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SUMMARY

Absorption heat pumps, first develoned in the 19rh century., have received f_rowing

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 valuable 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 thermodynamic 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.

xiii



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

double-stage, and dual-loop heat pumps and heat transfomlers, using the working fluids

LIBr-H20, H20-NH 3, LIBr/H20-NH a, LIBr/ZnBr2-CHaOH, and LINOa/KNOa/NaNOa-H20.
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ABSTRACT

A computer code in a flexible and modular form developed for sinmlation 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 simulate a variety of single-stage,

double-stage, and dual-loop heat pumps and heat transformers, with the working fluids

LiBr-H20, H20-NH 3, LiBr/H20-NH 3, LIBr/ZI_Br2-CH3OH, 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

utfllzed as a source of power In preference over mechanical energy. Thus, absorption beat

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 utll_e 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 [1-61. The results of some of them have been compared with

experimental data and found to agree. The codes were all system specific: that ts, they were

written to simulate one particular system with a particular design, flow arrangement, and

working material. Their structure diel 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 develop a flexible computer simulation code

capable of simulating absorption systems in varying cycle configuratlmis 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 achieve this goal and described the early

results with three cycle configurations and two working fluids.

This report describes the present status of the code wlth 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 ali

the physical equations required to fully describe its behavior, such as energy balance,

consera,ation 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 to

the program an "image" of the cycle to be sinmlated: the number and types of units contained in

it; their lnterconnections; 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, lt then calls the unit

subroutu_es, thereby establishing the system's governing equations. The unit subroutines refer

to the property data base as illustrated. Ali 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 apl)lied to

direct the solver toward the physically valid solution. The output contains (I) tile 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.





In developing the sinmlatlon code, the following tasks had to be attended to: (1) develop

the program logic; (2) develop a mathematical simulation o_ 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 tile

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 flowsheetfng programs commonly used by the chemical industry,

the present program does not require the user to do any programming. Furthermore, stnce ali

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't to worry about tile 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-H20

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:

• 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 ali 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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Figure 2. Schematic _.epresentation of a single-stage LiBr-H20 chiller.



Table 1. Data file for a single stage chiller LiBr-H20 cycle (See Fig. 2.)

S INGLE STAGE ChIILLER LIBR-H2(]

I 80.0 50.0 405.0 5.0

500 0 1 l ,OD-06 1,00-09
6 2O

1 5 1 562.1 000 -I 0,0000

20 3 1 2 18

2 3 2 0,7200 0 0.0000

6 7 11 12

3 2 4 9 °9379 -i 0.0000

7 I0 8 9 II 17

4 3 2 ,5000 1 0,0000

IO 15 13 14 19

5 1 2 0.9183 1 -2,,0000

12 _ 4 5 6 16

6 6

15 20

l 3 0 55, 0 t_02,1 0 O. 0 0,0 0 O,

2 3 1 60. 0 402.1 0 O. O 0,0 0 O,

3 3 3 60. 3 3.7 0 0 • 3 l ,0 0 I •

3 0 85, 0 59,3 0 O, 0 0,0 0 O.

5 3 1 60. 0 59.3 0 0 • 0 0.0 0 O.

0 I 1 60, 0 23.7 3 _5. 3 I ,0 0 O.

7 I I 60, 0 23,7 3 45, 2 3,0 0 Q,

8 3 0 180. 0 118.6 0 O, 0 0.0 0 O.

9 3 1 60, 0 118,6 0 O, 0 0,0 0 O.

lO 3 2 60. 3 3,T O O. 2 3.0 0 I.

I I 1 2 60, 2 20. 2 55. 2 3.0 0 O,

12 I 1 60. 2 20. 2 55. 3 1,0 0 O,

13 3 0 85, 0 256,2 0 O, 0 0,0 0 0-

14 3 1 60, 0 256.2 0 0_, 0 0,0 0 O.

1 5 3 4 60. 3 3.7 0 O* 2 3.0 0 0-

16 I I 60, 0 O* 1 54. 3 1.0 0 0-

17 l 1 60. 0 Oo 1 <L6. 2 3.0 0 O°

18 3 3 60. 3 3,7 0 O, 3 I .0 2 0,I

19 3 4 60, 3 3.7 0 O, 2 3,0 0 I.

20 3 3 60, 3 3,7 0 O, 3 1 ,0 2 0,I
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• Unit hlput consists of two cards for each of the units in the cycle. The first card shows the

unit number, type, and hvat 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 file 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 coefficient times area), the

effectiveness, the CAT (closest approach temperature}, or the L/If/'D (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 = 0 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, concentr'_tlon, 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 unkmown, 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 lb/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 initial guess of 60.0'F, an unknown flow rate
L
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COUNTERFLOW (TYPE 3)
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Figure 3. Schematic description of individual units forming absorption systems.
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with an initial guess of 3.7 Ib/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 OIYFPIYF

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 -- 0 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, tile values of all dimensionless variables and equation

residuals upon convergence are printed following the convergence code.



13

Table 2. Sample ouput file for a single stage chiller

LiBr-H20 cycle, with MSGLVL = 0 (See Fig. 2.)

SINGLE STAGE CHILLER LIBR-H2O

lt'IPUT AND F)UTOUT IN BRITISH IJNITS

THE BR ITISH UtJI TS AI_E :

TEMPERATURES (T) IH DEG F

MASS FLOWS (F) IN LB/MIN

CONCENTRATION (C) II'l PERCENTS

ENTHALPIES Iii) IN BTU/LO

PRESSUR ES (P) IN PSIA

IIEAT QUANT ITIES (Q) IN BT[I/MIN

TOLERANCES IN F, X I .0D-06 !. 0D-09

NO, OF UNITS 6

NO, OF STATE POINTS 20

1 5 1 662,1000 -1 0,0000
20 3 1 2 18 0 0

2 3 2 0,7200 0 0 .0000

6 7 11 12 0 0 0

3 2 Z_ 9,9379 -1 0 ,0000

7 10 8 9 11 17 0

4 4 3 2,5000 1 0.0000

10 15 13 14 lC) 0 0

5 1 2 0.91 83 I -2.0000

12 3 _ 5 6 16 0

6 6 0 O. O0 O0 0 0 .0000

15 20 0 0 0 O 0

STARTING PO INTS

1 3 0 55, 0 0 402 ,I 0 0 0,0 0 O. 0 0 O,C

2 3 I 60.0 0 402.10 3 0.0 0 0,0 0 0.0

3 3 3 60,0 3 3,70 0 0.0 :3 I ,0 0 I ,0

4 3 0 85.0 0 59.30 0 0,0 0 0.0 0 0.0

5 3 I 60. 0 0 59,30 0 0.O 0 0.0 0 0.0

6 1 I 60. 0 0 23.'3 3 _5.0 3 1.0 0 0.0

7 I 1 60,0 0 2.3.70 3 45,0 2 3,0 0 0.0

8, 3 0 189,0 0 118.,60 0 O.C 0 O,C 0 0,0

9 5 I 60. '3 0 118,60 0 0,0 O 0,0 C 0,0

10 3 2 6__,0.0 3 3.70 0 0.0 2 3.0 0 1.0

11 l 2 60.0 2 20.00 2 55,0 2 3.0 0 0.C

12 ! I 60. ) 2 20 .00 2 55.0 3 t, O 0 0.0

13 3 0 85, 3 0 256.29 0 0,0 0 O, 0 0 0.9

14 3 I 6C,0 0 256.20 0 0,0 0 O,O C 0,0

15 3 4 60.0 3 3.73 :) 0.0 2 3.0 0 0.O

16 1 1 60, 0 0 O,OC I 5_.0 .3 1.0 0 0,0

17 I I G2. 0 C 0.00 l 46.0 2 3.'2 0 0,0

18 3 3 60.0 3 3.1"0 ,3 0.0 _ 1.0 2 0.!

19 3 '4 60,0 3 3,7.) 0 0,9 2 3.0 0 1.0

20 3 3 60,0 3 3,70 0 0.2 3 l.C 2 0.I
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Table 2. (continued)

LASl" ITERATION NO. IS 125

IER - I
EUCLIDEAN NORM ']F FUN IS LESS THAN FTI3L

STATE TEMPER. ENTHALPY FLOW RATE C[)NCEINTR. PI_ESSURE VAPOR Fk.
PO INT

1 5.5000D+01 2.3137D+0! 4.0210D*02 0.C000D.00 C.0000O+CC 0.]000D+00

2 5.1264D+01 I .QI_00+01 a. O2lOD*02 O.03OOD+O0 O.0300F)+O00.GOOOD,-O0

3 5.0391D+01 I .08303+03 1 .4552D+00 O.OO90D+O0 I .8069D-OI I .O000D+O0

:_ 8._000D+01 5.2890D+01 5.9300D+01 0.00O0,.)+00 C.C0 30,")+00 0.0CO0D+00

5 1.1639D+02 .B._I58D+01 5.930094-01 0.0000D+00 0. 00 001:4-0'3 0.O000D+,)0

6 1.04109+02 _,09,_4D+01 2,37000*01 5.5353DI-01 1.806OD-OI O,OCOOC_-OO

? 1._5929+02 6.1%45D.01 2, 370004-01 S.5353D.01 7.81 13,")-01 O.CO00D+O0

8 I,.)0009+02 I .z,ZC)2D_-02 1. 18_0D4-92 O,O000D4-O0 O,OCOOD+O0 O,OOJOt).O0

(9 1,6381D_02 t.-$164D_-02 1,18601D4-02 O,O000D{O0 0,0000[3+00 O,O000D+O0

tO I,,69103+02 I .1357D+03 1.4552D4-00 O.0000?+00 7.81 13D-Ol I .O0CCD_-C0

I1 1,6910D+02 7.7968{)_-0| 2.2245D4-01 5.8974D+.31 7.8113D-_I O,O000D+O0
12 1,2230D+02 5.6083D+01 2,2245C)+01 5,8'974D4-01 1.8069C-c,I 3.O00CD_OO
1 3 8,50000+01 5.2890D+01 2o5620D.02 O,O00OD+OO O,O300D+O0 O.O000D+O0
14 9.1137D+01 5,899104-01 2,5620r94-02 0.9930.0+00 O,.)O00D.O00,O000D+O0

t5 9,3637D +01 6,1_79D+01 I, 4552D+C. 0 0,0'9'301D+00 7,81 13D-C1 O.O000D+O0

16 1,1919(D+02 5.4753D+0 ! 2.2216D+01 5,9051D+01 1,8069D-0! O,CCOCD+O0
17 1.54789+02 6.5561D_'0! 2,3791D4-01 5,514 19+0 ! 7.8l 13D-OI O,O000D+09
18 5,03919+01 6.1z_79D+O1 l,Z_552D+')O O,090.)D+O0 1,8069D-01 4,0305D-02

1 9 9,36370+01 I .1017D+03 I ._552D+00 0,00939+00 7.81 13D-01 I ,O00OD.O0

20 5.0391L)+01 6,1_790_-0! I._552D_-')0 C,0900O+O0 1,8069D,-01 4,03050-02

TIIE CQ'31VALCNT HEAT TRANSFER QUANTITIES

FOR EVERY UNI T

NII, TY. _ E UA EFF CAT L MTD
1 E 6,621 DO+e2 8,10650-0! 8,7275D-01 2,;'452D+00

2 H ?,3660D+01 7',209.)D- 3 I 1 ,0176D+01 2,0577D+01
3 D I .9428D.02 6,'% 18')D-0 1 9,0343D+00 9,9379D +')0
z_ C 3 • I5-ZgD.02 7,I054D-01 2,5000D+03 4.9500D+00

5 A 2, 1705D+92 9,1830D-31 2,7931D+00 8,5072D+00

6 V 0 .OO90D+(_O ").O 09 r_r)+,90 O.O000D+O0 O.OOOOD+_ 0

t,IO, TYPE HEAT TRANSFER EQ, t)EV. IQINCH

I E I ,4866D+ )3 O,O00D+)O -I

2 rl 4_.868 3D+02 3, O)3D + )0 -I

J D 1 • 9308D.)3 O..3JODt-3 ) -!
¢ C I .B632D.')] ,),,_O')D+ 1,3 l

5 A I • 8L54-?__'9.,33 -2.030D+ )O I

6 V 0. 3tO OO+.')O O, 390_ +.)0 0



15

Table 3. Sample output file for a single stage chiller

LiBr-H20 cycle, with MSGLVL = I00 (See Fig. 2.)

SINGLE STAG[-- CHILLER LIB_-I120

INPUT AND OUTPUT IN DR lT I.SH 'J._IIT3

TIIE [3RITISI4 UNITS ARE :

TEMOERATURES (T) It; DEG F

t,IAS S F LO WS (_ ) I ',I L 9/'.1IH

CONCENTRAT ION (C) IN PERC_'NTS

ENTI4ALP I ES (H} Iii BTU/LP

PRESSURES (P } IN P SI A

fIEAT Qs,AHTIT!:S (Q) IN BTt!/MIN

TDLEPA,',ICE. S I._lF, × I .0D-06 I, 33-09

:,lC. CF U r,ITS 6

"If,].GF STATE PFJIINTS ZO

I 5 I 662. I _,..00 - I C'.r..)0 3

20 3 I 2 I 8 0 3

2 3 2 0 •72 O0 0 0 .0 CO 9

6 T' ii 12 0 0 3

3 2 _ 9.9379 -I O.00r'. O

7 19 8 9 II 17 0

_ 3 2 .5",., O0 I n_ .r'C. )0
I0 15 13 14 19 0 0

5 I 2 O, 91 83 I -2 , C O0 0

12 3 4. 5 6 16 0

6 6 n C • )C ,]O O ..",30".,.,]

15 ___0 0 D 0 0 O

5TA_RT LNG PCINTS

1 3 9 55,0 0 _92 ,1 0 0 ,).? m, C.O 0 9,0

2 3 1 60, 3 0 _O?,l O ,3 O, ] 0 O,O 0 3.0

3 ;3 3 (_O.O 3 3.73 3 9,0 _-4 1.0 0 1.0

4 3 3 ,35, 0 0 59,3 ) 0 O,O 0 0.0 0 O.O

5 3 I ¢.,0,3 0 5'?,30 3 0,5 O 0.0 0 0.0

6 I I 'SD. 3 '". ,...-,"_"" ,"."" 3 45.0 "3 .,,n_ ) 0,0

7 I 1 60, '3 C 23 ,7C 3 4 5,,3 2 3. C 0 C.O

8 ] 0 183.') 0 1 Iri,G0 0 '],'D 0 0,0 0 0,0

9 3 t 60, 3 3 11 3,C,? '_ ),O '3 0,,_ 0 0.0

10 3 o 6'3. _ _ .3.70 n ,:.0 2 "" 0...... -_, . 1.0

II I .._ 6r_.o. 2 "O,OO ,-__ 5.%,0 _.° 3. 3 0 0.0

12 I 1 6'D, ) 2 _-_3,_3. .._ 55.0 .3 ','". _ 0 n,n,.

! A 3 l b n.. ) 3 _.-''3& ..-' '3 ') '," • ) .'_ 0 • 0 ';_ 0 • 0

1S 3 Z_ 6 3,,3 ._ ?, .7 3 ') ,3.'.) 2 .3, O 0 0.0

16 1 1 _50, J 0 0 ,3'2, 1 5¢,0 3 1,q C C.O

17 1 1 '50. '3 0 ,3.0.3 1 "_(,,O _ q.:9 0 0,0

18 ,3 3 6C.. 3 3 .3 .r _ O '3.0 .3 1.0 2 0.1

19 3 4 _0.'? .3 3 ,"'3 ,3 O.C 2 3, 9 O l,O

23 3 3 Gr,.,] 3 5 ,7 3 ', 2.2 2 1,0 2 O, I
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Table 3. (continued)

STAP. T ING POINTS AFTF-I'-"C{"PISTRAINTS WERE APPL. IED

I 55, 0 0

2 ,54,9 I

3 5&,3 3

a_ 85,0 0

5 85. I 1

6 85.! 1

7 85,2 1

8 180.0 0

9 60,1 1

10 85.2 2

I I 35, -"_ _"

12 85.1 I

t3 35.0 0

14 85, I I

[5 85.2. 4

16 85, I 1

17 59*9 1

IS 54,8 3

19 85.2 4

20 54 • 8 3

,"lO, QF VARI AE_LES 21

NO, OF TEMPEPATtJqES I 2

NI.), OF CONCENTRATIONS 4

NO, OF FLOWS 2

NO, OF PRESSURES 2

NO. OF VAPOUR FRACTIONS 1

..)
TOTAL NO. OF EQLIATIONS OR FUNS ,-3

;'lO. OF NON-L. II'IEAR EQUAT [OI'IS 18

.,'40, OF VARIABLES 21

_I0, OF REDUI'IDAI,IT FtJNS 2
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Table 3. (continued)

ITEFATICt! "lC, I 00

STATE T--_4PE_. E'ITHALPY FL OWPATE C:}_CE:_T, PPESS, VAPCR FRAC. FtlN

_O I ",lT

1 5.5033+01 2.3! _3+01 _.021D+02 3.00OD4-OO 0.300.'3+00 C.GOOD+OO 3.293D-04

2. 5,127T)+01 l.g_SD+91 4.021D+C20. OOOD+09 O.O')OD+OO O. O03o+OO l,gl_O-03

] 5, 0340+01 I, 3Lg3D+03 1,460D+00 O.OCCD+CO 1.8060-01 I.OOOD+OC 5,170D-07

3,50")9+01 5,2BgD+Ol 5, g:OD+)l g,OOOD+O0 O, 300D+O0 0,000,3+00 1,2_ID-I _

5 I, 165D.02 8,_.26D+01 5,9303+01 O, 000_+00 0,300D+O0 3, 30CD+C'O I .8(_5D-05

1,0_2D+02 4,097D+_I 2,370D.01 5,538D+01 I,BO6D-OI C,OCCO+CO 6,717D-06

7 I,._60D.02 e, 153D+OI 2,370D+01 5,538D+01 7,3160-01 O, OOOD+.?.C 2,506D-07

B 1,800D+02 I,_79D+02 1,186D.02 "),O00D+O00,900D+CO O, 300D+O0 5,-'_80D-07

g 1.638D+C?- 1.316D+:2 I,IB6D+C2 :,0C03_00 O,:OOD+O00.O_.OD*OC 2.347D-04

I0 1,3930_02 1.136D+03 I,._6C0+00 .),O00D+O0 7,6316D-01 I, _00D.00-I,7540-06

I I l,or) 3D+02 _',311D+.31 2,22AD+01 5,gOID+OI 7,816D-01 O. ODOD+OO-3,_BSD-'37

12 1.2">-30+32 5,62CD+01 2.22_D+01 5,9019+91 1,8069-C I C._OOD+C _. _.,CCCD*O0

13 (3.5000+91 5.259D+01 2._572D+t_2 O. O:)OD+)O ¢,,330_+00 3. OOOO+OC 5,128D-¢6

I_ g. ll&O+O! 5.9013+:)I 2.562D+0-" O.OC'OD+C,') O. 300D+CO O.COOD+OC, 8.87.fiD-0(S

13 9.3660+01 &.15091-_I 1.t+6OD+OC 3.OeCD+CO 7,816D-01 C.O00[3.CC o.132D-07

Ib I. 1930+02 5._883+.31 .".2210.01 5.9090+31 1.806_-01 0.0009+0C 7.573D-07

17 1.5_9D+02 6.5b_C)+01 2,379D+01 5,516D._01 7,B16C-01 O. O00D+OO-7.133D-15

I_ 5, 3243+CI O.14.'5D+CI I./_6C3+CC ,?,OCCD+CO 1,80bD-OI _, C34D-O2-5.719D-04

19 9.366J+31 l, I0_+03 I._OgD+O0 D,OOOD+OG 7.816D-01 I,:)')OD+O0 8,8(_23-05

20 5. )343_-01 6.1_69+01 1.460D+00 O.O00D+0'3 I._06D-CI _.034D-02 1.299D-0_

21 0,0_2D+'30 C,OCCD+3O C,CC."D+O0 .3,000D+CO O,OOO_+O00,O00O+O£ 1,710D-C4

LAST ITEP. ATIO_ NO, IS 125

IER : I

EUCLIDEA_I 'qOR_l OF FI)I'I IS LESS TIIA,"I FTt3L

1 9.7199D-03 5.2767D-13

2 3.006_D-03 -9.9759D-I0

3 5.1 0?'2D-01 I .98_g'3-I 2

4 _.16B33-01 -3.2_9D-I '_

5 7.3784D-C_ ! 5.35453-I 1

b 8.7548D-'31 5.3138)-I 2

7 9.161hD-Of -3,t_272D-I 2

8 5.5_564D-01 3.1 176J-I 2

0 ].I 044D-,_ I 5.2z_ ?4D-I 0

lO 3,3567_-0[ -I.&5533-I I

11 5.3221:)-01 -I .60g_D-12

12 = .,_599,')- ] 1 2 .T-7.29D-I 7

I 3 _.$353D- 31 5.7256D-I 2

I _ 5 ._r#7_3-01 3.1132D-I l

15 5.,)2513-_I -l .5341D-13

10 5.5161D-'JI "_.1543)-I 9

17 3.5032D-03 -3.35593-I

I_ 5 *_925.r'- 32 5 .296_}3-I _

19 3.6138D-02 -2.712_-3-12

20 I .56230-31 -3°05850-12

21 _.0305D-02 -5,0_79D-I 2
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T1_ble 3. (continued)

3TATE TE!'."EF, E:ITHAL. PY FLU_._ I_,\TE CC:IC"-;_T_ , PRESSUF.= VAPOI_ FR,

o_3 [NT

1 5,5000D+01 2,31_7D+0! .1,0210D+02 O,O090I)+CO 0,09'.]0D+03 O,O000D+O0

2 5,1.'64.0+01 I ,O4zl. OD_-O1 4,0210D4-02 O,OOC"3D+_C C,)C09D+C? C,CCOOD+O0

3 5,0391D+01 1,0830D+0_ I,4552D+00 (3,'90000+00 I,8069D-01 1 ,00009100

8.5000D.0! 5,2890D+0| 5.9300r3.01 O.O000O+O0 0,0) .nOD+O0 O,O000D+O0

5 1.163).D+02_ B,a. 158D+O! 5.93000+01 9.OOCOD+CO C,Or'OOD+O00,COOOD+CO

6 1.04 |9DI-02 z$,OgO4D+O| 2,3700D+01 5,5353D+01 I,80690-01 O,O000D+O0

7 1,ar592D+02 6,14Z_5D+91 2.3700D+01 5,53530+0! 7,81 13D-01 O,O000D+O0

8 1,8000D+02 I .47929+02 1,186CD+02 O,O000D+CO O,OCCOD+OC C°O000D+O0

9 I,6]81D.D." I .3164D+02 I. 18600+92 0°90000+00 0,09 )OD+OO O.O000D+O0

I 0 1.6919D+92 i ,1357D+03 I ,455;:'D.00 O,O:)OOD+O0 7.81 13D-01 ! ,O000r)+o0

I I 1,6910D+02 7,79685'+01 2,2245D+0! =.897z_.)+C I "7.81 13D-OI O.CO03D+O0

I 2 1.22_6D.9"! 5.6)83D+01 2°22q SD.OI 5.8q7_D+01 1,8669D-01 C.O0)CD+O0

I 3 8.5000D.01 5.28O0D+91 2.5.:_20D.92 0.00030+:0 O,OC OOD.O0 C°O000O+O0

I'% 9.1137D+01 5.8991[)+01 2.5620D+02 C.¢C)OD+O0 C. )CCOO+O0 C,CO00D+O0

15 9,3637D+91 6,1479lD+91 [,4552D_00 O,O000D+O0 7.8! 13D-01 O,CO00D+O0

16 I,1919D+02 5,_753D+0! 2.2aI6D+01 5.9051D+01 1,8069D-0! O°O0001D+O0

I-7 1,5478DI02 6,55GID+O 1 2,3791DeCI 5,5141D+0 I 7.811GD-OI O,OCOOD.OG

[8 5.03910+01 6°1479D+'91 I ,4552DI O0 0 °)O00D+O0 l,t3969D-01 4°0305D-02

19 9,J037C+01 i ,I017D+03 !,4552D+90 O,O000L)+O0 7°.31 130-01 I.OO00D+O0

20 5.0391D+01 6,1479[,+01 |,a.552Dl-O00,O000D+CO I,t3C69D-OI a,O305D-02

THE EQ'.) IVAL EHT HEAT TRANSFER OUANT I T[ ES

FOR EVERY LINIT

NO • T Y_ E UA EF F CA T LMT D

I E 6,6210D+02 8,1065D-01 8,7275D-01 2,2452D+00

' H 2.3660D+0[ 7.2000D-0 I I ,8176D+)1 2° 0577D+01

3 D I ,9428D+02 6,,4 I80D-OI 9,0343D +00 9,9379DI00

C 3,I 57OD+02 7,I 054D-01 ? ,5000D+O0 4,9500D.00

5 A .",i 795D+)2 9, It330C)-0 1 2,793iD+00 8,5072D+00

6 V O, 9000D.O:) O,O000D 1-00 O,O000D+O0 O,OO00D+O0

NO, TY_E t-(EAT "rPANGFER EQ, DEV, IPINCH

1 E 1,4866D.03 O, O)OD..90 -1

2 FI z_.8683D+92 O, .30OD+ )0 -I

3 D I ,93081D+03 O.O00D+OC -I

4 C I, 5632D+93 O, O0 DD+ )0 I

5 A I .8542D+03 -2, OOgD+O0 1

:5 V O.OCOCD.OC O. 0003+00 0



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 ali 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 co2._servation of

total mass:

__(FiC _) =0. (1)
i

• Energy balance:

2(Fiht) = 0. (2)
i

• Heat transfer, expressed in one of the following four forms:

Qu, u - UA LMTD = 0, (3a)

EFF - EFF = 0, (3b)

CAT- CAT= 0, or (3c)

LMTD - 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 EFFor

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 +I or -1 respectively. Figure 4 illustrates

the two possibilities in counterflow heat exchange and defines CAT and EFF for each

case. The definition of L_Y._ is the same in both cases. By setting IPINCH = 0, the user

lets the code decide the location of the pinch.

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

f(P_, T l, Ct) =0. (4)

21
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PINCH AT COLD END, IPINCH = -1 PINCH AT HOT END, IPINCH = +1

.Ca_T=72-73 .C_a_T=71-T,,

EFF= ( T1- T2)/(T1- T3) EFF= (T4 - T3)/(7"1- T3)

(T 1 - T4)-(T 2- T3)LMTD =
In[(m 1 - T4)/(T 2 - T3)]

Figure 4. Illustration 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]:

Tr= TiE(P i, Cl) + 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:

Fl(Xl' x2 ......... Xn) = _i'

F2(Xl, X2......... x,)=_ 2,

F t (x 1,x 2 ......... x )=_,

Fn(X 1, x 2 ........ x n) = ¢5 .

I St I _ 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 I 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, lt 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,

FI +F2 -Fs =0; (7}

• absorbent/absorbate mass balance,

FIC l + F2C 2 -F5C5=0 " (8)

• energy balance,

(F1h I + F2h 2 - Fsh s) -F3(h 4 - h 3) =0; (9)

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

where

Qu.u = F3(h 4 - h 3) , (10a)

(T 6 - T4)- (T s - T3)

LMTD =In[(T6_ T4)/(T 5 _ T3)], (10b)

= (T s - r 3) for IPINCH = -I and

= (T 6 - T4 ) for IPINCH = + I , ( I Oc)

EFF = (T 6 - T s)/(T a - T a) for IPINCH = -I and

=(T 4 - T3)/(T 6 - T a ) for lPINCH= +i; (10d)

• mass transfer,

T5=T5E(P5,C s) +DEV" and (11)

• adiabatic equilibrium at point 6 (ff T 6 = T I , then C 6 = C I ),

(h l- h2)/(h I - h 6) = (C I - C2)/(C I - C6) , (12)

T s = T6E(P6,C 6) , and (13)
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F6/F I = (C I - C2)/{C s- C2) . (14)

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

T 6 > r 4 ,

T 5 > T 3 , and

T 4 > T 3 . (I 5)

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,

V 2 + F 5 - F I =0; (16}

• absorbent/absorbate mass balance,

V2C 2 + F5C 5 - FIC I =0; (17)

• energy balance,

(F2h 2 + F5h 5 - F1h l) - Fa(h 3 - h4)=0" (18)

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

where

Qunit = F3(h 3 - h4), (19a)
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(T4- T6) - (T3 - TS) (19b)
LMTD =ini(T4 - T6)/(T 3 _ Ts)l,

CAT = (T 4 - T a) for IPINCH = -I and

= (T 3 - T S) for IPINCH = +I , (19c)

EFF = (T 3 - T 4)/(T 3 - T 6) for IPINCH = -1 and

= (T S - T a)/(T 3 - t 6) for IPINCH = +I ; (19d)

• mass transfer,

T 5 = T5E(P5,C 5) + DEV; (20)

• equilibrium at point 2 (when C 2 --0),

C2 = C2E(T2,P2) • and (21)

• adiabatic equilibrium at point 6 (when C8 # C I and T 6 _ T I ),

(h I - h2)/(h I - h 6) = (C l - C2)/(C I - C 6) (22)

T 6 = T6E(P6,C 6) , and (23)

F6/F I = (C I - C2)/(C 6 - C2). (24)

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

T 3 > T 5 ,

T 4 > T 6 ,

T 5 > T 6 , and

T 3 > T 4 . (25)

5.3 COUNTERFLOW HEAT EXCHANGER (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,

F3(h 3 - h 4) - Fl(h 2 - h I ) = 0 and (26)
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• heat transfer [one of the equations (3a), {3b), {3c), or (3d)],

where

Qualt = Fl(h2 - hl) , (27a)

LMTD (T3 - T2 ) - (T4 - TI)
=in[(T3_ T2)/(T 4 _ Tl)], (27b)

= (T 4 - T I ) for IPINCH = -1 and

= (r 3 - T 2 ) for IPINCH = + 1 , (27c)

=(T 3 - T4)/(T 3 - T])forlPINCH=-I and

=(T 2- T I)/(T 3- T I) forlPINCH=+I. (27d)

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

T 3 > T 2 and

T4 > T I • (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. A vapor that is either saturated or superheated at the condenser pressure enters the unit

at state I. If superheated, it first cools to the condensing temperature at state 5. The

condensation process takes piace 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,

F3(h 4 - h 3) - F l (h I - h 2) = O" (29)

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

where

Qunit = F3(h4 - h'3) , (30a)

LMTD (Ts- T4) - (T2 - T3)
-In[(T5_ T4)/(T 2 _ T3)], (30b)

CAT - (T 2 - T 3) for IPINCH = -I and

= (T s - T 4 ) for IPINCH = + I , (30c)

EFF = (T s - T2)/(T 5 - T 3) for IPINCH= -i and
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=(T 4 - T3)/(T 5 - T 3) for lPINCH= +I' (30d)

• mass transfer,

T 2 = T2E(P2,C 2) + DEV; and (31)

• equilibrium at point 5 (when C s _ 0 and T I _ Ts),

T s = TsE(Ps,Cs). (32)

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

T s > T 4 ,

T 2 > T 3 , and

T 4 > T 3 . (33)
c

5.5 EVAPORATOR (SUBROUTINE EVAP)

The evaporator is referred to in tile 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 piace 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,

F3(h 3 - h 4) - F 1(h 2 - h 1) =0" (34)

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

where

Qunit = f3(h 3 - h4), (35a)



29

(T 3 - T2) - (r 4 - T 5)LMTD =
InI(T 3 _ T2)/(T 4 _ Ts)l, (35b)

CAT =(T 4 - T s) forlPINCH=-1 and

= (T 3 - T 2 ) for IPINCH = + I , (35c)

EF__.__F =(T 3 - T4)/(T 3 - T s) forlPINCH=-I and

- (T 2 - T 5)/(T 3 - T 5) for IPINCH = +1 • (35d)

• equilibrium at point 5 (when T 5 ¢ T i),

T 5 = TsE{Ps,C 5) ; and (36)

• equilibrium at point 2 (when T 2 ¢ T5),

C 2 = W 2 C2vE(P2,T2) + (i - W2)C2LE(P2,T2). (37)

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

T 3 > T 2

T 4 > T 5 , and

T3 -> T4 • (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 2 - hl = 0, and (39}

• equilibrium at point 2,

T2 = T2E(P2' C2) , (40)

a total of two equations.
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5.7 MIXER fSUBROUTINE MIX)

The mixer is referred to in the code as unit type 7 and is described schematically in Fig. 3.

Two streams (states i 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,

FI + F2 - F3 =0; (41)

• absorbent/absorbate mass balance,

ric I + V2C 2 - F3C3=0; and (42)

• energy balance,

F1h I + F2h 2 - F3h3=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,

F 3 - t 2 - F I -0. (44)

5.9 RECTIFIER (SUBROUTINE RF_T)

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 l - F 2 - F s=0" (45)

• absorbent/absorbate mass balance,

FIC I - F2C 2 - FsC 5 =0" (46)

* energy balance,

F3(h4 - h3) - (F1 hl - F2h 2 - Fsh5)=0; (47)

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

where

Qun_t = F 3 (h4 - h 3) , (48a)
(T a - T4) - (T s - T 3)LMTD =

In[(T 6 - T4)/(Ts_ T3)], (48b)

_CAT = {T s - T 3) for IPINCH = -1 and

= (T 6 - T 4 ) for IPINCH = + 1 , (48c)

EF_____F = (T a - T s)/(T s - T 3) for IPINCH = -i and

= (T 4 - T 3 )/(T s - T 3) for IPINCH = +I ; (48d)

• equilibrium at point 2,

C2 = C2E(P2, T2)" (49)

• mass transfer,

T 5 = TsE(P 5, C 5) +DEV; and (50)

• equilibrium at point 6 (when T 6 _ T i) ,

C6 = C6E(P3, T6)" (51)
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Thus we have a total of seven equations. The constraints are

T6> T 5 ,

T 6 > T 4 ,

T 5 > T 3 , and

T4 >_T 3 . (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 work_Ing 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

f_ 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 f. 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 r,f 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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Figure5. Structureof the propertydatabase.
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Table 4. Materials presently contained in the property data base

Material code Material

1 LiBr-H20 solution

2 H20-NH 3 solution and vapor

3 H20 liquid and vapor

4 LiBr-H20-NH 3 solution

5 LiBr/ZnBr2-CH3OH solution

6 CH3OH liquid and vapor

7 LiNO3/KNO3/NaNO3-H20 solution

6.1 LiBr-H20 SOLUTION (CODE 1)

This solution has a nonvolatile absorbent, the salt LiBr, and uses H20 (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 EQB1 for LiBr-H20 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 H20-NH 3 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. Jennlngs's tables [11] were used because they are more detailed and so make linear

interpolation results more accurate. Jennlngs's tables give the equilibrium temperature, NH 3

content in vapor, liquid and vapor enthalpies as functions of pressure, and NH 3 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 conventional 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 H20-NH 3 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. Ali

the properties are for the mixture at saturation.

6.3 I-I20 LIQUID AND VAPOR (CODE 3)

As a pure substance, functional relations for properties of water do not include

concentration. Reference 13 presents H20 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 H20 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-H20-NH 3 SOLUTION (CODE 4)

The ternary solution is a rather complex fluid involving one nonvolat__e (LiBr) and one

volatile (H20) absorbent. The solution's vapor is an ammonia-water mixture (code 2) that,

while In equilibrium with the ternary liquid, is generally superheated In NH3-H20 terms. The

properties In the data base are for a solution with 60% : 40% LiBr-H20 ratio by weight, with an

amount of NH 3 varying from 0% to 100% of the solution content. The properties of this

solution were measured and documented by Radernlacher [14] and were fitted Into

mathematical equations consistent with the H20-NH 3 and LiBr-H20 data described earlier.

SubroutIne EQB4 for the ternary mixture supplies the following property data: (I)

equilibrium temperature as a function of pressure In the range I0 < P < 500 psia and NH 3 mass

concentration in the entire range, (2) liquid enthalpy as a function of temperature in the range

0 ° < T < 600°F and NH 3 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/ZnBr2-CHzOH 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 2. The properties of this solution were measured by Renz [16] and Uemura [17]

and further extended and correlated by Biermann [18].

Subroutine EQB5 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. i < 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 CH3OH 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 LiNO3/KNO3/NaNO3-H20 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-H20. The solution was studied by

Davidson and Erickson [20] who found an optimum ratio of the nitrate salts at 53 weight

percent LINO 3, 28 weight percent KNO 3 and 19 weight percent NaNO 3. Their property

measurements were fitted lnto mathematical formulas [2,!] consistent with the properties of

pure H20 (code 3).

Subroutine EQB7 for the ternary nitrate solution supplies the following property data:
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(I) 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< 2.75°C.



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 becau._e of

multiple mass balances from different units within a closed loop. lt 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 ali 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 lt 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 HYBRID 1 that Powell [22,23] designed

to solve an unconstrained fully determined system of nonlinear equations. The routine begins

from an initial guess supplied for ali the unknowns and searches for the solution by taking

successive steps of restricted size toward lt. 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 ._uccessful 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 I operates in an unconstrained manner, and constraints directing lt 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, although somewhat heuristic, sufficed.

The matter of redundant equations is handled by subroutine REDUN. lt 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 feasibl _ region.



8. RESULTS AND VALIDATION

Prior to u3ing 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-H200

H20-NH 3, LiBr/H20-NH 3, LIBr/ZnBr2CH3OH and ternary nitrate-water; a single-stage chiller

(see Appendix B, Fig. B.21 with ali the above fluids; a single-stage chiller with a rectifier (see

Appendix B, Fig. B.3) for H20-NH3; 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-H20. 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 underspecfficatton 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 ali the above systems. Run times are on the

order of several seconds on a maInframe computer such as an IBM 3081. Most syslems with a

working fluid involving a nonvolatile absorbent usually converge without difficulty; some

problems are still encountered concerning fluids with a volatile absorbent such as H20-NH 3

41



42

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-H20 SOLUTION

1.1 Solution Temperature

The solution temperature equation is

T(°F)=A×Tsa t+B,

where

Tsar= 101.74 + 0.0275 × P+ 33._35 × D+ 2.2365× D 2 + 0.162 x D 3 + 0.0136 × D 4 ;

D = In(P) '
3

c 'forA = A_ ,
i=0

A O : -2.00755,

A I=+1.6976× 10-I ,

A 2 = -3.133362 × I 0 - 3 ,

A 3 = +1.97668 × 10 -5 ,"
3

forB= EBiCi ,
i=0

Bo= +3.21128 × 10 2 ,

B 1 =-1.9322 × 10 1 ,

B 2 = +3.74382 × 10- i ,

B3 = -2.0637 × 10-3 ,"

T is the solution temperature in "F-- the formula is valid for 40°F < T _<350°F;

Tat is the water saturation temperature that corresponds to the vapor pressure in °F- the

formula is valid for 60°F _<Tsa t <_300°F;

C is the percent weight of LiBr/solution for solution concentrations between weight

percents 45 and 70:

P (psia) is the Fressure- the formula is valid for 0.08 psia 5 P _<3.9 psia.
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._ 1.- Solution Enthalpy

The solution enthalpy equation is

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

where,

4

forA= EA i Ci ,
i=0

A o = -1.01507 x 10 _ ,

A I=+7.95387×101,

A 2 = -2.3358016,

A 3 = +3.031583 x 10-2 ,

A 4 = -1.400261 x 10 -4 ;
4

forB= EBICI,
I=0

Bo = +4.68108,

B I = -3.037766 x 10-2 ,

B2 = +8.44845 x I0-3 ,

B 3 = -1.047721 × 10- 4 .

B 4 = +4.80097 × 10-7 ,0

4

forC= ECiCi ,
i=0

CO = -4.9107 x 10-3 ,

C1 = +3.8384 x 10-4 ,

C2 = -1.078963 x 10-5 ,

C3 = +1.3i52 x 10-7 ,

C4=-5.897x 10-1° .m

h (Btu/lb solution) is the specific solution enthalpy,

T is the solution temperature In °F- the formula ls valid for 40"F < T < 350"F.

A.2 H20-NH 3 LIQUID AND VAPOR

Data for this material are available in tabular form.
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A.3 H20 LIQUID AND VAPOR

A.3.1 Saturation Temperature

The saturation temperature equation is

La t (°F) = 1.0174 x 10 2 + 2.75 x 10- 2 X P + 3.34351 X 10 1 InP +

2.2365 In2p + 1.621 x 10- I in3p + 1.36 x 10- 2 in4p,

where

La t ('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/lb) = 6.967 x 10 1 + 5.68 x 10- 2 x P + 3.3305 x 10 1 lnP +

2.2236 ln2p+l.71 x 10- 1 ln3p+ 1.255 x 10 -2 ln4p

and

Hg (Btu/lb) = 1.10525 x 103 - 2.89 x 10- 2 x P + 1.452 x 101 lnP +

9_19x10 -1 ln2p+7.8x10 -3 lnap-4.9x 10 -3 ln4P,

where H I is the specific saturated liquid enthalpy and Hg is the specific saturated vapor

enthalpy. In the saturated region,

H (Btu/lb} equals w × Hg + (1 - w) × H l ,

where w is the vapor mass fraction.

A.3.3 S_led 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 10-5T 2 - 3.108984774 x 101

and is valid for the range 32°F < T < 230°F.

A.3.4 Superheated Region Enthalpy (w = 1.0; T > Tsa _

The superheated region enthalpy equation is

H (Btu/lb) = Hg+ 0.45 (T- Tsa t) .

A.4 LiBr-H20-NH 3 SOLUTION

.A.4.1 Solution Temperature

The solution temperature equation is

T ('F) = A + B × DPF,

where

DPF= 4.04397 x 103/(1.33014 x 101 - InP) -4.09 x 102 ;
4

forA= EA_(1- C) _ + I ,
I=0

A o = + 1.56085 x 10 2 ,

A l = -4.92398 × 102 ,

A 2 = +2.55252 x 103 ,

A 3 = +2.96947 x 10 3 ,

A 4 = +1.109756 x 10 3 •t
4

forB= EBr(1 - C) t ,
i=0

Bo= +1.0,

B 1 = -9.9352 × 10- ] ,

B 2 = +3.79108,

B 3 = -2.09462,

B 4=-1.1414x I0-1 .
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T ('F) is the liquid solution temperature;

C (weight percent NH3/solution) is the concentration;

DPF(°F) is the solution saturation temperature (H20/60% LiBr)-- the formula is valid for

the range 10 psia < P < 500 psia.

A.4.2 Solution Enthalpy

The solution enthalpy equation is

H l (kJ/mol) = A + BT + CT 2 ,

where
3

A = _A iXim "

i=0
3

B= __BlXl •cn '

I=0
3

C- _._C IXlm "
I=0

for0.6 <X m< 1.0,

A o =-2.86006 x I01 ,

A I = + 1.38294 x 10 2 ,

A 2 = -1.95754 x 10 2 ,

A 3 = + 1.01938 x 10 2 ,

B o =-1.99637 x i0- I ,

B I = + 1.02884,

B 2 = -1.32152,

B 3 = + 5.70469 x i0- i ,

Co - +2.53965 x 10- 3 ,

C I = -9.39951 x 10-3 ,

C2 = + i. 1557 x I0- 2 ,

C3 = -4.6076 × 10- 3 ,"

for 0 < Xm< 0.6,

AO= +8.806,

A I =-5.8289,

A 2 = +7.2631,
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A3 = 0.0,

B o = +6.7384 x 10- 1 ,

B 1=-1.2632x10-1 ,

B 2 = +1.4821 x 10-2 ,

B3=0.0,

CO = -8.7728 x 10 -6 ,

C1 = +1.21815 x 10 -4 ,

C2 = + 2.374 x 10- 6

c3=oo:
7"is the solution temperature in "C- the formula is valid for the range O'F <_T < 600"F ;

X m is the molal NH 3 concentration in the NH3/H20 solution, expressed in terms of the

concentration C of NH a in the ternary mixture NH3-H20/60% LiBr:

Xm'- [X E + (1 - X E) x 0.945382] and

C
_=0.6C+0.4

(XLiS the NH 3 weight concentration in NH3/H20 solution);

H l (Btu/Ib) = H l (kJ/mol)/(Mx 2.326 x i0-3), where M is a molar-mass conversion factor

and

M = 117"032Xm + 2.5(1 - X m) x 18.016]
1 + 1.5(1-X m) x 1806/86.8561

The result received tends to deviate from Radermacher's measurements, and is

accordingly corrected by

H l (Btu/Ib) = Hl (Btu/Ib) - 276.1 x C- 125.0.

A.4.3 Vapor NH 3 Concentration

The vapor NH 3 concentration equation is

C m (mol NH3/mol solution vapor) = i - (I - Xrr) IA * B(l -Xm) + C(l - Xrn)21.
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where,
2

forA= EAi(InP)t,
i=0

A o = +20.6091,

A 1 - -8.11881,

A2= +I.04895 ;
2

forB= EBi(InP)i,
i=0

Bo=-42.6785.
B 1 = +22.3016,

B 2 = -2.97371 ;
2

forC= ECi(InP) i,
I=0

Co = +31.0696,

C l =-16.4635,

C2 = +2._;
Ca

C a fib NH3/lb solution vapor) = [C m + (1 - Cm) x 1.05781"

A.4.4 Vapor Enthalpy.

Vapor enthalpy depends on vapor pressure, temperature, and vapor NH 3 molal

concentration (Cre). The enthalpy for each vapor component (NH 3 and H20) is computed

separately and depends on the partial pressure,

PNH3(psia) = Ptotal (psia) x C m and

PH20 (psia) = Ptotal (psia) × (I - Cml.

The combined overall vapor enthalpy depends on the relative weight concentrations:

HNH3 (Btu/Ib) = A + BT + CT 2 - 77.9,

where
2

A= EAIP(i/NH3),
i=0
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A o = +6.21098 x 102 ,

A I = -2.93663 x I0- I ,

A 2 = +5.07537 x 10-s ,
2

B= EBiP(i/NH 3) ,
I=0

B o = +5.04312 x I0- I ,

B 1 = +1.43451 x 10-3 ,

B 2 = -1.04291 x 10 -6 ,
2

C= ECtP(i /NH 3),
I=0

Co = +3.24743 × i0- s,

C I = -2.00178 x 10 -6 ,

C2 = +2.52943 x 10-9 .t

HH2o(Btu/Ib) = A + BT + CT 2 ,

where

2

A= EA_P(i/H20) ,
I=0

A O = +1.06(O1 × 102 ,

A I = -7.88073 × 10- I ,

A 2 = -5.81695 × I0- s,
2

B= EBtP(i/H20) ,
I=0

Bo -- +4.46254 × 10- I ,

B I = +2.60441 x 10-3 ,

B2 = -8.45853 × 10-7 ,
2

C= ECIP(i/H20)
i=0

Co=+ 1.91856x10-5,

C l = -2.40891 × 10- 6,

C2 = +1.73681 × 10 -9 •i

and
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Hvtotal (Btu/Ib) = CwHNH 3 + (1 - Cu) HH20 .

A.5 ZnBr2/LiBr-CH30H 8OLUTION

ZnBr 2 and LiBr are present in equal moles. Concentration in this solution hence will be

defined as ZnBr2/LiBr to solution mass ratio.

A.5.1 Solution Temperature

The solution temperature equation is

T(°C) : ('Fsat- B)/A,

where,
3

C t
forA = ZA I ,

I=0

A o = + 1.19397,

A 1 = -1.0993 × 10- 2,

A 2 = +2.0436 × 10 -4 ,

A 3 = -1.7046 x 10-6 .t

3

forB= ZBiCI ,
i=0

B o =-1.3184 x 10 2 ,

B I = +7.2141,

B 2 =-1.19174 x 10- I,

B 3 = +4.7409 x 10-4.

T (°C) is the solution temperature;

Tsat (°C) is the CH30H 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

(ZnBr2/LiBr weight percent in solution) < 45 weight percent.
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A.5.2 Solution Enthalpy

The solution enthalpy equation ts

H(kJ/k_ =A+B× C+ G× C2 +D× C3 +Ex C4 ,

where,
3

forA= EA ITI ,
I=0

A o=-4.79x 10 2,

A l = +4.52885,

A 2 = -7.2659 x 10-3,

A 3 = +2.21542 x 10 -5 •
3

for B= EBiTi ,
l=0

B o = +3.652591 x 101 ,

B 1 = -1.943945 x 10- 1 ,

B 2 = +6.981242 x 10 -4 ,

B 3 = -1.525332 x 10 -6 ",
3

for C= EClTl ,

i=0

CO = -9.7616 × 10 -4 ,

C1 = +4.5588 x 10-3 ,

C2 = -2.0259 × 10-5 ,

C3 = +3.596168 x 10- 8 ;
3

T ifor D = ED l ,
I=0

DO = 1.085991 x 10-2 ,

D 1 =-5.048672 x 10-5,

D2 = +2.60703 x 10- 7 ,

D3 = -4.2877221 x 10- 1o ,"
3

for E = EEiTI ,
i=0

Eo = -3.78606 x 10- 5,

E 1 =+1.996746× 10-7,
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E 2 = -I. 1892 x i0- 9 ,

E 3 = + 1.9653662 x 10- 12 .s

T (°C) is the solution temperature-the formula is valid for the range -I0"C < T < 120"C.

A.6 CH30H LIQUID AND VAPOR

A.6.1 Saturation Temperature

The saturation temperature is

"Fsat ('K) = [3.9577 < 10- 3 _ 2.091354 x 10- 4 lnP - 1.5002 x

10-6 ln2p]-I ,

where

_, Tsa t (°K) is the CH3OH 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 l (kj/kg x mol) = AT + BT 2 + CT 3 ,

where

A=7.684x 101 t

B=8.15x 10 -2

C = -7.8667x 10 -5 •

and

H l (Btu/lb) = Hl (kJ/kg moi)/7.452504 x 10 1 ,

where

H l 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/kg mol) = P dT x Tx (Vg - Vt) ,

where

T ('K) is the saturation temperature,

V (L/mol) is the saturation vapor specific volume,

P (kPa) is the pressure,

V l (L/mol) is the saturation liquid specific volume,
d(lnP) 2.845921x 103 2 x 3.74341546 x 10 5 3 x 2.1887 x 10'

dT - T 2 + T 3 + T 4 "
RT

Vg=---_- + B+ DP 2 ,
1.986

B= 4).1 -2.148 x 10-3exp T '
1.075 x 104

D=-8.1297 x 10 -19 exp T '

R (kJ/kg x mol x °K) = 8.3143,

Vl = 32.04 × (1077.2 - 0.97635 x T) - 1,

(kJ/kg × mol) is the saturated vapor enthalpy,

%= Hl+ Hfg.

Hg (Btu/Ib) = Hg(kJ/kg x moi)/7.452504 x 101 ,

In is the saturated region,

H (Btu/Ib) = HI x (1 - w) - Hg x w, where w is the vapor mass fraction.

A.6.3 Subcooled Region Enthalpy (w = 0.0; T < Ts¢u)

The subcooled region enthalpy equation is

H (Btu/lb) = HI(T)

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

A.6.4 Superheated Region Enthalpy (w = 1.0; T > Tsa _

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

where T ('F) is the vapor temperature.

A.7 TERNARY NITRATE SOLUTION

The solution composition is 53 weight percent LINO 3, 28 weight percent KN03, and

19 weight percent NANO3.

A.7.1 Solution Temperature

The solution temperature equation is

T= ATsat+ B,

where,
3

c'forA= A i ,
i=0

Ao = -1.06.

A I=+ 1.021×10-I ,

A 2 = -1.627 x 10- 3,

A 3 = +8.931 x I0 -6 ,"
3

forB= _jBiC i ,
i=0

B 0 = +2.911 x 10 2 ,

B l =-1.303 x I01,

B 2 = +1.871 x 10- 1 ,

B 3 = -7.877 x i0-4.

T ('F) is the solution temperature;

Tsa t (°F) is the water saturation temperature, corresponding to the vapor pressure, and is

valid for the range 30°F < "Fsat < 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 equaPan is

H= AT+ B,

where

2

= EAiCi ,for A

i=0

Ao= +3.94516 x 102 ,

A 1 = -8.64996,

A 2 = +6.2878 x 10- 2. t

2

for B= EBF i ,
i=0

B o = +3.88691 x 10- 1 ,

B 1 = +3.02719 x 10-3,

B 2 = +3.80068 x 10-5 ,"

H (Btu/lb) 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 CALCUI_TIONS

The following tables and figures display dat_ 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 F_. B. 1.)

SINGLE STAGE H,T. LIBR-H2C)

INPUT AND OUTPUT IN BRITISH UNITS

THE BR ITISH _JNITS ARE :

TEt4PERATURES (T) IN DEG F

MASS FLOWS (F) IN LB/NIN

CONCENTRATION (C} EN PERCENTS

ENTHALPIES (H) IN BTU/L8

PRESSURES (P) IN PSI A

HEAT QUANTITIES (G) IN [3T'Jlt.lIN

TOLERANCES IN F, X 1. OD-05 l.OO-C8

NO, OF UNITS 5

t_O, OF ST ATE POII'4TS 19

I 2 2 0.6909 -I 0,0000

5 IS lO II 6 17 0

2 3 2 0,8327 I O,OOCO
6 7 4. 5 9 0 0

3 zt 2 0, -tO97 I 0.0000

15 12 13 14 19 0 0

4 5 2 0,5998 -I 0,0000
12 8 I 2 18 0 0

5 1 2 0,9312 1 0 .0000

7 8 3 9 4 16 0

STARTING POINTS

I 3 0 140,0 0 402.10 0 0,0 0 0,0 0 0,0

2 3 1 i00. 0 0 402,1 0 0 0,0 0 0,0 0 0.0

3 3 0 140,0 0 59.30 0 0,0 0 0,0 0 0,0

4 1 1 100,0 3 10..30 3 45.0 3 3,0 0 0,0

5 I I I00.0 3 I0.00 3 45.0 2 1,0 0 0,0

0 1 2 I00.0 0 23.70 2 50..0 2 1.0 0 0.0

7 1 I lO0, O 0 23,70 2 50,0 ..3 3,0 0 0,0

8 3 3 I00.0 2 I0.00 0 0,0 3 3.0 0 1,0

9 3 I 10C.C' 0 59.30 0 '3,0 0 0,0 0 0,0

I0 3 0 140.0 0 118.00 0 0.0 0 0,0 0 0.0

II 3 I 190.0 0 118.60 0 0.0 0 0,0 0 0,0

12 3 4 ICO.O 2 I0.00 0 C,O 3 3.0 0 0,0

13 3 0 50,9 C 256.20 0 0.0 0 0.0 0 0,0

14 3 I lO0,O 0 256.20 0 0,0 0 0,0 0 0.3

15 3 2 I00,0 2 I0.00 0 0,0 2 1,0 0 1,0

16 I I 130,0 0 I ,00 I 48,0 3 3.0 0 0,0

I 7 I I 100,0 0 I ,00 I 47,,0 2 I. 0 0 0.0

18 3 3 I00.0 2 I0,00 0 0,0 3 3. 0 0 0,0

19 3 ct I00.0 2 I0,00 0 0,0 2 1,0 0 1,0
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Table B. 1 (continued)

LAST [TERATION ilO, IS 7z_

[ER = 1

EUCLIDEAN NUR_I OF FLIN IS LESS TITAN FTOL

STATE TEMPE°, EHTHALr_Y FLOW RATE CONCENTR, PRESSURE VAPOR FR,

PO INT
t ! .4000D+02 1 ,07_'6D.02 4,0210D.02 O,O000D+OO 0,9090D+00 0,9990D+00
2 [,3342D.02 1 ,0.11 7D.02 4,02LOD+02 O,O000D+OC O. OCOOD+O0 O,O000D+O0
3 1,4000D.02 1 ,07T6D+02 5,9300D+01 O,3030D+CO O,O000D+O0 O,O000D.O0
4 1,708tD+02 7,0342D+0! 2,6159D+01 4,7954D+01 2,&64%D.OO O,O000D+O0

5 1,]655D+02 5,1897D+01 2,0159D.01 4,7954D+0! 3,8860D-01 O,OO00D.O0
6 1.2268D+02 z_.7127D+O[ 2,3700D+Ot 5,2929D+Ot 3,5_60D-01 O,O000D.O0

' t.G275D+02 6,Tz_86L)+Ot 2,3700D+01 5,2929D_0 I 2. 1645D+03 O.9000D.O0
8 1,29C3D+92 1,116@D+03 2,4589D.00 0,00309+09 2,1645D+00 1 ,CCOOD.CO
9 1,8208D+02 1 ,5001._U2 5,9330D+0l 9.0000D+03 0,9_30D+00 O,O000D.30

10 1,4300D+02 1,0T76D.02 1 ,I860D.02 O,O000O+OC O,9COOD+O0 O,3000D+O0
I I 1,1891D+92 8.6668D+01 1,1860D+02 O,OO30O+CO C,OCOOD+OC O,O000O.CO
12 7.20203+91 4o0002D+01 2,4588D.)0 ),O000D+O0 2,16450+00 O.O000D+O0

I 3 5.9000D+01 2 ,70_37D+91 2,5620Dt 32 9,O000D*O00,O000D+O00.O000O_O0
14 6,9412D+01 3,7_15D+01 2,5620D_02 O.O000D+OO O,OCOCD+O0 C,O000D+O0
15 L,2268D+02 1,11510.03 2,4588Dt 00 O,O000D+CO 3,8860D-01 t,O000D+O0
16 1,8519D+02 7,961 ID+01 2,3954D+OI 5,236TD+01 2,1645D+00 O,O000D+O0

17 1,09479+02 3.7550D.01 2,581tD.2t 4.8601D+01 3,8860D-01 O,O000D+O0
18 1.2903D+32 9,6781D.01 2,4588D+09 O,OO03D.O0 2,1645D+00 0,3000D+O0

19 7,2020D+91 1.0923D+03 2,_588D+90 O,OCSOD+_O 3,8860D-01 1,0000D+O0

THE EQ'JIVALE_IT HEAT TRANSFER QUANTITIES

FOR EV ERY UN I T

NO, T yo E IJA EF F CA T L MT D
t O 1,9268D+02 6,_090D-01 O,A363D+O0 1,2981D+01
2 H _,5104D+0| 8,3270D-01 8,051_D+00 1 , 0698D.01

3 C 4 ,082_D.02 7,9970D-0 I 2,6079D+00 6,4755D+00
% E 3,6857D+02 5,99809-0t 4,3900D+00 7. 1845D.00
5 A 2,0749D+02 9.:31200-01 3.1087240_ 1,20760+01

qO, TYPE ItEAT "f_ANSFEP EQ, DEV, IPINCH

I D 2 ,501 2D+03 O,O00D+3G - l

2 H 4,8250D+02 O. 90 OD .30 1

3 C 2. 6435D+0 3 O. 0900 .00 !

E 2,6480D+ )3 O, O0 3D+O0 -1
5 A 2.5057D+03 O.O00D. )0 I
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Table B.2. Data for a single stage heat transformer NHa-LiBr/H20 cycle (see Fig. B. I)

SINGLE STAGE H.T, NH3-LIBR/H2O

INPUT AND OUTPUT IN BRITISH UNITS

THE DP ITISH IJNITS ARE :

TEMPERATURES (T ) IN DEG F

MASS FLOWS (F) IN LB/MIN

CONCFNTRAT I ON (C) IN PERCENTS

ENT}IALP IES {H) IN BTJ/LB

PRESS'JRES (P) IN PSIA

HEAT QUANT ITIES (Q) IN BTIJ/NIIN

TOLERANCES IN F, X 1,0D-05 1,00-08

NO, OF UN ITS 5

NO, OF STATE POINTS 19

1 1 2 O, 9231 1 0,0000

7 8 3 9 4 16 0

2 2 2 0,3363 1 0 ,0000

5 15 I0 II 6 17 0

3 3 2 0 ,7185 1 0 ,0000

6 7 4 5 0 0 0

4 4 2 0 • 4381 I 0,0000

15 12 13 14 19 0 0

5 5 2 0,7835 - I O,OOO0

12 8 1 2 18 0 0

STARTING POINTS

I 3 0 160,0 0 115,40 0 0,0 0 0,0 0 0,0

2 3 1 120,0 0 115.40 0 0,0 0 0.0 0 0.0

3 3 0 160, 0 0 126,80 0 0,0 0 0,0 0 O.C

4 4 I 120,0 3 30,00 4 65_0 3 2_0,0 0 0,0

5 4 1 120.0 3 30,00 4 65.0 2 110.0 0 0,0

6 4 2 120.0 0 27,50 2 55.0 2 110.0 O 0,0

7 4 1 120,0 0 27,50 2 55,0 3 240,0 0 0,0

8 2 1 120.0 2 2.50 3 ('39.0 3 240,0 0 1.0

9 3 1 120,0 0 126.80 0 0,0 0 0,0 0 0,0

10 3 0 160.0 0 184.49 ,) 0.0 0 0.0 0 0,0

11 3 1 120. C) 0 184,40 0 0.0 0 0.0 0 0,0

12 2 I 120.0 2 2,50 3 99,0 2 110,C 0 0.0

13 3 0 59, 0 0 163,70 0 0,0 0 0,0 0 0,0

14 3 I 120,0 0 163,70 0 0,0 0 0,0 0 0.0

15 4 2 120.0 2 2.50 3 99.0 2 110.O C 1,0

16 '_ 1 120.0 0 1.03 1 56.0 3 240,0 0 0,0

17 4 I 120.0 0 I ,00 1 64.0 2 11 0.0 0 0,0

18 2 1 120,0 2 2,50 3 99,0 3 240,0 0 0.0

19 2 1 120,3 2 2,50 3 99,0 2 110,0 0 1,0
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Table B.2 (continued)

LAST ITEqATICN NO, IS 80

IER = I

EUCLIDEAN I'IOR._! OF FL;N IS LESS THAN FTOL

STATE TE'.IPER, ENTHALPY FLOW RATE CONCENTR, PRESSURE VAPOR FR.

PO INT

I 1.6000D+02 1.27BID+02 1.1540D_02 O.O000D+O00.O000D+OC O,O000D+O0

2 1,3890D+02 1 ,0666D+02 1,15400+02 O,OO30D+O00.O000D+O00.O000D+O0
3 1,6000D+02 1 ,2781D+02 1 .2680D+02 O.OOOOD+O00,O000D+O0 O.O000D+O0

1,6409D.02-! .1150D+0! 3.2275D+01 5.5067D+01 3,6655D+02 C,3000D+O0

5 1,4531D+O2-2.6666D+OI 3,2275D+01 5,5067D+0! 1,5072D.02 O,OO00D+O0
6 1,3081D+O2-4,797OD+01 2,7500D+01 _,7282D+0! 1,5072D+02 O.O000D+O0
7 [,5_72D+O2-2°9760D+01 2.7500D+01 4,7282D+01 3,4655D+02 3.O000D+O0

8 1.4097D+02 5,6395D+02 4,7755D+00 9,9894D.01 3.4655D+02 I,OO00D+O0
9 1,7753D.02 I .4543D+02 1,2680D+02 O.O000E)+O0 O°9000D+O0 O.OOOOD+O0

10 1,6000D+02 1,27BID+02 1.84¢CD+02 O.O00OD.CO O.OOOOC+O00,O000D+O0
I 1 1. 4720D.02 1 .1507D+02 1 ,8440D+02 O.O000D+CO O, O000D+O0 O.O000D+O0
12 7.930¢D+01 5.2091D+01 4.7755D+00 9.9894D.0 ! 1.5072D+02 O°O000D+O0
13 5,9000D+OI 2,7097D+01 1,0370D+02 O,O00CD+OC O.OOCOD+O0 O.O000D+O0

I. 4. 7.4759D+01 4.2719D+01 I ,6370D+02 O,O03OD+O0 O.O000D+O0 O,O000D+O0

15 1,3081D+02 5.8821D+02 4.77'55D+00 9.9894D+0! 1.5072D+02 I ,O000D+O0

16 1.7899D.O2-8,3367E)+CO 2,8529D+01 4,9181D+01 3.4055D_02 O.O000D+O0

17 1.1603D+O2-5,2899D+01 3,0955D+01 5.31540.0! 1°5072D+02 O,OOOOD+O0
18 1.._307D+02 I.1617D+02 4,7755D+00 9,9894D+01 3°4655D+02 0,3000D+O0

19 9.4970_)+0! 5.6462[').02 4,7755D+00 9,9894D+01 1,5072D+02 1,0000D+O0

THE EQUIVALENT IIEAT TRANSFER QUAhlTITIES

FOR EVERY UNIT

NO, T YPE UA EFF CAT LMTD
! A 8,7493D+02 9,2310D-O[ I ,4bO4D +00 2,5540D.00
2 D 7,7788D+01 3,36300-01 2,9186D+01 3, 0216D+0!
3 II 4 .263 ID+01 7. 1850D-01 9.3677D +00 I. 1747D.0!

4 C 1,2624D+02 4,3810D-OI 2,0212D+01 2,C258D+01

5 E 2, [880D.02 7,8350D-01 5,8306D.00 1,1159D+01

NO. TYPE HEAT TRANSFER EQ, DEV, IPINCH

I A 2.23_6D+03 O- O00D+)O 1
2 D 2,3504D+03 O, OOOD+OC I

3 H 5,00790+02 O, 900D+O0 1

4 C 2.5573D+03 O, 030D+O0 !
5 E 2,4'_i 50+03 O, O00D+O0 -1
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Table B.3. Data for a single stage heat transformer
LiBr/ZnBr=-CHsOH cycle (see Fig. B. 1)

SINGLE STAGE H,T. LIBRIZNDR2-CH3bH

INPUT AND OUTPUT IN BRITISH UNITS

THE BRITISH IJNITS ARE :

TEMPERATURES (T) Irl DEG F

MASS FLOWS (F) IN LB/MIN

COrlCENTRAT ION (C) IN PERCENTS

ENTHALPI ES (H) IN BTU/LB

PRESSURES (P) IN PSI A

HEAT QUANTITIES (Q) IN BTU/M IN

TOLERANCES IN F, X I ,OD-05 I.OD-O8

NO, OF UNITS 5

NO, OF STATE POINTS 19

I 2 2 0.69 09 - I 0.0000
5 15 I0 11 6 17 0

2 3 2 0,8327 I 0 ,0000

6 7 4 5 0 0 0

3 4 2 3,7997 1 0.0000

15 12 13 14 19 0 0

4 5 2 0.5998 -1 0.0030
12 8 1 2 18 0 0

5 I 2 0 •93112 I 0.0000
7 8 3 9 4 16 0

START ING POINTS

1 3 0 140.0 0 402.10 0 0.0 0 0.0 0 0.0

2 3 I _00.0 0 402,10 0 0.0 0 0,0 0 0,0

3 3 0 _¢0,0 0 59,30 0 0.0 0 0,0 0 0.0

4 5 t IL00. 0 3 33.70 3 50.0 3 lO.O 0 0®0

5 5 1 1CO.O 3 33,70 3 50.0 2 2,0 0 0.0
6 S 2 100.C 0 43.7.3 :' 65.0 2 2.0 0 0.0

7 5 1 I00.0 0 43.70 2 65,0 3 10.0 0 0.0

8 6 3 100.0 2 I0.00 0 0.0 3 I0.0 0 1.0

9 3 1 170. 3 0 59.30 0 0.0 C C.O 0 0.0

10 3 0 140.3 0 118,60 0 0.0 0 0.0 0 0,0

11 3 I 100.0 0 118.60 0 0.0 0 0.0 0 0.0

12 6 4 I00.0 2 IO.GO 0 0.0 2 2.0 0 0.0

13 3 0 59.0 0 256.20 0 0.0 0 0.0 0 0.0

14 3 I 100,0 0 256,20 ) 0,0 0 0.0 0 0.0

15 6 2 100.0 2 10.00 0 0.0 2 2.0 C 1.0

16 5 l 100. 0 0 1.00 1 58.0 3 ! 0.0 0 0.0

17 5 I I00.0 0 I .00 I 57.0 2 2,0 0 0.0

18 6 3 100.0 2 I0.00 0 0.0 3 I0.0 0 0-0

19 6 4 100.0 2 IO,O0 0 0.0 2 2,0 0 1.0
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Table B.3 (continued)

LAST ITERATION NO. IS ¢7

IER = I

EUCLIDEAN NORM OF FIJN IS LESS TIIAN FTQL

STATE TE._PEP° ENTHALPY FLOW RATE CONCENTP , PRESSURE VAPOR FR..
PO [NT

[ 1°4000D+32 1 ,0776D+02 t_,02 rOD*02 0,00000+00 O, 30 00D_-O0 O,O000D.O0

2 1,3345D+02 1 ,0120D+02 4,02 OD+02 O,O000D+O00.O000D,_-O0 O°OO00D+O0
3 I ,._O00D+O2 1 ,0776D+02 5,93COD+01 O,OO]00+O0 O,CC OOD_-O0 O.O000D_-O0
4 I,6566D+02 5°3632D+01 4,8781D+01 5,3902D+01 g,_162D+O0 C,O000D_-O0

5 I,_006D+02 a_,5688D+OI 4,8781D+01 5,3902D+0 1 2, I156D+00 O°O000D+O0

6 I°2840D+02 4,3020D_-01 4.3700D+01 6,0169r)+0 1 2,11 56D4-00 O,O000O+O0

7 1,5942D+02 5,6888D+01 4,3700D_-01 6,01tsgD+01 9,4162D.00 C,O0000+O0

8 I,2908D+02 5,_223D4-02 5.0813D+00 O°OOOOD+O0 9, 41._2D+00 I,O000D+O0

9 I,8407D+02 1 ,5202D+02 5,g3OCD+O1 O,CO00D+CO O,OOGOD+CO O,O000D*OO
I0 1._000_)+02 I ,0776E)+02 1°1860D+02 O,O000D+O0 O, 3000D+OC O,O000D+O0

1 1 I, 175BD+02 8,533"7D+01 I,1C360D+02 O.O000D+O00,OOCOD+O00°O000D+O0
12 7,2149D+91 2,3530D+01 5,0813D+00 O.OCOOD+OC 2,11 56D+0C O,OOCODe60

13 5,9900D+01 2,7097D+01 2,5620P+02 O,OOOOD+O00, O000D+O0 C,O000D+O0

14 (5.9515D.+01 3,7518D+01 2,5620D+02 O.OOOOD+O00°OOOOD+O00,O000D.O0

1 5 1,2840_+02 5,#893D+02 5,0813D+00 O,O000D+OC 2, 11 56D+00 1,0000D+CO
16 I,8733D+02 6,4153D;-0 I 4,4384D+01 5,9269D+01 9,4162D+00 O,O000D+O0

17 1,0754D+02 3,5594D+01 6o79160+01 5.z_876D+Ol 2,1156D+0C O,O003D+O0

18 1,2908D+02 5,8625D*01 5,0813D+00 O,OOOOD+O0 9°4162D+00 O°OOOOD+O9

19 7°2149D+01 5°3053D+02 5°0813D+O0 O,O000D+O0 2, II 56D+00 I °O000D+O0

THE EQUIVALENT HEAT TRANSFER QUAtlTITIIZS

FOR EVERY UNIT

NO, TYPE UA EFF CAT LMTD

I D 2,&626D.02 6,90gOD-O l I ,0032D+0! 1 ,0798D+0 l

2 H 4,4723D+01 8,3270D-01 6 ,2334D+00 8,b656D+O0
3 C _., 0824D+02 7 °997')D-01 2 ,63380 +00 6,5397D+00

E 3,6857D+02 5,99800-01 4 .3695D +00 7.1510D+00

5 A 2,4189D+02 9.3120D-01 3.2563D+00 1 ,0852D+01

NO, TYPE HEAT TI_.ANSFER EQ • DEV, lP INCH
I D 2,6591D+'33 O,OODD+O0 - I

2 H 3 _8755D+02 O,OOOD+O0 i

3 C 2 ,6697D+03 O,O00D+O0 I

E 2 • 6357D+ 03 O. O00D 4-00 - 1
5 A 2 ° 625 OD+03 O. O00D +00 1
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Table B.4. Data fo.- a single stage heat transformer NHa-H_O cycle {see Fig. B. I)

SINGLE STAGE H,T, NH3-H20

INPUT AND OUTPUT IN BR |TISH UNITS

THE BRITISH UNITS ARE :

TEMPERATURES (T) IN DEG F

MASS FLDWS (F) IN LB/MIN

CONCENTRATION (C) IN PERCENTS

ENTHAL F'IES {tl) IN BTU/LB

PRESSURES (P) IN PSIA

HEAT QUANTITIES (Q) IN BTU/NIII

TOLERANCES IN F, X I.OD-05 1,0D-08

NO. OF UN ITS 5

NO, QF STATE POINTS 19

I 1 2 0.9231 I 0 .0000

7 8 3 9 4 16 0

2 2 2 0.3363 - I 0 .0000

5 15 I0 11 6 17 0

3 3 2 0,71 85 1 0 ,0000

6 7 4 5 0 0 0

4 4 2 0.4381 -I 0.0000

15 12 13 14 19 0 0

5 5 2 0.7835 1 0.0000

12 8 I 2 18 0 0

STARTING POINTS

I 3 0 160.0 0 I15,40 0 0.0 0 0.0 0 0,0

2 3 I 120,0 0 115,40 0 0,0 0 0,0 0 0,0

3 3 0 I'_C, 0 0 126,80 0 0,0 0 0,0 0 0,0

4 2 I 120.0 3 30,00 6 65,0 3 2'_0,0 0 0,0

5 2 1 120,0 3 30,00 6 65,0 2 11 0,0 0 0.0

5 2 2 120, 0 0 27,50 2 55.0 2 11 0,0 C 0,0

7 2 1 120,0 0 27.50 2 55,0 3 24.0,0 0 0,0

8 2 1 120.0 2 2.50 .3 99.0 3 2#0,0 0 1,0

9 3 I 120.0 0 126.80 0 0.0 0 0.0 0 0,0

I0 3 0 160,0 0 184,40 0 0.0 0 0,0 0 0,0

11 3 i 120.0 0 184,40 0 0,0 0 0.0 0 O, 0

12 2 I 120,0 2 2,50 3 99,0 2 11 0,0 0 O,O

13 B 0 5Q, O 0 163.70 0 0.0 0 0.0 0 0.0

14 3 1 120,0 0 163,70 0 0.0 0 0,0 0 0.0

.15 2 2 120.0 2 2.50 3 99,0 2 11 O. 0 0 1. 0

16 2 1 12C, O 0 1 ,00 1 56.3 3 240,0 0 0,0

17 2 I 120,0 0 I ,00 I 6_.0 2 II 0,0 0 0.0

18 2 1 120.0 2 2,30 3 99.0 3 240,0 0 C,O

19 2 2 120.0 2 2.50 :3 99.0 2 II 0.0 0 1 ,0
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Table B.4 (continued)

LAST ITERATION NO, IS 106

IER = 1

EUCLIDEAN NORM OF FUN IS LESS THAN FTOL

STATE TEMPER, ENTHALPY FLOW RATE CONCENTR. PRESSURE VAPOR FR,

PO INT

[ 1.6000D.02 1.2781D+02 1.1540D.02 O,O000D+O00.O000D.O00,O000D+O0

2 1,4236D.02 I .I012D+02 1,1540D.02 O.O000D+O00,O000D.O0 O,O000D+O0

3 1,4000D.02 I ,0776D+02 1,2680D+02 O.O000D.O00,OO00D+O00,O000D.O0

4. 1,4977D.92 5,I453D.01 3, 1541D+01 7,1233D+01 2,8764D+02 O,O000D+O0
5 1,4279D+02 4,2636D+01 3,1541D+01 7.1233D+01 2,2136D+02 O,O000D.O0

6 1,3701D+02 2.TB52D+01 2,7500D+01 6.7067D.01 2,2136D+02 O,O000D+O0

7 1,4618D.02 3.7964D.C) I 2,7500D+0I 6.7067D+01 2.8764D+02 O,O000D.O0

8 1,51 ¢3D+02 5.8453D+02 4.0411D.00 9.9582D+0! 2,8764D+02 1,0000D.O0

g 1.5403D+02 1,2182D.02 1.2680D+02 O,O000D+O0 O,O000D+OC O,O000D+O0

10 1,6000D+02 1.2781D.02 1,8440D.02 O.O000D.O0 O.O000D+O0 O,,O000D.O0

1 I 1,5035D.02 I .1813D+02 1,8440D.02 O,O000D+O0 0.00000.00 O.O000D+O0

12 1,0283D+02 7,9332D+01 4.04110+00 9.9582D+0 I 2.2136D+02 O,O000D.O0

13 5.9000D.01 2,7C)07D+01 1,6370D+02 O,O000D+O00.O000D+O00,O000D+O0

i_. 7.1595D+01 3.9580D+01 1.6370D.02 O,O000D+O0 0,00000+00 O,O000D+O0

15 1,3701D4-02 5,8502D+C2 4,04110.00 9,9582D+01 2,2136D+02 1,OOOOD+O0

16 1,5520D.02 5,0550D+01 2,8148D+01 6,78160+01 2,8764D+02 O,O000D+O0

13' 1,3131D+02 2,7c)08D+01 _.0712D.01 7,0468D+0 1 2,2136D+02 O,O000D.O0

[ 8 1,2042D+02 1,0032D+02 4,04| ID.O0 9,9582D.0 I 2,87640+02 O,O000D.O0

19 1,3701D.02 5,8502D+02 4,0411D4-00 9,9582D+01 2,21360+02 1,0000D+O0

THE EQU IVALENT HEAT TIRANSFER QUANTITIES

FDR EVERY UNIT

NO, TYPE UA EFF CAT LMTD
I A 4,4033D+02 9,2310D-01 I ,1689D +00 Zl-, 0499D+00
2 D 8,5198D+01 3,363 OD-OI I ,90_. ID +01 2,09540+01

3 H 6,0439D+01 T,IB50D-Ot 3,5913D+00 4,6011D+OO

4 C 3,7910D.01 _.,3810D-O I 4,3833D+01 5,3905D+0 1

5 E 1 ,4354D+02 7 ,835{3D-0 I 8,5697D.00 I ,4223D+0 !

NO, TYPE HEAT TRANSFER EQ. DEV. IP INCH
I A I ,7833D+03 O,O00D+O0 i

2 D I ,7853D+03 O,O00D.O0 -I

3 H 2,7808D+02 O,O00D+O0 1
4 C 2,0436D+03 O, O00D+O0 - I

5 E 2 ,04! 6D.03 O, O00D+O0 1
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Figure B.2. Single stage chiller/heat pump.



72

Table B.5. Data for a single stage chiller NHz-LiBr/H20 cycle (see Fig. B.2)

SINGLE STAGE CHII_.LE_ NH3-LI_R/H20

INP_;T AND OUTPUT IN BRITISH UNITS

THE BRITI3H UNITS APE :

TEMPERATURES (T) IN DEG F

MASS FLOWS (F) IN LB/MIN
CONCENTRATION (C) IN PERCENTS

ENTHALPI ES (H) IN BTLI/LB

PRESSUPE S lP) IN PSIA

HEAT QUANTITIES (Q) IN BTU/MIN

TOLERANCES IN F, X 1.0D-05 I.OD-O8

tiC. OF UN ITS 6

NO. OF STATE POINTS 20

1 1 1 568,,0000 0 O.O00O

7 8 3 9 4 16 0

2 2 1 295.0000 0 O,OOOO

5 15 I0 I I 6 17 0

.3 3 I 2'_7.0000 0 0,0000

4 5 6 7 0 0 0
4 4 1 191 ,0000 0 0.0003

15 12 13 14 19 0 0

5 5 I 584,,0000 0 0.0090

20 8 1 2 18 0 0

6 6 0 0 ,0000 0 0,0000

12 20 0 0 0 0 0

STARTING POINTS

1 B 0 70.0 0 215,q) 0 0,0 0 0.0 0 C.O

2 3 1 60,0 0 215,40 0 0,0 0 0.0 0 0,0

3 3 0 70,0 0 126,80 0 0,0 0 0,0 0 0,0

4 4 I 81,0 3 31 ,80 4 58,0 3 92,0 0 0,0

5 4 1 124.0 3 31 .BO 4 58,0 2 195,0 0 0,0

6 4 2 135, 0 0 27.50 2 51.4 2 195, 0 0 0,0

7 4 1 82, 0 0 27.50 2 51 ,4 3 92, 0 0 0,0

8 2 1 69, 0 2 4.34 3 99,9 3 92, 0 0 1,0
9 3 1 91,0 0 126.80 0 0.0 0 0.0 0 0.0

10 3 0 145.0 0 184.4-0 0 0,0 0 O.O 0 0,0

II 3 1 130.0 0 184.40 0 0.0 0 0.0 0 0.0

12 2 L 95.0 2 4,34 3 99,9 2 195.0 0 0,0

13 3 0 80.0 0 163.70 0 0,0 0 0,0 0 0,0

14 3 ! 94.0 0 163,70 0 0,0 0 0,0 0 0,0

15 4. 2 135,0 2 4,34 3 99,9 2 195,0 0 I ,0

16 4 1 92.0 0 1 .00 1 52.0 3 92,0 0 0,0

17 4 I 122. 0 0 I ,00 1 57,8 2 195.0 0 0.0

IB 2 3 51.0 2 4.34 .3 99.9 3 92.0 2 0,I

1c; 2 I I03.0 2 4.34 B 99,9 2 195,0 0 1.0

20 2 3 51.0 2 4.34 3 99.'9 3 92.0 2 0.i



73

I
Table B.5 (continued)

LAST ITERATION NO, ES 56

IER : I

EUCLIDEAN NORH OF FUN IS LESS THAN FTOL

STATE TENF)ER, ENTHALPY FLOW RATE CONCENTR, PRESSURE VAPOR FR,
PO INT

I 7,0000D+OI 3,?'ggBD+OI 2,1540D.02 O.O000D.i-00 O.OQOOD+O0 O.O000D+00

2 6,0055D+01 2,8142D+01 2,1540D+02 O,0000D+00 O, 00 00DO-00 O,O000D+O0

3 7,,0000D+OI 3,7'99BD+01 I,,2680D-I-02 O.OO00D+00 O,OOOOD+O0 O.0000D+00

4 8,0740D+OI-7,4892D+01 3,1845D+01 5,7987D+0! 9, 1593D+01 O,OOOOD+O0

5 1,2422D+32-3,9414D+OI 3,1B45D+01 5.7937D+01 I.g494D+02 O,OOOOD+O0
6 ! .3523D+O2-3,gg73D+OI 2,7500D+01 5.1360D+01 1,94_4D+02 0.0000D+00
7 8.2064D+O1-8,1057D+O1 2,7500D+01 5,1360E)+01 9.1593D+01 0.0000D+00
8 6,89110+01 5,593(_D+02 4,3449D+00 9.9929D+01 9.1593D+01 I,OOOOD+O0

g g,O537D.01 5,8395D+01 1,2680D+02 O,OOOOD+O0 0,0000D+00 O,O000D+00
! 0 I ,4500D-I-02 I ,127"7'D+02 I ,B440C)-I-02 O,0000D+O00,0000DI-O0 O,O000D+O0

11 L.3041D+02 9.8157D+0! 1.8440D+02 O,O000D+O00,O000D+O00.O000D+00

12 9,4635D+01 7,0770D+01 4,3449D+00 9,gg29D+01 1,9494D+02 O,0000D+00

13 8,0000D+01 4,792T_F_+OI I.63?0D+02 O.0000DI-O0 O,O000D+O0 O,O000D+O0

14 9,3707D+01 6,1 _ cO! 1.6370D+02 O.O000D+O0 O,0000D+O0 0,0000D+00

15 1,3523D+02 5,_ _ .+02 4,3449D+00 9.gD29D+O1 1°9494D+02 1,O000D+O0
16 9,1910D+OI-7,2971L)_O1 2,7852D+01 5,1973D+01 g, 1593D+OI 0,0000D+00

17 1.218._}D+O2-4,15c'IgD+01 3,1734D+01 5.78400+01 1,O4_94D+02 0,00000+00
18 5.14520+01 7,0770D+01 4,3449D+00 0.992gD+01 g, 1593D+01 9,3978D-02
19 1 ,0280D+02 5°0123E)+02 4,3449D+00 9,9920D+0! I ,9404D+02 1,0000D+O0
20 5.14_52D+01 7,0770D+01 4,34490+00 9,9929D+01 9.1593D+01 9.3978D-02

THE EQUIVALENT HEAT TRANSFER QUANTITIES
FOR EVERY UNIT

NO, T YF) E UA EFF CA T LMT D

1 A 5,6800D+02 9,3734D-01 I °3 728D +00 4.5535D+00
2 D 2,9500D+02 6,3126D-01 9,5249D+00 9,1320D+00

3 H 2,4700D+02 9,7569D-01 1 ,3245D+00 t+,5741D+O0
4 C I ,9100D+02 5 ,gg69D-O 1 9,1499D+00 1,1678D+0!
S E 5.8400D+02 9°4130D-01 1 ,0887D +00 3,6353D+00
6 V O,0000D+O0 0 .0000D+00 O.O000D+O0 O,0000D+O0

NO, TYPE HEAT TRANSFER EQ, DEV. IF) INCH
[ A 2 •5864D+03 O, OOOD +00 I

2 D 2 • 6930D+0 "J 0, O00D+O0 - I
3 H I • 1298D+03 O.000D+OO -I

4 C 2,2306D+03 0, OOOD+O0 l

5 E 2,1230D+03 0,00004-00 !
6 V 0,000 OD+O 0 0, OOOF)+O0 0
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Table B.6. Data for a single stage chiller LiBr/ZnBr2-CHsOH cycle (see Fig. B.2)

S INGLE STAGE CHILLER LI BR/ZNBR2-CH30H

IrJPtJT AND OUTPUT IN BRITISH UNITS

THE BRITISH UNITS ARE :

TEMPERATURES (T) IN DEG F

MASS FLOWS {F) IN LB/MIN

CONCEHTRAT ION (C) IN PERCENTS

ENTHALP IES (ii) IN BTLI/L B

PRESSURES (P} IN PSIA

HEAT QUANTITIES (Q) IN BTU/NIN

TOLERANCES IN Ft X ! .OD-05 ! .OD-O8

l'lO. OF UN ITS 6

I4O, OF STATE POINTS 20

1 5 2 O, 5999 -1 0,0000

20 3 1 2 18 0 0

2 3 2 0,8479 -1 0.0009

6 7 11 12 0 0 0

3 2 2 9.6418 1 0,090,3

7' I0 8 9 11 17 9

4 2 0,7998 I 0,0000

I0 15 13 14. 19 0 0

5 I 2 0.91 83 I 0.0000

12 3 4 5 6 16 0

6 6 0 O, O0 O0 0 0 ,0009

15 20 0 0 0 0 0

STARTING POINTS

I 3 0 55,0 0 402,10 0 0,0 0 0,0 0 0,0

2 3 I 60.0 0 402.10 0 0-0 0 0.0 0 0.0

3 6 3 60,9 3 5,70 0 0.0 3 1,0 9 1.0

4 3 0 85,0 0 59,30 0 0,0 0 0,0 0 0,0

5 3 I 60. 9 0 %9,30 9 0.0 0 0,0 0 0.0

6 5 I 60, 0 0 43,70 3 45.0 3 I*0 0 0.0

7 5 I 60,0 0 43,70 3 45,0 2 3,0 0 0,0

3 0 180.0 0 118.60 0 0.0 0 0.0 0 0,0

9 3 I 69, 0 0 118,60 0 O*O 0 0,0 0 0.0

tO 6 2 60,0 3 5,70 0 0.0 2 3.0 0 1,C

11 5 2 60,9 2 38,03 2 55,0 2 3.0 0 0,0

12 5 I 60.0 2 38.00 2 55- 0 3 0.0 0 0.0

13 3 0 55.0 0 256,29 9 0,0 0 0,0 0 0.0

14 3 1 60.0 0 256.20 0 0.0 0 0.0 0 0.0

ES 6 4 60.0 13 5.70 0 0.0 2 3. 0 0 0,0

16 5 1 60. 9 0 0,00 I 54,0 3 1, 0 0 0.0

17 5 1 60, 0 0 0 ,00 I 46.0 2 3,0 0 0.0

18 6 3 60.0 :3 5,70 0 0,0 .3 1.0 2 0.1

19 6 _ 60.9 3 5,70 0 0,0 2 3.0 0 I ,0

20 6 3 60,0 3 5.70 0 3,0 3 1.0 2 0.1
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Table B.6 (continued)

LP.ST ITERATION NO, IS 52

IER = l

EUCLIDEAN NORM OF FUN IS LESS THAN FTOL

STATE TEMPER. ENTHALPY FLOW RATE CONCENTF.., PRESSURE VAPOR FR,

PO INT

I 5,5000D+01 2,3137..).01 4,0210t)+02 0,0000D_-00 0,00 00D.00 0,0000D.00

2 5,1422D.I-01 I ,g597D+01 4.,0210D+02 0,0000D+00 0,0000D+00 0.0000D.00

3 4.,.9036D+91 5.2493D+02 2.9105D..I-00 O,O000D+OC 1,0377DI-00 I,O00CD..I-O0

4 8,rSOOODi-Ol 5.2890D+01 5,9300D.01 O.O000D',-O00.,,O000D+O0 O,O000D+O0

5 1,1556D+02 8,3329D+01 5,9300D+01 O,O000D+O0 O,OCOOD.O0 O,O000O+O0

6 _'_,9791D.I-01 3,9212D+01 ¢.3700D.01 5,9477D+01 1.0377DI-00 O,O000D.O0

7 Io52230+02 5,3978D+01 4.3700D+01 5.9477D+'01 3.74ggD+O0 0,00009+00

8 I,,,8000D+02 I .4792D+02 I ,IBbOD+02 O,O000D+O0 O,O000D+O0 O,O000D+O0

g I.6401D+02 1 ,3184D+02 I,1860D+02 O.O000D+O00.O000D+O00,O000D.O0

I 0 1,6866D+02 5,6002D+02 2,9105D+00 O,O000D+O0 3.7499D+00 I,O000D+O0

1 1 I.6866D+02 6,4.62bD+01 4,0789D+OI 6,3721D+01 3.7499D+00 O,O000D+O0

12 1,I0;/7D.i-02 4°88070+01 4.07BgO+Of b.3721D+Ol 1.0377D+00 O,OCOOD+O0

13 8,5000D+Ol 5,2890D+01 2,5620D-I.-02 O.O000D+O00.O000D+O0 O,,O000D+O0

14 g,O989D+01 5°88_5D+01 2.5620D.02 O,OO00D+O0 O, OUOOD+O0 O,O000D+O0

15 9,2489D+01 3,58,W4D+01 2,9105D+00 ").O000D+O0 3,7499D+00 O°O000D+O0

16 I, 1828D.+02 5.0484D+01 4.0934D+01 6,3496D.'-01 I,G377D.O00,,O000D+O0

17 I°4B36D+02 5,29BgD+01 4,3615D+01 5,g593D.Ol 3,7499D+O0 O,O000D+O0

18 _,9036D+01 3.5844D+01 2,9105D+00 O.O0_OD+O0 1,0377D+00 5,0455D-02

19 g.2489D+Ol 5,3509D4-02 2,9105D+00 O,O000D+O0 3.7499D.O0 l.O000O+O0

20 4,9036D+01 3°5844D+01 2°91)5D.00 O,.O000D+O0 1,0377D+00 5,.0455D-02

THE EOUIVALEHT HEAT TRANSFER QiJANTITIFS

FOR EV ='RY U_I;T

NO, TYP E UA EFF CAT LMT D

1 E 3,6446D+02 5 ,9990D-01 2 .3862D+00 3,9057D+00

2 H 4 ,8758D+01 8,4790D-01 I ,0476D+01 I ,3233D+01

3 D 1 ,4255D+02 6.4180D-01 I ,1335D+01 1 ,3379D+01

4 C 4.0971D+02 7,998.')D- 01 I ,4992D+00 3,7237D+00

5 A 2,5324D+02 9.1830D-01 2.7193D+00 7, 1278D+00
6 V I .9362D+02 8,OO00D-O I 1 . 1777D+00 2,9271D+00

NII, TYPE HEAT TRANSFER EO, DEV, IPII"4CH

1 E 1 ,4235D+03 O,O00D+O0 -I

2 H 6,45240+02 O. O00D+O0 - 1

3 D 1 ,9072D+03 O, O00D+O0 I

C I ,5256D+03 O,O00D+O0 1

5 A I °8050E)+03 O,030D+O0 1

6 V 0, O000D+O0 O, O00D+O0 0
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Fig. B.3. Single stage chiller with rectifier.
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Table B.7. Data for a single stage chiller NHs-H20 cycle with a rectifier (see Fig. B.3)

SINGLE STAGE CHILLER NH3-H2O WITH RECTIFIER

INPUT AND OUTPUT I;4 BRITISH UNITS

T{]LERANCES IN F, X 1.0D-05 I.OD-08

NO, OF U NITS 8

NO. OF STATE PF)II'ITS 26

I 5 2 0.6000 1 0.00)0

20 3 1 2 18 0 0

2 3 2 0,84.80 -! 0,0000

6 7 II 12 0 0 0

3 2 2 0,6420 -1 0,0000

21 23 8 9 11 17 0

4 4 2 O. 8000 - I 0.0000

I0 15 13 14 19 0 0

5 1 2 O. 91 80 1 0 •0000

_2 3 4 5 6 16 0

0 6 0 0,0000 0 0.0000

15 20 0 0 0 0 0

7 9 2 0.7410 1 0,000 0

23 I 0 2_ 25 22 26 0

8 7 0 O, O0 O0 0 0,0000

7 22 21 0 0 0 0

STARTING POINTS

1 3 0 60, 0 0 47,94 0 O,O 0 0,0 0 0,0

2 3 I 55,0 0 %7,94 0 0,0 0 0,0 0 0,0

3 2 1 50,0 (_ 0.-50 5 100,0 3 83,0 0 1,0

4 3 0 85, _ 0 9,00, 0 0,0 0 0,0 0 0,0

5 3 I 120,0 0 9,06 0 0,0 0 0,0 0 0,0

6 2 1 II0.0 0 3.00 9 50.0 3 83.0 0 0.0

7 2 1 176.0 0 3,0C 9 50,0 2 2C0,0 0 0,0

8 3 0 220. 0 0 9,64 0 0,0 0 O, 0 0 0,0

9 3 1 180. 0 0 9,64 0 0,0 0 0,0 0 0,0

I0 2 2 97,0 6 0.50 5 I00,0 2 200.0 0 1,0

11 2 4 200.0 2 2.50 2 40.0 2 200,0 0 0,0

12 2 1 120,0 2 2 ,50 2 40,0 3 83,0 0 0.0

13 3 0 85. O 0 48,46 0 0,0 0 0,0 0 0,0
14 3 I 90.0 0 48.46 0 0.0 0 0.0 0 0,0

15 2 I 96.0 6 0,50 5 100°0 2 200.0 0 0,0

16 2 1 141 ° r) 0 2 .50 I 57.0 _ 83,0 O 0,0

17 2 1 168. 9 0 0.09 1 57,0 2 200.0 0 0,0

18 2 .3 a7.0 6 0,50 5 100,0 3 83.0 2 0,1

19 2 2 97.0 6 0.50 5 I00.0 2 200.0 0 1.0

20 ,-'_ 3 47. 9 6 0.50 5 I00,0 3 83.0 2 0*I

21 2 I 176, 0 1 3 ,04 I 50,0 2 20 0,0 0 O, 0

22 2 4 200.0 1 0.04 I _O.O 2 200,0 0 0.0

23 2 4 290,0 5 0.54 4 90,0 2 200.0 0 l*O

24 3 0 85.0 0 0,60 0 0,0 0 0.0 0 0,0

25 3 1 195. 0 0 O.bO 0 0 .0 0 0,0 0 O. 0

26 2 _ 200.0 5 0,54 4 96.:_.. _° 200.0 0 I.O
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Table B.7 (continued)

LAST ITZRATION NO, IS 78

IER = I

EUCLIDEAN tHOR_4 OF FUN IS LESS THAN FTOL

STATE TEMPER. ENTHALPY FLOW RATE CONCEHTR, PRESSURE VAPOR FR.

PO IHT

l 6,0000D+OI 2,SCBTD.Ol 4,7940D+01 O,O000D+O00.O000D+OC C,O000D.O0
R 5,6362D+01 2,4485D+01 4_,794.0D+0I O,O000D+O0 O, )O00D+O0 O,O000D+O0
3 4.52700+01 5,5421D+02 3.4998D-Ot g,O95gD+O t 5, I796D+OI 1,00000+00
4 8.5000D.01 5,2590D.01 9,0600D.O00,OO00D+O00,COOOD+OO C.O000D.OC

5 1,1355D.02 B,I420D+OI 9,0600D+00 O,O000D+O00,.)COOD.O00,O000D+O0

6 9,4870D.OI-4,2262D+01 3,0000D.O0 4.5584D+01 5,1796D.01 O,O000D+O0

7' 1,7105D.07. 4,1398D+0! 3,0000D.OO _,5584D.01 1,6924%D+02 O,O000D+O0

8 2°2000D.02 1,8830D.02 9,6400D.00 O.O000D+O00,OO OOD+O0 O,O000D+O0

9 I,8832D.02 1,5630D.02 9,66.00D.00 O,O000D.O0 O,OCOOD+O0 C,O000D+Oq

I 0 9°0662D.01 5,5799D+02 3.4998D-01 9,9959D+01 1.6924D+02 I ,O000D.O0

11 1,945TD.02 7,1:'13D.01 2.6500D+00 3,8403D+0 I 1.6924D+02 O,O000D.O0
12 I,lO02D.O2-2°3406D+01 2,6500D+00 3.8403D+01 5,1796D.01 O,O000D+O0

13 8,5000D+01 5,28900+01 4,84.60D.OI O,O00OO.O0 C,OCOOD+O00,OCOOD+O0
14 8,8612D+01 5.6481D.01 4,8460D_01 O°OOOOD.O00, O000D+O00.O000D+O0
15 8°6132D.01 6,0830D+0| 3,4998D-01 9.9959D.0! 1.6024D+02 O,O000D+O0
16 1. 1621D.02-! ,7.383D.0! 2,678_D.00 3.9054D+01 5,1796D.01 O,O000D.O0
17 I,7065D.02 4,097'5D.01 3°0248D.00 4.54600.01 1,6924D.02 O,OOOOD.O0

18 2,3175D+01 6,0830D_0! 3o4QgSD-OI 0,9O59D+01 5.1796D+01 1,2829D-01
19 9.0662D+01 5.3799D.02 3,4998D-01 9,G959D+01 1,_924D.02 1,0000D+O0
20 2°31 75D.01 6,OB30D4-01 3,4998D-01 9,9959DfOL 5,1796D+01 1,2829D-01

21 Io7'1280.02 A.1677D+01 3°0283D.O0 4.5517D+01 1.6924D+02 O,OOOOD+O0
22 1°9457D+02 7,1213D+01 2°8279D-02 3.8403D+01 1,692_D+02 O°O000D.O0
23 1,9457D.02 6°5031D+02 3°7826C)-0I 9,5357D.0 I 1,6924D+02 1,00000+00

24_ 8,5000D.01 5.2890D+01 6°0000D-01 O°O000D+O00,O000D+O00,O000D.O0
25 1,6619D.02 1,3403D.02 6,0000D-01 O.O000D+O00,3COOD.O00,OCOOD+O0

26 1°9457D.02 6.5031D.02 3,T826D-O[ 9,5357D.01 1,6924D.02 1,0000D.O0

TME EQUIVALEPIT HEAT TRANSFER QUANTITIES
FOR EVERY UNI T

NO, TYPE UA EFF CAT LMTD
1 E 7,599ID+00 5,0000D-O I I ,4730D +0 t 2.2723D+0 t

2 H I ,3186D+01 F},_800D-O1 1 ,5154D+01 1 ,9033D.01
3 D 1 ,4475D.01 6,4200D-01 1 .766ED.01 2,1313D+01
4 C I ,125_D.02 B°OOOOD-O I 1 .! 324D_00 I ,5462D+00

5 A /_ ,772 _D+O 1 9,1800D-01 2 .5592D+00 5,4162D+00
6 V O,O000D+O0 O,O000D+O0 0,0000D+O0 O,CO00D+O0

7 I_ 8.I006D-01 7,4100D-01 2 ,8379D+01 6.0100D.0|

8 M O,O000D.O0 0.0000D+O0 O,OOOOD+O0 O,O000D.O0

NO, TYPE HEAT TRANSFER EQ, DEV, IPINCH

I E I .7267D.02 O,0OOD4-Og I

2 H 2 ,5098D+02 O, OOOD+O0 -1
3 D 3.0849D+02 O,O00D.O0 -I

4_ C 1.7400D+02 O. OOOD+O0 -I

5 A 2 ° 584 8D+02 O, 099D +00 I

6 V 0 .000 OD+O 0 O. O00D _00 0

7 R (&.8685D+0 I 0.000D.00 I

8 M 0.0000D.O0 O, gOOD +00 0

=
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Fig. B.4. Double stage heat transformer.
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Table B.8. I)_ for a double stage heat transformer LiBr-H20 cycle (see Fig. B.4)

DQIJBLE STAGE H.T. L IB_,-H20

INPUT AND OUTPUT IN BRITISH t_NITS

THE BRITISH UNITS ARE :
TEMPERATUP ES IT) IN DEG F
M_SS FLOWS (F) IN LB/MIN
CONCENTRAT ION (C) IN PERCENTS
ENTHALPIES (H) IN BTU/LD
PRESSURES (P) IN PSIA
tlEAT QUANTITIES (Q) IN BTU/;,I I_l

TOLERANCES IN F, X I.OD-05 I.OD-O8

NO, OF UN ITS 1 3
NO, OF STATE POI hITS 35

I I 2 0,5990 I 0,0000
7 8 30 9 4 12 0
2 5 2 0.5996 -I 0,0000

i0 B I 2 33 0 0
3 3 2 0.7994 I 0 .0000
6 7 4 5 0 0 0
4. 1 2 0.9007 1 0.0000

17 18 13 19 14 22 0
5 5 2 0,7999 -i 0 ,0000

11 18 32 3 34 0 0
6 3 2 O. g023 I 0,0000

16 17 14 15 0 0 0
7 2 2 0.5504 I 0 .0000

25 27 20 21 26 29 0
8 4 2 0,5997 l 0,0000

27 28 23 24 35 0 0
9 7 0 0 , O0 O0 0 0 • 000 0

15 5 25 0 0 0 0
I 0 7 0 O, O0 O0 0 0 ,0000
31 3 30 0 0 0 0
I 1 8 0 0,0000 0 0,0000
I0 II 28 0 0 0 0
l 2 8 0 0.00 O0 0 0 ,0000
13 32 9 0 0 0 0
13 8 0 0.00 O0 0 0.0030
16 6 26 0 0 0 0
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Table B.8 (continued)

LAST ITERATION NO, IS 85
IER - l
EUCLIDEAN NORM OF FUN IS LESS THAN FTOL

STATE TEMPER, ENTHALPY FLOW RATE CF]NCENTR. PRESSURE VAPOR FR,
PO It4T

I 1,4000D+02 1,077'6D+02 1,2600D+01 O,.O000D.O00.O000D+O00,O000D.O0
2 1,3300D.02 I ,OOY5D+02 1,2600D+01 O,O000D+O0 O,O000D+O0 O,O000O.O0
3 1,637SD+02 I ,3161D+02 3.0800D.00 O,O000D+O0 O, O000D+O0 O,O000D.O0
4 L,72589+02 7.1225D+01 B,231OD-01 4,B779D+01 2,1236D+00 O,O000D+O0
5 1,42470+02 5,5149D+01 8,2310D-01 4,8779D+01 4,01 15D-01 0,0000D.00
6 l,27gRD.02 5,1102D+01 7.4100D-01 5,4181D+01 4,01 150-01 O,O000D.O0
7 1,63_D+02 6.8959D+01 7,41000-01 5,4184D+01 2,1236D+00 0.0000O+00
8 1,2532D+02 1,1166D+03 8,2096D-02 O,O000D+CO 2,1236D+00 I,O000D+O0
9 1,7659D.02 1 ,4449D+02 4,68000+00 O,O009O.O0 O.O000P+O0 O,O000O.O0

I 0 7,2963D+01 4,09371").01 8,2096D-02 O,OOOOD+O0 4,0I 15D-01 O,O000D.O0
I I 7,2963D+01 4,0937D+01 4,3527D-02 O,O000D+O0 4,01 15D-Of O,OOOOD+O0
12 1,8857D.02 8,1012D+01 7,_962D-01 5,3560D+0 1 2,1236D+00 O.O000D.O0
13 1,7659D+02 I,_440D.02 I,O000D4-CO O,O000D+O0 0,00 30D+O00,OOOOD+O0
14 2,0833D+02 9,0396D+01 4,3353D-01 4,8744D+01 4,8052D+00 O,O000D.O0
15 1,4726Df02 S,7700D+01 4,3353D-01 4,8744D+01 4,01 15D-OI O.O000D+O0
16 t,2792D+02 5,1102D4-01 3,9000D-01 5,41840+01 4,01 15D-Ol O,O000O+O0
17 2,00510+02 B,7447D+OI 3,9000D-01 5,4184D+01 4,8052D+00 O,O000D+O0
1 8 1,6057D+02 I ,1302D+03 4,3527D-02 O,O000D.O0 4.BO52D+O0 I ,O000D+O0
19 2,2029D+02 I ,8860D+02 1,0000D+OÙ O.OOOOD+OO O.O000O+O00°O000D+O0
20 1.4000D.02 1,0776D+02 1,5700D+01 0.0000[+00 O.O000D+O0 O,O000D+O0
21 1,3187D+02 9,9619D+01 1,5700D+01 O,OOOOD+O0 O.OO00D+O0 O,O000D.O0
22 2,2511D+02 9,95040+01 3,9456D-01 5,3557D+01 4,8052D+00 C,O000D+OO
23 5.9000D+01 2,7097D+01 1.6300D+01 O,O000D+O0 O,O000O+O00,O000D+O0
24 6,7374D+01 3,5394D.01 I ,6300D+01 O.O000D+O00,3000D+O00,O000D+O0
25 1,4417.D+02 5,6029D+01 1,2566D+00 4,87670+01 4,01 15D-01 O,CO00D+O0
26 1,2792D.02 5,1102D+0 I 1,1310D.O0 5,4184D+01 4,01 15D-01 O,O000D+O0
27 1,2792D+02 I ,I 175D+03 1,2562D-01 O,O000D+O0 4.01 ]5D-OI I ,3000D+O0
28 7,2963D+01 4,0937D+01 1,2562D-01 O,O000D+OC 4,01 15D-01 O,O000D+O0
29 1,131¢D+02 3,9827D+01 1,2377D+00 4,9511D+01 4,01 15D-01 O,O000D+O0
30 1,5871D+02 1,2651D+02 4.(,800D+00 O,O000D+O0 O,O000D+O0 O,O000D+O0
31 1.4000D+02 I ,0776D+02 I ,O000D+O0 O,O000D+O0 O,O000D+O0 O,O000D+O0
32 1.7659D+02 I ,4449D+02 3,6800D+00 O,O000O+O0 0,00 OOD+O00,O000D+O0
33 1,28_2D+02 9.6072D+01 8,2096D-02 O,O000D+O0 2,1236D+00 O,OO00D+O0
34 1,60579+02 I ,283(9D+02 4,3527D-02 O,O000O+O0 4,8052D+00 C,OCOOD+GO
35 7,2963D.01 1,0927D+03 1,2562D-01 O,O000D+O0 4,01 15D-01 1,0000D.O0

THE EQUIVALENT HEAT TRANSFER QUANTITIES
FOR EVERY UNIT

t4C), TYPE UA EFF CAT LMTD
I A 3,4188D+00 5,9900D-0 I I ,I 975D+0t 1,2902D+01
2 E 6,1969D.0 0 5,9960D-0 I. 4 .6762D +00 7,6508D+00
3 H I ,22900+00 7 ,9940D-01 B,9580D+O0 I ,1525D+01

A 3,0893D.0 9 9,0070D-9 I 4.8177D+00 1.4278D.01
5 E 5,9534D+00 7,9990D-0 I 3,2053D +00 7,g637D+O0
6) H 1,1146D+00 9,0280D-01 7.81_9D.00 1,2717D+01
7 D 3.4288D+00 5,5040D-0 I I .2075D+01 1,5159D+01
8 C I ,4787D+01 5,9970D-0 I 5.5893D +00 9, 1460D+00
9 Nt O.OOQOD+O0 O.O000D+O0 0.0000D+O0 O. O000O+O0

tO M O,O000D+OO O.O000D+O0 O,O000D +00 O,OO00D+O0
I! S O,O000O+O0 O,O000O+O0 O,O000O+O0 O,O000D+O0
12 S O,O000D+O0 O,O000O+O0 O,OOOOD+O0 O.O000D+O0
13 S O,O000D+O0 O,O000D+O0 0,0000D +00 O,O000D+O0

NII, TYPE HEAT TRANSFER EQ, DEV. IP INCH
t A 4,4 1080+0 I O, O00D+O0 t
2 E 4,741 ID+OL O®O00D+O0 -I
3 H I ,4174D.01 O, O00D+O0 I
4 A 4,4108D+0 : O, O00D.O0 l
5 E 4,.7o, I ID+0I 0,000D+00 -I
6 H I .4174D.01 O,OOOD+O0 I
7 D 1,2777D+02 O,O00D+OO I
8 = 1 ,3524D+02 O, O00D+O0 I
9 M 0,000 OD+O 0 O, O00D+OO 0

10 _ 0.0000D+O0 0, O00D+O0 0
I I S O.O000D+O0 O,O00D+O0 0
I2 S 0.0 O00D+O0 O, O00D +00 0
13 C O,OOCOD+O0 O,COOD+O0 0
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Table B.8 (continued)

STARTI'_G PC) INT5
I 3 0 140,0 0 12,60 0 0,0 0 0,0 C 0.0
2 3 I I00.0 0 12.68 0 0,0 0 0.0 0 0.0
3 3 I 100.0 0 3.68 0 0.0 0 0.0 0 0.0
4 1 1 IO0,O 7 0,82 4 45,0 2 3,0 0 0,0
5 I I I00.0 7 0.82 4 45.0 3 1.0 O 0.0
6 I 2 I00.0 0 0,74 3 55.0 3 1,0 0 0.0
7 1 1 100. 0 0 0 .74 3 55,0 2 3.0 0 O, 0
8 3 5 I00,0 2 0.08 0 0,0 2 3.0 0 1,0
9 3 3 | 00,0 0 4.68 0 0,0 0 O. 0 0 0,0

10 3 4 I00,0 2 0,08 0 0.0 3 1,0 0 0,0
I I 3 4 I00, 0 3 0 ''_ 0 0.0 3 I. 0 0 0.0
12 I I I00,0 0 0.74 I 54,0 2 3,0 0 0,0
13 3 3 190,0 0 I ,00 0 0.0 0 O, 0 0 0.0
14 I I I00. 0 4 0 ._3 2 45.0 4 5.0 C 0.0
15 I I I00"0 4 0._3 2 _5.0 3 1.0 0 0.0
16 I 2 190.9 0 0,39 3 55,0 3 1.0 0 0,0
17 1 I IOC,0 0 0,39 3 55,0 4 5,0 0 0,0
18 3 6 100.0 3 0.04 0 0,0 4 5.0 0 1.0
19 3 1 I00, 0 0 I .00 0 0,0 0 0,0 0 0,0
20 3 0 140,0 0 15,79 0 0,0 0 0.0 C 0,0
21 3 I 100.0 0 15.70 0 0,0 0 0,0 0 0,0
22 I 1 100.0 0 0 .39 1 54, 0 4 5.0 0 O, 0
23 3 0 50, 0 0 16 ,3 0 0 0 ,C 0 O. 0 0 0,0
24 3 I I00,0 0 16.30 0 0,0 0 0.0 0 0,0
25 I I 100.0 5 I .25 I 45.0 3 1,0 0 0,0
26_, 1 2 I00,3 0 I ,13 3 55,0 3 1,0 0 0,0
27 3 2 100.0 6 0.12 0 0.0 3 1.0 0 1.0
28 3 4 i00, O 6 0,12 0 0,0 3 1.0 0 0.0
2Q I I I00. 0 5 I .25 i 46,0 3 I .0 0 0,0
30 3 1 i00,0 0 4.68 0 0,0 0 0,0 0 0,0
31 3 0 140.0 0 I .00 0 0.0 0 0.0 0 0,0
32 3 Z 100.0 0 3.68 0 0.0 0 0,0 0 0,0
33 3 5 IOC.O 2 0 .08 0 0,0 2 3.0 0 0,0
34 3 6 190,0 3 0,0_ 0 0,0 4 5,,0 0 0,0
=_ 3 4 100.0 6 0.12 0 0,0 3 1,0 0 1,0
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Table B.9. Data for a double stage chiller LiBr-I-I20 cycle {see Fig. B. 5)

DOUBLE STAGE CHILLER LI BR--H20

INPUT AND OUTOUT IN BRITISH UNITS

THE BRITISH UNITS ARE :
TEMPERATURES (T) IN DEG F
MASS FLOWS {F) IN LB/MIN
CONCENTRATION (C} IN PERCENTS
ENTHALP IES (H) IN BTU/LB
PRESSURES (P} IN PSIA
HEAT QUANTITIES {Q) IN BTU/MIN

TOLERANCES IN F. X 1.0D-05 I .OD-08

NO, OF UN ITS I I
NO. OF STATE P31NTS 31

I 5 2 0.8000 -I 0.0000
27 2 28 29 30 0 0
2 I 2 0.80 O0 1 0.0000
1 2 3 4 5 6 0
3 2 2 0.8000 -I 0.0000
8 9 I0 I I 12 31 0
4 2 2 3,8000 -I 0.0000

13 14 15 16 17 18 0
5 4 2 O. 80 O0 1 0.0000
9 22 23 24 25 0 0
6 4 2 0.8000 1 0.0000

14 19 11 I0 20 0 0
7 3 2 0.8000 -I 0,0000
5 8 7 1 0 0 0
8 3 2 0.8000 -I O.CO00

12 13 17 7 0 0 0
9 7 0 0.0000 0 0,9000

21 26 27 0 0 0 0
10 6 -t O. 3000 0 0.0030
19 21 0 9 0 0 0
1 I 6 0 0.0000 0 0.0000
22 26 0 0 0 0 0

STARTING POINTS
I I 1 140.0 6 20.C0 3 60.0 4 1.0 0 0.0
2 3 2 140.0 2 I0,00 0 0,0 4 1.0 0 1,0
3 3 0 85.0 0 59.30 0 0.0 0 0.0 0 0.0
4 3 1 140,0 0 59,30 0 0,0 0 0,0 0 0,0
5 1 1 140,0 0 23,70 4 50,0 4 1.0 0 0,0
6 I 1 140,0 6 20,00 I 59,0 4 1,0 0 0.0
• 1 I 140,0 6 20,00 3 60,0 4 1,0 0 0.0
8 1 I 140.3 0 23,70 4 50.0 2 3.0 0 0.0
9 S 3 140,0 3 I0.00 0 0.0 2 3.0 0 1.0

I0 3 I 140.0 0 120,00 0 0.0 0 0.0 0 0,0
II 3 t 140,0 0 120,00 r) 0,0 0 0,0 0 0.0
12 1 : 140,0 5 I0,00 2 55,0 2 3,0 0 0,0
13 1 I I_0,0 5 I0.00 2 55.0 3 5,0 0 0,0
IZ_ 3 4 140,0 4 IO,O0 0 0,0 3 5.0 0 1.0
15 3 0 230,0 0 I18,b9 0 0.0 0 0.0 0 0,0
16 S t 140,0 0 113,60 0 0,0 0 0,0 0 0.0
17 1 4 140,0 6 20,00 3 60,0 3 5.0 0 0,0
18 1 I 140.0 5 I0,00 1 51,0 3 5,0 0 0,0
19 3 5 140,0 4 I0,00 0 0,0 3 5,0 0 0,0
20 3 5 140,0 4 I0,00 0 0.0 3 5,0 0 1,0
21 3 2 140.0 4 I0.00 0 0,0 4 1,0 1 0,6
22 3 6 140.0 3 tO.O0 0 0.0 2 3.0 0 O.e
23 3 0 85.0 0 256.20 0 0.0 0 0.0 0 0.0
24 3 I 140. 0 0 256,29 0 0.0 0 0.0 0 0.0
25 S 6 140.0 S 10eO0 0 0 .0 2 3cO 0 1.0
26 S 2 140.0 3 10.00 0 0.0 a 1.0 I 0.4
2 TM 3 2 140.0 2 i0.00 0 0.0 4 1.0 2 0.5
23 3 0 55. 0 0 a02,0O n 0.0 0 0.0 C 0.0
2 Q 3 1 140.0 _ 402.00 0 0.0 0 O.O C O.O
30 3 2 140.0 2 10.00 0 0,0 % 1.0 2 0.5
31 1 1 140.0 0 23.70 1 51.0 2 3.0 0 0.0
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Table B.9 (continued)

LAST ITERATION NO, IS 131
IE.R = !
EUCLIDEAN NORM OF FUN IS LESS THAN FTDL

STATF-. TEMPER, ENTHALPY FLOW RATE CONCENTP. , PR ESSURE VAPOR FR ,
r'o IN T

1 1,1618D+02 4,9018Dt-01 2,2653D+0! 5,6762D+01 1,8985D-0! O,O000D+O0
2 5.1726D.01 1,0836D+03 1,0475D+00 O,O000D+O0 1.8985D-01 1,0000D+00
3 8,5000D.01 5,2890D+01 5,9300D+01 O,O000D+O0 O,O000D+O0 O,OOOOD+O0
4 |,0728D+02 7,5065D+01 5,9300D+01 O,O00OD+O0 O.O00OD+O0 C,O000D+O0
5 1,0403D.02 3,9261D+0! 2,3700D+01 5,4253D+01 1,8985D-01 O,O000D+O0
6 1,12_5D+02 4,7550D+01 2®2620D4-01 5,6843D+01 1.8985D-0! C,O000D+O0
T 1,6476D+02 7,2497D+01 2,2653D+01 5.6762D+01 I ,8985D-01 C,O000D+O0
8 1,4898D+02 6,1702D+01 2,3700D+01 5.4253D+01 6,4769D-01 O,O000D+O0
9 |,4897D.02 ! ,126"TD+O_-. 5,0295D-01 O,O000D+O0 6, L_769D-OI 1,0000D+O0

10 1,5105D+02 1,1S83D+02 1 .2000D+02 O,O000D+O0 O.O000D+O0 O,O00OD+O0
1 | 1,4634D+02 I ,14.11D+02 1.200019.02 O.O000D_-O00.O000D+O00,O000D+O0
12 1,4897D+02 6,304.4D+01 2,3197D4-Ot 5,5430D+0 1 6.476gD-01 O,O000D+O0
13 2.0956D+02 9.2904D+01 2,3197D+01 5.5430D+0 1 3.9268D+00 O,O000D+O0
14 2.2793D+02 I ,1608D+03 5,4455D-01 O.OOOOD+CO 3,9.?.68D+00 1,0000D+O0
15 2,3000D.02 1 ,984_3D+02 1.1F}60D.02 O.O000D+O0 O.3OOOD+O0 O,O000D+O0
16 2.232_D+02 1 ,9159D+02 1 ,1860D+02 O.O000D+CO O,OOOOD+O0 O,O00CD+O0
17 2®2793D+02 I ,0307D+02 2°2653D.01 5,6762D+01 _,9263D.00 O,O000D+O0
18 2,2155D+02 9,8607D+01 2,3322D+0! 5,5134D+01 3,g208D+O0 O,O000D+O0
19 1,5223D.02 1 ,2901D+02 5,4.455D-01 O,O000D+O0 3,9268D.00 O,O000D+O0
20 1,5223D+02 ! ,1267D+03 5,4455D-0I O,O000D+O0 3,9268D+00 I ,O000D+O0
21 5,1726D+01 1 ,2001D+02 5°_455D-01 O,O000D+O0 1,8985D-01 _,4.121D-02
22 8.7644D+0! 5,5519D+01 5,0295r)-0! 0.0000D+O0 6,4769D-01 O,O000D.O0
23 8,50000+01 5,289CD+01 2,562QD.02 O,O000D+O00,OOOOD+O0 O,O000D+O0
24 8, TI16D+O! 5.4.093D+01 2,5020D+02 O,O000D4-O00, O000D+O00,O000D.O0
25 8,7644D+01 1 ,0991D.03 5,0295D-01 O,O000D+O0 6,4769D-01 1,0000D+O0
2(; 5,1-/'26D+01 5,5519D+01 5,0295D-01 O,O000D+O0 1,8985D-0[ 3,,3488D-02
2"7. 5, 1726D+01 8,904.6D+01 1,04.7ED.00 O,O000D+O0 1,8985D-01 6,5009D-02
2(3 5,5000D+01 2,3137D+0! 4_, 02 00 D+ 02 O.O000D+OO O,O000D+O00,O000D+O0
29 5,23810+01 2,0546D.01 4,0200D+02 O,O000D+CO O,OOOOD+O0 O,O000D+O0
30 5, 1726D+01 8,904.6D+01 1,0475D+00 O,O000D+O0 1,8985D-01 6,5009D-02
31 1._516D+02 5,9893D+0! 2,3060D+0! 5,434.6D+01 6., 4709D- 01 O,O000D+O0

THE EQUIVALENT HEAT TRANSFER QUANTITIES
FDR EVERY UNIT

NO, TYPE UA EFF CAT LMTD
! E 6 ,4022D+02 8,0000D-01 6,5472D-01 1,6272D+00
2 A 1 ,2003D+02 8,CCCOD-O I 5,5695D+00 1 .C955D.01
3 D 5.1192D+02 8,O000D-Oi I ,i777D+00 1 • 5860D+00

D 4. 3388D+02 8,0000D-01 1 ,6891D+O0 1 ,8713D.00
5 C 4.3116D+02 8,0000D-O I 5.2890D-01 I ,3145D+00
6 C I ,9362D+02 8,0000D-O I I .1777D+00 2,9271D+00
7 H 4,9881D+01 8,0OOOD-OI I .2147D+01 1,3886D.01
8 H 4,0624D+01 8.GOOOD-O I I ,5793D +01 ! ,7051D+01
9 M O,O000D+O0 O,O000D+O0 O,O900D+O0 O.O000D+O0

10 V O,O00OO+O0 O,O000D+O0 0 ,0 900D+O0 O. O000D+O0
11 V O,O000D+O0 0,0000D+O0 O,O000D+O0 O,CO00D+O0

NO, TY:)E HEAT TRANSFER EQ, DEV, IPINCH
I E I ,041 80+03 O, O00D.O0 -I
2 A I ,315 OD.03 O,O00D+O0 1
3 D 8, 1192D.02 O, O00D+O0 -I
4 D 8,I 192D.02 O, O00D+O0 -I
5 C 5,6676D+02 O, O00D+O0 I
6 C 5,6676D+02 O, O00D+O0 !
7 H 6,9267D+02 O, O00D +00 - I
8 H 6,9267D+02 O, O00DI'O0 -I
9 M O,O000D+O 0 0, O00D+O0 0

I 0 V 0.000 OD+O0 O,O00D+O0 0
11 V 0,0000D+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-H20 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. I 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 IX A70

Explanation
,,.

AT/TLE 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 TM IN FMAX PMAX
parameter
card Format F 10.1 F 10.1 FIG. 1 F10.1

Explanation

TMAX maximum expected temperature in the system

TMIN minimun_ expected temperature in the system

FMAX m,'zximum expected rnass flow rate in the system-- ...

P/_a,X n_aximum expected pressure in the system

87
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The third card contains control param.ters and has the following format.

Columns 1-5 6-10 11-15 16-25 26-35
Control MAXFEV MSGLVL IUFLA G FTOL XTOL
card

Format I5 I5 I5 D 10.1 D 10.1

Explanation

MAXFEV Maximum number of Iterations allowed before
termination.

MSGLVL Integer flag controlling the printing of
intermediate results

000000000000

= 0 No intermediate results are printed.
= n Intermediate results are printed

every n Iterations

IUFLAG Integer flag indicating the system of units used
for the Input and final output results
(intermediate results are always in British units)

= 1 Input and output in British units
= 2 Input in British units; output in SI units
= 3 Input and output in SI units
= 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 1-4 5-8

System NUNITS NSP
card

Format I4 I4

Explanation

NUNI'IN Total number of units or components

J,_,'_t_ Total number of state 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 1mit description and has the following

format.

Columns 1-5 6-10 11-15 16-25 26-30 3 --40
. unit NU IDUNIT IHT HT IPINCH DEV

I.D. -,

card Format I5 I5 I5 F10.4 I5 F 0.4
i

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
specLrtcatlon 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/2W/'D 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 tile 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 sul:'routine. The card has the following format.
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Columns 1--4 5-8 9-12 13-16 17-20 21-24
State ISP- I ISP-2 ISP-3 ISP-4 ISP-5 ISP-6
point m

order

card Format 14 14 14 14 14 14

Explanation

ISP State point number to be listed in the order 1 to 6,

corresponding with the urrit 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 ibr the quantity in question.

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

I
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 35--40 41-44 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-H20 solution
= 2 H20-NH 3 solution and vapor
= 3 H20 liquid and vapor
= 4 LiBr-H20-NH 3 solution
= 5 LiBr/ZnBr2-CH3OH solution
= 6 CH3OH liquid and vapor
= 7 LiNO3/KNO3/NaNO3-H20 solution
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/TF/X 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/TFIX, for mass flow rate instead of temperature

F Initial value of mass flow rate

ICFIX Same as/TFIX, for concentration instead of temperature
, ....

C Initial value of concentration
.....

IPFIX Same as ITFIX, for pressure instead of temperature
,, ,,, , ,,,,,

P Initial value of pressure
..........

/WF/X Same as/TFIX, for vapor fraction instead of temperature
....

W Initial value of vapor fraction
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INTERNAL DISTRIBUTION

1. M.R. Ally 18. W.R. Mixon

2. K.J. Ballew 19. R.W. Murphy
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