516x 102 ,

A, = -8.64996,

A, =+6.2878x 107 2;

2

for B= ZB‘C‘ .
i=0

B, =+3.88691x 107!,

B, =+3.02719x 1073,

B, = +3.80068 x 10”5 ;

H (Btu/Ib) is the liquid solution enthalpy:

T ('F) is the solution temperature— the formula is valid for the range 167°F < T< 527°F.



APPENDIX B: RESULTS OF CALCULATIONS

The following tables and figures display data from and depict examples of various modeled
cycles.
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Table B.1. Data for a single stage heat transformer LiBr-H,O cycle (see Fig. B.1)

SINGLE STAGE HeTe LIBR-H2O

INPUT AND NUTPUT IN BRITISH UNITS

THE BRITISH UNITS ARE

TEMPERATURES (T) IN
MASS FLOWS (F) IN
CONCENTRATION (C) IN
ENTHALPIES (H) IN
PRESSURES (P) IN
HE AT QUANTITIES Q) IN
TOLERANCES IN F, X 1
NOe OF UNITS S
HOes OF STATE PODINTS 19
1 2 2 0e 6909
S 1S 10 11 € 17
2 3 2 0.8227
6 7 4 5 2 0
3 4 2 067997
15 12 13 14 19 o)
4 35 2 005998
12 8 1 2 18 0
S 1 2 0.9312
7 8 3 9 4 16
STARTING POINTS
1 3 0 14040 0
2 3 1 100.0 4]
3 3 0 149040 o)
4 1 1 1C0.0 3
S 1 1 10C.0 3
6 1 2 1C0.? 0]
7 1 1 190.0 o
8 3 3 100.0 2
9 3 1 10C.0C 0]
10 3 0 140.,0 c
11 3 1 120,090 ¢
12 3 4 1CCe"” 2
13 3 0 5942 c
14 3 1 100.9 0
15 3 2 100.0 2
16 1 1 100.0 0]
17 1 1 100.0C o
18 3 3 100.0 2
19 3 4 100,90 2

DEG F
LB/MIN
PERCEN
BTLU/LB
PSIA
BTI/41

« JD-05

402.10
402410
596390
10.30
10,00
23.70
2370
10,00
5939
118,60
118.60
10400
256420
256420
10.00
1.00
1.00
10,00
10,00

TS

N

1.CD-C8

0.0000

0.C0CO

0.00CO0

0.000C

0.0000

0.0
0.0
0.0
45.0
45.0
50 .0
S0.0
0.0
De0
0.0
0.0
Cc.0C
0.0
0.0
0.0
4849
47 .0
0.0
0-0

OO+ ~ 0 0000000 OMNMNMWWODOO

NWhNUNMNooUWODooWWMMNMWOOD O

L] . L] . L]

OO WOoOOoOoWW» = UWOOoOOo
L )
OO0 000000000000 O

[N
o
(¢ ]

1.0
3e 0O
1.0

COO0O0DO0OODO0OO0OOUO0ONODO0OO0OODODOOO

0.0
0«0
0.0
0.0
0.0
0.0
0.0

0.0
le0



LAST

STATE

EUCLIDEAHN

TEMPER,

PO INT

t

(oA N ) IR R OVEN V]

<

1.40000+902
1.3342D+02
14000D+92
1.70810+02
1.36550+02
1.22680+02
1602750+ 02

«e2FC30+02
1.82080+02
144000D+02
1.18910¢ 722
7.20200+91
S5e9000D+01
6494120+ 01
1e2268D+02
1.85190+02
1.0947D+402
1.29030+22
7+2020D+01

THE EQUIVALEMT

FOR EVERY

NO, TYP
1 C
2 H
3 c
4 E
S A

HO o TYP
1 D
2 H
3 C
e} £
3 A

ITERATION tOe IS
[ER = 1
NORM OF FUN

EMNTHALPY

1.0776D+02
1.0117D+02
1.07760+02
7403420401
S«1897D+01
4.,71270+01
6.74860D4+01
1.1169D0+03
1 4530012¢+02
1.0776D+02
8.66680+C1
4.00020+01
2.7097D+21
3.7415D0+01
1,1151D0+03
7.36110+01
3.75500+01
Q.67810+01
1.0623D+03

64

Table B.1 (continued)

74

I35 LESS

FLOW RATE

4¢02100+02
4.021CD+02
5493000401
2661 59D0+01
2061 59D+ 21
2¢3700D0+21
2¢37003D+01
244588D0+00C
Se¢9320D4+01
1.186004+92
1.18600+02
2,45880+ 230
2.5620D¢+922
2+56220+02
2.4588D+ 90
2439540491
2.58110+°C1
2445880+ 00
2.4588D+900

TIHAN FTOL

CONCENTR.,

0.0Q20D+C0
0.00000¢0¢C
0.3000D+CH
4 .79540+01
4.7954D+01
529290401
S 629290 ¢01
0.20200+C0C
J.0000D+02
0.00000+0C
0.0CJ000+CC
)+ 0000D+00
27.0000D+C92
2.0000D+C0
040000D+CD
S.2367D+01
4.86010+C1
N+20CID+O0
J.0CJo0D4+"C

HEAT TRANSFER QUANMTITIES

PRESSURE

0.72070D+09
Q. 3CJ0D+0C
0.00000+00
24.1645D+0C
3.38600-01
3.8860D-01
2.16450D0+02
2.1645D+0QC
0.2730D+00
0s2CCOD+2Y
Ces0CCOD+OC
2016450+ 0C
0.0000D0+20
C.0CCCD+OC
3438600-01
2416450+ 00C
3.3860D~-C1
2.1645D+00
3.88600-01

VAPOR FR.

0.22200+00
0.0C000D+C0
0.0000D+00
C.0000D0+00
0.C00Q0D+00
0.00000D+00
Ce200CD+00
1.CCCOD+CO
0.0000D+J0
0+0000D+00
CeCO0QQD+CO
0.0000D+00
C.0000Q0D+CO
C.C000D+00
1.00000+00
0«0000D0+0¢0C
Cs00COD+CO
0.2000D+00
1.00000+09

UNIT

€ UA EFF
1.9268D0+02 6+9090D~-01
4,5104D+01 8432700-01
4 ,0824D+02 799700-01
3.6857D0+02 5.992800=-01
2:0749D+02 9.312270-01

E HEAT TR ANSFER EQe. DEV.
2+5012D+923 0,000D4+7C
4.82500+¢+02 0.23CD+20
2464350403 240900+90
2.6480D+93 0.030230+00

2.5057D+03

0.000D4+)10

CAT
7,436020400
8.0514D+00
2.£079D+00
4 ,39000400
3.,10872+¢00

IPINCH
-1
1
1
-1
1

LMTD
129810401
1.0678D+01
6+4755D+C0
718450400
120760+01



65

Table B.2. Data for a single stage heat transformer NH -LiBr/H, O cycle (see Fig. B.1)

SINGLE STAGE HeTe

NH3-LIBR/H20

INPUT AND OQUTPUT IN BRITISH UNITS

THS DBPITISH UNITS ARE ¢
TEMPERATURES (T) IN
MASS FLOWS (F) IN
CONCENTRAT ION (C) IN
ENTHALPIES (H) 1IN
PRESSURES (P) IN
HEAT QUANTITIES (Q) IN
TOLERANCES IN Py X 1
NO. OF UNITS S
NC. OF STATE POINTS 19
1 1 2 0,9231
7 8 3 9 4 16
2 2 2 0e33€3
5 15 10 11 6 17
3 3 2 07185
6 7 4 S 0 0
4 4 2 0.4281
15 12 13 14 19 0
S S 2 0.7835
12 8 1 2 13 0
STARTING POINTS
1 3 0 160.0 0
2 3 1 120.0 2
3 3 0 160.0 0
4 4 1 120.90 3
5 4 1 120.0 3
6 4 2 120.0 0
7 4 1 120.0 0
8 2 1 12040 2
9 3 1 12¢C.0 ¢
10 3 0 160G.0 0
11 3 1 120490 0
12 2 1 120.0 2
13 3 0 S5%9.0 0
14 3 1 120.9 0
15 4 2 120.90 2
16 4 1 120.9 0
17 4 1 120.0 0
18 2 1 120490 2
19 2 1 1209 2

DEG F
LB/MIN
PERCENTS
BTU/LB
PSTA
BTU/MIN
+ 0D-05 1.0D-08
1 00000
0
1 0.0000
0
1 0.00090
0
1 0.0000
c
-1 0.0C00
0
115.40 0 0«0
115440 0 0.0
126.80 0 0.0
30.00 4 65,0
3000 4 65,0
27 «50 2 5S5.0
27 50 2 S50
250 3 99,0
126 .8¢C 0 C.C
184 449 J 0«0
184 .40 0 0.0
250 3 99.C
16379 0 0.0
163.70 0 0.0
250 3 99.0
122 1 S6.0
1.00 1 6440
2«50 3 99.0
2.50 3 99.0

pMUNUWNOONOCOOD UWUWNMNNMWODOD OO

0.0
Oe O
0.0
24 0.0
110.0
11C.0
240.0
24 Q.0
O0.C
0. 0
0.0
110.C
0.0
0.0
110.C
240.0
110.0
24GC. 0
110.0

CO0O0DO0ONODOOO0OOCOOONOOCOO0

_-—_ 0000000 CO~ 000000 O0
[ ] L] L ] L ] L ) [ ] L ] L ] *
0000000000000 O0O0DO0OOOO0



LAST
IER = 1

STATE
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Table B.2 (continued)

ITERATICN HO. IS

EUCLIDEAN MORM OF FUN

TEMPER. ENTHALRPY

POINT

QNP UNT

1.60000+C2 1
1.3890D+02 1.0666D+02
1,6000D+02 1.,2781D+02
1.6409D+02-1.1150D+01
1.4531D+02-2.6666D+01
1.30810402-4.79720401
1.5472D+02-2,9760D+01
1.4007D+02 5.6395D+02
1.77530+02 1.4543D+02
1.6000D+02 1.2781D+02
1. 47200402 1,1507D+02
7.9304D+01 5.2691D+01
5.9000D+01 2.7097D+01
7.47590+01 4.27190+01
1.30810+02 5.8821D+02
1.,7899D+02-8,3367D+C0
1.16030+02-5.2899D+01
1.3307D+02 1.1617D+02
9.4970D+01 S5.6462D+02

«2781D+902

THE EQUIVALENT

80

IS LESS THAN FTOL

FLOW RATE

1.15400+02
1.15400¢02
1.2680D¢+02
3.2275D0+01
3.2275D+01
2475000401
2475000+01
447755D+00
1.2680D+02
le844CD+ 22
1.8440D0+02
447755D+00
1.637CD+C2
1.6370D+922
4 ,7755D+00
2.85290+01
3,0955D+901
4,77550+00
4477550+0C

CONCENTR.

0.0000D+00
0.20300+0C
0.0030D0+0C
55067D+01
S5¢50670+01
4 +7282D0+01
4 .7282D+01
9.9894D+C1
C.000C0D+00
CeC00JD+CO
0.0000D+CO
9.3894D+C 1
0.000CD+CC
0.00232D+CO
9.9894D+01
4.,9181D+01
531540+01
9¢9894D+01
9.9894D+01

HEAT TRANSFER QUANTITIES

EFF

PRESSURE

000 00C+0C
0.00000+00
0., 0000D+00
3.4655D+02
1.5072D+02
1.5072D+02
3.46550+02
3.4655C+ 02
0.2090D0+00
C.0C00C+00
0+ J000D+00
1.5072D+02
0.CO0CCD+0C
0.00000+00
1.5072D+ 02
3.46550+02
1.5072D+02
3.4655D+02
150 72D0+02

CAT

VAPCR FR.

0.0000D+00
0.0000D+00
0.0000D0+00C
C«J0000+00
0.0000D+00
0.0C00D+00
J.0000D0+00
1.0C00D+CO
C.0000D+00
0.0000D 400
0.00000+00
0.00000+00
2.0000D+00
C.0000D+00
1.,00000+00
0.0000D+00
0.0C00D+00
C+2020D+0C0
1.0000D+00

LMTD

FOR EVERY UNIT
NDo. TYPE VA
1 A 8+7493D+02
2 D 7.7788D+01
3 H 442631D0+01
4 C 1.,2624D+02
3 E 2,18800+02
NO. TYPE HEAT TRANSFER
1 A 242346D+03
2 D 2+,35S04D+03
3 H 500790402
4 c 2455730+03
) £ 2+44150+03

9.2310D-01
3.3630D0-01
7.18500-01
4 ,3810D-01
7 «83500-01

EQ.

DCV .

1 46040400
2.9186D+01
9.3677D+00
2.02120+401
583060 +00

IPINCH

2+5540D+00
3.0216D+01
161747D+01
2.C258D0+01
1.11590+01

0.000D0+20
000720+0C
0s700D+Q0
0.0J300+00
0000D+J0

1
1
1
1
-1
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Table B.3. Data for a single stage heat transformer
LiBr/ZnBr,-CH,OH cycle (see Fig. B.1)

SINGLE STAGE HeTe LIBR/ZNSR2-CH3UH
INPUT AND OUTRPUT IN BRITISH UNITS

THE BRITISH NITS ARE

TEMPERATURES (T I DEG F
MASS FLOWS (F) IN LB/MIN
COMCENTRATION (C) IN PERCENTS
ENTHALPIES (H) IN BTU/LSB
PRESSURES (P) IN PSTA
HEAT QUANTITIES (Q) IN BTU/MIM
TOLERANCES IN F, X 1.0D-0S 1.0D0-08
NQe QOF UNITS S
NQe. OF STATE POINTS 19
1 2 2 046909 -1 043200
S 1s 19 11 6 17 ¢
2 3 2 0.8327 1 0.0000
6 7 4 S 0 9 (o}
3 4 2 Je 7997 1 0.0000
15 12 13 14 19 0 0
4 5 2 0.5998 ~1 0.0000
12 8 1 2 18 o] 2
S 1 2 0.9312 1 00000
7 8 3 Q 4 16 0

STARTING POINTS

1 3 0 140,09 0 402.10 0 Oe0 0 0.0
2 3 1 100.90 0 402,10 0 00 0 0.0
3 3 0 12C.0 0 59..30 0 CeC 0 C.0
4 S 1 1200 3 32.70 3 S50e0 3 10.0
S S 1 1C0.0 3 33 .70 3 50.0 2 2.0
6 S 2 100.0C 0 43 73 2 6540 2 2.0
7 S 1 100.0 0 43470 2 650 3 10.0
38 6 3 100,0 2 10.00 ¢} Q0.0 3 10.0
9 3 1 17Q.0 0 59.30 0 Ce0 c CsC
10 3 0 140.9 0 118.60 0 00 0 0.0
11 3 1 100.0 0 118.60 Qe 0.0 0 0.9
12 6 4 100.90 2 1G.00 o] Ce0 2 2.0
13 3 0 59.0 0 256.29 0 040 (o] 0.0
14 3 1 100.0 0 256.20 R 0.0 0 0.0
15 6 2 100.0 2 10.00 0 0.0 2 2.0
16 =) 1 100.0 0 1.00 1 5840 3 10.0
17 S 1 100.0 (¢} 1.00 1 570 2 240
18 6 3 1C0,0 2 10.00 0 00 3 1040
19 6 4 100,.0 2 10,00 0 0.0 2 240

Q0000000000000 OOO



LAST

[TERATION NQ.
IER = 1
EUCLIDEAN MNORM OF FUN

IS
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Table B.3 (continued)

47

IS LESS THAN FTOL

STATE
POINT
1. 4000D+202
1e3345D4+02
1.4000D+02
1.65660+02
1.40060+02
1.28400+02
1o 3942D+02
1.2908D+02
1.84070+02
1.30002+02
1.17580+02
74214904+ 01
S59700D+01
6.9515C+01
1.28400+02
1.87330+02
1. 07540+ 02
1.29080+0C2
74214904+ 01

TEMPER,

DO NOWM S WN -~

10

12
13
14
15
16
17
18
19

ENTHALPY

1.0776D+02
1.01200+02
1.0776D0+02
S+3632D+01
4,5688D0+01
4.3020D0+01
S.6£88D+01
S.4223D+02
152020402
1 .0776D+02
8,5337D+01
2.,3530D+01
247097D+01
347518D+01
S5.4893D+02
644153D+01
3.,6594D0+01
S.8625D+01
Se3053D+02

FLLOW RATE

4,02t10D¢02
4,02 0D0+02
S.93L0D+01
4.8781D+01
4.87810+01
4.37Q00D+01
4437000+01
S.0813D0+70
5.930CD+01
1.18600+02
1.1860D0+0C2
5.0813D+00
2.56200+02
2.5620D+02
5.,08130+0C0
4.4364D+01
4.7916D0+01
S5.0813D+20
S.2813D+00

CONCENTR &

0.00000+00
0.000CD+CQ
0.0CJ00¢+0C
S+3902D+01
Se3902D0401
6.0169D+C 1
6.,0169D401
0.2000D+CC
c.CCOOD+CC
0.3000D+00
0.00720D+0 0
C.0C00D+CC
0.0200D0+C0
0.00000+C0
C.000CD+0C
5.9269D+01
5.4876D0+01
0.0000D+00
0.0C00D+00Q

THE EQUIVALEMNT HEAT TRANSFER QUANTITIES

UNIT

UA

EFF

PRESSURE VAPOR FR.
0.2000D+00
0.0000D+CC
0.CCOCD+cCO
Ge4162D+00
2.11560+00
2.1156D+0C
9.4162D+00
9.4182D+00C
C.sCOGCOD+CC
0., 2000D+0C
0.0C COD+ 00
2,1156D+0C
0. 0000D+00
0.0CCOD+0OC
2.1156D+0C
9.4162D+00
2.11S6D+0C
9.4162D+0C
2. 11560+00

0.0000D+00
0.000CD+0C
0.0000D+00
Ce0000D+00
0.0000D+00
0.C000D+CO
Ce0C0O0D+00
1.0000D+CO
C.0000D+0C
C«00000+00
C.0000D+00
CeCCCOD#+CO
C.00000+00
0.0000D+00
1.000CD+CO
0.0000D+00
0.0003D+0C0
C«.0CO0D+03
1.0000D+00

CAT LMTD

FOR EVERY
NO o TYPE
1 D
2 H
3 c
4 E
) A
NG. TYPE
1 D
2 H
3 C
4q E
5 A

246260402
4447230401
4.0824D+02
3.6857D+02
2¢4189D+02

HEAT TRANSFER
2.6S910+923
3.87550+02
2 +6637D+C3
2¢6357D0+03
262500403

6.9090D~-01
8.3270D0-01
7e9979D=-01
5.9980D0-01
9.3120D0-01

EQ. DEV.
0.0000+00
0.00270D+00
0.000D+00
0+0000+00
0.0200D+00

1.0032D+01
6 .2334D+00
2 +633ED +0C
4 «36950 +00
3.2563D+400

IP INCH
-1
1
1
-1
1

1.0798D+01
8.6656D+00
6.5397D+00
7«1510D+¢CO
1.08520+01
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Table B.4. Data fo- a single stage heat transformer NH_-H O cycle (see Fig. B.1)

SINGLE STAGE H. T,

INPUT AND OQUTPUT IN BRITISH UNITS

THE BRITISH UNITS ARE
TEMPERATURES

MASS FLOWS

CONCENTRATIOCN

ENTHALPIES

PRESSURES
HEAT QUANTITIES (Q)

TOLERANCES IN F, X

NO., OF UNITS
NOs, OF STATE POINTS

—t
DU FOOUONN-

-

STARTING POINTS

VO NONFEN -

10
11

13
14
15
16
17
18
19

PO PDWWDWWWDDODONNDDWEWW

2

o

NH3-H20

(T) IN
(F) IN
(C) IN
(H) IN
(P) IN
IN
1
S
19
0.9231
9 4 16
03363
11 6 17
0.7185
S 0 0
0.4381
14 19 o
0.7835
2 18 0
160.0 0
120.0 0
14C. 0 ¢
120.0 3
120.0 3
12C0.0 0
120.,0 0
120.0 2
12C.0 ¢}
160.9 0
120,90 0]
120.0 2
59.0 0
12C.0 0
120.0 2
12Ce 0 0
12040 0
120.0 2
1269 2

DEG F
LB/MIN
PERCENTS
BTU/LB
PSIA
BTU/MIM
«0D-05 1.0D0-08
1 0.0000
0
-1 0.,0000
0
1 0.0000
0
-1 0.0000
0
1 0D.C0CO
0
115440 0 0.0
11540 c 0.0
126.80 0 0.0
306400 6 65,0
30.00 6 65.0
27 «50 2 55.0
27«50 2 55.0
250 3 99.0
126 .80 o) Ce0
184 .40 o De0
184 +40 0 C.0
2.50 3 99.0
16370 0 0.0
163470 0 0«0
2450 3 99.0
1.00 1 S6.0
1.00 1 64.C
2450 3 99.0
2450 3 99,0

NWNMNWUWNMNOoOONMNODOCOUWWNNMWO OO

OD0OO0O00D0DO0DO0OO0DO0OODO0OO0OOMNDOOOO

=~ O0O00 = 00OV O»O0ODODOOQOOOO
e ¢ o o o 8 o © o
00000000 OLCO0OOCO0DODOOOOO



LAST ITERATION NO. IS

STATE

IER = 1

EUCLIDEAN NORM QOF FUN

TEMPER.,

PO INT

1

So~NcudUN

1o
11

12
13
14
15
16
17
18
19

1.60000+02
1.4236D+02
1.40000+02
1.4977D+22
1.42790+02
1.3701D+02
1.46180+02
151430402
1.5403D+02
1.60000+02
1.50350+02
1.,0283D+ 02
5.9000D+01
7.1595D+01
1.37010+02
1.55200+02
1.3131D+02
1.2042D+02
1.3701D04+02

ENTHALPY

1.2781D+02
1.10120+02
1.,07760+02
Se1453D+01
4,2636D+01
2.7852D+01
3.,7964D401
S.8453D+02
1.2182D+02
1.2781D+02
1.1813D4+02
7.93320+01
2.7097D 401
3.9580D+01
5.85020+4C2
5.05500+01
2.7998D0+01
1.0032D+02
5 .8502D+02

70

Table B.4 (continued)

106

IS LESS THAN FTOL

FLOW RATE

1.1540D+02
1.1540D+02
1263800+ 02
3.1541D+01
3.1541D+401
2+7500D+C1
2475000+ 01
4.,04110400
1.26800+02
1.8440D+ 02
1.84400+02
4.0411D+0Q0
1.6370D+02
1.6370D0+02
440411D4+00
2.8148D+01
3.07120+0Q1
4.0411D+00
440411D+00

CONCENTR »

0.0000D+00
0.0000D+CO
0.CO0Q0D+00
7.1233D+01
7+1233D+C1
6470670401
6.7067D+01
9.9582D+01
0.0000D+400
0.00000+00
0.00000+00
9.95820+01
0.0000D0+00
0.0000D+00
9.9582D+01
6.78160+01
7 .0468D+01
9.95820+01
9.9582D+01

THE EQUIVALENT HEAT TRANSFER QUAMNTITIES

FOR EVERY

gaHs W - Q
moIo»

aewn—-0
mO I o >

. TYPE

UNIT

UA

PRESSURE

0.0000D+00
0.0000D+00
0.0000D+00
2487640402
242136D+02
2421 36D+C2
2.87640D+02
287640+02
0.0000D+0C
0.00000+00
0.0000D+00
2.2136D+02
0.0000D+00
0.0000D+0C
2.2136D+02
2.8764D+02
2421 360+02
2.87640+02
221 36D+02

VAPDOR FR,

0.00000+00
C.0000D+CO
0.0000D+Q0
0.0000D+00
0.0000D+00
0.00000+00
0.0000D+00
1.0000D0+00
0.00000+C0O
0.00000+00
0.0000D+00
0.000CD+00
0.00000+00
0.0000D0+00
1.0000D+00
0.0000D0+00
0.0000D+00
C.C000D+00
1.0000D+00

. TYPE

4.4033D0+02
8.5198D+01
6.04390+01
3.7910D+01
1 +43540+02

HEAT TRANSFER

1+7833D0+03
1.7853D+03
2.7808D+02
2+0436D0+03
20416D0+03

EFF
9.2310D0-01
3.36300-01
7.18500-01
4.38100-01
7.83500-01

EQe.

DEVe.

CAT
1.16890+400
1490410 +01
35913D 400
4.3833D+01
856970400

1P INCH

LMTD
4.0499D+00
2.0954D0+401
4+6011D+00
5+390S0+01
1.4223D+01

0.000D+00
0.000D0+00
0«000D+00
0.000D+00
Q. 000D+00

1
-1
1
-1
1
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Figure B.2. Single stage chiller/heat pump.
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Table B.5. Data for a single stage chiller NH,-LiBr/H,O cycle (see Fig. B.2)

SINGLE STAGE CHILLER NH3-LI3R/H20

INPUT AND QUTPUT IN BRITISH UNITS

THE BRITISH UNI
TEMPERATURES
MASS FLOWS
CONCENTRATION
ENTHALPIES
PRESSURES

HEAT QUANTITIES

TOLERANCES IN F,

HDe DOF UNITS
NO. OF STATE POI1

1 1

2 1
15 10 1
3 1

4 1
12 13 1
S 1

[y

N
oL & H UGN
n
o

6 0
12 20 0

STARTING POINTS

1 3 o}
2 3 1

3 3 o}
4 4 1

5 4 11
6 4 21
7 4 1

8 2 1

9 3 1
10 3 01
11 3 11
12 2 1
13 3 0
14 3 1
15 4 21
16 4 1
17 4 1 1
13 2 3
19 2 11
20 2 3

TS ARE :
(T IN
(F) IN
(C) IN
(H) IN
(P) IN
(Q) IN

X 1
6
NTS 20
S68. 0000
9 4 16
295.0009
1 6 17
247.0000
7 0 0
191 .000C0
4 19 0
584 .,0000

2 18 o
0.0000

0 0] 0]

70.0 0

60,0 0

70.0 c

81,0 2

24,0 2

35,0 0

82,0 0

69.0 2

91,90 0

45,0 o

30,0 0

95,0 2

80,0 0

94.0 c

35,0 2

92.0 0

22,0 0

51,0 2

03.0 2

Sl.C 2

DEG F
LB/MIN
PERCEN
BTU/LB
PSIA

BTU/MI

«0D=-05

21549
215440
126 .80
31 .80
31 .80
27 450
27 «50
4 434
126 .80
184 .40
184 440
4 .34
163.70
163.70
4.34
1.00
1.00
4.34

4 .34

4 .34

TS

N

1.0D0-0¢8

0.00090

0,0000

00000

0.0009

00,0000

0.,0000

LUdw=mwWooOoOWOOOoUWNN &P OOCUC

LhoWNWNhNoOoNMNOODOUWUWNMNWOO O

[ole o]
.
[= 3ol ]

92.0
195.0
195, 0
92.0
92.0

CeD

O0.C

Ce O
195.0

Ce0

0.0
195.0
92.0
195.0
92490
195.0
92.0

NONOOOOOOOOOOOOOOOOO

Ce0
0.0
Oed
0.0
0.0
0«0
0.0
1.0
0e¢0
0.0
0.0
0.0
0.0
C.0
1«0
0.0
0.0
Oel
1.0
Oei



LAST ITERATION NO.
IER = 1

STATE
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Table B.5 (continued)

s

EUCLIDEAN NORM QF FUN

TEMPER . ENTHALPY

POINT

7.0000D0+¢01 3.7998D+11
640055D+01 2.8142D0+91
7000004271 347998D+01
840740D4+01~-7,4892D+01
1.2422D+032-3.,9414D+01
1e63523D+02-3,9973D+01
8.2064D+01-8.1057D+01
64891 10+91 5,5939D+02
9.:053704+N1 5.83950+01
14500D+02 1.,1277D+02
1e30410+02 9.,81570+91
9+4635D+01 7.0770D+N1
8.0000D+01 4,79273N+01
F«3707D+#01 H6.1° +01
163523D04+02 Saeti 402
9419100+01~-7.,29710+01
1.2188D0+02-4,1539D0+01
S5.145204+01 7.0770D+01
1.0286D+02 S5.6123D+02
S«1452D+01 7.0770D+01

S6

IS LESS THAN FTOL

FLOW RATE

2415400+ 02
2415400402
1.2680D0+02
3.1845D+01
318450+ 01
2¢7500D+01
247500D+01
443449D+00
1.2680D+02
1.84400+02
1.8440D+02
4.3449D+ 00
1.6370D+02
1.6370D+02
4434490+ 00
2478520D+01
341734D+01
443449D%00
443449D+00
443449D+00

CONCENTR »

0.0000D0+00
0.0000D+00
0.00000+00
579870401
5479370+0C1
S«1360D+01
5.13600+01
9.9929D0+01
0.0000D+00
Q0.0000D+0C
0.0000D+N0
9.9929D+01
0+0000D+00
0.00000+00
9.99290+01
51973D+01
S5.7840D0+01
9499290401
9+99290+01
9.9929D+01

THE EQUIVALEMT HEAT TRANSFER QUAMNTITIES

FOR EVERY UNIT

PRESSURE

0.0000D+0Q0
0.00000+00
0.0000D4+00
9+1593D+01
1l+9494D+02
1.9494D+02
9.15930D+C1
9.1593D+01
0+0000D0+00
2.00C0D+00
0.0000D+00
1.9494D+02
C+0020D+00
0.0000D+00
19494D+02
G9.15930+01
19494D+02
P.15930D+01
1¢9494D+02
9.1593C+01

VAPOR FR .,

0.00000+00
0.0000D+00
0.2000D+00
0.9000D+0C
0.0000D+00
0.0000D0+00
0.0000D0+00
1.0000D+00
0.,0300D0+00
0.0000D0+0C
0.0000D+00
0.0000D+00
0.00000+00
0.0000D+00
1.0000D+00
0.0000D+00
0.0000D+00
943978D-02
1.0000D0+00
9.3978D~-02

LMTD
4 «5535D+00
9.13200+00
4¢5741D+00
1.1678D+01
346353D+00
0.0000D+00

NO. TYPE UA EFF CAT

1 A S«6E800D+02 9.3734D-01 1 s3728D +00
2 D 2+9500D+02 6.3126D-01 352490400
3 H 244700D402 9,.,7569D-01 13245D+00
4 c 1¢9100D+02 5.9969D-01 9.1499D+00
5 E 548400D+02 9.,4130D-01 1.0887D+00
) v 0.C0C00D+00 0.0000D+00 0.0000D0+00
NQ. TYPE HEAT TRANSFER EQe. DEV. IPINCH

1 A 2¢5864D+03 J.0000+00 1

2 D 246939D+073 0.0000+00 -1

3 H 1.1298D+03 0+000D4+00 -1

4 Cc 2423060+03 0.,000D+Q0 1

S E 2.1230D+03 0., 000D¢00 1

6 v 0.0000D+00 0«000D+00 0
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Table B.6. Data for a single stage chiller LiBr/ZnBr,-CH,OH cycle (see Fig. B.2)
SINGLE STAGE CHILLER LIBR/ZNBRZ2-CH30H
INPUT AND OUTPUT IN BRITISH UNITS

THE BRITISH UNITS ARE

TEMPERATURES (T) IN DEG F
MASS FLOWS (F) IN ULB/MIN
CONCEMNTRATION (C) IN PERCENTS
ENTHALPIES (H) IN BTU/LB
PRESSURES (P) IN PSIA

HEAT QUANTITIES (Q) IN BTU/MIN

TOLERANCES IN F, X 1.0D-05 1.0D-03
MO, OF UNITS 6
NO. CF STATE POINTS 20
1 5 2 Ce 59299 -1 00000
20 3 1 2 18 o) 0]
2 3 2 0.8479 -1 0.0000
6 7 11 12 0 0 0
3 2 2 Deb418 1 06092092
7 10 8 9 11 17 o)
4 4 2 0.7998 1 0.0000
10 15 13 14 19 0 ¢
S 1 2 0.9183 1 0.0000
12 3 4 S 6 16 0
6 6 0 0.0000 0 0.0009
15 20 0] e 0 0 0

STARTING PRINTS
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LAST ITERATION NO. IS

IER = 1

EUCLICEAN NORM OF FUN

STATE TEMPER,
POINT
S+5000D+01

—
oCVvVO~NOWUNSWN»

11
12
13
14
15
16
17
18
19
20

S«1422D+01
4.,90360+71
8.5000D+01
1.1556D+02
Ne9791D4+01
1.5223D+4+02
1.80000+02
1.64010+02
1.68660+02
1.6866D+02
1.1027D+02
8.,5000D+01
9. 09890401
9424890491
1.1828D0+02
1.48360+02
4¢9036D+01
9.24 86D +01
4490360+ 01

ENTHALPY

2¢31370+01
19597D+0
S+2493D+02
S«2890D+01
8.33290+01
349212D0+01
S«39780+01
1647920 +02
1.3184D+02
S.6002D+02
6446260 +01
4,8807D+01
S5.2890D0+01
$+3845D+01
345844D+01
S.0484D+01
529890 +01
3.5844D+01
S.3509D0+02
3458440401
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Table B.6 (continued)

52

IS LESS THAN FTOL

FLOW RATE

4.,0210D+02
4.,02100+02
2.9105D+00
S«93 00D+01
S.93000+01
4.3700D+01
4.37000+01
1.1860D+02
1.1860D+02
2+49105D+00
4.0789D+01
4,0789D+01
2+5620D+ 02
2¢5620D+92
2.9105D+00
4.0934D+01
4.,3615D+01
2491050+00
2491 05D+00
2491050+ 00

CONCENTR .

0.0000D+00
0.0009D+00
0.0000D+0C
0.0000D+00
0.0000D0+00
S5e9477D+01
59477D+01
0.0000D+CO
0.00C0D+0C
0.0099D+00
643721D+01
6437210401
0.0000D+00
0.0000D0+00
7.0000D+00
6.3496D+01
S5¢9593D+01
0.0020D0+00
0.00000+00
0,0000D+00

THE EQUIVALENT HEAT TRANSFER QUANTITIES

FOR EVERY

oL P Wwhh~O
<P0O00IMm

e wWwhe
<»>»0o0IxIM

TYPE

UMIT

UA

EFF

PRESSURE

0.0000D¢00
0.0000D+00
1.0377D+00
0.0C 000+00
0.0C00D+00
1.0377D%00
3.74G89D+00
0.0000D+00
C.0000D+00
3.74990+00
3.7499D+00
1.0377D+00
0.0000D+00
0.0V COD+00
3.73499D0+90
1.0377D+00
3474990+ 00
1.,0377D+00
3.7499D+00
1.0377D+00

CAT

VAPOR FRo

0.0000D+00
0.0C00D+CO
1.000CD¢+0C
0.0000D+00
0.00000+00
0.0000D+00
0.00000+0C0
0.0000D+00
0.00000¢CO
1.00000+00
0.0000D+00
0.0C00D+CO
0.,0000D+00
0.,0000D0+00
0.000CD+00
0.00000+00
0.00000+400
5.04550-02
1.0000D+00
5.0455D-02

LMTO

TYPE

3.6446D+02
4 .8758D+401
1.,4255D+02
4,0371D+02
253240402
1.9362D+02

HEAT TR ANSFER

1.,4235SD+03
6.4524D+02
19072D+03
1 «S256D¢03
1.8CS0D+03
0.0000D400C

S +9990D~-01
Be4790D0~-01
6.41800-01
7 .99830-01
9.1830D0-0C1
8.C0000~01

EQ. DEV.,

23862D+00
1.0476D+01
1.1335D+01
1.4992D+00
271930400
117770400

[PINCH

3.9057D+00
1.3233D0+01
133790401
3.7237D0+00
7.1278D+00
2.92710+00

0.000D+00
0.000D+00
00200D+00
0.0N000+00
0.020D0+20
0. 0000 +00

-1
-1
1

1
1
0
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Table B.7. Data for a single stage chiller NH,-H,O cycle with a rectifier (see Fig. B.3)

SINGLE STAGE CHILLER NH3-H20 WITH RECTIFIER

INPUT AND OQUTPUT IN BRITISH UNITS

TOLERAMNCES IMN Fy X 1.0D-05 1.0D-08
NO. OF UNITS 8
NO. OF STATE POIMTS 26
1 S 2 0.6000 1 0.00J0
20 3 1 2 18 0 0
2 3 2 0.8480 -1 0.GC0CO
6] 7 11 12 0 0 0
3 2 2 0+6420 -1 0.00CO
21 23 8 9 11 17 0
4 4 2 D.800C -1 0.0COD
10 1S 13 14 19 0 0
S 1 2 0.9180 1 00000
12 3 4 S 6 16 0
(&) 6 0 0.0000 0] 0.00C0O
15 20 0 v} 0 o 0
7 9 2 07410 1 0.0000
23 10 24 25 22 26 0
38 7 " 0.0000 0 C.C000
7 22 21 0 0 0 0

STARTING POINTS

1 3 0 60.0 o] 47 « 94 0 CeC 0 0.0 0 0.0
2 3 1 55«0 o 27494 0 Q.0 0 0.0 0 0.0
3 2 1 9S0.0 € ¢ .50 S 100.0 3 83.0 0 1.0
4 3 ¢ 85." (o] 9.:06 (¢ 0.0 ¢ 0.C c 0.0
5 3 1 12000 0 Q.06 2 0.0 0 0.0 0 0.0
6 2 1 110.9 0 3.00 9 50.0 3 83.0 0 0.0
7 2 1 176.0 c 3eCC 9 50.0 2 2CcC.C 0 0.0
8 3 0 220.0 0 964 ¢ 0.0 0 N0 0 0.0
9 3 1 180.,°0 o Q.64 e 0.C C 0.0 0 0.0
10 2 2 97.0 6 0.50 5 100.C 2 200C.0C 9] 1.0
11 2 4 200.0 2 2450 2 40.0 2 200,90 0 0.0
12 2 1 12040 2 2 .50 2 4049 3 83.0 0 0.0
13 3 0 85.9 0 48 «6 6 0 2.0 0 C.0 0 O.C
14 3 1 QC.0 0 48446 0 0.0 0 0.0 0 0.0
15 2 1 6.0 6 0«50 5 100.0 2 200.0C 0 0.0
16 2 1 14140 0 250 1 57.0 2 83.0C c 0.0
17 2 1 16842 0] 0.0 i S57.0 2 200.0 0 CeO
18 2 3 47.0 6 0«50 5 100.0 32 83.0 2 O.1
19 2 2 97.0 6 0.50 S 100.0 2 200.¢ 0 1.0
20 2 3 47.9 6 0«50 S 12040 3 83.0 2 Oel
214 2 1 17640 1 3.04 1 50.0 2 200.0 0 0.0
2 2 4 20G.0 1 0.04 1 40.0 2 20¢C.0 c 0.0
23 2 4 27090 S 0«54 4 90640 2 200.0 0 1.0
25 3 1 19%.90 0 0.60 0 0.0 ¢ 0.0 c 0.0
26 2 4 20C.0 S 0.54 4 96.°C 2 200.0 0 1.0
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Table B.7 (continued)

ITERATION NO.
IER = 1
EUCL IDEAN NORM OF FUN

15

TEMPER. ENTHALPY
6+0000D0+01 2.8C87D+01
S5¢6362D0+01 2.4485D+01
4.527004+401 S.54210+02
8,5000D0+01 5.2890D+01
1.13650+02 8.,14200+01
9.4870D4+01-4.2262D+01
1.71050+02 4,1398D0+01
2.20000+02 1.8830D0+902
1.88320+102 1 .5630D0+02
9.0662D+01 SeS7990+02
1.9457D+02 7.1213D+01
1,1002D0402-2434960+01
8.5000D+0! S.28900+01
8.8612D+01! 5.6481D0+01
8.6132D+01 6.08300+01
1.162174+02-1.7383D+01
1.70650+02 4.0975D+01
231750401 6.08300+01
9.0662D+01 5.3799D+02
2.3175D+01 6.0830D+01
1671280402 4,1677D+01
169457D+02 7.1213D+01
1.94S7D+02 6.50310+02
8.5C00D+01 S.2890D+01
1.661904+02 1 .3403D+02
1.94570402 6.5031D+02

78

IS LESS THAN FTOL

FLOW RATE

4.,79400+01
4,79400+01
3.49980-01
9,C6000+00C
9.06000+00
3.0000D+90
3.00000D+00
9.64000+00
9.64000+00
3.4998D0-C1
26500D+00
2.6500D04+00
4.8460D0+01
4,8460D+01
344998D-01
2.6784D+00
3.0248D+00
3.4998D0-01
3.4998D-01
3.4998D-01
3,02830+900
2.82 79D~ 02
3.78260-01
6.0000D-01
6.0000D-01
3.78260-01

CONCENTR «

Cc.CC00D+00
0.00000+00
9.99590+C 1
D.C000ND+00
0.00C0D+00
4.5584D+01
4.55840+01
0.0000D0+C0
0.00000+00
9+9959D+01
3.8403D+01
3.84030+01
72.0003040¢C
0.09003D+00
9 «3959D+C 1
3.9054D+01
4.5460D+01
999530401
99590401
9.9959D+01
4 .5517D+01
3.8403D+01
F5357D0+01
0.0000D+00
0.00000+00
9.5357D+01

THE EQUIVALENT HEAT TRANSFER QUANTITIES

FOR EVERY UNIT

PRESSURE

C.00COD+0C
0. 2000D+00
5.17960+01
0.CcCOCD+CC
0.3C 00D+00
Se1796D+01
1.69240+02
0+0C 00D+ 00
0.0C COD+00
1.6924D4+02
1.69240+02
S5.17G6D0+01
C.CC000D+0C
0.20000+00
1.6924D+02
Se1796D+C1
1.6924D+02
5.17960+01
1.09240+02
S5.1796D+01
1.6924D+02
1.6924D+02
146924D+02
0.00000+00
0.3C 0CD+00
1.69240+402

VAPOR FR.

C.00000+0C
0.0000D0+00
1.00000+00
C«0000D+50C
0.00000+00
0.0000D+00
0.0000D+00
0.0000D+00
Cs0C00D+0"
1.0000D+C0O
0.0000D0+00
0.C000D+00
C+0CO00D+0Q0
C«.0000D+00
0.0000D+00
0.0000D+0C0
0.0C00D+00
1.28290-01
1.3000D+00
1.2829D-01
0.0000D+00
0.0000D0+00
1.00000+00
0.00000+00
C«0C00D+00
1.0000D+00

N3. TYPE UA EFF CAT LMTD

1 £ T¢S9910+4C9 5.0000D0-01 1.4730D+01 2.272320+01
2 H 163186D0+01 8.48000-01 1 451540401 1.9033D0+01
3 D 1 4473504+01 6.4200D~-0C1 1 .766€D 401 2.1313D+C1
4 C 1.125320+02 8,00000-01 1.1324D+00 1.,5462D0400
3 A 477240401 F41800D0-01 2.5592D4+00 5.41620+00
o v 0.0000D+00 0.0000D+20 C(.00000400 C.CQCO0D+0O
7 R 8.1006D0-01 7.41000-01 2.8379D0+0! 6.C100D+01
3 " 0.0000D+00 0.,0000D0+00 0.000CO+00 0.,00000+00
NO. TYPE HEAT TRARNSFER EQ. DEV. IP INCH

1 £ 1.7267D+02 0.0000¢09 1

2 H 2450980+02 0.0000+00 -1

3 o) 3.0849D+02 0.00CD+00 -1

a8 C 174C0CD+02 0. 000D +00 -1

S A 2458480402 0+.09270+00 1

6 v 0.00C0D+00 0.0000+00 (¢}

7 R 4.868SD+01 0.000D+00 1

3 M 0.00C0D+CO 0.92920D+90 0
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Table B.8. eia for a double stage heat transformer LiBr-H,O cycle (sce Fig. B.4)

DGUBLE STAGE HeTs L IBR=-H20
INPUT AND OUTPUT IN BRITISH UNITS
THE BRITISH UNITS ARE

TEMPERATURES (T) IN DEG F
MASS FLOWS (F) IN LB/MIN
CCHNCENTRAT I0OM (C) IN PERCENTS
ENTHALPIES (H) IN BTU/LB
PRESSURES (P) IN PSIA
HEAT QUANTITIEZS (Q) IN BTU/MIN
TOLERANCES IN F, X 1.0D~05 1.0D0~-08
NMOe OF UNITS 13
NOe. OF STATE POINTS 25
1 1 2 0.5990C 1 0.0000
7 8 30 9 4 12 0
2 S 2 0.,599¢ -1 0.0000
10 8 i 2 33 0 0
3 3 2 0.7994 1 0.0000
6 7 4 S 0 0 0]
4 1 2 0.9007 1 0.0000
17 18 13 19 14 22 0
5 5 2 04799G -1 0.0000
11 18 32 3 34 0 c
6 3 2 De9028 1 0.,0000
16 17 14 15 0 0 0
7 2 2 0.5504 1 0.0000
25 27 20 21 26 29 o]
8 4 2 Q¢5997 1 00000
27 28 23 24 35 0 o]
9 7 0 0.0000 ¢ 0.00009
15 5 25 o] C 0 0
10 7 0 0,0000 ) 00000
31 3 30 0 0 0 0
11 8 0 0.0C00 0 0.0000
10 11 28 e ¢] ¢ 0
12 8 4] 0.0000 0 0.0000
13 32 9 ] 0] 0 0
13 8 0 0.0C0C 0 0.0090
16 6 26 0 0 0 0



STATE
POINT

NMPUN—OVONINPUN~IVRNOULPUN~-OOENOGBIL LN~

(W ULWWUWENON I [Y = 0 e e e o 0= 00 e e

LAST ITZRATION NO.

IER =
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Table B.8 (continued)

Is

1
EUCL IDEAN NORM OF FUN

TEMPER.,

1.40000+02
1.3300D+02
1.63780+02
1,72580+02
1.42470+02
1,27920+02
1.63620+02
1.283204+02
1.76590+02
7.2963D+01
729630401
1.88570+02
1.76590+02
2,0833D+02
147260+ 02
1.2762D+02
2.0051D+02
1.6057D+02
2,2C29D+02
1.400004+02
1.3187D0+02
2425110+ 02
S«900004+01
6.73740+01
1.44120+02
1.27920+02
1.27920+02
7.2963D+01
113140402
1.5871D+02
1.4000D+02
1.76€90+02
1.2832D+02
1+6057D+02
722963D+01

ENTHALPY

1.0776D+02
1 «007S5D0+0Q2
1.3161D+02
7.122S0+01
551490401
S«1102D+01
648959D+C1
1.1166D+03
1.444GD0+02
4,0937D+01
4,0937D0+01
8.1012D0+0C1
1.4449D+C2
9.,0396D+01
5.7700D+01
S.1102D+01
8.74470+01
1.1302D+03
1 .8860D+02
1,0776D+02
9.9619D+01
9.95040+01
270970401
365394D+01
5.60290+01
Se1102D+01
1.1175D0+03

1.,2651D+02
1.0776D+02
1.4449D+02
9 .6072D+01
1.2839D0+02
129270+03

85

IS LESS THAN FTOL

FLOW RATE

1.26090D+01
1.26000+01
3.6800D+0C0
8.23100~01
8¢2310D0-01
7.4100D0-01
7.41000-C1
B842096D- 02
4.68000+09
8.2096D-02
4.3527D-02
7e4962D-01
1.00900D+CO
4,33530-01
4,33530-01
3490000D-01
3.909200-01
403527D0-02
1,0000D+CC
1.57000+01
1.57000+01
3¢94560-01
1.63000401
163000+
125660+ 00
1.13100+00
1.2562D0-01
1e2562D0~01
1,2377D+00
4.6800D+00
1.0000D40Q0C
346800D+00
8.2096D-02
4+3527D0-02
1.2562D~-01

CONCERNTR «

0.0000D0+00
0.0000D+00
0.00000+00
4,8779D4+01
4.87790+01
S«4183D+01
S.4184D+01
D.0000D+CC
0.0002D+20
CeJd000D+CO
0.,0000D0+C0O
S«35600+0 1
0.00000+CC
4.8744D0+01
4 48744D+C 1
5.41840+01
S«4184D0+01
0.0000D+CO
0.00QCD+CC
0.00000+00
0.02020+00
S5.3557D0+01
0.0000D0+00
0.00000+0C0C
4.8767D+01
Se4184D0+01
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Table B.8 (continued)
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Figure B.5. Double effect chiller.
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Table B.9. Data for a double stage chiller LiBr-H,O cycle (see Fig. B.5)
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Table B.9 (continued)

LAST ITERA{ION NOe IS
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EUCLIDEAN NORM 0OF FUN

TEMPER.
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« 07280402
+0403D+02
o1
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1.4898D+02
1.4897D+02
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1.,4634D+02
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IS LESS THAN FTOL

FLOW RATE
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S.54300+C1
S.5430D0+01
0.0QCO0D+CO
0.0000D+00
0.0000D+C0C
S.6762D0+01
551340+0C1
0.0000D+CO
0.0000D+00
0.0000D+00
0.0000D0+00Q
0.00000D0+00

NOOD+00
0.,00000+CC
0.0000D+00

PRESSURE

1. 8985D~-01
1.8985D~-01
0.0C00D+00
C.000CD+0C
1.89850-01
1.8985D-01
1.8985D0-01
6.4769D-01
6. 47690-01
C0,0000D+ 900
0.0000D+00
60 47 690-01
34 9268D+00
3.9268D+00
Ce JC 00D+00
0,00 200D+00
2.9263D+00
3.9268D+00
3.92680+00C
3.5268D+00
1,8985D-01
6.4769D~01
0.009200+00
0¢Q000D+00
6e 4769D-01
1.8985D0~01
1.89850-01
Q.CC00D+0Q0
0.0C000+0C
1.89850~-01

VAPOR FRo.

C.0000D+00
1.,00000+00
0,0000D0+00
C.0000D+CO
0.0000D+00
C.0000D+00
C.C000D+00
0.0000D+00
1.0000D0+00
0.2000D+00
0.0000D+00
0.90000D+00
C.J0000D0+00
1.0000D0+400
C.”2000+00
0.003CD+00
0.00000+00
Cs0000D+CO
C.0000D+00
1,00000+00
Ge4121D-02
0.0000D0+00
0.0000D+00
0.0000D+00
1.0000D+00
3.3488D-02
6¢50090-02
0.00000+00
0.0000D+00
6¢5009D0-02

1.4516D+02 S5.9893D+01 2¢3660D+01 5,4346D+01 €.4769D-01 0.,00000+00
THE EQUIVALENT HEAT TRANSFER QUANTITIES

FOR EVERY UNIT
NO, TYPE UA EFF CAT LMTD

1 E 6.4022D+02 B8B.,0000D~01 6454720-01 1.6272D+00
2 A 120020402 B8.CCCOD-01 5+5695D+00 1.C955D+01
3 D 541192D+02 B8.0000D-01 1417770400 1.5860D0+00
4 D 4 3388D+02 B8.0000D-01 1.,6891D+00 1.8713D+400
5 c 4.3116D0+02 8,0000D0-01 5.2890D-01 1.3145D+00
6 C 1.9362D+02 B8.0000D-01 1417770400 2.9271D+930
7 H 4.98810+01 8.,0000D-01 1.2147D+4+01 1.3886D+01
8 H 4,0624D0+01 B,6C00D=-01 1.S793D+01 1.7051D0+01
9 M 0.0000D+00 0+0000D+00 007000400 0.0000D+00
10 v 0.000CO+00 0.0000D+00 0.0700D+C0 0.,0000D+00
11 v 0.0000D+0C 0.0000D+00 (©.000CD+00 0.CO000D+0Q0
NQ . TY> HEAT TRANSFER EQs DEV. IPINCH

1 E 1.0418D0+03 0.000D+00 -1

2 A 131500403 0.C0CD+00 1

3 D 8.1192D+92 0. 0N0OD+00 -1

4 D 8.1192D+02 0.000D+400 -1

5 c 5.6676D+02 0.C00D+00 1

6 o SeG6ETED+02 0.0000+00 1

7 H 6.9267D+02 0.000D+9%0 -1

8 H 6.9267D+02 0.000D+00 -1

9 M 0.0000D0+00 0.000D+00 v]

10 v 0.0000D+00 0.0000+00 0

11 v 0.00000+00 0.000D+00 0



APPENDIX C: USERS' MANUAL

Section 3 describes the structure of the input to the program, and an example is given for
a single-stage LiBr-H, O chiller. This manual describes in detail the parameters required on
each card of the input, their mathematical symbols, and their formats. The reader is encour-

aged to follow the examples in Fig. 2 and Table 1 while reading this manual.
C.1 GENERAL PRELIMINARY INPUT

The first card allows the user to supply a problem title. If no title is desired, input

“blanks.” Th: card has the following format.

Columns 1 2-71
Title ATITLE
card
Format 1X A70
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 31-40

Scaling TMAX TMIN FMAX PMAX

parameter

card Format F10.1 F10.1 FlG.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

g7
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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
Control MAXFEV | MSGLVL IUFLAG FTOL XTOL
card

Format 15 15 15 D10.1 D10.1

Explanation

MAXFEV Maximum number of iterations allowed before

termination.
MSGLVL Integer flag controlling the printing of

intermediate results
¢ & 000 00 00 0 0
0 No intermediate results are printed.
n Intermediate results are printed
every niterations

IUFLAG Integer flag indicating the system of units used
for the input and final output resulis
(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

=4 Input in SI units; output in British units

FTOL Convergence tolerance on the value of the

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

XTOL Convergence tolerance on the values of the varia-

>0 bles. Exit from the solver routine occurs when the

relative error between two successive iterations
is at most XTOL.

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 staie points
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C.2 UNIT 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 16-25 26-30 3140
- Unit NU IDUNIT IHT HT IPINCH DEV
1.D.
card Format 15 15 15 F10.4 15 F10.4
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
- =8 Splitter
’ =9 Rectifier
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
=+1 Pinch at hot end
=0 Program decides the location of the pinch
DEV Temperature deviation from the equilibrium state

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 sukroutine. The card has the following format.
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Columns 14 5-8 9-12 13-16 17-20 21-24
State ISP-1 ISP-2 ISP-3 ISP-4 ISP-5 ISP-6
point
order
card Forrnat 14 14 14 14 14 14
Explanation
ISP State point number to be listed in the order 1 to 6,
corresponding with the unit subroutine

C.3. STATE POINT INDEX

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 tempera-
ture, mass flow rate, concentration, pressure, and vapor fraction in 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 15 15 14 F6.1 14 F6.1

Columns 31-34 3540 4144 45-50 51-54 55-60

ICFIX C IPFIX p IWFIX w

Format 14 F6.1 14 F6.1 14 F6.1

Explanation

NDUM State point number in the cycle diagram

KSUB Type of working fluid

=1 LiBr-H,0 solution

=2 H,0-NH,4 solution and vapor

=3 H,0 liquid and vapor

=4 LiBr-H,0-NH, solution

=5 LiBr/ZnBr,-CH,OH solution

=6 CH,OH liquid and vapor

=7 LINO,/KNO,/NaNO,4-H,0 solution
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ITFIX Integer index for temperature
=0 Fixed temperature
=1 Variable temperature, not equal to the temperature at
any other state point
>2 Variable temp. State points for which this integer is
the same have identical temperatures
T Initial value of temperature
IFFIX Same as ITFIX, for mass flow rate instead of temperature
F Initial value of mass flow rate
ICFIX Same as ITFIX, for concentration instead of temperature
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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