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ABSTRACT

Solar absorption cooling is economically unattractive compared

to vapor compression cooling. This is due to the high cost and

relatively low efficiency of the equipment. The purpose of this

dissertation is to study improved configurations of the different

components of the solar absorption system, and develop techniques for

their evaluation. The method consists of mathematic modeling and

computer simulations.

Three advanced absorption cycles, the absorption-resorption,

double effect, and the generator-absorber heat exchange cycles are

described and modeled. An improved configuration of the generator-

absorber cycle is proposed. The ranges of the cycle temperatures

under which the performance of these cycles is better than that of the

single effect cycle are calculated.

To lower the cut-off temperature of an absorption cycle, a

thermodynamic criterion for the selection of the refrigerant-

absorbent pair is proposed. The effect of this thermodynamic

property on the performance of various absorption cycles is estimated.

An arrangement of the solar energy collection and the absorption

cooling subsystem is proposed. It is found that its performance is

better than that of the conventional arrangement.

The fi bar, f-chart method is adapted so it applies to the

design of solar absorption systems Whose COP is variable.
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An economic comparison between the solar absorption and the

conventional system is made. The limiting values for the equipment

cost and the energy inflation rate, under which the two systems

break even, are found.
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INTRODUCTION

The absorption cooling system has been known for centuries.

Considerable effort has been spent in its development. However,

with the improvement of the vapor compression machine and the avail-

ability of electrical energy at low cost, the utilization of absorp-

tion machines decreased sharply. Relatively recently, however, with

the possibility of utilizing solar energy as the energy source,

interest in the absorption machine has increased considerably.

The purpose of this dissertation is to present studies on areas

where the engineering design of the solar absorption cooling system

can be improved. Also, mathematical models and numerical techniques

are developed for the evaluation of different absorption cooling

systems.

It is assumed that the reader has some familiarity with the

basic concepts of absorption cooling and solar energy.

In Chapter 1, several of the relevant published studies in the

area of solar absorption cooling are summarized.

With the aid of the literature review, the problem of solar

absorption cooling is defined in Chapter 2. General paths that can

lead to the improvement of the efficiency of the solar absorption

cooling system are identified, and the specific objectives of the

dissertation are defined.

In Chapter 3, three advanced absorption cycles are described and

modelled. These cycles are the generator-absorber heat exchange



cycle (GAX), the double effect cycle (DEC), and the absorption-

resorption cycle (ARC). A comparison of the performance of these

cycles and the single effect cycle (SEC) is made. A modification of

the GAX cycle previously studied by other researchers is proposed.

It is found that under specific conditions this modified GAX cycle is

more efficient than the ordinary GAX cycle.

In Chapter 4, a simplified design procedure, based on the @,

f-chart method, for a closed loop solar absorption cooling system

that takes into account its variable COP is outlined. It is found

that the results of detailed simulations agree reasonably well with

the results of the short design method. This method can be applied

to the comparison of the performances of different absorption

cycles, like those studied in Chapter 3, in a closed-loop solar

cooling system.

In Chapter 5, to help in the selection of the refrigerant-

absorbent pair, a desirable thermodynamic property of the pair is

proposed. The effect of this property of the refrigerant-absorbent

pair on the performance of an absorption cycle is discussed qualita-

tively and quantitatively. Various refrigerant-absorbent pairs are

evaluated in the light of the desirable thermodynamic characteristic.

In Chapter 6, a particular arrangement of the components of the

solar absorption cooling system is studied. In this arrangement the

generator and the collector are combined in one unit and utilizes

storage of absorbent solution and refrigerant internally to the

absorption cycle. The performance of this system, referred to as
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the collector-generator system, is evaluated and compared to the

performance of the conventional arrangement.

In Chapter 7, an economic comparison of solar absorption cooling

and vapor compression cooling, under current economic parameters, is

made. The factors that cause the economic disadvantages of the solar

absorption cooling system are identified. Finally, the limiting

values for some key economic parameters that make the solar system

competitive are estimated.

Chapter 8 summarizes the major conclusions of the five studies

performed. In addition, some recommendation for further study on

the subjects covered in this work are made.

To facilitate the reading of this thesis, the mathematical

models, thermodynamic data, and numerical techniques are presented

in the appendixes rather than in the main body of the thesis.

I wish to thank my advisors, John A. Duffie and John W. Mitchell,

for allowing me the opportunity to participate in the solar research

program and for their advice. I also must express my recognition

to my wife Margaret for her moral support and encouragement through-

out this task.

The work was financially supported by the Mexican government

through its agency Consejo Nacional the Ciencia y Tecnologia

(CONACYT).



CHAPTER 1. LITERATURE REVIEW

The objective of this chapter is to give an overview of the

relevant work that has been done by several researchers in absorption

cooling. For the purpose of this review, the literature has been

classified in six major areas:

a) Assessment

b) Modeling and Simulation

c) Experimentation

d) Optimization

e) Development

f) Economics and Marketing

In the following paragraphs, the type of research work that fits in

each of these areas listed above is defined.

a) Assessment. The research done in this area deals with review of

the status of absorption cooling, identification of problems, and

recommendations of directions for research and development efforts

needed to bring other potentially successful cooling systems to

the point of demonstration.

b) Modeling and Simulation. This kind of work deals with thermo-

dynamic, heat transfer and mass transfer analysis, to generate

mathematical models to estimate the performance of absorption

systems. Parametric studies to determine the sensitivity of the

performance are included in this area. Also, the simulation of
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the cooling of a building with a certain load, and under certain

climatic conditions, is considered to fit in this area.

c) Experimentation. This area is concerned with the testing of

actual absorption machines in buildings and laboratories.

d) Optimization. This area deals with the generation of control

strategies to maintain certain parameters in ranges that optimize

the performance of the unit. Also, included in this area are all

studies done on possible arrangements between the absorption

chiller and other components of the solar system, such as the

collector, hot or cold storage, etc., with the potential to

improve the overall performance of the solar system.

e) Development. This area is concerned with the study of advanced

absorption cycles that show potential advantage over the conven-

tional single effect absorption cycle. Studies on the search for

new absorbent-refrigerant pairs are included in this area.

f) Economics and Marketing. This area deals with economic evaluations

of the absorption system in a residential or commercial building.

Literature dealing with commercial availability of absorption

chillers is also included in this area.

Most of the literature related to absorption cooling falls in

more than one of the areas described above. However, almost any

particular study can be associated primarily with one of the areas.

The rest of this chapter is devoted to review of the relevant

literature available in each of the areas, following the same order

given in the classification made above.



6

1.1 Assessment

In 1976, Nash et al. (1) summarized the results of a survey of

solar energy applications of air conditioning. In this report, the

status of the absorption cycle, technological improvement, and

methods of utilization and simulation models are presented and dis-

cussed. Also, an extensive bibliography of related literature is

given. The following points about the absorption cycle are made by

Nash:

1) The absorption cycle is the best developed conventional heat-

actuated technique today.

2) Design constraints of practical solar energy applications of

absorption cycles are primarily caused by thermal limitations.

These are the thermodynamic properties of the refrigerant-absorbent

solution and the effectiveness of heat transfer equipment in the

absorption air conditioner.

3) Economic application is limited by cost of equipment and cost of

operations in the auxiliary mode. This is expected to be a long-

term limitation to the use of the absorption cycle in residential

cooling applications. Another economic limitation is that absorp-

tion air conditioners and associated cooling towers are more

expensive to purchase than vapor compression air conditioners of

the same capacity. In residential applications this first cost

differential has proven to be detrimental to consumer acceptance.

In commercial applications, normally the conventional method of

air conditioning uses absorption cooling equipment. In these cases,
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the increased system cost of adding solar energy as an additional

heat source may be eConomically feasible.

4) Most solar energy applications have used the LiBr-H20 pair due to

two thermodynamic characteristics as compared to the NH3-H20 pair.

These are: 1) lower generator temperature and 2) lower cycle

working fluid pressure levels.

5) Even with all the proposed technological changes, practicality

dictates that the expected big improvements will first be seen in

increased system reliability. Later developments are expected to

show increased efficiency.

In 1978, Auh (2) reviewed the status of absorption cooling. In

this review, the major work of research and development aimed to

improve the efficiency of absorption cooling is discussed. The most

relevant points brought up in this paper are:

1) In general, the COP of the single effect absorption unit using

conventional working fluid is limited and is always less than 1.0.

There exist, however, other high efficiency absorption cycles.

Some of the selected cycles include: double effect absorption

cycle, combination absorption-resorption cycle (ARC cycle),

generator-absorber heat exchange cycle, various hybrid cycles,

and perhaps absorption cycles using a working fluid that has

positive deviations from Raoult's law.

2) The concentrating type solar collector is a must to operate the

double effect LiBr-H20 absorption chiller, whose COP is no longer

limited to 1.0.
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3) The ARC cycle is a combination of the standard absorption cycle

and the simple resorption cycle. The cycle needs two solution

pumps and has two evaporators for the double refrigeration effect.

The COP of such unit is about two times that of the standard cycle

at about 300OF heat source temperature when it is water cooled.

4) The generator-absorber heat exchange cycle was proposed recently

by Phillips (25) . The proposed cycle is the same as the standard

NH3 -H20 cycle except that an absorber heat exchanger is added as

an integral part of the absorber and that a generator-absorber

heat exchanger is also introduced between the generator and

absorber. It was reported that, for an air-cooled NH3 -H20 unit, a

COP of 1.0 or more could be realized. No actual unit using this

concept exists, and the concept of generator-absorber heat exchange

may generate difficult hardware problems.

5) Proposed recently have been the various types of hybrid cycles,

which are combinations of an electric vapor compressor with the

various types of absorption cycles.

6) The COP of a single-effect absorption cycle can theoretically

break the 1.0 barrier if the employed working fluid has positive

deviations from Raoult's law.

In 1978, Auh (3) reviewed the status of solar cooling for resi-

dential and commercial applications. Recommendations are made as to

where the efforts of research and development should be directed to

improve absorption cooling. They are summarized by the following

points:



1) Work on system technology is necessary and should focus on system

configuration, sub-system options, control strategy and parasitic

power requirements by the use of computer and/or hardware

simulations.

2) Emphasis should be given to the effective management of the part

load performance.

3) Emphasis should be given to air-cooled absorption cooling, even

if it requires higher temperature heat input (>200 0 F). A search

for a new working fluid is another option.

In 1979, Anand et al. (4) presented the consensus resulting from

a review of various studies on solar cooling that apply to absorption

cooling. This consensus is summarized in the following points:

1) The technical feasibility of solar energy cooling system is not

questioned, but a large effort in research and development is

required for further advancement. Advancement will come more in

design improvements and reduced costs rather than in any techno-

logical or thermodynamic breakthrough.

2) Cost is the major stumbling block to widespread usage of solar

cooling. Initial costs are high and subsequent maintenance/service

costs are at present not predictable.

3) The present government policy of subsidizing conventional (non-

solar) energy shources is a deterrent to commercialization of solar

energy, especially to high initial cost and as yet unproven sys-

tems such as solar cooling.
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4) Solar cooling will be economically viable when increased research

and development improves design, performance, and reliability of

cool ing components.

5) Two basic recommendations are: government intervention and

subsidies for market penetration in the short run, and continued

solar cooling research for the long term.

In 1981, Bjurstrbm and Raldow (5)did an extensive historical

review of the absorption process for heating, cooling and energy

storage. In this paper the principle of the absorption process is

described and its versatility demonstrated. A wide range of applica-

tions, from household refrigerators to topping processes in power

plants, are surveyed in an historical perspective. The production

of mechanical energy and open systems are also included. Modern

developments are reviewed, special attention being given to the

aspects of thermal energy storage.

1.2 Modeling and Simulation

In 1959, Chung, Lof and Duffie (6) proposed using solar energy

to operate a single effect LiBr-H20 chiller. A system comprising a

collector, storage, and absorption chiller, was simulated on an hourly

basis, for one clear and one cloudy day. It was concluded that solar

absorption air conditioning was technically feasible.

In 1965, Duffie and Sheridan (7) modelled the different

components of an absorption chiller. In this model, for purposes of

simplification, the condenser and absorber temperatures are fixed.
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The concentration of the solution leaving the generator is not neces-

sarily the equilibrium concentration, thus an approach to equilibrium

is defined. This model was utilized along with a collector model to

simulate the performance of the system using summer weather data of a

location in Australia. The effect of different variables such as

cooling water temperature, heat exchangers area, approach to equi-

librium, was studied. The results showed to be sufficiently encour-

aging to justify further analysis of the LiBr-H20 in a solar air

conditioning system.

In 1973, Butz (8) simulated the performance of a residential

heating and cooling system in Albuquerque, New Mexico. The air

conditioning system used a LiBr-H20 absorption chiller controlled by

a room thermostat. A quasi-steady chiller model was used, i.e. the

chiller responded instantly when it was turned on or when operating

conditions changed. It was found that solar energy could provide a

significant fraction of the cooling in the residence simulated. An

economic analysis was performed to determine the combinations of

collector, fuel, and electricity costs under which a solar heating-

cooling system was economically justifiable.

In 1976, Allen et al. (9) did a thermodynamic analysis of the

basic absorption cycle and developed a model. This model defines an

ideal absorption machine in which internal fluid flow and thermal

processes are free of pressure drops, temperature drops, and con-

centration gradients. Explanations are given for the facts that:



a) an increase in solution heat exchanger effectiveness simultaneously

reduces the generator heat input and absorber heat output; b) the

cycle COP must be less than unity; c) the cycle COP will generally

decrease as the maximum generator temperature is raised above the

cut-off value.

In 1978, Anand, Allen and Abarcar (10) developed a mathematical

model of a LiBr-H20 absorption machine that predicts the off-design

performance under varying external water temperatures. The overall

conductances, the water capacity rates for all the heat transfer

equipment involved, and the flow rate of weak absorbent solution from

the absorber to the generator, have to be specified as parameters.

A listing of a computer program is presented and sample calculations

are included.

In 1979, Blinn (11) developed a model of the transient and

steady-state performance of a single-effect LiBr-H20 absorption

chiller. In this model all startup transients are assumed to be

accounted for by the thermal storage of the solution and hardware in

the generator. The temperature of the solution in the generator

exponentially approaches its steady-state value, and it is charac-

terized by two time constants, one applying to startup and one

applying to cooldown. The instantaneous performance during transient

operation is a function of the instantaneous generator and condensing

water temperatures.

TRNSYS simulations of residential air-conditioning systems in

Miami, FL; Charleston, SC; and Columbia, MO were run using the model



13

with steady-state performance data and time constants for the WF-36

3-ton Arkla unit. Over the course of a cooling season, chiller

transients were found to lead to reductions of approximately 5-8%

in COP and air conditioning load met by solar. The effect of the

transients were most pronounced during the month in which the cooling

load was lowest and was less noticeable in months with high cooling

loads.

1.3 Experimentation

In 1976, Merrick et al. (12) designed, built and tested an

experimental LiBr-H20 absorption chiller. Therwork covered in this

report demonstrates the feasibility of a direct evaporatively cooled

unit, capable of operating on heat supplied by flat plate solar col-

lectors, and using a minimum amount of electrical energy.

In 1980, Merrick (13) reported the ongoing experimental work

on absorption systems done under Arkla Industries contract, from

1977 through 1980. Two experimental solar houses cooled by 3-ton

absorption units, one cooling tower cooled, and the other evapora-

tively cooled, are currently being monitored. The seasonal COP

for the summer of 1979 for these two systems were 0.648 and 0.643,

respectively.

The experimental houses at Colorado State University have been

providing extensive data on solar absorption cooling since 1976

(14, 15, 16, 17, 18). The experimentation includes testing of Arkla

and Yazaki commercially available absorption chillers in combination
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with flat plate and evacuated tube collectors, and the use of cold

storage. In general, the results compare well with those predicted

by other experiments and computer simulations.

In 1977, Dao et al. (19) built an experimental NH3-H20 3-ton

absorption chiller for operation with temperatures obtained from a

flat plate collector. This unit was designed to use air as the

cooling medium. For generating temperatures of 210 'F or less, the

COP ranged between 0.6 and 0.7. The COP experimentally determined

and the predicted theoretically were within 5%.

In 1978, Froemming and Wood (20) tested the WF-36 Arkla unit.

Their results are in very good agreement with the data published by

Arkla Industries.

1.4 Optimization

In 1976, Allen et al. (9) utilized a model for an absorption

chiller, resulting from a thermodynamic and heat transfer analysis,

for simulation of a solar cooling system. This simulation included

the addition of different types of collectors and different options

of cool and hot storage. Three classes of collectors were studied.

The first was a high performance collector, the second a moderate

performance collector with two cover glasses and selective surface,

while the third was a low performance collector with a single glass

cover and non-selective surface. All collectors were either held

stationary or allowed to track the sun.
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The system employing the tracking higher performance collector

has the highest useful energy collected and therefore the highest

daily thermal performance. The same collector, when fixed but supply-

ing energy to an absorption machine operating under different cut-off

temperatures, results in lower daily system thermal performance.

The lower performance collector shows a very significantly lower

daily system thermal performance, resulting from the relatively

high thermal losses from this collector.

In 1978, Harris and Shen (21) presented a study of an absorption

chiller with latent energy storage internal to the cycle. Storage

of refrigerant, and weak and strong absorbent are maintained within

the main components of the cycle. The analysis shows that there is

an optimum point for the mass flow rate of refrigerant circulating

through the evaporator at certain flow rate of weak absorbent. This

suggests that the mass flow rate of weak absorbent should be con-

trolled to reach that optimum, and therefore to maximize the cooling

produced. A comparison between the performance of the cooling system

using internal latent energy storage, and a system using external hot

storage was made. It was concluded that in the system with internal

latent energy storage, the amount of auxiliary energy utilized is

substantially reduced.

Blinn (11)simulated three different modes of auxiliary in

his solar absorption cooling system: series, parallel, and series-

parallel auxiliary. It was found that the series-parallel auxiliary

mode makes the system performance slightly better than the other two
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modes. In this work the effect of the room thermostat deadband was

also studied. It was concluded that increased thermostat deadband will

reduce the frequency of cycling, and therefore the COP will be

improved.

In 1980, Auh (22) presented a study on the solution to the

problem of performance degradation of an absorption chiller due to

its transient behavior. A simulator was developed to test solar

cooling subsystems. It was found that additional cooling capacity

can be obtained during the shut-Off transient period by using the

so-called "spindown" technique. This technique consists of running

the pumps of condensing and chilled water after the hot water supply

to the generator is ceased. Tests revealed that during 10 minutes

after the shut-off from the steady-state, the amount of the

residual cooling produced was significant and corresponded to about

4 minutes or running at its steady state capacity.

1.5 Development

In 1959, Whitlow (23 )proposed incorporating the multiple effect

evaporator principle to the traditional gas fired absorption system.

An experimental unit using LiBr-H20 was built and tested. When

compared to the single effect absorption system it showed 50%

improvement in COP, 30% reduction in fuel consumption, and 25%

reduction in cooling water requirements.

In 1973, Chinnappa (24) compared single and double effect

absorption and resorption cycles. From very simplified models it
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was found that the COP can be improved by about 70% by adding a second

effect to the basic single effect cycle. Similar improvement could

be gotten by adding a second effect to the single effect resorption

cycle. In both cases, the addition of the second effect requires

generator temperatures about 20*C higher than those for the single

effect. A comparison of the basic absorption cycle with the resorp-

tion cycle showed that the resorption cycle has higher COP than the

absorption cycle for both cases, the single and double effect cycle.

In 1971, Whitlow (25) suggested taking advantage of the over-

lapping temperatures within the generator and the absorber to reclaim

some of the heat of absorption at the hot end of the absorber, and

using it to generate vapor refrigerant in the cool end of the genera-

tor. This cycle involves the replacement of the solution heat

exchanger for an absorber heat exchanger. Mass and energy balance

calculations for this cycle, referred to as the absorber heat

exchanger cycle, using NH3-H20, show that for generation temperature

of 399°F, evaporating temperature of 41'F, and cooling air tempera-

ture of 950F the COP is 0.55, while the COP for the conventional

absorption cycle is 0.41.

In 1976, Phillips (26) discussed the potential of several

advanced absorption cycles. A cycle with the same principle of the

absorber heat exchanger cycle, mentioned above, was analyzed.

Energy balance calculations done for this cycle, referred to by

Phillips as the generator-absorber heat exchange cycle, show that the

coefficient of performance is significantly higher than that of the
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other absorption cycles analyzed. The calculations were done for a

cycle using NH3-H2 0, and they indicate a capacity for achieving COP

of 1.0 or more with air cooled operation above generating temperatures

of 350'F.

In 1976, Allen et al. (9) did a thermodynamic analysis of the

basic double effect absorption cycle. In this report a numerical

procedure to calculate the performance of the cycle is outlined.

In 1978, Dao (27) proposed a new absorption cycle. This cycle

is referred to as the single-effect regenerative absorption cycle

or cycle 1R, and its performance is superior to the basic absorption

cycle, namely, the COP is higher at higher input temperatures, and

the cut-off temperature (below which the system ceases to operate) is

very much lower. The cycle 1R operates with a multistage boiler and

a multistage absorber in such a way that each stage of the heat input

and heat rejection processes of the cycle occur essentially at

constant temperature rather than at constant pressure. The greatest

part of the heat necessary to generate the high pressure refrigerant

vapor comes from the absorption of the evaporator vapor by the

regenerator, which can be considered adiabatic. Preliminary calcula-

tions for a NH 3 -H2 0 lR system show that the COP is within 40 to

75% of the Carnot COP.

In 1978, Vliet (28) compared the double effect absorption cycle

with the Rankine vapor-compression cycle, both powered with solar

energy. As a result of this comparison, it is suggested that the

double effect absorption cycle is at least competitive if not
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considerably superior to the Rankine vapor-compression cycle. At

the time of the presentation of Vijet's paper, the designcalculations

for the construction of a laboratory scale double-effect LiBr-H20

absorption unit had been completed. A parallel research effort

involved an investigation of refrigerant storage within the double-

effect absorption cycle with twofold reason: to reduce external

hot or cold storage volume, and to improve performance by separating

the heat pumping and regeneration portions of the cycle.

In 1978, Dao (29) proposed an advanced absorption cycle referred

to as the double-effect regenerative cycle or cycle 2R. Cycle 2R

has similar performance characteristics to the cycle IR" The per-

formance improves as input temperatures rise, and the cut-off

temperature is much lower. Cycle 2R operates with two sub-cycles,

the first effect and the second effect sub-cycles. The second

sub-cycle is a conventional single-effect cycle activated by heat

rejected from the first effect sub-cycle. The first effect sub-

cycle corresponds to cycle 1R discussed above.

In 1978, Offenhartz (30) proposed a system that combines air

conditioning and storage in a single chemical reaction. When a

solid is used as the absorbent, the vapor pressure of the refrigerant

vapor above the solid mixture will be essentially independent of the

extent of reaction. This is in contrast to a liquid mixture where

the extent of absorption depends on the vapor pressure of the

refri gerant vapor.



In the case of absorption in the solid phase, a large mass of

the "dry" solid will absorb refrigerant vapor at constant pressure

over a long period of time until all of it has been converted to

"humid" solid. This, in turn, will cause liquid refrigerant to

evaporate at a fixed temperature. Since "dry" solid can be maintained

indefinitely, storage time is unlimited. Storage and cooling are

inseparably linked by a single chemical reaction; separate hot side

and cold side storage are not needed. Furthermore, energy storage

densities should be many times better than the sensible heat of

water. The COP should be around 0.5. Three major problem areas are

envisioned: a) finding low cost inorganic solids with suitable

thermodynamic and kinetic characteristics, b) obtaining sufficiently

rapid heat transfer through a bed of salt particles, and c) obtaining

sufficiently rapid mass transfer of vapor.

In 1979, Macriss (30.) identified and evaluated potentially

improved fluid systems for the absorption cooling cycle. Binary

and ternary mixtures were considered. The specific objectives of

this study were: to identify and evaluate binary mixtures that

exhibit positive deviations from Raoult's law, which are conducive to

higher COP's than the conventional mixtures. A mixture composed of an

aliphatic alcohol as the refrigerant and an aromatic cyclic alcohol as

the absorbent satisfy this objective. Preliminary calculations were

done for a methanol-naphthol single-effect absorption chiller with

generator, condensing and evaporator temperatures of 250, 120, and

500F, respectively. The COP was found to be 1.01. Ternary mixtures
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that show a potential for extending the range of applications of

the basic single-effect absorption chiller to air cooled conditions

are: LiBr-H2 0-Resorcinol, Methanol, LiBr-Resorcinol, and Methanol-

LiBr-Zinc bromide.

In 1980, Biermann (32) identified a chemical composition which

meets the criteria for developing a truly air cooled absorption

chiller. The mixture is composed of an absorbent of LiBr and ethylene

glycol in a weight ratio of 4.5 to 1, with water as refrigerant and

1-nonylamine as an additive. The crystallization problem, present

in the LiBr-H20 system, is solved by the addition of the glycol.

The amine additive lowers sub-cooling in the absorber to about 1C

from the 15'C range of the simple refrigerant-absorbent combination.

Without this additive, the gain in crystallization is lost in

increasing sub-cooling.

A prototype machine was constructed to provide three tons of

cooling, with 110'C solar heated water, at an ambient temperature of

350C. The thermal coefficient of performance was found to be 0.76.

1.6 Economics and Marketing

In 1980, Ward et al. (33) concluded that solar cooling systems

are economically feasible when properly designed. Among seven actual

absorption cooling systems evaluated, all but three had negative

energy savings, and in some cases, the solar cooling system used

substantially more energy than a conventional system could be expected

to use. Two systems, however, (one residential and one commercial)
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had significant energy savings. The residential sizes system achieved

an annual energy savings of about 0.03 million BTU/year-sq.ft. of

collector, while the commercial system had savings of 0.02 million

BTU/year-sq. ft. of collector.

Based on certain assumed system modifications and subsequent

improvements, the savings could be increased to about 0.11 million

BTU/year-sq. ft. of collector. It was concluded that the factor which

caused the majority of the systems analyzed to be net energy losers

was inexperience in integrating components into the solar energy

system.

There are two companies that manufacture solar absorption

chillers. These are mentioned below, along with their products

specifications.

Arkla Industries Inc. (34) has made available two single-effect

LiBr-H20 absorption chillers: a) the Model WF 35, which is a three

ton absorption chiller for residential applications, and b) Model

WFB 300, which is a 25-ton absorption chiller for commercial

applications. The coefficients of performance for these systems are

0.72 and 0.69, respectively, when the heating water is at 195 0F, the

cooling water is at 850F, and the delivery chiller water is at 450F.

Yazaki Corporation (35) has introduced to the market a variety

of solar powered single-effect absorption chillers that use the pair

LiBr-H2 0. The specifications of the units are given in Table 1 .I.
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Model 400 600 2300 3000 4600 6000 9000 12000 15000

Nominal Capacity 1.3 2 7.5 10 15 20 30 40 50
(Ton)

COP 0.6 0.6 0.7 0.7 0.7 0.7 0.7 0.7 0.7

Table 1.1 Rated Performance of the Yazaki Absorption Chillers.
Delivery chilled water at 9°C, cooling water at 29.5 0C,
and input heating water in the range of 75 to 100°C.

In 1982, Warren and Wahlig (36) utilized economic and thermal

performance analysis to determine cost goals for typical commercial

active solar cooling systems to be installed between the years 1986

and 2000. The market penetration depends on payback period, which

is related to the expected return on investment. Postulating a

market share for solar cooling systems increasing to 20% by the year

2000, payback and return on investment goals as a function of year

of purchase are established. The methodology is applied to determine

the allowable incremental solar system cost for commercial scale,

25 ton absorption cooling systems based on the thermal performance

predicted by recent simulation analysis. Methods for achieving

these cost goals and expected solar cooling system costs are

discussed.
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CHAPTER 2. THE PROBLEM, SOLUTION APPROACH AND OBJECTIVES

2.1 The Problem

Solar absorption cooling is economically unattractive when com-

pared with the conventional method of cooling, namely using the vapor-

compression system. The conventional solar absorption cooling system

utilizes the single effect absorption chiller (see Figure 2.1). This

is the only absorption machine commercially available for solar energy

applications at the time of the writing of this thesis.

The single effect absorption cycle, usually referred to as the

basic absorption cycle is described in Appendix A. In this Appendix

the basic cycle is modelled and its performance evaluated. The

experimental performance of two commercially available absorption

machines (Arkla and Yazaki) are also presented in that Appendix.

The major reasons for the economic disadvantages of solar

absorption cooling are:

a) The high cost of the solar collection equipment, and the absorp-

tion chiller itself, and the relatively low cost of electricity

at present.

b) The low thermal efficiency of the basic absorption cycle. To

illustrate this point Figure 2.2 shows a comparison of the steady

state COP (the COP is the ratio of cooling effect produced in the

evaporator to the heat input to the generator) of a basic
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absorption chiller using LiBr-H2 0* as the absorbent-refrigerant

pair, and the COP of a Carnot machine. The comparison is made at

fixed condenser, absorber, and evaporator temperatures of 32.2,

32.2, and 1O0 C, respectively. For the basic absorption cycle, it

was assumed that there is no mass transfer limitation, and the

temperature difference at the cold end of the solution heat

exchanger is 2.8°C (see Appendix A). The COP of the Carnot machine

represents the thermodynamic limit of the absorption system for a

given set of temperatures. This limit is given by the following

equation (for the derivation see Section B.l of Appendix B):

COP Tg-Tc Te+273 (2.1)

Tc-Te Tg+273 3
where:

COP = coefficient of performance (ratio of cooling to heat input

to generator)

Tg = generator temperature, 0C

Tc = condenser temperature, 0C

Te = evaporator temperature, 'C

The COP of the single effect cycle rises sharply above its cut-off

temperaturet and reaches an approximately constant value less than

*The thermodynamic properties of the LiBr-H20 mixture are

included in Appendix C.
tThe cut-off temperature of the basic absorption cycle is the

minimum generator temperature at which vapor can be produced in the
generator. It depends on the temperatures of the condenser, absorber
and evaporator. Below that temperature the COP of the cycle is zero.
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Figure 2.2. Comparison of the performances of the single effect
cycle and the Carnot cycle at fixed condenser,
absorber, and evaporator temperatures.

one. This is due to the nature of the cycle and the thermo-

dynamic characteristics of the LiBr-H20 pair. On the other hand,

the COP of the Carnot cycle increases always with increasing the

generator temperature. A cycle with higher COP than the basic

absorption cycle may require a smaller collector area to produce

the same amount of cooling, therefore reducing the cost of the

equipment.

c) The high cut-off temperature of the cycle. As will be discussed

in Chapter 5, the cut-off temperature, which is the minimum

generator temperature at which the chiller operates, depends on the

thermodynamic properties of the absorbent-refrigerant pair utilized

in the cycle. The temperature of the energy storage tank (also

called hot storage tank) has to be above the cut-off temperature of
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the absorption cycle so it can be operated by solar energy.

This affects the amount of solar energy collected as shown by

the collector equation:

(2.2)Qu = FRAc[HT(Ta) - Uc(Ti-Ta)]

where:

Qu

FR

Ac

HT

(Ta)

Uc

Ti

Ta

= useful rate of heat absorbed by collector KJ/hr

= collector heat removal factor
2

= collector area, m

= rate of solar radiation incident on collector plane,

KJ/hr-m
2

= collector transmittance-absorbance product

= collector heat losses coefficient, KJ/hr-m2 _oC

= collector inlet fluid temperature, 0C

= ambient temperature

If the cut-off temperature of the absorption cycle can be lowered,

the required collector area to satisfy a given cooling load can be

decreased because the collector losses are reduced.

2.2 Solution Approach

Large scale production of solar collection, and absorption cooling

equipment can greatly help to reduce its high cost, and make solar

absorption cooling economically more competitive. Parallel engineering

design efforts to improve the overall efficiency of the solar cooling

system can also contribute to that end.
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Three general study paths to follow in order to improve the

overall efficiency of the solar absorption cooling system are:

a) Advanced absorption cycles study. In this approach emphasis is

placed in the absorption cycle as a separate component of the

solar cooling system. Different ways of integrating energy, that

in the basic absorption cycle is discarded, are incorporated in

the advanced cycle. The purpose is to increase the COP of the

absorption subsystem in such a way that it approaches the Carnot

COP.

b) Selection of the refrigerant-absorbent pair. This approach also

concentrates in the absorption cycle, in particular in its

refrigerant-absorbent pair. Traditionally, the selection of the

refrigerant-absorbent pair has been based on properties that have

only a qualitative effect on the performance, i.e., degree of

toxicity, corrosivity, crystall1 izability, etc. However, the thermo-

dynamic properties of the pair have a quantitative effect on the

performance of the cycle. Therefore, it is necessary to investigate

how the thermodynamic properties of the refrigerant-absorbent

pair affect the cut-off temperature and the COP of the absorption

cycle.

c) Subsystems configuration. In this approach, different arrangements

(than that shown in Figure 2.1) of the components of the solar

system, with potential for improving the overall efficiency of the

solar cooling system are studied. Different alternatives for energy

storage within and without the cycle are analyzed. A variety of
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modes of operation and control strategies are also considered.

The general purpose is the possible reduction in size or the

elimination of equipment such as heat exchangers, storage, etc.

To reduce the degradation in the performance due to transients

and heat losses is also pursued.

2.3 Objectives

This thesis deals with the study of possible modifications that

can be made to the basic absorption cycle (The cycles resulting from

modifying the basic absorption cycle are referred to as advanced

absorption cycles.) and to the configuration of the solar cooling

system with the potential to make it more efficient. The thermo-

dynamic property of the refrigerant-absorbent pair that affects the

cut-off temperature of an absorption cycle is investigated. A non-

conventional configuration of the solar absorption cooling system is

investigated. Numerical techniques are developed for the simulation

and evaluation of the potentially improved systems studied.

The specific objectives of this dissertation are:

a) To identify, model, evaluate, and compare different advanced

absorption cycles.

b) To outline a procedure for the evaluation of solar absorption

cooling systems based on the , f-chart method, that takes into

account the variable COP of the absorption cycle. Utilize this

procedure for the evaluation and optimization of a solar cooling

system utiIi zi ng an advanced cycle.
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c) To define a thermodynamic criterion for the selection of a

refrigerant-absorbent mixture that reduces the cut-off temperature

of the absorption cycle.

d) To study and evaluate a particular configuration of the solar

cooling system that combines the collector and the generator in one

unit and utilizes latent energy storage rather than sensible energy

storage as done in the conventional system.

e) To investigate the economic status of solar absorption cooling, and

find the limiting values of economic parameters that make it break

even with vapor compression cooling.
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Chapter 3. ADVANCED ABSORPTION REFRIGERATION CYCLES

3.1 Introduction

The reason for the low efficiency of the single effect cycle is

the excessive amount of energy that is dumped by the condenser and

absorber. Therefore, a more efficient absorption cycle has to have

means for recuperating that energy, and utilize it in the generation

of vapor refrigerant.

Two general alternatives for high efficiency absorption cycles

are:

a) Absorption cycle that utilizes part of the heat of absorption to

generate vapor. This cycle will be referred to as the generator-

absorber heat exchange cycle or abbreviated GAX cycle.

b) Absorption cycle that utilizes part of the heat of condensation to

generate vapor refrigerant, referred to as the double effect

absorption cycle.

For the relevant previous work done on this area see Section

1.5 of Chapter 1. A critical review of two of the previous leading

studies follows.

Chinnappa (24), made a comparative study of the single effect

(SEC), double effect (DEC), and absorption-resorption cycle (ARC),

using NH- 3-H20 as ithe refrigerant-absorbent pair. The SEC cycle is

described in Appendix A, the DEC and ARC cycles are described in

Sections 3.3 and 3.4. Chinnappa's purpose was to estimate the

performance of these cycles at a design set of temperatures and then
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evaluate their operation in a solar cooling system located at George-

town Guyana. The selected design set of temperatures included

condensation at 34.5'C, absorption and resorption at 32'C, and

evaporation produced at 70C for the SEC cycle, and at 13.50C for the

DEC and ARC cycles. The performances of the cycles at the design set

of temperatures are shown in Table 3.1.

Table 3.1. Cycle performance calculations done by Chinnappa

Chinnappa concluded that an improvement of up to 90% in the COP

could be obtained from the advanced cycles with respect to the basic

absorption cycle.

Using weather data for two days, May 6 and 12 of 1972, and a

similar procedure to that used by Duffie and Sheridan (7), he obtained

performance equations for the solar cooling system with each of the

absorption cycles considered. Such equations are:

Generator
Cycle Temperature COP

(oC)

SEC 67 0.7

DEC 90 1.22

ARC 84 1.33
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SEC cycle, Qe = 22.3G + lO.3Ta - 690.6

DEC cycle, Qe = 38.8G + 19.9Ta - 1794.6 (3.1)

ARC cycle, Qe = 42.3G + 21.2Ta - 1781.7

where:

Qe = cooling effect or heat abstracted in the evaporator

and/or desorber, KJ/hr-m2

G = insolation on collector surface KJ/hr-m2

Ta = ambient temperature, 'C

According to equations 3.1, for the particular days simulated by

Chinnappa, the improvement in performance with respect to the SEC

cycle is around 20% for the DEC cycle, and 50% for the ARC cycle.

Phillips (26) made a comparison of the performances of the single

effect, double effect, absorption-resorption, and the generator-

absorber heat exchange cycles. The generator-absorber heat exchange

cycle (GAX) is described in section 3.2.

The refrigerant-absorbent pair utilized was NH3-H20 and calcula-

tions were made for condensation and absorption temperatures of

43.3'C (110'F), with the cooling effect produced at 4.40C (400F).

From energy balance calculations, Phillips found the COP of the

absorption cycles mentioned above for generation temperatures between

93.3 0C (200 0 F) and 204.4 0C (400 0 F) and the results are shown in

Figure 3.1.

The COP calculations done by Chinnappa correspond to a single

set of cycle temperatures. His calculations of the performance of the
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solar cooling system with the different cycles, correspond to a

limited amount of weather data, thus any generalization made from

this study would be invalid. On the other hand, Phillips did his

calculations for fixed condensation, absorption, and evaporation

temperatures, and for a wide range of generation temperatures.
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The advanced absorption cycles analyzed by Phillips produce

higher COP than the basic cycle, but require higher generation

temperatures. The efficiency of a solar absorption cooling system

increases with an increase in the COP of the absorption cycle, but

decreases with an increase in the generation temperature because a

higher temperature is required in the storage tank, which decreases

the collector efficiency. Phillips did not evaluate the efficiency

of the cycles in a solar cooling system. Thus, from his study

nothing can be concluded on whether or not there is a real improve-

ment in the solar cooling system by the substitution of the basic

cycle by an advanced cycle. In addition, Phillips did not report how

the cooling capacity of the different cycles is affected by their

operating temperatures.

A more detailed characterization of the performance, COP and

cooling capacity, of the advanced absorption cycles is required. The

evaluation of the performance of the solar cooling system that uti-

lizes this cycle is also required.

In this chapter, the generator-absorber heat exchange cycle is

studied. A modification of this cycle is also discussed. The cycle

resulting from this modification, to the best of the knowledge of the

author of this thesis, has not been studied previously. The double

effect cycle and the absorption-resorption cycle (also called

absorber-resorber or double evaporation cycle) are also studied in

this chapter.
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In the following sections, the cycles named in the preceding

paragraph are described, modelled, and their performances are

evaluated and compared with the performance of the single effect

cycle. The following assumptions are made in the derivation of the

models utilized in this chapter:

1. Steady state operation.

2. The absorbent is non-volatile.

3. In the processes where there is simultaneous heat and mass

transfer, heat transfer is the rate controlling process.

4. The solutions leaving the generation and absorption processes

are saturated. This is a direct consequence of the previous

assumption.

5. The only pressure changes present are the ones caused by the

pumps or the expansion valves. All other pressure drops are

neglected.

6. Thermodynamic data for the LiBr-H20 working mixture are utilized

in the evaluation of the performance of the different cycles.

It is assumed that no crystallization of the LiBr occurs for the

ranges of temperatures and concentrations for which the perform-

ances of the cycles are calculated.

7. The only heat transfer that takes place in a given heat exchanger

of the cycles is the one for which that heat exchanger was

designed, i.e. no energy losses occur.

In Chapter 4, with the aid of the design procedure outlined in

that chapter, the monthly efficiency of a solar cooling system
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utilizing any of the absorption cycles studied in this chapter will

be evaluated for a given location.

3.2 The Generator-Absorber Heat Exchange Cycle

3.2.1 The GAX Cycle with Adiabatic Expansion

In this cycle part of the heat of absorption is utilized in the

generation of vapor refrigerant. To accomplish this, the solution

leaving the generator (the strong absorbent)* is mixed with the

return vapor refrigerant from the evaporator before exchanging heat

in the solution heat exchanger with the weak absorbent. In this way

the solution heat exchanger of the basic cycle becomes the generator-

absorber heat exchanger in the GAX cycle, because absorption,

generation, and heat exchange are the processes that occur in that

equipment.

In the GAX cycle the hot strong absorbent leaving the generator

has to be throttled to the low pressure side before it can absorb the

vapor refrigerant. This throttling, which occurs adiabatically in

the ordinary GAX cycle, causes a decrease in the temperature of the

solution, thus limiting the amount of heat that it can transfer in the

generator-absorber heat exchanger. This cycle will be called the

GAX with adiabatic expansion.

*The terminology weak and strong absorbent refers to the strength
of the solution to absorb refrigerant. The larger the concentration
of absorbent in the solution, the stronger the solution. In general
the solution leaving the absorber is the weak absorbent, and the
solution leaving the generator is the strong absorbent.
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The cycle is represented in Figures 3.2, 3.3, and 3.4. Figure 3.2

is a flow diagram of the cycle showing the major components; Figure 3.3

is a P-X-T diagram which shows the paths followed by the processes in

the cycle; Figure 3.4 is the projection of Figure 3.3 on the planes P-X

and P-T.

Cycle Description

Weak absorption at low pressure, State 1, is pumped from the

absorber to the high pressure side, State la. This stream is heated by

the absorbing solution in the generator-absorber heat exchanger until

it reaches boiling, which corresponds to the cut-off temperature, State

lb. Further heat exchange takes place in the generator-absorber heat

exchanger with the weak absorbent approaching the temperature of the

inlet absorbing solution, State 5. Thus, the weak absorbent boils

between States lb and 2. The boiling solution at State 2 undergoes

additional boiling in the generator with heat provided by an external

heating source, i.e., solar energy. From States lb to 3, the solution

boils continually so its concentration and therefore its boiling point

changes continually. This is possible whenever the temperature reached

by the solution in the generator is higher than the cut-off tempera-

ture.

The vapor refrigerant generated is separated from the boiling

solution, and the remaining hot and concentrated solution, State 3, is

expanded adiabatically to the low pressure side, State 4. In the

process, some vapor is produced at the expense of the sol ution's
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internal energy, thus its temperature decreases to that of State 4.

The mixture at State 4 is then mixed with the return refrigerant vapor

from the cooling process. The temperature of resulting State 5 is

somewhere in between the temperatures of the mixture at state 4 and

the return vapor refrigerant, State 11. The boiling mixture of

vapor and saturated solution at State 5 enters the generator-absorber

heat exchanger where it transfers heat to the boiling weak absorbent

and, in the process, absorbs refrigerant vapor to reach State 6. The

degree of absorption from States 5 to 6 depends on the amount of heat

transferred in that equipment. The absorption of the remaining vapor

is completed in the absorber where cooling is provided by an external

cooling medium.

The vapor refrigerant generated, State 7, is pre-cooled by the

return vapor from the evaporator to State 8. Then, it is condensed by

an external cooling medium. The resulting liquid refrigerant, State

9, is expanded adiabatically to State 9a, which belongs to the low

pressure side. The liquid-vapor mixture at State 9a is evaporated

while it draws heat from the load, thus producing the cooling effect.

The exhaust vapor at State 10 subsequently is preheated by the vapor

refrigerant produced by the generator and reaches State 11.

It should be noted that States 2, 4, 5 and 6 correspond to mixtures

of liquid solution and vapor refrigerant. The global concentration of

these two phase mixtures is either the concentration of the weak

absorbent or the strong absorbent.



3.2.2 The GAX Cycle with Heated Expansion

A simple modification that can be made to the GAX cycle with

adiabatic expansion is to substitute the adiabatic expansion of the

strong absorbent for an expansion to which heat is added. This cycle

will be referred to as the GAX cycle with heated expansion.

Figure 3.5 shows a flow diagram of the GAX cycle with heated

expansion. This cycle is a more general case that includes the cycle

described above as a special case. The GAX cycle with adiabatic

expansion becomes the GAX with heated expansion when the adiabatic

process from State 3 to 4 is substituted by an expansion with heat

addition. The purpose of this process, which requires heat from an

external source, is to maintain the temperature of State 4 above the

value that it would have if the expansion were adiabatic.

Another special case of the GAX with heated expansion occurs

when the expansion process from State 3 to 4 is isothermal.

3.2.3 Model

The thermodynamic model for evaluating the steady state perform-

ance of the two versions of the GAX cycle, the assumptions made for its

development, and a numerical procedure are in Appendix B. In Appendix

F, a computer program listing written in BASIC can be found for each of

the two versions.
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3.2.4 Evaluation of the Steady State Performance

Effect of AThx

Figure 3.6 shows the effect of the temperature difference between

the strong absorbent at State 4 and the weak absorbent at State 2,

AThx, (hot end of heat exchanger) on the performance of the GAX cycle.

This temperature difference is a function of the size and heat transfer

coefficient of the generator-absorber heat exchanger. The calculations

were done for three combinations of generator and condenser tempera-

tures*, Tg=900C and Tc=30°C (Fig. 3.6.a), Tg=1000C and Tc=350C (Fig.

3.6.b), and Tg=110 0C and Tc=400C (Fig. 3.6.c). For the three cases,

the evaporator temperature used in the calculations is 100C, and the

absorption temperature is assumed to be the same as the condensation

temperature. The vapor refrigerant returned to the absorption process

is at 520C. In the GAX with heated expansion, the expansion of the

strong absorbent is heated in such a way that the expansion is

i sothermal.

For both cycles, the GAX cycle with adiabatic expansion and with

heated (isothermal expansion, the COP+ decreases rapidly as AThx

*Note: The temperatures of the different processes of the cycle
are variable. The temperatures that are specified in the calculations
correspond to the final temperatures of the processes. For instance,
a generator temperature of 900 C means that the streams leaving the
generator are at 900C, but the generation process actually occurs
between the cut-off temperature and 900C.

+The COP, as usual, is defined as the cooling produced by the
evaporator divided by the heat input to the cycle. It should be
noticed that the GAX with heated expansion has two heat inputs, the
heat to the generator, and the heat to the expansion process of the
strong absorbent.
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increases, until the point where no boiling of the solution is pos-

sible in the generator-absorber heat exchanger. When this happens

the COP of these cycles is not higher than that of the single effect

cycle, thus the GAX cycle must be operated at the conditions for which

boiling is produced in the generator-absorber heat exchanger, otherwise

no improvement over the single effect cycle is achieved.

There is a value of AThx above which the adiabatic expansion case

is more efficient than the heated expansion case. This is due to the

extra heat that is required by the expansion process of the heated

expansion case, and can not be utilized in the generation of vapor

refrigerant.

One conclusion that can be anticipated is that the conductance*of

the generator-absorber heat exchanger has to be high enough to produce

low temperature differences at the hot end of the generator-absorber

heat exchanger in order that the GAX cycle competes successfully with

the basic cycle.

From Figure 3.6.c it can be noticed that at high condensing

temperature, the COP of both GAX cycles is lower than one even at

generator temperatures higher than 1000C. This limits the application

of the GAX cycle to water cooled operation unless higher generator

temperatures are utilized.

It has to be pointed out that the GAX cycle, particularly the

heated case, requires a refrigerant-absorbent pair in which the pos-

sibility of crystallization is minimum. The reason is that the solution

after the expansion is at high temperature, as high as the generator
*The conductance is the heat transfer coefficient-area product.
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temperature, and at the lowest pressure of the cycle. At these

conditions the saturation concentration of the absorbent in the solu-

tion is high. For LiBr-H20, as the refrigerant-absorbent pair, there

is a definite danger of crystallization, therefore a different

refrigerant-absorbent pair, such as NH3-3-H20, has to be considered for

the GAX cycle.

The cycle calculations of this .chapter were done for a hypotheti-

cal LiBR-H 20 mixture as the refrigerant-absorbent pair with the assump-

tion that the concentrations of LiBr can be as high as 0.8 weight frac-

tion, without the danger of crystallization. Under that assumption,

the results obtained for LiBr-H2 0 would be similar to the results that

would be obtained for NH3-H20. The argument to support this statement

will be presented in Chapter 5.

Effect of T

The return vapor refrigerant temperature, TII, depends on the

generator temperature and the conductance of the vapor solution heat

exchanger. The purpose of this heat exchanger is to recuperate part

of the heat of the refrigerant vapor that otherwise would be discarded

in the condenser.

The effect of TII on the COP of the GAX cycle is shown on Figure

3.7. The calculations were done for generator temperatures of 90 and

950C, and condenser temperatures of 30 and 320C. The evaporator

temperature is IOC, and the temperature difference at the hot end of

the solution heat exchanger is 5C. As shown by Figure 37, TII has
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relatively little effect on the COP of the GAX cycle, therefore it can

be said that the presence of the vapor heat exchanger is not of crucial

importance.

Effect of T4

As was mentioned earlier, two special cases of the GAX cycle with

heated expansion are the GAX cycle with adiabatic expansion, and the

GAX cycle with isothermal expansion. The equation that defines the

path followed by the expansion of the GAX cycle is:

H3 + QT = H 4(3.2)

where:

Hi = enthalpy of stream i

QT = heat input to the expansion process of the strong absorbent

In the adiabatic expansion case QT is zero, while in the iso-

thermal case, QT is such that T4 =T3 .

The maximum value of T4 is limited by the maximum temperature at

which the absorbent-refrigerant solution is stable, i.e. no crystal-

lization or irreversible decomposition occurs, at the low pressure side

of the cycle, which corresponds to that of the evaporator. T4 is also

limited by the temperature of the heating source.

The effect of T4 on the COP is presented in Figure 3.8. The

calculations were done for generator temperatures of 90 to 1000C and

condenser temperature of 25 to 350C. The evaporator temperature is

I0°C, the temperature difference at the hot end of the generator-

absorber heat exchanger is 50C, and no vapor heat exchanger is included

in the cycle.
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The points with the minimum temperature of the family of curves

of Figure 3.8 correspond to the adiabatic expansion case.

As the temperature of the strong absorbent after the expansion,

T 4  increases over its value corresponding to the adiabatic case, the

COP of the GAX cycle with heated expansion increases. This is

because in the heated expansion case the heat of absorption of the

vapor refrigerant by stream 4 is transferred to stream la (see Figure

3.5) at a higher temperature than in the adiabatic case thus more vapor

can be generated in the generator-absorber heat exchanger, which causes

the higher COP. An exception to this is observed at condenser tempera-

ture of 35'C and generator temperatures of 90 and 95°C when T4 is below

75 and 700C, respectively (See Figures 3.8.a and 3.8.b). This is

explained by the fact that at those conditions no boiling occurs in
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the generator-absorber heat exchanger, and the heat added to the

expansion process of the strong absorbent is discarded in the absorber.

It must be mentioned again that T4 is limited by the maximum

temperature at which the absorbent-refrigerant solution is stable at

the evaporator or absorber pressure.

Effects of Tg, Tc and Te

The effects of the generator, condenser, absorber, and evaporator

temperatures on the COP and the cooling capacity of the GAX with heated

expansion are displayed in Figures 3.9 and 3.10. Two cases of the GAX

cycle are considered, the adiabatic expansion case and the expansion

heated to a point where T4 is 5.60C below the generator temperature T3.

The generator temperature varies between 70 and 951C, the condenser or

absorber temperature varies between 29.4 and 35'C, and the evaporator

temperature varies between 7.2and 12.8 0C. The return vapor refrigerant

is at 51.7 0C, and the temperature difference at the hot end of the

generator absorber heat exchanger is 2.8°C.

The rated cooling capacity (KJ/hr) of an absorption chiller is

determined by the rate of pumping of weak absorbent to the generator

(Kg/hr), which is fixed by the size of the pump. In this thesis, the

cooling capacity of the different cycles evaluated is calculated for

1 Kg/hr of weak absorbent circulating from the absorber to the genera-

tor. Thus, the cooling capacity is expressed as KJ/hr per Kg/hr of

weak absorbent or simply, KJ/Kg of weak absorbent. For a specific

design, if the size of the chiller is given, i.e. the design rate of

pumping of solution between the absorber and the generator, then
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the cooling capacity of that chiller can be characterized in KJ/hr as

is normally done for commercial coolers.

As can be seen in Figure 3.9, the generator and condenser

temperatures have a strong effect on the performance of the GAX cycle.

For the range of generator temperatures obtainable from flat plate

collectors, around 900C, the condenser temperature has to be around

320C to get a COP larger than one. Therefore, under these conditions

the condenser and the absorber would have to be water cooled.

From Figures 3.9 and 3.10 it is observed that the COP of the GAX

cycle increases monotonically with the generator temperature. However,

there are combinations of cycle temperatures for which this is not

true. For instance, at condenser temperature of 35% and below

generator temperatures of 85'C, the COP of the GAX cycle with adiabatic

expansion remains nearly constant (see Figure 3.9.a). The reason for

this is that below that generator temperature no boiling can be pro-

duced in the generator-absorber heat exchanger, therefore the cycle

behaves like the single effect cycle. A similar situation is observed

in Figure 3.10.a for the GAX cycle with adiabatic expansion at an

evaporator temperature of 10% and below generator temperatures of

730C. The same explanation given above applies for this case.

Even though cooling can be produced by the GAX cycle, it should

not be operated below a generator temperature below which no boiling

is produced in the generator-absorber heat exchanger because at these

conditions no improvement over the single effect cycle is attained.
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As shown by Figure 3.10, the lower the evaporator temperature, the

lower the COP and cooling capacity of the cycle. Therefore, to obtain

good performance of the GAX cycle, the evaporator temperature must be

as high as possible. This temperature is limited by the temperature of

the air conditioned space and the heat transfer coefficient area

product of the evaporator.

There is an unlimited number of sets of conditions under which the

GAX cycle operates at a high COP (above one). An example of a good

design set of temperatures for the GAX cycle is of 90'C for the genera-

tor, 300C for the condenser and absorber, and 10'C for the evaporator.

For these conditions a COP of around 1.2 can be obtained for the GAX

when the expansion is adiabatic, and it can be as high as 1.6 for the

isothermal expansion case. It must be stressed that a necessary condi-

tion to obtain good performance of the GAX cycle is that the conduct-

ance of the generator-absorber heat exchanger is high enough to produce

low temperatures difference at its hot end. This temperature dif-

ference should be around 7'C.

Comparison with Results of Previous Researchers

The purpose of Phillips (26) was to evaluate the cycle perform-

ances in the range of cooling operation, in which flat plate collectors

must be ruled out.

The calculations of cycle performance done by Phillips correspond

to temperatures of 43.3 0 C for the condenser and 4.4C for the evapora-

tor. At these conditions he found that the NH3-H20 GAX cycle with

adiabatic expansion reaches COP of 0.78 and 1 .07 for generator
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temperatures of 150 and 190'C, respectively. For LiBr-H20 as the

absorbent-refrigerant pair, generator temperatures higher than 150C

cause solution concentrations too high in LiBr for it to be stable.

For the lower limit of generator temperature, 150C and the condenser

and evaporator temperatures of 43.3 and 4.4°C, the calculated COP for

the LiBr-H20 cycle modelled in this thesis is 0.74, which is in close

agreement with the Phillips' calculation.

The calculations done in this thesis for the GAX cycle correspond

to the range of generator temperatures where flat plate collectors can

be utilized, and water cooling operation is required. Therefore the

study on the GAX done here complements the Phillips' study.

3.3 Double Effect Absorption Cycle

In this cycle the weak absorbent boils in the first and in the

second effect. The first effect utilizes heat from an external source

and the vapor generated by this effect is utilized as the heating

source in the second effect to generate more vapor. The strong

absorbent solution leaving the first effect is first throttled to an

intermediate pressure to lower its boiling point before it enters the

double effect. Thus, this cycle operates at three pressures, the first

effect at a high pressure, the second effect at an intermediate

pressure, and the evaporator at a low pressure.

The cycle can be followed in Figures 3.11, which is a flow

diagram that shows the major components, and 3.12, which shows the

projections of the PTX diagram on the planes P-X and P-T.
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Cycle Description

Weak solution at high pressure, State 2, is fed to the first

effect, where the heat input produces a boiling solution that

separates into vapor refrigerant, State 3, and an intermediate strong

solution, State 4. This solution is throttled to State 5, which is

a boiling solution (mixture of saturated solution and vapor

refrigerant) at an intermediate pressure. Then it is fed to the second

effect where it is heated by the vapor from the first effect, which

condenses at the high pressure. The boiling solution that leaves

from the second effect separates into more vapor refrigerant, State 7,

and a very strong absorbent solution, State 8. This solution rejects

some heat in the solution heat exchanger ending up at State 10. Then

it is throttled to the low pressure side, State lOa. The resulting

strong absorbent enters the absorber where it absorbes the return

refrigerant vapor with rejection of the heat of absorption. The weak

absorbent exiting from the absorber, State 1, is pumped to the high

pressure side, State la, then it is pre-heated in the solution heat

exchanger to State 2.

The vapor refrigerant generated in the second effect, State 7, is

condensed in the condenser to State 9, then throttled to the low

pressure side, State 9a. The refrigerant condensed by the second

effect, State 6, is throttled to the low pressure side, State 6a. The

two low pressure liquid refrigerants are mixed, State 11, and fed to

the evaporator where they draw heat from the load at low temperature,

and exit from the evaporator as a low pressure saturated vapor, State

12. This vapor refrigerant is then returned to the absorber.



64

3.3.1 Model

The thermodynamic model for evaluating the steady state perform-

ance of the double effect absorption cycle, the assumption made for

its development, and a numerical procedure are in Appendix B. A

computer program listing for evaluating the performance of this cycle

is in Appendix F.

3.3.2 Mapping of the Steady State Performance

The effects of the temperatures of the generator, condenser,

absorber, and evaporator on the COP and the cooling capacity are shown

in Figures 3.13 and 3.14. The points were evaluated assuming that

perfect heat exchange takes place in the second effect and in the

solution heat exchanger. This assumption is for purposes of comparison

with other cycles. If the performance of the double effect cycle

compares favorably with the other cycles, then the assumption should be

relaxed. On the other hand, if this limiting cycle performance is not

better than the other advanced cycles, then there is no point in

investigating the cycle any further.

Calculations were done for condenser temperatures of 29.4 to 350C,

and evaporator temperatures of 7.2 to 12.80C. At these conditions, the

required generator temperatures to obtain cycle COP above one are

compatible with the temperatures obtained from flat plate collectors.

Thus, the use of flat plate collectors is limited to water cooled

operation.

The COP and cooling capacity are very dependent on the condenser

and evaporator temperature. For instance if the condenser and absorber
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temperature are increased by 3°C, the cut-off temperature is increased

by about 10'C. Approximately the same effect is observed if the

evaporator temperature is reduced by 3°C. Therefore, in order that the

cycle operates at a COP well above one, i.e. 1.3, at a generator tem-

perature in the upper range of the flat plate collector operation,

around 95'C, the evaporator temperature should not be below 1O0 C, and

the condenser temperature should be around 300C.

Chinnappa (24) did his calculation of the performance of the

double effect cycle with NH3-H20 as the working fluids. For tempera-

tures of the generator at 90'C, the condenser at 34.50C, the absorber

at 32'C, the evaporator at 13.50C, the COP was 1.22. At the same

conditions, the results obtained from the model described in Appendix

B, utilizing LiBr-H20 as the working fluids, the COP is 1.35. The

difference can be mainly attributed to the assumption of perfect heat

exhange in the solution heat exchanger and in the second effect.

3.4 The Absorption-Resorption Cycle

Figure 3.15 is a flow diagram that shows the major components of

this cycle. The cycle can be visualized with the aid of Figure 3.16,

which shows the projections of the PTX diagram on the P-X and P-T

planes.

In this cycle, which is the result of drastically modifying the

basic absorption cycle, the cooling effect is produced by two of its

components, the evaporator, and the desorber.
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Figure 3.15. Flow Diagram of the Absorption-Resorption Cycle.
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While in the basic cycle the solution leaving the absorber is

returned to the generator, in the absorption-resorption cycle, that

solution is throttled to a very low pressure with its temperature

decreasing. Then it enters the desorber, which acts like a generator

where the refrigerant is re-evaporated from the solution, with heat

taken from the load. Thus, the desorber is like a second evaporator

where part of the cooling effect is produced. The vapor generated by

the desorber is re-absorbed in the resorber, which acts like a regular

absorber. The resulting solution then goes to the generator.

In summary, the absorption-resorption cycle consists of two

components in which vapor refrigerant is evaporated from the mixture.

These components are the regular generator which takes heat from an

external source at high temperature and pressure, and the desorber,

which takes heat from the load at low temperature and pressure. It

also has two absorbers that operate at about the same temperature, but

at different pressure. The regular absorber operates at a pressure

determined by the evaporator temperature, and the resorber operates at

the low pressure of the cycle, which is determined by the boiling point

of the solution in this component of the cycle.

Cycle Description

Warm weak solution, State 2, is fed to the generator where it

boils at high pressure, producing vapor refrigerant. This vapor,

State 5, is condensed in the condenser. The resulting saturated

liquid refrigerant, State 6, is throttled to the evaporator pressure,

State 6a, then it is evaporated with heat taken from the load. The
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exhaust vapor refrigerant from the evaporator, State 7, enters the

absorber where it combines with stream 9, which is a strong absorbent

solution. The resulting weak absorbent solution, State 10, is pre-

cooled in solution heat exchanger 1 and then throttled to the lowest

pressure of the cycle. The resulting low pressure and temperature

solution, State 12, boils in the desorber with heat taken from the load

and liberates vapor refrigerant, State 13. The strong absorbent solu-

tion separated from the boiling mixture, State 8, is pumped back to

the intermediate low pressure side, State 8a, then it is preheated in

the solution heat exchanger to produce the warm strong absorbent,

State 9.

The hot strong absorbent solution that exits the generator, State

3, is precooled in solution heat exchanger 2, then throttled to the

lowest pressure side, State 4a. This solution enters the resorber

where it absorbs the vapor refrigerant produced by the desorption

process. The weak absorbent solution resulting from the resorption

process, State 1, is pumped to the high pressure side, State la, then

it is preheated in the solution heat exchanger, thus producing the

warm weak absorbent solution, State 2.

In this cycle the cooling effect is produced by the evaporator and

by the desorber that can operate at the same or different temperatures.

3.4.1 Model

The thermodynamic model for the steady state performance of

the absorption-resorption cycle along with the assumptions made can be

found in Appendix B. Also included in Appendix B is an outline for the
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calculational procedure. Appendix F contains a listing of the computer

program utilized for the mapping of the performance of the cycle.

3.4.2 Mapping of the Steady State Performance

The effects of the temperatures of the generator, condenser, and

evaporator on the performance of the absorption-resorption cycle are

displayed in Figures 3.17 and 3.18. The ranges of temperatures

covered are such that the generator temperatures required can be

satisfied by a flat plate collector. Consequently, the chiller has to

be water cooled, and the evaporator temperature should be around 10C.

The points of Figures 3.17 and 3.18 were calculated assuming that the

conductances of both solution heat exchangers is high enough to cause

a temperature difference at their cold ends of 5.61C. The condenser,

the absorber and the resorber temperatures are the same. The ratio of

solution pumping, di/rn9, is 1. This means that for each Kg/hr of weak

absorbent (in this cycle the weak absorbent refers to the solution

that flows between the resorber and the generator), 1 Kg/hr of solution

is pumped between the desorber and the absorber. Thus, the total

circulation of solution is 2 Kg/hr (per Kg/hr of weak absorbent). In

Figures 3.17.b and 3.18.b, the cooling capacity is presented in KJ/hr

of cooling delivered by the evaporator and the desorber per 1 Kg/hr

of weak absorbent, Stream 1.

Approximately, for a 30C increase in the condenser temperature,

the cut-off temperature of the cycle increases by 10°C. A 3°C reduc-

tion in the evaporator temperature increases the cut-off temperature

by about 8°C.
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Figure 3.19 shows the effect of the temperature difference at the

cold ends of the solution heat exchangers on the , performance of the

cycle. In order that the absorption-resorption cycle produces a COP

substantially higher than one, that temperature difference must be

as low as possible. A desirable range for it would be between 5 and

100C.

The effect of the ratio of solution pumping, thi/r 9, is shown in

Figures 3.20 and 3.21. In this case, the cooling capacity is presented

in Figures 3.20.b and 3.21.b as the cooling delivered in KJ/hr per

Kg/hr of the total solution pumped, r1+9. The points were calculated

for generator temperatures of 90 and 95'C, and condenser temperatures

of 30 and 32.2'C. It is observed that there is an optimum value of

rni/M 9, and it corresponds to a value of approximately 1.5. In the

neighborhood of the optimum the COP and cooling capacity do not vary

very sharply, thus the value of rhi/rh9 can be chosen from the range

between 1.3 and 1.7.

Chinnappa (24) found a COP of 1.33 for the absorption-resorption

cycle. The conditions utilized for his calculation include tempera-

tures of the generator at 84°C, condenser at 34.50C, absorber and

resorber at 32°C, and evaporator at 13.5°C, with NH3-H20 as the

working fluids. At these conditions, the model of Appendix B using

LiBr-H20 as the working mixture gives a COP of 1.3.
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3.5 Comparison of Steady State Performances

The performances of the single effect, double effect, GAX with

adiabatic expansion, GAX with heated expansion such that T3 -T4=5°C*,

absorption-resorption, and Carnot cycles are presented in Figures

3.22 to 3.24. The range of generator temperatures studied is between

85 and 1000C, the condenser temperature varies between 25 and 350C,

and the evaporator temperature is 100C. The temperature difference at

the terminal of the solution heat exchangers of all the cycles is

assumed 50C, except the double effect cycle, for which perfect heat

exchange in the solution heat exchanger and the second effect is

assumed. No vapor heat exchanger is included in the GAX cycles. The

ratio of solution pumping, 1i/d,, of the absorption-resorption cycle is

chosen to be 1.5.

At low condenser temperature the COP of the GAX cycles is superior

to all cycles (except the Carnot) at all generator temperatures. The

absorption-resorption cycle is more efficient than the double effect

cycle in spite of the assumption of perfect heat exchange in the latter

cycle.

The COP of the GAX cycle increases with increasing the generator

temperatures, while the COP of the other cycles remains essentially

constant.

At condenser temperature above 300C, there is a range of generator

temperatures at which the absorption-resorption cycle is more efficient

*This assumption is made so the mass fraction of LiBr in the
strong absorbent after the expansion does not exceed 0.8.
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than the other cycles. For instance, for the condenser temperature at

30'C, the absorption-resorption cycle COP is larger than the COP

of the GAX cycle with heated expansion when the generator temperature

is lower than 95'C. For this same range, the COP of the double effect

cycle is larger than the COP of the GAX cycle with adiabatic expansion.

For all the points calculated the COP of the GAX with heated

expansion is higher than the other cycles except the absorption-

resorption cycle at a specific range of generator temperatures. The

COP of the absorption-resorption cycle is always larger than the COP of

the double effect cycle.

At condenser temperatures above 350C, the COP of all the cycles

falls below one and the single effect cycle is a better alternative

than any of the advanced cycles. Therefore, for the range of generator

temperatures studied, the performance of the advanced cycles is

attractive when they are water cooled. They can also be air codled,

but in locations where the ambient temperature is relatively low,

i.e. below 300C and a good part of the cooling load is latent.

The cooling capacities per Kg/hr of weak absorbent for both

GAX cycles and the single effect cycle are the same as the same

amount of refrigerant is produced in these cycles. In Figures

3.22b, 3.23b and 3.24b, the cooling capacity is reported as KJ/hr of

cooling delivered per 1 Kg/hr of solution pumped. In all the cycles

the weak absorbent is the solution pumped, except the absorption-

resorption cycle, in which stream 1 and 9 form the total solution that

is pumped. Thus, for this cycle the cooling capacity is reported as



84

KJ/hr per 1 Kg/hr of total solution pumped. For the ratio of solution

pumping chosen (ii/b9=1.5), for each Kg of solution pumped, 0.6 Kg

of weak absorbent are pumped.

As shown in Figures 3.22.b to 3.24.b the cooling capacity of the

GAX cycle is considerably larger than that of the double effect cycle

and the absorption-resorption cycle.

The cooling capacity per Kg/hr of solution pumped of the double

effect cycle is larger than that of the absorption-resorption cycle by

about 40%. However, if the cooling capacity of the absorption-

resorption cycle is converted to KJ/hr per Kg/hr of weak absorbent

(which means that 1.67 Kg/hr of solution are pumped), then the cooling

capacity of this cycle is larger than that of the double effect cycle.

This implies that the electric power consumption per Kg/hr of weak

absorbent pumped of the absorption-resorption cycle would be higher

than that of the double effect, but the difference would be compensated

by the better COP of the first cycle.

If a temperature difference other than zero had been selected at

the terminals of the solution heat exchanger and the second effect of

the double effect cycle, the COP and the cooling capacity of this

cycle would have resulted substantially lower than that actually

calculated. Calculations show that the cooling capacity of the cycle

is very sensitive to the temperature approach between the streams in

the second effect. For a temperature approach slightly higher than

zero, for example 2°C, the cooling capacity reduces to at least half

of its value corresponding to the perfect heat exchange case.
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Therefore, the double effect cycle is the least attractive alternative

of the cycles studied.

The GAX with heated expansion shows the best performance of all

the cycles analyzed. It can be argued that there are combinations of

temperatures for which the absorption-resorption produces higher COP

than the GAX cycle, but the cooling capacity per Kg of solution pumped

for the GAX cycle is far superior. At a given set of temperatures, in

order that the absorption-resorption cycle matches the cooling capacity

of the GAX cycle, about four times more solution has to be pumped in

the first cycle. This implies more parasitic power consumption, and

larger size of the components of the cycle, which translates into

higher operating cost and equipment cost.

All of the advanced cycles analyzed show a higher COP than the

single effect cycle, but this occurs at higher generator temperatures

than the basic cycle requires for operating at full efficiency. For

solar fired operation this means higher storage tank temperatures, and

consequently lower collector efficiency. Therefore, based on the COP

only, it cannot be concluded that one -cycle is better than another.

The basis for comparing the different cycles is the fraction of

the energy that they save over the conventional cooling system, for a

given load, size of equipment, and weather conditions. This will be

one of the main topics discussed in Chapter 4. In Chapter 4, a pro-

cedure to determine the long term performance of a solar absorption

cooling system will be described. This procedure will be utilized to
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evaluate the performance of the absorption cycles studied in this

chapter when they are operated by solar energy.
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CHAPTER 4. SOLAR ABSORPTION COOLING DESIGN

4.1 Introduction

The purpose of this chapter is twofold: a) to present a simpli-

fied design procedure for solar absorption cooling systems based on the

T, f-chart method (37), and prove that it applies to this kind of

systems despite the limitations for which the method was originally

devised; b) to apply this design procedure in the evaluation of solar

cooling systems that utilize the absorption cycles studied in Chapter

3.

The @, f-chart method is a design procedure to evaluate the per-

formance of a closed-loop solar system of the type depicted in Figure

4.1. The basic result of the design method is the fraction of the

thermal load met by solar for specified load, climatic conditions,

characteristics and size of the equipment. The restrictions of the

method are:

1) The energy supplied to the load must be above a specified minimum

useful temperature, Tmin.

2) The energy is utilized by the load at a known constant coefficient

of performance or thermal efficiency independent of the temperature

of delivery.

3) The storage tank is pressurized so that energy dumping does not

Occur.

4) The return temperature from the load is always at or above Tmin.



5) A separate auxiliary system is in parallel with the solar system and

makes up any energy deficiency of it.

a uxilIi ary

heater

Figure 4.1. Schematic of a closed-loop solar energy system.

For a mathematical description of the , f-chart method see

Appendix D.

4.2 , f-Chart Approach for the Evaluation of the Performance

of Solar Absorption Cooling Systems

The configuration of the solar absorption cooling system whose

performance is to be evaluated is presented in Figure 4.2. The absorp-

tion chiller component can be any system whose performance has been

characterized from thermodynamic modelling, i.e. the basic cycle, GAX

cycle, etc., or from experimentation, i.e. Arkla and Yazaki chillers.

The problem that arises in the application of the p, f-chart method

to the system shown in Figure 4.2 is that the absorption chiller

operates at variable COP. As was noted before, the , f-chart method

was devised for systems that operate with constant COP at or above Tmin.



Figure 4.2. Schematic of the solar absorption cooling system.

The COP and cooling capacity of the absorption chiller at a given

instant depend on the firing temperature which fixes the generator

temperature, the cooling medium temperature which fixes the condenser

and absorber temperatures, and the temperature of the refrigerated

space which fixes the evaporator temperature.

Svard (38), successfully applied the , f-chart method to the

evaluation of the performance of solar driven mechanical heat pump

systems. Due to the nature of the heat pump operation, the monthly

fraction by solar of the heat pump system is not affected by the COP,

but it is affected by the heating capacity, which increases with the

firing temperature. Svard used a monthly average value of the heating

capacity (the rate of heating delivered by the device) and the firing

temperature, and treated the heat pump system as one that operates at

constant capacity above the average firing temperature. The monthly

average capacity is calculated as the total monthly heating load

divided by the number of hours that the system operates during the
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month. This number was estimated based on the assumption that the pump

operates continuously 12 hours per day. Finally, Tmin of the p,

f-chart method is determined by the average firing temperature, which

is fixed by the average heating capacity.

A similar approach to that used by Svard will be utilized for the

solar absorption system of Figure 4.2 so the ', f-chart method can be.

applied in the evaluation of its monthly performance. The basic

approach is described in the following paragraph.

The calculation of the monthly fraction of the cooling load met

by solar energy is based on monthly average temperatures of the absorp-

tion cycle which determine a monthly average COP and cooling capacity.

These average quantities are treated as constant throughout the month

and the , f-chart method can be utilized. The monthly average

temperatures are determined in the following manner:

1) The average condenser and absorber temperatures are fixed by the

average cooling temperature and the effectiveness of the condenser

and absorber. The average cooling temperature is determined by the

monthly daytime average ambient temperature if the absorption system

is air cooled or by the daytime average wet bulb temperature if the

absorption system is water cooled, and the cooling water is recycled

through a cooling tower.

2) The average evaporator temperature is determined by the monthly

average temperature of the refrigerated space and the conductance

of the evaporator and the cooling coil.
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3) The average generator temperature is determined by the average

firing temperature (average temperature of the hot storage tank

that heats the generator of the absorption cooler), which fixes the

parameter Tmin of the design method. The estimation of the average

firing temperature depends on the control strategy utilized for

operating the absorption cooler when cooling is required.

Two control strategies alternatives are considered:

3.a) The storage tank fires the generator whenever cooling is

needed, thus the COP and cooling capacity of the absorption

chiller float depending on the temperatures of the cycle at a

given instant. If the load is not completely met by the stor-

age tank, the necessary auxiliary heat is provided in parallel.

In this case Svard's approach is used to determine the monthly

average firing temperature. For the purpose of estimating this

temperature, the chiller is assumed to operate continuously

during the hours of the month when cooling is required. A

monthly average cooling capacity is estimated as the total

cooling delivered by the chiller in the month divided by the

total number of hours when the cooler is on. (The estimation of

this parameter is discussed later.) With the average cooling

capacity of the chiller, the average firing temperature or

generator temperature can be determined if the cooling capacity

as a function of the firing or generator temperature is known

either from a thermodynamic model or experimental data. This

calculation has to be done through an i terative procedure.



3.b) When cooling is needed the chiller is operated by solar only

when the firing temperature is above a specified level other-

wise the auxiliary heater is used. This minimum level is above

the cut-off temperature of the absorption chiller, and the

specific value depends on the optimum firing temperature of the

particular chiller. The large capacitance of the hot storage

tank combined with this control strategy does not allow the

tank temperatureto fluctuate as greatly as it does with the

previous control strategy, therefore the chiller operates at an

approximately constant firing temperature during the month,

fixed by the specified level. Consequently the COP and cooling

capacity are determined directly by this temperature and the

average cooling temperature.

The control strategies described in the subsections 3.a and 3.b

above will be referred to as control strategies (a) and (b) respec-

tively in the remainder of this chapter.

In the following section a stepwise procedure for the evaluation

of the performance of solar absorption cooling systems based on the

, f-chart method will be presented. The procedure will be applied to

cooling systems utilizing chillers that present variable COP repre,

sentative of the cycles studied in Chapter 3. The results from the

design procedure will be compared to the results obtained from detailed

hourly simulations, and the limitations of the former method will be

examined. Finally, the method will be applied in the evaluation of

the cycles of Chapter 3 for purposes of comparison.



4.3 Stepwise Calculation Procedure for the ¢, f-chart method

The following assumptions related to the absorption cooler to which

the , f-chart method is applied, are made:

a) On a given day the absorption system operates continuously during the

time when cooling is required to satisfy the cooling demand.

b) The monthly cooling loads and average temperatures of the cycle are

specified. For the purpose of the comparison between the results of

the detailed simulations and the , f-chart method, the cooling

loads calculated from the detailed simulations are used as data in

the lattermethod. Normally, this method is to be used with a short

method for calculating cooling loads, i.e. degree day method.

c) An effective monthly average COP of the absorption chiller is calcu-

lated based on average cycle temperatures. The average cooling

temperature (which fixes the condenser and absorber temperatures)

is the daytime average ambient temperature plus a given AT, for an

air cooled system; or the daytime average wet bulb temperature plus

a given AT, for a water cooled system. The AT depends on the

conductances of the condenser and absorber, and the cooling tower,

if there is one for the water cooled case.

d) The effect on the COP of the start up transient operation of the

chiller is neglected. This means that at a given firing temperature,

the chiller reaches instantaneously the COP corresponding to steady

state for that temperature. However, if the magnitude of the

degradation of the COP due to transient operation is known, it can



be incorporated to the monthly average COP. For instance, the

average reduction of the COP of the Arkla absorption chiller, over

the course of a cooling season is 5-8% (11).

To calculate the monthly fraction of the cooling load met by solar

for a particular month in a given location, using the , f-chart method,

the following steps are used:

1) Make an initial guess of the monthly average collector inlet

temperature.

2) The monthly average COP of the chiller is calculated depending on the

control strategy utilized. If control strategy (a) described above

is selected go to step 2.1.a; if control strategy (b) is adopted

then go to step 2.1.b.

2.1.a) Guess the average firing temperature, which corresponds to

Tmin of the , f-chart method.

2.2.a) Given the average temperature of the environment surrounding

the storage tank, its initial temperature, and the losses

heat transfer coefficient-area product of the tank, calculate

the monthly energy losses and the change in internal energy:

= (UA)T f T - Te 24N
QT U2 (4.1)

=U (mC p )T T Ol



where:

QT = monthly heat losses from the storage tank

AU = internal energy change of the storage tank during the

month

(UA)T = losses heat transfer coefficient-area product of the

storage tank

(mcp)T = heat capacity-mass product of the liquid in the storage

tank

Tf = monthly average firing temperature

Ti  = monthly average inlet collector temperature

Te = monthly average temperature of the environment surround-

ing the storage tank

T 0 = initial temperature of the storage tank

N = number of days in the month

2.3.a) With the average firing temperature, the average cooling

temperature (which defines the temperatures of the condenser

and the absorber), the average evaporator temperature, and

other necessary parameters, estimate the average COP of the

absorption cycle. For this step a model for the performance

of the absorption chiller is required.

2.4.a) Calculate the load on the storage tank:

QL - + QT + AU (4.2)
c-f

where:
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QL

CL

COP

= total energy load on the storage tank for the month

= total cooling load for the month

= monthly average chiller COP

2.5.a) With the , f-chart correlation (see Appendix D) calculate

the fraction by solar. The following quantities are

required: QL' FR (T-), UL5 Ac, Tmin, avg ambient tempera-

ture, Vtank, pcp product for the liquid in the storage tank,

N,average clearness index for the month, latitude, slope of

collector, and the number of day in the year for the average

day of the month studied. This last parameter is given in

the table below.

Table 4.1. Number of day in the year for the average day of each

month (41).

month

January
February
March
April
May
June
July
August
September
October
November
December

number of day

17
47
75
105
135
162
198
228
258
288
318
344



2.6.a) Correct fraction by solar for tank losses and internal

energy change:

f f'QL - QT AU

QL - QT- AU (4.3)

where:

f' = fraction of the total load, including heat losses and

internal energy change, met by solar

f = fraction of the cooling load met by solar

2.7.a) Given the average number of hours that the chiller operates

continuously per day, n, calculate the average rate of

cooling delivered by the chiller:

fCL

Qe = (4.4)
nN

where

Qe = average rate of cooling delivered by chiller.

The parameter n can be estimated as the average number of

daytime hours. As will be seen later, the results of the

method are not very sensitive to this parameter.

2.8.a) With Qe and the absorption chiller model,

recalculate the average firing temperature and the COP.

2.9.a) Check calculated firing temperature with the guessed value,

if they do not agree go back to step 2.1.a. If they do

agree go to step 3.



2.1.b) The average firing temperature corresponds to the specified

level at which the absorption chiller is operated, thus it

does not have to be calculated or guessed. Go through steps

2.2.a to 2.6.a, then jump to step 3.

3) Recalculate the average collector inlet temperature, guessed in step

1, following the next steps (for the variables not defined here see

details in Appendix D):

3.1) Calculate :

- fQ L(45

FRAc(T-)TRoN (45)

3.2) From the correlation solve for Xc:

Xc = a + b Rn/R (4.6)
2c

3.3) From the definition of Xc, calculate the average collector

inlet temperature:

Ti = Ta + rtn Rn KT H0 (r Xc (4.7)
UL

3.4) Check the calculated collector inlet temperature with the

guessed value of step 1. If they do not agree go to step 1,

otherwise the problem is solved.

A condensed flow diagram for the calculation procedure is presen-

ted in Figure 4.3. A listing in Applesoft BASIC of a computer program
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to do the calculations is included in Appendix F. To illustrate the

application of the method to the evaluation of a particular solar

cooling system the following example is presented:

Example: A solar absorption cooling system as shown in Figure 4.2 is

located in Miami, FL (latitude 260). The absorption chiller

utilized is a 3-ton Arkla unit WF-36 model, which is com-

mercially available and its performance is displayed in

Figure 4.4. It is desired to estimate the fraction of the

cooling load met by solar energy for the month of July when

control strategy (a) is utilized and the cooling water is at

ambient temperature. The cooling load of the air conditioned

building for the month is 10.1 GJ, the average daytime

ambient temperature is 29.9 0C, and the average ambient

temperature is 27.2 0C. The collector has a total area of

40 m2 and its slope is 260. The specifications of the col-

lector are FR=O.85, ( T)=0.85, Uc=14. 4 KJ/hr-m2-°C. The

volume of the storage tank is 3 m3 , and its loss coefficient-

area product is 0.77 KJ/hr-°C. The initial temperature of

the water in the storage tank is 600C, and the temperature

of the environment surrounding the storage tank is 25.6°C.

The ground reflectance is 0.3. The following steps sum-

marize the solution procedure:

I) Assume a value for the monthly average collector inlet

temperature (for the estimation of the storage tank

losses), i.e. 82°C.
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Figure 4.3. Flow diagram for the T, f-chart calculational procedure
applied to absorption cooling design. All quantities are
averaged or totaled on a monthly basis.
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2.1.a) Assume a value for the monthly average firing temperature,

i.e. 82'C. If control strategy (b) were applied this

temperature would be estimated by the specified minimum

firing temperature at which the chiller is operated by

energy from the storage tank. Thus, the iterative pro-

cedure to determine that temperature would be eliminated.

2.2.a) Estimate the storage tank energy losses and the internal

energy change (Equation 4.1). For the calculation of the

energy losses it is assumed that the storage tank tempera-

ture is an average of the collector inlet temperature and

the chiller firing temperature.-

= 0.77 hrC 82+82 25.6]'C x 24 hr x 31 =3.23xlO
4KJ

AU = 3000 Kg x 4.18 Kg (82 - 60)0C = 2.76x105 KJKg0 C

2.3.a) If the cooling water is at ambient temperature a conserva-

tive estimate of the monthly average cooling medium

temperature is the average daytime temperature, 29.9 0C.

For this cooling temperature and at the average firing

temperature of 820C, the monthly average COP is 0.63 (see

Figure 4.4.a).

2.4.a) The load on the storage tank is (Equation 4.2):

-l0.IxlO
6KJ 45

0.65+ 3.23x10 + 2.76x105 = 1.59xl0 7 Kj
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2.5.a &) From the j, f-chart correlation (see Appendix D) f'=
2.6.a )

0.47 is calculated. This fraction includes the tank

energy losses and internal energy change, thus it has to

be corrected using Equation 4.3:

f 0.47xi.59xi107-5.23xi10 4-2.76xi0 5 -0.46

1.59xi0 7 -5.23xi10 4 -2.76x10 5

2.7.a) Calculate the average rate of cooling delivered by the

chiller (Equation 4.4). For this calculation it is

assumed that the chiller operates continously during 12

hours to satisfy the load. The prediction of this

parameter is a difficult one, but it will be shown later

that the results are little sensitive to it.

Q 0.46x1O.1x 106 KJ -12489.2 KJ/hr
e 12x31 hr

2. 8.a &Q
2.9.a )

3 to 3.4)

With Q e and the average cooling medium temperature

recalculate the average firing temperature. From Figure

4.4.b this value is 79C and can be used as the next

guess of the average firing temperature. Steps 2.3.a to

2.8.a are repeated until convergence is reached. For

this example the average firing temperature converges at

79'C, and the average COP is 0.55.

From Equations 4.5 to 4.7 the calculated average collector

inlet temperature is 81'C. This value can be used as a



next guess of the average collector inlet temperature

and repeat steps 2.2.a-3.4 until: convergence for the

average collector inlet temperature is reached. For

this example the final result is a fraction of the

cooling load met by solar energy of 0.43 for the month

of July. The average firing temperature is 79C and the

average COP is 0.55.

From the example above it can be noted that the energy losses of

the storage tank are a small fraction of the load on the storage tank.

Therefore, the average tank temperature can be simply estimated as the

average firing temperature instead of the arithmetic average of the

firing temperature and the collector inlet temperature suggested in

Equation 4.1. This would reduce considerably the calculation effort

and produce essentially the same results.

4.4 Detailed Simulation Versus the , f-Chart Method

The system of Figure 4.2 will be evaluated with three

different models for absorption chillers in different locations using

the procedure outlined in the previous section and hour by hour

detailed simulations. The purpose is to investigate how the results

predicted by the , f-chart method compare with the results of detailed

simulations when the firing temperature is allowed to float, which is

the characteristic of control strategy (a). Calculations will also

be done for the case when control strategy (b) is applied.

The detailed simulation is the calculation of the performance of

the cooling system for each hour of a particular month. Hourly data of
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insolation, ambient temperature, chiller cooling temperature, refrig-

erated space temperature, and cooling load are required. With these

data the hourly temperature of the hot storage tank, the COP and

cooling rate, and fraction of the cooling met by solar are calculated.

The average COP for the month is the ratio of the total cooling

delivered by the chiller driven by solar energy to the total heat

input to the generator. The monthly fraction by solar is the ratio of

the cooling load delivered by solar energy to the total cooling load

for the month.

The assumptions made in the hourly simulations* ofthe system dis-

played in Figure 4.2 are:

1) A steady state model for the performance of the particular absorp-

tion chiller is available.

2) When the generator of the chiller is heated at a given instant the

chiller reaches the steady state response instantaneously cor-

responding to the cycle temperatures of that instant.

3) The energy storage tank contains water, it is fully mixed, and its

maximum temperature is 991C to prevent boiling.

4) The cooling load is always satisfied. Auxiliary heat is provided

to the generator to satisfy any energy deficiency of the hot

storage tank.

5) The evaporator operates with the same effectiveness to satisfy the

sensible and the latent components of the cooling load.
*The mathematical model utilized for the detailed simulations is shown
in Section B.6 of Appendix B combined with the model for the single
effect absorption chiller of Appendix A. To simulate another absorp-
tion cycle this model has to be substituted by the corresponding model
of the cycle in question.
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4.5 Characteristics of the Absorption Chillers Studied

The performance of a solar cooling system that utilizes absorption

cycles whose COP vary in a specific form with the cycle temperatures

will be evaluated by hourly detailed simulations and by the T, f-chart

method outlined in Section 4.3. The purpose is to compare the results

of the two methods to determine the applicability of the T, f-chart

procedure to cycles of variable COP. The performances of the cycles

considered in the comparison show distinctive characteristics that can

be found in other cycles, i.e. the manner in which the COP and the

cooling capacity vary with respect to the cycle temperatures.

The applicability of the design procedure outlined in Section 4.3

is investigated for the following absorption systems:

1) The single effect cycle. From the model in Appendix A it is found

that at given condenser and evaporator temperatures, the COP of

the single effect cycle increases sharply above its cut-off tem-

perature with little increase in the generator temperature. Then

it reaches a maximum value, and remains nearly constant despite

increasing the generator temperature. The cooling capacity

increases monotonically with the generator temperature (see Figure

A.4). The COP and cooling capacities of the double effect and the

absorption-resorption cycles behave in the same manner as that

described for the single effect cycle (see Figures 3.13 and 3.17).

Figure 4.5 shows a general comparison of the performances of the

single effect, double effect and absorption-resorption cycles. From

that Figure it is observed that the COP and cooling capacity
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Figure 4.5. Comparison of the performances of the single effect,
double effect, and absorption-resorption cycles for
fixed condenser and evaporator temperatures.
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curvesfollow the same trend for the three cycles although' their

relative position is different. The , f-chart method outlined in

Section 4.3 will be utilized to calculate the performance of the

single effect cycle for several months in different locations for

the single effect cycle. The results of this method will be com-

pared with the results of detailed simulations. If this comparison

is favorable it can be concluded that the , f-chart is also applic-

able to the double effect and absorption-resorption cycles studied

in Chapter 3 because the performance curves of the three cycles

have the same geometrical shape except that they are at a different

position in relation to each other.

2) Cycle whose performance is a fraction of the Carnot COP and its

cooling capacity increases monotonically with the generator tempera-

ture. This is characteristic of the behavior of the GAX cycle (see

Figure 3.9), i.e. the COP increases with the generator temperature

following the trend of the Carnot COP. The , f-chart method and

detailed simulations will be applied to estimate the performance

of this type of cycle for several months in different locations

and the results of the two methods will be compared. The specifica-

tions of the particular chiller studied are given by the following

model:
*The argument to support this statement lies in the fact that the
performance of the single effect cycle will be evaluated for a wide
variety of cooling temperatures (see Table 4.2). Thus, the relative
position of the performance curves will vary considerably since the
performance of the single effect is very sensitive to the cooling
temperature.



0 T f < T ck+ 28

COP 0.4 T T Tv+46Tf > Tc+ 28

~T z- T vj[Tf + 460

(4.8)

1 0 Tf < Tcp+ 28

Qe

52750 COP Tf > T c+ 28

where:

TfV Tc:z,T v = firing, cooling, and evaporator temperatures,

respectively, °C

Qe = cooling rate, KJ/hr

The performance represented by the above equations corresponds to a

chiller that operates at 40% the efficiency of the Carnot cycle for

the same cycle temperatures, and its cut-off temperature is 28°C

above the cooling temperature. The cooling capacity increases with

increasing the firing temperature following the trend of the COP.

Figure 4.6 presents a graph of the performance of this chiller.

3) Commercially available 3-ton WF-36 Arkla unit. The experimental

performance of this residential absorption chiller is presented

in Figure 4.4. These performance data are characteristic of the

operation of a real single effect absorption chiller and they can

be represented by the following system of equations which is the

result of a least squares curve fit (11):
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Figure 4.6. Performance of a chiller whose COP increases with
increasing generator temperature following the trend
of the Carnot COP.

Empirical model for the 3-ton WF 36 Arkla absorption chiller

Tg = 0.83 Tf + 0.17 Tcz

COP(TgTcZ)=

T < 68.20C

5.048 - 1.921 Tcz+ 4.290611xi0
-2 T 2

Q cz.

+ (0.4264 + 1.522715x0 -2 Tc - 5.69647xi0 -4 Tc2)T

+ (-6.250574x10-3 + 1.304397xlO-
4Tc )T 2

68.2°C < T < 85.3 0C

above equation evaluated at COP(85.3,'Tc9) T > 85.3°C



0 Tg < 68.20C

2
1.405 - 3.602844 Tc+ 0.100965 Tc2

+ (1.044028 + 1.883088xlO-2T - 1.376819xlO-3 c)Tg

Qe(Tg,Tc)

37980 + (-1.403839xl0-2 + 4.01284xlO-4Tc )Tg2

68.20C < T g 85.3 0C

above equation evaluated at Qe(85.3,T Q) T > 85.30C

where: (4.8)

Tf = firing temperature, 0C

Tg = generator temperature, 0C

T,= cooling medium: temperature, °C 26.7 < Tcz < 32.20C

Qe = cooling rate, KJ/hr

4.6 General Data for the Comparison of the , f-Chart Method and

Detailed Simulations

The monthly average ambient temperature for a given location can

be found in ASHRAE handbook of Fundamentals (40), reference (41), or

some other suitable reference. The average cooling temperature for

the chiller depends on how it is cooled. If it is air cooled a

weighted average ambient temperature when there is cooling should be

used. A conservative estimate of this average is the daytime average

temperature, since during daytime is when most of the cooling load
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occurs. If the chiller is water cooled or air evaporatively cooled, an

estimate for the average cooling temperature would be the daytime

average wet bulb temperature plus a AT that depends on the effective-

ness of the cooling tower or the humidification process of the air.

The average number of hours per day that the chiller operates

defines the average cooling rate delivered by the chiller and the

average firing temperature, which are required in the @, f-chart

method under control strategy (a). An estimate of the number of hours

that the chiller operates is the monthly average number of daytime

hours, as most of the cooling load occurs during that period. It will

be shown later that the @, f-chart method is not very sensitive to this

parameter, and therefore the estimate suggested is good enough.

Weather data from the SOLMET TMY tape were utilized to calculate

the hourly values of the cooling load and the solar radiation incident

on the collector using the TRNSYS (42) subroutines 16, 17 and 18. With

these subroutines the solar radiation incident on the collector plane

and the contributions to the cooling load due to solar heat gain

through walls and windows are calculated.

The hourly values of the cooling load, incident radiation, and

ambient temperature are utilized in the detailed simulations. The

monthly total cooling load and average ambient temperature are utilized

in the , f-chart method. The locations considered are Miami, FL, El

Paso, TX, and Phoenix, Az.

The building simulated is a two story house of 9.1 m on a side,

with a total floor area of 167 m2 . There is no basement. The roof has
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a pitch of 250 and faces north and south. The north and south walls

are 4.9 m high. The east and west walls are 6.1 m high at the centers

and 4.9 m high at the edges. The total roof area is 92.1 m2 , divided

equally between the north and south faces. The east and west walls

have areas of 44.6 m2 each. The U value for the wall construction is

3.64 KJ/hr-m2- 0C. The outside walls have an emittance of 0.8 and an

absorptance of 0.3. The window area is 12% of the total wall area, and

has a U value of 21.7 KJ/hr-m2-C, and a transmittance of 0.8. The

infiltration rate was calculated assuming a constant rate of 0.5 air

changes per hour. The volume of the conditioned space is 493.7 m3

(including the attic), and thus the infiltration volume is 246.9 m3 /hr.

For the contribution to the load due to occupancy it is assumed that an

average of three people are in the house at all times. The contribu-

tion of the infiltration air to the sensible component of the load is

calculated based on the temperature difference of the ambient air and

the air inside the building. The building is maintained at a tempera-

ture no higher than 251C. The latent component of the load due to the

infiltration air is based on the humidity ratio that is desired in the

building. This humidity ratio is no higher than 0.01) Kg of water/Kg

of dry air when the temperature is above 240C.*

Table 4.2 summarizes the monthly loads and average temperatures

for the locations studied. Table 4.3 presents a list of the parameters

utilized in the , f-chart method.

* The desired conditions in the air conditioned building are based
on the ASHRAE Comfort Chart (40).



Table 4.2 Thermal and metereological data for the
locations studied.

cooling months in the three

average ambient
temperature when incident solar
there is cooling cooling load radiation on 2 average clearness

location month demand (0c)* ( GJ ) collector WGJ/m2) index (KT)

May 27.5 7.7 0.52 0.49

Miami June 29.2 10.3 o.48 0.48
lat.
260 July 29.9 11.3 0.52 0.50

August 30.5 12.8 0.53 0.51

May 26.1 5.5 0.79 0.76

El Paso June 31.9 8.9 0.73 0.75
lat. .-
31.80 July 31.4 10.1 0.72 0.70

August 30.6 -9.2 0.72 0.70

May 30.0 7.4 0.82 0.77

Phoenix June 34.7 12.5 0.79 0.75
lat.
33.40 July 36.8 16.1 0.73 0.69

August 35.3 14.9 0.74 0.77

*Estimated as the average daytime average ambient temperature.
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Average number of daytime Average ambient

hours per day temperature (0C)

Month Miami El Paso Phoenix Miami El Paso Phoenix

May 13.7 13.5 13.0 25.4 23.5 25.7

June 13.7 14.0 14.7 26.9 27.6 31.3

July 13.2 13.9 13.5 27.2 28.0 33.8

August 12.0 13.3 12.4 27.9 26.9 32.4

Table 4.3. Parameters utilized in connection with the @, f-chart
method calculations.

The absorption coolers utilized in the comparison of the results of

the $, f-chart method and detailed simulations are described in Section

4.5. The cooling capacities of the Arkla unit and the cycle that

operates at 40% of the Carnot COP are sufficient to satisfy the cooling

demands of the building in the locations considered. The flow rate of

weak absorbent in the single effect cycle was chosen at 91 Kg/hr so it

also satisfies the cooling demand. Other assumptions made in the

simulation of the single effect cycle are: the condenser and absorber

operate at 5C above the temperature of the cooling medium, the

generator operates at 50C below the firing water temperature, and the

evaporator temperature is fixed at 10'C. For the cycle that operates

at 40% of the Carnot COP the evaporator temperature is also fixed at

1O°C. For all the chillers the temperature of the cooling medium is

at ambient temperature. The values of these parameters define the
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relative position of the performance curves of the cycle, they do not

affect the type of COP curves of the specific cycle. Thus, the choice

of the values of the parameters is immaterial in the comparison of

the q, f-chart method and detailed simulations.

The collector design parameters are 0.78 for the collector heat

removal factor-transmittance-absorptance product, FR(To), and 14.4

KJ/hr-m2.OC for the collector losses coefficient, Uc . The storage tank
contains water (pCp=4187 KJ/m-C), and it is sized at0.075m 3 per m

of collector. The ratio of height to diameter for this tank is equal

to one, and it has a loss coefficient of 1 KJ/hr-m2-°C (0.28 W/m2-°C).

In the detailed simulations the maximum temperature of the storage

tank is set at 99C to prevent boiling. When the storage tank reaches

this limit the collector pump is turned off even if there is insolation.

4.7 Results of the Comparison of the T, f-Chart Method and the

Detailed Simulations

Simulations were performed for systems with the characteristics

described utilizing models whose performance curves are characteristic

of the chillers described in Section 4.5. The collector areas were

varied between 20 and 60 m2. The performance calculations were done

by detailed simulations and the , f-chart method. The fractions of

the cooling load met by solar energy calculated by the two methods are

plotted against each other in Figures 4.7 and 4.8. Figure 4.7 shows

the results of the comparison for the case when control strategy (a)

is utillized, and Figure 4.8 shows the results when control strategy (b)

is the one utilized.
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When control strategy (b) is utilized in a system that utilizes a

cycle whose performance curves are like those obtained from a thermo-

dynamic model for the single effect cycle, the applicability of the

p, f-chart method is not questioned. The COP of this cycle is

essentially constant above a certain generator temperature that depends

on the particular characteristics of the cycle (see Figure 4.5). This

is the minimum generator temperature at which the cycle should be

operated when control strategy (b) is utilized because at lower tem-

peratures than that the COP and cooling capacity of the cycle decrease

rapidly and tend to zero. Thus, under control strategy (b) any absorp-

tion cycle whose performance curves show the characteristics of the

performance curves of Figure 4.5 operates at constant COP, which is a

requirement of the , f-chart method.

Because in the , f-chart method there is no maximum storage tank

temperature, in general it overpredicts the fraction by solar. This

occurs particularly when the average temperature of the storage tank

approaches the maximum temperature, 99°C in this case. This is the

situation when high firing temperatures are required to drive the chil-

ler, like in the case of Phoenix that has the largest ambient tempera-

tures, see Table 4.2. It also occurs at large useful energy collected

to cooling load ratios, which causes large storage tank temperatures

like in the case of El Paso, TX. Miami, is a good example of a

location for which the , f-chart method predictions approach very

closely the results of the detailed simulations. This is explained by

the fact that for Miami the storage tank temperature did not reach
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Figure 4.7. Comparison of the fractions by solar obtained by the

, f-chart method and the hourly detailed simulations

for collector areas between 20 and 60 m
2 . The

absorption chillers are operated under control strategy

(a).
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Figure 4.7.c

the limit imposed of 990C, which occurred frequently in Phoenix and

El Paso. This was observed from the 'results of the detailed

simulations.

The results of the comparison in Phoenix are the ones that

present the biggest deviation (see Figures 4.7 and 4.8). The 4,

f-chart method overpredicts the fraction of the cooling load met by

solar especially for the case of the Arkla chiller (see Figures

4.7.c and 4.8.b). From the detailed simulations it was observed that

for Phoenix the tank temperature was usually near its maximum tempera-

ture (990C). This is because the ambient temperature, which is the

temperature assumed for the cooling medium of the condenser and the

absorber, reaches high levels. Thus the cut-off temperature of the

absorption unit is high, which forces the storage tank to operate at

high temperatures. For the particular case of Phoenix it was observed

that in several hours of the simulation the ambient temperature was
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so high that the cut-off temperature of the Arkla chiller was never

reached even at the maximum storage tank temperature. This caused

the storage tank to remain at its maximum temperature for

several hours with its energy not being utilized and dumping any solar

energy input. There were also combinations of the firing water and

cooling medium temperatures that were off the ranges of temperatures

for which the Arkla model (Equation 4.8) is valid, thus the chiller

had to be turned off even if there was a considerable amount of energy

stored to drive it under other not so extreme conditions.

In general, the comparison of the results of , f-chart method

and the detailed simulation is reasonably good, except for the Phoenix

and Arkla chiller combination. The results were especially good for

Miami, where the detailed simulations showed that the energy storage

tank stayed below the maximum temperature. It can be concluded that

the , f-chart method can be applied to the evaluation of a closed

loop solar absorption cooling system, when solar energy dumping does

not occur.

4.7.1 Sensitivity of the $, f-chart Method to Selected Parameters

The sensitivity of the results of the , f-chart method is now

studied. Calculations are done for Miami, FL with a collector area of

40 m2 . All the other necessary parameters were listed above. Control

strategy (a) is the one utilized because for this case an estimation

of the average number of hours per day that the chiller operates,

which is an uncertain parameter, is necessary in the calculations.



Figures 4.9 to 4.11 show the sensitivity of the fraction by solar

calculated from the , f-chart method for control strategy (a) to the

following parameters:

a) Number of hours a day that the chiller operates. As shown by

Figure 4.9, this parameter does not have a strong effect on the

result, and thus its choice is not critical.

,8

0
SINGLE EFFECT C. MODEL

,6 40% OF CARNOT COP MODEL
z It

0

u +___ARKLA MODEL .

NUMBER OF HOURS PER DAY

Figure 4.9. Sensitivity of the , f-chart method to the number of
hours a day that the chiller operates.

b) Average cooling medium temperature to the chiller. The effect of

this parameter is displayed in Figure 4.10. The result of the

method is fairly sensitive to this parameter and its choice should

be made carefully because underprediction of it would cause an

overestimation of the fraction by solar. As was noted before, for

an air cooled chiller the average daytime average ambient tempera-

ture is a conservative estimate of the average cooling temperature.
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Likewise, for a water cooled chiller that utilizes a cooling tower,

the average daytime wet bulb temperature provides a conservative

estimate of the average cooling temperature.
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Figure 4.10. Sensitivity of the , f-chart method to the monthly
average cooling temperature of the chiller.

c) Monthly average clearness index, KT' The result of the , f-chart

method is also very sensitive to this parameter as can be seen in

Figure 4.11. Thus, the value of this parameter for the location

and month in question should be investigated carefully. References

42 and 43 are suggested sources of information of this and other

quantities required for the application of the , f-chart method.

The data for the calculation of the points of Figures 4.9 to 4.11

correspond to the month of July in Miami and a collector area of 40 m2.

ARKLA MODEL

M
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Figure 4.11. Sensitivity of the , f-chart method to the monthly
average clearness index.

4.8 Application of the , f-Chart Method in the Evaluation of the

Absorption Cycles of Chapter 3 in a Solar Cooling System.

The purpose of this Section is to apply the , f-chart method to

the estimation of the fraction of the cooling produced by solar energy

obtained from a cooling system that utilizes the absorption chillers

studied in Chapter 3 at a given location. The performances are evalua-

ted for the chillers operated under control strategy (b), in which the

chillers are operated by solar energy when the storage tank is at or

above a minimum temperature. The effect of varying that minimum

temperature at which the chiller operates will be investigated. Control

strategy (b) is a suitable control strategy for the chillers of Chapter

3 because if a lower limit for the firing temperature is not imposed,

the cycle will frequently operate at regions where the COP is very

low. For instance, the GAX cycle operates at lower COP than the single
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effect cycle below its cut-off temperature, which is the temperature

at which vapor starts to boil in the generator-absorber heat exchanger.

The fractions by solar obtained from the solar cooling systems

that utilize the absorption cycles of Chapter 3 will be compared to

the performance obtained from the same cooling system when it utilizes

the single effect cycle.

Because the different cycles produce different cooling rates per

unit of solution flow rate, they require different rates of solution

pumping (which determine their sizes) to satisfy a given cooling load.

Thus this factor, determining of the size of the absorption cooler,

is utilized also as a basis for comparison of the cycles.

4.8.1 Location Studied and Design Parameters of the Absorption Coolers

The location studied is iami, and the same building whose charac-

teristics are described in Section 4.6 is considered. The chillers are

assumed to be designed for the average conditions of the month of

July. From Table 4.2 the total cooling load for this month is 11.3

GJ and the daytime monthly average temperature is 29.9 0C. The monthly

average wet bulb temperature is 23.8 0C (40).

The performance of the cooling system utilizing the different

absorption cycles will be evaluated for two cases: a) for air cooled

operation and, b) for water cooled operation of the condenser and the

absorber of the cycles.

It is assumed that on the average for each cycle, the generator

operates at 50C below the firing temperature, the condenser and

absorber operate at 5C above the cooling medium temperature, and the
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cooling tower (utilized in the water cooled operation) produces

cooling water at 3°C above the wet bulb temperature. Therefore, the

monthly average temperatures at which the condenser and absorber of

the cycles studied operate are 31.8 and 34.9°C for water cooled and

air cooled operation, respectively.

4.8.2 Steady State Performances of the Cycles

To apply the design procedure of Section 4.3 to the evaluation of

a solar cooling system with a given absorption cooler, the steady

state performance of that cooler is required. This performance is

evaluated at the average temperature of the cooling medium for the

month in question.

The absorption chillers considered in this study are the single

effect (SEC), double effect (DEC), generator-absorber heat exchanger

with heated expansion for the particular case when the expansion is

isothermal (GAX), and the absorption-resorption (ARC) cycles. For this

particular study, the chillers are assumed to operate at an evaporator

temperature of 12.8 0C (this temperature was chosen so that all the

advanced cycles show a higher COP than the single effect cycle for the

range of firing temperatures studied). The temperature differential

of the internal heat exchangers of the cycles, i.e. the solution heat

exchangers, is assumed to be 3°C.

Figure 4.12 shows the performance of the chillers when the monthly

average temperature of the condenser and the absorber are maintained at

31.8°C (water cooled operation). Figure 4.13 shows the performance of

the same chillers when they are air cooled, namely the condenser and
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Figure 4.12.a. Performance of water cooled chillers
for the month of July.

in Miami, FL
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Figure 4.12.b. Average rate of pumping of solution in the chiller
required to satisfy the monthly cooling load. Water
cooled operation.

2.0

1.6

1.2

GAX

ARC

DEC

SEC

CDz
"200

IL
I-

(L

LL. 10

z
0

I-
D
J
0
Co

II.
0

"I

160
(0 C)

:-Cmml



GAX A

4 DEC

to s12

GENERATOR TEMPERATURE

Figure 4.13.a. Performance of air cooled
for the month of July.

chillers in Miami, FL

,'e i6
GENERATOR TEMPERATURE

Figure 4.13.b. Average rate of pumping of solution in the chiller
required to satisfy the monthly cooling load. Air
cooled operation.

1.!

1,

i.

8

( 0 c)

2R-1

(0
z

0
E

0

Idl

ARC

GXAX, SEC

DEC

z
0

0

'-
I-
-J
0
0
I.
0

I
0

( 0 C



129

the absorber temperatures are maintained at 34.90C (air cooled

operation).

These performance* data were calculated from the models derived

for the cycles of Chapter 3 and presented in Appendices A and B

The minimum firing temperature that is chosen to operate the

chiller fixes a lower limit for the monthly average generator tempera-

ture. For a given monthly average generator temperature there is a

corresponding average COP and cooling capacity of the chiller per

Kg/hr of solution pumped. An estimate of the chiller size, which is

determined by the design flow rate of solution handled by the pumps of

the absorption cooler, required to satisfy a given cooling load can be

based in the design monthly cooling load and the average performance

of the chiller. That estimate of the required flow rate of solution

is given by the monthly cooling load divided by the average cooling

delivered per KJ/hr of solution pumped:

*As was found in Chapter 3 (from the comparison of the steady
state performances of the cycles) Figures 4.12 and 4.13 show that the
GAX cycle is the advanced absorption cycle that produces the best
steady state performance of the cycles studied. It can be argued
that there is a small range of generator temperatures where the COP
of the absorption-resorption cycle is slightly higher than that of the
GAX cycle. This range extends approximately from 75 to 800C for water
cooled operation and from 90 to 95C for air cooled operation, see
Figures 4.12.a and 4.13.a. However, this occurs just above the cut-
off temperature of the absorption-resorption cycle and in this region
its cooling rate per unit of mass of solution circulated is very low.
From Figures 4.12.b and 4.13.b it can be seen that to produce the
same cooling rate as the GAX cycle, the rate of circulation of solu-
tion in the absorption-resorption cycle has to be much larger than
that of the GAX cycle, whichtranslates into a larger size of the
absorption-resorption chiller and larger parasitic power consumption
(electrical energy required to drive the pumps of solution) than
those corresponding to the GAX cycle.
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CL
fnW= (4.10)

MW = monthly average mass flowrate of the solution circulated

in the chiller to satisfy the monthly load, Kg/hr

CL = monthly cooling load, KJ

Qe = monthly average cooling delivered by the chiller per unit

of mass flowrate of solution, KJ/Kg

The estimate given by Equation 4.10 represents a lower limit of

the design flow rate of solution because the instantaneous conditions

at which the chiller operates are not necessarily average conditions.

However that estimate can be utilized as an additional basis of com-

parison of the cycles studied in addition to the fraction by solar.

4.8.3 Fractions of the Cooling Load by Solar Energy Produced by

Solar Cooling Systems that Utilize the Cycles of Chapter 3.

The performances of solar cooling systems with the configuration

shown in Figure 4.2, that utilize the absorption chillers whose steady

state performances are displayed in Figures 4.12 and 4.13 will now be

calculated. This calculation will be done for two types of collectors.

The first type has a collector heat removal factor-absorptance-

transmittance product, FR( --), of 0.78, and the loss coefficient,

Uc, is 14.4 KJ/hr-m2 _-C. The second type corresponds to a collector
whose first parameter is the same as that of the first type, but the

loss coefficient is 72 KJ/hr-m2- C. The design parameters of the

first type of collector correspond to those of a high performance flat
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plate collector, while the second set of parameters are characteristic

of an evaculated tube type collector.

Figures 4.14 and 4.15 show the fractions by solar obtained by the

solar cooling systems that utilize 40 m2 of the first type of collector

when the chillers are water cooled and air cooled, respectively.

Figures 4.16 and 4.17 show the results obtained from the cooling sys-

tems when they utilize 20 m2 of the second type of collector. The

calculations were done with the , f-chart method utilizing control

strategy (b). The abcisa of Figures 4.13 to 4.16 is the minimum

temperature at which the absorption coolers are operated with energy

from the storage tank.

From Figures 4.14 to 4.17 the optimum firing temperatures for the

advanced cycles can be obtained. These optimum firing temperatures are

the minimum firing temperatures at which the cycles are to be operated

to produce the maximum fraction by solar under control strategy (b).

Table 4.4 summarizes the optimum design conditions for the GAX,

absorption-resorption, double effect and single effect cycles. The

optimum firing temperatures displayed in Table 4.4 were determined from

Figures 4.14 to 4.17, and correspond to those producing the maximum

fraction by solar. The rates of solution pumping are those required

by the cycles to satisfy the cooling demand, and are determined from

Figures 4.12.b and 4.13.b at the optimum firing temperatures.

From Table 4.4 it is observed that for the relatively low perform-

ance collector (UL=14.4 KJ/hr-m2 -oG) the fractions by solar obtained

from the GAX and the absorption-resorption cycles are about 10% higher



Figure 4.14. Performance of the solar cooling system when the
chil Iers are water cooled. The collector area is
40 m and the collector losses coefficient is
14.4 KJ/hr-m2-OC.
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Performance of the solar cooling system when the
chillers are air cooled. The collector area is
40 m2 and the collector losses coefficient is
14.4 KJ/hr-m 2-oC.
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Figure 4.16. Performance of the solar cooling system when the
chillers are water cooled. The collector area is
20 m2 and the collector losses coefficient is
7.2 KJ/hr-m2-oC.
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Figure 4.17. Performance of the solar cooling system when the
chillers are air cooled. The collector area is
20 m2 and the collector losses coefficient is
7.2 KJ/hr-m2-°C.
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Table 4.4. Optimum design conditions for the solar cooling system with the different
absorption cycles.

Type of water cooled air cooled

Collector SEC GAX ARC DEC SEC GAX ARC DEC

minimum firing

= m2 temperature (C) 65 88.9 83 95 71 100 94 106

Uc 14.4 fraction by solar 0.8 0.91 0.91 0.7 0.73 0.73 0.77 0.54

KJ/hr-m2-°C
rate of solution
pumping (Kg/hr) 142.1 56.8 555.3 175 186.3 56.8 708 202

minimum firing

U=24m4 temperature (0C) 65 100 89 95 71 105 100 111

Uc  14.4 fraction by solar 0.56 0.94 0.79 0.61 0.52 0.73 0.7 0.5

KJ/hr-m2 _o ..C _ _ .
rate of solution
pumping (Kg/hr) 44 21.4 84 65 53 20 101 62

Key:
SEC =
GAX =
ARC =
DEC =

single effect cycle
generator-absorber heat exchange cycle with
absorption-resorption cycle
double effect cycle

isothermal expansion

*the generator temperature is 5C below the firing temperature

__j
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than that obtained from the single effect cycle for the water cooled

case. However, it must be noted that the required rate of solution

pumping in the absorption-resorption cycle to satisfy the load is

approximately ten times higher than that of the GAX cycle, and four

times higher than that of the single effect cycle. For the air cooled

case the fraction by solar obtained from the absorption-resorption

cycle is 4% higher than that from the single effect cycle, while this

cycle and the GAX cycle essentially produce the same fraction by

solar. Nevertheless, the absorption-resorption cycle requires the

highest rate of solution pumping which translates into larger size of

the components of the cycle and larger parasitic energy consumption.

This is due to the fact that the optimum fraction by solar obtained

from the absorption-resorption cycle corresponds to a firing tempera-

ture just above the cut-off temperature of the cycle. At that tempera-

ture the optimum COP is attained, see Figures 4.12.a and 4.13.a, but

the rate of solution pumping required to deliver a given amount of

cooling is very large because the rate of solution pumping of the

cycle below the cut-off temperature tends to infinity (see Figures

4.1l.b and 4.12.b). The fraction by solar obtained from the double

effect cycle for both, the water cooled and air cooled operation is

lower than that obtained from the single effect cycle. In addition,

the rate of solution pumping required by the double effect cycle is

larger than that required by the single effect cycle.

For the high performance collector (Uc =7.2 KJ/hr-m2 -°C) and both

types of cooling operation, the GAX cycle produces a fraction by
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solar approximately 50% higher than the single effect, and the rate

of solution pumping required by the GAX cycle is about half that

required by the single effect cycle. The absorption-resorption cycle

produces about 40% higher fraction by solar than the single effect

cycle, but the rate of solution pumping required by the first cycle

is twice that required by the latter. For the water cooled operation,

the double effect cycle produces slightly higher, about 10%, fraction

by solar than the single effect cycle although the required rate of

solution pumping required by the first cycle is about 50% higher than

that required by the second. On the other hand, for the air cooled

operation the fractions by solar obtained from the double and single

effect cycles are essentially the same, while the rate of solution

pumping required by tbe first cycle is approximately 20% higher than

that required by the latter.

For the range of conditions studied, it can be concluded that

the GAX cycle can produce at least the same fraction by solar as the

single effect cycle, and the first cycle requires lower rate of solu-

tion pumping than the second.

For water cooled operation and utilizing high performance col-

lectors, like the evaculated tube type, the GAX cycle can produce

substantially larger fraction by solar than the single effect system.

However, the evaporator temperature must be relatively high, i.e.

I1C, otherwise the steady state performance of the GAX cycle would

only be slightly better than that of the single effect cycle which

would not cause a significant improvement in the solar cooling system.
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That imposes a restriction in the evaporator cooling coil component

of the cooling system, which must have a conductance high enough

to deliver the cooling despite the low driving temperature difference

for heat transfer between the conditioned air and the refrigerant.

The absorption-resorption cycle can produce higher fraction by

solar than the single effect cycle, but at the expense of larger rates

of solution circulation that translate into larger electrical energy

consumption that could deteriorate the overall efficiency of the

system to the point that it uses more energy than that actually saved.

On the other hand, the requirements of larger rates of solution

pumping implies larger size of the equipment that translates into

higher initial cost of the system.

The double effect cycle produces a slightly higher fraction by

solar than the single effect cycle only under the limited conditions

of water cooled operation and utilizing a high performance collector,

and it always requires larger rates of solution pumping than the single

effect cycle, thus the potential of this alternative is very doubtful.
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CHAPTER 5. DESIRABLE THERMODYNAMIC PROPERTIES OF THE

REFRIGERANT-ABSORBENT PAIR

5.1 Introduction

The selection of a refrigerant-absorbent pair affects the per-

formance of an absorption cycle. To decide what refrigerant-absorbent

pair is better suited in terms of efficiency for an absorption cycle,

an approach that can be followed is to model the cycle and to evaluate

its performance for any pair whose thermodynamic properties are known,

and finally make a comparison of the COP produced by the cycle with

the different pairs. Another approach is to identify desirable

thermodynamic properties of the refrigerant-absorbent pair that

improve the performance of the cycle, and evaluate the different

pairs based on these desirable characteristics.

The thermodynamic properties of the absorption fluid system or

refrigerant-absorbent pair have a quantitative effect on the perform-

ance of the absorption cycle. The conventional fluid systems

(NH3-H20 and LiBr-H20) show large negative deviations from Raoult's

law, which result in the handling of minimum quantities of solution

per unit of refrigeration produced and, therefore, minimum equipment

size of vessels, heat exchangers, pumps, etc. On the other hand, the

requirement of large negative deviations from Raoult's law limits the

conventional absorption cycle to a maximum COP value below one, with

demonstrated, practically obtainable, COP varying in the range of

0.6 to 0.8.
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In 1979, Macriss (31) proposed that a desirable thermodynamic

characteristic of the absorbent-refrigerant pair is to exhibit posi-

tive deviations from Raoult's law. He found that most of the pairs

with this characteristic form endothermic mixtures, i.e. the heat of

mixing is positive, consequently the mixture absorbs heat when

refrigerant is added to it, and vice versa.

The COP of the conventional absorption system using a pair

selected with the criterion suggested by Macriss, can overcome the 1.0

barrier. He reported that candidate pairs that satisfy this criterion

are mixtures composed of an aliphatic alcohol as the refrigerant and

an aromatic cyclic alcohol as the absorbent. Preliminary calculations

were done for a methanol-thymol single effect absorption chiller with

generator, condenser and evaporator temperatures of 87.8, 32.2, and

100C, respectively. The COP was found to be 1.22. The explanation

for this can be extracted from an analysis of the quantities of cooling

produced by the basic cycle and the heat input to its generator (since

the COP is the ratio of the two). The cooling produced by a unit mass

of refrigerant is approximately given by its latent heat of vaporiza-

tion. To produce that unit mass of refrigerant, the heat input to the

generator is given by the latent heat of vaporization plus the heat

required to separate the refrigerant from the mixture, which is given

by the heat of mixing with the opposite sign. If the heat of mixing

is negative, i.e. the mixture is exothermic, then the COP is always

less than one. On the other hand, if the heat of mixing is positive,

then the COP of the cycle can be higher than one, and its value
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depends on how the orders of magnitude of the heat of mixing and the

latent heat of vaporization compare to each other.

In general the heat of mixing of a binary mixture is considerably

lower than the latent heat of vaporization of any of its components.

For example, the heats of mixing of the pairs NH3-H20 and LiBr-H20 are

negative and represent about 20% of the latent heat of vaporization

of the refrigerant. This explains why the upper limit of the COP of

the basic absorption cycle with either pair is around 0.8.

If there exists a refrigerant-absorbent pair whose heat of mixing

is positive and has a close numerical value to the value of the heat

of vaporization of the refrigerant, then a higher COP can be obtained

from the basic cycle. For instance, for a pair with a positve heat

of mixing being 50% of the heat of vaporization per unit mass of

refrigerant, the basic absorption cycle can reach a COP as high as 2.0.

In this Chapter an addittional desirable thermodynamic character-

istic of the refrigerant-absorbent pair, not necessarily mutually

exclusive with the characteristics discussed above, is proposed and

discussed qualitatively and quantitatively. The effect on the

performance of the absorption chiller when using a pair with this

characteristic is to reduce the cut-off temperature of the cycle,

for instance, to lower levels -than those exhibited by the conven-

tional pairs, i.e. LiBr-H20 and NH3-H20. The effect of that thermo-

dynamic attribute on the performance of the basic absorption cycle

and the GAX cycle is investigated.



Various refrigerant-absorbent pairs, including the pairs

LiBr-H2 0 and NH3-H20 for which thermodynamic data areavailable,

are evaluated in the light of the desirable characteristic that is

defined in this Chapter.

5.2 Proposed Desirable Thermodynamic Property of

the Refrigerant-Absorbent Pair

For absorption refrigeration purposes it is proposed by the

author of this thesis that a very desirable thermodynamic property of

the refrigerant-absorbent solution is that its boiling point changes

at a slower rate than the boiling point of the pure refrigerant with

respect to pressure. On a Cox type P-T diagram, Figure 5.1 shows what

would be a good, a fair, and a bad thermodynamic behavior of the

refrigerant-absorbent pair according to the stated criterion.

pure
refrierant fair

LI

L / mixtures
of constant
composit ion

temperature

Figure 5.1. Thermodynamic behavior of three different refrigerant-
absorbent pairs with the same refrigerant seen on a
Cox type diagram.
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The boiling point lines shown in Figure 5.1 correspond to a

constant concentration of absorbent. The pair with the desirable

characteristic is represented by the line whose slope is larger than

the slope of the pure refrigerant line, while the line with smaller

slope represents the undesirable pair.

The larger the slope of the refrigerant-absorbent pair line,

relative to the slope of the pure refrigerant line, the better. This

is illustrated in Figure 5.2, which presents the single effect

absorption cycle on a Cox type P-T diagram for two different

refrigerant-absorbent pairs with the same refrigerant.

When the average slope of the mixture lines of constant concentra-

tion is large relative to the average slope of the refrigerant line

the cut-off temperature is small, consequently the minimum generator

temperature required to operate the absorption cycle is small. This

increases the range of generator temperature under which the cycle

operates.

As will be noted later, the GAX cycle can take very good advan-

tage of a refrigerant-absorbent pair with this desirable character-

istic because with low cut-off temperatures more refrigerant is

produced in the generator-absorber heat exchanger, which increases

the COP of the cycle.

5.3 Quantitative Discussion

The desirable characteristic of a refrigerant-absorbent pair

having a smaller average rate of change of the boiling point with
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Figure 5.2. The single-effect absorption cycle with two different
refrigerant-absorbent pairs.



pressure at constant concentration than the pure refrigerant, can be

represented mathematically by the following equation:

AT ]constant concentration

(5.1)

where:

T' = boiling point of the pure refrigerant

T = boiling point of the solution

AT = temperature difference between the generator and the
absorber

A relationship between the boiling points of the solution and the

pure refrigerant can be derived from thermodynamic considerations.

For a refrigerant-absorbent pair whose absorbent is non-volatile and

the vapor refrigerant behaves as an ideal gas, the boiling points of

the pure refrigerant and the solution are related implicitly through

the following relationship (43):

P°(T') = yrxrPO(T) (5.2)

where:

PO = vapor pressure of the pure liquid refrigerant

Xr = mole fraction of refrigerant in the solution

Yr = activity coefficient of the refrigerant in the solution.

Figure 5.3 can help in the visualization of equation 5.2.
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Figure 5.3. Relationship between the boiling points of a
refrigerant-absorbent mixture and the pure
refrigerant.

An explicit relationship between the vapor pressure of a pure

liquid and its temperature is given by Antoine's equation (44):

log Po = A- B
C+T

where:

A, B, C are constants dependent on the liquid

Combining equations 5.2 and 5.3, and solving for T-:

T-= B -C
B _ log (¥x)

C+T r

POMT

PO(T' )

5.3)

5.4)



The ratio of the rates of change of the boiling points of the

pure refrigerant and the solution of fixed concentration can be

written as:

AT, _ B B AT + (C+Tl)(C+T2)logL (5.5)
T T [B-(C+T2)log(y 2x)r][B-(C+Tl)log(ylx)r]

where

yl andY 2 are evaluated at T, and T2 , respectively.

The following conclusions can be drawn from equation 4.5:

a) If the refrigerant and the absorbent form an ideal solution,

i.e., yl = Y2 = 1, AT'/AT is always less than 1.

b) If y is independent of temperature, i.e., YI = Y2 ' AT'/AT

is less than 1.

c) If Y2 > Yl , AT'/AT is large. The larger the difference between

Y2 and yl , the larger AT-/AT.

Table 5.1 shows the effect of several hypothetical sets of

y, and Y2 on AT'/AT for a solution whose volatile component is

water. The points on table 5.1 where calculated from equation 5.5

assuming a refrigerant molar composition of 0.6, and for T1 and T2 of

350C and 600C, respectively. The constants of the Antoine's equation

are A = 16.3388, B = 3527.232 and C = 235, when T is in 'C, and P0

is in KPa (44).



Table 5.1 Effect of different combinations of y, and y2 on
AT-/AT of hypothetical mixtures with water as
the volatile component.

Yl 0.2 0.2 0.5 0.5 0.5 0.8 1.0 1.0

Y2 0.3 0.4 0.5 0.7 0.8 1.0 1.0 1.2

(AT-/AT)x r=0.6 1.027 1.227 0.85 1.102 1.205 1.081 0.932 1.08

(AT'/AT)xr=0.8 1.065 1.273 0.883 1.144 1.251 1.124 0.969 1.124

Equation 5.4, which was derived from thermodynamic consideration,

is useful to predict how the nature of the components affects the

relationship between the boiling points of the pure refrigerant and

the solution. An alternate approximate relationship, simpler than

Equation 5.4, between these boiling points can be found by the

empirical rule known as Duhring's rule.

According to Duhring's rule (45), the boiling point of a solution

can be related to the boiling point of the volatile component by means

of a linear equation, viz:

T = A-T- + B- (5.6)

where:

A-. and B- are parameters dependent on composition

For a LiBr-H20 solution expressions for the parameters A and B

as a function of composition can be found in Appendix C. For this

solution AT-/AT, which is given by 1/A-, varies between 0.92 and 0.72

for LiBr mass fractions of 0.45 and 0.7, respectively. For NH3-H20



the ratio AT'/AT is 0.86 and 0.74 for H20 mass fractions of 0.4 and

0.8, respectively. Therefore, according to the criterion stated in

equation 5.1, the NH3-H2Oand LiBr-H20 pairs are very similar. Thus,

for the same cycle temperatures the cut-off temperature of the

absorption cycle will be approximately the same for either of the

two pairs.

5.4 Effect of Temperature on Y

The effect of temperature on the activity coefficient of the

volatile component is a very important factor that influences the

numerical value of the quantity AT-/AT. The activity coefficient of

a component i in a mixture is given by the following relationship

(39):

Dn yi h i- i (5.7)

DT RT2

where:

hi = molar enthalpy of pure liquid i at T and P

hi = partial molar enthalpy of component i in the mixture at

T and P

R = universal constant of the gases

T = absolute temperature

Experimental data for the activity coefficient as a function of

temperature are rare, but when such data are available, they suggest

that they can be represented by the following equation (46):



zn yi = c (5.8)

where:

c and d are empirical constants, dependent on composition.

In most cases constant d is positive, and c and d/T are of comparable

magnitude.

It is clear that equation 5.8 is consistent with equation 5.7

when hi-i is independent of temperature. As far as absorption

cooling is concerned, it is desirable that the activity coefficient

of the volatile component in the mixture increases with temperature

as much as possible. For instance, in order that yr (the subscript

r refers to the refrigerant) increases from 0.5 to 0.7 for respective

temperatures of 35°C and 60'C, the constants of equation 5.8 have to

be c = 3.79 and d m -1380.4 0 K. On the other hand, according to

equation 5.7 , hi-hi=l1481 KJ/Kg-mole.

5.5 Effect of the Desirable Property on the Performance of the

Absorption System

The performance of an absorption system can be predicted for

different refrigerant-absorbent pairs, provided that their thermo-

dynamic properties are known. To illustrate the effect of refrigerant-

absorbent pairs with different AT'IAT on the performance of an

absorption system a hypothetical pair with the same properties of the

LiBr-H20 pair is utilized, except that its parameter I/A- of equation

5.6 is arbitrarily modified from its original value according to the

following equation:



AT AT2  (1fr) 1
AT jhypothetical pair fAT JLiBr-H20 (59)

Modifying the parameter 1/A- of a refrigerant-absorbent pair is

equivalent to modifying the slope of the lines of Figure 5.1, which

causes that the cut-off temperature of the absorption cycle is

modified as is depicted in Figure 5.2.

The factor fr is a measure of the variation of the value of the

parameter 1/A- from the reference value of the LiBr-H20 pair. For

instance fr=O corresponds exactly to the properties of the LiBr-H20

pair, while fr=0.25 corresponds to a hypothetical pair whose I/A-

parameter is 25% larger than that for the LiBr-H20 pair.

The effect of increasing the ratio AT-/AT of the hypothetical

pair relative to the LiBr-H20 pair on the performance of the basic

absorption system is shown in Figure 5.4. The points on Figure 5.4

were calculated for condenser and absorber temperatures of 37.8°C,

evaporator temperature of 4.4C, and for a temperature difference

at the cold end of the solution heat exchanger of 16.7C.

As had been predicted, increasing ratios of AT'/AT reduce the

cut-off temperature and increases the cooling capacity. It can also

be noted that the reduction in the cut-off temperature is more marked

at low values of fr. For instance, if the quantity AT-/AT of the new

pair is 25%, i.e. fr=0.25, higher than that of the LiBr-H20 pair,

the cut-off temperature is reduced by about 8.3C, while if fr=0.5 the

cut-off temperature is reduced by approximately 12.7C.
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Figure 5.4. Effect of the scaling factor fr on the performance
of the single effect absorption system.



The effect of the parameter fr on the performance of the GAX

cycle with adiabatic expansion is shown in Figure 5.5. For this case

,r=0.5
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Figure 5.5. Effect of the scaling factor fr on the performance
of the GAX cycle with adiabatic expansion.



the condenser and absorber temperatures are 350 C, the evaporator

temperature is 12.8 0 C, the return refrigerant temperature is 51.7 0C,

and the temperature difference at the hot end of the generator-

absorber heat exchanger is 2.80 C. As fr increases the boiling point

of the solution in the generator-absorber heat exchanger decreases,

producing higher COP at lower generator temperatures.

The cut-off temperature of the GAX cycle (the temperature at

which boiling starts occurring in the generator-absorber heat

exchanger) can be observed in Figure 5.5.a. For instance, that tem-

perature is 880C when the cycle performance is evaluated using the

LiBr-H20 pair without modifying its parameter 1/A', i.e. fr=O. (As

was explained in Chapter 3, below the cut-off temperature the COP of

the GAX cycle with adiabatic expansion behaves approximately like the

COP of the single effect cycle. The region of interest of the GAX

cycle with adiabatic expansion is above its cut-off temperature, where

the COP of the cycle increases with increasing generator temperature.)

Table 5.2 Effect of the scaling factor fr, with respect to the
LiBr-H 20 pair, on the GAX cycles with adiabatic and
heated expansions.

fr 0 0.25 0.5

COP adiabatic 0.835 1.17 1.43

COP heated 1.14 1.35 1.55



When the GAX cycle with adiabatic expansion is evaluated

for a hypothetical pair whose parameter I/A" is 25% higher than that

of the LiBr-H20 (fr=O.25) the new cut-off temperature is 77°C (see

Figure 5.5.a). This corresponds to a reduction in the cut-off

temperature of 110 C with respect to the same cycle operating with

the LiBr-H20 pair.

Similar results can be expected from the GAX cycle with

heated expansion. Nevertheless, the GAX cycle with adiabatic

expansion benefits more with increasing fr than the GAX cycle

with heated expansion. This can be seen in Table 5.2, which

displays the COP of the GAX cycles with adiabatic and heated

expansion. For both cycles the generator temperature is 87.8°C,

the condenser and absorber temperature is 35°C, the evaporator

temperature is 12.8 0C, the return refrigerant temperature is 51.7'C,

and the temperature difference at the hot end of the generator-

absorber heat exchanger is 2.8'C. For the GAX cycle with heated

expansion, the temperature of the strong absorbent after the

expansion is 82.2 0C.
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5.6 Alternate Way to Increase ATJ/AT

At constant composition, the factor that determines the value of

AT/AT of a refrigerant absorbent pair is the dependence of the

activity coefficient of the refrigerant on temperature.

Unfortunately, for most mixtures the activity coefficient is little

dependent on temperature (47). However, AT/AT also depends on the

concentration of the solution as does the activity coefficient.

When the concentration and temperature of the solution vary simul-

taneously, equation 5.5 becomes:
B AT+(C+T 1 ) (C+T2 )log 2Y]XI

AT" AT.1or
AT AT [B- (C+T 2)l1og(y2x2) r][B- (C+TI)1 og(Y1xl )r]

where:

XI1and X2 are the molar fractions of refrigerant at T1 and T2 ,

respectively.

If the product (yx)r increases ATV/AT increases, which is the objec-

tive. For instance, if a mixture with water as the refrigerant is

heated from T1 = 350C to T2 = 60C and the product (Yx)r increases

from 0.4 to 0.64, then AT-/AT = 1.25. In the basic absorption cycle

or the GAX cycle, the process of heating the solution so it reaches

its boiling point, occurs without addition or removal of any of the



components. Nonetheless, there might exist a mixture that changes the

relative composition of one component during the heating process,

without the addition of that component. If such mixture exists, to

be useful for absorption refrigeration purposes, its (yx)r product

has to increase with temperature as muchl as possible. A theoretically

possible mixture is one in which the absorbent and refrigerant undergo

a reversible chemical reaction of the form:

cooling,
Absorbent + n(refrigerant) < Abs - (ref)n

heating

The product formed from the reaction of the absorbent and the

refrigerant is a non-volatile complex, very similar to the molecule

of absorbent, stable at low temperature and pressure, i.e., the

conditions of the absorber. But, when heated and pressurized it

decomposes increasing the effective concentration of refrigerant. In

addition, the activity coefficient of the refrigerant is a strong

function of the composition, thus if it is an increasing function,

both Yr and Xr would increase in the heating process which is the

desired effect.

The description given in the previous paragraph of the properties

of the refrigerant-absorbent pair and the interactions between these

two components will cause that AT-/AT is large which is the desired

behavior for absorption refrigeration purposes.
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5.7 Evaluation of Various Working Absorption Fluids

Vapor pressure data for solutions containing ammonia (NH3 ) or

methanol (CH40) as the volatile component were gathered (31, 48)

and are presented in Appendix C. These data were processed and are

displayed in Figures 5.6 to 5.15.

With the help of Figures 5.6 to 5.15 values of AT'/AT were

estimated for two fixed concentrations of refrigerants, ammonia

and methanol, in different absorbents* and the results are shown in

Tables 5.3 and 5.4.

According to the criterion established in Section 5.3, the

best choice of an absorbent for ammonia and methanol can be found

at the top of the list of absorbents in Tables 5.3 and 5.4, f

respectively. The second best choice is the second absorbent of

the list, and so on.

The average ratio AT,/AT of the pair NH3 -NaBr is about 26%

higher than that of the conventional pair NH3-H20. This means that

the cut-off temperature of the basic cycle can be reduced by

approximately 8C by using the first pair instead of the second

(see Figure 5.4). In the GAX cycle the reduction of the cut-off

temperature is around 11°C (see Figure 5.5).

*Strictly speaking the absorbent is the solution containing

the refrigerant and a specific solute, i.e. LiBr. In this section
though that solute is referred to as the absorbent.
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Table 5.3. Ratio AT-/AT for eight absorption working fluids with
ammonia as the refrigerant.

ATJIAT

Mass fraction of NH3
Absorbent Formula'

0.4 0.6

sodium bromide NaBr 1.1 1.01

ammonium bromide NH4Br 1.02 1.06

ammonium iodide NH4 I 0.96 1.03

(sodium iodide: 2NaI:lNaCNS
sodium thiocyanade) by weight

sodium iodide NaI 0.91 0.99

sodium thiocyanade NaCNS 0.85 1.02

(sodium iodide: lNaI:2NaCNS
sodium thiocyanade) by weight

water H20 0.86 0.81

Table 5.4. Ratio ATA/AT for three absorption
methanol as the refrigerant.

working fluids with

A T/AT

Mass fraction of methanolAbsorbent Formula . .. .
0.2 0.4

thymol C10H16S05  1.0 1.05

naphthol C1OH80 0.85 0.91

orthophenylphenol C12H10 0 0.87 0.86
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The average ratios AT-/AT Of the pairs NH3 -NH4Br and NH3 -NH4 I

are respectively 21 and 19% higher than that of the pair NH3-H20.

The working pairs of Table 5.3 exhibit negative heat of mixing.

Therefore, the maximum COP of the basic absorption cycle with any of

these pairs is below one.

From Table 5.4 it is observed that the average ATJ/AT of the

methanol-thymol pair its 19% higher than that of the methanol-

orthophenylphenol pair. The average AT/AT of the second and the

third pair of the list, methanol-naphthol and methanol-orthophenyl-

phenol, are essentially the same.

The pairs of Table 5.4 form endothermic mixtures, i.e. their

heat of mixing is positive. Therefore the COP of the basic absorp-

tion cycle can be above one-with either of these pairs.

The ratio ATJ/AT of most solutions existing in nature is less

than one or approximately one, and solutions with that ratio higher

than one are the exception rather than the rule. In this latter

type of solutions, interactions between the absorbent and the

refrigerant of the type described in Section 5.6 are likely to be

present.

5.8 Conclusions

A desirable characteristic of the refrigerant-absorbent pair,

its ratio AT-/AT been as high as possible, has been identified.

Some working pairs have been evaluated in the light of this
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criterion. Continued research and experimental work to measure

thermodynamic properties are required to identify a specific pair

with the desirable characteristic. A pair with an average ratio

ATJ/AT of 1.2 or more could reduce the cut-off temperature of the

basic absorption cycle by at least 10% with respect to the con-

ventional pairs LiBr-H2 0 or NH3-H2 0. A solar cooling system like

the one discussed in Section 4.1 and shown in Figure 4.2, using the

basic absorption cycle (a monthly average COP of 0.6 can be expected

from this cycle taking into account the degradation in the perform-

ance due to transients and finite heat exchangers) with this working

pair would increase the fraction by solar up to about 15% with

respect to the same system using LiBr-H20 as the working pair (see

Figure 4.15). For an advanced absorption cycle like the GAX cycle

an even better improvement can be expected because the reduction in

the cut-off temperature not only increases the collector efficiency,

but it also increases the COP of this cycle.
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CHAPTER 6. THE COLLECTOR-GENERATOR SYSTEM

6.1 Introduction

One alternative to improve the performance of the conventional

closed-loop solar cooling system of Figure 4.2 is to substitute the

single effect absorption chiller by a higher performance absorption

chiller like the ones studied in Chapter 3. However, as was found in

Chapter 4, a chiller that produces higher COP than the single effect

cycle does not always produce better performance in a solar operated

cooling system. This is due to the requirement of high firing tem-

peratures by the advanced absorption cycles, which decreases the

efficiency of the solar collector.

Not only the COP of the absorption chiller, but the collector

efficiency and the type and conditions of the energy storage have an

effect on the overall performance of the solar cooling system. Thus,

other alternatives to increase the performance of the conventional

solar cooling system of Figure 4.2 without modifying drastically the

basic absorption cycle (as is done to obtain the advanced cycles),

include different arrangements of the components of the solar cooling

system than the conventional. There are possible configurations in

which the collector and/or the energy storage are arranged in a

particular way. These configurations have the potential for increasing

the efficiency of one or more components of the system without

decreasing the efficiency of others. Examples of these arrangements

include the elimination of the hot storage tank and the incorporation



of storage of solution and refrigerant within the absorption cycle

that would store latent heat rather than sensible heat. Another

possibility is to heat the generator of the absorption cooler with

hot fluid that comes directly from the collector instead of from the

hot storage tank, which may allow the elimination of the hot storage

tank.

_C

- b*or-e 55 v~rao

Figure 6.1. Configuration of the solar absorption cooling system

studied by Duffie and Sheridan.

In 1965, Duffie and Sheridan (7) studied the configuration of the

solar cooling system shown in Figure 6.1. In this configuration, when

there is insolation and cooling is needed the collector fluid heats

the generator directly to produce cooling. This system was modelled

and its performance calculated for several combinations of design

parameters. Mass and energy balances were written for the different

components of the cycle: the collector, the generator, the condenser,

the evaporator, the absorber, the solution heat exchanger, and the

solution pump.
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The assumptions made by Duffie and Sheridan for the derivation of

the model are:

1) A LiBr-H20 air conditioner was modelled assuming that the concen-

tration of LiBr in the solution leaving the generator does not

necessarily reach equilibrium, but it approaches the equilibrium

concentration by a fraction that is specified as a parameter.

2) The absorber and the condenser are water cooled in series, with the

absorber receiving the cooling water first. It was assumed for

convenience that the condenser operates at 5.60C above the tempera-

ture of the absorber.

3) For purposes of simplification, the condenser and absorber tempera-

tures were fixed independently of the input or output, and the load

on the evaporator was assumed to be entirely sensible load with an

inlet air temperature of 25.6 0C. The results of the calculations

are thus slightly optimistic at high input-output, over what would

be achieved with operation at available cooling inlet temperature

and flowrate.

4) The heat transfer coefficient-area product of the evaporator was

estimated at 0.72 KW/°C for an air flow rate of 41 Kg/min.

5) The solution is transported to the generator from the absorber by

means of a vapor lift pump, also called a bubble pump or thermo-

siphon pump. In such a pump, the liquid is lifted by vapor which

is released from the liquid by the addition of heat. The vapor

rises and carries liquid with it by entrainment.
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6) The heat transfer-coefficient area product of the solution heat

exchanger is proportional to the cube root of the solution flow

rate to the generator.

Calculations of the output of the cooling system for a sunny day

at Cloncurry, Qld. were done for several combinations of the design

parameters. Duffie and Sheridan concluded that the results were

sufficiently encouraging to justify further analysis of the LiBr-H20

refrigerator as the energy conversion means in a solar air condition-

ing system. However, before the economics of the system are under-

stood, the operation with available cooling water temperatures and

with energy storage need to be studied.

In 1968, Harris and Shen (21) studied a solar powered LiBr-H20

absorption cycle that utilizes latent energy storage internal to the

absorption cycle itself. The configuration of this system is shown in

Figure 6.2. In this system the collector is directly coupled to the

generator of the absorption cycle, thus all collected solar energy is

utilized in generating refrigerant by means of control of refrigerant-

absorbent mixture flow to the generator. Energy storage is provided

by storage tanks for the refrigerant and the weak and strong solutions.

A quasi-steady state model to predict the performance of the sys-

tem of Figure 6.2 on an hour by hour basis was developed by Harris and

Shen. The evaporator temperature is assumed to be fixed at some

desirable temperature for supplying the cooling effect, i.e. 5%C.

The collector inlet fluid temperature is assumed to be at the generator
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Figure 6.2. Configuration of the solar cooling system studied by Harris and Shen.
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temperature. The flow of refrigerant is specified to provide the

required cooling demand. The condenser and absorber temperatures

are set to the air temperature plus 6C. The flow rate of weak

absorbent is controlled to adjust the generator temperature to a

desirable value that maximizes the amount of vapor refrigerant

generated. Other assumptions for the system modelling include: the

only pressure changes are caused by the pumps and the expansion

valves; constant effectiveness solution heat exchanger; saturation

fluid conditions exist at the exit of the evaporator, condenser,

absorber, and the generator; there is no mass holdup in the generator,

condenser, evaporator, and absorber, and they reach steady state opera-

tion instantaneously; the building is maintained at a fixed temperature

and only the sensible component of the cooling load is considered; the

inlet collector fluid temperature is assumed to be at the generator

temperature. Mass and energy balances were written for each of the

components of the cycle, and the resulting model was utilized to

predict the hour by hour performance in a clear day of a cooling

system with the following specifications:

a) The building has a heat capacitance of 20,000 KJ/OC, an internal

heat generation rate of 0.0611 KW, and a loss coefficient of 444.4

W/0C. With these conditions the cooling load resulted in 3.94x10
5

KJ for the particular day studied.

b) The peak insolation for the clear day is 2500 KJ/m2-hr, the minimum

and maximum ambient temperatures are 20 and 40C. These parameters

were utilized in connection with generalized weather functions to
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determine hourly values of the insolation and ambient temperature.

No attempt to match a particular location was made.

2
c) The collector area is 50 m2 , the collector flow factor-transmit-

tance-absorptance product of the collector (FR -T- is 0.68, the

collector loss coefficient is 2 W/m2 -°C, and the collector flow

rate is 2000 Kg/hr.

A comparison was made between the performances of the system shown

in Figure 6.2 and a conventional system utilizing hot storage tank

(see Figure 6.7). For the conventional system, the same specifications

listed above were utilized. In addition, the volume of the hot storage

utilized by this system was 5 m3 . The comparison for the particular

day studied shows that the conventional system delivers only 35% of the

cooling by solar energy, and the rest has to be made up by auxiliary

energy. On the other hand, the system with latent energy storage

satisfies 88% of the cooling demand by solar energy for the particular

day studied. The reasons that are cited in the Harris and Shen paper

to explain the difference in the performances of the two systems are:

1) In the conventional system the generator and the evaporator are

directly coupled together, thus the evaporator has to operate to

satisfy the cooling demand. In the modified system the generator

operates only when energy is supplied to it, while the evaporator

operates independently on stored refrigerant as required to satisfy

the load. This allows the solar energy to be utilized more effi-

ciently in the latter system, reducing the need for auxiliary

energy.
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2) The conventional system has to reject a significant amount of solar

energy to keep the collector exit temperature below a specified

limit to prevent boiling in the hot storage. However, the modified

system does not need to reject energy under the same load and

insolation conditions since it operates at lower generator tempera-

tures to maximize the production of vapor refrigerant.

In 1980, McLinden (49) analyzed and modelled a solar absorption

system of the type shown in Figure 6.3 for heating purposes. This is

a similar system to the one discussed above, except that it has only

one storage tank of solution, thus the concentration of solutions fed

to the generator and the absorber is the same. The modelling assump-

tions are:

1) Equilibrium is maintained with respect to all mass transfer

processes.

2) The generator, condenser, evaporator, and absorber have negligible

mass, heat capacity, and thermal losses compared to the storage

tanks.

3) All heat exchangers operate at constant effectiveness.

4) The storage tanks are fully mixed.

The control strategy implemented in McLinden's model consists of

regulating the flow rate of solution to the generator in such a way

that the concentration in the generator is always greater than the

concentration in the absorbent tank by a constant amount.
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Oe
Configuration of the solar absorption system studied by McLinden.Figure 6.3.
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The model was utilized to conduct simulations of a solar heating

system. A comparison of the performance of the solar absorption

system shown in Figure 6.3 to the performance of a conventional liquid

based solar heating system (one in which heat is drawn from the hot

storage tank and delivered to the load) was made. His results showed

that the absorption system generally performed better than the conven-

tional heating system, particularly with small collector areas and/or

low loss collectors. However, at higher fractions by solar the COP of

the absorption system decreased and its performance and that of the

conventional system approached each other. In addition, with col-

lectors having a high loss coefficient, the conventional system per-

formed better at large collector areas.

McLinden concluded that the solar absorption heating system is in

disadvantage when it is compared economically with the conventional

system. However, the economics of the first system would improve if

its ability to provide cooling were utilized, and therefore it should

be investigated further.

In this Chapter a similar arrangement to that depicted in Figure

6.2 is studied, except that the generator and the collector are inte-

grated in one unit. Thus, solution from the weak absorbent is cir-

culated through the collector and the vapor refrigerant is produced

directly by the solar energy absorbed. This system, which is referred

to as the collector-generator system (coll-gen system), is displayed

in Figure 6.4. The potential advantages of circulating the solution

through the collector rather than through a separate generator are:
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1) The collector inlet fluid temperature is at lower temperature than

that of the systems described above, thus the collector losses are

reduced with respect to those systems.

2) All of the heat transfer resistances and thus temperature drops

between the collector and the generator are eliminated.

A model similar to the models developed by Harris and Shen, and

Mclinden is developed for the coll-gen system. The control strategy

studied by the mentioned researchers, in which the flow rate of solu-

tion to the generator is regulated to maintain a desirable temperature

in the generator seems relatively complicated to implement in an

actual system. In addition, when that flow rate is regulated to low

values, which is required at low solar energy input, the effectiveness

of the generator is reduced (this was not taken into account by Harris

and Shen or McLinden in their models). In the model developed for the

coll-gen system the flow rate of solution to the generation process

is assumed to be constant. This is not necessarily the optimum control

strategy, but it is much easier to implement in an actual system than

the control strategies considered by Harris and Shen, and McLinden.

The question that arises is whether or not the simpler control strategy

will deteriorate the performance of the coll-gen system to the point

where it does not compete favorably with the conventional system.

This question will be answered in this Chapter.

The purpose of this Chapter is to study the collector-generator

system, which is an arrangement that combines the generator and the

solar collector in one unit, and utilizes storage of solution and
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refrigerant internal to the cycle. This system is modelled and its

monthly performance is evaluated in a particular location for a

specific set of design parameters on an hour by hour simulation basis.

This performance is compared to the performance of a conventional solar

absorption cooling system for the same cooling loads and same design

parameters.

6.2 Description of Operation of the Collector-Generator System

Figure 6.4 shows a scheme of the proposed arrangement of the

absorption subsystem and the energy collection and storage subsystems.

When there is solar energy input, weak absorbent is pumped through

the collector where it absorbs the energy directly. If the emerging

Stream 4 does not reach boiling it is returned to the storage tank of

weak absorbent, via line 5, without going through the absorption

system. However, if Stream 4 reaches boiling, then it goes to the

liquid-vapor separator, where the mixture is separated into the gener-

ated vapor refrigerant, Stream 9, and a strong absorbent solution,

Stream 6. This solution releases part of its sensible heat in the

solution heat exchanger, which is used to preheat the weak solution

pumped to the collector. The resulting solution, Stream 7, is then

stored in the storage tank of strong absorbent.

The vapor produced, Stream 9, is condensed, Stream 10, and stored

in the storage tank of refrigerant.

If there is cooling demand and there is refrigerant stored, the

necessary amount of refrigerant from the storage flows to expansion
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valve 2 where its pressure is reduced to the low pressure side, pro-

ducing Stream 12. This in turn evaporates in the evaporator, drawing

heat from the load and thus producing the cooling effect. The exhaust

vapor, Stream 0, is absorbed by the necessary amount of strong absorb-

ent that is directed from the absorbent storage to the absorber,

Stream 8a. The resulting solution from the absorption process, Stream

1, is pumped to the high pressure side and stored in the storage tank

of weak absorbent.

When the refrigerant storage empties and no solar energy is avail-

able to produce vapor refrigerant, the vapor is generated in the

auxiliary generator driven by auxiliary heat.

6.3 Control Strategies

The rate of pumping of solution from the storage of weak absorbent

to the collector is fixed as a design parameter and is constant. Its

value must be such that the solar energy absorbed by the collector and

conducted to the solution causes a sufficient temperature rise in this

solution so vapor refrigerant is produced. The energy input to the

collector is variable thus for a constant flowrate of solution to the

collector the temperature rise will be variable. One criterion to fix

the flow rate of solution is based on setting an upper limit value of

the temperature for the fluid exiting the collector for peak energy

collection. This limiting temperature can be determined by the maximum

concentration of absorbent desired in the liquid solution leaving the

collector.
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The solution pumped to the collector subsystem from the storage

tank is below its boiling point, therefore the collector must raise

its temperature beyond the boiling point so vapor refrigerant can be

generated. This requires that a number of collector units be arranged

in parallel to cause a significant temperature rise in the solution.

The specific arrangement of the collector subsystem depends on the

design flow rate of solution to the collector subsystem, the total

collector area, and the desired flowrate of fluid per individual

collector unit so the rated performance of the collector is achieved.

The collector manufacturing companies normally recommend a specific

value of the rate of collector fluid circulation per individual col-

lector unit so the performance specifications are met. For instance,

General Electric recommends a rate of fluid circulation of 50 Kg/hr

per individual unit of its model TC-100 evacuated tube solar col-

lector, which has an effective area of 1.4 m2. To clarify the idea on

how to arrange the collector subsystem in the coll-gen system for a

specific case the following example is presented:

Example: For the collector subsystem of a coll-gen system, 21 col-

lector units of 2 m2 each are available. For this particular

type of collector the recommended flowrate is 40 Kg/hr per

collector unit. If the design flow rate of solution from

the storage tank to the collector subsystem is 120 Kg/hr, 3

parallel arrays each with 7 collector units in series have to

be arranged to meet the recommended flowrate per collector

unit for the given total flow rate.
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When solar energy strikes the collector, solution from the weak

absorbent storage tank is circulated through the collector where it

absorbs the energy. If boiling is produced the resulting liquid vapor

mixture is separated into the saturated strong solution that goes to

the storage tank of stronq absorbent, and the vapor refrigerant which

is condensed and stored in the refrigerant storage tank. On the other

hand, if vapor is not produced in the collector, the solution is

returned to the storage tank of weak absorbent. In the event that

the storage tank of weak absorbent empties and there is solar energy

input to the collector, strong absorbent solution is circulated

through the collector.

When there is cooling requirement the flowrate of refrigerant

through the evaporator is regulated to meet the load of that instant,

until the storage tank of refrigerant is exhausted or until the

absorbent solution, Stream 8a, does not have enough absorbing capacity

to complete the absorption of the refrigerant. The absorbing capacity

of the absorbent solution is a measure of its concentration of

absorbent relative to the concentration of the saturated solution

leaving the absorber, Stream 1. The absorbent solution has enough

absorbing capacity to absorb refrigerant if its concentration of

absorbent X8a, is higher than the saturation concentration of

absorbent in the solution leaving the absorber, X1.

The flowrate of absorbent solution, m8a' is regulated to be that

required to absorb the amount of refrigerant entering the absorption

process, mo', viz:
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Srl 0X1  (6.1)

8a X8a-X1

If the storage tank of strong absorbent is depleted and the weak

absorbent has enough absorbing capacity, i.e. Xw>X I , it is utilized as

absorbent to absorb the refrigerant.

In the absence of solar energy if the storage tank of refrigerant

is depleted and there is cooling requirement, weak absorbent is pumped

to the auxiliary generator, which is driven by auxiliary heat to

produce the necessary vapor refrigerant.

6.4 Modelling of the Collector-Generator System

A model to compute the hourly performance of the coll-gen system

is developed based on following assumptions:

1) Thermodynamic data for the LiBr-H20 pair (see Appendix C) are util-

ized in the calculations. The absorbent is non-volatile, and it is

assumed that for the range of conditions studied no crystallization

occurs.

2) The heat capacitances of the collector, condenser, evaporator,

absorber, and solution heat exchanger are very small compared to the

heat capacitances of the solution and refrigerant storage tanks.

Thus, for purposes of simplification it is assumed that all the

components of the system except the storage tanks reach steady state

*Some authors refer to the absorbent as the mixture composed of
the refrigerant and a solute. In this thesis the solute is referred to
as the absorbent, and the refrigerant-absorbent mixture is referred to
as the absorbent solution.
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operation instantaneously. This assumption will cause an optimistic

prediction of the performance.

3) The streams leaving the vapor-liquid separator, the absorber, the

condenser, and the evaporator are saturated.

4) The only pressure changes present in the system are caused by the

pumps and expansion valves.

5) For purposes of simplification, the condenser and the absorber are

assumed to operate at a constant temperature difference above the

cooling medium temperature, and the evaporator temperature is fixed

at a constant value. For the simulations done in this study the

cooling medium is the ambient air, and the AT value chosen is 5°C,

while the evaporator temperature is fixed at 100C.

6) The solution heat exchanger operates at constant effectiveness. The

value chosen for the simulations is 0.65.

7) The storage tanks are fully mixed.

8) The storage tanks of absorbent solution dissipate heat only through

the area of the wall in contact with liquid, hence the areas for

heat loss of the solution storage tanks are directly proportional

to the mass of solution stored there. The refrigerant storage is

assumed to be at ambient temperature at all times.

9) The sizes of the storage tanks are large enough to store the maxi-

mum amount of liquid.

I0) The design collector flow rate (i.e. that specified by the manu-

facturer is utilized in each collector unit. The same collector

parameters, FR, (T-- ), Uc, and collector equation are assumed to
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apply to each collector unit. This assumption is made in spite

of the fact that the solution absorbs sensible heat through part

of the collector area and the other part causes the solution to

boil. This is a conservative assumption because when the solution

reaches boiling inside the collector, the heat transfer coefficient

between the collector tube wall and the fluid increases, which

causes an increase in FR.

11) The air inside the building is maintained at the constant tempera-

ture of 25°C and at a humidity ratio no larger than 0.01 (48%

relative humidity). The infiltration rate is assumed at 0.5 air

changes per hour. If the infiltration air is above 240C and its

humidity ratio is above 0.0., it is dehumidified to meet the

required humidity. The hourly cooling loads are calculated for a

building with the same characteristics described in section 4.

utilizing the same procedure described there.

The calculation of the energy absorbed by the solution in the col-

lector is the sum of the energy collected in each of the individual

collectors. Figure 6.5 shows the arrangement of the collector units in

the collector subsystem of the collector-generator system. In this

arrangement, there are J parallel collector arrays. Each array has K

collector units connected in series.

The following relationships, nomenclature and definitions apply

to the schematic of Figure 6.5:



Figure 6.5. Arrangement of the collector subsystem in the
collector-generator system.

Ac tot JKAcu =KAc (6.2)

lw =dics

where:

J = number of parallel collector arrays or number of

number of collector units in a module

K = number of collector units connected in series or number

of modules

Ac tot = total area of the collector subsystem

A = effective area of a collector unitcu

Ac  = area of a collector module

= mass flow rate of weak absorbent entering the collector

subsystem
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iii = recommended mass flow rate of fluid through a collectorcs

unit such that the rated performance is achieved

T 3  = temperature of the solution entering the collector

subsystem

T4  = temperature of the solution exiting the collector

subsystem

Tfi = temperature of the solution entering the collector

module i

The output of the collector module i is calculated with the

following equations:

Qui = FRAc[HT(Tt) - Uc(Tfi-T )]

(6.3)

h fi+l = hfi+ Qui

1w

where:

Qui = useful heat rate absorbed by collector module i

HT = incident solar radiation on collector plan per unit area

T = ambient temperature

hfi = specific enthalpy of the solution entering collector

module i

Given the enthalpy of the solution leaving collector module i and

the concentration of the solution in the weak absorbent storage, Xw,

an enthalpy concentration diagram can be used to determine the
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temperature of the solution leaving module i. If this temperature is

higher than the cut-off temperature of the solution (temperature at

which it starts to boil) the solution boils and as it absorbs more

energy, more vapor refrigerant is generated. Figure 6.6 shows a

schematic of how the temperature of the solution changes as it flows

through the collector subsystem for the case when boiling is produced.

temperature

T 4.. . . .. . . .. . . . . .. .

Tcut - . . .. . .

off

T3

Ac, total

collector area

Figure 6.6. Temperature change of the solution as it flows through
the collector.

The solution enters the collector at temperature T3. The first part

of the collector area increases the temperature of the solution to its

boiling temperature. At its cut-off temperature the solution starts

boiling with its temperature increasing as the concentration of the

saturated liquid changes due to the phase change. Because during this

phase change most of the heat is utilized to generate the vapor, the

temperature of the mixture changes at a slower rate above the boiling

point than it does below the boiling point.
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The system of equations that describe every component of the coll-

gen system is presented in Section B.7 of Appendix B.

6.5 The Conventional System

A scheme of the conventional system is shown in Figure 6.7. It

consists of the collector array connected to a hot storage tank, and

the single effect absorption system.

The hourly performance of this system is evaluated subjected to

the same load, conditions, and collector area as the coll-gen system

for purposes of comparison. The following list summarizes the assump-

tions made in the derivation of the model for the conventional solar

system that utilizes the single effect absorption cycle. Also included

in the list are the values for some of the design parameters utilized

in the simulations.

1) Assumptions 1 through 6, and assumption 11 made for the coll-gen

system listed in Section 6.4.

2) The hot storage tank is fully mixed. This tank is sized at 0.075 m3

per m2 of collector. The height to diameter ratio of the tank is

one, and it has a loss coefficient of 1 KJ/hr-m2-°C (0.28 W.m2-°C).

3) When the absorption chiller is operated the generator temperature

is 5C below the firing temperature, i.e. the temperature of the

hot storage tank.

4) The hot storage tank is not pressurized and contains water. To

prevent boiling in the tank, the maximum temperature of the fluid

in the energy storage tank is 99°C.
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5) The cooling load is always satisfied. If energy can not be

extracted from the storage tank to drive the chiller, auxiliary

heat is provided to the generator.

6) The evaporator operates with the same effectiveness when handling

sensible or latent cooling loads.

6.6 Comparison of the Performances of the Coll-Gen System and the

Conventional System

Hourly simulations were run for the months of July in Miami, FL,

and Columbia, MO. The characteristics of the building simulated are

described in Section 4.6 of Chapter 4. Weather data were taken from

the SOLMET TMY tape (50). The cooling loads were calculated in the

manner described in Section 4.6. The monthly total radiation incident

in the collector plane and the total cooling loads for the month of

July in Miami and Columbia are shown in Table 6.1.

Table 6.1 Summary of thermal data for the month of July in the
two locations considered.

Quantity on a monthly
basis Miami, FL Columbia, MO

Incident solar radiation
on collector ( GJ/m 2 ) 0.52 0.59

Cooling load ( GJ) 11.3 7.8

Average ambient 27.2 24.9
temperature (0C)
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The values of the rest of the parameters utilized in the simula-

tions are:

1) The collector units have an effective area of 2 m2 . The specifica-

tions of the collector represent those of a high performance double-

glazed flat plate collector v.,ith selectively coated absorber:

FR (TY)=0.78, Uc-14.4 KJ/hr=m2 -0C (4 W/m2-C). It is assumed that

the design flow rate per collector unit is 50 Kg/hr.

2) The flow rate of weak absorbent in the absorption chiller of the

conventional system was chosen at 91 Kg/hr. With this flow rate the

chiller can deliver up to 30000 KJ/hr of cooling, which would

satisfy the peak cooling demand in the locations studied.

3) The flow rate of weak absorbent to the collector of the coll-gen

system was chosen at 2.3 Kg/hr per m2 of total collector area. For

example, if the total area of collector is 40 m2 , the flow rate of

weak absorbent from the storage tank is 92 Kg/hr. This value was

based on the maximum desirable temperature of the solution at the

collector exit, which was chosen at 960C. Thus, when the maximum

amount of useful solar energy is absorbed, the temperature of the

solution reaches a temperature that does not exceed that limit and

the mass fraction of LiBr in the solution leaving the collector is

not higher than 0.67. The purpose of imposing an upper limiting

temperature to the solution exiting the collector is to prevent

crystallization or decomposition of the solution.

4) The amount of solution or refrigerant stored was chosen as four

times the flow rate of weak absorbent, i.e. if that flow rate is



100 Kg/hr the amount of solution stored is 400 Kg. This is not

necessarily the optimum value, but it is an adequate choice that

will maintain an inventory of solution in the two tanks most of

the time as was found in the simulations. The coefficient loss of

the storage tank was fixed at 6 KJ/hr-m2_,C (1.7 W/m2-°C).

The results of the simulations for the coll-gen system and the

conventional system operating in Miami and Columbia are presented in

Table 6.2 and Figure 6.8.

At low collector area, i.e. lower than 20 m 2, the conventional

system collects slightly more energy than the coll-gen system because

the temperature of the hot storage is relatively low, which reduces

the collector losses of the first system. Nevertheless, the fraction

of the cooling met by solar is higher for the coll-gen system because

the overall COP (cooling delivered divided by the energy collected)

of this system is greater than in the conventional system. This is

due to the fact that the energy collected by the coll-gen system is

utilized immediately to produce refrigerant, while in the conventional

system the energy collected is first stored in the hot storage and

part of it is lost to the ambient. Another reason is that the

generation temperature in the coll-gen system is greater than in the

conventional system which causes a larger COP in the first system than

in the second.

At high collector areas, the collection efficiency of the coll-

gen system becomes slightly larger than that of the conventional

system. This is due to the high temperature that the hot storage tank
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Figure 6.8. Comparison of the monthly results of the simulations of
the conventional and the coll-gen system in two locations.



Table 6.2 Comparison of the monthly results from the simulations of the conventional and the
coll-gen system in two locations. The data correspond to the month of July.

Fraction by Solar* Col 1ector Efficiency COP#

Collector Conventional Coll-Gen Conventional Coll-Gen Conventional Coll-Gen
Location Area (m2) System System System System System System

20 0.31 0.36 0.50 0.49 0.68 0.79

Miami,
FL 40 0.61 0.71 0.46 0.49 0.72 0.79

60 0.83 0.95 0.42 0.45 0.72 0.77

Columbia, 20 0.53 0.60 0.49 0.50 0.71 0.78
MO

40 0.85 0.94 0.42 0.41 0.66 0.75

* monthly ratio of cooling delivered to cooling load

t monthly ratio of solar energy collected to incident energy on

# monthly ratio of cooling delivered to solar energy collected

col 1ector

(L.0
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reaches, which increases the collector losses in the conventional

system.

Figure 6.9 shows the output of the two systems for a clear day of

July in Miami. As illustrated by the figure, when the cooling demand

reaches its peak the coll-gen system tends to satisfy 100% of the

demand, which is in contrast with the conventional system that starts

to catch up with the cooling demand late in the afternoon. This is

because the conventional system has to build up energy in the hot

storage before it can produce any cooling, while the coll-gen system

can produce cooling as soon as it collects the energy.

For the particular results shown in Figure 6.9, which correspond

to a clear day of July in Miami, the conventional system requires 1.4

times more auxiliary energy than the coll-gen system. Harris and Shen

(21) found that the conventional system required 4 times more auxiliary

energy than the modified configuration presented in Figure 6.2. Harris

and Shen only simulated one particular day and probably the initial

temperature selected for the hot storage of the conventional system

was low, thus most of the energy collected was utilized in raising the

temperature of the energy storage tank to the point where its energy

can be utilized to drive the chiller. This nay explain why the con-

ventional system requires much more energy than the modified system

for that day.

Ih the Harris and Shen modified configuration the flow rate of

solution to the generator is varied to maximize the amount of

refrigerant produced every instant. On the other hand, in the coll-

gen system that flow rate of solution is maintained constant, which is
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a much simpler control strategy although not optimal. This can explain

in part why the results of this author for the coll-gen system are less

optimistic than the Harris and Shen results for their configuration of

Figure 6.2. Nevertheless, it has been found that the coll-gen system

shows significantly better performance than the conventional system

despite the non-optimal control strategy. This shows that the incor-

poration of latent energy storage combined with the utilization of

the solar collector as the generator is a promising alternative to the

conventional system.

From Table 6.2 it can be observed that for the particular arrange-

ment of the collector subsystem and design parameters utilized in the

simulations, the collector efficiency is only slightly higher than that

of the conventional system. The solar energy collection efficiency of

the coll-gen subsystem could be increased with a high performance

collector that allows smaller flowrates and still operates with a

desirable value of FR (around 0.8) capable of causing a high tempera-

ture rise in the fluid. The losses of the collection subsystem could

be reduced with this type of collector if less number of collector

units had to be arranged in series. With this type of collector the

coll-gen system would be even more efficient than the conventional

system.

6.7 Conclusions

In a more compact unit, the coll-gen system has the potential for

producing better performance that the conventional system. In the
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coll-gen system the volume required for energy storage is dramatically

reduced and the generator and the heat transfer resistance associated

with it are eliminated.

Since in the coll-gen system the collector operates as the

generator, the possibility of crystallization can cause more difficult

maintenance problems than in the conventional system. This can be

prevented by using an absorbent-refrigerant pair that does not present

the danger of crystallization pair in the operating temperature range

of the coll-gen system, i.e. the NH3 -H20 pair.

High performance collectors could additionally make the coll-gen

system more efficient than the conventional system, because they would

allow other arrangements of the collector subsystem, i.e. with less

collector units connected in series, which would increase the collector

efficiency.

Continued theoretical and experimental studies are required on

the operation of a collector for the case when the fluid boils in this

component.
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CHAPTER 7. ECONOMIC ANALYSIS OF SOLAR ABSORPTION COOLING

7.1 Introduction

The purpose of this chapter is to present a methodology for the

comparison of the costs of cooling a house with a solar absorption

system and with a vapor compression system.

The methodology is based on the PI' P2 method (51), described in

Appendix E. The PI' P2 method is based on the calculation of the

parameters P1 and P25 which are economic factors obtained from combina-

tions of present worth factors. They are used to calculate the

present worth of a series of payments that inflate with time.

The life cycle cost of a system is the present worth of all the

first and annual costs caused by the system over its useful life. The

economic comparison of two systems can be based on their life cycle

costs. The life cycle savings of a system A relative to a system B

is defined as the difference between the life cycle costs of B and A.

The methodology presented in this Chapter is applied to some

specific examples in which a solar cooling system is compared to a

vapor compression cooling system. For the purpose of the comparison,

the life cycle savings of a solar absorption system relative to a

vapor compression system is defined as the difference between the life

cycle costs of the vapor compression system and the absorption

system.

The current economic status of absorption cooling is discussed and

a sensitivity analysis is done to find combinations of parameters under
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which absorption cooling becomes competitive with conventional cooling.

To make the comparison more complete the non-renewable energy utilized

by both systems is also calculated and compared on the same basis.

7.2 Non-Renewable Energy Utilization Comparison

The vapor compression system utilizes exclusively electric energy.

The annual energy in KJ it utilizes is given by:

purchased or non-renewable_ CL
energy utilized by the COPv (7.1)
vapor compression system

where:

CL = annual cooling load, KJ/year

COPv = annual average COP of the vapor compression machine,

defined as the cooling produced to the electric energy

input.

The absorption chiller uses both electric energy and auxiliary

heat. The electric energy is utilized to drive the pumps (usually

referred to as parasitic power), and the heat drives the chiller when

solar energy does not meet the load. One unit of heat is not directly

comparable with one unit of electric energy. The factor that has to

be used to make a fair comparison is the efficiency of conversion of

heat to electricity, i.e. the efficiency of a thermoelectric plant.

Taking this into account, the total annual purchased or non-renewable

energy utilized by the absorption system in KJ is:
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Purchased energy utilized = Pp+ sp(l-f) -C (7.2)
by absorption system COPa L

where:

Pp = parasitic power required by the absorption chiller, KJ

of electric energy/KJ of cooling delivered

E p = efficiency of the power plant to convert heat to

electricity

f = fraction of the cooling load met by solar energy

COPa = annual average COP of the absorption chiller when

driven by auxiliary heat

The fraction of energy saved by using the absorption system

instead of the vapor compression system is given by:

fraction of = 1 COP p(l-f)-(73)
energy savings vj COPa

7.3 Costs Involved

The costs to be considered in the economic comparison can be

divided in two categories, the capital cost and the operating cost.

7.3.1 Capital cost.

This is the cost associated with the equipment or the initial

investment. For the absorption system the capital cost includes the

costs of the absorption chiller with all its piping, pumps, and other

peripheral equipment like a cooling tower (when the condenser and the

absorber of the absorption unit are water cooled), the cost of the
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solar system, which consists of a certain area of collector, the stor-

age tank, piping, pumps, and the auxiliary heater. To all of these

costs the installation cost has to be added. The capital cost for

the complete absorption system can be represented by the following

equation:

cost of the installed installed cost installed cost
installed solar cost of the of the solar of the
absorption = absorption + energy collection + auxiliary
system unit system heater

(7.4)

The 1982 suggested retail prices for the 3-ton and 25-ton Arkla

(1 ton of refrigeration = 12660 KJ/hr) water cooled absorption chil-

lers are a $5850 and $23100, respectively (52). Yazaki Corporation

builds a wide variety of water cooled absorption chillers. Figure

7.1 displays the 1982 suggested retail prices for Yazaki chillers of

different tonnage (53).

.- 58.

Ci YAZAKI
J 4e.

wi) 30
V4

x 28.
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a8 28 38 48 5

CHILLER CAPACITY (TON)

Figure 7.1. 1982 suggested retail prices of several Yazaki
absorption chillers.
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The Arkla and Yazaki prices correspond to a very small scale

production. Carrier Corporation has estimated the 1980 average

production costs of an absorption chiller unit for different annual

productions (54). Figure 7.2 shows the projections of this cost as a

function of the annual production for a 2-ton air-cooled unit and for

a 15-ton water cooled unit.

For the vapor compression system the costs to consider are similar

to the costs for the absorption system. However, the equation for

this cost can be written in a compact form since the cost per installed

ton is usually reported in the literature or provided by air condi-

tioning contractors.

cost of the installed cost per
vapor compression =Finstalled ton (tonnage) (7.5)
system J

7.3.2 Operating costs

These are the periodic costs associated with the operation of the

equipment, i.e., the energy cost. This cost is represented in the

following equation on an annual basis, for both the absorption system

and the vapor compression system:

[CF .+ PpCe]CL absorption system

annual energy cost =

CL vapor compression

v system
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where:

CF = cost of fuel to produce auxiliary heat for the absorption

system, $/KJ

Ce = cost of electricity, $/KJ

Arkla (52) reports that the standard electricity consumption for

the 3-ton water-cooled unit is 1.6 at rated cooling capacity. Carrier

(54) reports an electricity consumption of 1.4 Kw for its 3-ton air

cooled unit at rated cooling capacity.

Other operating costs are the maintenance cost, property tax, etc.

Some of the costs might be negative like tax deductions for interest

payments on loans and depreciation of equipment in commercial applica-

tions. Likewise, the salvage value is a negative cost at the end of

the useful lifetime of the equipment. The most convenient way to

represent these costs is as a fraction of the equipment initial cost

(see Appendix E).

7.4 Example of an Economic Comparison

An evaluation of a residential and a commercial (business)

absorption cooling system is made in El Paso, TX, for the building

whose characteristics were described in Section 4.6. The commercially

available 3-ton Arkla absorption chiller is utilized as the cooler

component of the cooling system. The life cycle cost of this system

and that of a vapor-compression system will be evaluated for compari-

son purposes.
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The difference between the residential and the commercial or

business absorption systems is that in the economic evaluation of

the commercial system tax deductions are allowed for energy costs

and depreciation of equipment.

7.4.1 Data Base for the Economic Comparison

The following economic parameters, which are assumed to have the

same values for the absorption system and the vapor compression sys-

tem, are utilized:

n = useful lifetime = 20 years

D = ratio of down payment to cost of equipment = 0.2

nL = term of loan = 5 years

M = ratio of the annual cost of maintenance and insurance to

the initial cost of the equipment = 0.02

S = ratio of salvage value to cost of equipment = 0.01

d = annual rate of return on investment = 0.15

m = annual mortgage interest rate = 0.18

i = annual general inflation rate = 0.08

if = energy inflation rate = 0.12

p = annual property tax rate = 0.002

t = annual income tax rate = 0.25

The following costs of the installed solar equipment were

provided by Solar Specialists Inc. of Madison:

$480/in of collector (Ac<40 m2 )

$320/in2 of collector (40 in2 <A m0i2 )
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$269/m 2 of collector (100 m
2<Ac<300 m2 )

$1321/m 3 of storage

With a ratio of volume of storage tank to collector area of

0.075 m3 /m2 , according to the above costs, the approximate initial

costs of a complete solar absorption system, based on the 3-ton Arkla

unit cost, with 20, 40, and 60 m2 of collector are $17414, $22613,

and $30995, respectively.

The cost of an installed vapor compression system is approxi-

mately $1030/ton (55). Thus, the cost of a three ton unit is $3090.

It is assumed that the electricity cost is $.07/Kw-hr

-5-6($1.94xlO-/KJ), and the fuel cost is $3.89xlO1/KJ.

The average COP for the vapor compression system is assumed 2.0,

and the COP of the absorption system when auxiliary heat is used is

0.6. The parasitic electrical power required by the Arkla unit is

1.6 KW when it delivers 37980 KJ/hr of cooling. Therefore, it

requires 0.157 KJ of electric energy per KJ of cooling delivered.

For El Paso, TX the seasonal cooling load for this location is

approximately 53 Gj. From detailed simulations of a cooling system

of the type shown in Figure 4.2, utilizing the Arkla unit as the

absorption chiller, the fractions of the cooling satisfied by solar

energy are 0.5 and 0.86 for collector areas of 20 and 40 m2 ,

respectively. These calculations were done under the assumption that

the cooling medium of the condenser and the absorber of the chiller

is at ambient temperature.
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7.4.2 Economic Comparison

Before taking all the economic factors into account, a simple

comparison can be made and some preliminary conclusions can be

drawn. Disregarding inflation, maintenance costs, and the effect of

taxes, the cost of the vapor compression system during the 20-year

period, including electricity, is $13350. In contrast, the equipment

cost of the absorption system with 20 m2 of collector is $17414, that

is, not including the operating cost of energy. This means that,

under the current energy and equipment costs, the absorption system

does not save money even if it satisfied 100% of the load with solar

energy and the parasitic power requirement were negligible.

Clearly, without a deep analysis it can be concluded that the

absorption system is in great economic disadvantage due to its high

equipment cost compared to the cost of electricity to run the vapor

compression system during the economic life. It should be noted that

the energy collection system is the main contributor to the high cost

of the solar absorption system.

Taking into account the economic data listed above and applying

the equations of Appendix E, the life cycle savings of the absorption

system in a residential application are -$13953 and -$18979 for the

collector areas of 20 and 40 m2  respectively. On the other hand,

although it does not save money, the solar absorption cooling system

saves 20 and 56% of non-renewable energy for collector areas of 20 and

40 in2, respectively.

(The listing of a computer program for performing the economic

calculations is included in Appendix F, )
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For the economic evaluation of the cooling of a commerical

building, the same data listed above are used, except for the rate of

return and the tax income rate, whose values are 0.3 and 0.5, respec-

tively. If the depreciation lifetime is 10 years, the life cycle

savings are -$7614 and -$10584, for collector areas of 20 and 40 m2

respectively.

In the residential application, if solar cooling were to become

competitive with the vapor compression system, the cost of the solar

absorption equipment (collector and absorption unit) would have to be

cut to one third or the energy inflation would have to run at an annual

rate of about 30%.

Figure 7.3 shows the effect of the fuel inflation rate on the life

cycle savings. In the commercial application, the life cycle savings

is less sensitive to the fuel inflation rate than in the residential

application because of the tax deductions allowed on the operating

energy cost.

If a modification is made to the solar cooling system analyzed

above such that it becomes more efficient, then it would need less

collector area to produce the same fraction by solar as the system

above. Therefore, this would reduce the economic disadvantage of the

solar cooling system, with respect to the vapor compression system.

If the Arkla unit is substituted by a chiller operating with the

efficiency of the GAX cycle (studied in Chapter 3), calculations with

the , f-chart procedure (described in Chapter 4) show that for 20 m

of collector the fraction of the cooling load met by solar is 0.85
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and the fraction of non-renewable energy savings with respect to the

vapor compression system is 0.63. For this calculation (done with the

model for the GAX with isothermal expansion) the condenser and the

absorber of the GAX were assumed to operate at 50C above the ambient

temperature, the evaporator temperature was assumed 12.8°C, and the

generator temperature was maintained at or above 185C.

If the cost of the GAX absorption unit is assumed to be the same

as the Arkla unit and the values of all the economic parameters

utilized above apply to this case, the life cycle savings of this

system with respect to the vapor compression system is -$11938, which

is an improvement of about $2000 with respect to the Arkla unit.

Despite the dramatic improvement in the performance of the GAX

unit with respect to the Arkla unit, the solar cooling system that

uses the GAX cycle continues to be in great disadvantage with respect

to the vapor compression system. Even though the savings of non-

renewable energy are 63%, the life cycle cost of the solar cooling

system is very high because the cost of the solar equipment, especially

the collector, is so high.

If the cost of the equipment were reduced, the effect of the bet-

ter efficiency of the GAX unit with respect to the Arkla unit on the

economic comparison would be more notorious. For example if that cost

were reduced to one third of the value utilized above, the life cycle

saving of the Arkla unit and the GAX unit (.with respect to the vapor

compression system) would be -$497 and $1518, respectively.
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The reduction in the cost of the absorption chillers projected

by Carrier (see Figure 7.2) is an encouraging sign for absorption

cooling. However, if solar absorption cooling is to become competi-

tive with vapor compression cooling, the cost of the solar collector

must be reduced to about one third of its present cost.

7.5 Conclusions

Under current economic parameters, the conventional method of

cooling is more economical than solar absorption cooling. This is

mainly due to the high cost of solar absorption equipment, especially

the solar collector, and the relatively low cost of electricity. If

solar absorption cooling is to become economically attractive, the

equipment costs must drop dramatically, and/or the cost of electricity

has to rise at a considerably larger rate than it does at present.

The same solar system used for cooling can be used for

heating. This can reduce the equipment cost for cooling alone if the

cost is shared by the heating application.
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CHAPTER 8. SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS FOR

FURTHER STUDY

8.1 Conclusions

Among the advanced absorption cycles studied, the GAX cycle with

heated expansion such that the expansion is isothermal (see Section

3.2.2) is theoretically the best alternative, then follows the

absorption-resorption cycle (Section 3.4). The double effect cycle

ranks in last place due to its relatively low efficiency and cooling

capacity.

If the hardware problems that the GAX cycle presents can be

overcome this cycle could achieve in practice the high levels of COP

that were predicted theoretically in Chapter 3, which would make it

a very important alternative. One of the main design problems that

the GAX cycle presents is in the generator-absorber heat exchanger.

This heat exchanger must be designed in such a way that the tempera-

ture difference at its hot end is not higher than about 50 C.

Another restriction of this cycle is that the refrigerant-absorbent

pair utilized must not present the danger of crystallization in the

range of operating conditions, which rules out the use of the

LiBr-H20 pair. The NH3 -H2 0 is a pair that would be suitable for the

GAX cycle.

Other requirements of the GAX cycle to produce high COP are that

its condenser and absorber operate at relatively low temperatures,

while the evaporator must operate at relatively high temperatures.
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For condenser and absorber temperatures lower than 350C, and evapora-

tor temperature of 10'C, the GAX cycle can theoretically reach a COP

of 2 when the generator is operated at the temperatures obtainable

from flat plate collectors.

The absorption-resorption cycle is also an important alternative,

to substitute for the single effect cycle. Its restrictions are very

similar to those discussed above for the GAX cycle. However, the

cooling capacity of this cycle is in general lower than that of the

single effect system or the GAX cycle. Thus, to deliver a given

cooling rate the size of the absorption-resorption unit must be

larger than the size of the single effect unit or the GAX cycle.

In general, any advanced absorption cycle requires higher

generator temperatures than the basic cycle to produce higher COP.

Thus, the decision as to substitute for the basic absorption cycle

of a solar cooling system an advanced absorption cycle has to be

based on the overall performance of the system, i.e., the collection

subsystem and the absorption subsystem combined.

Operated at an appropriate set of cycle temperatures which must

be determined by optimization, the GAX or the absorption-resorption

cycles can improve the overall efficiency of a solar absorption

system compared to the basic cycle. The , f-chart procedure out-

lined in Chapter 4 can be utilized to determine the optimum cycle

temperatures of a closed-loop solar absorption cooling system in a

particular location. This procedure can also be utilized to compare

different absorption cycles in a solar cooling system. The results
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of this comparison can ultimately determine if an advanced cycle is

a good substitute for the single effect cycle in terms of the frac-

tion of the cooling load met by solar energy. Those results may vary

from one location to another.

The thermodynamic behavior of the absorbent-refrigerant pair can

have considerable influence on the performance of the absorption

system. The cut-off temperature of the cycle (the minimum generator

temperature at which cooling is produced) can be reduced if the

absorbent-refrigerant pair selected is such that its boiling point

changes at a slower rate than the boiling point of the pure refriger-

ant with respect to pressure at fixed concentration. This is a

desirable characteristic of the working pair, which can be used as a

basis for the selection. On the other hand, the general limiting

value of one for the COP of the basic absorption cycle can be raised

if the refrigerant-absorbent pair form an endothermic mixture. This

characteristic can also be used as a basis for the selection of the

working pair.

The collector-generator (Chapter 6) system is a particular

arrangement of theabsorption subsystem and the energy collection

subsystem, theoretically, with better performance than the conven-

tional arrangement. In addition, this system requires considerably

less storage volume.

Under current economic conditions, vapor-compression cooling is

cheaper than solar absorption cooling, even though non-renewable

energy can be saved with the solar system. The high cost of the
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solar equipment is the main reason for its economic disadvantage.

Dramatic reduction of this cost, especially the collector cost, is

needed if solar absorption cooling is to become competitive.

In short, reduction in the cost of solar collectors and the

absorption chillers, along with parallel engineering efforts to

improve the design and therefore the efficiency of the equipment is

what will make solar cooling attractive.

8.2 Recommendations for Further Study

Further study of the GAX cycle should concentrate on its more

important component, the generator-absorber heat exchanger. In

particular it should be determined if the high levels of heat and

mass transfer required in that component are feasible. If so, the

characteristics of such equipment should be defined. This may

require some experimental work.

The search for advanced absorption cycles with the potential

for approaching the Carnot COP should continue.

A study to determine the parasitic power requirement of the

solar absorption cooling systems is in order. This can provide

another basis for comparison of different alternatives.

The T, f-chart method is limited to systems with pressurized

hot storage tank so that no energy dumping occurs. If this restric-

tion were eliminated, the range of applicability of the method to

the design of solar cooling systems (and other closed loop systems)

would be extended.
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When the , f-chart procedure is applied to the evaluation

of a solar cooling system under control strategy (b) (see Sections

4.2 and 4.3) the average COP of the absorption chiller is estimated

at the minimum firing temperature, Tmin, at which it is operated

by solar energy. However, the chiller may operate at different COP

when the storage tank is above Tmin. This can cause an underpredic-

tion of the average COP in a cycle whose COP increases with increas-

ing the firing temperature, and vice versa. These can probably be

avoided if the average COP is estimated at a firing temperature which

is a weighted average of Tmin and the average collector inlet tempera-

ture. This can be investigated by comparing the results of detailed

simulations with the results of the , f-chart method.

The continued search for specific refrigerant-absorbent pairs

with the desirable thermodynamic property (as defined in Chapter 4)

is another important future research activity. One specific goal

that can be set is to find a working pair in which the ratio of the

changes of the boiling point of the pure refrigerant to the boiling

point of the mixture, AT-/AT (see Section 5.5) is 25% higher than

that of the LiBr-H2 0 pair. The cut-off temperature of the basic

absorption cycle that utilizes the LiBr-H20 pair can be reduced by

approximately 8°C with the new pair. The requirement of lower

generator temperatures would improve the efficiency of the collector

subsystem, therefore increasing the fraction of the cooling load met

by solar energy with the same collector area.
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The collector-generator system of Chapter 6 is one example of

a potentially improved configuration of the solar cooling system.

Other configurations and control strategies should be investigated.

Optimization studies of the collector-generator system are required

to determine the optimum:

a) Flow rate of weak absorbent from the storage tank to the generator.

b) Total amount and the concentration of the solution stored.

c) Arrangement of the collector units in the collector subsystem.

A study of solar collectors is required to analyze their opera-

tion when boiling of the fluid is present.

In the control strategy applied to the collector-generator

system, the flow rate of solution to the generator is maintained

constant to satisfy a specified minimum flowrate in each collector

unit. An alternative control strategy is to utilize the minimum flow

rate at minimum levels of solar energy input, and increase that flow

rate as the solar energy input level increases. This control

strategy has the potential to increase the collector efficiency by

maintaining the fluid temperature in the collector at low levels.

There exist modifications that can be made to the collector-

generator system (see Figure 6.4) with the potential for improving

its performance. One possible modification is to throttle the

saturated solution exiting the vapor-liquid separator, Stream 6, to

the pressure of the storage tank of weak absorbent. In the process,

vapor will be generated at the expense of the internal energy of the
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solution. The vapor can be sent to the storage of weak absorbent

diluting it further, therefore decreasing its boiling point. On

the other hand, the remaining stronger liquid solution is sent to

the storage of weak absorbent, increasing its absorbing capacity.

Detailed computer simulations can help to determine if the efficiency

of the collector-generator system can be increased with this

modi fi cation.

The , f-chart procedure outlined in Chapter 4, applies for a

system with the general configuration of Figure 4.2. It does not

apply for a system like the coll-gen system. Perhaps, with some

modification, the , f-chart method or other related method could be

used for systems with different configuration as the one in Figure

6.4. This is another topic for research.
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APPENDIX A. THE SINGLE EFFECT ABSORPTION SYSTEM

A.1 Cycle Description

The cycle can be followed in Figures A.l, A.2, and A.3.

Figure A.l is a flow diagram showing the main components; Figure

A.2 is a P-X-T diagram showing the saturation surface of the

refrigerant-absorbent; Figure A.3 is the projection of Figure A.2

on the P-X and P-T planes.

Weak absorbent at the evaporator pressure, State 1, is pumped

from the absorber to the high pressure side, State la. Stream la,

which is a sub-cooled solution, is preheated in the solution heat

exchanger by the return solution from the generator. When the warm

weak solution, State 2, enters the generator, it is close to the

boiling point or it may be already boiling, depending on how much

heat was transferred in the solution heat exchanger, which depends

on the generator temperature. The initial boiling point of the weak

absorbent is the so-called cut-off temperature. If the generator

temperature is below this temperature, no vapor is produced, there-

fore no cooling is possible.

Stream 2 boils in the generator where the concentration and

the boiling point change continuously. Then it separates into the

generated vapor, State 5, and a hot strong absorbent, State 3.

This saturated solution is cooled in the solution heat exchanger to

become a sub-cooled solution, State 4. Subsequently, this solution

is throttled to the evaporator pressure, State 4a, and then fed to

the absorber.
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Figure A.I. Flow Diagram of the Single-Effect Absorption System.
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The vapor generated, State 5, is first condensed, State 6,

then it is expanded to the low pressure side, State 6a, and finally

evaporated at the low temperature of the evaporator, thus the cooling

effect is produced. The low pressure vapor, State 7, is absorbed by

the strong absorbent, which becomes Stream 1, and the cycle is

repeated.

A.2 Steady State Model Assumptions

1. The absorbent is non-volatile.

2. In the generator and the absorber, where there is simultaneous

transfer of heat and mass, heat transfer is the rate-controlling

process.

3. The solution leaving the absorber is saturated.

4. The pressure in the generator is equal to the pressure of the

condenser. Likewise, the pressure in the absorber is equal to

the pressure in the evaporator.

5. The temperature differential of the cold end of the solution

heat exchanger is fixed as a parameter. Figure A.6 shows the

effect of this parameter on the COP.

6. The temperatures of the solutions leaving the generator and the

absorber, and the temperatures of condensation and evaporation

are known. Figures A.4 to A.5 show the performance of the

single-effect absorption cycle for several combinations of these

temperatures.
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A.3 Steady State Model

Equilibrium Constraints

" = X(TIT 7) (A.1)

Xs = X(T3,T6) (A.2)

Mass balances

X = X2 = Xw  (A.3)

X3 = x4 = Xs  (A.4)

x 65  6 = x 7 =0 (A.5)

n= 2 = nw  (A.6)

m = ms (A.7)

m5 =m 6  mR =m7(A.8)

.n= R w - ms (A.9)

mXiw Xw : ms X s (A.10)

Heat Transfer Constraint

T4 = T1 + AThx (A.11)

Energy Balances

T5 = T3  (A.12)

h = hla (A.13)

h4 = h4a (A.14)

h6 = h6a (A.15)

Qhx= ms (h3-h4 ) (A.16)

h2 = h1 + Qhx/mw (A.17)
Q = Rh +,s - (A.18)
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Qc =  R(h5-h 6 ) (A. 19)

Qe =  R(h7-h6 ) (A.20)

Qa =  Rh7 + m3h4 mw hI(A.21)

Coefficient of Performance

COP = Qe/Qg (A.22)
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A.4 Condensed Numerical Procedure

0

Given: rmw, T1, T3 , T6 , T7 , AThx, thermodynamic properties
±

calc: Xw and X

no
Xs > X w no cooling is possible

.+,yescalc: ms , mR

T4 =4T 1 + AThx

calc: h1, h3, h4

calc: Qhx and h2

with Xw and h2, calc:T 2

caic: h5 , h6 , h7

calc:- Qc Qc Q a' COP

end<
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A.5 Mapping of Performance
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Figure A.4. Effect of the condensing temperature
of the single effect cycle.

on the performance
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A.6 Experimental Performance of the Arkla WF-36 Commercially
Available Chiller. (Taken from reference 34)

Tcoo Ii ng.. .o -
8. water=26.7*

7-

water=5.2*C

FIRING TEMPERATURE (0 )

(a)

FIRING TEMPERATURE (0C)

(b)

Figure A.7. Performance of Arkla LiBr-H2 0 Absorption Air Conditioner
Model WF-36.



A.7 Experimental Performance of the Yazaki WFC-400 Commercially
Available Chiller. (Taken from reference 35)
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A.8 Comparison of the Performance of the 3-Ton Arkla WF-36 Unit and

that Predicted by the Model for the Single Effect Cycle

The experimental performance of the 3-ton Arkla WF-36 unit, which

is commercially available, and the theoretical performance of the

single effect cycle are compared in this section. The comparison is

made for the design cooling water temperature (to cool the condenser

and the absorber) of the Arkla machine, which is 29.4'C. The perform-

ance data available for the Arkla machine (34) correspond to an

evaporator temperature such that chilled water is produced at 7.2°C.

To evaluate the performance of the single effect system the fol-

lowing data are assumed:

a) The condenser and the absorber operate at 5C above the temperature

of the cooling medium temperature, namely 34.40C.

b) The evaporator operates at 2.8'C below the temperature of the

chilled water produced.

c) The generator operates at 5C below the heating medium temperature

(firing temperature).

d) The temperature difference at the cold end of the solution heat

exchanger, T4-Tla (see Figure A.l), is 25'C.

e) The rate of pumping of weak absorbent, m1, is 131 Kg/hr.

The experimental and theoretical COP and the cooling capacities

are displayed in Figure A.9. The combination of parameters chosen to

calculate the theoretical performance of the single effect cycle

produce results that are in good agreement with the experimental

performance. The discrepancies can be explained as follows:
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Figure A.9. Comparison of the performance of the Arkla WF-36
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1) The theoretical cut-off temperature (minimum firing temperature

at which cooling is produced) is slightly lower than the experi-

mental one. This can be explained by mass transfer limitations in

the absorber of the real chiller. The model assumes that the

solution leavingthe absorber reaches its saturation point. This

probably does not happen in the real system thus increasing the

cut-off temperature.

2) Above the firing temperature of 87.7°C the COP of the real system

decreases while the theoretical COP tends to a constant value. A

possible explanation for this is the presence of mass transfer

limitations in the generator. As the firing temperature is

increased the rate of heat transfer increases. But the rate of

mass transfer (generation of vapor refrigerant) does not neces-

sarily keep pace with the rate of heat transfer. Consequently,

part of the heat absorbed by the solution in the generator can not

be utilized fast enough to generate vapor and it has to be dis-

carded in the absorber thus decreasing the COP.

3) The differences between the experimental and theoretical cooling

capacities can be explained by variations in the rate of solution

pumping with the firing temperature, which is assumed constant in

the model.
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APPENDIX B. MODELS

B.l Carnot machine

B.2 General assumptions for the models

B.3 GAX cycle

B.4 Absorption-resorption cycle

B.5 Double effect cycle

B.6 Conventional solar absorption system

B.7 Collector-generator system

B.8 Nomenclature
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B.l THE CARNOT MACHINE COP

The Carnot machine can be represented by the flow diagram for

the single effect system.

Assuming that the components of the cycle absorb and reject

heat at constant temperature, and the temperatures of rejection of

the condenser and absorber are equal, the following equations can

be written for the Carnot cycle:

Energy balance:

Qg + Qe e=Qc +Q (B.1)

Entropy balance:
0 0

Q9 e _Qc Qa
Tg9 + Te -Tc +'Ta (B.2)

Combining B.l and B.2,

COP [Tg-c,] e (B.3)
c - Te Tg

where Tg, Tc, Te are absolute temperatures.
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B.2 General Assumptions for the Models

The following assumptions apply to all of the subsequent

models of this appendix.

1. Steady state

2. The absorbent is non-volatile.

3. In the processes where there is simultaneous heat and mass

transfer, heat transfer is the rate controlling process.

4. The solutions leaving the generation and absorption processes

are saturated. This is a direct consequence of the previous

assumption.

5. The only pressure drops present are the ones caused by the

pumps or the expansion valves. All other pressure drops are

neglected.
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B.3 The Generator-Absorber Heat Exchange Cycle

Figure B.1 The GAX Cycle with Adiabatic Expansion

B.3.1 Particular assumptions:

The temperature differential at the hot side of the solution

heat exchanger is a given parameter.

B.3.2 Model for the GAX Cycle with Adiabatic Expansion

Equilibrium Constraints

Xw = X(TI, TIO) (B.4)

Xs = X(T3, T9 ) (B.5)

Xs2 =X (T2, T9 ) (B.6)

Xs4 =X(T4 , TIO) (B.7)

Xs5: X(T5 , TIO) (B.8)

Xs6 :X(T6 , T10 ) (B.9)



Mass Balances

X1 = Xla =X2 = Xw X5  X6

X3 = X4 S=Xs

X7 = X3 = X9 = X9a = XI=Xl l

I laI  "2 w  5  "ml =rna =m 2 =m =m =m 6

m3 = m4 -=ns

7  8 - 9  9a = 10  1

R k -k
• =

ms xs =mww

Heat Transfer Rate Constraint

T2 = T5 - AThx

Energy Balances

T 7  T T3

h1  h hla

h4 = h 3

h9 = h9a

msh 4 + mRhll" "h 5

Qhx = mw(h 2 - hl)

h6 = h5 - Qhx/mw

T8 T 3 - T1 1 + TIO

Qg mRh 7 + sh3 -mw2

Qc= mR(h 8 - h9 )

Qe = imR(hlo - h9)

Qa 1(h6 -hl)
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S=0

I R

(B.10)

(B.11)

(B.12)

(B.13)

(B.14)

(B.15)

(B.16)

(B.17)

(B.18)

(B.19)

(B.20)

(B.21)

(B.22)

(B.23)

(B.24)

(B.25)

(B.26)

(B.27)

(B.28)

(B. 29)

(B.30)



Coefficient of Performance

COP = e/Qg

Figure B.2 The GAX Cycle with Heated Expansion.

B.3.3 Model for the GAX Cycle with Heated Expansion

All the equations from Section B.3.2 apply for this case except

equations B.21 and B.31, which have to be substituted by:

T : s (h4 - h3)

COP = e(Qg + T)

where (T = heat input to the heated

(B.21)

(B.31)

expansion process

(B.31)
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C

.3.4 Numerical Procedure for the Adiabal

iven: nw , T1, T3 , T9, T10 , Tll, AThx,"

4,

calc: Xw and cut-off temp (Tlb)

±
no

T3 > Tlb no no coo

yes

calc: X3 , m s , m R, h3 , h4

with h4, Xs , TIO, calc: T4 , Xs4

calc: h11 and h5

with h5, Xw , T1 0 , calc: T5 , Xs5

calc: T2 , Xs2 , h2

calc: Qhx' h6

+

with h6 , Xw , T1 , calc: T6 , Xs6

calc: T8, h3, h9, h10, h7

ca lc- Q 9 9Qc9 QeS ea9 Cop

End -

tic Expansion Case

thermodynami c properti es

ling possible

249
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B.3.5 Numerical Procedure for the Heated Expansion Case

Given: mw TI, T3 ' T4 ' T9, T10 ' T' 1 1AThx' thermodynamic properties

calc: Xw and Tl b

no
T3 > Tlb no cooling possible

+yes

calc: Xs , in5,9mRh h3 5 Xs4

with T4, Xs , X5 4 , calc: h4 and Qt

with h5, Xw, T10 , calc: T5 , Xs5

calc: T2 , Xs2 , h2

+

calc: hx' h6

with h6 , Xw, T1 0 , calc: T6 , Xs6

calc: T8, h8, h9, h10 , h7

calc-, Q cSQeIQeQCop

End



B.4 The Absorption-Resorption Cycle

Figure B.3 The Absorption-Resorption Cycle

B.4.1 Model

Equilibrium Constraints

X3 = X(T3, T6) (B.32)

XlO= X(T10, T7) (B.33)

X2 = X(T1, Tp) (B.34)

where T = saturation temperature of the refrigerant atP

the lowest pressure of the cycle

X9 = X(T8, Tp) (B.35)

T3 = T5  (B.36)

T8 = T13 (B.37)
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Mass Balances

X1 = Xla = X2  (B.38)

X3 = X4 = X4a (B.39)

X8 = X8a =:X9  (B.40)

XIo = XI = X12 (B.41)

X5 = X6 = X6 a = X7 = X1 3 = 0 (B.42)
35  = m = m R (B.43)

m=m 6 = m6a =m 1m3

2X2 = n3X 3  (B.44)

9X9 = 10oXl10 (B.45)

5 =~ 2 ~m 3  (B.46)5 2 3

mn1 3 = 10 -in 9  (B.47)

Heat Transfer Rate Constraints

T4 = T1 + AThx,2  (B.48)

T = T8 + AThx,l (B.49)

Energy Balances

hI = hla (B.50)

h4 = h4a (B.51)

h8 = h8a (B.52)

h = h12 (B.53)

h6 = h6a (B.54)

h9 = h8 +.- (h10 - h11) (B.55)
m 9

Qc = nR(h5 - h6) (B.56)
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Qe =  R(h7 - h6) (B.57)

Qa = RRh7 + 9n9h9 - 1n0lh 10  (B.58)

d = R h l 3  + 9 h 8  - lo h l( B .5 9 )

h2 = hI + -m(h 3 - h4) (B.60)
m2

g= rnRh5 + 3 - i2h2  (B.61)

O r " Rh 13  + 3 h 4  - 2 h l (B .6 2 )

Coefficient of Performance

COP = Oe + Qd (B.63)Q9
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B.4.2 Numerical Procedure

Given: TI ' T3 ' T6 ' T7 ' T8 ' TIO' AThx 'l' AThx 2'

thermodynamic properties

calc: X3 , Xo10

calc: Tp, X2 , X9 (by trial and error)
4no

X3 > X 2 and X9 >X10  .no no cooling possible

+ yes

calc: Tll, h10 , hll, h8 , m9 ,mlO,

m3 , mR9 h9 , T9

with X10, h11, Tp, calc:T12

4-

calc: h6, h7 ' h5 ' h13 ' Qc' Qe' a'

4-

calc: T4 ' hl' h3 ' h4 ' h2 ' T2 ' Qg' Qr

COP
En

End<



B.5 The Double Effect Absorption Cycle

Figure B.4 The Double Effect Absorption Cycle

B.5.1 Particular assumption:

There is perfect heat exchange in the second effect and

in the solution heat exchanger.

B.5.2 Model

Equilibrium Constraints

X = X(T1, T1 2 )

Xsl= X(T3, T6)

X s2= X(T6, T9)

T3 = T4

T7 T 8

(B.64)

(B. 65)

(B.66)

(B. 67)

(B.68)
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Mass Balances

X1 = Xla =X 2 = xw  (B.69)

X4 = X5 = Xs (B.70)

x8 = Xlo = Xl1 a = xs2 (B.71)

X= 6 = 6 = X 7 = X9 = X9a

= XII = XI2 = 0 (B.72)

ml = mla =m 2 = mw (B.73)

m4 = 5 = rsl (B.74)
18 =  lo = mla = s2 (B.75)

m 3 = m6 =nm6a =mRl (B.76)

m7 = n 9 
= m9a =iR2 (B.77)

ml 12 = Rl +  mR2 (B.78)

mw = XslX sl (B.79)

slXsl = s 2 Xs2  (B.80)

mRI = mw -sl (B.81)

mR2 = msl - s2 (B.82)

Energy Balances

Qlst effect = rRlh3 + slh4 - mwh2  (B.83)

Q2nd effect 
= Rl (h3 - h6 ) (B.84)

Q2nd effect = rs2 h8 + fR 2 h7 - 4(B.85)

c= mR2 (h7 - hf) (B.86)

Oe = (nRl + R2 )h1 2 - nRlh 6 - nR2h9  (B.87)

a (mnRl + mnRz)hl 2 + nsho- mw1(B.88)



Qhx : ins2(h 8 - h10) : mw(h 2 - hl)

T6 =T 7

TI = 10

Coefficient of Performance

COP = Qe/Qlst effect

B.5.3

Given:

(B. 89)

(B.90)

(B.91)

(B.92)

Numerical Procedure

mw, T3 , T9 , T12 , T1, Thermodynamic Properties

calc: Xw, T and Tw 6,max 6,min

T>T6no no cooling possibleT6,max 6, mi

4+ yes

calc: T6 , Xsl, Xs2 , mRl, mR2  isl, ms2 ,

h3 , h4, h6, h7, h8 , such that mRl(h 3 - h6)

=rMs 2h8 + MrR2h7 - msh 4

calc: hl0, Qhx' hl, h2 ' h 9 h12

calc: Q1st effect' Q2nd effect' Qc' Qe' Qa' COP

End <
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B.6 The Conventional Solar Absorption System (with the single-

effect absorption cycle)

a tor onden erI

absorberHevapora o
ag

Figure B.5 The Conventional Solar Absorption System

B.6.1 Assumptions

1) See general assumptions, section B.2.

2) Fully mixed hot storage tank.

3) When the storage tank temperature reaches

a specified limit the collector pump is turned off.

4) There is a constant temperature difference between the hot

storage tank and the generator, the coolding medium and the

condenser or absorber, the evaporator and the air conditioned

space.

5) All the heat exchangers, including the collector, respond

instantaneously.
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6) The air conditioned space is maintained at constant tempera-

ture and humidity.

7) The solution heat exchanger operates at constant effectiveness.

8) The cooling demand is always satisfied, but not exceeded.

9) Auxiliary heat is provided to the. generator when required to

satisfy the cooling load.

B.6.2 Model

Collector

u = FRAc[HT(--) - Uc(TT - T)] (B.93)

Hot storage tank
0u- - (UA)T(TT- Tt) = (PCp)TVT dt (B.94)

u dtTT(t1PT94)d

Absorption chiller

T = T -AT (B.95)T3 = T g

T=T +AT (B.96)T1 Tc

T=T +AT (B.97)T6 = cz c

T7 = Tcs - ATe (B.98)

Same equations as in section A.3 except for A.ll, which is replaced

by:

T4 = T3 - Ehx(T3 - TI) (B.99)

Constraints

0u.- o0(B.100)
e<- CL (13.1I01)

TT <_ TL (B3.102)
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B.6.3 Numeri-cal Procedure

given: Ta' Tc' Tcs 5 HT' CL' collector and chiller
characteristics

4no

CL > 0 no > chiller off

+yes 
Qg e 0

chiller on

calc: e0g9

calc: TT(new)

t(new) - t(old) + ,t



B.7 The Collector-Generator System

2-way v.-e-p-- !  c
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Figure B.6 The Collector-Generator System

B.7.1 Assumptions

1) See general assumptions, section B.2.

2) Fully mixed tanks.

3) There is a constant temperature difference between the cooling

medium and the condenser or absorber, the evaporator and the

air conditioned space.

4) Assumptions 5, 6, 7, and 8 of section B.6.1.

5) The flow rate of weak absorbent pumped to collector is

constant.

6) When there is refrigerant in the storage and strong solution

to absorb it, the flow rate of refrigerant through the evapora-

tor is regulated to meet the cooling load. At the same time,
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the flow rate of strong absorbent is adjusted to be that

required to absorb the refrigerant.

7) When the weak storage empties, solution from the strong storage

is circulated through the collector. Analogously, when the

strong storage empties, the solution from the weak storage

is utilized as absorbent.

8) The heat gain or loss of the storage of refrigerant is

negligible.

9) The area for heat loss of the weak and strong storage tanks

is directly proportional to the mass of solution stored there.

10) The size of the storage tanks is large enough to store the

maximum amount of liquid.

11) To maintain certain velocity per unit area of collector and

cause a significant temperature rise in the weak absorbent

temperature, a certain number of collector modules have to

be arranged in series.



Collector K

S=FAci [HT((-) - U(T - T (B.lO2a)

where:

K = no of collector modules connected in series

Ac = area of one collector module

Tfi = temperature of weak absorbent entering collector

module i, i.e., Tfl = T3

Mass balances

62 + 613 =  3 (B.103)

2Xw + 13X8  Y 3  (B.104)

dmw1 + m5 - 2 14 -dt d (B.105)

S+i - 2 - 1 dt dmwXw (B.106)

1XI + r5X5 - m2Xw- m14X - dt

in6 -n18 -in13 - dt (B.107)

dmsX s

r6X6 - s- 13X dt (B.108)

08 + f14 = 8a (B.109)

8Xs+ 614 Xw = 8aX8a (B.11O)

3X3 = 6 (B.111)

dm R
69 -11I dt(BI2

i11 +m8a= I (B.113)

r8aX8a = 1X1 (B.114)
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n2a : 3 (B.115)

&6 : 7  (B.116)

mn9 =m (B.117)

I1 =m 1 2 -m0  (B.118)

X2 = Xw = X14  (B.119)

X2 a = X3 = X4  (B.120)

X6 = X7 (B.121)

X8 = Xs 1= 3 (B.122)

X9 = XI0= XII= XI2= X0  0 (B.123)

Energy balances

lhl - r *2h2 - 14 + 5 h5 - Lmw(T2 - Tt)

dt (B.124)

r 6 h7 - 8 h8 - 13h13 - Lms(T 8 - Tt)

dmsh 8

dtB 5

2n2h2 + I 13 h8 = 2ah2a (B.126)

Ou = m3 (h 4 - h3 ) (B.127)

T7 = T6 - chx(T6 - T2a) (B.128)

T1 0 =T +AT (B.129)

T1 = Tc + ATa  (B.130)

T = constant (B.131)

6hx = m*6(h6 - h7) (B.132)

h 3= h2a + hx(B3.133)
in3



QC = n9 (h9 - h10)

Qe = m 11(ho -hl )

Oa = nllho + m8ah8a -11hl

T2 = T14

T8 = T13

T9 = T6

hll = 12

Constraints

if T4 < Tcutoff ;m 5 =

if T4 > Tcutoff; m3 -

Q> 0
U-

= pump = constant

0

m3 , X5 =X 3 ',m 6  m9

m6 =m 9 andm 5 =0

if Qu > 0

ifQ = 0

Qe CL

if M , = 0= l4 = ml = 0

if MR > 0 and ms > 0 and Xs > X1

CL

11 : 'm8ah0 - h11

mll1X1Xs- x
s I
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(B.134)

(B.135)

(B.136)

(B.137)

(B. 138)

(B. 139)

(B. 140)

(B.141)

(B.142)

(B.143)

(B. 144)

(B.145)

(B.146)

(B.147)
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if mR > 0 andm s = 0 andX w > X1

CL
ll = h - m8 a

ml xl
Xw - X 1 (B. 148)

(B. 149)

(B. 150)

X1 = X(T I , T10)

X6 = X(T4 , T10)



B.7.3 Numerical Procedure

given: HT, CL To , T1 , T10 , At

characteristics of equipment

values of mw , ms , mR, Xw, Xs , T2 ,T 8

for a given instant

calc: Qu
u

no 0u> 0 - M n3, m6 , m9 = 0

4 yes
nm=m

3 =pump

> Tcut off 1no 6, 1119 = 0 9 5 3

± yes

calc: m6 , m9

4-

0 no

4 yes

MR > 0 and (ms > 0 and Xs >

or (mw > 0 and Xw >

+ yes

calc: i 1 1 ,' m8a calc:

I
X n 1 3 8a = 0

x1)I

MW m5 , mR, X w , Xs , T2 , T8

for next instant

II

267
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B.8 Nomenclature

Ac  = collector area

CL = instantaneous cooling load

COP = coefficient of performance

Cp = heat capacity

F =collector heat removal factorR

h = specific enthalpy

HT = incident radiation on collector plane per unit of area

L = conductance of the storage tank per unit mass of fluid

stored (coll-gen system)

m = mass of fluid stored in tank

= mass flow rate

mpump= constant mass flow rate delivered by collector pump when

on (coll-gen system)

Ri = mass flow rate of refrigerant produced by the ith effect of

the double effect cycle

= heat flow rate

OT = heat input to the heated expansion of the GAX cycle

Qu = useful heat flow rate absorbed by collector

T = temperature

t =time

TL = maximum temperature of hot storage tank (conv. system)

T = saturation temp of refrig. at lowest pressure of ARC cycl~e
P
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Tt = temperature of environment surrounding storage tank

T = ambient temperature

UA = heat transfer coefficient-area product or conductance

Uc = collector heat transfer coefficient loss

V = volume

X = mass fraction of absorbent

X si = in the GAX cycle, if stream i is a mixture of free vapor

refrigerant and saturated solution, X si is the mass

fraction of absorbent in the saturated solution; in the

double effect cycle Xsi is the mass fraction of absorbent

in the solution leaving effect i

At = time step

AT = temperature difference at certain end of a heat exchanger

(at the end where AT can be fixed without violating the

second law of thermodynamics)

= effectiveness

p = density

(T7a) = monthly average transmittance-absorptance product of collector

subscripts

a = absorber

c = condenser

ck = cooling medium for the condenser or absorber

cs = air condi tioned space

d = desorber
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e = evaporator

g = generator

i = stream i (1, 2, etc.)

r = resorber

R = Refrigerant

S = strong absorbent

T = hot storage tank

hx = solution heat exchanger

w = weak absorbent
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EQUATIONS

I. I -At'+B

2. t' = (t - B)/A

3. A = -2.00755 + .16976X -(3.133362 E-3)X
2 

+(I.97668 E-5)X
3  

700

4. B = 321.128 - 19.322X + .374382X2 -(2.0637E-3)X
3

5. Log P = C + D/Q'+459.72) + E/(t'+459.72)
2

-2E 50
6. t- -459.7250

D + ID
2 

- 4E(C - log P)1I 45 9.72
TEMP. RANGE (REFRIGERANT) 0 t<230F 400

TEMP. RANGE (SOLUTION) 40 1_<350*F ,
CONCENTRATION RANGE 45- >X < 70% ol

C = 6.21147 -,oe,
D = -2886.373
E = -337269.46
t' = REFRIGERANT TEMP. *F q, 200

t =SOLUTION TEMP. -F 4'
X = PERCENT LIBR 10
P = PSIA 140

70
0 s o - 12

40-

20. .4

15.

6 z

50

Rpnnedb) pemissionOf rrie, Crp

ISO

SOLUTION TEMPERATURE, F

Fig. 50 Equilibrium Chart for Aqueous Lithium Bromide Solutions'
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Saturated Water Enthalpy:

vapor: h = 1061 + 0.444 T

liquid: h = T " 32

where: T in 'F, and h in BTU/lb

180

170
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'40

130

120

0110
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} 90

c. o
-4 8

' 70z
W

60

50

40
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Figure C.2
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Fig. 49 .... Enthalpy-Concentration Diagram for Lithium Bromide-Water Combination

Enthalpy-concentration diagram for LiBr-H20.



I

30C 50C 70C 9o OOC
Solvent

x m. P "v x m P x x m P x fIf P x In P

0.185 0.0168 24.0 --- 0.180 0.0164 38.0 --- 0.175 0.0159 55.0 -0,, 0.0153 15,8 --- 0.165 0.0150 87.2

Tetraethylene 0.280 0.0275 36.3 0.850 0.274 0.0272 55.5 0.808 0.265 0.0269 79.5 0,7?O 0.207 0,0201 106.5 0.738 0.252 0.0256 123.0

glycol 0.439 0.054 61.4 0.902 0.430 0.053 94.0 0.848 0.418 0.052 137.2 0.818 607 8.80, 184.7 0.788 0.402 0.0500 211.0

dethyl 0.595 0.100 92.1 0.980 0.589 0.098 148.2 0.942 0.582 0.096 221.2 0.911 0,512 0.094 309.2 0.890----------------

ether 0.736 0.172 118.7 0.995 0.730 0.170 200.7 0.992 0.724 0.167 306.5 0.968 0.7i0 0.161 441.0 0.960 0.710 0.156 519.0

0.127 0.0135 16.8 0.890 0.123 0.0132 26.5 --- 0.120 0.0128 38.7 -- . 10 0,0123 51.8 - 0.114 0.0122 59.1

Triethylene 0.364 0.0505 50.0 0.890 0.356 0.495 77.5 0.855 0.348 0.0484 110.2 0.803 0.337 0.0468 152.2 0.794 0.331 0.0460 174.7

glycol 0.432 0.067 61.7 0.920 0.426 0.066 98.0 0.899 0.422 0.0650 145.0 0.854 0.413 0.0640 202.0 0.845 0.409 0.0630 232.5

dimethyl 0.608 0.131 95.6 0.985 0.605 0.128 155.4 0.962 0.600 0.125 237.0 0.941 ..... ...... ..... ........... ...... .....

ether 0.735 0.211 121.0 0.999 0.729 0.206 202.5 0.998 0.724 0.201 309.5 0.976 0.715 0.198 447.0 0.968 0.712 0.195 527.5

0.116 0.025 3.2 0.190 0.115 0.025 6.6 0.240 0.113 0.024 12.3 0.294 0.11t 0,023 20.6 0.302 0.108 0.023 25.6

0.376 0.102 22.7 0.398 0.372 0.101 41.2 0.450 0.369 0.100 66.7 0.458 0.363 0.098 104.0 0.513 0.360 0.097 127.7
1,4- 0.474 0.145 32.5 0.444 0.472 0.143 60.2 0.504 0.467 0.141 103.5 0.564 0.463 0.139 163.5 0.616 0.460 0.138 196.7

Butanedjol 0.548 0.187 45.7 0.542 0.545 0.185 83.5 0.602 0.542 0.184 139.7 0.608 0.537 0.181 216.5 0.694 0.534 0.180 262.2

0.654 0.265 68.7 0.674 0.652 0.262 124.7 0.726 0.648 0.260 207.0 0.772 0.644 0.256 312.2 0.798 0.642 0.254 376.0

0.138 0.030 7.8 0.384 0.136 0.029 13.0 0.392 0.134 0.029 20.6 0.414 0.25 0.027 28.0 0.426 0.124 0.026 34.8

2,3- 0.358 0.095 20.0 0.372 0.356 0.094 37.5 0.432 0.353 0.093 64.0 '0.465 0.348 0.091 102.0 0.530 0.346 0.090 124.7

Butanediol 0.556 0.192 50.2 0.589 0.553 0.191 90.7 0.653 0.548 0.189 148.5 0.674 0.542 0.185 224.5 0.713 0.539 0.183 271.0

0.700 0.307 89.0 0.803 0.697 0.304 154.3 0.825 0.694 0.300 247.5 0.842 0.687 0.295 362.6 0.857 0.684 0.293 437.0

0.131 0.0130 2.3 0.120 0.129 0.0128 4.8 0.152 0.128 0.0127 9.2 0.194 0.125 0.0124 15,6 0.240 0.122 0.0121 19.6

Tetraethylene -. ....-----.---- 0.281 0.0329 15.4 0.225 0.278 0.0325 27.9 0.270 0.274 0.0321 46.9 0.320 0.272 0.0318 58.7

glycol 0.549 0.0946 27.7 0.328 0.545 0.941 53.7 0.391 0.540 0.0932 92.7 0.433 0.531 0.0919 147.4 0.489 0.527 0.0910 180.0
0.687 0.160 57.0 0.536 0.684 0.159 103.0 0.583 0.680 0.157 172.7 0.623 0.674 0.155 263.0 0.653 0.671 0.154 317.1

0.833 0.31 111.7 0.828 0.830 0.305 193.7 0.848 0.827 0.295 309.4 0.848 0.823 0.293 462,5 0.862 0.821 0.290 555.7

Table C.I. Vapor pressure for ammonia-organic solvent
X = mole fraction, m = mass fraction, P = absolute pressure (Psia)
Y = activity coefficient.
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25C 50C 75C 100C

Salt(s)

x m P '7 x m P 3 x m P 7 x m P 7

NaCNS 0.721 0.352 14.6 0.153 0.721 0.357 34.8 0.194 0.718 0.348 72.1 0.238 0.714 0.343 138.5 0.299
0.747 0.381 20.9 0.212 0.745 0.380 45.2 0.242 0.743 0.377 78.7 0.287 0.740 0.373 164.0 0.341
0.822 0.495 48.4 0.435 0.820 0.489 104.1 0.488 0.816 0.481 197.2 0.540 0.808 0.468 350.0 0.618
0.843 0.529 60.2 0.524 0.842 0.526 129.4 0.582 0.839 0.521 240.8 0.628 0.836 0.515 424.0 0.698

NaBr 0.816 0.423 51.9 0.533 0.814 0.418 134.0 0.631 0.808 0.408 279.5 0.740 0.799 0.395 517.0 0.857
0.867 0.518 97.4 0.801 0.865 0.514 203.9 0.852 0.862 0.508 340.4 0.895 0.857 0.497 687.0 0.976
0.903 0.605 119.4 0.923 0.902 0.602 246.1 0.955 0.900 0.596 454.4 0.985 0.897 0.590 781.0 1.016

NaI 0.843 0.397 49.6 0.433 0.842. 0.377 109.1 0.495 0.841 0.375 213.2 0.560 0.839 0.372 384.0 0.640
0.895 0.490 100.9 0.800 0.894 0.488 208.5 0.833 0.892 0.485 37Z.0 0.852 0.891 0.482 620.4 0.873
0.939 0.633 127.4 0.950 0.938 0.630 267.9 0.984 0.937 0.625 487.4 0.995 0.935 0.618 830.0 1.011

2 Na! 0.720 0.272 7.0 0.074 0.720 0.272 20.8 0.117 0.720 0.272 55.1 0.185 0.720 0.272 121.1 0.261
1 NaCNS 0.773 0.332 17.2 0.174 0.773 0.331 42.9 0.221 0.773 0.331 96.8 0.288 0.770 0.327 190.0 0.372
(byweight) 0.798 0.367 25.4 0.241 0.797 0.364 62.5 0.379 0.794 0.361 131.4 0.379 0.790 0.355 245.1 0.455

0.822 0.402 39.3 0.357 0.821 0.401 89.3 0.421 0.820 0.398 181.1 0.498 0.818 0.395 327.4 0.571
0.863 0.478 72.0 0.607 0.862 0.475 154.4 0.670 0.860 0.471 289.9 0.715 0.857 0.465 505.5 0.785
0.880 0.514 87.2 0.715 0.878 0.512 183.5 0.764 0.877 0.508 340.4 0.804 0.875 0.504 578.4 0.849

0.897 0.560 104.4 0.825 0.896 0.556 219.3 0.871 0.894 0.552 393.4 0.885 0.892 0.546 660.0 0.914
0.940 0.691 126.9 0.938 0.938 0.684 263.9 0.971 0.935 0.674 472.4 0.975 0.930 0.656 811.0 1.000

1 NaI 0.758 0.357 17.1 0.168 0.756 0.355 43.3 0.228 0.753 0.352 95.9 0.294 0.751 0.347 176.0 0.354
2 NaCNS 0.755 0.354 17.5 0.173 0.754 0.352 42.6 0.226 0.752 0.351 93.9 0.287 0.750 0.3f7 182.0 0.368
(byweight) 0.823 0.451 45.6 0.411 0.822 0.449 99.1 0.464 0.820 0.445 194.5 0.529 0.817 0.441 360.0 0.624

0.837 0.477 52.8 0.463 0.836 0.475 118.0 0.537 0.835 0.472 230.8 0.609 0.833 0.468 428.0 0.706
0.882 0.569 91.7 0.747 0.880 0.566 189.4 0.783 0.879 0.562 349.4 0.821 0.877 0.558 592.4 0.864

N1I 4Br 0.744 0.335 42.6 0.424 0.741 0.331 101.1 0.524 0.735 0.324 205.5 0.619 0.724 0.313 385.0 0.743
0.860 0.515 107.9 0.885 0.858 0.510 227.8 0.942 0.854 0.502 426.4 0.989 0.848 0.491 742.0 1.040

N1i4 0.757 0.268 24.4 0.242 0.755 0.266 62.2 0.327 0.751 0.262 132.0 0.403 0.746 0.257 239.4 0.473
0.793 0.309 38.6 0.364 0.790 0.307 90.3 0.445 0.787 0.302 183.9 0.521 0.781 0.295 348.0 0.631
0.834 0.370 65.4 0.575 0.833 0.369 138.8 0.625 0.828 0.362 261.1 0.680 0.821 0.350 472.0 0.776
0.896 0.503 110.4 0.869 0.895 0.499 227.2 0.901 0.893 0.493 419.4 0.934 0.889 0.483 713.0 0.967

Table C.2. Vapor pressure for ammonia-inorganic system.



30C 50C lod 100C
System Solvent

x m P 'y x m P Y x mf P y x m p 7

1 85.8 mole per cent 0.392 0.110 13.5 0.218 0.390 0.109 25.1 0.245 0.385 0.i? 4b.4 0.284 0.378 0.104 87.4 0.354

1, 4-butanediol and 0.536 0.181 27.7 0.326 0.533 0.179 50.7 0.359 0.530 0,111 81,0 0.412 0.522 0.173 175.2 0.501

14.2 mole per cent 0.676 0.285 59.6 0.551 0.674 0.283 107.4 0.592 0.670 0,280 178.0 0.638 0,663 0.274 341.0 0.721

NaCNS 0.782 0.489 100.3 0.789 0.781 0.406 177.6 0.817 0.780 0.409 280.0 0,838 0.771 0.393 545.0 0.907

30C 50C 10 100C

2 93.0 mole per cent
1, 4-butanediol and 0.438 0.129 22.2 0.321 0.435 0.128 41.3 0.359 0.429 0.125 81.8 0.431 0.418 0.120 146.5 0.529

7.0molepercent 0.783 0.409 109.4 0.854 0.782 0.405 188.9 0.860 0.778 0.399 838.6 0.873 0.769 0.387 568.0 0.936

NaCNS

3 83.3 mole per cent 0.426 0.112 15.6 0.232 0.422 0.110 30.2 0.272 0.416 0.108 61.0 0.333 0.406 0.104 114.0 0.427

1,4-butanediol and 0.507 0.148 25.1 0.313 0.504 0.147 48.1 0.360 0.496 0.143 96.9 0.428 0.484 0.138 179.0 0.535

16.7 mole per cent 0.613 0.212 46.6 0.479 0.610 0.210 84.9 0.519 0.602 0.205 OO.1 0.589 0.593 0.198 282.1 0.681

Nal 0.793 0.393 112.5 0.865 0.791 0.389 197.9 0.885 0.785 0.381 355.0 0.898 0.774 0.368 606.0 0.935

4 82.9 mole per cent 0.431 0.115 14.8 0.217 0.428 0.114 29.1 0.259 0.423 0.111 00.3 0.323 0.413 0.107 114.5 0.417

1,4-butanediol 17.1 0.484 0.139 22.1 0.288 0.482 0.137 42.5 0.334 0.477 0.133 8B.2 0.403 0.468 0.130 156.5 0.503

mole percent N1l4 1 0.606 0.208 42.5 0.440 0.603 0.206 77.6 0.482 0.598 0.203 147.4 0.547 0.591 0.198 260.4 0.637

0.784 0.385 98.0 0.769 0.782 0,380 172.2 0.796 0.778 0.373 311.4 0.817 0.768 0.360 530.9 0.891

5 89.1 mole per cent
1,4-butanediol - 0.618 0.223 52.3 0.527 0.614 0.221 94.0 0.569 0.611 0.217 175.1 0.630 0.598 0.209 305.0 0.724

10.9 mole per cent 0.796 0.407 111.5 0.853 0.793 0.404 193.8 0.866 0.788 0.396 361.0 0.905 0.780 0.385 621.0 0.987

NI 4 1

6 84.7 mole per cent

1, 4-butanediol and 0.458 0.133 18.7 0.258 0.455 0.131 35.3 0.295 0.448 0.128 70.5 0.357 0.437 0.123 129.0 0.447

7.7 mole per cent 0.616 0.225 44.5 0.452 0.612 0.222 81.5 0.498 0.608 0.218 154.0 0.558 0.597 0.212 268.0 0.648

Nal plus 7.6 mole
per cent NaCNS

7 76.4 mole per cent

1,4-butanedioland 0.478 0.139 18.3 0.242 0.474 0.138 34.8 0.279 0.469 0.135 70.0 0.339 0.460 0.131 130.0 0.428

11.8molepercent 0.612 0.219 41.4 0.424 0.611 0.217 76.0 0.464 0.603 0.213 144.5 0.533 0.596 0.206 254.0 0.616

of both Na! plus
NaCNS

8 55.8 mole per cent

tetraethylene glycol 0.532 0.118 28.8 0.342 0.527 0.116 52.5 0.376 0.515 0.111 100.4 0.437 0.497 0.104 177.5 0.531

and 44.2 mole per 0.684 0.203 61.8 0.564 0.678 0.199 109.3 0.597 0.667 0.191 206.0 0.064 0.650 0.179 355.0 0.759
cent NaCNS

Table C.3. Vapor pressure for ammonia-(organic-inorganic) system.
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C.3) Thermodynamic Data for Methanol Solutions (taken from reference
31)

Table C.4. P-T-X data for methanol solutions.

Vapor Pressure,
mm HgSystem

Temperature,
oC

Methanol-Naphthol (34.3%-65.7%
by weight)

Methanol-Naphthol (47.2%-52.8%
by weight)

Methanol-Naphthol (66.8%-33.2%
by weight)

Methanol-Orthophenylphenol
(15%-85% by weight)

Methanol-Orthophenylphenol
(20%-80% by weight)

Methanol-Orthophenylphenol
(40%-60% by weight)

37.60
50.60
61.90
82.10

101.80

28.35
42.45
44.40
82.80

130.20

5.91
121.10
174.70

44.5
58.5
78.0

46.4
59.2
67.8
98.8

22.3
47.0
63.9
67.5
86.8

11.4
15.4
20.0
25.0
30.0

5.0
9.6
11.3
21.8
29.2

10.8
25.0
32.2

22.16
27.84
33.28

23.61
26.50
28.00
37.29

1.27
11.01
17.36
18.15
19.43



(continued)

System

Methanol-Thymol (7.5%-92.5%
by weight)

Methanol-Thymol
by weight)

Methanol-Thymol
by weight)

Methanol-Thymol
by weight)

Methanol-Thymol
by weight)

(10%-90%

(15%-85%

(20%-80%

(30%-70%

Methanol-Thymol (50%-50%
by weight)

Vapor- Pressure, Temperature,
mm Hg _ C

46.5
56.4
64.9
81.4

49.9
70.0
57.6
84.1

43.4
64.1
96.1

87.0
48.3
61.7
76.9

42.1
79.2
92.5

116.3

25.8
32.4
41.7
55.0
64.0

38.75
41.27
45.47
50.94

36.09
44.83
39.71
48.00

32.50
39.38
46.00

34.55
24.29
27.50
33.00

20.88
34.26
37.33
41.52

69.2
11.18
15.35
19.70
22.07

Table C.
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APPENDIX D.

Utilizability and the , f-chart method*

The concept of solar energy "utilizability" (p) was developed

by Willier (R.l)+and later generalized into a design method by Liu

and Jordan (R.2, R.3). The definition of utilizability results

from the application of the Hottel-Whillier energy equation (R.4)

for flat-plate solar collection operation:

qu = Ac FR[IT(T) - UL(Ti - Ta)] (D.l)

The critical radiation level (I c ) is defined as the amount of

insolation needed to overcome the collector losses.

-UL(Ti - Ta)
I (L a) (D.2)

Equation D.l can then be rewritten in terms of the critical radia-

tion level:

qu = AcFR(Tra)(IT - IC) (D.3)

and @ can be defined as the fraction of the long-term hourly

radiation which is above Ic.
+

1 N(IT - I )

1 TC) (D.4)

*Discussion taken from reference 41, p. 46.
+The references cited in this ap~pendix are given at the en~l
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The plus superscript in Equation D.4 and hereafter indicates that

only the positive values of IT - Ic are considered in the summation.

The total useful radiation for the day can be rewritten in terms of

cp as:

At

Qu= {AcFR(Tz) IT dt (D.5)

where At is the number of daylight hours.

Whillier (R.5) showed that p is independent of the time of the

day and was able to develop graphs of p = f (Ic/IT) on a monthly

basis for several locations. Liu and Jordan (R.2, R.3) expanded

Whillier's work and showed that is also a function of a new

variable, the monthly clearness index, KT. They correlated as a

function of Ic/IT , KT , and collector tilt. Their result was the

generalized p-curve design method. Since this method was formulated

on the assumption of a constant critical level (i.e. a constant

collector fluid inlet temperature, Equation D.2) it is only

applicable to systems with constant collector fluid inlet

temperatures.

In order to reduce the computational burden of the f-curve

method, Klein (R.5) generalized the concept and developed the

monthly utilizability concept, c. @ is the daily analogy of the

hourly utilizability . Thus:
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N At rN ,At

10 (I T - I+ +dt dn (I - IC)+dt dN
- 0 J= J J (D.6): I T dt dN 

HT N

0 -0

The monthly total useful radiation can be written as:

QuAcFR(- T I c)+ dt dN (D.7)u O0 CRTo0

or in terms of the monthly average daily utilizability,

Qu= AcFR ( ) HT N. (D.8)

Klein found that the value of is dependent upon a number of

variables including the critical level, the collector orientation

and location, the time of the year, and the distribution and total

quantity of radiation. He was able to correlate the dependence

of c on these variables as a function of three dimensionless

parameters -KT, R/Rn , and Xc-

KT, as previously mentioned, was introduced by Liu and Jordan

and is called the monthly clearness index. It is the ratio of the

monthly average daily total radiation to the monthly average daily

extra-terrestrial radiation. It provides quantitative information

about the distribution of and total radiation available.

R/Rn is a geometry factor which incorporates the effects of

collector orientation, location, and time of year. R is the ratio

of monthly total radiation on a tilted surface to that
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on a horizontal surface. Rn is the ratio of radiation at noon on

a tilted surface to that on a horizontal surface on the same date.

Xc is a dimensionless critical radiation level and is equal

to the ratio of the critical radiation level to the radiation at

noon for an average day during the month in which the total radia-

tion for the day is the same as the average for the month.

I
X = c (D.9)c R

rTn Rn H

or since H = KTH0

X c :c (D.10)
rTn Rn H KT

where Ic can be found from Equation D.2 and rTn, Rn, H0, and KT can

be found by methods outlined by Duffie and Beckman (R.6). The

correlation is mathematically expressed as:

= EXP [(A + B (Rn/R)(X c + CX c2(0.11)

where:

A = 2.943 - 9.271 KT + 4.031 KT

B = -4.345 + 8.853 KT - 3.602 KT

C = -0.170 - 0.306 KT + 2.936 KT2

The cb-curve design method reduces the number of calculations

required in estimating the thermal performance of a solar energy

system. However, like the p-curve method, the k-curve method was
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developed assuming that the critical level (I c ) was held constant

over the month. This restricts application of this method to systems

that have a constant critical level (i.e. constant collector fluid

inlet temperature) over each month. Examples of systems that

approximate these conditions are seasonal storage solar energy

systems.

The f-method can be used to estimate the maximum energy col-

lection of any solar energy system by assuming that the system

operates the entire month at the minimum allowable collector fluid

inlet temperature (Tmin). This application gave rise to the

@, f-chart design. The c, f-chart design method combines the

concepts of the p-curve method and the f-chart method to account for

variations in the inlet temperature. Klein and Beckman (R.7) cor-

related the results of hundreds of detailed computer simulations by

two dimensionless parameters max Y and P. maxY relates the

system performance to the solar energy gain while X' relates it to a

thermal energy loss. Mathematically these two parameters can be

written as:

AcFR' ( HT N

max Y =' max[c ] (D.12)

=1AcFR' UL (1000 C) t (D.13)
QL

@ma is the maximum value of the monthly average daily

utilizability and is equal to the fraction of the average daily
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radiation which could be collected by a solar collector for which

FR' (T-r-) is : unity and the fluid inlet temperature is equal to Tmin

Y is the ratio of the energy which would be collected by a

solar collector with a specified value of FR' (I-) and UL equal to

zero, to the energy required to meet the load. The product, max Y 9

is the fraction of the load, QL, which would be supplied by a solar

collector with the specified values of FR' (-ct) and FR' UL if the

collector fluid inlet temperature was always equal to Tmin'

X' is a measure of the sensitivity of system performance to the

collector fluid inlet temperature. A value of X' equal to zero

indicates that the system will be unaffected by increases in collector

fluid inlet temperatures. On the other hand, as X' increases the

sensitivity of system performance to collector fluid inlet tempera-

tures also increases.

The , f-chart correlation can be mathematically described as:

f = max Y - a (exp (bf) - 1)(1 - exp (cX)) (D.14)

where:

a = 0.015 M P2  - ] .76
.350 KJ/m 2 - C

b = 3.85

c = -0.15

The typical , f-chart calculation procedure used to determine

f on a monthly basis, with a known monthly load, QL is given below.
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CI) MAX' is equal to the fraction of the monthly total

radiation above the level Imin* Therefore MAX =

CMAX(X cmin). Xc is defined by Equation D.9 and
Xcmi n is:

Xc~min is:

Xcmincmin
rTn Rn H0 KT

where:

F'U CL (Tmi n - Ta )

FIR=c,mi n - m
FR' I)-

Tmin = minimum allowable collector fluid inlet temperature

rTn, Rn HO' FR', and CT-- are calculated by methods

described in Duffie and Beckman (R.8)

(2) MAX is determined from the correlation [ - (Xc KT9

R, Rn )] Equation D.11.

(3) The dimensionless quantities MAX Y and X' are calculated

from Equations D.12 and D.13.

(4) The monthly solar fraction, f, is determined using the

, f-chart graphs or the correlation Equation D.14.

(5) f is corrected for thermal storage losses and load heat

exchanger size (R.7).

For a more detailed description of the , f-chart method

references R.7 and R.8 should be consulted.
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APPENDIX E. LIFE CYCLE COST AND THE PI' P2 METHOD.*

E.l The Life Cycle Cost

The life cycle cost is the present worth of all the first and

annual costs. This sum of all costs accounts for inflation of fuel

prices and the time value of money.

E.2 Life Cycle Cost Formulation

The life cycle cost C of an energy conserving investment can be

written as:

C = (Investment Cost) + (Fuel Cost) + (Miscellaneous Costs)

+ (Property Tax) - (Tax Savings) (E.1)

Investment costs are those associated with the initial down payment

and load payments, if any. Fuel costs, property taxes, and miscel-

laneous expenses such as maintenance and insurance occur annually,

and their present worth must be determined. Tax savings are the

deductions from income tax due to interest on the loan and property

tax. For a business, additional expenses are allowed. These include

the fuel costs and depreciation of equipment. These costs can be

divided into two categories; one associated with the investment

cost and the other with fuel costs. Equation E.l can be re-written

as:

C = PlCF + P2CE (E.2)

*Taken from J. W. Mitchell ,"Notes for the ME 467 Course,"Dp.o
Mech. Eng., University of Wisconsin, Madison (1979).
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where CF is the first year fuel price, CE the equipment investment,

and P1 and P2 are economic factors. The evaluation of P1 and P2

depends on the present worth factor for a series of payments which

inflate with time. This evaluation will be considered in the next

section.

E.3 Regularly Increasing Costs

The factor P1 accounts for the increase in fuel price and the

decrease in value with time. It is the present worth of an annual

series that increases with time in an uniform fashion. It is

assumed that all fuel payments are at the end of the year. The

fuel price escalates at a rate f, and for year n, the price in that

year is CF(l+f)n-l. However, the present worth of the fuel payment

decreases at interest rate d, and in year n is worth CF(l+f)n-l/

(l+d)n The sum of the present worth of these series of payments

is given by

Present Worth = CFF(n,f,d) (E.3)

where F(n,f,d) is the present worth factor evaluated as follows.

For f I d
1 [ r lIfnl

F(n,f,d) : (df) 1 [YfJJJ

For f = d

IIF(n,f,d) = 1 + d (E.4)
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E.4 Evaluation of P1 and P2

The evaluation of P1 and P2 in Equation E.2 depends on many

economic factors. Those included in the evaluation are

D - ratio of down payment to initial investment

n - number of years for the economic analysis

nL - term of the loan

n1 - minimum of n and nL

nd - depreciation life time

n2 - minimum of n and nd

d - interest or market discount rate

m - mortgage interest rate

i - general inflation rate

f - fuel price inflation rate

p - property tax rate

t - income tax rate

M - ratio of maintenance, insurance, etc. costs to investment

S - ratio of salvage value to investment

c - a multiplier equal to unity for a commercial investment

and zero for a residential investment.

For a residential application, the entire fuel costs are an

expense. For a commercial application, fuel expenses are deductable

and only a portion of the actual expenses are felt. Thus P1 becomes

(E.5)P1 = (l-ct)F(n,f,d)



289

In evaluating P2 ' the down payment at the present time and the

future principal payments are expenses. The interest paid is tax

deductable. Property taxes for both residential and commercial

application are deductable from income taxes. Expenses for

insurance, maintenance, etc. are only deductable for a business.

A business can depreciate the equipment, and deduct this expense

from the income tax. These factors are reflected by the following

relation for P2

P=  D +

Down Payment

- t(l-D) F(nl,m,d) M

F(n I ,Osd)

F(nL ,0 ,m)

Payments on Principal

1 F(n1 'O'd) 1
F(nL,O,m) F(nL,O,m) j

tax deductions for interest payments

+ [p(l-t)

Property tax

-=z(n,d)

Depreciation

+ M(l-ct)]F(n,id)

Maintenance

- S/(l+d)n

Salvage value

(E.6)
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APPENDIX F. COMPUTER PROGRAM LISTINGS
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F.l Single effect cycle......................291

F.2 GAX cycle with adiabatic expansion. .. . ............. 295
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F.9 , f-chart method with the Arkla WF-36 model.............334

F.1O , f-chart method with the specification of the monthly
average COP and firing temperature . . ................ 341

F.ll Economic comparison. Solar absorption cooling vs.
conventional cooling. . ... . .................... .. 346
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F.1 Single Effect Cycle

1000 HOME : PRINT "SINGLE EFFECT SYSTEM CALCULATIONS GIVEN
INTERNAL TEMPERATURES AND TEMPERATURE DIFFERENTIAL AT THE
COLD SIDE OF THE SOL HEAT EXCH. 1 LB/HR OF WEAK ABSORBENT
IS THE BASIS"

1:10 DIM T(7),.,H(7)
1012 REM****T(I),H(I) ARE TEMPERATURE AND ENTHALPY OF
STREAM In CONSULT A FLOW DIAGRAM OF THE CYCLE
1020 PRINT "ENTER TEMPERATURES OF GENERATOR, CONDENSER,
EVAPORATOR, AND ABSORBER"
1(30) INPUT T(3),T((6),T(7),qT(1)
1040 PRINT "ENTER TEMP DIFFERENTIAL AT THE COLD TERMINAL
OF THE SOL HEAT EXCH"

1050 INPUT DT
1051 REM****CALCULATIONS ARE BASED ON 1 LB/HR OF WEAK
ABSORBENT. MW=FLOW RATE OF W. ABS.
1052 MW = I
1060 T1 T(1):T2 = T(7)
1070 GOSUB 5000:XW = X
1072 REM****XW IS THE CONCENTRATION OF THE WEAK ABSORBENT
1080 REM CALC CUT-OFF TEMP
1090 X = XW:T2 = T(6)
1100 GOSUB 5380:T(0)= F
11(052 REM****T(0) IS THE CUT-OFF TEMP
1110 IF T(3) % = T(0) THEN PRINT "NO COOLING POSSIBLE":
GOTO 1450
1120 T1 = T(3):T2 T(6)
1130 GOSUB 5000:XS = X
1132 REM****XS IS THE CONC. OF THE STRONG ABSORBENT
1140 MS = XW / XS * MW
1142 REM****MS IS THE FLOW RATE OF STRONG ABSORBENT
1150 MR = MW - MS
1152 REM****MR IS THE FLOW RATE OF REFRIGERANT
1160 T(4) = T(1) + DT
1170 T = T(1):X = XW
1180 GOSUB 5210:H(1) = H
1190 T = T(3):X = XS
120 GOSUB 5210:H (3) = H
1210 T = T(4):X = XS
1220h GOSUB 5210:H(4) = H
123 Q1 H = MS * (H(3) - H(4))
123 REM****QH IS THE HEA~T RATE OF THE SOL. HX
1240 H(2) = H(1) + QH / MW
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1250 X = XW:H = H(2)
1260 GOSUB 5340:T(2) = T
1270 IF T(2) T(0) GOTO 1290
1280 PRINT "WEAK ABSORBENT DOES NOT BOIL IN SOL HX":XM
XW: GOTO 1330
1290 PRINT "WEAK ABSORBENT BOILS IN SOL HX"
1300- REM CALC TEMP OF THE OUTLET WEAK ABSORBENT FROM HX
1310 HG = H(2):XG = XW:TA = T(O):T2 - T(6)
I 1 GOSUB 5800:T(2) = TB:XM = XM
1330 T T(3): GOSUB 5150:H(5) = H
1340 T = T(6): GOSUB 5180:H(6) = H
150 T = T(7): GOSUB 5150:H(7) = H
1 52 REM****QG, 0C, QEQA ARE HEAT RATES IN GENERATOR,
CONDENSER, EVAPORATOR AND ABSORBER
1360QG = MR * H(5) + MS * H(3) - MW * H(2)
1370 QC = MR * (H(5) - H(6)).
1380 QE = MR * (H(7) - H(6))
1390 QA = MR * H(7) + MS * H(4) - MW * H(1)
1400 COP = QE / QG
1410 PRINT "XW=;XWqXM=";XMqXS ";XS
1412 PRINT "CUT-OFF TEMP=";T(0),"T(2)=";T(2)
1420 PRINT "MW=";MWCMS=";MS, "MR";MR
1430 PRINT ",D;.GEC=0;C, E;O ,
1440 PRINT "QH=";QH, "COP=";COP
1450 END
4999 REM****SUBROUTINES LIBR-H20 THERMO-PROPERTIES BASED ON
ASHRAE HANDBOOK OF FUNDAMENTALS. TEMP SHOUD BE IN DEG. F,
500 REM****MASS FRACTION OF WEAK ABSORBENT IN THE
SOLUT I ON
5002 REM****THE CALCULATION IS BASED ON THE NEWTON-RAPHSON
METHOD
S0. ) =XSC): REM INITIAL APPROX.
5 0.20 X = Xl
5030 GOSUB 5100a:FI = F
5040 X = Xl + 1E - 04:REM****SMALL INCREMENT
5050 GOSUB 5100: F2 -. = F
5060 X2_  XI - IE - 04 * Fl / (F2 - FI):REM****NEXT
APPROXIMATION
5070 IF ADS ( (X2 - XI) / XI) .: = E - 04 GOTO 5090
5080 X1 X2: GOTO 5020
5090 X = X2 / 100: GOTO 5140
5100 REM CALC F
5110A = - 2.,00755 +16976*X-3133362E- 032*X +
1,97668E - 05 * X.... 3

.120 B .i321.12 - 19 ._ . * X+ .34382 * X 2... .. 7
03 * X ...3
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5130 F = A * T2 + B- TI
5132 RETURN
5140 RETURN
5150 REM SATURATED STEAM ENTHALPY
5160 H = 1061 + .45 * T
5162 REM****H IN BTU/LB
5170 RETURN
5180- REM SATURATED LIQUID WATER ENTHALPY
5190 H = T - 32
5200 RETURN
5210 REM ENTHALPY OF SOLUTION
5220 X = 100 * X: GOSUB 5290
5 230C H = A + B * T + C * T 2
5240 RETURN
5.90 REM A, B5 C
5300 A = - 1015.07 + 79.5387 * X - .358016 * X 2 +
.03031583 * X 3 - 1.400261E - 04 * X 4
5310 B = 4.68108 - .3037766 * X + 8n44845E - 03 * X 2 -

1.047721E - 04 * X 3 + 4.80097E - 07 * X.... 4
5320 C = - 4.9107E - 03 + 3.83184E - 04 * X - 1.078963E -

05* X- 2 + 1,3152E - 07 * X 3- 5.897E- 10 * X 4
5330 RETURN
5340 REM TEMP OF SOL GIVEN X AND H
5350 X = 100 * X: GOSUB 5290
5360 T = ( - B + (B 2 - 4 * C * (A - H)) .5) / 2 / C
5370 RETURN
5380 REM TEMP OF SOL GIVEN X AND T2
5390 X = 100 * X: GOSUB 5100:F = A * T2 + B
5400 RETURN
5800 REM EQUILIBRIUM TEMP OF A MIXTURE OF TWO PHASES
LIQ-VAP GIVEN GLOBAL ENTHALPY AND CONCENTRATION"

5810 REM****NEWTON-RAPHSON METHOD
5820 T1 = TA: REM T2 MUST BE ALREADY DEFINED
5822 REM****TA IS AN INITIAL APPROXIMATION
5830 GOSUB 5010: XM X
5840 T TA:X = XM
5850 GOSUB 5210:HM = H
5822 REM****XM AND HM ARE THE ESTIMATED TEMP AND ENTHALPY
OF THE SATURATED SOL
5860 T = TA: GOSUB 5150:HV H
5862 REM****HV IS THE ESTIMATED ENTHALPY OF THE VAPOR
REFRIGERANT
587) F(A = HG- XG / XM * (HM - HV) - HV
5872 REM****XG IS THE GLOBAL CONCENTRATION OF ABSORBENT
(LIBR) IN THE TWO PHA.SE MIXTURE
5880: TB = T A + .001
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B.,890 TI = TB
5'900 GOSUB 50 10: XM X
5910 T = TB:X = XM
5920 GOSUB 5210:HM = H
5930 T = TB: GOSUB 5150:HV = H
5940 FB = HG - XG / XM * (HM - HV) - HV
5950 T = TA - (TB - TA) * FA / (FB - FA):REM****NEXT
APPROXIMATION
5960 IF ABS (T - TA) < = .001 GOTO 5980
5970 TA= TB:FA = FB:TB = T: GOTO 5890
5980 RETURN
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F.2 GAX Cycle with Adiabatic Expansion

999 HOME
1000 PRINT "GENERATOR-ABSORBER HEAT EXCHANGE CYCLE
CALCULATIONS GIVEN INTERNAL TEMPERATURES, AND TEMPERATURE
DIFFERENTIAL AT THE HOT SIDE OF THE SOL HEAT EXCH. BASIS=I
LB/HR OF WEAK ABSORBENT": PRINT "PRESS SPACE BAR TO
CONTINUE": GET A
1010 DIM T(11),H(11),XS(6)
1012 REM****T(I),HI ARE TEMP AND ENTHALPY OF STREAM I.
XS(I) IS THE MASS FRACTION OF ABSORBENT OF THE SATURATED
SOLUTION OF A MIXTURE LIQUID-VAPOR IN STREAM I. CONSULT A
FLOW DIAGRAM OF THE CYCLE
1020 PRINT "ENTER TEMPERATURES OF THE GENERATOR,
CONDENSER, EVAPORATOR, AND ABSORBER"
1030 INPUT T(),T (9),T(10),T(I)

I0}40 PRINT "ENTER RETURN REFRIGERANT TEMP, AND TEMP
DIFFERENTIAL AT THE HOT SIDE OF THE SOL HEAT EXCH"

1050( INPUT T(II),DT
1060 MW = 1
1070 TI = T(1) :T2 T (10): GOSUB 5000: XW X
1072 REM****XW IS THE CONCENTRATION OF WEAK ABSORBENT
1090 REM CALC CUT-OFF TEMP
1100 X = XW:T2 T(9): GOSUB 5380:T(0) = F
1110 IF T(3) = T(0) GOTO 158C)
1120 TI = T(3):T2 = T(9): GOSUB 5000:XS = X
1122 REM****XS IS THE CONCENTRATION OF THE STRONG ABSORBEN
11'0 MS = MW * XW / XS
1132 REM****MS IS THE FLOW RATE OF STRONG ABSORBENT
1140 MR = MW - MS
1142 REM****MR IS THE FLOWRATE OF REFRIGERANT
1150 REM CALC STATE 4
1160 T = T(3):X = XS: GOSUB 5210:H(3) = H
1170 H(4) = H(3)
1180 HG = H(4):XG = XS:TA = T(O):T2 - T(10)
1190 GOSUB 5800:T(4) = TB:XS(4) = XM
1200-) REM CALC STATE 5
1210 T = T(11): GOSUB 5150:H(11) = H
1220 H(5) = MS * H(4) + MR * H(II)
1.230 HG = H(5):XG = XW:TA T(O):T2 - T(10)
1240 GOSUB 5800:T(5) = TB:XS(5) = XM
1250 REM CALC STATE 2
1'260 T(2) = T(5) - DT
1270 IF T (2) T (0) GOTO 1320

T
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19280 PRINT "BOILING DOES NOT OCCUR IN THE SOL HX"
1290 XS(2) = XW
1300 T = T(2) :X = XW: GOSUB 5210:H(.) = H
1310 GOTO 1370
1320 PRINT "BOILING OCCURS IN THE SOL HX"
1322 REM****STREAM 2 IS A TWO PHASE MIXTURE OF SATURATED
SOL, AND VAPOR REFRIGERANT
1330 TI = T(2):T2 = T(9): GOSUB 5000:XS(2) X
1340 T = T(2) : GOSUB 5150:HV = H
1342 REM****HV IS THE ENTHALPY OF THE VAPOR REFRIGERANT IN
THE TWO PHASE MIXTURE OF STREAM 2
1350 T = T(2):X = XS(2): GOSUB 5210:HS = H
1352 REM****HS IS THE ENTHALPY OF THE SATURATED SOLUTION
I1360 H(2) = XW / XS(2) * (HS - HV) + HV
1362 REM****H(2) IS THE GLOBAL ENTHALPY OF THE TWO PHASE
MIXTURE
1370 T = T(1):X = XW: GOSUB 5210:H(1) = H
1380 QH = MW * (H(2) - H(l))
1382 REM****QH IS THE HEAT TRANSFERRED IN THE
GENERATOR-ABSORBER HEAT EXCHANGER
1390 H(6) = H(5) - QH / MW
1400 REM CALC STATE 6
1410 HG = H(6):XG = XW:TA = T(0):T2 - T(10)
1420 GOSUB 5800:T(6) = TB:XS(6) = XM
143(0 T(B) = T(3) - T(11) + T(1O)
1440 T = T(8): GOSUB 5150:H(8) = H
1450 T = T(9): GOSUB 5180:H(9) = H
1460 T = T(10): GOSUB 5150:H(10) = H
1470 T = T(3): GOSUB 5150:H(7) = H
1472 REM****QG, QC, QE, QA ARE THE HEAT FLOW RATES OF THE
GENERATOR, CONDENSER, EVAPORATOR, AND ABSORBER
1480 QG = MR * H(7) + MS * H(3) - MW * H(2)
1490 QC = MR * (H(S) - H(9))
1500 QE = MR * (H(10) - H(9))
1510 QA = MW * (H(6) - H(1))
1520 CO = QE / QG
1522 REM****CO IS THE COEFFICIENT OF PERFORMANCE
1530 PRINT
11"T (0))-1';T(0)TT (2) T(2)."T (4)="T(4) "T(5)=";T(5) "T(6)="
;T(6)
154(0- PRINT
"XW=" ;XW, "XS="; XS "XS(2)";XS(2)"XS(4)";XS(4) ,"XS(5)";XS
(5) , "XS (6) =" ;XS(6)

1550 PRINT "MW=";MW, "M5";MS, "MR=";MR
1560] PR INT "OG=" ;G, "0C=" ; C.,"QE="; QE,"A";Q
15701 PR I NT "OH=" O .H, "COP=" ;CO
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1580 END
4999 REM****SUBROUTINES LIBR-H20 THERMO-PROPERTIES BASED ON
ASHRAE HANDBOOK OF FUNDAMENTALS. TEMP SHOUD BE IN DEG. F,
5000 REM****MASS FRACTION OF WEAK ABSORBENT IN THE
SOLUTION
500.2 REM****THE CALCULATION IS BASED ON THE NEWTON-RAPHSON
METHOD
5010 XI = 50: REM INITIAL APPROX.
5020 X = Xl
5030 GOSUB 5100:FI = F
5040 X = XI + IE - 04:REM****SMALL INCREMENT
5050 GOSUB 5100:F2 = F
5060 X2 = Xl - IE - 04 * Fl / (F2 - FI):REM****NEXT
APPROXIMATION
5070 IF ABS ((X2 - XI) / XI) = IE - 04 GOTO 5090
5080 X1 = X2: GOTO 5020
5090 X = X2 J / 100: GOTO 5140
5100 REM CALC F
5110_.=-2.00755 + .16976 * X 3.133362E (-)3 * X 2 +
1.97668E - 05 * X 3
5 1.20 B = 321.128 - 19.322 *X+ .374382* X 2 0637E
03 * X 3
5130 F = A * T2 + B - TI
5132 RETURN
5140 RETURN
5150 REM SATURATED STEAM ENTHALPY
5160 H = 1061 + .45 * T
5162 REM****H IN BTU/LB
5170 RETURN
5180 REM SATURATED LIQUID WATER ENTHALPY
5190 H = T - 32
5.200 RETURN
5210 REM ENTHALPY OF SOLUTION
5220 X = 100 * X: GOSUB 5290
5230 H = A + B * T + C * T 2
5240 RETURN
5290 REM A,B,C
5300 A = - 1015. 07 + 79537 - X 3
S03031583 * X 3 - 1.400261E - 04 , X 4
5310 B = 468108-.3037766 * X + 8.44845E - 03 , X 2
1.047721E - 04 * X 3 + 4.80097E- 07 * X 4
520 C = - 4.9107E - 03 + 3.83184E - C:)4 * X - 1.078963E -

05 * X 2 + 1.3152E -07 * X 3 - 51897E- 10 * X 4
533 RETURN
5340 REM TEMP' OF SQL GIVEN X AND H
5350 X =100 * X: GOSUB 5290
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S60 T= (-B+ (B.2-4*C* (A-H)) .5)/ /C
5370 RETURN

5380 REM TEMP OF SOL GIVEN X AND T2
5390 X = 100 * X: GOSUB 5100:F = A * T2 + B
5400 RETURN
5800 REM EQUILIBRIUM TEMP OF A MIXTURE OF TWO PHASES
LI-VAP GIVEN GLOBAL ENTHALPY AND CONCENTRATION"

581) REM* * **NEWTON-RAPHSON METHOD
5820 TI = TA: REM T2 MUST BE ALREADY DEFINED
5822 REM****TA IS AN INITIAL APPROXIMATION
5830 GOSUB 5010:XM = X
5840 T = TA:X = XM
5850 GOSUB 5210:HM = H
5822 REM****XM AND HM ARE THE ESTIMATED TEMP AND ENTHALPY
OF THE SATURATED SOL
5860 T = TA: GOSUB 5150:HV = H
5862 REM****HV IS THE ESTIMATED ENTHALPY OF THE VAPOR
REFRIGERANT
5870 FA = HG - XG / XM * (HM - HV) - HV
5872 REM****XG IS THE GLOBAL CONCENTRATION OF ABSORBENT
(LIBR) IN THE TWO PHASE MIXTURE, HG IS ITS GLOBAL ENTHALPY
5880 TB = TA + .001
5890 TI = TB
5900 GOSUB 5010:XMX
5910 T = TB:X = XM
5920 GOSUB 5210:HM H
5930 T = TB: GOSUB 5150:HV = H
5940 FB = HG - XG / XM * (HM - HV) - HV
5950) T = TA- (TB- TA) * FA / (FB - FA):REM****NEXT
APPROXIMATION
596(0 IF ABS (T - TA) = -001 GOTO 5980
5970 TA TB:FA= FB:TB = T: GOTO 5890
5980 RETURN
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F.3 GAX Cycle with Heated Expansion

999 HOME
1000 PRINT "GENERATOR-ABSORBER HEAT EXCHANGE CYCLE
CALCULATIONS. THE EXPANSION OF THE STRONG ABSORBENT IS
POLITROPIC. INTERNAL TEMPERATURES, AND TEMP DIFFERENCE AT
THE HOT SIDE OF THE SOL HEAT EXCH MUST BE INPUT"

100:)2 PRINT "BASIS=1 LB/HR OF WEAK ABSORBENT": PRINT "PRESS
SPACE BAR TO CONTINUE": GET A
1010 DIM T(11),H(11),XS(6)
1012 REM****T(I),H(I) ARE TEMPERATURE AND ENTHALPY OF
STREAM I. XS(I) IS THE CONCENTRATION OF THE SATURATED
SOLUTION OF A TWO PHASE MIXTURE LIQUID-VAPOR. XG(I) IS ITS
GLOBAL CONCENTRATION
1020 PRINT "ENTER TEMPERATURES OF THE GENERATOR,
CONDENSER, EVAPORATOR, AND ABSORBER"
1030 INPUT T(3),T(9),T(10),T(1)
1040 PRINT "ENTER RETURN REFRIGERANT TEMP, AND TEMP
DIFFERENTIAL AT THE HOT SIDE OF THE SOL HEAT EXCH"

1050 INPUT T(11),DT
1052 PRINT "ENTER TEMPERATURE OF STRONG ABSORBENT AFTER
EXPANSION": INPUT T(4)
10I)60 MW 1
10'0 T1 = T(1):T2 T (10). GOSUB 5000: XW X
1080 REM****XW IS THE CONCENTRATION OF THE WEAK ABSORBENT
1090 REM CALC CUT-OFF TEMP
1100 X = XW:T2 = T(9): GOSUB 5380:T(0) = F
I110 IF T(3) = T(C) GOTO 1580
1120 T1 T(3):T2 = T(9): GOSUB 5000:XS = X
1122 REM****XS IS THE CONCENTRATION OF THE STRONG ABSORBENT
1130 MS = MW * XW / XS
1140 MR = MW - MS
1142 REM****MS AND MR ARE THE FLOW RATES OF STRONG
ABSORBENT AND REFRIGERANT
1150 REM CALC STATE 4
1152 T T(3):X = XS: GOSUB 5210:H(3) = H
1160 TI = T(4):T2 = T(10) : GOSUB 5000:XS(4) = X
1170 T T(4): GOSUB 5150:HV = H
1180 T = T(4):X = XS(4): GOSUB 5210:HS = H
1190 H(4) = XS / XS(4) * (HS - HV) + HV
1191 REM***HV AND HS ARE ENTHALPIES OF THE VAP'OR
REFRIGERANT AND THE SATURA~TED SOLUTION OF THE TWO PHASE
M IXTURE
1192 QT =MS * (H(4) - H(3))
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1194 REM****QT IS THE HEAT FLOW RATE INPUT TO THE
POLYTROPIC EXPANSION
1200 REM CALC STATE 5
1210 T = T(11)- GOSUB 5150:H(11)= H
1220 H(5) = MS , H(4) + MR * H(11)
123C.) HG = H(5):XG = XW:TA = T(O):T2 = T(10)
1240 GOSUB 5800:T(5) = TB:XS(5) = XM
12 0 REM CALC STATE 2
1260 T(2) T(5) - DT
1270 IF T(2) T(O) GOTO 132)
1280 PRINT "BOILING DOES NOT OCCUR IN THE SOL HX"

1290 XS(2) = XW
1300 T = T(2):X = XW: GOSUB 5210:H(2) = H
1310 GOTO 1370
1 02 PRINT "BOILING OCCURS IN THE SOL HX"
1330 Ti = T(2):T2 = T(9): GOSUB 5000:XS(2) X
1'4-40 T = T(2): GOSUB 5150:HV = H
1350 T =vT( "2 ):X = XS(2): GOSUB 5210:HS H
136') H(2) = XW / XS(2) , (HS - HV) + HV
1370 T = T(1):X = XW: GOSUB 5210:H(1) = H
1380 QH MW * (H(2) - H(1))
1382 REM****QH IS THE HEAT TRANSFERRED IN GEN-ABS HEAT
EXCHANGER
1390 H(6) = H(5) - OH / MW
1400 REM CALC STATE 6
1410 HG =H(6):XG = XW:TA = T(0):T2 T(1O)
1420 GOSUB 5800:T(6) = TB:XS(6) = XM
1430 T(8) = T() - T(11) + T(10)
1440 T = T(8): GOSUB 5150:H(8) = H
1450 T = T(9): GOSUB 518():H(9) = H
1460 T = T(10): GOSUB 5150:H(10) = H
1470 T = T(3): GOSU B S15.H(7) = H
1472 REM****QG, QC, QE, QA ARE HEAT FLOW RATES OF THE
GENERATOR, CONDENSER, EVAPORATOR, AND ABSORBER
1480 QG = MR * H(7) + MS , H(3) - MW * H(2)
1490 QC = MR * (H(S) - H(9))
1500 QE = MR * (H(10) - H(9))
1510 OA = MW * (H(6) - H(1))
1520 CO = QE / (QG + QT)
1522 REM****CO IS THE COEFFICIENT OF PERFORMANCE
1530 PR I NT

T0 T(2)=;T (2) T (4)= ;T(4) T(5)="-T(5) T(6)
T (6)
154 0 PR I NT
"XW="; XW, "X" S X 2 =";,X .)~"X (4, X (4~X ); XS
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1550 PRINT "MW="; MW, "MS";MSq "MR";MR
1560 PRINT "QG=";QG,C;QC, E E ;QA
1570 F'RINT "QH=" ;QH, "C!T=";QT, "COP=";COP
1580 END
4999 REM****SUBROUTINES LIBR-H20 THERMO-PROPERTIES BASED ON
ASHRAE HANDBOOK OF FUNDAMENTALS, TEMP SHOUD BE IN DEG. F5
5)00 REM****MASS FRACTION OF WEAK ABSORBENT IN THE
SOLUTION
5002 REM****THE CALCULATION IS BASED ON THE NEWTON-RAPFHSON
METHOD
5010 XI 50: REM INITIAL APPROX.
5020 X = XI
5030 GOSUB 5100:F1 = F
5040 X = XI + IE - 04:REM****SMALL INCREMENT
5050 GOSUB 5100:F2 = F
5060 X2 XI - E - )4 * Fl / (F2 - FI):REM****NEXT
APPROXIMATION
50170 IF ABS ((X2 - Xl) / XI) = IE - 04 GOTO 5C)90
5080 Xl = X2: G OT050 0
5090 X = X2 / 100: GOTO 5140
5100 REM CALC F
5110, = - 2.00755 + .16976 , X - 3. 133362E - 03 * X 2 +
1.97668E - 05 X.3
5120 B = 321.128 - 19.3x2l- * X + .374382 * X 2 2 )-.)637E -
03 * X 3
5130 F = A * T2 + B - TI
5132 RETURN
5140 RETURN
5150 REM SATURATED STEAM ENTHALPY
5160 H = 1061 + .45 * T
5162 REM****H IN BTU/LB
5170 RETURN
5180 REM SATURATED LIQUID WATER ENTHALPY
5190 H = T -2
5200 RETURN
5210 REM ENTHALPY OF SOLUTION
5220 X = 100 * X: GOSUB 5290
5230 H = A + B * T + C * T 2
5240 RETURN
5290] REM A, B, C
5300 P. = - 1015. 07 + 79 .537*X-23506*X '

.0'3031583 * X ...3 - 1.400261E - 04 * X ...4
530 =4.818- .3037766 * X + 8.44845E - 03*X

1.047721E - 04 * X ...3 + 4,80097E - 07 * X ...4
5320 C = - 4.9107E - 03 + 3.83184E - 04 * X - 1.078963E -

0.'5 * X 2... + 1.3152-E - 07 , X ...3 - 5.897E - 10 * X ...4
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-33 RETURN
5340 REM TEMP OF SOL GIVEN X AND H

5350 X IC)00 * X: GOSUB 5290
5T60 T ( - B + (B 2 - 4*C* (A-H)).5) / / C
"70. RETURN

5380 REM TEMP OF SOL GIVEN X AND T2
5390 X C100 * X: GOSUB 5100:F = A * T2 + B
540X0 RETURN
5800 REM EQUILIBRIUM TEMP OF A MIXTURE OF TWO PHASES
LIQ-VAP GIVEN GLOBAL ENTHALPY AND CONCENTRATION"

5810 REM****NEWTON-RAPHSON METHOD
5820 TI= TA: REM T2 MUST BE ALREADY DEFINED
5822 REM****TA IS AN INITIAL APPROXIMATION
5830 GOSUB 5010:XM = X
5840 T = TA:X = XM
5850 GOSUB 5210:HM = H
5822 REM****XM AND HM ARE THE ESTIMATED TEMP AND ENTHALPY
OF THE SATURATED SOL
5860 T = TA: GOSUB 5150:HV = H
5862 REM****HV IS THE ESTIMATED ENTHALPY OF THE VAPOR
REFRIGERANT
5870 FA = HG - XG / XM * (HM - HV) - HV
5872 REM****XG IS THE GLOBAL CONCENTRATION OF ABSORBENT
(LIBR) IN THE TWO PHASE MIXTURE, HG IS ITS GLOBAL ENTHALPY
5880 TB = TA + .001
5890 Ti = TB
5900 GOSUB 5010:XM = X
5910 T = TB:X = XM
5920 GOSUB 5210:HM H
5930 T = TB: GOSUB 5150:HV = H
5940 FB = HG - XG / XM , (HM - HV) - HV
5950 T =TA- (TB- TA) * FA / (FB - FA):REM****NEXT
APPROXIMATION
5960-. IF ABS (T - TA) 0= .01 GOTO 5980
5970 TA = TB:FA = FB:TB T; GOTO 5890
5980 RETURN
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F.4 Double Effect Cycle

.90 HOME
100 PRINT "DOUBLE EFFECT SYSTEM. INTERNAL TEMPERATURES ARE
TO BE INPUT. PERFECT HEAT EXCHANGE IN THE SECOND EFFECT AND
IN THE SOL HEAT EXCH. IS ASSUMED. OUTLET SOL FROM ABS IS
SATURATED"
102 PRINT "THE PAIR USED IS LIBR-H20, WHOSE PROPERTIES ARE
TAKEN FROM ASHRAE HANDBOOK"
110 PRINT "PRESS SPACE BAR TO CONTINUE": GET A
12) DIM T(12),H(12),XS(2),MR(2),Q(6),MS(2)
122 REM****T(I),H(I) ARE TEMPERATURE AND ENTHALPY OF STREAM
I; MR(I)., MS(I) ARE FLOW RATES OF REFRIGERANT AND ABSORBENT
SOLUTION EMERGING FROM EFFECT I; Q(I) IS HEAT FLOW RATE IN
SOME HEAT EXCHANGER OF THE CYCLE, XS(I) IS THE
CONCENTRATION OF SOLUTION LEAVING EFFECT I
130 HOME : PRINT "ENTER TEMPERATURES OF 1ST EFFECT,
CONDENSER, EVAPORATOR, AND ABSORBER. IN DEGREES (F)"
140 INPUT T(3),T(9),T(12),T(1)
15() PRINT "ENTER MASS FLOWRATE OF THE WEAK ABSORBER
(LB/HR)1"
1601 INPUT MW
170 TI = T(1):TA =- t(12)
ISO GOSUB 5010:XW = X
182 REM****XW IS THE CONCENTRATION OF THE WEAK ABSORBENT
184 REM****T(6) IS UNKNOWN BUT IT IS BOUND BETWEEN T(6),MIN
AND T(6),MAX WHICH ARE CALCULATED BELOW. IF
T(6),MIN>T(6),MAX THEN NO COOLING POSSIBLE
190 TI = T(3):X = XW: REM CALC T(6),MAX
200 GOSUB 5400:TZ = T2:REM****TZ IS T(6).,MAX
210 GOSUB 5440: REM CALC T(6),MIN. T(6),MIN IS RETURNED
BY SUBROUTINE IN TA
220 IF TA TZ THEN PRINT "NO COOLING POSSIBLE": GOTO 80C

222 REM****COOLING IS POSSIBLE, THE PROBLEM IS TO DETERMINE
T(6). THAT IS DONE BY THE MEAN INTERVAL METHOD BELOW
230 T(6) = (TA + TZ) /
232 IF TA = TZ GOTO 650
235 PRINT "TA=";TA, "TZ=";TZ.,"QV=";QV, "S=";QS
240 Ti = T(3):T2 - T(6)
250 GOSUB 501I0:XS(1) = X
260 T1 = T(6):T -= T(9)
27() GOSUB 5C)10:XS(2) = X
2801 T =T(3) : GOSUB 5150:H(3) = H
2901 T = T(6) : GOSUB 51801:H(6) =H
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30C) T = T(3):X = XS(1)
310 GOSUB 5210:H(4) -=H
,.. T = T(6): GOSUB 5150:H(7) = H
330CT = T(6):X = XS(2)
340 GOSUB 5210:H(8) = H
350 MS(l) = XW / XS(1) * MW
360 MR(l) = MW - MS(l)
'70._ MS(2) = XW / XS(2) * MW
380 MR(2) = MS(1) - MS(2)
390 QV = MR(1) * (H(3) - H(6))
400 QS = MS(2) * H(8) + MR(2) * H(7) - MS(1) * H(4)
402 REM****QV AND QS IS THE HEAT RATE TRANSFERRED IN SECOND
EFFECT. WHEN QV AND QS CONVERGE TO THE SAME VALUE, T(6) HAS
BEEN FOUND
410 IF ABS (QV - QS) < = .5 GOTO 440
420 IF QV QS THEN TA = T(6): GOTO 230
430 TZ = T(6): GOTO 23)
440 Q(4) = (QV + QS) / 2
442 REM****0(4) IS THE FINAL VALUE OF THE HEAT TRANSFERRED
IN THE SECOND EFFECT
444 REM****PRINT SOME PARTIAL RESULTS
450 PRINT "DOUBLE EFFECT SYSTEM"
455 PRINT "XW=";XW
460 PRINT
"T16 T (6) XSXS(1),)"XS (2)-"; XS (2), "MR (1)";MR (1),".,T"XS (")S=,,

MR (2) =" ; MR (2),"MS(1)";MS(1), "MS(2) =";MS(2)
470 REM CALC OUTLET TEMPS FROM SOL HEAT EXCH
480 T(10) = T(1)
490 T = T(10):X = XS(2): GOSUB 5210:H(10).= H
500 Q(2) = MS(2) * (H(8) - H(10))
501 REM****O(2) IS THE HEAT TRANSFERRED IN THE SOL. HEAT
EXCHANGER
50.2 T = T(1):X = XW: GOSUB 5210:H(1)= H
504 H(2) = H(1) + Q(2) / MW
51) X = XW:H = H(2): GOSUB 5340:T(2) = T
52(0- PRINT "T(2)=";T(2),"T(10)";T(10),"O(2)";O(2)
550 T = T(9): GOSUB 5180:H(?) H
570 T = T(12): GOSUB 5150:H(12) H
58) 0(3) = MR(1) * H(3) + MS(I) * H(4) - MW *
H(2) :REM****HEAT INPUT TO FIRST EFFECT
590 Q(5) = MR(2 * (H(7) - H(9)):REM****CONDENSER HEAT
600 Q(6) = (MR(l) + MR(2)) * H(12) - MR(l) * H(6) - MR(2) *
H(9) :REM****EVAPORATOR HEAT
610 0(1) = (MR(l) + MR(2)) * H(12) + MS(2) * H(10) - MW *
H(1I) :REM****ABS ORB'ER HEAT
620 COP = 0(6) / Q(3) :REM****COEFFICIENT OF PERFORMA~NCE
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640 PRINT
"()0 " 0-.(3) "0(5)=" "(5) 0(6)="(6) "COP="

CO
800 END
4999 REM****SUBROUTINES LIBR-H20 THERMO-PROPERTIES BASED ON
ASHRAE HANDBOOK OF FUNDAMENTALS. TEMP SHOUD BE IN DEG. F,
5000 REM****MASS FRACTION OF WEAK ABSORBENT IN THE
SOLUTION
5002 REM****THE CALCULATION IS BASED ON THE NEWTON-RAPHSON
METHOD
5010 Xl = 50: REM INITIAL APPROX.
5020 X = Xl
5030 GOSUB 5100:FI = F
5040 X = XI + IE - 04:REM****SMALL INCREMENT
5050 GOSUB 5100:F2 = F
5060 X2 = Xl - IE- 04 * Fl / (F2 - FI):REM****NEXT
APPROXIMATION
5070 IF ABS ((X2 - X1) / Xl) = IE - 04 GOTO 5090
5080 XI X2: GOTO 5020
5()90 X = X2 / 100: GOTO 5140
5100 REM CALC F
511A A = - 2.00755 + .16976 * X - 3.133'.-62E - 03 * X 2 +
1.97668E - 05 * X
510 B = -321.128 - 19.322 * X + .374382 * X 2 .- .0637E -
03 * X #...3
5130 F = A * T2 + B - T1
5132 RETURN
5140 RETURN
5150 REM SATURATED STEAM ENTHALPY
5160 H = 1061 + .45 * T
5162 REM****H IN BTU/LB
5170 RETURN
5180 REM SATURATED LIQUID WATER ENTHALPY
5190 H = T - 32
5200 RETURN
5j21 ) REM ENTHALPY OF SOLUTION
5220 X = 100 * X: GOSUB 5290
230. H =-A + B * T + C * T 2

5240 RETURN
5x5 REM HEAT CAPACITY OF SOLUTION

5260 X = 100 * X: GOSUB 5310
5270 C = B + 2 * C * T
53'80u RETURN
5.,_9 REM A, B5,C
530'0. A = - 1015.0)7 + 79..5387 * X - 2.35 80 16 * X 2.. +
=03031583 * X ...3 - 1.400)261E -04 * X ""4
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5310 B = 4.68108 - 3037766 * X + 8.44845E - 03 * X 2
1.047721E - 04 * X 3 + 4.80097E- 07 * X 4
5320 C=- 4,9107E - 03 + 3.83184E - 04 * X - 1.078963E
05 * X 2 + 1.3152E-07,X 3-5.897E -10 X 4
5330 RETURN
5340 REM TEMP OF SOL GIVEN X AND H
5350 X = 100 * X: GOSUB 5290
5360T= ( - B + (B 2 - 4*C (A-H)) .5) /2/C
5370 RETURN
5400 REM CALC OF REFRIGERANT SAT TEMP
5410 X 100 * X: GOSUB 5110: REM CALC AB
5420 T2 = (TI - B) / A
5430 RETURN
5440 REM CALC T(6)1MIN
5450 Xl 50: REM INIT APPROX
5455 X = X1
5460 GOSUB 5530:FI = F
5470 X = Xl + IE- 04
5480 GOSUB 5530:F2 = F
5490 X2 = X1 - IE- 04 , Fl / (F2 - Fl)
5500 IF ABS ((X2 - XI) / Xl) < = IE - 04 GOTO 5520
5510 X1 = X2: GOTO 5455
5520 X = X2 / 100: GOTO 5570
5530 REM CALC F
5540 GOSUB 5110: REM CALC AB
5550 TA = A* T(9) + B
5560 F = T(3) - A* TA - B
5570 RETURN
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F.5 Absorption- Resorption Cycle

90 DIM T(13),H(13).X (10) M (I)
92 REM****T(I),H(I)qX(I),M(I) ARE TEMPERATURE, ENTHALPY,
CONCENTRATION, AND MASS FLOW RATE OF STREAM In CONSULT FLOW
DIAGRAM AND MODEL
100 PRINT "CALCULATION OF THE PERFORMANCE OF A LIBR
ABSORBER-RESORBER CH I LLER"

102 PRINT "BASIS: ILB/HR OF WEAK SOL PUMPED TO GENERATOR"
Ii10 PRINT "ENTER THE TEMPERATURES OF THE GENERATOR,
ABSORBER, DESORBER, AND RESORBER"
120 INPUT T(3).T( 10),T(8),T(1)
130 PRINT "ENTER TEMPERATURES IN THE CONDENSER AND
EVAPORATOR"
140 INPUT T(6),T(7)
150 PRINT "ENTER THE TEMPERATURE APPROACH AT THE COLD END
OF THE SOL HEAT EXCHANGERS"

160 INPUT DT
170 PRINT "ENTER THE RATIO OF FLOWRATES OF THE BIG PUMP TO
THE SMALL PUMP": INPUT RF
172 REM****RF IS THE RATIO M(1)/M(9)
190 TI = T(3):T2 = T(6): GOSUB 5000:X(3) X
200 TI = T(10) :T2 = T(7) : GOSUB 5000:X (10) = X
210 REM CALCULATION OF LOW PRESSURE
212 REM****THE CALCULATION IS DONE BY TRIAL AND ERROR USING
THE MEAN INTERVAL METHOD
214 REM****THE INTERVAL (TATZ) WHERE THE LOW PRESSURE (TP)
IS BOUND HAS TO BE FOUND
220 T1 = T(1):T2 = TA: GOSUB 5000:X(2) = X
230 Ti= T(8):T2 TA: GOSUB 5000:X(9) = X
240 GOSUB 420
250 IF FU = 0 GOTO 450
260 IF FU 0 GOTO 440
270 TZ = TA + 5
280 TI = T(1):T2 TZ: GOSUB 5000:X(2) = X
290 TI = T(8):T2 = TZ: GOSUB 5000:X(9) X
3(0 GOSUB 420
310 IF FU 0 GOTO 450
320 IF FU 0 THEN TA = TZ: GOTO 27C)
33Cr TP = (TA + TZ) / 2

4) T1 = T(I):T2 = TP: GOSUB 5000:X(2) = X
350. Tl T(8):T2. -= TP: GOSUB 5000:X(9) = X
360 GOSUB 420'
3.70 IF FU = 0 GOTO 450
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380 IF FU 0 THEN TZ = TP: GOTO 400
390 TA = TP
400 IF EABS (TA - TZ) = .001 GOTO 450
410 GOTO 330
420 FU = RF * X(2) / X(3) + X(9) / X(10) RF 1
430 RETURN
440 PRINT "LOW PRESSURE IS OUT OF RANGE": STOP
450 REM****LOW PRES. CALC ENDS
460 IF X(3) <= X(2) GOTO 480
470 IF X(9) X(10) GOTO 490
480 PRINT "NO COOLING POSSIBLE": STOP
490 PRINT
"ix (3) 1";X(3),f"X(2)="; X(2) "X (9)="; X (9),f "X (10) X (10), "TP="
;TP
500 T(11) = T(8) + DT
510 T = T(10):X = X(10): GOSUB5210:H(10) =H
520 T = T(I1):X = X(10): GOSUB 5210:H(11) = H
530 T = T(8):X = X(9): GOSUB 5210:H(8) = H
540 M(9) = I / RF
550 M(10) = M(9) * X(9) / X(10)
560 M(3) = X(2) / X(3)
570) MR = I - M(3)
580 PRINTlim =1# M 3) "M (9)= " M (9 ) "M (10 )= ,; M (10 ), 'MR - ; M

590 H(9) = H(8) + M(10) / M(9) * (H(10) - H(11))
600 X X(9):H = H(9): GOSUB 5340:T(9) = T
610 TA = T(8):XG X(10):HG = H(11):T2 = TP: GOSUB
5800:T(12) = TB
620 PRINT "T(9)=' ;T(9), ."T (12)=";T(I2)
630 T T(6): GOSUB 5180:H(6) = H
640 T = T(7): GOSUB 5150:H(7) = H
650 T = T(3): GOSUB 5150:H(5) = H
660 T = T(8): GOSUB 51501:H(13) H
662 REM****QCQEqQAQDQGQR ARE HEAT FLOW RATES OF THE
CONDENSER, EVAPORATOR ABSORBER, DESORBER, QENERATOR AND
ABSORBER
670 OC = MR * (H(5) - H(6))
680 OE = MR * (H(7) - H(6))
690C) QA = MR * H(7) + M(9) * H(9) - M(10) * H(10)
700 QD = MR * H(13) + M(9) * H(8) - M(10) * H(11)
710 PRINT "QE=";OE D ;QD, ;QA. ;QC
720 T(4) = T(1) + DT
730 T = T(1):X = X(2): GOSUB 5210:H(1) = H
740 T = T(3):X = X(3): GOSUB 5210:H(3) H
7S0 T = T(4):X =X(3) : GOSUB 52. 10:H(4) = H
760 H(2) = H(I) + 11(3) * (H(3) - H(4))
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770') X = X(2):H = H(2): GOSUB 5340:T(2) = T
780 PRINT "T(2)=" ;T(2)
790 QG = MR * H(5) + M(3) * H(3) - H(2)
800 OR = MR * H(13) + M(3) * H(4) - H(1)
81C) CO = (QE + OD) / QG
812 REM****CO IS THE COEFFICIENT OF PERFORMANCE
20 PRINT "0G=";OG, "R" ;OR, "COP=";COP
330 END
4999 REM****SUBROUTINES LIBR-H20 THERMO-PROPERTIES BASED ON
ASHRAE HANDBOOK OF FUNDAMENTALS. TEMP SHOUD BE IN DEG. F,
5000 REM****MASS FRACTION OF WEAK ABSORBENT IN THE
SOLUT ION
5002 REM****THE CALCULATION IS BASED ON THE NEWTON-RAPHSON
METHOD
5010 Xl = 50: REM INITIAL APPROX.
5020 X = XI
5030 GOSUB 5100:F1 = F
5040 X = Xl + IE - 04:REM****SMALL INCREMENT
5050 GOSUB 5100:F2 = F
5060 X2 = XI - IE - 0)4 , Fl / (F2 - FI):REM****NEXT
APPROXIMATION
5070 IF ABS ((X2 - Xl) / Xl) = IE - 04 GOTO 5090
5080 X1 = X2: GOTO 5020
5090 X = X2 / 100: GOTO 5140
5100 REM CALC F
5110 A = - 2.00755 + .16976 * X - 3. 133362E - 03 * X %2 +
1.97668E - 05 * X 3
5120 B = 321.128 - 19.322 * X + .374382 * X 2 - 2.0637E -

03 * X 3
5130 F = A * T2 + B - T1
5132 RETURN
5140 RETURN
5150 REM SATURATED STEAM ENTHALPY
5160 H = 1061 + .45 * T
5162 REM****H IN BTU/LB
5170 RETURN
5180 REM SATURATED LIQUID WATER ENTHALPY
5190 H = T - 32
5200 RETURN
5210 REM ENTHALPY OF SOLUTION
5220 X 100 * X: GOSUB 5290
5230H= A + B* T + C*T.....2
5240 RETURN
5290 REM ABC
530'0 A = - 10'15.07 + 79.5387 * X - 2. 358016 , X ... 2 +

.03031583~ * X ... 3 - 1.400261E - 04 * X ... 4
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5310 B = 4.68108 - .3037766 * X + 8.44845E - 03 * X 2 -

1.047721E - 04 * X 3 + 4.80097E - 07 * X 4
5320 C =- 4,9107E 03 + 3.83184E - 04 * X - 1.078963E -

05* X 2 + 1 3152E -07* X 3- 5897E 10* X 4
5330 RETURN
5340 REM TEMP OF SOL GIVEN X AND H
5350 X =100 X: GOSUB 5290
5360 T = ( - B + (B 2 - 4 * C * (A H)) .5) 2 C
5370 RETURN
5380 REM TEMP OF SOL GIVEN X AND T2
5390 X = 100 * X: GOSUB 5100:F = A * T2 + B
5400 RETURN
5800 REM EQUILIBRIUM TEMP OF A MIXTURE OF TWO PHASES
LIQ-VAP GIVEN GLOBAL ENTHALPY AND CONCENTRATION"

5810 REM****NEWTON-RAPHSON METHOD
5820 TI = TA: REM T2 MUST BE ALREADY DEFINED
5822 REM****TA IS AN INITIAL APPROXIMATION
5830 GOSUB 5010:XM = X
5840 T = TA:X XM
5850 GOSUB 5210:HM = H
5822 REM****XM AND HM ARE THE ESTIMATED TEMP AND ENTHALPY
OF THE SATURATED SOL
5860 T = TA: GOSUB 5150:HV = H
5862 REM****HV IS THE ESTIMATED ENTHALPY OF THE VAPOR
REFRIGERANT
5870 FA = HG - XG / XM * (HM HV) HV
5872 REM****XG IS THE GLOBAL CONCENTRATION OF ABSORBENT
(LIBR) IN THE TWO PHASE MIXTURE, HG IS ITS GLOBAL ENTHALPY
5880 TB = TA + .001
5890 TI = TB
5900 GOSUB 5010:XM = X
5910 T = TB:X = XM
5920 GOSUB 5210:HM = H
5930 T = TB: GOSUB 5150:HV = H
5940 FB = HG - XG / XM * (HM - HV)*- HV
5950 T = TA- (TB- TA) * FA / (FB - FA):REM****NEXT
APPROXIMATION
5960 IF ABS (T - TA) < 001 GOTO 5980
5970 TA = TB:FA = FB:TB = T: GOTO 5890
5980 RETURN
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F.6 Collector-Generator System

90 REM****HOURLY VALUES OF THE INCIDENT RADIATION ON COLL.
(BTU/SQ M), COOLING LOAD (BTU), AMBIENT TEMPERATURE (F),
MUST BE TYPED IN DATA STATEMENTS BEFORE RUNNING THIS
PROGRAM
92 REM****IN GENERAL THE HOURLY TEMPERATURE OF THE DATA
STATEMENTS IS THE COOLING TEMPERATURE OF THE CHILLER
94 REM****IF THE CHILLER IS AIR COOLED THEN THAT TEMP. IS
THE A MBIENT TEMP; IF IT IS WATER COOLED THE TEMP. IS THE
WET BULB TEMP.
100 PRINT "ENTER THE NUMBER OF HOURLY DATA": INPUT ND
102 REM****ND IS THE NO OF DATA STATEMENTS
110 PRINT "ENTER # OF TIMESTEPS IN WHICH EACH HOUR IS
DIVIDED (USUALLY, 1 IS GOOD ENOUGH)": INPUT NT
120 DE = 1 / NT
122 DIM HT(3),QX(3)
130 DIM

QU (3) ,5CL (3) ,QE (3) ,QA (3) , QC (3) ,QH (3) ,TA (1) , T (11) , H (11) M (11)
132 PRINT "ENTER INITIAL AMBIENT TEMPERATURE (F)": INPUT
TA (C)
134 REM****ALL TEMPERATURES ARE IN F
140 PRINT "ENTER INITIAL TEMPERATURES OF WEAK AND STRONG
SOLUTION STORAGE": INPUT T(2),T(8)
150 PRINT "ENTER INITIAL MASS FRACTION OF ABSORBENT IN THE
WEAK AND STRONG SOL STORAGE": INPUT XW, XS
160 PRINT "ENTER INITIAL MASS STORED OF WEAK SOL, STRONG

SOL, AND REFRIGERANT (LB)": INPUT MW, MS, MR
170 PRINT "ENTER TEMPERATURES OF EVAPORATOR, AND
ENVIRONMENT SURROUNDING THE STORAGE TANKS": INPUT T (C.)) TT
190 PRINT "ENTER LOSS HEAT TRANSFER COEFFICIENT PER UNIT
OF MASS STORED IN STORAGE TANKS (BTU/HR F LB OF SOL)":
INPUT AL
210 PRINT "ENTER COLLECTOR AREA (SQ-M), COLLECTOR HEAT
REMOVAL FACTOR, TAU-ALFA PRODUCT, AND COLLECTOR LOSS HEAT
TRANSFER COEFFICIENT (BTU/HR SQ-M F)": INPUT ACFR,,TFUC
212 PRINT "ENTER AREA OF A COLLECTOR UNIT (SQ-M)" INPUT

214 REM**** THE COLL COLLECTOR UNITS ARE ARRANGED IN SERIES
TO CAUSE A SIGNIFICANT RAISEIN THE SOL. TEMP.
220 PRINT "ENTER MASS FLOWRATE HANDLED BY PUMP OF WEAK:
ABSORBENT (LB/HR)": INPUT MP
240 PRINT "ENTER TEMPERATURE APPROACH IN CONDENSER AND
A~BSORB ER" I INPUT DT
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3)00 II = 1(): REM INIT UTILITY VARIABLE FOR PRINTING EVERY
100 HOURS
310 FOR I = 1 TO ND
312 IF I = 25 THEN PR# 0
316 IF I = 350 THEN PR# 1
318 IF I = 375 THEN PR# 0
70 IF I = 720 THEN PR# 1

330 QU(2) 0:CL(2) = 0:QE() = 0
340 QA(2) 0:QC(2) = 0:OH(2) = 0
342 QX(2) = 0
350 READ HT(1),CL(I)qTA(1)
352 REM****HTCL,TA(1) ARE THE HOURLY VALUES READ FROM THE
DATA STATEMENTS
360 HT = HT(1) / NT:CL = CL(1) / NT:TA TA(0)
362 REM****HTCL ARE THE INCIDENT RADIATION AND COOLING
LOAD FOR THE CURRENT TIMESTEP
370 FOR J =1TO NT
400 TA = TA + (TA(1) - TA(O)) / NT:REM****INTERPOLATED
VALUE OF THE COOLING TEMP. FOR THE TIME STEP
410 REM PRINCIPAL SUBROUTINE THAT CALCULATES PERFORMANCE
OF SYSTEM DURING A GIVEN TIMESTEP
42C) GOSUB 1000
430 REM INTEGRATE DURING THE HOUR
43j",2 REM****
440 QU(2) = QU(2) + QU
450 CL(2) = CL(2) + CL
460 OE(2) 0 OE(2) + QE * DE
470 0QAc3(2) = .A(.'2) + OA * DE
480 QC(2) = QC(2) + QC * DE
482 QX(2) = QX(2) + QX(1)
484 REM****THE ABOVE QUANTITIES WITH THE SUBINDEX (2) ARE
INTEGRATED VALUES FROM BEGINNING OF HOUR UP TO CURRENT TIME
STEP
491 REM ACCUMULATE XWXSMWMRT(2),T(B) IN
QA (0) ,QQA (1) , QC (0) ,QH (0).,QX (0)
492 QA(0) = QA(0) + XW:QA(I) = QA(1) + XS:QC(0) OC(C)) +
MW:QC(1) QC(1) + MR:OH(0) = QH(0) + T(2):QX(0) - QX(O) +
T(8)
500 NEXT J
520 PRINT TAB( 40)"HOUR"; ; I: PRINT CHR$ (10)
530 PRINT "INTEGRATED VALUES OF ENERGY FOR THE HOUR
(BTU)I": PRINT CHR$ (10)
540 PR I NT"QU= ;QU(L, CL (2.), QE= ;QE A= ;QA (2) (:'C=" C 2
542 PRINT "QX=";QX(2)
550' PRINT "STATE OF THE SYSTEM AT THE END OF THE HOUR"
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560 PRINT
(4)"; T (4)."T(2)- T (2) T (8)8) MW= MW "M ";MS=" I "M

R="; MR " ; XW, XS="; XS

562 PRINT "EH=" ;EH,"TA";T
570 REM INTEGRATE ENERGIES TROUGH WHOLE PERIOD
572 REM****THE QUANTITIES BELOW WITH THE SUBINDEX (3) ARE
INTEGRATED VALUES FROM THE HOUR 0 TO THE CURRENT HOUR
580 QU(3) = U(3) + QU(2)
590) CL(3) = CL(3) + CL(2)
600 QE(3) > )E(3) + QE(2)
610 QA(3) =-QA(3) + QA(2)
620 QC(3) QC(3) + QC(2)
631 QX(3) QX(3) + QX(2)
632 TA(O) TA(1)
633 IF I II GOTO 640
634 PR# 1: PRINT "HOUR";I
635 PRINT "STATE OF THE SYSTEM": PRINT
"T (4) =" T (4) ,"T(2)=";T(2),"T(,)";T(8) "MW=" ;MW"MS=";MS"M

; MR,"XW=";XW"XS=";XS
636 PRINT "ACCUMULATED VALUES OF THE ENERGY"
637 PRINT
"QU="I ; QU (3) , ; CL (3) Q = ;0QE (3). ,f;QA= A (3) 0.C QC (3)
"0X=";OX (3)

638 II = II + 100: PR# C
640 NEXT I
642 REM CALC AVG VALUES
644 XW = QA(0) / ND:XS = QA(1) / ND:MW = QC(O) / ND:MR =

QC(1) / ND:T(2) QH(0) / ND
646 T(B) = QX(0) / ND
65C0 PRINT "INTEGRATED VALUES OF ENERGY FOR THE WHOLE
PERIOD"
660 PRINT

"U ""QU ( 3 ) ,f"CL=";CL ( 3 ) O ; 0E (3) OA 3)) ,C, - ;QC ( 3 )

661 PRINT "QX";QX(3)
662 PRINT "AVG VALUES THROUGH PERIOD": PRINT
"XW";XW, "XS";XS

664 PRINT "MW=" ;MW,"MR=" ;MR,"T(2)=";T(2)q"T(B)=";T(8)
670 END
1000 REM STATE OF SYSTEM AT A GIVEN TIMESTEP
10'02 REM Q USEFUL FROM COLLECTOR
100C3 QX (1) = 0: QU = 0
1010 T(10) = TA + DT:T(1) = TA + DT
10]12 REM****T(I),H(I) ARE TEMPERATURE AND ENTHALPY OF
STREAM I. CONSULT FLOW DIAGRAM AND MODEL
1020 GOTO 1072
10)2° U 0
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1(-30 H = 0: QC = 0: M (2) = 0: M (9) = 0: T (4) 0: T (6) 0
1040 T = T(8):X = XS: GOSUB 5210:H(8) = H
1060 IF CL 0 GOTO 1430
1070 GOTO 1770
1072 T = T(8):X = XS: GOSUB 5210:H(8) H
1074 T = T(2):X XW: GOSUB 5210:H(2) H
1075 REM****CHECK IF THERE IS USEFUL OUTPUT FROM COLL.
1076 IF HT * TF = UC * (T(2) TA) GOTO 1022
1077 REM****CHECK IF THERE IS ENOUGH SOLUTION IN WEAK
STORAGE TO PUMP DURING THE TIME STEP
1078 IF MW / DE = MP GOTO 1100
1079 REM****STRONG SOL. HAS TO BE USED WHEN THE WEAK
STORAGE IS DEPLETED
1080 H = (MW * H(2) + (MP * DE- MW) * H(8)) / MP / DE
1084 X = (MW * XW + (MP * DE - MW) * XS) / MP / DE
1082 REM****H AND X ARE AVG. ENTHALPY AND CONCe OF THE SOL,
CIRCULATED THROUGH COLL. DURING TIME STEP
1088 GOSUB 5340: REM CALC. TEMP. OF SOL. EXITING THE
CURRENT COLL. UNIT
1089 REM****CHECK THAT THERE IS USEFUL OUTPUT FROM EACH
COLLECTOR UNIT
1090 IF HT * TF = UC * (T - TA) GOTO 1022
1092 REM SEND SOL FROM STRONG STORAGE TO WEAK STORAGE
1094 REM****DO MASS BALANCES IN WEAK AND STRONG STORAGE
1096 MS = MS - MP * DE + MW
1097 MW = MP * DE
1098 H(2) = H:XW = X / 100:T(2) = T
1100 M(2) = MP:REM****RATE OF PUMPING OF SOL. THROUGH COLL&
1101 FL = 0: REM FLAG INDICATES THAT IT IS THE FIRST
ESTIMATE OF QU
1102 TI = T(2):HI H(2)
1104 X = XW:T2 = T(10): GOSUB 5380:TC = F: REM CUT-OFF
TEMP
1110 REM CALC QU & T(4). EACH COLLECTOR UNIT IS AU SQ-MT.
COLLECTOR UNITS ARE IN SERIES TO HAVE M(2) IN EACH.
1112 REM****QU IS THE SUM OF THE OUTPUT OF EACH COLL, UNIT.
THE CALCULATION IS DONE IN SERIES
1120 FOR K = I TO AC / AU
1124 QD = AU * FR * (HT * TF - UC * (TI - TA)) * DE
11'26 REM ***QD IS THE USEFUL 0 OF EACH COLL. UNIT

iI 8. VU =QU + OD
I130 IF QU <= C) GOTO 10522: REM***TURN OFF COLL. PUMP
1134 H(4) = HI + QD / M(2) / DE
1138 X = XW:H = H(4): GOSUB 5340:T(4) =T:REM****CALCULATE
OUTLET TEMP FROM COLLE UNIT
1140. IF T(4) < = TC GOTO 1150
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1141 IF TC TI THEN TO = TC: GOTO 1144
1142 TO = TI: REM INITIAL APPROX FOR SBR 5800
1144 HG = H(4):XT XW:T2 = T(10): GOSUB 5800:T(4) = T
1150 TI = T(4):HI =H(4): NEXT
1152 IF T(4) - = TC GOTO 1690
1160 REM VAPOR CAN BE PRODUCED
1190 T(6) = T(4)
1.200 TI = T(6):T2 = T(10): GOSUB 5000:XG = X:REM****CONC OF
SOL. LEAVING COLL.
1210 M(6) = M(2) * XW / XG
1220 T = T(6):X XG: GOSUB 5210:H(6) H
1228 IF FL = 1 GOTO 1270: REM CALC OF QU IS COMPLETED
1229 REM INCORPORATE SOL HEAT EXCH
1230 FL = I:T(7) = T(6) - .65 * (T(6) - T(2)):REM****0.65
IS THE EFFECTIVENNESS OF SOL. HX
1234 T = T(7):X = XG: GOSUB 5210:H(7) = H
1236 QX(1) = M(6) * (H(6) - H(7)) * DE:REM****HEAT
TRANSFERRED IN SOL. HX
1238 HI = H(2) + QX(1) / M(2) / DE:REM****ESTIMATE OF
ENTHALPY OF SOL. ENTERING FIRST COLL. UNIT
1239 REM RECALCULATE QU CONSIDERING SOL. HX
1240 H = HI:X = XW: GOSUB 5340:TI = T:QU = 0: GOTO 1120
1270 H(7) = H(6) - QX(1) / M(6) / DE
1280 H = H(7) :X =XG: GOSUB 5340:T(7) T
1282 REM EFFECTIVENESS OF HEAT EXCH
1290 EH = (T(6) - T(7)) / (T(6) - T(2))
1300 M(9) = M(2) - M(6)
1310 MW = MW - M(2) * DE
1330 REM NEW STATE OF STRONG STOR DUE TO MASS INTAKE
I340- XS = (MS * XS + M(6) * XG * DE) / (MS + M(6) * DE)
13'5 0 H(8) = (MS * H(8) + M(6) * H(7) * DE) / (MS' + M(6)
DE)
1360 X = XS:H = H(8): GOSUB 5340:T(8) = T
1370 MS = MS + M(6) * DE
1380 T = T(6): GOSUB 5150:H(9) = H
1390 T = T(10): GOSUB 5180:H(10) = H
1400 QC = M(9) * (H(9) - H(10)):REM****HEAT FLOW RATE OF
CONDENSER
1410 MR = MR + M(9) * DE:REM****CORRECT MASS OF REFRIG.
STORED DUE TO VAPOR PRODUCED
1420 IF CL < = C) GOTO 1770
1430 Ti = T(1) :T2 = T(0) : GOSUB 5000:XA = X
1432 T =T(O): GOSUB 5150:H(0) = H
1434 T = T(10): GOSUB 5180:H(11) = H
1436 MC = CL / (H(0.) - H(11)):REM***REQUIRED FLOW RATE OF
REFRIGERA'NT TO SATISFY COOLING LOAD



316

1438 REM****CHECK IF THERE IS ENOUGH REFRIGERANT STORED TO

SATISFY COOLING LOAD DURING TIME STEP

1440 IF MR / DE MC THEN M(11) = MC: GOTO 1460

1450 M(11) = MR / DE:REM****NOT ENOUGH REFRIGERANT SO USE
WHAT IS AVAILABLE
1460 REM****REQUIRED FLOW RATE OF STRONG ABSORBENT TO
ABSORB REFRIGERANT
147(") M(8) = M(11) * XA / (XS - XA):M - 0: REM TENTATIVELY
THERE IS NO TRANSFER FROM WEAK TO STRONG STOR
1471 REM CHECK THAT THE STRONG SOL IS STRONG ENOUGH TO
ABSORB ALL THE REFRIGERANT
1472 IF M(8) = 0 THEN M(8) = 0: GOTO 1484
1074 REM****CHECK IF THERE IS ENOUGH STRONG ABSORBENT
STORED TO SATISFY THE REQUIREMENTS OF THE TIME STEP
1480 IF MS / DE = M(8) GOTO 1510
1482 M(8) = MS / DE:REM****NOT ENOUGH STRONG ABSORBENT. USE
WHAT IS AVAILABLE
1484 IF XW < = (XA) THEN M = C): GOTO 1496
1488 REM USE WEAK ABS. AS STRONG ABS.
1490 M = (M(11) - M(8) * (XS - XA) / XA) * XA / (XW -

XA):REM****REQUIRED FLOW RATE OF WEAK ABSORBENT
1491 REM****CHECK IF THERE IS ENOUGH
1492 IF M K = MW / DE GOTO 1498
1493 REM****NOT ENOUGH SO USE WHAT THERE IS
1494 M = MW / DE
1496 M(11) = (M(8) * (XS - XA) + M * (XW - XA)) / XA
1497 REM****DO MASS BALANCE OF WEAK AND STRONG STORAGE
1498 MS = MS + M * DE:MW = MW - M * DE
1500 M(8) = M(8) + M
1510 MR = MR - M(11) * DE
1520 MS = MS - M(8) * DE:REM****BALANCE DUE TO MASS DRAWN
1530 REM NEW TEMP OF STRONG STOR DUE TO HEAT LOSSES
1540 H(S) = H(S) - AL * (T(8) - TT) * DE
1550 X = XS:H = H(8): GOSUB 5340:T(8) = T
1560 M(1) = M(8) + M(11)
1570 REM NEW STATE OF WEAK STOR DUE TO MASS INTAKE AND
HEAT LOSSES
1580 XW = (MW * XW + M(1) XA * DE) / (MW + M(1) * DE)
1590 T T(I):X = XA: GOSUB 5210:H(1) H
1600 H(2) = (MW * H(2) + M(1) * H(l) * DE) / (MW + M(l)
DE)
1610 MW = MW + M(l) * DE
1620 H(2) = H(2) - AL * (T(2) - TT) * DE
1630 X = XW:H = H(2): GOSUB 5340:T(2) = T
1640: IF M >C) THEN H(S) = ((M(8) - M) * H(S) + M * H(2))> /
M (8)
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1660 QE = M(11) * (H(0) - H(11)):REM****HEAT FLOW RATE OF
EVAPORATOR
1670 QA = M(11) * H(]) + M(8) , H(8) - M(1) *
H(1):REM****HEAT FLOW RATE OF ABSORBER
1680 RETURN
1690 T (6) = 01M(9) 0: OQC = 0
1730 H(5) = H(4)
1740 H = H2) + M(2) / MW , (H(5) H(2)) DE
1750 X = XW:H H(2): GOSUB 5340:T(2) =T
1760 IF CL >0 GOTO 1430
1770 REM CALC T(2) AND T(8) DUE TO HEAT LOSSES
1780-) M(11) = )
1790 H(2) = H(2) - AL * (T(2) - TT) * DE
1800 H(S) = H(S) - AL * (T(8) - TT) * DE
181() X = XW:H = H(2): GOSUB 5340:T(42) = T
1820 X = XS:H = H(8): GOSUB 5340:T(8) = T
1830 QE = 0:QA = 0
1840 RETURN
4999 REM****SUBROUTINES LIBR-H20 THERMO-PROPERTIES BASED ON
ASHRAE HANDBOOK OF FUNDAMENTALS. TEMP SHOUD BE IN DEG. F,
5000 REM****MASS FRACTION OF WEAK ABSORBENT IN THE
SOLUTION
5002 REM****THE CALCULATION IS BASED ON THE NEWTON-RAPHSON
METHOD
5010 Xl 50: REM INITIAL APPROX.

0.2) X = XI
5030 GOSUB _100:F1 = F
5040 X = Xl + IE - 04:REM****SMALL INCREMENT
5050 GOSUB 5100:.F2 = F
5060 X2 = XI -1E-04*Fl/(F2- FI):REM****NEXT
APPROXIMATION
5070 IF ABS ((X2 - XI) / X1 = IE - 04 GOTO 5090
5080 Xl X2: GOTO 50_)20
5090 X = X2 / 100: GOTO 5140
5100 REM CALC F
5110.=-2.00755 +.16976 * X - 3. 133362E - 03 * X 2+
1.97668E - 05 * X 3
5120 B = 321.128 - 19.322 X + .374382 * X 24.! - 2.0637E -

03 * X 3
5130 F = A * T2 + B - T1
5132 RETURN
5140 RETURN
5150 REM SATURATED STEAM ENTHALPY
5160 H = 1061 + .45 * T
S162 REMI****H IN BTU/LB
S170 RETURN
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5180 REM SATURATED LIQUID WATER ENTHALPY
5190 H = T - 32
5200 RETURN
5210 REM ENTHALPY OF SOLUTION
5220 X = 100 * X: GOSUB 5290
5230 H = A + B * T + C * T 2
5240 RETURN
5290 REM ABC
5300 A = - 1015.07 + 79.5387 * X - 2.358016 * X 2 +
.03031583 * X 3 - 1.400261E - 04 X .4
5310 B = 4.68108 - .3037766 * X + 8.44845E - 03 * X 2 -

1.047721E - 04 * X 3 + 4.80097E - 07 * X-... 4
5320 C = - 4.9107E - 03 + 3.83184E - 04 * X - 1.078963E -

0)5 * X . + 1.3152E - 07 * X 3 - 5.897E - 10 * X 4
5330 RETURN
5340 REM TEMP OF SOL GIVEN X AND H
5350 X = 100 * X: GOSUB 5290
5360T ( - B + (B.2.-4 C* (A-H)).5) /2/C
5370 RETURN
5380 REM TEMP OF SOL GIVEN X AND T2
5390 X = 100 * X: GOSUB 5100:F A * T2 + B
5400 RETURN
5800 REM EQUILIBRIUM TEMP OF A MIXTURE OF TWO PHASES
LIQ-VAP GIVEN GLOBAL ENTHALPY AND CONCENTRATION"

5810 REM****NEWTON-RAPHSON METHOD
5820 T1 = TA: REM T2 MUST BE ALREADY DEFINED
5822 REM****TA IS AN INITIAL APPROXIMATION
5830 GOSUB 5010:XM = X
5840 T = TA:X = XM
5850 GOSUB 5210:HM H
5822 REM****XM AND HM ARE THE ESTIMATED TEMP AND ENTHALPY
OF THE SATURATED SOL
5860 T = T A: GOSUB 5150:HV = H
5862 REM****HV IS THE ESTIMATED ENTHALPY OF THE VAPOR
REFRIGERANT
5870 FiA = HG - XG / XM * (HM - HV) - HV
5872 REM****XG IS THE GLOBAL CONCENTRATION OF ABSORBENT
(LIBR) IN THE TWO PHASE MIXTURE, HG IS ITS GLOBAL ENTHALPY
5880 TB = TA + .001
5890 TI = TB
5900 GOSUB 5010:XM X
5910 T = TB:X = XM
5920 GOSUB 5210:HM H
593) T = TB: GOSUB 5150:HV = H
5940' FB = HG - XG / XM * (HM - HV) - HV
5950' T = TA - (TB - TA) * FAs / (FB - FA):REM****NEXT
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APPROXIMATION
5960 IF ABS (T - TA) = .001 GOTO 5980

5970) TA.= TB:FA = FB:TB = T: GOTO 5890
5980 RETURN
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F.7 Conventional Solar Cooling System

90 REM****HOURLY VALUES OF THE INCIDENT RADIATION ON
COLLECTOR (BTU/SQ-M), COOLING LOAD (BTU), AND AMBIENT
TEMPERATURE (F), HAVE TO BE TYPED IN DATA STATEMENTS BEFORE
RUNNING THE PROGRAM
92 REM****IT IS ASSUMED THAT THE CHILLER IS AIR COOLED. IF
IT WERE WATER COOLED AND A COOLING TOWER IS USED, THEN
SUBTITUTE THE HOURLY AMBIENT TEMP FOR THE WET BULB TEMP IN
THE DATA STATEMENTS
1() PRINT "ENTER THE NUMBER OF HOURLY DATA (NO OF DATA
STATEMENTS"1: INPUT ND
1C PRINT "ENTER # OF TIMESTEPS IN WHICH EACH HOUR IS
DIVIDED (I IS GOOD ENOUGH)": INPUT NT
120 DE. = 1 / NT
122 DIM HT(3)
130 DIM
QU (3) , C (), QE (3) ,QA (3) ,QC (3) ,QH(3) ,TA (1 ) , G(3),T (7) ,H (7)

132 PRINT "ENTER INITIAL AMBIENT TEMPERATURE": INPUT TA(0)
140 PRINT "ENTER INITIAL TEMP OF HOT STORAGE": INPUT TH
150 PRINT "ENTER VOLUME OF HOT STORAGE (CU-FT)": INPUT VH
170 PRINT "ENTER TEMPERATURES OF EVAPORATOR AND
ENVIRONMENT SURROUNDING THE STORAGE TANK": INPUT T(7),TT
180 PRINT "ENTER MAXIMUM TEMPERATURE OF THE HOT STORAGE":
INPUT TL
190 PRINT "ENTER THE LOSS HEAT TRANSFER COEFFICIENT OF
STORAGE TANK (BTU/HR SQ-FT F)": INPUT UL
200 PRINT "ENTER EFFECTIVENESS OF SOL HEAT EXCHANGER":
INPUT EH
210 PRINT "ENTER COLLECTOR AREA (SQ M), COLLECTOR HEAT
REMOVAL FACTOR, TAU-ALFA PRODUCT, AND COLLECTOR LOSS HEAT
TRANSFER COEFFICIENT (BTU/HR SQ-M F) ": INPUT AC, FRTFUC
220 PRINT "ENTER MASS FLOWRATE HANDLED BY PUMP OF WEAK
ABSORBENT (LB/HR)": INPUT MP
230 DC = 62.4: REM DENSITY*HEAT CAPACITY OF
WATER (BTU/CU-FT-F)
240 PRINT "ENTER TEMPERATURE APPROACH IN CONDENSER AND
ABSORBER" : INPUT DT
250 PRINT "ENTER TEMPERATURE APPROACH IN THE GENERATOR":
INPUT AG
300 II = 100: REM INIT UTILITY VARIABLE FOR PRINTING EVERY
100 HOURS
310 FOR I = 1 TO ND
312 QG(2), = C')
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314 PR# 0
320 IF I=ND THEN PR# 1
330 QU(2) = 0:CL(2) = O:QE(2) = 0
340 QA(2) = 0::QC(2) = 0:QH(2) = C)
350 READ HT(1),CL(1).,TA(1)

352 REM****HT, CL., TA, (1) CORRESPOND TO THE HOURLY VALUES
DEFINED IN THE DATA STATEMENTS
360 HT = HT(1) / NT:CL = CL(l) / NT:TE = T A(O)
370 FOR J = 1 TO NT
372 INTERPOLATE AMBIENT TEMPERATURE FOR THE TIMESTEP
400 TE = TE + (TA (1) - TA(0)) / NT
410 REM PRINCIPAL SUBROUTINE THAT CALCULATES PERFORMANCE
OF SYSTEM DURING A GIVEN TIMESTEP
420 GOSUB 800
430 REM INTEGRATE DURING THE HOUR
440 QU(2) = QU(2) + QU
442 REM****QU IS THE COLLECTOR USEFUL HEAT FOR THE TIMESTEP
444 REM****CL IS THE COOLING LOAD OF THE TIMESTEP
450 CL(2) = CL(2) + CL
451 REM****QG,QE,QA,QC.QH ARE HEAT FLOWRATES OF THE
GENERATOR, EVAPORATOR, ABSORBER, CONDENSER, AND HEAT STORED
IN STORAGE TANK OF THE TIMESTEP
452 QG(2) = QG(2) + QG * DE
460 QE(2) = 0E(2) + QE * DE
470 QA(2) - QA(2) + QA* DE
460 QC(2) = QC(2:.) + QC * DE
490 QH(2) = QH(2) + QH
491 REM****THE ABOVE FLOWRATES WITH THE SUBINDEX (2) ARE
THE INTEGRATED VALUES FROM THE BEGINNING OF THE HOUR TO THE
CURRENT TIMESTEP
492 REM ACCUMULATE TH IN HT(0) TO FIND AVG TH FOR THE
WHOLE PERIOD
494 HT(0) = HT(0) + TH
500 NEXT J
520 PRINT TAB( 40) "HOUR";; I: PRINT CHR$ (10)
530 PRINT "INTEGRATED VALUES OF ENERGY FOR THE HOUR
(BTU)I": PRINT CHR$ (10)
540 PRINT
"QU="; OU (f.2) CL";CL (2).E="DE(2)q"QA";QA(2) "C";QC(2)

"QH="; QH (2)
54. PRINT "QG=";QG(2)
550 PRINT "STATE OF THE SYSTEM AT THE END OF THE HOUR"
560 PRINT "TH=";TH,"TA=";TA(1)
570 REM INTEGRATE ENERGIES TROUGH WHOLE PERIOD
580 QU(3) = QU(3) + QU(2)
590 CL(3) = CL(3) + CL(2)
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592 QG(3) = .G(3) + QG(2)
600 QE(3) = QE(3) + QE(2)
610 CA(3) = QA(3) + OA (2)
620 QC(3) = QC(3) + QC(2)
630 .H(3) =QH(3) + QH(2)
631 REM****THE ABOVE VALUES WITH THE SUBINDEX (3) THE
OVERALL QUANTITIES FROM HOUR 0 TO THE CURRENT HOUR
632 TA(0) = TA(1)
63 IF I < II GOTO 640
634 PR# 1: PRINT "HOUR ";I
635 PRINT "ACCUMULATED VALUES OF THE ENERGY"
637 PRINT
"QU=" ;0U (3) "CL=";CL (3) "QE=";OE (3), "QA=-";O QA(3)"0C=";QC(3)

."H="; QH (3)
638 II = II + 100: PR# 0
640 NEXT I
650 PRINT "INTEGRATED VALUES OF ENERGY FOR THE WHOLE
PERIOD"
660 PRINT

"U "; QU (3 ), "CL=" ;CL ( 3)., "QE=" ;QE ( ), "QA=" ; QA (3 ), "QC=" ;QC (3 )

"OH="; OH (3)
662 PRINT "QG=";QG(3)
663 TH = HT(0) / ND
664 PRINT "AVG TH"=";TH
670 END
300 REM COLLECTOR, HOT STORAGE, AND ABSORPTION SYSTEMS
802 REM 0 USEFUL FROM COLLECTOR
804 QU = FR * AC * (HT * TF - UC * (TH - TE)) * DE
3(-6 IF 0U C THEN QU = 0
808 REM NEW STATE OF HOT STORAGE DUE TO ENERGY INPUT
810 IF OU-< = 0 THEN QH = 0: GOTO 860
320C IF TH** = TL THEN OH C): GOTO 860
830 T = TH + OU / DC / VH
840 IF T TL THEN QH = DC * VH * (TL - TH):TH = TL: GOTO
860

850 TH T:QH = QU
352 REM****DECIDE IF CHILLER IS TO BE TURNED ON
860 IF CL = 0 THEN QG =OQC = CQ)0E = OA )0: GOTO
890
362 REM****CHILLER TURNED ON. CALCULATE ITS OUTPUT
364 REM****DEFINE CYCLE TEMPERATURES
37C0 T(3) = TH - AG:T(6) =TE + DT:T(1) =TE + DT:MW = MP
360 GOSUB~ 1C00
390 REM NEW STATE OF HOT STORAGE DUE TO ENERGY DRAWN FROM
IT TO FIRE CHILLER
900 T'H = TH - QG3 * DE / DC / VH
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902 REM****NEW TEMP OF STORAGE TANK DUE TO LOSSES
910 TH=TH 4.61 * UL * (TH-TT) * DE / DC / VH
920 RETURN
l1000 REM SINGLE EFFECT CYCLE CALCULATIONS GIVEN INTERNAL
TEMPERATURESqEFFECTIVENESS OF SOL HX, AND FLOWRATE OF WEAK
ABS
1060 TI = T(1):T2 = T(7)
1070 GOSUB 5000-): XW = X
1072 REM****XW IS THE WEAK ABSORBENT CONC.

1074 REM****T(I),H(I) ARE TEMP AND ENTHALPY OF STREAM I.
CONSULT FLOW DIAGRAM
1080 REM CALC CUT-OFF TEMP
1090 X = XW:T2 - T(6)
1100 GOSUB 5380:T(0) = F
1110 IF T(3) = T(0) THEN QG 0:OQC = 0:QE = 0:QA = 0:
GOTO 1450
1112 REM****QG,QCQE.QA ARE HEAT FLOW RATES OF THE
GENERATOR, CONDENSER, EVAPORATOR AND ABSORBER
1120 TI T(3):T2 = T(6)
1130 GOSUB 5000:XS = X
1132 REM****XS IS THE STRONG ABSORBENT CONC.
1140 MS = XW / XS * MW
1150 MR = MW - MS
1152 REM****MSMWqMR ARE MASS FLOW RATES OF STRONG
ABSORBENT, WEAK ABSORBENT AND REFRIGERANT
1160 T(4) = T(3) - EH * (T(3) - T(1))
1170 T = T(1):X XW
1180 GOSUB 5210:H(1) = H
1190 T = T(3):X = XS
1200 GOSUB 5210:H(3) = H
I210 T = T(4):X = XS
1220 GOSUB 5210:H(4) = H
1240 H(2) = H(1) + MS / MW * (H(3) - H(4))
1 0 X = XW:H = H(2)
1260 GOSUB 5340:T(2) = T
1330 T = T(3): GOSUB 5150:H(5) = H
134 T = T(6): GOSUB 5180:H(6) = H
1350 T = T(7): GOSUB 5150:H(7) = H
1360 QG = MR * H(5) + MS * H(3) - MW * H(2)
1370Q C = MR * (H(5) - H(6))
1380 QE = MR * (H(7) - H(6))
1390 QA = MR * H(7) + MS * H(4) - MW * H(1)
1391 REM****THE FOLLOWING STATEMENT IS FOR REGULATING THE
COOLING DELIVERED BY CHILLER
1392 IF QE >CL THEN QG =QG * CL / QE:QC = QC * CL /
QE:QA = QA~ * CL / QE:QE = CL
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1450 RETURN
4999 REM****SUBROUTINES LIBR-H20 THERMO-PROPERTIES BASED ON
ASHRAE HANDBOOK OF FUNDAMENTALS. TEMP SHOUD BE IN DEG. F5
50()(0 REM****MASS FRACTION OF WEAK ABSORBENT IN THE
SOLUTION
5002 REM**,'g*THE CALCULATION IS BASED ON THE NEWTON-RAPHSON
METHOD
5010 X1 = SC): REM INITIAL APPROX.
5020 X = X1
50-0 GOSUB 5100: F 1 = F
5040 X = Xl + IE - 04:REM****SMALL INCREMENT
5050 GOSUB 5 00:F2 = F
5060 X2 = X1 - IE - 04 * Fl / (F2 - Fl):REM****NEXT
APPROXIMATION
5070-) IF ABS ((X2-XI1/Xl) 1 E-04 GOTO 5090
5080 XI=X2: GOTO 5020

"

5090 X = X2 / 100: GOTO 5140 
5100 REM CALC F
5110 A = - 2x00755 + x16976 X - .,133362E - 03 * X 2 +
1,97668E - 05 * X 3
51.2)0 B = 321.128 19.322 * X + .374382 * X 2 - 2.0637E -

03 * X 3
5130 F = A * T2 + B - TI
5132 RETURN
5140 RETURN
5150 REM SATURATED STEAM ENTHALPY
5160 H = 1061 + .45 * T
5162 REM****H IN BTU/LB
5170 RETURN
5180 REM SATURATED LIQUID WATER ENTHALPY
5190 H = T - 32
5200 RETURN
5210 REM ENTHALPY OF SOLUTION
5'..L0 X = 100 * X: GOSUB 5290
5230 H = A + B * T + C T .2
5240 RETURN
2 90 REM A.B.C
...... =-1015,07 + 79.5387 * X 2,358016 * X 2 +

a.)030"1583 * X . - 1.400261E - 04* X 4
5310 B = 4,68108 - v037766 X + 8,44845E-03.X..-
1, 047721E - 04 * X-... 3 + 4,80097E - 07 * X 4
5320 C - 4.9107E - 03 + 3-83184E - 04 * X - 1,078963E
05 * X 2 + 1.3152E - 0 7 X . - 5,897E - 10 * X 4
5330 RETURN
5340: REM TEMP OF SOL GIVEN X AND H
5350 X = 100 * X: GOSUB 5290:



5:60v T = - B + (B 2 - 4 * C (A- H) 5 .) / 2 / C
570. RETURN
5380 REM TEMP OF SOL GIVEN X AND T2

5390 X i= 100 X: GOSUB 5100:F = A A T2 + B
5400 RETURN
5800 REM EQUILIBRIUM TEMP OF A MIXTURE OF TWO PHASES
LIQ-VAP GIVEN GLOBAL ENTHALPY AND CONCENTRATION"

5810 REM* * **NEWTON-RAPHSON METHOD
582:0 Ti = TA: REM T2 MUST BE ALREADY DEFINED
582'2 REM****TA IS AN INITIAL APPROXIMATION
5830 GOSUB 5010:XM = X
5840 T = TA:X = XM
5850 GOSUB 5210:HM = H
582. REM****XM AND HM ARE THE ESTIMATED TEMP AND ENTHALPY
OF THE SATURATED SOL
5860 T = TA: GOSUB 5150:HV = H

5862 REM****HV IS THE ESTIMATED ENTHALPY OF THE VAPOR
REFRIGERANT
5870 FA = HG - XG / XM * (HM - HV) - HV
5872 REM****XG IS THE GLOBAL CONCENTRATION OF ABSORBENT
(LIBR) IN THE TWO PHASE MIXTURE, HG IS ITS GLOBAL ENTHALPY
5880 TB = TA + .001
5890 TI = TB
5900 GOSUB 5010:XM = X
5910 T = TB:X = XM
59.' GSU B 5210:HM = H
5930 T TB: GOSUB 5150:HV = H
5940 FB = HG - XG / XM * (HM - HV) - HV
5950 T TA - (TB- TA) * FA / (FB - FA):REM****NEXT
APPROX IMAT ION
5960 IF ABS (T - TA) = 001 GOTO 5980
5970 TA= TB:FA FB:TB T: GOTO 5890
5980 RETURN
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F.8 , f-chart Method with the Single Effect Cycle Model

I REM****FI BAR, F-CHART METHOD FOR THE DESIGN OF A SINGLE

EFFECT ABSORPTION CHILLER AIR COOLED. THE RESULT IS THE
MONTHLY FRACTION OF THE COOLING BY SOLAR
2 REM****THE SUBROUTINE FOR A THEORETICAL MODEL OF THE
SINGLE EFFECT ABSORPTION CYCLE WITH LIBR-H20 IS BETWEEN
LINES 800 AND 5980
7 INPUT "PRINTER ON? (Y/N)"; B$: IF B$ = "Y" THEN PR# 1
8 DIM T(7),H(7),T3(1),Q(1),DT(1)
10 REM ****SPECIFICTIONS OF ABSORPTION CHILLER
12 PRINT "ENTER EVAPORATOR TEMPERATURE (F)": INPUT T(7)
14 PRINT "ENTER TEMPERATURE DIFFERENTIAL OF THE GENERATOR,
AND CONDENSER OR ABSORBER (F)": INPUT DT(0),DT(1)
16 PRINT "ENTER EFFECTIVENESS OF SOL HEAT EXCHANGER":
INPUT EH
18 PRINT "ENTER FLOW RATE OF WEAK ABSORBENT (LB/HR)":
INPUT MW
80 REM ****FROM LINES 80 TO '60 CLIMATIC DATAAND
SPECIFICATIONS OF THE SOLAR SYSTEM ARE ENTERED********
90 DIM TH(1),TR(1)
100 PRINT "ENTER MONTHLY AVG TEMPERATURE WHEN COOLING IS
REQUIRED": INPUT T(1):T(1) = T(1) + DT(1): REM ***ABSORBER
OR COND TEMP:REM****IF THE CHILLER IS OTHER THAN AIR
COOLED, SPECIFY HERE THE APPROPIATE COOLING TEMP.
110 PRINT "ENTER MONTHLY AVG AMBIENT TEMPERATURE (F)":
INPUT TA
120 PRINT "ENTER INITIAL TEMPERATURE OF STORAGE TANK (F)":
INPUT TH
13 0 PRINT "ENTER TEMPERATURE OF ENVIRONMENT SURROUNDING
STORAGE TANK (F)": INPUT TT
140 PRINT "ENTER COLLECTOR AREA (SQ-M)": INPUT AC
150 PRINT "ENTER COLLECTOR HEAT REMOVAL FACTOR AND
TAU-ALFA PRODUCT BAR" : INPUT FR TF
160 PRINT "ENTER COLLECTOR LOSS HEAT TRANSFER COEFFICIENT
(BTU/HR-SQ M-F)": INPUT UC
170 PRINT "ENTER TANK LOSS HEAT TRANSFER COEFFICIENT-AREA
PRODUCT (BTU/HR-F)": INPUT UA
180 PRINT "ENTER VOLUME OF HOT STORAGE (CU-FT)": INPUT VH
190 PRINT "ENTER MONTHLY COOLING LOAD (BTU)": INPUT CL
20.)0 PRINT "ENTER NUMBER OF DAYS IN MONTH": INPUT N
202 PRINT "ENTER AVG NUMBER OF HOURS A DAY WHEN COOLING IS
REQUIRED": INPUT NC:NC = NC * N: REM ***TOTAL #OF HOURS
WHEN COOLING REQUIRED
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210 PRINT "ENTER DAY NUMBER OF YEAR WHICH IS THE AVG DAY
FOR THE MONTH STUDIED": INPUT AD
220 PRINT "ENTER LATITUDE AND SLOPE OF COLLECTOR (DEG)":
INPUT LTSL
230 LT = .017453 * LT:SL = .017453 * SL: REM ****CONVERT TO
RADIANS
240 PRINT "ENTER AVG CLEARNESS INDEX FOR MONTH OR KT BAR":
INPUT kT
250 PRINT "ENTER GROUND REFLECTANCE": INPUT RO
260 PRINT "ENTER DENSITY-HEAT CAPACITY PRODUCT OF THE
LIQUID IN THE STOR TANK (BTU/CU FT-F)": INPUT RC
270 REM ** ** **** **
300 REM *******MAIN PROGRAM THAT CALCULATES PERFORMANCE OF
COOLING SYSTEM CALLING FI BAR, F-CHART, AND ABSORPTION
COOLER SUBROUTINES BETWEEN LINES 300-600
302 TH(O) = 170: REM ****ASSUME AVG COLLECTOR INLET TEMP
304 TR(O) = TH(0): REM ****ASSUME AVG FIRING STORAGE TEMP
305 IF B$ = "Y" THEN PR# 0
306 HOME : PRINT "SO YOU DON'T GET BORED WHILE YOU WAIT
PART OF THE ITERATIVE PROCESS IS SHOWN BELOW"

312 PRINT "GUESSED COLL INLET TEMP=";TH(0)
330 REM ****CALCULATE AVG COP OF ABSORPTION CHILLER
332 A$ = "T(3)": REM ***A$ INDICATES THAT T(3) IS KNOWN FOR
PERFORMANCE CALCULATION
340 T(3) = TR(0) - DT(0): REM ****GENERATOR TEMP
350 GOSUB 800: REM COP IS RETURNED FROM SUBROUTINE*****
360 IF COP = 0 THEN COP = .1: REM *****TO AVOID DIVISION
BY ()****
362 PRINT "GUESSED FIRING TEMP=";TR(C)
364 QT = UA * ((TH(O) + TR(0)) / 2 - TT) * 24 * N:QI = RC
VH * ((TH(0) + TR(0)) / 2 - TH): REM ****LOSS FROM STOR
TANK AND ITS INTERNAL ENERGY CHANGE. AVG TANK TEMP ASSUMED
THE ARITHMETIC AVG OF FIRING TEMP AND INLET TEMP
370 OL = CL / COP + OT + QI: REM ****ENERGY REQUIRED BY
GENERATOR TO MEET LOAD+LOSS FROM STORAGE TANK+INTERNAL
ENERGY CHANGE OF STOR
380 REM ********CALCULATION OF FRACTION BY SOLAR USING FI
BAR F-CHART METHOD
390 TM = TR(0): REM ****DEFINE TMIN FOR FI BAR, F-CHART
METHOD. ALL OTHER PARAMETERS WERE DEFINED ABOVE
400 GOSUB 6502: REM ****FI BARI F-CHART CALC COMPLETED.
RETURNED F (FRACTION BY SOLAR INCL STOR LOSS), HO (HO BAR)q
RN, R (R BAR); KAI KB, KC (ABC CONSTANTS OF FI BAR
CORRELATION)
402 FT = F: REM ***SAVE FRACTION BY SOLAR INCLUDING LOSS
IN FT
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41C) FV = (F * QL -QT - QI) / (DL - OT - 0I): REM
****FRACTION OF LOAD MET BY SOLAR CORRECTED FOR STOR TANK

ENERGY LOSS AND INTERNAL ENERGY CHANGE
420 ON = FV * CL / COP / NC: REM ****AVG HEAT FLOW TO
GENERATOR BASED ON THE COP AND FRAC. BY SOLAR
430 REM *******CALCULATE AVG TEMP OF GENARATOR GIVEN HEAT
FLOW TO GENERATOR USING MOEL FOR ABS CHILLER
440 A$ = "G": REM ****A$ INDICATES THAT 06 IS KNOWN FOR
PERFORMANCE CALCULATION
450 GOSUB 800: REM ****T(3) AND COP ARE RTURNED
460 TR(1) = T(3) + DT(0): REM ****RECALCULATED VALUE OF AVG
FIRING STORAGE TEMP
470 IF ABS (TR(0) - TR(1)) . 001 THEN TR(C) = TR(1):
GOTO 360: REM ***REASSUME TR
480 REM ****FROM FI BAR METHOD RECALCULATE AVG TEMP OF
STOR TANK
490 FI = FT * QL / AC / FR / TF / KT / HO / N
500 REM *****FROM FI BAR CORRELATION CALC XC BAR
51) XC = ( SOR (I + 4 * KC * LOG (FI) / (KA + KB * RN /
R)) - 1) / 2 / KC
520 REM ******FROM DEFINITION OF XC BAR RECALCULATE AVG
COLL INLET TEMP
530 TH(1) = TA + RT * RN * KT * HO , TF / UC * XC: REM
***NEW VALUE OF TH
540 IF ABS (TH(C) - TH(1)) .C)01 THEN TH(0) = TH(1):
GOTO 3'"612: REM ****REASSUME AVG COLL INLET TEMP
550 REM ******CALCULATIONS COMPLETED. PRINTING OF RESULTS
FOLLOWS
552 HOME : IF B$ = "Y" THEN PR# I
553 PRINT "********RESULTS********"
560 PRINT "AVG COLLECTOR INLET TEMPERATURE";TH(I);" F"

562 PRINT "AVG STORAGE TANK TEMPERATURE="; (TH(1) + TR(I))
/ 2; " F"
57C) PRINT "AVG FIRING TEMFP";TR(I);" DEG F"

580 PR I NT "AVG COP-" ; COP
590 PRINT "MONTHLY FRACTION BY SOLAR=" ; FV
591 PRINT "AVG TEMPERATURE OF GENERATOR-";T(3);" F"

592 PRINT "ENERGY COLLECTED=";FT , QL;" BTU"

593 PRINT "ENERGY LOSS FROM STORAGE TANK=" ;.T;" BTU":
PR INT "I NTERNAL ENERGY CHANGE OF STORAGE TANK=";QDI;" BTU"
594 INPUT "DO YOU WANT DETAILS? (Y/N)";AS: IF A$ = "N"
GOTO 600
595 PRINT

RD;"/R""RTN" ;R T; " /HR","N N H) O
BTU/S-M", "R BAR";R
600.' END : REM **************************
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800 REM *********SINGLE EFFECT CYCLE CALCULATIONS GIVEN
T(3) OR 06
801 REM A$=QG INDICATES THAT 0G IS GIVEN; AS=T(3) IMPLIES
THAT T(3) IS GIVEN
802 REM ALSO GIVEN T(7),T(1),EHMW*****
803 REM****T(I),H(I) ARE TEMP. AND ENTHALPY OF STREAM I.
CONSULT FLOW DIAGRAM
804 T(6) = T(1): REM ****SAME ABSORBER AND CONDENSER
TEMPERATURES
806 TI = T(1):T2 = T(7): GOSUB 5000:XW = X: REM ***WEAK ABS
CONC
808 T2 = T(6):X = XW: GOSUB 5380:T(0) = F: REM ****CUT-OFF
TEMP
810 IF A$ = "0G" GOTO 820
814 REM *****T(3) IS GIVEN
818 GOSUB 1000: REM ***ABS CYCLE CALCULATIONS
819 GOTO 860
820 REM *****QG IS GIVEN. FIND T(3) BY NEWTON METHOD
822 T3(0) = T(O): REM ****INITIAL APPROX
824 T(3) T3(0): GOSUB 1000: REM **CYCLE CALC
826 Q(0) = ON - QG: REM ***QN=VALUE OF HET FLOW TO GEN
WHICH IS GIVEN" 06 IS THE CALCULATED
828 T3(1)= T3(0) + 1: GOSUB 1000: REM ***INCREMENT T3 TO
FIND DERIVATIVE OF 0
830 T(3) = T3(I): GOSUB 1000:0(1) = ON - 06
832 T(3) = T3(1) - (T3(0) - T3(1)) / (Q(0) - Q(1)) Q(1):
REM ****NEW APPROX
834 GOSUB 1000
836 IF ABS ((QG - ON) / ON) = 1E - 4 GOTO 860
838 T3(0) = T3(1) :0(0) = 0(1) :T3 (1) T(3)
840 0(1) = ON - QG: GOTO 832
860 RETURN : REM ***CALC SUBROUT 800 COMPLETED
1000 REM *********SINGLE EFFECT CYCLE CALCULATIONS GIVEN
T (3) , T (6) , T (1) , EH. MW, T (0) . XW
1010 IF T(3) T(0) GOTO 1120
1020 IF T(3) T(1) THEN XS = XW: GOTO 1140
1030 0Q = :OC = 0:QE = 0::A = 0:COP = 0
1040 GOTO 1410
1120 TI = T(3):T2 = T(6)
1130 GOSUB 5000: XS = X
1140 MS = XW / XS * MW
1150 MR = MW - MS
1152 REM****MSMW, MR ARE FLOW RATES OF STRONG ABS., WEAK
ABS. , AND REFRIGERANT
1160 T(4) = T(3) - EH * (T(3) - T(1))
1170 T = T(1):X =XW
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1180 GOSUB 5210:H(1) = H
1190 T = T(3):X = XS
1200 GOSUB 5210:H(3) = H
1210 T = T(4):X = XS
12"0 GOSUB 5210:H(4) = H
1230 QH = MS * (H(3) - H(4))
1240 H(2) = H(1) + QH / MW
1250 X = XW:H = H(2)
1260 GOSUB 5340:T(2) = T
1330 T = T(3): GOSUB 5150:H(5) = H
1340 T = T(6): GOSUB 5180:H(6) = H
1350 T = T(7): GOSUB 5150:H(7) = H
1 2 REM****QGQC,QE,QA ARE HEAT FLOW RATES OF GENERATOR,
CONDENSER, EVAPORATOR, AND ABSORBER
1360 QG = MR * H(5) + MS * H(3) - MW * H(2)
1370 QC = MR * (H(5) - H(6))
1380 0E = MR * (H(7) - H(6))
1390 QA = MR * H(7) + MS * H(4) - MW * H(1)
1400 COP = QE / QG:REM****COEFFICIENT OF PERFORMANCE
1410 RETURN
4999 REM****SUBROUTINES LIBR-H20 THERMO-PROPERTIES BASED ON
ASHRAE HANDBOOK OF FUNDAMENTALS. TEMP SHOUD BE IN DEG. F,
5000 REM****MASS FRACTION OF WEAK ABSORBENT IN THE
SOLUTION
5002 REM****THE CALCULATION IS BASED ON THE NEWTON-RAPHSON
METHOD
5010 XI = 50: REM INITIAL APPROX.
5020 X = XI
5030 GOSUB 5100:FI F
5040 X = XI + IE - 04:REM****SMALL INCREMENT
5050 GOSUB 5100:F2 = F
5060 X2 = XI - IE - 04 * Fl / (F2 - FI):REM****NEXT
APPROXIMATION
5070 IF ABS (X2 - Xl) / XI) : = IE - 04 GOTO 5090
5080 XI = X2: GOTO 5020
5090 X = X2 / 100: GOTO 5140
5100 REM CALC F
5110 A = 2.00755 + .16976 * X - 3.133362E - 03 * X 2 +
1.97668E - 05 * X 3
5120 B = 321.128 - 19,.322 X + w 374362*X 4-22.0637E -

03 , X
5130 F = A * T2 + B - TI
5132 RETURN
5140 RETURN
5150 REM SATURATED STEAM ENTHALFPY
5160 H = 1061 + .45 * T
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5162 REM****H IN BTU/LB
5170 RETURN
5180 REM SATURATED LIQUID WATER ENTHALPY
5190 H = T - 32
5200 RETURN
5210 REM ENTHALPY OF SOLUTION
5220 X = 100 * X: GOSUB 5290
5230 H = A + B * T + C * T 2
5240 RETURN
5290 REM A, B, C
5300 A = - 1015.07 + 79.5387 * X - 2.358016 . X 2 +
.03031583 * X "% 3 - 1.400261E - 04 * X .4
5310 B = 4.68108 - .303.17766 * X + 8.44845E - 03 * X 2 -

1.047721E - 04 * X 3 + 4.80097E - 07 * X %." 4
53.20 C = 4a9107E - 03 + 3.83184E - 04 * X - 1,078963E
05* *X " 2 + 1.3152E - 07*X " 3-5.897E-10*X .....4
5330 RETURN
5340 REM TEMP OF SOL GIVEN X AND H
5350 X = 100 * X: GOSUB 5290
5360T (- B + (B .. 2 - 4*C (A-H)) .5) / C
5370 RETURN
5380 REM TEMP OF SOL GIVEN X AND T2

5390 X = 100 * X: GOSUB 5100:F = A * T2 + B
5400 RETURN
5800 REM EQUILIBRIUM TEMP OF A MIXTURE OF TWO PHASES
LIQ-VAP GIVEN GLOBAL ENTHALPY AND CONCENTRATION"

5810 REM****NEWTON-RAPHSON METHOD
5820 TI = TA: REM T2 MUST BE ALREADY DEFINED
5822 REM****TA IS AN INITIAL APPROXIMATION
5830 GOSUB 5010:XM = X
5840 T = TA:X = XM
5850 GOSUB 5210:HM H
5822 REM****XM AND HM ARE THE ESTIMATED TEMP AND ENTHALPY
OF THE SATURATED SOL
5860 T = TA: GOSUB 5150:HV = H
5862 REM****HV IS THE ESTIMATED ENTHALPY OF THE VAPOR
REFR I GERANT
5870 FA = HG - XG / XM * (HM - HV) - HV
5872 REM****XG IS THE GLOBAL CONCENTRATION OF ABSORBENT
(LIBR) IN THE TWO PHASE MIXTURE4 HG IS ITS GLOBAL ENTHALPY
5880 TB = TA + .001
5890 TI =TB
5900 GOSUB 5010:XM = X
5910 T = TB:X = XM
5920 GOSUEB 5210: HM =H
5930 T = TB': GOSUEB 5150:HV = H
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5940 FB = HG - XG / XM * (HM - HV) - HV
5950 T = TA- (TB - TA) * FA / (FB- FA):REM****NEXT
APPROX I MAT ION
5960 IF ABS (T - TA) .001 GOTO 5980
5970 TA = TB:FA = FB:TB = T: GOTO 5890
5980 RETURN
6500 REM ****************
6502 REM SUBROUTINE FI BAR, F-CHART METHOD. INPUTS:
LATITUDE (RAD), SLOPE OF COLLECTOR (RAD), FR, TAU*ALFA,
COLLECTOR LOSS COEFFICIENT (BTU/HR-SQ M-F)q MINIMUM
DELIVERY TEMP TO LOAD OR TMIN (F)5 COLLECTOR AREA (SQ M)5
GROUND REFLECTANCE.
6503 REM INPUTS: MONTHLY LOAD (BTU), MONTHLY AVG AMBIENT
TEMP (F).,STORAGE TANK VOLUME (CU FT),DAY OF YEAR AVG FOR
MONTH, NUMBER OF DAYS IN MONTH, DENSITY*HEAT CAPACITY OF
HOT STORAGE (BTU/CU FT-F)
6504 REM OUTPUT: FRACTION OF LOAD MET BY SOLAR
6510 DC = 23.45 * SIN (2 * 3. 1416 * (284 + AD) / 365)
3. 1416 / 180: REM DECLINATION (RAD)
6520 A =- TAN (DC) * TAN (LT): REM AUXILIARY VARIABLE
6530WS= - ATN (Al SQR (-A A + 1)) + 1.5708: REM
SUNSET HOUR ANGLE (RAD)
6540 RD = (1 - COS (WS)) / ( SIN (WS) - WS * COS (WS))
3.1416 / 24
6550 RT = (1,v0699 + .0249 * SIN (WS 1.0472)) * RD
6560 RB = ( COS (LT - SL) * COS (DC) + SIN (LT - SL)
SIN (DC)) / ( COS (LT) * COS (DC) + SIN (LT) * SIN
(DC)): REM NOON RATIO OF THE COS OF INCIDENCE ANGLE ON
TILTED SURFACE TO COS OF INC. ANGLE ON HORIZ SURF (RBN)
6570 REM *******RATIO OF DIFFUSE RADIATION TO TOTAL RAD
FOR AVG DAY=HR
6580 IF KT <= .17 THEN HR = .99: GOTO 66)10
6590 IF KT < = .75 THEN HR = 1.188 - 2.272 * KT + 9.473
KT * KT - 21.865 * KT .3 + 14.648 * KT "" 4: GOTO 6610
6600 HR= .2: REM **** *****
6610 REM *************NOON RATIO OF RAD ON TILTED SURFACE
TO RAD ON HORIZONTAL SURFACE FOR AVG DAY OF MONTH
6620 RN = (1-RD / RT * HR) * RB + RD / RT * HR * (1 +
COS (SL)) /2+RO* (1- COS (SL)) /
6630 REM **********MONTHLY AVG DAILY EXTRATERRESTIAL
RAD=HO (BTU/SQ M)
6640 HO = 35148.29 * (1 + .033 * COS (AD / 58.0916)) *
COS (LT) * COS (DC) * SIN (WS) + WS * SIN (LT) * SIN
(DC))
6650 REM SOLAR CONSTANT=4600.9 BTU/HR-SQ
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6660 REM *********DIMENSIONLESS PARAMETER XCIMIN BAR TO
CALCULATE FI-BAR-MAX
6670 XC = UC * (TM - TA) / TF / RT / RN / KT / HO
6680 REM *********MONTHLY RATIO OF RAD ON TILTED SURFACE
TO RAD ON HORIZONTAL SURFACE OR R BAR=R
6690 A = - TAN (LT - SL) * TAN (DC)
6700 WP = - ATN (A / SOR ( - A * A + 1)) + 1,5708
6710 IF WP WS THEN WP = WS
6720 REM CeALC OF RB-BAR=RB FOR AVG DAY OF MONTH
6730 RB = ( COS (LT - SL) * COS (DC) * SIN (WP) + WP *
SIN (LT - SL) * SIN (DC)) / ( COS (LT) * COS (DC) * SIN
(WS) + WS * SIN (LT) * SIN (DC))
6740 REM MONTHLY AVG RATIO OF DIFFUSE RAD TO TOTAL RAD=RH
6750 RH = .775 + .00653 * (57.296 * WS - 90) - (.505 +
.00455 * (57.296 * WS - 90)) * COS ((115 * KT - 103) *
3.1416 / 180)
6760R = (I1-RH) *RB +RH (I1+ COS (SL)) / 2 + RO* (I
- COS (SL)) / 2
6770 REM ***********FI BAR MAX=FI
6780 A = 2.943 - 9.271 * KT + 4.031 * KT KT
6790 B = - 4.345 + 8.853 * KT - 3.602 * KT * KT
6800 C = - .17 - .306 * KT + 2.936 * KT * KT
6810FI= EXP ((A + B *RN / R) *XC*(1 + C XC))
6812 KA = A:KB = B:KC = C: REM ***SAVE THE VALUES OF AqBqC
THROUGHOUT CALCULATIONS
6820 REM ***********PARAMETERS FOR FI BARF-CHART
CALCULATION
6830 A = F I* FR * AC * TF * KT * HO * N / QL: REM FI BAR
MAX*Y
6840 B = FR * AC * UC * 180 * 24 * N / QL: REM X PRIME
6850 C = (184.1 * FR * AC / RC / VH) .76: REM CORRECTION
FOR CAPACITY OF STORAGE DIFFERENT THAN THE STANDAR=184.1
BTU/SQ M-F
6860 REM ********SOLVE FI BAR ,F-CHART CORRELATION BY
NEWTON METHOD
6870 Fl = .5:F = Fl: GOSUB 6930:G =G: REM INITIAL APPROX
6880 F2 = .6: REM INCREMENT TO INITIATE NEWTON ITERATIONS
6890 F = F2: GOSUB 6930:G2 = G
690) F= F2 - (Fl - F2) / (G - G2) * G2: REM NEW APFROX
6910 IF ABS (F - F2) = IE - 4 GOTO 6760
6920 Fl F2:GI =2:F2 = F: GOTO 6890
6930 REM FI BAR, F-CHART CORRELATION****
6940 G = F - A + .015 * ( EXP (3.85 * F) - 1) * (1 - EXP (
- .15 * B)) * C: RETURN
6950 REM THE SOLUTION OR FRACTION OF LOAD MET BY SOLAR lB

F

6960 RETURN : REM *******************



334

F.9 $, f-chart method with the Arkla WF-36 Model

1 REM****FI BAR, F-CHART METHOD FOR COOLING DESIGN WITH THE
ARKLA WF-36. THE RESULT IS THE MONTHLY FRACTION BY SOLAR
2 REM****THE SUBROUTINE WITH THE ARKLA MODEL IS BETWEEN
LINES 800 AND 1100
7 INPUT "PRINTER ON? (Y/N)";B$: IF B$ = "Y" THEN PR# I
8 DIM TM(3),QG(3),QE(1),COP(1)
10 REM ****SPECIFICTIONS OF ABSORPTION CHILLER
14 PRINT "ENTER TEMPERATURE DIFFERENTIAL OF THE CONDENSER
OR ABSORBER (F)": INPUT DT
B0 REM ****FROM LINES 80 TO 260 CLIMATIC DATA AND
SPECIFICATIONS OF THE SOLAR SYSTEM ARE ENTERED********
90 DIM TH(1),TR(1)
100 PRINT "ENTER MONTHLY AVG COOLING TEMPERATURE": INPUT
TC:TC = TC + DT: REM ***ABSORBER OR COND TEMP
110 PRINT "ENTER MONTHLY AVG AMBIENT TEMPERATURE (F)":
INPUT TA
120 PRINT "ENTER INITIAL TEMPERATURE OF STORAGE TANK (F)":
INPUT TH
1"0 PRINT "ENTER TEMPERATURE OF ENVIRONMENT SURROUNDING
STORAGE TANK (F)": INPUT TT
140 PRINT "ENTER COLLECTOR AREA (SQ-M)": INPUT AC
150 PRINT "ENTER COLLECTOR HEAT REMOVAL FACTOR AND
TAU-ALFA PRODUCT BAR": INPUT FR, TF
160 PRINT "ENTER COLLECTOR LOSS HEAT TRANSFER COEFFICIENT
(BTU/HR-SQ M-F)": INPUT UC
170 PRINT "ENTER TANK LOSS HEAT TRANSFER COEFFICIENT-AREA
PRODUCT (BTU/HR-F)I": INPUT UA
180 PRINT "ENTER VOLUME OF HOT STORAGE (CU-FT)I": INPUT VH
190 PRINT "ENTER MONTHLY COOLING LOAD (BTU)": INPUT CL
20C) PRINT "ENTER NUMBER OF DAYS IN MONTH": INPUT N
202 PRINT "ENTER AVG NUMBER OF HOURS A DAY WHEN COOLING IS
REQUIRED": INPUT NC:NC = NC * N: REM ****TOTAL #OF HOURS
WHEN COOLING REQUIRED
210 PRINT "ENTER DAY NUMBER OF YEAR WHICH IS THE AVG DAY
FOR THE MONTH STUDIED": INPUT AD
220 PRINT "ENTER LATITUDE AND SLOPE OF COLLECTOR (DEG)":
INPUT LTSL
230 LT = .017453 * LT:SL = .017453 * SL: REM ****CONVERT
TO RADIANS
240 PRINT "ENTER AVG CLEARNESS INDEX FOR MONTH OR KT BAR":
I NPUT KT
250 PRINT "ENTER GROUND REFLECTANCE": INPUT RO
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260 PRINT "ENTER DENSITY-HEAT CAPACITY PRODUCT OF THE
LIQUID IN THE STOR TANK (BTU/CU FT-F)": INPUT RC
270 REM ******************************
300 REM *******MAIN PROGRAM THAT CALCULATES PERFORMANCE
OF COOLING SYSTEM CALLING FI BAR, F-CHART, AND ABSORPTIO
COOLER SUBROUTINES BETWEEN LINES 300-600
302 TH(O) = 170: REM ****ASSUME AVG COLLECTOR INLET TEMP
304 TR(0) = TH(0): REM ****ASSUME AVG FIRING STORAGE TEMP
305 IF B$ = "Y" THEN PR# 0
306 HOME : PRINT "SO YOU DON'T GET BORED WHILE YOU WAIT
PART OF THE ITERATIVE PROCESS IS SHOWN BELOW"

312 PRINT "GUESSED COLL INLET TEMP=";TH(0)

33() REM ****CALCULATE AVG COP OF ABSORPTION CHILLER
332 A$ = "TM": REM ***A$ INDICATES THAT TM IS KNOWN FOR

PERFORMANCE CALCULATION
340 TM TR(C): REM ****FIRING TEMP
350 GOSUB 800: REM COP IS RTURNED FROM SUBROUTINE*****
360 IF COP = 0 THEN COP = .1: REM *****TO AVOID DIVISION

BY 0**
362 PRINT "GUESSED FIRING TEMP=";TR(C)
364 QT = UA * ((TH()) + TR(0)) / 2 - TT) * 24 * N:QI = RC
VH * ((TH(0) + TR(0)) / 2 - TH): REM ****LOSS FROM STOR
TANK AND ITS INTERNAL ENERGY CHANGE. AVG TANK TEMP ASSUMED
THE ARITHMETIC AVG OF FIRING TEMP AND INLET TEMP
370 QL = CL / COP + QT + QI: REM ****ENERGY REQUIRED BY
GENERATOR TO MEET LOAD+LOSS FROM STORAGE TANK+INTERNAL
ENERGY CHANGE OF STOR
380 REM ********CALCULATION OF FRACTION BY SOLAR USING FI
BAR, F-CHART METHOD
390) TM = TR(0): REM ****DEFINE TMIN FOR FI BAR, F-CHART
METHOD. ALL OTHER PARAMETERS WERE DEFINED ABOVE
400 GOSUB 6502: REM ****FI BAR, F-CHART CALC COMPLETED.
RETURNED F (FRACTION BY SOLAR INCL STOR LOSS), HC (HO BAR),
RN, R (R BAR); KA, KB, KC (A,BC CONSTANTS OF FI BAR
CORRELATION)
402 FT F: REM ****SAVE FRACTION BY SOLAR INCLUDING LOSS
IN FT
410 FV= (F*QL-OT-QI) / (QL-OT -QI): REM
****FRACTION OF LOAD MET BY SOLAR CORRECTED FOR STOR TANK
ENERGY LOSS AND INTERNAL ENERGY CHANGE
420 ON =FV * CL / COP / NC: REM ****AVG HEAT FLOW TO
GENERATOR BASED ON THE COP AND FRAC. BY SOLAR
4' 22 IF ON <%QG(I) THEN TM = TM(1):COP = COP(1): GOTO 460:
REM ****TM IS THE MINIMUM FIRING TEMP AND COP(1) AND QG(1)
I TS CORRESPOND ING COP AND HEAT TO GENERATOR RESF'ECT IVELY.
ON<QG(1) MEANS OVERSIZED CHILLER,SO IT OPERATES LESS THAN
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THE SPEC HRS/DA
430 REM *******CALCULATE AVG TEMP OF GENERATOR GIVEN HEAT

FLOW TO GENERATOR USING MODEL FOR ABS CHILLER
440 A$ = "QG": REM ****A$ INDICATES THAT QG IS KNOWN FOR
PERFORMANCE CALCULATION
450 GOSUB 800: REM ****TM AND COP ARE RETURNED
460 TR(1) = TM: REM ****RECALCULATED VALUE OF AVG FIRING
STORAGE TEMP
470 IF ABS (TR(0) - TR(1)) >.002 THEN TR(C) TR(1):
GOTO 360: REM ***REASSUME TR
480 REM ****FROM FI BAR METHOD RECALCULATE AVG TEMP OF
STOR TANK
490 FI = FT * OL / AC / FR / TF / KT / HO / N
500 REM *****FROM FI BAR CORRELATION CALC XC BAR
510 XC = ( SQR (1 + 4 * KC * LOG (FI) / (KA + KB * RN /
R)) - 1) / / KC
520 REM ******FROM DEFINITION OF XC BAR RECALCULATE AVG
COLL INLET TEMP
530 TH(1) = TA + RT * RN * KT * HO * TF / UC * XC: REM
***NEW VALUE OF TH
540 IF ABS (TH(0) - TH(1)) >.0C1 THEN TH(C0) = TH(1) :
GOTO 312: REM ****REASSUME AVG COLL INLET TEMP
550 REM ******CALCULATIONS COMPLETED. PRINTING OF RESULTS
FOLLOWS
552 HOME IF B$ = "Y" THEN PR# 1
553 PRINT "********RESULTS********"
560 PRINT "AVG COLLECTOR INLET TEMPERATURE=";TH(1) " F"

562 PRINT "AVG STORAGE TANK TEMPERATURE="; (TH(1) + TR(1))
/ 2;" F"
570 DPRINT "AVG FIRING TEMP=";TR(1);" DEG F"

580 PRINT "AVG COP=";COP
590 PRINT "MONTHLY FRACTION BY SOLAR=";FV
592 PRINT "ENERGY COLLECTED";FT * QL;" BTU"

593 PRINT "ENERGY LOSS FROM STORAGE TANK=" ; T;" BTU":
PRINT "INTERNAL ENERGY CHANGE OF STORAGE TANK=";0I;" BTU"
594 INPUT "DO YOU WANT DETAILS? (Y/N)";A$: IF A$ = "N"
GOTO 600
595 PRINTD;"1H""RTN=";R ;" /H" "RN=" ;R,"H')=" HO;"RDN="I;RD;"l/HRll" =1;RT; l/HR , lR~ ;RN, "0= ;H0;-

BTU/S -M" ,"R BAR=";R
600 END : REM **************************
800 REM ****3-TON ARKLA CALCULATIONS GIVEN QG OR TM
(GENERATOR HEAT FLOW RATE OR FIRING TEMP) AND COOLING TEMP.
QG IN BTU/HR AND TEMP IN F
802. IF TC <73 _ .58 THEN TC = 73.58: REM ****LOWER LIMIT
FOR THE COOLING TEMP
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810C IF FL = I GOTO 860
812 REM ***CALC MAXIMUM AND MINIMUM 0G
820 FL = 1:TM(C)) = (185.54 - .17 * TC) / .83: REM
****UPPER LIMIT FOR THE FIRING WATER TEMP BASED ON THE
MAXIMUM GEN TEMP
80 TG = 185.54: GOSUB 1040:QG(0) = QG:QE(0) = QE:COP() =
COP: REM ****MAX 0G AND ITS CORRESPONDING COP
840 TM(1) = (154.8 - . 17 * TC) / .83: REM ****MINIMUM
FIRING TEMP BASED ON THE MIN GEN TEMP
850 TG = 154.8: GOSUB 1040:QG(1) = QG:QE(1) =E:COP(1)
COP: REM ****MIN 0G AND ITS CORRESPONDING COP
860 IF A$ = "00" GOTO 870
862 GOSUB 1000: GOTO 990: REM ****TM IS GIVEN QE,COP ARE
RETURNED
870 REM *****QG IS GIVEN THUS PERFORMANCE IS CALCULATED
BY TRIAL AND ERROR
874 IF ON > QG(0) THEN TM = TM(0):COP = COP(0):QE = DE(C)):
GOTO 990: REM ****TM MIGHT BE HIGHER THAN MAX TM BUT ITS
TEMP IS ADJUSTED SO IT DOESN"T EXCEEDS IT WHEN IT GOES TO
THE GEN
878 IF ON 0QG(1) THEN TM = TM(1):COP = 0:QE = 0: GOTO 990
882 REM ****CALCULATE FIRING TEMP FOR QG, KNOWN (ON) BY
MEAN INTERVAL
886 TM(2) = TM(O): REM ***MAX FIRING TEMP CAUSES ON-OG<0
890 TM(3) = TM(1): REM ***MIN FIRING TEMP CAUSES ON-QG>C)
894 TM (TM(2) + TM(3)) /2: REM ***NEW APPROX
898 GOSUB 1000: REM ***PERFORM CALC
9C02 IF ON - QG < 0 THEN TM(2) = TM: GOTO 910
906 TM(3) = TM
91C) IF ABS (TM(2) - TM(3)) .001 GOTO 894
990 RETURN
1000 REM ****3-TON ARKLA PERFORMANCE GIVEN COOLING AND
FIRING TEMPERATURES (F). THE CHILLED WATER TEMP IS 45 F.
1008 IF TC < 73.58 THEN TC = 73.58: REM ****LOWER LIMIT
FOR THE COOLING TEMP
1010 TG = .83 * TM + .17 * TC: REM ****GENERATOR TEMP
(SEE BLINN"S THESIS)
1020 IF TO.> 185.54 THEN TG = 185.54: GOTO 1040: REM
****UPPER LIMIT OF THE GEN TEMP
1030 IF TG : 154.8 THEN COP = C:QE = C0:QG C0: GOTO 1100:
REM ****LOWER LIMIT OF THE GEN TEMP
1C040A = (TO - 32) / 1.8:B (TC 32) / 1.8: REM
****CONVERT TEMPS TO DEG C
1048 REM ****CALC OE AND COP FROM CURVE FITS OF THE
ARKLA~ EXP DATA
1050 QE = 1. 405 - 3.602844 * B + . 100965 * B * B +
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(1.044028 + l.883088E - 2 * B- 1.376819E - 3 * B * B) * A
+ ( - 1.403839E - 2 + 4.01284E - 4 * B) * A * A
1052 IF QE <C:' THEN QE = 0O:QG = 0:COP = 0: GOTO I100: REM
***CHILLER OFF
1060 QE =37980 * QE / 1.056: REM ***37980 KJ/HR IS THE
RATED CAPACITY AND 1.056 IS A CONVERSION FACTOR FROM K J/HR
TO BTU/HR
1062 REM****QE IS THE HEAT FLOW RATE OF THE EVAPORATOR OR
COOLING CAPACITY
1070 COP = 5.048 - 1.921 * B + 4.29061E - 2 * B * B +
(w4264 + 1,522715E -92 * B- 5696471E - 4 * B * B) * A +

- 6.250574E- 3 + 1.304397E- 4 * B) *A * A
1072 REM****COP IS THE COEFFICIENT OF PERFORMANCE
1080 QG = QE / COP
1100 RETURN
6500 REM **************************
6502 REM SUBROUTINE FI BAR, F-CHART METHOD. INPUTS:
LATITUDE (RAD), SLOPE OF COLLECTOR (RAD), FR, TAU*ALFA,
COLLECTOR LOSS COEFFICIENT (BTU/HR-SQ M-F), MINIMUM
DELIVERY TEMP TO LOAD OR TMIN (F), COLLECTOR AREA (SQ M)q
GROUND REFLECTANCE.
6503 REM INPUTS: MONTHLY LOAD (BTU), MONTHLY AVG AMBIENT
TEMP (F),STORAGE TANK VOLUME (CU FT),DAY OF YEAR AVG FOR
MONTH, NUMBER OF DAYS IN MONTH, DENSITY*HEAT CAPACITY OF
HOT STORAGE (BTU/CU FT-F)
6504 REM OUTPUT: FRACTION OF LOAD MET BY SOLAR
6510 DC = 23.45 * SIN (2 * 3.1416 * (284 + AD) / 365) *
3.1416 / 180: REM DECLINATION (RAD)
6520 A = - TAN (DC) * TAN (LT): REM AUXILIARY VARIABLE
6530 WS = - ATN (A / SOR ( - A * A + 1)) + 1.5708: REM
SUNSET HOUR ANGLE (RAD)
6540 RD = (1 - COS (WS)) / ( SIN (WS) WS * COS (WS)) *
3.1416 / 24
6550 RT = (1.0699 + .0249 * SIN (WS- 1.0472)) * RD
6560 RB = ( COS (LT - SL) * COS (DC) + SIN (LT - SL) *
SIN (DC)) / ( COS (LT) * COS (DC) + SIN (LT) * SIN
(DC)): REM NOON RATIO OF THE COS OF INCIDENCE ANGLE ON
TILTED SURFACE TO COS OF INC. ANGLE ON HORIZ SURF (RBN)
6570 REM *******RATIO OF DIFFUSE RADIATION TO TOTAL RAD
FOR AVG DAY=HR
6580 IF KT :" = .17 THEN HR = .99: GOTO 6610
6590 IF KT < .75 THEN HR = I.188 2.272KT + 9,473'*
KT * KT - 21.865 * KT 3 + 14.648 * K-:T" 4: GOTO 6610
6600 HR .2: REM ****************
6610' REM *************NOON RATIO OF RAD ON TILTED
SURFACE TO RAD ON HORIZONTAL SURFACE FOR AVG DAY OF MONTH
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6620 RN= (1-RD / RT , HR) * RB+RD / RT * HR * (1 +
COS (SL)) / 2 + RO * (1 - COS (SL)) / 2
6630 REM **********MONTHLY AVG DAILY EXTRATERRESTIAL
RAD=H0 (BTU/SQ M)
6640 HO = 35148.29 * (I + .033 , COS (AD / 58.0916)) *
COS (LT) * COS (DC) * SIN (WS) + WS * SIN (LT) * SIN
(DC))
6650 REM SOLAR CONSTANT=4600.9 BTU/HR-SQ

6660 REM *********DIMENSIONLESS PARAMETER XCMIN BAR TO
CALCULATE FI-BAR-MAX
6670 XC = UC * (TM - TA) / TF / RT / RN / KT / HO
6680 REM *********MONTHLY RATIO OF RAD ON TILTED SURFACE
TO RAD ON HORIZONTAL SURFACE OR R BAR=R
6690 A = - TAN (LT - SL) * TAN (DC)
6700 WF' = - ATN (A / SQR ( - A* A + )) + 1.5708
6710 IF WP WS THEN WP = WS
6720 REM CALC OF RB-BAR=RB FOR AVG DAY OF MONTH
6730 RB = ( COS (LT - SL) * COS (DC) * SIN (WP) + WP *
SIN (LT - SL) * SIN (DC)) / ( COS (LT) * COS (DC) * SIN
(WS) + WS * SIN (LT) * SIN (DC))
6740 REM MONTHLY AVG RATIO OF DIFFUSE RAD TO TOTAL
RAD=RH
6750 RH .775 + 00653 * (57.296 * WS - 90) (.505 +
.00455 , (57.296 , WS - 90)) , COS ((115 * KT - 103) ,
3. 1416 / 180)
6760 R = (1 - RH) , RB + RH , (I + COS (SL)) / 2 + RO * (1
- COS (SL)) / 2
6770 REM ***********FI BAR MAX=FI
6780 A = 2.943 - 9.271 , KT + 4.031 , KT * KT
6790 B = - 4.345 + 8.853 * KT - 3.602 * KT * KT
6800 C = - . 17 - .306 , KT + 2. 936 * KT * KT
6810 Fl = EXP ((A + B , RN / R) * XC * (I + C * XC))
6812 KA = A:KB = B:KC = C: REM ***SAVE THE VALUES OF A,BC
THROUGHOUT CALCULATIONS
6820 REM ***********PARAMETERS FOR FI BARF-CHART
CALCULATION
6830 A =FI FR A AC , TF * KT * HO * N / QL: REM FI BAR
MAX*Y
6840 B = FR * AC * UC * 190 * 24 , N / QL: REM X PRIME
6850 C = (184.1 , FR * AC / RC / VH) ....76: REM
CORRECTION FOR CAPA~CITY OF BTORAGE DIFFERENT THAN THE
STANDAR=I84. 1 BTU/SQ M-F
686C) REM ********BOLYE Fl BAR ,F-CHART CORRELATION BY
NEWTON METHOD
6870 Fl = .5:F = Fl: GOSUB 6930:61 = 0: REM INITIAL
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APF'PROX
6880 F2 = .6: REM INCREMENT TO INITIATE NEWTON ITERATIONS

6890 F = F2: GOSUB 6930:G2 = G
6900 F = F2 - (Fl - F2) / (GI - 62) G 62: REM NEW APPROX

6910 IF ABS (F - F2 ) < = 1E - 4 GOTO 6960
6920 Fl = F2:G1 = G2:F2 = F: GOTO 6890
6930 REM FI BAR, F-CHART CORRELATION****
6940 G =F -A+ .015 * ( EXP (3.85 * F) -1) * (1- EXP
- .15 * B)) * C: RETURN
6950 REM THE SOLUTION OR FRACTION OF LOAD MET BY SOLAR
IS F
6960 RETURN : REM *******************
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F.1O , f-chart method with the Specification of the Monthly
Average COP and Firing Temperature

I REM****FI BAR, F-CHART METHOD FOR ABSORPTION COOLING. THE
MONTHLY AVG. COP OF CHILLER IS SPECIFIED
2 REM****THE RESULT IS THE FRACTION OF THE COOLING MET BY
SOLAR
7 INPUT "PRINTER ON? (Y/N)";B$: IF B$ = "Y" THEN PR# 1
10 REM ****SPECIFICTIONS OF ABSORPTION CHILLER
14 PRINT "ENTER AVG FIRING TEMP (F)": INPUT TM
20 PRINT "ENTER AVG COP": INPUT COP
80 REM ****FROM LINES 80 TO 260 CLIMATIC DATA AND
SPECIFICATIONS OF THE SOLAR SYSTEM ARE ENTERED********
90 DIM TH(1)
110 PRINT "ENTER MONTHLY AVG AMBIENT TEMPERATURE (F) ":

INPUT TA
120 PRINT "ENTER INITIAL TEMPERATURE OF STORAGE TANK (F)":
INPUT TH
130 PRINT "ENTER TEMPERATURE OF ENVIRONMENT SURROUNDING
STORAGE TANK (F)": INPUT TT
140 PRINT "ENTER COLLECTOR AREA (SQ-M)": INPUT AC
150 PRINT "ENTER COLLECTOR HEAT REMOVAL FACTOR AND
TAU-ALFA PRODUCT BAR" : INPUT FR. TF
160 PRINT "ENTER COLLECTOR LOSS HEAT TRANSFER COEFFICIENT
(BTU/HR-SQ M-F)": INPUT UC
170o PRINT "ENTER TANK LOSS HEAT TRANSFER COEFFICIENT-AREA
PRODUCT (BTU/HR-F)": INPUT UA
180 PRINT "ENTER VOLUME OF HOT STORAGE (CU-FT)": INPUT VH
190 PRINT "ENTER MONTHLY COOLING LOAD (BTU) ": INPUT CL
200 PRINT "ENTER NUMBER OF DAYS IN MONTH": INPUT N
210 PRINT "ENTER DAY NUMBER OF YEAR WHICH IS THE AVG DAY
FOR THE MONTH STUDIED": INPUT AD
220 PRINT "ENTER LATITUDE AND SLOPE OF COLLECTOR (DEG)":
INPUT LTSL
23(:) LT =. C)17453 * LT:SL = .017453 * SL: REM ****CONVERT
TO RADIANS
240 PRINT "ENTER AVG CLEARNESS INDEX FOR MONTH OR KT BAR":
I NPUT KT
250 PRINT "ENTER GROUND REFLECTANCE": INPUT RO
260 PRINT "ENTER DENSITY-HEAT CAPACITY PRODUCT OF THE
LIQUID IN THE STOR TANK (BTU/CU FT-F)": INPUT RC
270 REM **** *********
300 REM *******MAIN PROGRAM THAT CALCULATES PERFORMANCE
OF COOLING SYSTEM CALLING FI BARq F-CHART SUBROUTINES
BETWEEN LINES 300-600
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302 TH(0) = 170: REM ***ASSUME AVG COLLECTOR INLET TEMP
305 IF B$ = "Y" THEN PR# 0
306 HOME : PRINT "SO YOU DON'T GET BORED WHILE YOU WAIT
PART OF THE ITERATIVE PROCESS IS SHOWN BELOW"

312 PRINT "GUESSED COLL INLET TEMP=";TH(O)
364QT=UA* ((TH(0) + TM) /2 - TT) 24*N:QI=RCYVH
* ((TH(0) + TM) / 2 - TH): REM ****LOSS FROM STOR TANK AND
ITS INTERNAL ENERGY CHANGE. AVG TANK TEMP ASSUMED THE
ARITHMETIC AVG OF FIRING AND COLL INLET TEMP
370 QL = CL / COP + OT + QI: REM ****ENERGY REQUIRED BY
GENERATOR TO MEET LOAD+LOSS FROM STORAGE TANK+INTERNAL
ENERGY CHANGE OF STOR
380 REM ********CALCULATION OF FRACTION BY SOLAR USING FI
BAR, F-CHART METHOD
400 GOSUB 6502: REM ****FI BAR, F-CHART CALC COMPLETED.
RETURNED F (FRACTION BY SOLAR INCL STOR LOSS), HO (HO BAR),
RN, R (R BAR); KA, KB, KC (A,BBC CONSTANTS OF FI BAR

CORRELAT ION)
402 FT = F: REM ****SAVE FRACTION BY SOLAR INCLUDING LOSS
IN FT
410 FV = (F * OL - OT - QI) / (QL - OT - QI): REM
****FRACTION OF LOAD MET BY SOLAR CORRECTED FOR STOR TANK
ENERGY LOSS AND INTERNAL ENERGY CHANGE
480 REM ****FROM FI BAR METHOD RECALCULATE AVG TEMP OF
STOR TANK
490 FI = FT * QL / AC / FR / TF / KT / HO / N
500 REM *****FROM FI BAR CORRELATION CALC XC BAR
510 XC = ( SOR (1 + 4 * K C * LOG (FI) / (KA + KB * RN /
R)) - 1) / 2 / KC
520 REM ******FROM DEFINITION OF XC BAR RECALCULATE AVG
COLL INLET TEMP
530 TH(1) = TA + RT * RN * KT * HC * TF / UC * XC: REM
***NEW VALUE OF TH
540 IF ABS (TH(0) - TH(1)) .001 THEN TH(0) = TH(1):
GOTO 312: REM ****REASSUME AVG COLL INLET TEMP
550 REM ******CALCULATIONS COMPLETED. PRINTING OF RESULTS
FOLLOWS
552 HOME : IF B$ = "Y" THEN PR# 1
553 PRINT "********RESULTS********"
560 PRINT "AVG COLLECTOR INLET TEMPERATURE="; TH (1);q" F"
562 PRINT "AVG STORAGE TANK TEMPERATURE="; (TH(1) + TM) /
2;" F"
570 PRINT "AVG FIRING TEMP=" TM;" DEG F"
580 PRINT "AVG COF=" ;COP
590 PRINT "MONTHLY FRACTION BY SOLAR"; F
592 PRINT "ENERGY COLLEcTED=" ;FT * QL;" BTU"
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593 PRINT "ENERGY LOSS FROM STORAGE TANK=";QT;" BTU":
PRINT "INTERNAL ENERGY CHANGE OF STORAGE TANK=";QI;" BTU"

594 INPUT "DO YOU WANT DETAILS? (Y/N)";AS: IF A$= "N"
GOTO 600
595 PRINT
"RDN=" ;RD; "/HR" "RTN=" ;RT; "/HR",q "RN=" ; RN "HO=" ; HO; "

BTU/SQ-M", "R B AR=" ;R
6() END : REM **************************
6500 REM **************************
6502 REM SUBROUTINE FI BAR, F-CHART METHOD. INPUTS:
LATITUDE (RAD), SLOPE OF COLLECTOR (RAD), FR, TAU*ALFA,
COLLECTOR LOSS COEFFICIENT (BTU/HR-SQ M-F), MINIMUM
DELIVERY TEMP TO LOAD OR TMIN (F)N COLLECTOR AREA (SQ M)5
GROUND REFLECTANCE.
6503 REM INPUTS: MONTHLY LOAD (BTU), MONTHLY AVG AMBIENT
TEMP (F),STORAGE TANK VOLUME (CU FT),DAY OF YEAR AVG FOR
MONTH, NUMBER OF DAYS IN MONTH, DENSITY*HEAT CAPACITY OF
HOT STORAGE (BTU/CU FT-F)
65:4 REM OUTPUT: FRACTION OF LOAD MET BY SOLAR
6510 DC = 23.45 * SIN (2 * 3.1416 * (284 + AD) / 365) *
3.1416 / 180: REM DECLINATION (RAD)
6520 A = - TAN (DC) , TAN (LT): REM AUXILIARY VARIABLE
6530 WS - TN (A / SQR ( A * + 1)) + 1.5708: REM
SUNSET HOUR ANGLE (RAD)
6540 RD = (I - COS (WS)) / ( SIN (WS) - WS , COS (WS)) *
3.1416 / 24
6550 RT = (1.0699 + .0.249 * SIN (WS - 1.0472)) * RD
6560 RB = ( COS (LT - SL) * COS (DC) + SIN (LT -L)

SIN (DC)) / ( COS (LT) , COS (DC) + SIN (LT) S BIN
(DC)): REM NOON RATIO OF THE COS OF INCIDENCE ANGLE ON
TILTED SURFACE TO COS OF INC. ANGLE ON HORIZ SURF (RBN)
6570 REM *******RATIO OF DIFFUSE RADIATION TO TOTAL RAD
FOR AVG DAY=HR
6580 IF KT - = .17 THEN HR = .99: GOTO 6610
6590 IF KT <-- .75 THEN HR = 1. 188 - 2.272 * KT + 9.473 *
KT * KT - 21.865 * KT" 3 + 14.648 , KT.... 4: GOTO 6610
6600 HR = .2: REM ****************
6610 REM *************NOON RATIO OF RAD ON TILTED
SURFACE TO RAD ON HORIZONTAL SURFACE FOR AVG DAY OF MONTH
6620') RN= (1- RD / RT * HR) * RB + RD / RT , HR , (I +
COS (SL)) / 2 + RO * (1 - COS (SL)) / 2
6630 REM **********MONTHLY AVG DAILY EXTRATERRESTIAL
RAD=H0 (BTU/SQ M)
6640 HO 3514829*(1+ .033 * COS (AD / 58.0916)) *
COB (LT) * COB (DC) * BIN (WS) + WS * SIN (LT) * BIN
(DC))
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6650 REM SOLAR CONSTANT=4600.9 BTU/HR-SQ

6660 REM *********DIMENSIONLESS PARAMETER XC5MIN BAR TO
CALCULATE FI-BAR-MAX
6670 XC = UC , (TM- TA) / TF / RT / RN / VT / HO
6680 REM *********MONTHLY RATIO OF RAD ON TILTED SURFACE
TO RAD ON HORIZONTAL SURFACE OR R BAR=R
6690 A = - TAN (LT - SL) * TAN (DC)
6700 WP = - ATN (A / SOR ( - A * A + 1)) + 1.5708
6710 IF WP WS THEN WP = WS
6720 REM CALC OF RB-BAR=RB FOR AVG DAY OF MONTH
6730 RB = ( COS (LT - SL) * COS (DC) * SIN (WP) + WP
SIN (LT - SL) * SIN (DC)) / ( COS (LT) * COS (DC) * SIN
(WS) + WS * SIN (LT) * SIN (DC))
6740 REM MONTHLY AVG RATIO OF DIFFUSE RAD TO TOTAL
RAD=RH
6750 RH = .775 + .0065. * (57.296 * WS - 90) - (.505 +
,00455 * (57.296 * WS- 90)) * COS ((115 * KT - 10:) *
,. 1416 / 180)
6760 R = (1 - RH) * RB + RH * (1 + COS (SL)) / 2 + RO * (1
- COS (SL)) / 2
6770 REM ***********FI BAR MAX=FI
6780 A = 2.943 - 9.271 * KT + 4.031 * T * KT
6790 B = - 4.345 + 8.853 * VT - 3.602 * KT * VT
6800 C = - . 17 - .306 * KT + 2. 936 * KT * T
6810 FI = EXP ((A + B * RN / R) * XC * (1 + C * XC))
681.2. -A = A:KB = B:C = C: REM ***SAVE THE VALUES OF ABBC
THROUGHOUT CALCULATIONS
6820 REM ***********PARAMETERS FOR FI BARF-CHART
CALCULAT I ON
6830 A = FI * FR * AC * TF * VT * HO * N / QL: REM FI BAR
MAX*Y
6840 B = FR * AC * UC * 180 * 24 * N / QL: REM X PRIME
6850 C = (184.1 * FR A AC / RC / VH) ... .76: REM
CORRECTION FOR CAPACITY OF STORAGE DIFFERENT THAN THE
STANDAR=184. 1 BTU/S M-F
6860 REM ********SOLVE FI BAR 5F-CHART CORRELATION BY
NEWTON METHOD
6870 Fl = .5:F Fl: GOSUB 6930:G = G: REM INITIAL
APPROX
6880 F2 = .6: REM INCREMENT TO INITIATE NEWTON ITERATIONS
6890 F - F2: GOSUB 6930:G2 = G
6900 F = F2 - (Fl - F2) / (GI - G2) * G2: REM NEW APPROX
6910 IF ABS (F - F2) = E - 4 GOTO 6960
692C0 Fl F2:G1 = G2:F2 - F: GOTO 6890
6930 REM FI BARq F-CHART CORRELATION****
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6940G= F - A + .015 * ( EXF' (3.85 * F) -1) * (1 - EXP
- .15 * B)) * C: RETURN

6950 REM THE SOLUTION OR FRACTION OF LOAD MET BY SOLAR
IS F
6960 RETURN : REM *******************
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F.ll Economic Comparison. Solar Absorption Cooling vs.
Conventional Cooling

4000 REM ***ECONOMIC COMPARISON OF AN ABSORPTION SYSTEM
AND A VAPOR COMPRESSION SYSTEM BY THE PI P2 METHOD.
ASSUMPTIONS: SAME USEFUL ECONOMIC PARAMETERS. ABSORPTION
CHILLER MEETS THE LOAD WITH SOLAR AND FUEL GAS
4001 EE = .3: REM ***EFFICIENCY OF THERMOELECTRIC
4002 CA = 16957:CV = 3090:CF = 4.1E - 6:CE = .07:CL -

5E7:PP = 4.44E - 5:P = .6:PV = 2:N - 20:D .2:NL 5:M
.18:ND = 10:R = .15:1 = .08:F = .12:P- .002:T = .25:S -

.01:MA-= .02:FV - .5: REM ****DEFAUL VALUES
4010 PRINT "ENTER YEARLY COOLING LOAD", "DEFAULT";CL;"

BTU": INPUT A$: IF A$ K "" THEN CL = VAL (A$)
4020 PRINT "ENTER FRACTION OF THE LOAD MET BY
SOLARR","DEFAULT=";FV: INPUT A$: IF A "" THEN FV =

VAL (A$)
403.0 PRINT "ENTER PARASITIC ELECTRICAL POWER CONSUMPTION
BY THE ABSORPTION SYSTEM", "DEFAULT=";PP;" KW-HR/BTU OF
COOLING DELIVERED": INPUT A$: IF A$ < "" THEN PP VAL
(A$)

40 3 2 PRINT "ENTER EFFICIENCY OF THERMOELECTRIC
CONVERSION ,"DEFAULT=";EE: INPUT A$: IF A$ < "" THEN EE
= VAL (A$)
4040 PRINT "ENTER AVG COP OF THE ABSORPTION
SYSTEM","DEFAULT="F;PA: INPUT A$: IF A$ < "" THEN PA =

VAL (A$)
4050 PRINT "ENTER AVG COP OF THE VAPOR COMPRESSION
SYSTEM" "DEFAULT=" ;PV: INPUT A$: IF A$ < "" THEN PV =

VAL (A$)
4060 PRINT "ENTER COST OF ABSORPTION SYSTEM","DEFAULT=$
";CA: INPUT A$: IF A$ <.. "" THEN CA = VAL (A$)
4070 PRINT "ENTER COST OF VAPOR COMPRESSION" "DEFAULT=$
";CV: INPUT A$: IF A$ <$"" THEN CY = AL (S)
4080 PRINT "ENTER THE FIRST YEAR COST OF FUEL","DEFAULT=$
";CF;"/BTU": INPUT A$: IF A$ "" THEN CF = VAL (A$)
4090 PRINT "ENTER COST OF ELECTRICITY",."DEFAULT=$
";CE;"/KW-HR": INPUT A$: IF A$ < "" THEN CE VAL (A$)
4100 PRINT "ENTER NUMBER OF USEFUL YEARS OF
EQUIPMENT", "DEFAULT=";N: INPUT A$: IF A$ < "" THEN N =

VAL (A$)
4110 PRINT "IS THE INVESTMENT FINANCED BY A LOAN? (Y/N)":
INPUT A$: IF A$ K. "Y" THEN D = I: GOTO 4150
4120 PRINT "ENTER THE RATIO OF DOWN PAYMENT TO COST OF
EQUIPMENT", "DEFAULT="; D: INPUT AS: IF A$ <K "" THEN D=
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VAL (A$)
4130 PRINT "ENTER TERM OF LOAN ", DEF A ULT=" ; NL; "YRS": INPUT
A$: IF A$ "" THEN NL = VAL (A$)
4140 PRINT "ENTER YEARLY LOAN INTEREST RATE","DEFAULT=";M:
INPUT A$: IF A$ "" THEN M = VAL (A$)
4150 PRINT "IS THIS AN INCOME PRODUCING INVESTMENT
(Y/N)?": INPUT A$: IF A$ <.0 "Y" THEN C = 0: GOTO 4170
4160 C = 1: PRINT "DEPRECIATION LIFETIME","DEFAULT=";ND;"

YRS": INPUT A$: IF A$ < "" THEN ND = VAL (A$)
4170 PRINT "ENTER YEARLY RATE OF RETURN", "DEFAULT=" ; R:
INPUT A$: IF A$ < "" THEN R = VAL (AS)

4180 PRINT "ENTER YEARLY GENERAL INFLATION
RATE","DEFAULT=";I: INPUT A$: IF A$ "" THEN I = VAL
(A$)
4190 PRINT "ENTER YEARLY PURCHASED ENERGY INFLATION
RATE","DEFAULT=";F: INPUT A$: IF A$ > "" THEN F = VAL
(A$)

4200 PRINT "ENTER PROPERTY TAX YEARLY RATE", "DEFAULT=";P:
INPUT A$: IF A$ > "" THEN P = VAL (A$)
4210 PRINT "YEARLY INCOME TAX RATE","DEFAULT=";T: INPUT
A$: IF A$ . "" THEN T = VAL (A$)
4220 PRINT "ENTER RATIO OF FIRST YEAR COST OF
(MAINTENANCE+INSURANCE+OTHERS) TO COST OF
EQUIPMENT",q"DEFAULT=";MA: INPUT A$: IF A$ "" THEN MA-
VAL (A$)
4230 PRINT "ENTER RATIO OF SALVAGE VALUE TO COST OF
EQUIPMENT" "DEFAULT-";S: INPUT A$: IF A$ K "" THEN S =
VAL (A$)
4300 C1 = CF , CL * (1 - FV) / PA + PP * CL * CE: REM
***OPERATING ENERGY COST FOR ABSORPTION SYSTEM
4310 C2 = CL / PV * CE / 3413: REM ***OPERATING ENERGY COST
FOR THE VAPOR COMPRESSION SYSTEM. THE FACTOR 3413 CONVERTS
KW-HR TO BTU
4320 GOSUB 7000: REM ***CALC ECONOMIC FACTORS P1 AND P2
4330 LI = P1 * C1 + P2 * CA: REM ***LIFE CYCLE COST OF THE
ABSORPTION SYSTEM
4340 L2 = P1 * C2 + P2 * CV: REM ***LIFE CYCLE COST OF THE
VAPOR COMPRESSION SYSTEM
4350 LS = L2 - LI: REM ***LIFE CYCLE SAVING FOR USING THE
ABSORPTION SYSTEM
4360 PRINT "*****RESULTS*****"
4370 PRINT "ECONOMIC FACTORS"

4380 PRINT "P1=";P1, !"P2"L

4390 PRINT "LIFE CYCLE COST OF THE ABSORPTION SYSTEM=$

4400. PRINT "LIFE CYCLE COST OF THE VAPOR COMPRESSION
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SYSTEM-$ ";L2
4410 PRINT "LIFE CYCLE SAVINGS=$ ";LS
4411 FRINT "FRACTION OF ENERGY SAVINGS=";1 - PV * ('413
PP + (1 - FV) * EE / PA)
4412 PRINT : PRINT "ANOTHER COMPARISON? (Y/N)": INPUT A$:
IF A$ = "Y" GOTO 4010
4420 END
7000 REM ***CALCULATION OF THE ECONOMIC FACTORS P, P2
7010 REM ***D=RATIO OF DOWN PAYMENT TO INITIAL INVESTMENT
7020 REM ***N=USEFUL LIFE OF EQUIPMENT (YRS)
7010 REM ***NL=TERM OF LOAN,YRS
7040 REM ****N1 = MIN(NqNL)
7050 REM ***ND=DEPRECIATION LIFETIME (YRS)
7060 REM ***N2 = MIN(NND)
7070 REM ***R=YEARLY RATE OF RETURN
7080 REM ***M=MORTGAGE YEARLY INTEREST RATE
7090 REM ***I =YEARLY GENERAL INFLATION RATE
7100 REM ***F=YEARLY ENERGY INFLATION RATE
7110 REM ***P=YEARLY PROPERTY TAX RATE
7120 REM ***T=YEARLY INCOME TAX RATE
7130 REM ***M=RATIO OF MAINTENANCE, INSURANCE, ETC.,
COSTS TO INVESTMENT
7140 REM ***S=RATIO OF SALVAGE VALUE TO INVESTMENT
7150 REM ***C=0 FOR RESIDENTIAL APPLICATION, AND 1 FOR
COMMERCIAL
7200 NI = NL: IF NL N THEN NI = N: REM ***NIMIN(NLN)
7210 N2 = ND: IF ND N THEN N2 = N: REM ***N2=MIN(NDN)
7220 X1 = N:X2 = F:X3= R: GOSUB 7500:F1 PW: REM
***FI=PW (N, FvR)
7230 P1 = (I - C * T) * Fl: REM ****ECONOMIC FACTOR PI
7240 IF D = 1 GOTO 7290
7250 XI = NI:X ' - CX3 R: GOSUB 7500:F2-= PW: REM
* **F2=F'W (NI 0q R)
7260 Xl= NL:X2 = 0:X3 = M: GOSUB 7500:F3. = PW: REM
***F=FW (NL, 0, M)
7270 Xl Nl:X2 = M:X3 = R: GOSUB 7500:F4 = PW: REM
***F4=F'W (NI, M, R)
7280 P2 = (i - D) * F2 / F3 - T * (I - D) * (F4 * (M - 1 /
F3) + F2 / F3): REM ****FIRST TERM=PAYMENTS ON PRINCIPAL;
2TH TERM=TAX DEDUCTIONS FOR INTEREST PAYMENTS
7290 XI = N:X2 - I:X3 = R: GOSUB 7500:F5= PW: REM
*F5=F'W (N, I,-1R)
7300 X1 = N2:X2 0:X3 = R: GOSUB 7500:F6 = PW: REM
***F6=F'W (N2q 0, R)
7310 P2 = D + P2 + (P * (1 - T) + MA * (I - C * T)) * F5 -

C * T / ND * F6 - 5 / (1 + R) ""N- REM **ECONOMIC FACTOR
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THAT CONSIDERS PROPERTY TAX. MAINTENANCE. DEF'RECIATION
DEDUCTION, AND SALVAGE VALUE
75-0 REM ****CALCULATION OF THE PRESENT WORTH FACTOR.,
PW=F(X I .5X25 X3)
7510 IF X2 = X3 THEN PW = Xl / (1 + X2): RETURN
7520 PW = (1 - ((1 + X2) / (1 + X3)) XI) / (X.- X2):
RETURN


