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ABSTRACT

Solar energy is a vast and inexhaustible source of energy.
However, solar radiation approaching the earth's surface is variable.
Efficient use of this radiation is complicated by this variable nature.
The work described in this thesis deals mainly with the use of solar

energy for absorhtion cooling sysiems.

Basic cooling and heat pump systems are described in brief.
A literature survey of the absorption cooling systems is given and the

scope for research work in this area is discussed.

The effect of variations of the parameters in the closed cycle
and open cycle absorption cooling systems has been analysed in order
to Optim%se the performance of the systems. Experimental verification
of the above analysis for a closed cycle system using water:1ithium
bromide as a working pair is presented along with some typical
characteristic performance data for certain conditions. These
conditions are lower generator températureé; which lead to more
efficient solar energy collection systems and higher absorber/condenser
temperatures providing the feasibility of air cooling. Computer

programs for the above analyses are given.

A closed cycle absorption system using water-lithium bromide
has also been theoretically analysed for simultaneous cooling and
heating. A computer program developed for the above analysis is

presented.

A modification 1in the practical cycle to achieve high

temperature lifts for simultaneous heating and cooling appears to be



i

very attractive. An expression for coefficient of‘performance of an
1deal absorpﬁibn cycle system, when condensing temperature is not equal
to absorber temperature, has been derived. Experimental verification

of the above concept in a single stage cycle is also réported.

An experimental unit to generate design data for a solar
generator of an open cycle absorption cooling system has been designed
and installed. This unit is described in detail. Solar simulation
has been done in two ways. The first way is by a radiation source
consisting of CSI lamps and the second way is by providing an
equivalent electrical heat flux. "The relationship between the two is
discussed. Based on the experimental data obtained, correlations 1in

conventional forms for heat and mass transfer operations in the

generator are presented.

A mathematical model of the solar generator incorporating the
above correlations is discussed. A computer program for the
prediction of the performance of the generator is presented. The
experimental results are compared with the pred{cted results and

optimum conditions for various situations are discussed.
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A
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Stefan-Boltzman'constant, l<Nm-2 K-4
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actual cooling
actual heating
ambient

actual overall
average

Carnot

Carnot cooling
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conduction
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cooling source
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evaporator source
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evaporator or evaporation

final
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vViii
generator source
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insulation
modified heating
overall
pump
radiation
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CHAPTER 1

INTRODUCTION



INTRODUCTION

1.1 ENERGY

The fossil fuel supplies of the world are limited and the fuel

reserves are getting depleted. It is difficult to predict exact quantities

of recoverable reserves of fossil fuels in the world. Primary energy
consumption worldwide has increased by 23 per cent from 2.4 Gigatons of
coal equivalent (Gtce) (85.2 EJ) in 1972 to 9.1 Gtce (323:1 EJ) in 1982,
but the share of the déve]dping countries, in the total consumption for
the same périod has increased from 8 to 10 per cent of the total
consumption (Ref. 24). In Western Europe since 1980, there is a declining
trend in energy consumption. However, the rate of decline in energy
consumption has reduced. This is largely due to some slight recovery

in economic activity and falling energy costs (Fells 1984).

It is not envisaged that the type of energy‘sources, to meet the
anticipated energy demand, will alter greatly by the year 2000. Modern
technologies, to extract energy from sources such as solar or wind/wave
energy, are not expected to give a significant contribution in this

century. However, research in these areas is required to reduce the

dependence on fossil fuels,

Various estimates have been made of the time available before the
reserves of fossil fuels are depleted. These estimates are all based on
assumptions as to how industrial and domestic energy trends will vary
with time and are all doubtful. What is certain is that, at whatever
level the industrial and domestic energy demands might be, changes in the

method of using that energy have been re-examined. It is possible to



increase the efficiencies of conversion processes e.qg., the efficiencies

of power producfng equipment.

A better alternative is to reduce the amount of energy wasted.
The conversion of energy should include reuse wherever possible. One way
is to reuse the thermal waste heat streams from industrial sources, such
&s power stations, rather than to discharge them as thermal pollutant to
air and water. This means that the temperatures of the waste streams
should be high enough to be useful. In some cases a heat pump may be
used to raise the temperature of low grade heat energy to a more useful

level by using a relatively small amount of high grade energy.

1.2 ENERGY SOURCES

It is clear that at some time alternative energy sources will
rep1ace'the fossil fuels. A1l such sources depend upon either nuclear

energy generation by fission or fusion, or on the sun.

Nuclear energy generation by fission has 5 number of disadvantages.
In brief, the main disadvantages are the problem of safe waste disposal
and the danger of serious accidents. Nuclear energy generation by fusion
is still at a very elementary state. Fusion has not yet been maintained
in the laboratory for significant times. Even if sustained fusion is
ever attained, its economics as a main energy supply is in doubt, partly

because of the energy needed to extract sufficient deuterium from the sea.

Some of the various alternative energy sources are considered

briefly below.



1.2.1 Wind and wave power

The heating and cooling of the various parts of the earth's
surface by the sun induces wind with varying speeds in different parts

of the world. The wind speed at a given location is also a function of

the topoloqy of the area.

Wind power has been used from prehistoric times. Until relatively
recently, the assemblies of equipment used for extracting power from the
wind were known as windmills. Additional names like wind-turbine gener-
ators, aerogenerators etc. are being used nowadays. Small windmills of
several ki]owafts capacity for farm and rural power needs are in use..
There are some well proved designs, which are commercially available.

However, considerable research work is still required in this area.

Wave power is variable from one part of the ocean to another.
The amount of wave power which could be harnessed for use depends on
the coastline of a particular country. For example, the U.K. has a
coastline of approximately 1500 km. .This could be used for the location
of a practical wavepower system. The potential for the generation of
electrical energy is of the order of 30,000 MW or about 50 per cent of
the current installed capacity of the C.E.G.B. (Reay 1977). The experi-
mental work at the University of Edinburgh and other places have demon-
strated that there is a great scope to extract energy from tidal waves

using a specially contoured rocking device (Salter 1974).

1.2.2 Geothermal energy

Geothermal energy can be utilized in'many ways. In some regions
wet, or even superheated, steam can be obtained by drilling in suitable

areas such as those where geysers occur naturally. In other regions



hot water can be obtained naturally, as from thermal springs, or by
pumping water into hot rocks. All these methods are likely to require
expensive materials of construction to withstand the corrosive effects
of hot solutions of minerals present in the rocks. Hot water and wet
steam are often produced under conditions of high geothermal pressure
in deeply buried sedimentary rocks. Under these circumstances the hot
water can also contain significant quantities of dissolved natural gas
which is flashed off at the surface and could be collected for use as a

fuel.

1.2.3 Ocean thermal energy gradient

Oceans cover 71 per cent of the earth's surface and receive the
majority of the solar energy incident on the earth. In tropical and
semitropical oceans, the available temperature difference is sufficient
for Ocean Thermal Energy Conversion (OTEC) operations. It is available
24 hours a day. The vast potential for OTEC implementation can be
appreciated by noting that electrical power equal to the entire projected
U.S. demand in the year 2000 (about 7 x 10° M) could be obtained by

extracting from the ocean, in the:]O0 latitude band near the equator;

an amount of energy equal to only 0.004 per cent of the incident solar

energy (Kreider et al 1981).

However, the overall thermal efficiency of an OTEC plant is low.
Therefore, large seawater pumps and large heat exchangers are required.
Typically, the ideal Carnot cycle efficiency would be about 7.5 per cent
with a typical aﬁailable temperature difference of 22K and hot water
temperature of 295K. In an actual power plant, after deducting for -
temperature differences in heat exchangers and pumping etc., the

efficiency would be less than 3 per cent (Kreider et al 1981).



1.2.4 Solar energy

Solar energy is a nonpolluting inexhaustible energy source.
The surface of the sun is at an effective temperature of about 6000 K.
The sun is effectively a continuous fusion reactor. Its constituents
are gases retained by gravitational forces. The energy is produced 1in

the interior of the sun, at estimated temperatures of 8 x 106 to

40 x 10° K.

The total energy intenﬁity of extraterrestrial solar radiation,
measured just outside thé earth's atmosphere and integrated over the
‘entire solar spectrum, is called the solar constant. The value of this
solar constant has been estimated to be 1.37 kW m (Kreider et al 1981).
Solar radiation covers a wide band of wavelengths and the peak intensity
occurs in the interval of visible light at a wavelength of about 0.6 um.

Types of solar radiation and their approximate wavelengths are given in

the following table (Kreider et al 1981).

radiation type ' wavelen?;g)interval
Gamma rays - 1074
X-rays 5 x 107 to 5 x 107°
Ultraviolet 0.005 to 0.35
Visible light , 0.35 to 0.75
Infrared | 0.75 to 300
Radio waves short 1 xr]02 to 1 x 108
long 1 x 108

Solar radiation 1s considerably altered in its passage- through
the earth's atmosphere by-absorption and scaftering. The factors which

affect the availability of solar energy are given below ;



1) geographic location,
2) time of the day,
3) time of the year,

and 4) atmospheric conditions.

Solar energy, in the form of electromagnetic radiation, is transmitted
through space to earth. This energy is relatively dilute when it

reaches the earth. Therefore, the size of a system used to convert it

to heat must be relatively large.

The devices ﬁsed to convert the solar radiation to heat are
called solar energy collectors. They usually consist of surfaces that
absorb radiation and convert the incident flux to heat. This raises
the temperature of the absorbing material. A part of this energy is
then removed from the absorbing surface by heat transfer to a fluid.

The solar thermal energy collectors could be classified into the

following categories:

1) non<oncentrating solar collectors
2) concentrating solar collectors

and 3) nonconvecting solar ponds .

The non-concentrating solar collectors are usually either flat

plate collectors or tubular solar energy collectors. A basic flat plate
collector is shown in Figure 1.1. It consists of one or more transparent
flat front plates and an absorbing rear plate. The front plates provide
insulating zones bounded by these plates. Heat is removed from the rear
plate by a fluid such as water or air. Thermal insulation is usually
used behind the absorber plate to prevent heat losses. The front plates

or covers are generally glass which is transparent to incoming solar

radiation and relatively opaque to the infrared reradiation from



from the absorber plate. The glass covers also act as

convection shields to reduce heat losses. The absorber plate which
incorporates water channels can be metal or other suitable materials

such as certain plastics. The space above or below the absorber

plate serves as the conduit for air systems. The‘surface finish of

the absorber plate may be a matt black paint with an aporopriate primer.
For round the year operation of a flat plate solar collector, an

optimum inclination to the horizontal lies in the range from about
(Tatitude) to (latitude + 150). However, the variation of the collector
performance for the whole rangé is marginal (Lof et al 1973). A variety
of well-proved designs of flat plate collectors are commercially
available. The collector efficiencies are a function of the difference
between the temperature of the absorber plate and the ambient temperature.
It js desirable to keeo the abs;rber plate temperature low to obtain high
efficiency. However, this temperature depends on a particular application.
Flat plate collectors can generally be used up to a temperature of about
100°C. However, the collector efficiencj; at about 100°C, could vary in

the range of about 10 per cent to 40 per cent depehding upon the number

of glass plates, type of surface finish, ambient temperature and the

incident flux etc. (Meinel et al 1977).

A basic tubular collector is also shown in Figure 1.1. In a

tubular collector, convection losses are completely eliminated by
surrounding the absorber surface with a vacuum of the order 01""'10'4 mm Hg.

This results in improving the performance significantly compared to a flat

platecollector. These tubular collectors can also be used to achieve a
small level of concentration by forming a mirror from part of the internal
concave surface of the glass tube. Various designs of tubular solar

energy collectors are available. Some of these can be used in the range



8

of 200°C to 600°C. The efficiency of extraction of absorbed energy
could vary in the range of 10 per cent to 90 per cent depending upon
various factors such as operating temperature, design of the collector,

quality of absorber surface, etc. (Meinel et al 1977).

Generally, concentration of solar radiation is done when hicher

temperatures than those which can be obtained by a flat plate collector
are desired. The concentrating solar collectors or concentrators are
of various tyvpes. These types utilize a wide variety of means for
increasing the flux of radiation on receivers. They can be classified
as lenses or reflectors by the type of mounting and orienting systems,
by the concentration of radiation they are able to éccomp]ish, by

material of construction or by apnlication.

The focussing systems can use either cylindrical reflectors
or refractors, focussing radiation more or less sharply on a line, or
they can be circular reflectors or refractors which form radiation on
a point receiver. Concentration ratios for the latter can be much

higher than their cylindrical counterparts. A cvlindrical parabolic
collector is shown in Figure 1.2. The cylindrical systems usually
require orientation change seasonally. However, circular reflectors.
or refractors usually require continuous tracking as shown in Figure 1.2.
These types of collectors could be operated in the range of 200°C to
2000°C depending upon various factors such as one axis or two axis
tracking, design of the collector etc. Another interesting type of
collector is the compound parabolic collector which may or may not
require any orientation change for round the year operation. These can
he operated in the range of 100°C to 180°C (Kreider et al 1981). In
general, the efficiency of a concentrating collector is higher than a

flat plate collector. Peak noon efficiency of a concentrating collector



could range from about 40 per cent to 65 per cent depending upon the

operating temperature, the type of collector etc. (Kreider et al 1981).

A ppnd, lake, or ocean, is a potential horizontal coi]ector
of large area. Therefore, several attempts have been made in the past
to use black-bottomed ponds as solar collectors. Evaporation, convection
and radiation from an uncovered pond results in surface temperatures close
to ambient. Attempts have been made to reduce theﬁevaporative loss by
the use of an oil layer or monomolecular layer. This was not successful
because of the wind which removed the layer. Covering a pond with a
transparent window leads to the problems of limited size, removal of dirt,
etc. The stability of a solar pond warmed by solar radiation could be
maintained by means of a sufficiently steep salt concentration gradient.
This concept of a non-convecting pond has been found to be particularly
attractive. Elevated temperatures at the bottom are feasible because
water acts as its own insulator. The solar pond allows thermal energy

collection with negligible transport losses. There is sufficient built-

in storage to smooth out diurnal and weekly fluctuations of output.

Operating temperatures of about 90°C can usually be obtained at a-

depth of about 1.5 m in a solar pond (Meinel et al 1977).

Generally, the amount of source energy consumed by an
industrial systém is easily controlled to produce a desired effect.
Using traditional energy sources such as coal, oil, gas or electricity,
such control is relatively simply achieved, Solar energy is a
variable source of energy and is consequently more difficult to control.
This leads to another important aspect of solar energy applications,

i.e. energy storage. Storage is essential to any'systeﬁ that depends
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entirely on solar energy or that needs such energy at specific’ times.

It is required to adjust mismatches between the load and an inter-
mittant or variable energy source. The operation of a system can also
be improved by a small amount of buffer storage for transient smoothing.
The storage can not only shift the period of enerqy delivery to the
period of greater demand but can also extend the period of solar energy

utilization. Such control is only possible if the solar energy

collecting system is oversized. Unfortunately, the overdesign of the

solar energy systems is impractical because of the high cost.

1.3 UTILIZATION OF. SOLAR ENERGY

In tropical countries such as India, solar energy is reliably
available for long periods each day for much of the year, so that direct

solar energy collection could be an attractive and cheap source of

thermal energy.

The direct use of solar energy has many advantages over the

conventional use of fossil -fuels. It does not produce by-products
which can harm the environment by direct pollution or by the greenhouse

effect which may result from an excess of carbon dioxide in the
atmosphere. The latter is made more 1ikely by deforestation caused

by cutting of trees or by damage caused to trees by sulphur dioxide,

etc., formed by combustion of oil or coal.

There 1s a great scope for the exploitation of solar energy in

countries such as India where it is most widely available. It could be
utilized for various purposes. One of the important uses could be to

produce cooling for air-conditioning and other purposes. An indoor



temperature of 24°C with a wet bulb temperature of 18°C, is considered

a comfortable optimum for both commercial and residential cooling

\

applications (Kreider et al 1981). It has been found that controlled
thermal environments can greatly influence human performance (Ref. 5).

There are many requirements even in industry apart from human

considerations.

There exists a .dynamic relationship between any cooling system,
the building it cools, the users of the building and the ambient
conditions to which the building is exposed. There are additional
variables of timing and temperature when.the cooling system is energised
by solar energy. The efficiency of a cooling system itself depends
on the cooling load of the building at the desired temperature and
humidity conditions, the temperature at which heat is received by the
system, the temperature at which heat is supplied to energize the
system and the temperature level ;twhich the heat is rejected. All
these factors are time dependent and can be out of phase. An understanding

of these factors with a cooling system can result in the improvement of

the efficiency of the system.

“

The performance of a cooling system is critically influenced

by the temperature at which the spent heat and the heat taken from the.

conditioned space 1s rejected. In most installations this heat is

rejected through a cooling tower to ambient air. The water temperature

in the cooling tower approaches the ambient wet bulb temperature to

within a few degrees when it is operated at the usual design conditions.

As the ambient wet bulb temperature drops, the approach increases for the
same conditions of the cooling system. However, at any wet bulb temperature

the approach is reduced by a reduction in the temperature of the

Circulating water due to a decrease in the cooling load,
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The total energy required for a refrigeration unit to maintain
the desired temperature and humidity conditions in a given building 1is
usually reduced by modulation of cooling capacity. In modulation, the
temperature at which the refrigerant evaporates is raised at reduced
loads, and the temperature of the heat rejected as in condensers and
absorbers is lowered. Therefore, the efficiencv of the cycle 1s
increased because the cycle becomes more compact thermodynamically.
However, the hours of operation of auxiliary equipment such as pumps
and fans are increased by modulation. For example, when operating
in a modulated mode at half capacity the hours of operation for the
same heat removal will be approximately doubled. It is therefore,

. generally necessary to reduce the speed of auxiliaries to avoid the
energy- of auxiliaries becoming large enough to offset significant

savings in the operation of the main refrigeration unit.

The most effecient collector arrays are associated with cooling
systems which can make use of thermal energy at the lowest temperatures.
Only the direct beam component of solar energy is collected by
concentrating collectors whereas a flat plate collector uses the
diffuse component as well. - This must also be considered before
designing collector arrays for a particu]ér geographical location. In
the case of the cooling of buildings, the total energy requirement could
be minimised by the selection of equipment to operate efficiently over
the entire range of conditions to which the system is exposed. The
part load capabilities of the cooling unit, and the use of the lowest
possible energizing temperature should be utilized in order to increase

the amount of useful energy received from any given collector array.



The cooling load is defined as the rate of heat removal from the

space to maintain the air in the space at the designed temperature and
humidity-conditjons. The heat éain in the space could be from solar
radiation, latent heat additions which add water vapour to air and

from sensible heat additions. There is always a time lag with the
radiative part of the heat gains. The radiation raises the temperature

of walls, floor, and furniture on which it falls.. This heat 1s then

transferred to air in the space.

The above discussions indicate that the variables affecting
cooling load calculations are intricately related. Therefore, it is
important to determine the entire range of loads and the length of
time they exist. Accurate cooling load and heat gain calculations could

he done by methods given in ASHRAE handbook of fundamentals (Ref. 5).

Unfortunately, cooling is expensive to produce in energv terms,
A typical refrigeration or air-conditioning system uses 0.25-0.50 kW
of electrical energy to produce 1 kW of cooling (Ward 1979). In many
develbping countries the necessary amount of energy which conventional
systems require in the form of electricity, is not available.
Consequently, either the cooling has to be foregone or some alternative
_e]ectricfty user has to be deprived of supply. There is a great need to

utilize alternative energy sources like solar energy.

Cooling is the basis of the large and Qei]jdeveIOped refrigera-
tion and air conditioning industries. Generally, refrigeration systems
..use électricity driven compressors, Some de;ignscuse gas or diesel
engines as the power source but only a few use absorption systems in

which the compressor is replaced by a heat driven unit. It is worthy
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of note that in terms of the primary heat source, considering the most

modern thermal power plants, eléctricity generation is only about 35 per cent
efficient (Ref.‘26). The conventional unit, therefore, requires about
0.7-1.4 kW of primary energy to produce 1 kW of cool%ng, based on the

most modern power plants. This value should be compared with the 1.2;2.0 kW
of heat enefgy required to produce 1 kW of cooling in a typical absorption
cooling unit. Absorption cooling systems and vapour compression systems

were compared by Gosling (Gosling 1980). The following table is adapted

from this reference.

POWER REQUIREMENTS PER UNIT REFRIGERATION EFFECT

absorption centrifugal
refrigeration compressor
condenser water pump | 0.012 0.007
cooling tower fan 0.041 0.021]
solutions and refrigerant pumps 0.003 -
compressor - 0.222
sub total, electrical power 0.056 0.250
steam or hot water 1.430 -
total power 1.486 0.250
total heat rejected 2,486 1.250

If everything including the generation and transmission losses etc.

is taken into account, the vapour compression system has little thermodynamic

superiority over the absorption system. However, there are certain dis-
advantages of the absorption system. Thé heat rejection rate from the
absorption system is considerably higher than that from a compressor driven
system. Therefore, a larger cooling tower would be required for an
equivalent absorption system. The capital cost of the absorption system

would be higher because of the increased number of items of equipment.
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This will lead to a higher payback period. However, payback period

| should not be the only criterion. A system with higher payback period
could still be advantageous if the operating cost is low. It obviously
requires a detailed economic analysis for a particular situation. Kreider
et al (Kreider et al 1981) have given an excellent account of guidelines
for economic analysis of solar energy assisted systems. An absorption
system driven with solar energy has the further disadvantage of either
requiring a very large energy storage system or of having to operate

the system interﬁittently. All these considerations indicate the scope

of improvement and work required in this area,

If an absorption cooling unit could be operated efficiently by

solar energy then cooling might become cheaply and readily available in

those parts of the world where it is most needed.
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BASIC COOLING AND HEAT PUMP SYSTEMS

2.1 VAPOUR COMPRESSION CYCLE

A schematic representation of a typical vapour compression
cycle is shown in Figure 2.1. A working fluid, usually called
refrigerant, is vaporised in the evaporator thereby extracting heat
from the solid, liquid, or gas to be cooled. Refrigerant vapour from
the evaporator is compressed to a suitable higher pressure which permits
the latent heét to be removed in the condenser. Condensation must take
place at a temperature higher than the temperature of available water
or air used to remove the heat. The condensed refr%gerant is then
expanded to the evaporator pressure through an expénsion valve or other
restriction. The liquid is partially vaporised in doing sc. The system
is considered to be a cooling system when removal of heat QEV at the
evaporator temperature TEv is the main purpose. The system is con-
sidered to be a heat pump if the supply of heat QCO at.the condenser.
temperature TCo is the main purpose. Coefficients of performance for

this system can be defined by Equations (2.1) and (2.2) respectively.

For cooling systems, (COP) cL QEV/N (2.1)

For heat pumps, (COP)

Qpo/™ (2.2)

where W 1is the energy absorbed at the shaft of the compressor.
Equations (2.1) and (2.2) are related by the temperature difference
(TC0 - TEV)' Specifying this gross temperature 1ift and either TEV
or Tco determines the compression ratio and theoretical power input

when a given working fluid is used (Holland et al 1982).
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2.2 CLOSED CYCLE SYSTEMS
2.2.1 Absorption systems

The princip]é of the closed cycle absorption system is shown
schematically in Figure 2.2. Three components of the conventional
vapour compression cycle, condenser, expansion valve and evaporator
are retained.. The éompressor and compressor drive have been replaced
by a circuit comprising of an absorber, solution pump,

economiser heat exchanger, generator and an expansion valve.

After vaporisation in the evaporator, the refrigerant is
absorbed by -the absorbent in the absorber. The process of absorption
is accompanied by a rejection of hégt Qg 1O the surroundings.

This heat could be removed by cooling water or any other cooling
medium. The solution, enriched with refrigerant is called weak
solution. The weak solution is transferred by a pump into the
generator which operates at a higher pressure. The weak solution is
heated to a temperature TGE’ by a heat source, e.g., solar energy.
The refrigerant vapours are obtained in the generator which are passed

on to the condenser. The solution, depleted by refrigerant, is reduced

to the pressure of the absorber by passing it through an expansion valve.

The refrigerant vapour from the generator is condensed in a

water or air cooled condenser and the liquid refrigerant returns to the

evaporator through another expansion valve.

An economiser heat exchanger is usually used to heat the weak

solution by cooling the strong solution before weak solution enters

the generator. This reduces the amount of heat required in the

generator directly.
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Like the vapour compression system, an absorption system is
considered to be a cooling system when the removal of heat QEV at the
evaporator temperature TEV 1s the main purpose. The system is con-
sidered to be a heat pump if the supply of heat (QCO + QAB) at a

temperature (TCO = TAB) is the main purpose. The coefficient of

performance for this system can be defined as follows :

For cooling system, (COP)CL = QEV/QGE (2.3)
For heat pump, (COP)H = (QAB + QCO)/QGE - (2.4)
2.2.2 Derivatives of the vapour compression and

the absorption heat pumps

Three dérivatives of the vapour compression and the absorption
heat pumps are the reversed absorption heat pump, the resorption heat
pump and the absorption-resorption heat pump. Simplified diagrams of

the reversed absorption heat pump, the resorption heat pump and the

absorption-resorption heat pump are presented in Fiqures 2.3a, 2.3b

and 2.3c respectively.

In the reversed absorption heat pump system, the direction of
flow of liquids through the system and the relative pressure levels in
the heat exchangers are reversed compared with the conventional

absorption heat pump system. Thus, in the reversed absorption heat

pump  Tpg > Tep = Tpy > Teg:

The resorption heat pump system consists of a solution circuit
which is equivalent to the solution circuit of the reversed absorption

heat pump system in the concentrations and pressure and temperature levels.
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The refrigerant circuit is completed through a compressor as in the
vapour compression heat pump. The compressed vapour is then absorbed
by strong absorbent solution in the resorber. Heat is removed from the
resorber at a temperature TRE' The absorbent solution from the
resorber after absorption passes through an expansion valve into the
desorber. It takes in heat to generate refrigerant vapour at a
temperature TDE' Strong absorbent solution is pumped into the re-

sorber and the refrigerant vapour passes to the compressor to complete

the cycle.

The absorption-resorption heat pump consists of the equivalent
of the generator-absorber solution circuit of the conventional
absorption heat pump system in conjunction with the equivalent of the
resorber-desorber solution circuit of the resorption heat pump system.
The abscrptioh-resorption cycle makes it possible to operate at higher

temperatures compared to the conventional absorption cycle.

2.3 INTERMITTENT SYSTEM

An intermittent absorption system alternates between two modes
as shown schematically in Figure 2.4. In the cooling mode the
reffigerant is allowed to vaporise in the evaporator, thereby extract-
ing heat from the solid, 1iquid or gas to be cooled. The refrigerant
vapour is then absorbed by the absorﬂent in the absorber. The heat of
absorption is removed by water or air. The alternate mode is the
regeneration mode. In this mode the evaporator and the concenser and
the absorber and the generator exchange functions. Heat is supplied
to the generator to produce refrigerant vapour. This vapour is

condensed by water or air cooling in the condenser.
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The intermittent system cannot be compared directly with the

vapour compression system. Although the units alternate in function

and the heat is released in the absorber and in fhe condenser, these

are out of phase.

The coefficient of performance of this system can also be

defined by Equations (2.3) and (2.4).

2.4 OPEN CYCLE COOLING SYSTEMS
2.4.1 Solar absorption cooling system

A

An open cycle solar absorption cooling system is shown
schematically in Figure 2.5. In the open cycle system, water is
always used as refrigerant and water-lithium chloride is the most
. commonly recommended absorbent. This system differs from the standard
closed cycle absorption system in that the condenser is omitted and

the generator 1is open to the atmosphere. Consequently, makeup water

must be supplied to the evaporator.

The generator is the heart of the system. It concentrates the

weak solution from the absorber to the strong solution for reusing the
solution in the absorption cycle system. A thin film of solution
flows over a flat surface of a shallow tray generator, painted matt-
black for maximum absorption of the incident solar radiation. Inter-
ception of solar radiation is improved by tilting the surface to a
suitable angle. The weak solution is pumped to a distributor at the
top end of the generator. The weak solution is distributed over the
generator surface in the form of a thin film. The solar radiation

falling on the generator is partially absorbed by the solution,
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which is heated up. The water vapour from the solution starts to
evaporate as soon as the vapour pressure of water over the solution
exceeds the partial pressure of water in the ambient air. Because
of evaporation the solution is more concentrated by the time it
reaches the bottom end of the generator. The water vapour is lost in
the environment. The strong'solution from the generator returns to
the absorber through an economiser heat exchanger and an expansion
valve as shown in Figure 2.5. The coefficient of performance for

this system, which can only be used as-a cooler, is given by the

Equation (2.5).
(COPIpcL = Qey/Qgr (25)

2.4.2 Liquid desiccant evaporative cooling system

The 1iquid desiccant cooling system is shown schematically in
Figure 2.6. The air to be cooled is first dehumidified in an absorber.
A strong absorbent solution is sprayed over a bundle of tubes. The air
enters at the bottom end of the absorber and flows countercurrent to
the strong solution. The heat of absorption is removed by water
flowing inside the tubes. The dehumidified air is sent to a water
spray chamber where 1t is humidified and cooled. This air is used for
air conditioning and similar cooling purposes. . The strong solution
in the absorber is weakened by absorbing moisture from the air. The
weak solution is concentrated in a generator by the application of

heat, which may be supplied by solar energy. The regenerated strong

solution i1s then sent back to the absorber.

» .,
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CHAPTER 3

LITERATURE REVIEW OF
ABSORPTION COOLING SYSTEMS
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Numerous research papers have been published on absorption
cooling systems. Utilization of solar energy in these systems has also
been reported by a number of researchers. Most of these papers demon-
strate the ability of solar energy flat-plate collectors to collect heat
at the required temperatures necessary for operating absorption cooling
systems. In addition to systems testing, continuing efforts have been

directed towards computer simulations of absorption cooling systems.

A brief literature review in the following pages has been done

based on the classification of refrigerant-absorbent pair.

3.1 SYSTEMS USING GAS-LIQUID WORKING FLUIDS

3.1.1. Systems using ammonia-water

A practical ammonia-water absorption cooling system is slightly
different from the absorption cooling system discussed in Chapter 2.
The generator in this case consists of a reboiler and a distillation
column. This is required for getting almost pure ammonia in the cond-
~enser. There is uﬁua]]ya heat exchanger for cooling the liquid ammonia'
from the condenser by the ammonia vapour from the evaporator. Inclusion
of this heat exchanger causes a decrease in the generator heat requirement
by about 10 per cent, while the economiser heat exchanger decreases this

amount by about 40 per cent (Whitlow 1971).

Absorption cooling systems using ammonia-water have been used in
industry (Briley 1976). These systems operate with a coefficient of

performance of about 0.5 to 0.7. Air cooling can be used whenever
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generator temperatures of 120°C to 180°C are avai]aﬁ]e (Ward 1979).
Ammonia-water can be deve]oped'comparatively*easily for air cooling
(Simmons et al 1975), (Best et al 1976). Jacob et al studied factors
affecting the coefficient of performance of the system (Jacob et al 1969).
Whitlow studied the same with a view to using solar energy (Whitlow. 1976).
Dao et al carried out experimental and theoretical analyses of the system
for using solar energy effectively (Dao et al 1976). They operated the
system with a flow ratio of 27 kg of absorbent per kg of refrigerant so
as to decrease the required generator temperature. The unit, in conjun-
ction with a gas fired unit, was operated at a capacity of 6kW for
generator temperature of about 77°C, condenser temperature of 30°C and
evaporator temperature of 6°C. The coefficient of performance of the
system with the above condition was 0.65. Holldorf suggested the use of
multistage systems to get higher coefficient of performance (Holldorf
1979). Best et al operated an intermittant cycle system which could
produce 25 kg of ice during continuous daily periods of 14 hours (Best et
al 1976). Stoecker et al analysed and compared Carnot, basic aqua
ammonia and refined aqua ammonia cycles (Stoecker et al 1971). Johnston
analysed ammonia-water absorption cycles with relatively high generator

temperatures with a view to using evacuated tubular solar collectors

(Johnston 1980).

A comparison of systems using ammonia-water with other systems

is given in Section13.3 of this Chapter.

3.1.2 Systems using working fluids other than ammonia-water

Relatively few attempts have been made using gas-liquid
working pairs other than ammonia-water. Jacob et al studied theoretically
ammonia and sulphur dioxide combined with different organic solvents

(Jacob et al 1969). They predicted an ideal coefficient of performance

of 0.8 for ammonia and 0.7 for sulphur dioxide. Pechatnikov.et al carried
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out an experimental investigation using hydrocarbons as refrigerant-

absorbent pairs (Pecﬁatnikov et al 1968). They concluded that the best
refrigerant is C4H10 or C4H3 with CﬁH]4 or (Z7H]6 as the absorbent.
Difluorochloromethane-perchloroethylene as the refrigerent-absorbent pair

for absorption cooling was studied by Mosteza (Mosteza 1970). Freezing

temperatures down to -60°C were obtained. Usyukin et al suggested the
use of methylamine-water (Usyukin et al 1971). The advantages discussed
are the use of low grade heat, low pressures and less toxicity than
ammonia-water. Orekhov et al used monoethylamine as refrigerant and
glycerine as absorbent (Orekhov et al 1973). {t was found that a
coefficient of performance of 0.9 can be obtained by a mixture of 50 per
cent of glycerine. Usyukin et al studied a solution of methylamine in

DMETEG (dimethylether of tetraethylene glycol) and suggested the use with
air cooling (Usyukin et al 1977).

3.2 ~ SYSTEMS USING LIQUID-SOLID WORKING FLUIDS

3.2.1 Closed cycle systems

3.2.1.1 Systems using water-lithium bromide

wéter-1ithium bromide is the most extensivelv used refrigerant-
absorbent pair. Refrigeration systems operating on this pair are available
commercially. Smaller types of systems are normally gas fired whereas larger
systems are steam operated (Ishida 1979). A number of experimental water-

lithium bromide systems have been reported working with solar enerqgy. Early

experiments on solar energy operated water-1ithium bromide absorption
cooling systems used commercially available 3 to 5 ton machines without
significant modifications (Chung et al 1963), (Sheridan 1962). A
number of solar experimental cooling systems are reported to have been

designed and fabricated, but published performance data are not yet
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available. Ward et al, Namkoong and Bierman have reported successful

experimental investigations (Ward et al 1975a, 1975b, 1977), (Ward.
1975), (Namkoong 1976), (Bierman 1979).

Several simulation studies have been reported to study the effect
of parameter variation, to explore the long-term performance, to assist
in developing design, and to provide a basis for economic studies. L&f
et al dealt with the cost of solar heating and cooling systems and
concluded that combined functions of solar heating and cooling were more
economical than either heating or cooling alone (L6f et al 1974).
Another simulation study showed monthly performance of a system on a
building (Butz et al 1974). A follow-up study applied these techniques
to design an experimental facility (Oonk et al 1975). A simplified
water-1ithium bromide absorption system was simulated for steady state
operation (Allen et al 1976). Modelling of a solar operated air-
conditioner system with refrigerant storage was done by Grassie (Grassie
et al 1976). The model included a solar collector and cooling tower.

System temperatures, enerqy flows and coefficients of performance were

predicted for different ambient wet and dry bulb temperatures and
different solar radiations. ~Sheridan analysed the water-lithium bromide
cooling cycle with implications for solar operations (Sheridan 1974).
It was shown that the system should operate satisfactorily over a range

of generator temperatures such as would be available from a solar
collector. Temperatures of 90°C to 100°C from the solar collector wére
shown to be enough for operating the system satisfactorily. Besseler et
al modelled a cooling system with water-1ithium bromide using solar
energy (Besseler et al 1975). They investigated various ways of
improving the economics and performance of a solar system by varying the
pertinent parameters. Alizadah et al carried out a general theoretical
study on the design and optimisation of water-1ithium bromide and

ammonia-water absorption cooling cycles (Alizadah 1979). They concluded
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that a water-lithium bromide system is much simpler than the ammonia-

water system and that it operates with higher coefficients of perform-
ance and smaller heat exchange surfaces for came conditions. Ward et al
carried out a performance study and analysis on the integration of
evacuated tubular solar collectors with the 1ithium bromide absorption
cooling cycle (Ward et al 1979). The study deals with two types of

evacuated tubular solar collectors integrated with two solar heating

and cooling systems.

Landauro et al reported the operation of an absorption cooling
unit with relatively high abosrber and condenser temperatures. The
working pair used in this study was water-lithium bromide (Landauro
et al 1983). In a follow on study, Kumar et al reported the signifi-
cance of the flow ratio for the utilization of solar energy (Kumar
et al 1984). Lazzarin studied steady and transient behaviour of

water-lithium bromide chillers of 4.5 kW and 25 kW capacity
(Lazzarin 1980).

3.2.1.2 Systéms using working fluids other than water-lithium bromide

When using water as a refrigerant, temperatures below 0°C cannot
be reached in the evaporator. Efforts have been made to find a suitable
replacement for water to overcome this limitation. Aker et al evaluated
alcohol-salt mixtures as the refrigerant-absorbent pair (Aker et al
1965). Grosman et al designed and carried out experiments with methanol
and 1ithium bromide. They could operate the system with -15°¢ evaporator
temperature. The solution was found to be very corrosive. This was
attributed to the presence of free hydrogen bromide (Grosman et al 1968).
Grosman found that viscosities of the methanol-1ithium bromide solutions
are significantly greater than those of water-lithium bromide solutions.

(Grosman 1971). Vemura studied methanol-zinc bromide and methanol-
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lithium bromide-zinc bromide absorption refrigeration machines (Vemura
1975, 1976, 1977). He found that the system using methanol-1ithium
bromide-zinc bromide has a greater coefficient of performance than the
methanol-zinc bromide. In practical systems the cogfficient of perform-
ance when using methanol-1ithium bromide-zinc bromide was close to 0.75.
He also worked with methanol-1ithium iodide-zinc bromide and ethanol-
1ithium bromide and got similar results. This study provided physical
and thermal properties of the mixtures along with the system performance.
The above mixtures are quite corrosive. However, the addition of small
quantities of arsenic trioxide and ethylene diamine tetra acetic acid
can markedly inhibit thé corrosion of ferrous metals (Krueger 1977).

An ammonia-salt mixture was also used as the refrigerant-absorbent pair
(Mansoori et al 1979), (Jacob et al 1969). Properties of sodium
thiocynate, which was used as the absorbent with ammonia as refrigerant
by Mansoori et al, were presented by Blytas et al (Blytas et 1962).
Macriss et al used mixtures of monomethylamine and sodium thiocyanate
and mixtures in which part of the sodiﬁm thiocyanate was replaced with
other thiocyanates of group I, II, and III in the Mendeleef periodic
table, metals and related mixtures (Macriss et al 1969). A reduced

- economiser heat exchanger area in the absorption cycle and a high coeff-
icient of performance were claimed for an air cooled absorption cooling
system. It was reported that an ideal coefficient of performance of 0.92
could Ee obtained for methylamine-sodiumthiocyanate when the generator
temperature was 121°C and the evaporator temperature was 5°C. Values of
the coefficient of performance for similar conditions for the sytems

ammonia-water and ammonia-sodiumthiocyanate were 0.84 and 0.87 respect-

ively.



36

3.2.2 Open cycle cooling systems
3.2.2.1 Liquid desiccant evaporative cooling system

Liquid desiccant evaporative cooling systems have been studied
by a number of researchers. Collier analysed. the possibility of using
a liquid desiccant evaporative cooling system and an absorption cooling
system operating in series to both dry and cool air (Collier 1978).
It was proposed to use a generator open to atmosphere for both the
systems. It was concluded in the paper that the performance of the
combined systems was better  than individual system , especially in humid
and windy climates.* An open cycle solar absorption cooling system
combined with a spray chamber was described by Kakabaev (Kakabaev et al .
1971). -The use of air cooled by partial humidification plus the cooling
effect of an open cycle absorption cooling system was proposed.. He
suggested that at night such a system could function as an evaporative

cooler. This sort of system was found particularly useful in hot, dry

climates.

Hollands studied the regeneration of lithium chloride solution
in a batch type solar still with the idea of using regenerated brine for
cooling (Hollands 1962). Another type of solar generator was analysed
by Kakabaev (Kakébaev et al 1972). In this type of generator, a glass
plate was used over the solution to minimise contamination of the solution.
However, the glass plate reduced the amount of solar radiation reaching
“the solution. Air was blown through the channel formed by the glass and

the generator surface to remove water vapour. Similar work was also done

with water-calcium chloride solution (Mullick et al 1974), (Gandhidasan,

et al 1976, 1981).



3.2.2.2 Solar absorEtion cooling system 3

Kakabaev theoretically analysed the generator of an open cycle
solar absorption cooling system (Kakabaev et al 1969). The generator
was open to atmosphere. A thin film of water-lithium chloride solution
was considered to flow over a blackened surface. The solution was
heated up by solar radiation falling directly on the generator. The
use of water-lithium chloride as the refrigerant-absorbent was recommended
for open cycle ébsorption cooling systems instead of water-lithium
bromide, which was extensively used for closed cycle absorption cooling
systems. It is because lithium chloride is less corrosive to metals and
more stable in the presence of air (Kakabaev et al 1969), (Ref.45).
It was shown that a pressure of 9.2 mm Hg, which corresponds to 10%C in
the evaporator can be sustained in the absorber at a temperature of 359¢C
and lithium chloride concentration of 38 per cent at the absorber outlet.
Later, a simplified analysis of the generator was presented by Baum et
al valid for situations when the liquid flow rate over the generator was
sufficiently high (Baum et al 1972). 1In this analysis, solution flow
2 -1

rates of 8 to 15 kg m were recommended for the generator. Prasad

and Kumar analysed the regeneration of lithium chloride brine in a
generator where free convection flow of ambient air removed the water
(Prasad et al 1981). They also studied the possibility of using a
continuous solar still type generator (Prasad et al 1981). The
generator design based on the solar still was considered to eliminate

the contamination of brine by the environment and to make the system's
performance independent of the ambient humidity. A steady state analysis

of the system was presented.

A solar absorption cooling system based on evaporation from a
11thium chloride solution flowing on the roof of a building was described

and the test results were reported under summer conditions in central

Asia (Kakabaev et al 1976). The pilot plant was reported to have
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operated satisfactorily with a relative humidity of about 25 per cent,
1

to 1.0 K m~2.

a wind velocity of about 2 ms™
2

and solar insolation values varying

between 0.4 kW m The temperature achieved in the
evaporator was about 13.5°C. The concentration of lithium chloride

sd]ution varied between 29.5 per cent and 32.0 per cent.

Collier used the analysis of Kakabaev to predict the performance
of an open cycle absorption cooling system in different cities of the
USA (Collier 1979), (Kakabaevidd1969). It was concluded in this analysis
that more experimental verification was required in order to design

systems with confidence.

3.3 SYSTEMS USING LIQUID-LIQUID WORKING FLUIDS

Liquid-Tiquid working fluids are advantageous when low-grade
heat sources are used as the driving energy. Liquid-liquid refrigerant-
'absorbent pairs, which have been studied are mostly organic compounds.
Halogenated organic compounds such as R22 (CHF2C1) have been tried as
refrigerants with the dimethyl ether of tetraethyléne glycol (DMETEG), a
mixture of DMETEG and dimethyl formamide (DMF),and dimethyl formamide as

absorbents.

There have been efforts to find a suitable absorbent-refrigerant
combination. The use of R22 was illustrated by E{seman (Eiseman et al
1959). R22 - DMETEG was recommended for use as réfrigerant-absorbent
- pair. The relative merits of the pair were compared with water-1ithium
bromide and ammonia-water. These are shown in Table 3.1.

Usyukin and Chumachenko also used the same pair to discover the

practical limits of its application (Usyukin et al 1971). Borde et al
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also studied the mixture of R22 with DMETEG and DMF (Borde et al 1977).
They found that if the required evaporator temperature was above -5%,
and means of cooling the absorber and the condenser were available
be]owr30°c, a system operating on R22 - DMF was economically more
feasible. If the required temperature was below -5°C and the low grade
heat source was in the range of 60°C to 90°C. the pair R22 - DMF was
‘not suitable; alternatively, the use of R22 - DMETEG was recommended.
A number of suitéb]e pairs of refrigerant-absorbent combinat{ons for .
absorption were presented by Johan et al (Johan et al 1979). It was
proposed to use water as the refrigerant and glycol ether, polyoxyalkylene

g1yc01, polyoxyalkylene polyglycol ether as absorbents in some of the

pairs.

Unfortunately, organic fluids are generally susceptible to
thermal instability after a long period of continuous use. There is

considerable scope for work to be done in this area.

An account of possible new working fluid pairs has been edited
by Ralcow (Raldow, 1982). This publication also deals with the latest
state of technology of absorption systems in Europe. A significant
contribution for multistaging was given by Alefeld (Alefeld 1982). He
suggested that by using absorption and desorption processes, new schemes
for heat transformation with improved coefficients of performance can be
designed. He also proposed a combination of compressor systems with

absorption systems. He discussed various possibilities for these

combinations.
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3.4 CONCLUS IONS

On the basis of the above literature review, the following work
programme wﬁs proposed.

1) . Design data have been published for only a very limited
range of applications for absorption cooling systems. These
applications reqﬁire operation in very limited temperature ranges.
The actual temperature range depends on whether the application
is for deep freezing, refrigeration, or for use in air condition-
ing systems. .These systems should be tested to the extreme
conditions appropriate to the type. One extreme is the highest
achievable absorber and condenser temperatures. Another extreme
is the minimum generator temperature which will allow the possib-
ility of using low grade thermal energy from waste heat or solar

sources. This study is required to be done in two steps:

(a) A theoretical analysis should be carried out to study the
effect of parameter variations. This will iﬁdicate the relative

sensitivity of the parameters and will help in planning the

experiments.

(b) An experimental investigation should be planned and conducted

based on the above theoretical analysis.

2) It is interesting to note that there is a possibility of
cooling by the evaporator and simultaneous heating by the absorber
and the condenser in continuous closed cycle absorption systems.
This can be done if it is possible to maintain pressures corres-
ponding to the required temperatures in the evaporator and the

condenser. Generally, this might not be economical for vapour
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compression systems because of increased compression ratios and
therefore increased power consumption. A detailed theoretical
analysis is required to be done to find out the 1imits of this

possibility. Experimental verification of the conclusions drawn

from the theoretical analysis is also required.

The open cycle solar absorption cooling system needs theor-
etical and experimental study as there are a number of parameters
affecting the performance of the system. Apart from the usual
parameters of the absorption system such as temperature, pressure,
and solution concentration at different points in the cycle, the
generator performance itself depends on the number of parameters.
The variation of solar insolation, wind velocity and environmental
humidity can affect the performance drastically. Simultaneous
variation of the above parameters makes the heat and mass transfer

processes complicated. Therefore, it was proposed to study

this as follows:

(a) Experimental design data for the generator of the open cycle
absorption cooling system are to be generated indoors because of

the continuous variation of pertinent parameters outdoors.

(b) A theoretical simulation study of the generator is also

necessary. This would not only help in predicting the performance,
but would also be a helpful tool in the analysis of the experi-
mental results. The latter can be done by incorporating the heat

and mass transfer correlations in the mathematical model.




CHAPTER 4

ANALYSIS OF SOLAR ABSORPTION
COOLING SYSTEMS FOR LOW
GENERATOR TEMPERATURES
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ANALYSIS OF ABSORPTION COOLING SYSTEMS WITH LOW

M

GENERATOR TEMPERATURES

4.1 INTRODUCTION

The flow diagram of the closed cycle absorption cooling systems
using water-lithium bromide and ammonia-water as working fluid pairs
are shown in Figures 4.1 and 4.2 respectively. In the present analysis
of closed cycle systems, solar energy has been considered as the heat
source to the generator. However, the results are valid for any
equivalent heat source. Thé open cycle solar absorption cooling system
is shown schematically in Figure 4.3. This analysis deals with the

efficient utilization of variable thermal energy sources like solar

energy.

Solar energy may be used to provide the heat required in the
generator using either flat plate or concentrating collectors. Although
the latter may be used to produce high generator temperatures, concen-
trating collectors are complex, expensive and less efficient compared
to flat plate collectors. It is known that flat plate collectors
perform more efficiently at relatively low temperature. To take
advantage of this aspect the temperature in the generator should be
reduced which can be achieved in either of two ways. The first way is
to operate at high flow ratios, i.e., the ratio of mass flow rates of

absorbent to the refrigerant (Kumar et-al 1984), (Dao et al 1976).

The second way is to use an open cycle which is only feasible
when water is used as the refrigerant. ~Some experimental investigation
using open cycle solar absorption cooling systems for relatively dry
and high temperature ambient conditions have been reported by

Kakabayev and co-workers (Kakabayev et al 1969), (Baum et al.1978).
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Some theoretical analysis by Prasad et al and Collier have shown the

feasibility of such systems for a wide range of conditions (Prasad et

al 1981), (Collier 1979).

4,2 THEQRETICAL CONSIDERATIONS

For the purpose of analysis the following assumptions have been

made :

1.0 kg ho]

of refrigerant is vaporised in the evaporator.
The streams at state points 1, 3, 6, 8 and 9 in Figures 4.1, 4.2 and
4.3 are in equilibrium.

The evaporating temperature T the ambient temperature TAM and

EV?
the temperature at state point 3 are 4°c, 35°C and 35°C, respectively.

These conditions have been chosen for tropical conditions where

cooling requirement is high. The condensing temperature TCO’ for

the closed cycle systems is 35°¢C.

The generator temperature TGE’ in all the cases is taken to

be the temperature of strong solution at the generator outlet. In the

closed cycle systems, TGE will be very close to the bulk temperature

in the generator since the liquid is boiling. It has been reported
that in the case of the open cycle, the teﬁperature across the
collector-generator unit remains nearly constant (Mullick et al 1974).
While using water-l1ithium bromide in the system, the energy required
to pump liquid from the low to the high pressure side of the system is
so small that the difference in enthalpy between states 3 and 4 1is
insignificant. Pressure drops and the heat losses in the systems

are negligible.
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The coefficient of performance of a cooling system is defined

as

(COP)CL = QEV/QGE (4.1)
The mass balance for the absorber is given by Equation (4.2) .
(FR) = (X - X3)/(X;3 = X,) (4.2)

A heat balance over the absorber gives the amount of heat

QAB removed by cooling water in the absorber

QAB = H] + (FR)H7 - H3 [EFR) +~i] | (4.3)

The effectiveness for countercurrent flow heat exchanger is

defined as

Nex (TG - TZ)/(TG - T3) (4.4)

Therefore, the heat exchanged in the economiser heat exchanger is

QEX (FR) (Cp)z Ney (TG - T3) : | B (4.5)

The work done by the pump WP 1s given by Equation (4.6) .

NP = (PCO - PEV) V3 - - (4.6)

The enthalpies per unit mass of solution at state points 4, 5

and 7 can be written as follows
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H4 = H3 + NP , (4.7)
He = %+Q%/Bm)+ﬂ (4.8)
H, = He - Qcy/(FR) (4.9)

. The function of the expansion valve in the cycle is merely to
dissipate the pressure head through an isenthalpic process. Therefore,

the following equations can be written for the two expansion valves 1in

the cycle
H9 = H]O (4.10)
H7 = H2 (4-]1)

The heat removed in the evaporator is given by the heat

balance

Similarly, the heat balance around the generator for the

systems using water-lithium bromide is given by Equation (4.13).

QGE = (HB - Hs) + (FR) (HG = Hs) (4.13)

. In the case of the closed cycle system using ammonia-water

the heat balance equation is

Qg = (Hg = Hg) + (FR) (Hg = Hg) + R(Hg - Hg) (4.14)
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The Equation (4.14) is 'different from Equation (4.13) because

the system operating with ammonia-water is provided with a distillation
column. A part of liquid ammonia from the condenser is fed back to the
distillation column to increase the distillation efficiency. The ratio of
mass flow rates of liquid ammonia from the condenser to the distillation
column and liquid ammonia from the condenser to the evaporator is called

the reflux ratio R. In the present analysis, the value of reflux ratio

is ‘taken to be 0.2 (Stoecker et al 1971).

In the case of closed cycle systems the simplest type of flat
plate solar collector is considered with a single glass cover over a
matt black painted surface behind which a liquid flows in tubes. The

performance of this type of collector can be predicted by Equation

(4.15)

* l'

Ngc 0.77 - 7.0 (TIN - TAM)/I o (4.15)

where I 1is the solar insolation (Beckmann et al 1977).

The temperature Ty at the generator outlet or the solar

collector inlet is given by

+ ATGE o (4f]6)

4

The temperature approach at the generator outlet TGE is taken to be

5°C in the present analysis.

The solar collector area required is calculated from

AH= QGE (nscl) ‘ | | (4:17)
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The equilibrium properties for water-lithium bromide and

ammonia-water systems are taken from published papers (Besseler et al

1976), (Jain et al 1971).

In the case of the open cycle system the analysis is done for
partial pressures of water vapour of 0.013, 0.020, 0.027 and 0.034 bar
(10.0, 15.0, 20.0 and 25.0 mm Hg respectively) in ambient air.

4.3 RESULTS AND DISCUSSION

Figure 4.4 is a plot of generator temperature T.. against
flow ratio (FR) for the closed and open cycle systems using water-
1ithium bromide. This plot shows that increasing the flow ratio (FR)
leads to a significant reduction in the generator temperature TGE'
Howéier, this rate of reduction in TGE decreases as (FR) 1is

increased. The curves tend to become flat after (FR) value of

- about 30.0. A higher flow ratio at constant absorber concentration

implies lower concentration in the generator and therefore lower

generator temperature. It can also be seen from Figure 4.4 that in
an open cycle system, generator temperatures are considerably lower
than in a closed cycle system and that TGE is progressively reduced
with increasing dryness of ambient air as implied by decreasing partial
pressure p,,. In the case of an open cycle system the lower generator
temperature leads to higher efficiency of the solar collector—

generator unit.

The coefficient of performance values for the systems using
water-1ithium bromide have been plotted against (FR) in Figure 4.5.
The (COP)y values for closed cycle systems decrease as (FR) 1incCreases.

Figure 4.5 also shows that (COP), values for open cycle system also



decrease with increase in flow ratio except for relatively dry ambient
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air. For a given flow ratio the (COP)CL values progressively increase

with increasing dryness of ambient air. The (COP)CL values have been
plotted for two different cases of with and without economiser heat
exchanger. The effectiveness of this heat exchanger is included.

These plots show that the open cycle system is better than a closed

cycle systemn.

Fiqure 4.6 is a similar plot for the closed cycle system using
ammonia-water. Both TGE and (COP)CL curves show the same trend.
Iﬁ this case, the TGE curves tend to become fla; after a flow ratio
value of about 15.0. These plots show that systems using water-lithium
bromide offer higher (COP)CL values than the system using ammonia-
water, but the limitation of systems using water-lithium bromide is
that the evaporator cannot be operated at sub-zero temperatures. In

all the cases, the inclusion of the economiser heat exchanger is

advantageous.

In the case of the closed cycle system using ammonia-water the

power requirement by the solution pump at a flow ratio of 10.0, as

given by Equation (4.6), is 0.0034 kW. It becomes an important con-

straint for higher flow ratio values when using ammonia-water as the
working fluid pair. In the case of water-1ithium bromide this power
requirement is negligible because of relatively low pressure differ-

ential across the generator and the absorber.

Figure 4.7 is a plot of open cycle system operating with a flow
ratio of 14.0 using water-1ithium bromide. It shows the variation of
the (COP)CL against partial pressure of water vapour p, in ambient

air for various values of economiser heat exchanger effectiveness: -
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It can be seen that an ideal heat exchanger is required to make the
performance of the open cycle system almost independent of the ambient
humidity. However, this effect can be reasonably achieved by including

an economiser heat exchanger with a fairly high effectiveness.

Figure 4.8 and Figure 4.9 respectively show that both absorber
and generator heat loads are relatively independent of flow ratio for
the open cycle system operating in relatively dry environment. In the
case of closed cycle system the economiser heat exchanger reduces the
absorber and generator heat loads more than in open cycle. Figure 4.10
shows the heat loads for closed cycle system using ammonia-water. In
this case also, the economiser heat éxchanger~provides a definite
advantage. For all the above cases, the evaporator conditions are kept
constant including the heat load. The condenser conditions are nearly

the same but for some change in the superheat of the condenser vapour.

In the case of the closed cycle systems with flat plate solar
collectors, the solar energy collection efficiency Nepe increases with

the decrease in the generator temperature as shown in Figure 4.11.

It 1s worth noting that the N becomes more sensitive to the generator

temperature when the solar insolation values decrease.

Figures 4.12 and 4.13 are plots of the solaf collector area

required against flow ratio for closed cycle cooling systems, with
various solar insolation levels, for water-l1ithium bromide and ammonia-
water respectively. It caﬁ be seen from these figures that as the solar
insolation decreases the minima of the curves shift towards a higher
value of flow ratio. The economiser heat exchanger in the system reduces
the area requirement and makes the system independent of flow ratio for

a range of values. Therefore, it can be concluded that a closed cycle



system 0perating‘with a given solar collector area will work for a
longer time when a relatively high flow ratio is used. In the present
particular case, if we consider 0.6 kW as the minimum solar insolation,
the optimum (FR) value would be about 25.0 for the system using water-

1ithium bromide and about 10.0 for the system using ammonia-water.

Computer progrms for this chapter are given in Appendix A.
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