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Summary

The study presented here is focused on the use of aqua-ammonia solution in a novel solar-
powered refrigeraton cycle intended to be suitable for use in the rural areas of developing coun-

tries. The cycle is referred to as a "intermittent regenerative” (IR) cycle, the term regenerative
meaning in this context to the use of heat recovery or recuperation.

The first chapter describes the three better known cycles which may be considered for this
application. The IR cycle is introduced as a hybrid development of these which offers the
significant advantages of high efficiency while minimising complexity. Chapter 1 provides a
methodology by which the novel aqua-ammonia system can be evaluated in comparison with

existing systems. The second chapter surveys previous experimental work on solar driven aqua-
ammonia cycles.

Chapter 3 consists of a detailed design study of the new IR cycle based on computer
modelling techniques. The study serves as an analysis of the cycle and allows the performance of
the cycle, together with design features and component sizes, t0 be simulated in a variety of
metereological conditions. A number of original design proposals are evaluated through the

modelling exercise. Chapter 4 summarises the results of a second separate modelling exercise
which investigates the absorption phase of the cycle.

Chapters S and 6 describe experimental work. The results of laboratory tests are compared
with the predictions of the computer model, and in the event serve to validate the theoretical
characterisation made in chapter 3 of the performance of key components of the system. The
energy efficiency of the system as measured by experiment is proved to correspond to theoretical
prediction, so representing a significant advance on the performance of alternative systems.

Chapter 7 addresses itself to the wider question of the social and economic validity of a
device with the performance and cost of the IR device. A case study is undertaken which explores
the potential role of the device in the fish trading economy of Zambia. The study provides data
valuable in assessing the usefulness of the technology in helping to stimulate the under-

capitalised rural economy of a developing country and in improving local food resource utilisa-
tion.

Chapter 8 draws together the conclusions of the various chapters and provides an overall
conclusion and comment on the value of the IR system. It is proved to have a high efficiency but
not to have the robustness nor portability demanded for widespread application in remote loca-
tions. Nevertheless the likely life-time cost-effectiveness of the system is judged to be an
improvement on existing alternatives and suggestions are made for further improvement.
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Chapter 1: Review of techniques

1.1. Introduction

The present chapter describes three well known aqua-ammonia refrigerator cycles, referred
to respectively as the basic intermittent cycle (IB), the continuous pumped (CP), and the
diffusion-absorption (DA) cycles. The chapter first outlines the primary criteria whereby the

matching of various sorption systems to the specified end-use conditions can be assessed. Fol-

lowing this the IB and CP cycles are described in some detail, firstly to provide an introduction to
the analysis of the intermittent regenerative (IR) cycle, and secondly in order to to develop a

common methodology whereby the matching of solar power to various sorption systems can be

evaluated. Quantitative solutions for relative performance are obtained for a common set of

operating conditions. The IR cycle is introduced.

1.1.1. Specification

The desirability of novel techniques for the preservation of agricultural, fisheries, and dairy
products in remote tropical locations of the world has been pointed out by several authors (Brink-
worth, 1972; National Academy of Sciences, 1978;‘ International Institution of Refrigeration,
1976). The absence in such areas of grid electricity and the inadequacy of transport and other
infrastructural services has meant that their capacity for export food production is severely lim-
ited, both through non-use of potentially fertile land area and through the occurence of high post-

harvest yield losses. Both these conditions may be alleviated by the introduction of preservation

techniques which are capable of being mounted and supported in remote environments.

The present study is limited to refrigerating techniques which are capable of ice-making,
since packing of produce with ice is a proven method of providing simple refrigerated transport

and storage in remote regions. Traditional passive ice-making techniques, as practised
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historically in Asia Minor, are not discusséd. It is taken for granted that thermal energy 1s more
immediately available to power active devices than mechanical energy or electricity, and that the
conversion of thermal energy to mechanical will be more costly and inconvenient than direct use
of thermal power. Accordingly attention has focused on sorption cycle refrigeration. A number
of studies (Haseler, 1978, Mansoori and Patel, 1979) have investigated novel liquid absorption
pairs for sub-zero cooling, and have found that the well-known aqua-ammonia pair is still to be
recommended in terms of cycle efficiency. It has been chosen as the working pair for the present
research because of these findings and because its properties are well known, so that it has been

possible to orientate the present study around system design and system matching to remote

applications with less uncertainty as to solution properties.

The primary characteristics of ice-making devices suitable for remote use can be listed as
follows. They are expressed as qualitative indicators of suitability to remote application rather
than as economic costs since their weighting in terms of economic cost is dependent on widely
varying conditions throughout the world. The criteria form the basis of a comparative study of
aqua-ammonia systems which is the subject of this chapter, and also form the rationale for the
study of a novgl aqua-ammonia system which follows in succeeding chapters. The systems
examined in chapter 1 are the basic intermittent cycle ("IB"), the conventional continuous
pumped system ("CP"), and the thermosyphoned diffusion -absorption system ("DA"). The

improved novel system proposed as a result of the examination is the intermittent regenerative

system ("IR"). These are described by the schematic diagrams presented in figures 1.2.1, 1.3.1,

1.4.1, and 3.1.1 respectively. The proposed indicators are

a) Supportability. The matching of design to the support and maintenance environment is an
essential requirement. Supportability can be interpreted as a labour and infrastructure-
related criterion of the suitability a device for remote application, expressing whether or not
necessary skills are available to a degree which will keep a device functioning, and whether
necessary supply lines exist. A further aspect of support is the degree of acceptance that the
device attracts from its immediate users, and the skill and effort, or consumed time,

required in daily attendance. The present study takes the approach that the device should be
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in the greater part manufacturable within a less developed country, and require a minimum

of imported parts. It should be designed to operate without any technical maintenance pro-

cedures or expectation of parts replacement.

Transportability and safety. The use of ice-makers in remote locations may imply a
requirement that weight and size is minimised. Certainly this critereon has a bearing in
cases where a crop is not geographically fixed, as is the case where fishing operations move
seasonally. There may be a capital utilisation imperative dictating that the machinery move
from one location to another following seasonal variations in agricultural harvests, possibly
moving from crop preservation to a non-agricultural application. Equally it is possible that

In some applications transportability is not relevant and a large and heavy device is fully

acceptable, possibly having the advantage of not being easily stolen.

Where a device is weighty because it contains a large solution charge of a toxic fluid such
as aqua-ammonia, then it will present also a safety hazard, and be subject to safety restric-
tions. This also ‘poses problems with respect to the transport to site and the cost of a fresh
charge should maintenance procedures or repairs require one. Associated with large

ammonia charges are the safety risks associated with operation in a non-industrial environ-

ment.

Power cost. The primary contender as a fuel source for remote location coolers will often

be conventional fossil fuel. This is because the use of ice makers for commercial agricul-
tural purposes will often be associated with internal combustion powered vehicles providing
a fuel transport facility and presupposing a dependency on this fuel. Despite this there are a
number of arguments for the encouragement of alternative fuels. The income generated for
the local community by agricultural produce will be higher if the fuel cost of preservation is
set by the producer rather than the purchaser. The design of devices suitable for non-fossil
fuels may therefore promote rural incomes by allowing cold storage to be a local economic
function. There will certainly be benefits to a national economy if economic indigenous

fuels are found, and since thermal refrigerators are powered by external combustion their

use with locally available fuels such as plant alcohols and agrowastes is feasible. (Saunier,
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1986). It is likely that stoves designed for low calorific fuels such as these will have a lower
maintenance requirement than those designed for high calorific fuels, so better satisfying

the supportability critereon described above. They are likely to be more flexible to use with

a variety of fuels depending on availability.

The direct use of solar energy as thermal power has gathered considerable interest
(Heywood, 1953, Brinkworth, 1972). It is often available just when cooling is needed,

although it has the unfortunate disadvantage of being costly to collect because of its low
concentration of energy with respect to area irradiated. Collection is necessarily by passive
devices of relatively large area and therefore high cost if they are to be durable and
comprising materials capable of limiting heat losses. In previous studies of solar driven
refrigerating devices (Exell, 1984, Shiran, 1982) the cost penalty of the collector component
has been found to be more than half the overall cost. Accordingly the overall cost of the
refrigerator is significantly reduced if the cycle efficiency is high. The cycle efficiency 1s
often referred to as the coefficient of performance (COP); it is the ratio of energy used to

cooling energy produced. The present study focuses exclusively on the use of solar energy,

and emphasises the importance of COP as an indicator of system cost, since high COP leads

to savings in collector size and therefore in cost.

Clearly the relatively high cost of solar collection implies that careful study of the

availiability and reliability of supply of altenative indigenuous fuels is necessary before

adoption of the solar option. e

A second disadvantage of the solar option is the variability of solar energy. The
required insolation varies in three ways: firstly, with the time of day, secondly, with season,
and thirdly, with cloud cover, the latter being itself often a function of both location and
season. The bulk energy collected daily will vary, and also the rate at which it arnves
varies. An appraisal of the usefulness of the solar power source must take these variations
into account. A refrigerator design well matched to solar power will respond flexibly to the
varying insolation rate. The present study develops a method for estimating yearly perfor-

mance in varying representative locations in order to allow a full appraisal. The occurence
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of long periods of low-level irradiation may require that hold-over cold storage is provided;

the storage of ice itself forms a convenient medium for this.

Other meteorological conditions will effect the performance of a solar cooler, espe-
cially with respect to the sink temperatures available for absorption and condenser cooling.
A well matched solar cooler design will respond flexibly to the expected variations in

ambient temperature, not tending to fall off in performance unduly at off design conditions.

Solar collectors may have disadvantages with respect to the fragility of glass and eva-

cuated enclosures, and with the need for cleaning of absorbing surfaces, collecting surfaces,

and reflectors. They may be awkward to transport, and inconveniently large, possibly giv-

Ing rise to a land usage cost.

Despite these problems the matching of solar power to cooling has attracted attention

because it has two advantageous features. The first is that solar energy is very often abun-
dantly available where and when it is needed. The second relates to the requirement for a

low-maintenance sorption cycle. The simplest form of sorption cycle is intermittent, the

“only complex control action needed being the requirement that the power source cycles

from the off to on state. Since simplicity satisfies the supportability critereon, the intermit-
tent cycle is immediately of interest, and since the sun automatically cycles the remaining
complexity is removed. It may additionally be an advantage in some conditions of applica-
tion, for instance vaccine cooling, that the collection of the energy source is necessarily
passive, so that a cooler can be imagined to funétion independently of any operator input.
Where ice making is considered as a commercial process, some operator input is implicit,

so a limited non-critical operator input is acceptable in the present context.

The proposed IR cycle is intermittent, taking advantage of the diurnal cycling of the

solar source. An evaluation of this feature is made in the present chapter by comparative

consideration of two continuous cycles.

Further component cost. Beyond the size and cost of the power source, the sizes of other

heat exchangers, and the number and costs of intricate components require attention. The

thermodynamic process employed will govem the size of components such as heat
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exchangers; although two processes may provide similar COPs the transfer of more heat

either internally or in relation to the surroundings will entail more expensive components.
In the case of solar powered absorption cycles the first example of this is the degree to
which high generation temperatures force up the size of the collector, because of the induce-
ment of increased collector loss, and will also require larger generator to collector interface
areas. (The "generator” is the term which collectively describes all the components which
act to generate - or desorb, or boil off - refrigerant from an absorbent-refrigerant solution.
The generator is that part of the device which rises in temperature, and is always therefore
insulated to ensure heat is directed toward the boiling of solution). The component cost
divides into two aspects, firstly the cost of manufacture and retail, comprising the purchase
cost, and secondly the cost of replacement parts, in so far as this can be separated from the

question of feasibility of maintenance, covered by the supportability critereon mentioned

above.

The investigation that follows of each of three aqua-ammonia systems can be read in the
light of these four indicators of suitability for remote use. Table 1.5.1 concludes the chapter by

grouping the investigative findings under the headings of the four indicators. The weighting

attached to each indicator is left as a mute subject, since it is specific to any particular intended

area of implementation.

The IB, or non-regenerative system, is examined in some detail because it provides a useful
introduction to the later analysis of the IR system. Some detailed attention is paid also to the con-
tinuous pumped system, for the same reason, and because it provides a reference, since it is a well

known system, whereby the potential performance of the IR system can be assessed.

1.1.2. Ammonia and aqua-ammonia equilibrium property data

In accordance with the Gibbs phase rule the state properties of the aqua-ammonia solution
at equilibrium conditions are each functions of any two other state properties. The computer code

described here makes use of the following bivariate functions (the subscript "L" referring to the

liquid state, and "v" to the vapour state):
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P=functon(x; ,T)
xwuﬁmcﬁon(xL,Tj
hy=function(x; ,T)
hy=function(x;,T)
T=function(x; ,P)

pr=functon(xy,T)

Experimental data was presented by Scratchard et al (1947) in a series of tables. In order to
allow these data to be accessible in a computer code some manipulation was necessary. Firstly, a
computer code was devised which converted the P=f(x;,T) table into x;=f(P,T) form by perform-
Ing quadratic interpolations on the original data. A further alogarithm then allowed the simulation
programme to access any of the tables by locating nine relevant points in the table required and
applying quadratic equations across them. The function determining temperature operates by a
similar application of linear interpolation across four relevant points. The resulting functions
gave values matching the original data with sufficient accuracy, some problems being encoun-

tered with values obtained from data near the edges of the tables. These problems led to the adop-

tion of other functions where necessary.

Macriss (1964) at the Institute of Gas Technology published experimental data and these
were converted into Sth order bivariate polynomials by, Crees (1986). Crees’ equations are used

by the programme in one case where the interpolative method is inadequate, in the case where

X =f(P,T) when x; >0.9.

Problems were experienced with the interpolative method for vapour concentration (as
function of x.. and T) and the equation proposed by Crees for this also found to be inadequate.

Consequently use was made of the equation developed by Jain and Gable (1971); this was also
based on tabulated data collected by Macriss (1964).
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1.2. The intermittent basic system (IB)

A simple means of implementing the NH3/H,O absorption cycle is illustrated on figure

1.2.1.

Gravity-circulating (or "ﬂooded"') ;_
type evaporator '

Boiler/Absorber

Phase Ia: pressurisation at Phase Ib: desorption
constant concentration

Boiler/Absorber

Phase IIa: depressurisation Phase IIb: absorption
at constant concentration

Fig 1.2.1 The four phases of the intermittent basic (IB) cycle.

The diagram shows the device in four sequential phases which divide into two major phases, the

first (phase I) representing the system response to a boiler heat input Q, while the second (phase

mam m B ey = E—
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II) represents the system response with Qb removed. The early part of phase I represents the sen-
sible heating of solution and the pressurisation of the system. The later part represents the period
during which vapour is desorbed from the solutiox} and collected in the receiver vessel. This pro-
cess, phase Ib, begins soon after the pressure reaches its saturation value for vapour cooled to sink
temperaturé by contact with the walls of the condenser, which are initially in equilibrium with the
sink medium. The sink is assumed here to be ambient air. A slight rise in pressure allows con-

densation to occur at an elevated temperature (Tn) causing heat to flow from the condenser

(Qcon). A similar process occurs in the reflux condenser or rectifier, such that vapour leaving the

boiler at concentration X,z is purified to the value x..

The check valve shown is adjusted to allow vapour to.flow with a negligible pressure drop

from the boiler to the condenser; when a reverse pressure difference exists, as in Phase Ilb, it

diverts a vapour flow from the evaporator through the pipework leading to the lower portion of

the boiler. The reason for this is discussed in section 4.2.

A convenient illustration of the cycle can be given on a plot of temperature against concen-
tration for NH;/H;O. A schematic representation of this plot is given as fig 1.2.2. Phase I is
shown on part (a) of the diagram and phase II, which is described below, on part (b). The purpose
of dividing the two graphs is to demoﬁstrate that the cycle does not in practice necessarily close,
although further discussion wiil assume that it does. Phase Ia, sensible heating of full strengm
solution, begins at point 1 and ends at point 11, where the isostere representing the initial solution
concentration xp; meets the isobar (P;) representing a dew point temperature for refrigerant just
exceeding the sink temperature. The process is indicated by a dashed line since it represents solu-

tion in a non-saturated state. The isostere is nominal: in practice the change in pressure will alter

the concentration, although for the sake of clarity it can be considered isosteric.

Between points 11 and 2 the temperature at which condensation occurs rises, and sensible
heating continues together with desorption, until the rate of desorption balances the rate of con-
densation heat removal. Further desorption and sensible heating then follows the isobar Pgen

representing a stable condensing temperature, until point 3 is reached, and the desorption phase

(Ib) 1s ended. This point either represents the limiting temperature of the heat source (Tgen(max)»
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Fig. 1.2.2(a). Phase I of the intermittent basic (IB) eycle
plotted schematically against solution
concentration (ammonia : water mass fraction)
and temperature.
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Fig. 1.2.2(b). Phase II of the IB cycle plotted as above against
solution concentration and temperature.
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since further desorption implies an increase in the solution equilibrium temperature at the prevail-
Ing system pressure, or it implies that the heat source Qy, is removed or reduced in magnitude so

that its limiting temperature falls below the previously obtained boiling temperature.

The condenser is assumed to cool to air, although a cheaper form of condenser cooling may

be the immersion of a condenser colil in a still water reservoir. This forms a sink of finite capacity
the temperature of which will rise as heat of condensation is accumulated. In this case the pres-
sure of the system in the process 2 to 3 rises together with rising condensation temperature. A

water cooled condenser is subject to to the danger of a lost water supply with the attendent safety

risk of excessive pressures developing in the system.

The following phase, IIa, consists of depressurisation of the system while the solution in the

boiler rejects heat (Qm). The solution concentration (X 3) remains nominally constant (in practice
depressurisation is associated with some de-sorption) at the strength determined by the value of
Tgen(max) in the previous phase. The process is one of subcooling of the weakened solution and so
is represented by a dashed line. The point at which the solution begins to re-absorb refrigerant
vapour from the cold box depends on the loading conditions in the cold box. It may, for instance,
have been freshly charged during phase I with water at ambient temperature due for freezing, in
which case the temperature at which the cold box contents will tend to equilibriate will approxi-
mate to ambient temperature. Alternatively the cold box may contain residual ice and reach a
lower temperature. It 1S assumed that the evaporator i1s arranged so that condensation of refri-
gerant in the cold box during phase I does not occur to a significant degree. In either case, at
point 3, immediately that extemal heating of the solution stops, the temperature of the refrigerant
approximates to a value considerably lower than T.,, which is marked on the p-t-x plot as Tyx.
The refrigerant is therefore in a sub-cooled state, having a vapour pressure of an intermediate
value P;, as shown. Heat removal from the solution during phase Ila fhen allows the system pres-
sure to approach P;. The check valve shown in fig 1.2.1 remains open so equalising the pressures
in the boiler and receiver. (Continued boiling of solution while self cooling in the process 3 to 4
will aid the depressurisation process and continue to weaken the solution so that the process is not

strictly isostereic as shown). At the intersection of the solution isostere and the intermediate
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isobar the check valve closes and the refrigerant vapour can begin to expand forcing solution

against the hydrostatic head h, since the solution pressure continues to reduce below P;. Evapora-
tion of the refrigerant occurs so reducing Tyox and the temperature of the refrigerant. When solu-

tion pressure reaches the value (P;-h) the reabsorption process (phase IIb) begins as represented

by the point 4. At this point the boiler vessel becomes an absorber vessel.

During reabsorption the temperature of the solution is raised by the heat of sorption, and the
magnitude of Qm must be sufficient to ensure that the system pressure continues to decrease so
that useful evaporating temperatures can be obtained. Qom 1S determined by the size of the

absorber heat exchanger (UA).p and the temperature difference between the solution and the sink,

which is likely to be closely related to ambient temperature at night, when absorption takes place.

The additional effects of wind cooling and radiative loss can be neglected in this context:

le:(U A)ab(Tab"‘Tsink)

If Qﬁm is small, evaporation at high temperature and pressure implies a very low rate of cooling in
the cold box, so that undesirably long durations will be required for the absorption phase in order
to meet a specific cooling duty. The period available for absorption is predetermined by meteoro-
logical conditions in the case of a diurnal solar driven intermittent cycle, which has the important
implication that low evaporation rates can lead to inadequate cooling. In contrast the achieve-
ment of full absorption within a period shorter than that between sunset and sunrise implies that
the absorber heat exchanger is unnecessarily large and }u}economic. The optimum value of Qg 1S
that which results in full use being made of the finite absorption period available. The practical
achievement of this optimum will depend on the extent to which environmental conditions such

as ambient temperature vary, and the extent to which the system can be regulated to take account

of such vanations.

To illustrate the situation the p-t-x plot of fig 1.2.2 shows three alternative paths for absorp-
tion, the upper path corresponding to a low value of Qm and the lower path to a high one. The
central one shows a constant pressure process. If a single heat exchanger size is. assumed then
these paths may represent high and low night sink temperatures respectively. The upper path

shows the danger of obtaining inadequate evaporator temperatures and final solution
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concentration, while the lower path shows that low evaporator temparatures are obtainable and

high final solution concentrations.

It is useful to see that the minimum evaporating temperature is effected by the maximum

solution temperature produced by the heat source. It is seen that the greater the weakening of the

solution the lower the T., that can be obtained if QM 1s large.

If a valve is included in the circuit to divide the receiver and absorber vessels greater con-
trol over the process can be exercised. Firstly, closure of the valve during phase IIa can be used
to prolong the phase so ensuring that absorption starts at low pressure and minimum evaporating
temperature. Secondly the valve can be used to regulate the process. The use of automatic self
regulating valves in this way is referred to as "dry expansion evaporation”. If no valve 1s used an
evaporator arrangement as shown in Fig 1.2.1 can be used.This is referred to as a gravity circu-
lating evaporator. The relative merits of these options are described in chapter 4, one disadvan-

tage, for instance, of the use of a gravity circulating evaporator in an aqua-ammonia system being

that it causes water to accumulate in the evaporator, so demanding that some means for periodic

purging is provided.

‘The performance of the device can be estimated in terms of the efficiency with which it
converts energy absorbed at the boiler to energy extracted usefully by the evaporator. This ratio is
identical to the internal cycle COP of the refrigerator for a given rate of energy absorption in the
boiler. In the case of a solar driven device this rate (Qb) necessarily fluctuates, so that a meaning-
ful value of COP can only be obtained at the end of a Ew'énty-four hour cycle in terms of the ratio
of bulk cooling obtained to the bulk heat input, or integral of Qb with respect to time. The situa-
tion is further complicated by the fact that the device does not necessarily make use of all the
available solar insolation available. In the case of the IB system the generation of vapour contin-
ues only in so far as the solution temperature continues to rise. As the rate of solar insolation

declines on a clear day after midday, this condition becomes increasingly hard to satisfy. A

twenty-four hour definition of the solar COP allows theoretical or actual benefits, in terms of use-

ful economic output, of one solar refrigerator design to be compared more effectively with

another, and allows a more effective measure of performance of a given system given design
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changes or parameter changes. An estimate of yearly COP can be made on the basis of represen-

tative 24 hour values for the different seasons. The twenty-four hour solar COP of the device is:

C0P24.solar=m§5£_‘_
=dj; GA dt
t W

Nn

where Q., represents the energy extracted by the evaporator during absorption, and G represents

the rate of incident irradiation. Given unmiform operating conditions over successive cycles the

cooling effect will tend toward the value
Q=M Ah=M, (hv(T Xy ))""'hl(T t,,.xt_))

where M, is the mass of vapour condensed during the generation phase and the useful enthalpy
rise of the refrigerant (Ah) is expressed in terms of a constant value of T,, on the assumption of
constant pressure absorption. Tyox 1S the temperature of the cold box contents at the start of the
absorption phase. A 24-hour intemnal cycle COP can also be defined in order to evaluate the refri-

geration cycle performance independently from the solar collector performance. This constitutes:

COP»4 .cydfmgg———

Toa

t

where the relationship between the solar and cycle COP is given by the efficiency of the solar col-

lector (Mg, itself a functon of solar insolation rate:
QbmcollGAc:Jll

Q, and G throughout phase I, which is taken as having a duration At;, and so define the system'’s

performance in terms of a nominal intemal and a solar efficiency:

Qev _Qev

==
rer——

b QuAtr Qb

Nsolar=TiVlcoll

With reference to the state points numbered on the p-t-x diagram, the equation for conserva-

tion of energy in the boiler integrated over the complete generation period is
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3
Qb"—"(Mu—MVS)hLS_MLlhL1+Ihv3dm

given that the specific enthalpy of liquid solution is approximately equal to its specific intemnal
energy. Mys here is the vapour produced directly by the boiler, before entry to the rectifier sec-
tion. The rectifier acts to differentially condense the vapour, such that the ammonia concentration
of the vapour progressing to the condenser is enhanced; the magnitude of M,z is clearly greater
than that of M,, the difference being made up by the return of the rectifier condensate to the

boiler. The remaining integral can be solved by Simpson’s rule but for further manipulation of

the equation in the present context it can be approximately solved:

Qv=(ML3—My3)h; 3—M 1hy 1+Myshys (1.2.1)

Chinnappa (1961) calculates that errors of less than 2% result from this simplification in the con-

ditions considered. Since the refrigerant yield is in practice the dependent variable the equation

can be expressed.

_ Qu-Mpri(hy3-hy ) _
MVB_-_W ( 1 .2.2)

Eqgn 1.2.1 can be expressed in terms of unit yield:

EIb='Il{'(hL3-hLthv3-h13) (1.2.3)

where R is the ratio of initial solution charge to condensate yield, defined by the mass balance:

Mv3=ML1[ ’;5;:}’:;3] =M ;R (1.2.4)

The conditions at the end of the generation phase are determined by both the maximum genera-
tion temperature Tgenmax) and the system pressure P,.,. The pressure is a function of the tempera-
ture of condensation. Teon» Which is determined by the physical characteristics of the condenser
and the vapour production rate. T, is taken here as invariate such that pressure becomes a func-
tion only of vapour concentration. The initial concentration Xy ; is determined by the preceeding

absorption phase and by the sink temperature, as described in section 3.3. Fig 1.2.3 describes the

calculation procedure adopted for solution of the IB cycle performance. The calculation is
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for Tgen in range 100 to 170 degC

read xL3, xv3, hL3, hv3

find R (eqn 1.2.4)

|

find q(b) (eqn 1.2.3)

calculate Mv3 = Qb / q(b)
ML1 = R.Mv3

Fig 1.2.3 Calculation procedure used to solve for IB cycle performance;
results presented graphically in figs 1.24,1.2.6,and 1.2.7. Texy

is the temperature of the vapour leaving the rectifier.

performed for the set of input parameters listed on table 1.2.1. The pressure at which generation
proceeds is calculated to be 17.8 bar absolute and the initial solution concentration is 0.45. Fig
1.2.4 plots the cycle performance with respect to the final solution concentration, Xy 3, in order to

facilitate comparison with the enthalpy-concentration plot for aqua-ammonia prepared by Merkel
and Bosnjakovic (Bosnjakovic, 1937) reproduced as fig 1.2.5. Fig 1.2.4 (a) shows the variation of
Tgen with xp 3, and the variation of solution charge (M) implied. Clearly a conflict of interest
exists between the desirability of minimising charge (so reducing overall weight, bulk, and cost)

and minimising generating temperature in order to obtain high collector efficiencies or to be able
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to use low-cost collectors. It may be remarked that this problem is unlikely to effect a non-solar

IB system, where the optimum temperature 1s more easily obtained, with the result that less bulky

units can be realized.
Qb 300 watts Tey -10  degC
Teon 45 degC T 30  degC
Tamb 35 degC Aty 8 hours

Table 1.2.1 Values adopted for input parameters in calculating

the performance of the IB cycle; graphical results given in figs 1.2.4,
1.2.6,and 1.2.7

The mass of ammonia vapourised is the product of the concentration X3 and mass of the mixed
vapour generated, M,s. This mass is shown on fig 1.2.4 (b) to peak at a solution concentration of
0.25 and a generating temperature of 135 degC, clearly the optimum for the operating conditions

listed in table 1.2.1. Reference to the enthalpy-concentration plot reproduced on figure 1.2.5

shows that this is the minimum concentration at which the vapour enthalpy remains closely
related to vapour enthalpy of pure ammonia; at reduced concentrations the heat of desorption is
diverted heavily into vapourisation of water, as indicated on the h-x plot by falling vapour con-
centration. Figs (c) and (d) show the calculated specific enthalpies. At greater final solution con-
centrations, due to an insufficiently optimised value of final generating temperature, decreasing
values of specific enthalpy lift (hy3—hy,) are required (fig (¢)) but the rise in solution mass results
nevertheless in a rise in the proportion of heat of desorption devoted to the sensible heating of
liquid (Mpi(hi3~hr1)) on figure 1.2.4(f)). Qp has the value 8.64 MJ. Consequently less heat is

available for vapourisation just as (hv3-hl3) rises; the net effect is that the mass of vapour yielded

declines.

Equilibrium can be assumed to exist throughout the rectifier as elsewhere. The mass of

vapour entering the rectifier is found by taking mass balances to be
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Fig. 1.2.4(b). 1IB cycle, as described in caption to Fig. l.2.4(a),
showing intermediate parameters illustrated for Figure

1.2.1 plotted apainst final solution concentration.
Xy3+-My3 is the total mass of ammonia which

enters the rectitier during desorption. My3 18 the
mass of water and ammonia mix which enters the
rectifier and M, is the mass of vapour which enters
the condenser. '
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Fig. 1.2.4(d). 1B cycle desorption phase. hy3 is the enthalpy
of liquid remaining in the boiler at the end of
the desorption phase, while hy1 is the original

enthalpy of liquid in the boiler before the start
of desorption.
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The plotted enthalpy lift values refer to
equation 1.2.2.
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Fig. 1.2.4(f). 1B cycle, desorption phase. The plotted energy
values refer to equation 1.2.2. Qgy and Qrect
are indicated on Fig. 1l.2.1l.
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Xv—XL3
M =M, — = WR
L=My == Mp,

so defining the ratio (WR) of initial solution mass to condensate yield. This ratio is an important

index of acceptability, directly affecting the *‘transportability and safety’’ criterion discussed ear-

lier. By energy balance the heat lost by the rectifier to the surrounding sink is
Qrec=My3hy3-Myh,

The results presented on fig 1.2.4 relating to the rectifier action are based on the assumption that
the temperature at the exit of the rectifier 1s 75 degC in all cases. The rise of Q.. at low solution
concentrations is clearly marked under these conditions. Clearly this represents a severe loss In

energy efficiency. The condensate yield, M,, plotted on fig 1.2.4 (b), shows this effect.

Fig 1.2.6 plots the efficiency characteristic of the IB system against solution charge for a
range of heats, to illustrate the variation in optimum charge encountered. The heats shown are
equivalent to heat flow rates of 100, 200, 300, 400, and 500 watts assumed to be absorbed by the

generator in an eight hour period. The graph shows that the cycle internal efficiency is indepen-

dent of the heat flow rate, but since the duration of solar radiation is finite, low flow rates will
result in low energy absorption and therefore in low cooling output. It shows clearly that an IB
system designed for a high daily energy input climate will require a large solution mass, whereas
an IB system destined for a climate with low daily energy, will require a very much smaller

charge of solution. The indication is that the IB system will not function near optimum efficiency

(0.28) continuously in a mixed climate, for instance where rainy seasons alternate with dry and

clear periods of sunshine.

The characteristic of a solar driven system 1is altered by the solar collector in that Q,
becomes a variable dependent on collector efficiency, which is itself a function of the rate at
which insolation 1s received and the temperature of delivery. The simplest method of implement-

ing the IB cycle for solar operation is to design the boiler to act as a flat plat collector. (Moore

and Farber, 1967). An alternative is to heat the boiler with an intermediate fluid carried from the

absorption surface of the collector, which may for instance be a bank of evacuated tube solar col-

lectors. In order to simplify a comparison of the performance of the IB system with that of the IR



e eF LN T === oy WS m ey ey pe—y m— - 0 byl

- - ——r - - —EE———— mw— == T T A = =Ty L -

-25 .

system considered in the following chapters this latter path is chosen and use is made of the col-
lector characteristic discussed in section 3.5.2 for the IB performance results calculated here.

Solar insolation i1s assumed to arrive at a constant rate (G) for the period At, which is taken as 8 '

hours again as in the study of internal efficiency above. Fig 1.2.7 (a) shows the relationship of

- solution charge to performance for a unit absorbing solar radiation at different rates. The plot

confirms the conclusion reached in investigation of the internal efficiency (Fig. 1.2.6) in that the
IB system holding any particular solution charge will not maintain optimum efficiency under

varying daily insolation levels. The additional observation is made that lower isolation levels
give nise to lower peak efficiency values. The reason for this is that collector efficiency reduces
at low isolation levels, because losses rise in proportion to the heat transferred. Fig. 1.2.7(b)
shows the variation in collector efficiency due to decreasing insolation. It also shows that collec-
tor efficiency drops with decreasing solution charge, because small charges result in high boiler
temperatures and so greater collector loss. In practice an IB device will contain a fixed solution
charge while daily insolation varies with season. Fig. 1.2.7(c) essentially repeats the information
given in figure 1.2.7(a) in order to clarify. Three fixed charge devices are shown. The 10 Kg
device is clearly suitable where insolation levels tend to fluctuate between 500 and 900 watts/m?.
The 5Kg device is suitable at a lower range of insolation valves. Application of fixed size dev-

ices to a climate where seasons are characterised by distinctively variant mean insolation levels
will require careful balancing of the bulk yearly performance expected and weight of solution

charge. A cooler designed to operate in a cloudy season or place will be inefficient in clear

periods. If efficient in clear skies it will have too high a cut off point for use on cloudy days.

Variations of insolation level within a day are also of importance. The decline of insolation
rate during the afternoon has the important effect of causing the basic system to stop generating
altogether, since the generating temperature is unable to continue to rise. In practice any drop in
ambient air temperature may reduce condensing tempefature sufficiently to offset this effect to an
extent. The experimental evidence obtained by Exell (1981) demonstrates this effect, visible on
the plot of fig 2.2.4.3 in chapter 2. An additional problem associated with the basic device is that

the sensible heating of the complete solution mass will not be compensated for by full vapourisa-

tion if the cumulative clear insolation period of the day falls short of design expectations. The
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wet seasons of many tropical countries are often characterised by days of predominantly diffuse

and dull insolation interspersed with short clear penods.

Table 1.2.1 indicates that the final temperature (T,p) at the end of the absorption phase i1s
assumed to be 30 degC. This temperature 1s represented by point *“1°’ on fig. 1.2.2 (b). The value
of T, actually achieved in a real situation will depend on night-time conditions which vary con-
siderably from region to region. The effect of low or high values of T,, on the IB cycle perfor-
mance is significant, since the solution concentration (Xxp;) at the start of the desorption phase is
determined by T,, Fig. 1.2.8 shows how xp; vanes with change in T,,, and shows also how
increase in xyy, increases the solar efficiency of the cycle. The figure also indicates that zero out-

put can be expected if T,p, is allowed to nise too high. This provides important design informa-

tion, since it is clearly indicated the absorber must be sized large enough to lose sufficient heat so

that T,p, always remains within the indicated limits.

1.3. The continuous pumped system (CP)

Most commercial ammonia water absorption coolers are designed to allow desorption and

absorption phases to run concurrently, as shown in the schematic diagram of fig 1.3.1. In this case
the solution is actively circulated by an pump which provides the full difference between con-
densing and evaporating pressures. Concurrent phasing has the advantage of dispensing with the
need for a reservoir of rich solution, which is inconveniently large in the case of diumnal cycle IB
units. Actively pumped systems (as opposed to the}rﬂoéyphoned versions which are surveyed in
the following sections) have the disadvantage of requiring a parasitic power supply and additional

maintenance. Their performance in tropical conditions is investigated here given the external

parameters applied to the IB system previously.

Two refinements often included in the design of continuous pumped systems (CP systems)

are the the analysing column and the rectifier heat reclaimer, options not open to the IB system.

The efficiency gains resulting from the use of these components are calculated approximately
here.
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Fig 1.3.1 The continuous pumped (CP) system. Absorption and desorption
phases occur concurrently. An external power supply is required to drive

the solution pump.

In the IB system the energy lost to the vapourisation of absorbent increases as the desorp-

tion proceeds. In a continuous system, a portion of this energy can be reclaimed by an analysing
column which allows the relatively cool incoming rich liquid to condense the vapour stream,

while itself being partly stripped of a portion of its ammonia component by the hot vapour. If the
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area of contact of the streams 1s large enough equilibrium of temperature between the opposing
streams can be approached at the point at which rich liquid enters the analyser. The vapour then

leaves the analyser at a concentration determined by the temperature and concentration of the

incoming liquid. Effectively the rectification process has been largely internalised and the energy

lost to vapourisation of absorbent largely reclaimed.

A quantitative comparison of the CP system performance can be made for the CP system
with and without an analyser. Vanation in the value of absorption temperature and maximum

generating temperature 1s also considered. A mass balance over the control volume 1-5-7 allows

the ratio of feed liquid flow rate to condensate yield rate (CR") to be evaluated:

An energy balance over the same control volume gives:

qp+CR'hy 1=(CR'-1)hy s+hy 7+,

where q refers to heat transferred per unit mass of condensate yield. The energy equation is rear-

ranged to give:

q—q~=CR’(hys—hy 1)+hy7—hs)

Given an identical purity of condensate and the same operating conditions

Qs

watts EFF,,. 0.875 watts/m?
my i na mg/sec M,, na kg
T con 45 degC Aty na hours
T7 75 degC Tl na degC
Tamp 35 degC Tab 30 degC
Tev -10 degC Aooll 1 m2

Table 1.3.1 Values adopted for input parameters in calculating the
performance of the CP cycle; results are givenin fig 1.3.2.
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the net specific heat of generation expressed by the equation i1s always the same whatever the
nature of the components within the control volume. It can be anticipated therefore that the sys-
tem containing an analyser will require smaller values of both gy and q,. Table 1.3.1 specifies the
same set of operating conditions that was used in investigation of the IB system. A solution heat
exchanger effectiveness of 0.875 is specified. No account is taken here of the loss of energy to
sensible heating of a CP device at the start of the day, so implying that the performance limits
calculated here are optimistic to a marginal degree, the error being in the order of 3% if a liquid
mass of 2.5 kg is assumed present in the generator at the start of the day. The weight ratio, WR, is

estimated as being approximately 2.5. (The weight ratio is defined in the previous section; it is

the ratio of solution charge to daily refrigerant yield).

A mass balance over the rectifier control volume 6-7 reveals that the ratio of vapour pro-

duced at point 6 to the condensate yield (VCR") can be written:

VCRI - mVﬁ — Xy‘f_st
My7 Xv6—XL6

The corresponding energy balance allows the rectification heat loss to be expressed:
q=VCRhye~(VCR'-1hLg~hy7

In the case of the system 'without an analyser the calculation of the heats is straightforward, as
conditions at point 6 are identical to the specified conditions of point 4. In the case of the ana-
lyser, conditions at 6 are identical to conditions at 2, _such that it is necessary to calculate T2 by
calculating the heat absorbed on the feed side of the sc;lution heat exchanger. The situation is
complicated if the solution leaving the feed side of the solution heat exchanger is boiling; in the
present calculation this does not occur. It is observed that the analyser improves the efficiency of
the system by only 3%. Perfect rectification heat reclaim is calculated as improving efficiency by
7%. These figures are in ﬁgmement with the findings of Stoecker (1971) and Shiran (1982).
.Shiran. using a calculation method based on that proposed by Stoecker, shows that rectifier heat
reclaim can add approximately 6% to optimum COP values, the saving being greater at higher
generating temperatures and less at lower generating temperatures. The calculation is based on

adoption of rectifier exit temperatures having values midway between the specified condensing
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temperature and the generating temperature. The option of rectifier heat reclaim, with attendent
cost of of installation, is open to all the systems considered here with the excepton of basic, or

non-circulating, systems. Neither this nor the analysing column are given any consideration in the

folowing discussion.

Fig 1.3.2 shows the performance of the CP system calculated for a range of values of boiler
temperature Tgen, given a boiler heat input rate of 300 watts. The indication that optimum genera-
tor temperature is in the order of 115 degC, considerably less than in that for the IB system, is in
agreement with Stoecker, Whitlow (1976), and Mansoori (1979), as is the indication that obtain-
able COPs are of the order of 0.5. These resuits are calculated for the standard value taken for
absorption temperature, 30 degC. The sensitivity of the system to the value of absorption tem-

perature (T,p) is illustrated in fig 1.3.3. Itis clear that the availiability of low temperature cooling

sinks is of great importance. The CP system necessarily absorbs concurrently with generation, so
implying that direct air cooling of the absorber will give rise to absorption temperatures of the
same order of magnitude as that specified for the condenser (45 degC). Under these conditions 1t
can be seen that the CP system is under a severe disadvantage compared to systems which make
use of a reduced night temperature, where climatic conditiéns supply this. Clearly the CP system

is normally designed to have condenser and absorber cooling supplied by a pumped jacket water

system. The provision of water cooling for the absorber will give rise to cost penalties and

difficulties associated with scaling. (Whitlow, 1976).

The weight of working fluid is considerably less in the CP system, so implying greater por-

tability, safety, and reduced cost.

Fig 1.3.4 shows the CP system in response to varying insolation rates, taking steady opera-
tion only into account. In comparison with figure 1.2.7(a) the system can operate at twice the
solar efficiency of the IB system, 0.3 as opposed 0.15. This increase in efficiency is due to the
recuperation of sensible heat in the solution heat exchanger. Clearly an optimum characteristic
for solution flow rate would be one which maintained high efficiency throughout. An evaluation

of the benefit in providing for flow regulation can be made by comparing the net yield of a system

with ideal regulation with that of an unreguiated system. The cost of providing control to the
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pumped flow must also be borme 1n mind, though it may be that where solar energy is used as the
source of pump power via photo-voltaic conversion a certain amount of 'built-in’ regulation will
exist. No study has yet been made of the possible benefit of flow regulation in response to varying
ambient temperature, although this may have significance in an air-cooled continuous system,

since absorption temperature will be affected. It is noticeable that the CP system does not offer

any immediately convenient method of responding to changed rich solution concentration, which

will tend to change the value of the optimum flow rate.

The CP system can be designed to respond more flexibly to the expected variations in solar
insolation. It can continue to operate at declining generator temperature in the afternoon of a clear

day, and its thermal mass is low so that its response to very short durations of usable irradiation is

adequately fast.

1.4. The diffusion-absorption system

The "Platen-Munters” or diffﬁsion-absorption system (DA system) is also a continuous sys-

tem, and like the pumped system the temperature of absorption is likely to be adversely affected

by day-time ambient temperatures. A schematic version of the DA circuit is given in fig 1.4.1; it
can be seen that analyser and rectification heat reclaim components can be incorporated. The

diagram does not show the need for careful levelling of the various components of the low pres-

sure circuit in relation to each other, which is necessary to maintain liquid seals confining the

third fluid. The DA system is of very great importance in the development of autonomous and
low-maintenance refrigeration systems, since the introduction of a third fluid into the absorption
side of the circuit leads to the complete removal of all moving parts. In the province of non-solar
applications it is already a successful device meeting precisely this specification with widespread
application. The third fluid is an inert gas such as hydrogen or helium and allows a low partial
pressure of refrigerant in the evaporator and absorber to exist while total system pressures on
either side are balanced. The inert gas is prevented from entering the generator side by liquid
seals. The pumping requirement is reduced to a small hydrostatic head which is met by ther-

mosyphon effect vapour produced in the generator or in the pipe work leading into the generator.
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Fig 1.4.1 The diffusion absorption (DA) or Platen-Munters system.

Desorption and absorption phases occur concurrently.

The pumping effect, and therefore the circulation rate of the solution on the generator side, 1s
induced by the same heat source which is operating the boiler, and will therefore vary with varia-
tions in the input heat. Some studies of the potential for conversion have been made, although at
the present time no fully engineered solar DA systems are reported to exist. Hinotani (1984) has
shown that the dependency of solution flow on the heat input rate can improve the operation of a
generator powered by solar energy. Little study has been made of the effects of varying vapouri-
sation rate and solution flow on the effectiveness of the evaporator, but the experiments of Hino-

tani and Guttierez (1988) show that it may prove difficult to avoid severe difficulties in this
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respect. The indication 1s that fundamental redesign of all components the DA system is neces-
sary to develop an effective solar version, as in the work of Svensson (1979) and Perrson (1982),

and Hinotani (1984). Most practical studies have to date have been limited to partial redesign and

conversion, as in the work of Guttierez (1988).

The inclusion into the circuit of a third fluid has detrimental effects on the overall efficiency
of the cycle. Cooling in the evaporator is accomplished by diffusion of the refrigerant into the
inert gas stream and is therefore limited by the transport capability of the gas. This is a function
of its mass flow rate, the extent to which it is loaded with refrigerant on entry to the evaporator,

and its temperature. These factors are in tum dependent on the conditions under which absorp-
tion is taking place, and the effectiveness of the gas heat exchanger. Cooling by diffusion is
inherently less efficient due to the greater practical pressure drops experienced in the gas tran-
sport process and the undesirable heat flow from the absorber to the evaporator due to the gas cir-
culation. The difficulties referred to above caused by varying vapourisation rate and solution flow
in the absorber tend to push the the operating conditions of the cooling circuit out of its already

narrow efficiency band. The DA system is intrinsically not ideal for ice-making because the basic

evaporator design induces a widely varying temperature differential along its length, a limitation

which will tend to be accentuated by operation at off-design conditions.

A summary of experimental work is made in chapter 2, which indicates that solar DA sys-
tems can produce at design conditions internal efficiencies of the order of 0.2 and solar
efficiencies of the order of 0.1. These findings correspond to the experience of the manufacturers
of conventional DA units; Electrolux expect design COPs of 0.2, and laboratory tests of refined
units developed by Sibir, which feature analysis and heat reclaim components, produce COPs of
0.3 at best. (Green, 1935). The effect of inflexibilities to solar power indicate reductions in COP
of more than 50%. The very great attractiveness of the DA system as a system devoid of any

moving parts, and as a compact system, since no solution reservoir is required, is therefore offset

by a high collector and condenser cost. In addition the DA system, as a continuous system, must
reject heat of absorption during the day, when sink temperatures in many parts of the world are

likely to be higher than at night. Provision of cooling water for this purpose will introduce
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expense, a requirement for maintenance, and an element of unreliability. As in the case of all con-
tinuous systems, simultaneous rejection of absorption and condensation heat will require larger

cooling surface areas than demanded when the heat flows are out of phase, as in an intermittent

system, where the same surface can be shared.

1.5. Tabulated summary

The choice of a suitable system for remote cooling will depend on the weighting given to
each of the criterea shown on table 1.5.1, which summarises the findings of the present chapter. If
high reliability and low maintenance are strict requirements then the choice is narrowed to the
DA and IB systems, particularly the DA system which has the additional advantage of greater
compactness and fast response. Where auxiliary power sources can complement the solar source
then low efficiency and inflexible devices such as these are of greater interest. In practice the use

of auxiliary power sources may invite a higher level of complexity overall and lead to the use of

cooling devices of higher efficiency.

Chapter 2 reviews the experimental and theoretical evidence collected by researchers which bears
directly on the present comparison of systems. Certain other novel and hybrid systems have been
devised to provide solar cooling, with an emphasis on the removal of the solution pump in the CP
system while obtaining high efficiencies. Some of these have been chosen for review in the next

chapter, since they constitute attempts to develop 'systems with a minimum of active and intricate
parts.

1.6. The intermittent regenerative system

The proposal for a hybrid system which combined the advantages of a circulating solution
in the generator, allowing reclaim of sensible heat, and the simplicity of an intermittent system,

requiring a minimum of intricate parts and no active solution pump, was first made by Trombe

and Foex (1957). A version of the IR system, which included the use of a flat plate collector, was
built and tested by Van Paasen (1986).

A schematic diagram of the system in the form developed here is given in figure 1.6.1. This

design differs in some fundamental respects from the designs considered by Trombe and Van

Paassen. The operation of the system can be described as follows. Sufficient solution is stored in
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|

System | Supportability | Solar COP Component cost Weight

!

IB active components: less than (.12 Aab low since integral WR=7
check valve, since not flexible collector and absorber
valve for nightly release to variations in G
of absorption heat
(manual or automatic) reduced cooling surface |
expansion valve or drain since Qcon and Qab |
valve depending on type out of phase
of evaporator
|
CP aclive components: 0.2 separate pump power WR=2.5
solution pump day absorption at supply less solution
expansion valve high temperature larger cooling surface charge cost
regulating expansion no self regulation since Qcon and Qab
valve if dry expansion of flow in phase
evaporator used
evap purging if gravity
circulating evaporator used
day and night running
possible with auxil<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>