
SOLAR POWERED REFRIGERATION 

by 

E.T.Provost 

A thesis submitted in accordance with the 
requirements of the University of Liverpool 
for the degree of Doctor in Philosophy. 

July 1980  



To patient parents 

 



Preface 

Unless otherwise stated the research described in 

this thesis is the original work of the candidate, no 

part of which has been submitted for any other degree. 

The project, funded by a Science Research Council Award, 

was conducted in the Department of Mechanical Engineering 

of the University of Liverpool from October 1976 and was 

supervised by Dr.K.Sherwin, B.Sc.,Ph.D.,C.Eng.,M.R.Ae.S. 

and Mr.P.Martin, M.Eng.,C.Eng.,M.I.Mech.E. 

E.T.Provost <



iii 

Acknowledgements 

The candidate acknowledges with gratitude the 

efforts of all who, in their various ways, have enabled 

the submission of this thesis. | 

In particular I would like to take this opportunity 

of expressing my thanks to; 

Professor J.F.Norbury, and latterly Professor 

G.D.Galletly, the Head of the Department of Mechanical 

Engineering of Liverpool University, for the provision 

of the facilities with which this research was 

conducted. 

Dr.K.Sherwin and Nr.P.Martin for their stimulating 

supervision, guidance and encouragement during the 

course of this work. 

Dr.H.Barrow for whose willing and able advice on a 

number of academic probleins, as well as his generous 

cooperation in the use of equipment and facilites 

under his control, I am grateful. 

Mr.E.Hobson and Mr.W.Metcalf for their continued 

assistance and cooperation in the use of the workshop 

facilities of the Department. 

Miss M.J.Edwards for her patient and skilful typing 

of this thesis. 

Finally I wish to record my sincere thanks to my parents 

without whose patient support and continuous interest 

this work would never have been possible.



er | in iv 

Abstract 

The objective of this work was to assess the feasib- 

ility of small, portable and self-contained refrigerators 

powered wholly by solar radiation. 

The project was essentially a design study and shows 

the progression, using a systematic approach, from the initial 

stages of problem-definition and information-aquisition 

through the generation, assessment and comparison of a 

number of potential solutions to the final selection of the 

technique most able to fulfil the requirements. 

A number of potential applications were studied in 

order to establish both the storage temperatures and volumes 

needed and the conditions under which such units would be 

used. This information was used in an analysis of the 

thermal behaviour of the refrigerator cabinet enabling the 

required cooling loads to be estimated. A study of relevant 

aspects of solar radiation meant that both available energy 

input and required system output were quantified; by using 

this data in a generalised system model the concept was 

shown to be feasible. 

After an extensive survey of refrigeration techniques 

and other relevant background information a wide variety of 

potentially practicable solutions were considered of which 

four were selected and compared theoretically. 

Two systems were studied in particular detail; the first 

involving the design, construction and testing of a new form 

of expansion engine, the second utilising solar cells to 

power a vapour compression refrigerator. AS a result of this 

study, it was shown that the system based on solar cells and 

vapour compression refrigerator was most suited to the 

applications considered.
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s specific entropy 

ssc specific steam consumption ~ — 

SYSCOP system coefficient of performance 

T temperature; torque 

U overall heat transfer coefficient 

Vv specific volume 

W brake load - engine tests 

x cabinet wall thickness; steam quality 

Y constant in absorption refrigerator model 

Greek 

x absorptance 

E emissivity 

v7] efficiency 

oO Stefan-Boltzmann constant, 56.7 107° W/ (m2K* ) 

non-dimensional groups 

Gr Grashof number 

Pr Prandtl number 

subscripts 

a ambient 

b battery 

c convective; collector 

eS engine cycle : 

f refers to a thermodynamic property of a 

saturated liquid 

g .refers to a thermodynamic property of a 

saturated vapour 

fg refers to the change of phase at constant pressure - 

high upper temperature limit of thermodynamic cycle



Vil 

i internal (refrigerator cabinet) 

low lower temperature limit of thermodynamic cycle 

m mean; motor 

r radiative; refrigerator cycle 

superscripts 

3 isentropic thermodynamic process
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Chapter 1 

INTRODUCTION 

The accelerating demand for energy of the industrialised 

world has spawned a growing awareness of the finite nature 

of the earth's fossil fuels. The need to develop alternative 

technologies has begun to gain recognition and acceptance. 

However there is a more immediate need for such alternative 

technologies in the less developed countries of the world 

where power distribution networks do not exist and transport 

of fuel is difficult. _The most fundamental energy source 
——— - 

  

available on earth is sunlight but it is available, in 

common with the other recognised alternative energy sources, 

only intermittently and at low energy density. 
oe, ee 

Solar energy is most easily applied to low temperature 

  

heating. Unfortunately, in this application, it is most 

abundant where and when it is least needed, resulting in 

the need for large energy storage facilities. Solar 

powered refrigeration has the advantage that energy supply 

and demand are in phase. 

Solar refrigeration could have its greatest application 

in the hot poor countries of the world where its capability 

of food preservation could make a vital contribution to 

human well-being. 

A specialist application is in tropical medicine 

where small local laboratories and field expeditions are 

concerned with the storage of medicines and research into 

disease organisms and parasites, both requiring low 

temperature storage. 

Of the research and development effort that has been



devoted to solar powered refrigeration the majority 

has been concerned with large, fixed plants, generally 

for air-conditioning of buildings. In these cases the 

peneecen area required need not be a prime criterion 

and electricity supplies are available to power plant 

auxiliaries. 

This study is concerned with small, between 5 and 

150 litre cabinet capacity, portable and self-contained 

refrigerators capable of operating in remote areas powered 

soley by solar radiation. It follows that an acceptably 

small collector area and freedom from dependence on secondary 

power inputs are essential features of a successful solar 

powered refrigerator for this application. 

If a solar powered refrigerator is to operate with a 

small collector area then the cooling load must be low and 

the system efficiency must be high. In both of these 

requirements scale effects present a fundamental problem. 

Large refrigerator cabinets enjoy an inherent economy of 

scale since the storage capacity varies as the cube of 

the linear dimensions whilst the surface area - and with 

it the cabinet cost and cooling load -— varies as the square. 

Similar reasoning indicates that the efficiency of mechanical 

components falls as their size is decreased. 

This study assumes the use of ‘flat plate' rather 

than ‘concentrating’ collectors. This assumption is made 

for two reasons. Firstly, unlike concentrating coLleeeeran 

flat plate types can effectively use the diffuse component 

of solar radiation. Secondly, whereas concentrating 

collectors must accurately track the sun, flat plate 

collectors are relatively insensitive to errors in



orientation. The energy absorbed by a flat plate collector 

varies approximately as the cosine of the angle of 

incidence of the intercepted radiation. It follows that 

even an angle of incidence of 25° will only reduce the 

collector output by about 10% and so, for small collectors, 

high performance can be maintained throughout the day by 

occasional and approximate re-orientation.



Chapter 2 

BACKGROUND INFORMATION 

261 SURVEY OF REFRIGERATION TECHNIQUES 

The fundamental feature of a refrigerator is its 

ability to reduce and maintain the temperature of a 

space or article below the prevailing ambient. Refrigeration 

systems achieve this effect by absorbing heat from the 

cooled space and rejecting it at a higher temperature to 

the surroundings. Many refrigeration techniques have 

been devised and used in a wide range of applications. 

Carnot Cycle 

The Carnot refrigeration cycle is an ideal cycle 

in that it consists wholly of thermodynamically reversible 

processes. It follows that the performance of the Carnot 

cycle is an unattainable ideal but it serves two useful 

purposes: 

i. It represents an ‘upper bound' to the 

performance of a refrigerating system. 

ii. It provides a standard of comparison for 

practical systems. 

A measure of the effectiveness of a refrigerator 

is given by its ‘coefficient of performance, i.e 

useful refrigerating effect 

energy input required. 

The coefficient of performance of the Carnot cycle is 

dependent only on the temperatures over which the cycle 

is operating and is given by: 

COF = a RE tsa Zl 
~ 

where the temperatures are in absolute units.



The principles of the Carnot cycle are outlined 

in fig.i. The Carnot cycle assumes the positive turbine 

work to supplement the nett energy input into the system 

thus providing the negative compressor work. 

Fig.2 shows numerically how the COP varies for 

typical values of Th and T 
igh low. 

Existing Refrigeration Techniques 

da Total-Loss Evaporation 

This principle relies on the absorption of the 

latent heat of vaporisation of an evaporating liquid. 

The necessary heat is absorbed from the space or article 

to be cooled. The evaporating liquid is replenished 

as required. 

This form of sub-ambient cooling has long been 

employed by both man and nature. It is one of the prime 

temperature control devices found in mammals. In suitable 

climates the storage of water in unglazed porous pots has 

provided chilled drinking water for centuries. The principle 

has been adapted to food storage — small scale coolers 

consisting of a cabinet, a water resevoir and a wick 

arrangement to provide adequate evaporative area have been 

marketed. British Berkfeld Filters were producing such 

devices under the trade name 'OSOKCOL' as late as 1970. 

Two models were offered with outside cabinet volumes of 

1.0 and 1.5 cubic feet (approximately 30 and 45 litres 

respectively). 

The limitations of this technique lie in the need 

for a suitable, volatile, readily available, inexpensive, 

non—polluting and safe working fluid. Water is the only 

fluid which appears to be practicable. The rate of



evaporation is strongly influenced by the prevailing 

conditions, Boiad Patourdd by high temperature, low 

humidity and rapid air movement to disperse vapour from 

the wick resin 

ii. Ice Refrigeration. 

It could be argued that the use of ice in this 

way is not a refrigeration system — merely a storage 

facility: some ice-making plant is still required. However 

the use of ice in this manner does enable a space to be 

maintained at a temperature below the prevailing ambient 

so it can be accepted by a general definition of refrigeration. 

It represents the simplest means of refrigeration - bringing 

the article to be cooled into contact with a cold object. 

The system has been long employed in situations 

where it is inconvenient or impossible to operate refrigeration 

plant near to the site to be cooled. Traditional users 

have been the fishing. and food transport industries. A 

contemporary adaptation of this principle is the use of 

'freezer-packs' in conjunction with insulated cabinets 

(or 'cold-boxes'). The packs are conveniently sized, sealed 

plastic bags containing a fluid with high heat of fusion, 

a suitable freezing point and ideally a high specific heat. 

The packs are frozen in a central freezer then transferred 

to the individual cabinets. 

The use of freezer packs inside the eabinet of a 

solar powered refrigerator may offer a solution to the 

problem of providing cooling at night-time and making use 

of periods when the insolation rate exceeds that required 

for steady state operation of the unit.



iii. Vapour-Compression Refrigeration 

The vapour compression cycle attempts to duplicate 

the ideal behaviour of the Carnot cycle. The system 

components and cycle processes of the ideal vapour compression 

cycle arc as the Carnot. In order to achieve the character- 

istics of the Carnot cycle, shown in fig.j, a working 

fluid is chosen to operate in the mixture region, between 

the saturated liquid and vapour lines. 

The ideal cycle outlined above offers a maximum 

coefficient of performance but is impracticable in some 

areas. The following modifications to the compression 

and expansion processes give the ‘standard cycle’. 

@e compression 

The compression process in the ideal cycle is termed 

‘wet compression’ since the entire process occurs in 

the mixture region. In practice wet compression 

poses difficulties, particularly with reciprocating 

compressors: 

- risk of damage due to hydraulic lock-particularly 

in high speed devices since vapourisation of liquid 

droplets in the refrigerant depends on heat transfer 

within the fluid. 

- liquid in the cylinder may wash away the bore lubricant. 

A solution to these difficulties lies in the use 

of ‘dry compression’ where the refrigerant is superheated 

throughout the compression and the rectangular shape 

of the Carnot cycle is lost. 

be. expansion 

The ideal cycle assumes isentropic expansion whose 

work output helps to drive the compressor. Numerical



cycle analysis shows the work thus available is 

very small compared to the other processes in 

the cycle whilst problems Arie with the expansion 

of very wet fluids. An expansion engine is not 

used in practice. The required expansion is 

achieved with a throttling device. Assuming 

variations in kinetic energy to be negligible and 

the process to be adiabatic then the enthalpy of 

the fluid is invariant across the throttle. The 

process is irreversible, however, the fluid 

undergoing an increase of entropy. 

The standard vapour compression refrigeration cycle is 

shown in fig.3. 

Actual Vapour Compression Cycle 

In a practical vapour compression system there 

are several variations from the standard cycle. These 

include: 

ae pressure drops in components and connecting pipework. 

b. non-isentropic compression. | 

c. sub-cooling of liquid refrigerant in condenser 

below the condenser pressure saturation temperature. 

d. superheating of vapour in evaporator as a precaution 

against ingesting liquid into compressor. 

The thermodynamic cycles discussed have so far been 

displayed on temperature-entropy diagrams. It is more 

convenient to display practical refrigeration cycles on 

the pressure/enthalpy plane. Both the standard and actual 

cycles are sketched in this way in fig.4.



DVce Absorption Refrigeration 

The fundamental difference between this and the 

vapour compression refrigerator lies in the compression 

process. 

After leaving the evaporator the refrigerant is 

dissolved in a solution, in the absorber, at relatively 

low temperature and pressure. This solution is pumped 

into the generator at higher pressure where it is heated 

to distil off the refrigerant which then passes to the 

condenser. The weakened solution returns to the absorber 

to repeat the cycle. 

The energy needed to pump the liquid is very small 

compared with that which would be needed to compress the 

refrigerant in gaseous form. The significant energy input 

to the system is the heat input to the generator. 

Of various possible refrigerants ammonia is the 

most common, using water as the absorbing agent. This 

basic system is shown in fig.5. 

A number of modifications are necessary to the 

layout depicted in fig.5. to make a practical system function 

satisfactorily: 

ae The ‘ammonia’ distilled from the solution in the 

generator contains a considerable amount of water vapour. 

This mixture is not a suitable refrigerant. The ammonia 

component of the generator vapours is more superheated than 

the water part which implies that water will condense out 

first on cooling. Two types of cooler are introduced to 

achieve this drying effect: 

ie An open type where the vapours leaving the 

generator are cooled by direct contact with
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the cool, strong solution from the absorber 

(which is thus pre-heated, reducing the heat 

input required). This component is called an 

"analyzer'. 

2. A closed type heat exchanger using an external 

coolant (e.g. a supply of water). This component 

is called a ‘rectifier’ or 'dehydrator'. It can 

give practically anhydrous ammonia. 

De Heat must be added to the generator and removed 

from the absorber (to maintain lower temperature for the 

formation of strong solution). This implies that the hot, 

weak solution from the generator must be cooled in the 

generator whilst the cool, strong solution from the absorber 

must be heated in the generator. This is achieved by 

introducing a heat exchanger, usually called simply 'the 

exchanger', to promote a heat euenanee between these flows. 

C. A 'weak aqua cooler' is often used between the 

exchanger and absorber to further cool the solution, using 

an external supply of cooling water. 

The system, incorporating these modifications, is shown 

in fig.6. 

There are other combinations of working substances 

with which absorption refrigerators can work. The most 

common alternative to the aqua-ammonia system uses lithium 

bromide as the absorbing agent and water as the refrigerant. 

The freezing point of water limits such systems to moderate 

evaporator temperatures.



Ve Intermittent Absorption System 

This is a simplification of the common absorption 

system - the pump is dispensed with so the system is 

powered wholly by a thermal input and has no moving parts. 

In itS simplest form, apart from connecting pipework, 

the system consists only of three components; generator, 

evaporator and condenser. Additional components are required 

by a practicable system. 

The system does not operate continuously. A 

refrigerating cycle consists of two consecutive stages. 

In the first the refrigerant, in the evaporator, evaporates - ‘ 

causing the desired cooling effect - and passes to the 

generator where it is absorbed by the absorbent. iwhen this 

stage is complete no further refrigeration effect is 

available until the second stage of the cycle has been 

performed, which is the regeneration of the refrigerant by 

the application of heat to the generator. The refrigerant 

is liberated, passes through a condenser, and collects as 

a liquid in the evaporator ready to repeat the cycle. The 

generator is allowed to cool and the cycle begins again. 

The period of the cycle depends on the refrigerant 

and absorbent capacities of the system. 

vi. Electrolux System 

A variation of the absorption system is the 

‘three fluid absorption system' the best known of which 

is that developed by Munters & Platen in Sweden, commonly 

Known as the Electrolux system. This uses ammonia as the 

refrigerant, water as the solvent and hydrogen as tihe anere 

component. The main feature of the system is that no 

mechanical pump is employed. No input other than heat is



required and there are no moving mechanical parts. In 

the absorption system outlined earlier the pump power is 

small but the pump is an essential component which must be 

provided and powered. 

The Electrolux system is at constant pressure - pressure 

variations are replaced by variations in partial pressure. 

Circulation occurs by virtue of density variations. 

In the ‘high’ side of the system there is only 

refrigerant (and trace quantities of solvent) which, being 

subjected to the total pressure of the system, is made to 

condense in the normal manner. The inert gas is confined 

to the ‘low’ side of the system (evaporator and absorber) 

thus allowing a uniform total pressure to be maintained 

throughout the system. It is this lack of significant 

pressure gradients through the system that allows it to 

operate by thermal action alone. The inert substance must 

be isolated to the correct parts of the system. 

The layout of such systems is complex and coefficients 

of performance are usually below other systems. This has 

resulted in little commercial use but the system is common 

in domestic units. 

Due partly to constraints imposed by design for a 

commercial market,Electrolux units are reported to be 

sensitive to mounting orientation and input power fluctuations. 

Typical tilt tolerances of + 3 ° and input power variation 

tolerances of + 10% are quoted (j). 

Typical coefficients of performance are in the region 

of 20-25% (1). 

An Electrolux refrigerator is shown schematically in 

fo) ee hie



vil. ‘Thermoelectric refrigeration 

Thermoelectric refrigeration is based on observations 

inade in the mid nineteenth century. In 1821 Thomas Seebeck 

noticed that an emf was produced by heating the junction 

between two dissimilar metals. In {854 Jean Peltier 

observed that the passage of an electric current through 

the junction of two dissimilar metals resulted in a cooling 

or heating effect depending on the direction of the current. 

In 1885 \Viilliam Thompson, later Lord Kelvin, derived a 

relationship between these two closely related effects 

and predicted a third thermoelectric effect, hitherto unknown. 

The first serious consideration of the use of the 

Peltier effect for refrigeration seems to be by a German, 

Altenkirch, who expressed quantitatively the parameters 

relevant in a thermoelement and gave a description of the 

characteristics needed to make thermoelectric refrigeration 

practicable. No suitable materials were available for 

the next 40 years. Interest revived soon after the invention 

of the transistor in 1948. The use of semiconductors gave 

cold junction temperatures of O°C when the hot junction 

was in boiling water - an impressive improvement over 

earlier attempts using bismuth alloys which achieved a cooling 

effect of less than 9°C. 

A single thermoelement is sketched in fig.8a. The 

two semiconductor materials, 1 and 2, are linked as shown 

giving hot and cold junctions. The required number of such 

elements are connected together to suit the intended 

application and power supply as in fig. 8b. 

The advantages of such units are that they are silent, 

employ no moving parts or fluids and have a long life. They



are employed for cooling medical instruments and electronic 

components in equipment. They have been used for cooling 

refrigerator cabinets but they are less efficient than 

vapour compression units except for small sizes when the 

performance of vapour compression units falls off. 

Goldsmid (2) suggests that the systems show equal efficiencies 

at cooling loads of about 10 4. 

There are a number of approaches to the temperature 

control of thermoelectric cooling units: 

Ae on-off switching of the supply current. This 

is inefficient because it leaves a thermally 

conducting path through the cabinet during the 

‘off' periods. Elfving (3) attempted to solve 

this problem using a ‘one-way heat valve’ similar 

to the heat-pipe principle. Switching can be by 

a simple bellows using, for example, the change 

of volume of water on freezing for actuation. 

reversal of current when cabinet becomes too hot 

or cola. If the current in such a refrigerating 

device is reversed it becomes a heat pump - i.e 

the hot and cole junctions change roles. ‘The 

cabinet temperature thus oscillates about the mean 

depending on the sensitivity of the sensing system. 

modulation of supply current by sensing the cabinet 

temperature using, say, a thermistor. The 

thermistor can form one arm of a resistance bridge 

whose output, due to any imbalance, is amplified 

and used to augment or recuce the input power. A 

variable resistor in the other arm of the bridge 

can be used to set the required temperature.



viii. Thermomagnetic Refrigeration 

A refrigeration effect can be produced by the 

Ettingshausen transverse thermomagnetic effect in a 

semiconductor or intrinsic semimétal. This is a little 

known phenomenon outside the specialist fields of 

thermoelectric and thermomagnetic effects and has not, to 

the author's knowledge, been employed in practical cooling 

devices. A brief and simplified description of the 

principle is included here for completeness:- 

If an electric current is passed through a semi- 

conductor which is subjected to a magnetic field normal to 

the direction of current flow then there is an interaction 

which causes a force to act on the charge carriers. This 

force acts in a direction mutually perpendicular to both 

current and field and imparts a drift velocity on electrons 

and holes in the same direction, causing them to accumulate 

at one face of the material, A, and leaving a deficit at 

the opposite face, B. Near surface A electron-hole 

annihilation occurs releasing the energy of recombination 

to the material. To compensate for this loss of charge 

carriers electron-hole pairs are generated near surface 

B, for which the energy of generation must be absorbed from 

the material. The nett effect is that a temperature gradient 

is established between faces A and B giving the basis of a 

refrigerator. 

IX. Air Cycle Refrigeration | ie: 

For both practical and theoretical reasons it is 

not practicable to use the processes of the Carnot cycle 

for gaseous refrigerants (4). Replacement of the isothermal 

heat transfer processes by constant pressure processes gives
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a practicable air refrigeration system which is essentially 

a reversed Joule-Brayton heat engine cycle. The processes 

and components of the ideal air cycle refrigeration system 

are shown in fig.9. 

Air refrigeration dates from the middle of the 

nineteenth century when the cheapness, availability and 

safety of the refrigerant, air, were appealing. Early 

systems were large and bulky due largely to the use of low 

speed reciprocating machines. Vapour compression units 

superdeded the air systems until interest was resumed with 

the development of compact turbines and rotary compressors 

capable of handling large volume throughputs. 

Air refrigeration has been used for chilling foods 

but contemporary uses are chiefly in the air conditioning 

field, particularly in situations where compactness and low 

weight are important criteria. They are used extensively 

in the comfort cooling of aircraft ( 4, 5) and automobile 

air conditioning units have been developed (6). 

Practical systems are ‘open’ - the cool, expanded 

air at point 4 in fig. 9 is discharged straight into the 

cooled space avoiding complexity and losses from a heat 

exchanger. 

Coefficients of performance are not high cue to the 

large temperature range over which the cycle must operate 

because of the use of constant pressure heat transfer 

processes. 

Xe Steam Jet Refrigeration 

In principle water could be used as the refrigerant 

in a vapour compression refrigerator. Safety and ready 

availability at low cost are important features of a good
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refrigerant. Unfortunately, at low temperature, water 

has a low vapour pressure and a very high specific volume. 

This necessitates volume flow rates unsuitably high for 

reciprocating compressors. The vapour compression process 

can be achieved successfully using a steam jet ejector. 

The fundamentals of a steam jet refrigeration system are 

shown in fig. 10. Typical operating conditions are shown. 

The freezing point of water limits the system to moderate 

evaporator temperatures. Motive steam is supplied to the 

ejector at high pressure, typically 10-100 psig (6), where 

it is expanded in a convergent-divergent nozzle, issuing 

as a high-speed, low pressure jet. This jet entrains the 

refrigerant water vapour from the evaporator. Consisting 

now of both refrigerant and motive water vapour, the stream 

is diffused to condenser pressure. The refrigerant lost 

from the evaporator is made up by a controlled bleed from 

the condenser. 

The system demands a high cooling load and is not 

efficient -— steam consumptions reported by Macintire and 

Hutchinson (7) suggest coefficients of performance of about 

0.35 even for large plants. It is employed where a steam 

supply is cheaply available and the supply of large quantities 

of coolant poses no severe problem. 

Systems were employed in the 1930's for air conditioning 

buildings, and are used in process industries for chilling 

purposes and some food industries such as vacuum pre-packing 

vegetables and concentrating fruit juices. 

In principle the ejector-compressor can be used with 

other fluids besides water. <A closed system was proposed 

by Martynowsky (8) similar to that shown in fig.ilj using a



halogenated hydrocarbon as workin fluid. Reported 

advantages of the proposed scheme include the avoidance 

of high vacuums, and low flow velocities leaving the 

nozzle resulting in lower losses in the mixing chamber 

than with steam jets. The evaporator temperature limitation 

of the water system would also be alleviated. 

Such a system would operate chiefly by a heat input 

but a small feed pump is also required. 

Xie Stirling Cycle Refrigeration 

The Stirling cycle is a closed regenerative 

thermodynamic cycle in which the working fluid is compressed 

and expanded cyclically at different temperatures so that 

a nett conversion of heat to work or vice-versa occurs. 

Stirling cycle machines can be used for refrigeration where 

the latter effect is employed. The processes involved in 

the theoretical Stirling cooling cycle are shown in fig.12. 

A considerable number of practical interpretations 

of the Stirling cycle have been considered. Walker (9) 

observes that the feasibility of using this cycle for 

refrigeration was recognised as early as 1854 by Herschel. 

It was not until the 1940's that a serious effort was made 

to develop the technique. 

Stirling cycle machines are established in the field 

of cryogenic cooling where it is used in some branches of 

electronics and for gas liquefaction. As early as 1945 

temperatures of 83°K were obtained by Rinia and du Pre (9). 

Temperatures as low as 7°K have been obtained (9). 

Despite their use for low temperature refrigeration 

Stirling cycle machines are virtually unknown at the 

higher temperatures associated with domestic and industrial



refrigeration. Walker (9) sees no intrinsic technical 

reason why Stirling devices should not be used for this 

temperature range but reports results from several workers 

who show them to be less efficient than vapour compression 

machines at such temperatures, though superior at cryogenic 

temperatures. 

The coefficient of performance of an ideal Stirling 

cycle refrigerator is the same as that for the Carnot 

cycle operating between the same temperature limits. 

Practical Stirling cycle machines pose severe problems, 

particularly with respect to heat transfer and sealing 

techniques. This is particularly so where high specific 

outputs are required, demanding high operating pressures. 

In many respects development of Stirling cycle 

machines must still be regarded as being at an experimental 

stage.
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2.2 ASPECTS OF SOLAR RADIATION 

The sun is a star of diameter 1359 x 10° km whose 

average distance from the earth is |.5 x 10° km (10), (11). 

Above the earth's atmosphere, at the mean sun-earth 

distance, the intensity of the solar radiation is defined 

as the ‘solar constant'. The value assigned to the solar 

constant has varied over the years as measuring techniques 

have become more sophisticated. Most frequently employed 

are the results of Thekaekara and Drummond (12) who 

proposed, in 1971, a value of 1353 W/m? for the solar constant. 

This radiation intensity varies by + 3% during the year 

due to changes in the sun-earth distance. The maximum 

occurs around new year and the minimum around June/July (11). 

The spectrum of the solar constant irradiance is shown in 

fig.13. 

In passing through the earth's atmosphere solar 

radiation undergoes both scattering and absorption by various 
ee ae 

components of the atmosphere. This modifies the radiation 

in three ways before it reaches the earth's surface:- 

i. Some is scattered and reflected back away from 

the earth hence the intensity is reduced. 

li. Absorption by some elements present in the 

atmosphere occurs at characteristic wavelengths 

thus altering the spectrum of the radiation and 

reducing its overall energy. 

iii. The scettering effect produces ‘diffuse’ radiation 

as well as the direct'beam' radiation. The amount 

of diffuse radiation present varies, denending on 

atmospheric conditions and the ansle of the sun 

from the solar zenith. At the earth's surface 

there is always some diffuse radiation - Palz (13 )



suggests 10% of the 

with the sun at its 

conditions this can 

Each of these effects depends 

atmosphere that the radiation 

! by the ‘air mass, m' which is 
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total in clear conditions 

zenith. Depending on 

easily rise to 100%. 

on the distance through the 

travels. This is quantified 

the path length through the 

atmosphere taking the vertical case when the sun is at 

its zenith as unity, air mass |. Above the earth's 

atmosphere, where the solar constant is defined, is often 

referred to as ‘air mass O'. 

The spectral intensity for air mass {| conditions 

is shown in fig.i4. The vast majority of the energy 

available in the solar snectrum has wavelengths between 

O.3 and 3.0ym - over 96% of the solar constant is 

associated with wavelengths 

97.8% with wavelength: 

of less than 2.5m and over 

less than Spm. (10), (13). 

The amount of energy available for collection at 

any location will vary, for several reasons, with the 

position of the sun in the sky. The situation is further 

complicated if the collector surface does not track the 

sune The relevant parameters include the time of day, time 

of year, latitude and orientation of the surface considered 

as well as prevailing atmospheric and ground conditions. 

These problems are considered 

Beckman (10). 

rigorously by Duffie and 

Design data relating to insolation rates is 

presented by the Institution of Neating and Ventilating 

Engineers (14). An empirical 

total solar radiation, 

presented by Jeevanda 

meteorological data. 

averaged over 4 

technique for predicting the 

day, has been 

Reddy (15) using geographical and 

Insolation data is also recorded by



meteorological stations across the world. <A number of 

different types of instrument are employed which are well 

documented in the literature (10), (13). 

At present most solar data is recorded as the total 

global radiation incident on a horizontal surface. It is 

often presented using ‘isolines' as in figs. 15/16. Such 

data must be used with care as it is averaged and cannot 

include local effects. The energy available for collection 

is higher than suggested at higher latitudes where inclined 

collectors can be set normal to the beam radiation and also 

intercept radiation reflected from the ground. However, 

figs. 15/16 do indicate that the areas relevant to the 

main potential markets for small solar powered refrigerators 

tend to have high average insolations. 

The Institution of Heating and Ventilating Engineers (15) 

tabulate the maximum external temperatures and average diurnal 

range for some 300 places throughout the world. In each 

case this is for the hottest month of the year and therefore 

represents a maximum design ambient temperature.



23 

205 FLAT PLATE COLLECTORS 

  

General Description 

Flat plate collectors are characterised by a 

relatively large, flat collecting area which absorbs 

incident solar energy and transfers it to a working fluid. 

The plate is at about the same temperature as the working 

. fluid and so heat loss from the plate to the surroundings 

must be minimised. This is done by covering the absorbing 

face of the collector with a transparent material and 

thermally insulating the edges and back. The basic 

components of a flat plate collector are shown in fig.17. 

Working Principle 

The incoming solar radiation passes phrough phe glass 

cover plate and is absorbed by the absorber plate. There 

is an interaction between the radiation and the glass - some 

is reflected and some absorbed. The temperature of the 

absorber plate rises and heat is éfaneterted to the working 

fluid. Thermal losses from the absorber plate depend on 

its temperature. If there were no fluid flowing then the 

temperature of the collector would increase until a dynamic 

equilibrium was established with the losses equal to the 

solar input. Losses from the edges and sides are reduced 

_by thermal insulation. The cover glass reduces losses 

from the front face in two ways:- 

Le An upward facing hot surface has good natural 

convection heat transfer characteristics. The 

glass plate reduces such losses by introducing 

a captive air space and two additional thermal 

boundary layers.



ii. 

24 

The glass cover introduces a ‘greenhouse effect' 

reducing radiative losses from the absorber 

plate. Ordinary glass has excellent transmittance 

for radiation with wavelengths corresponding to 

the solar spectrum. The absorber plate is at a 

much lower temperature than the effective 

temperature of the sun and hence the radiation 

it emits has much longer wavelengths at whieh 

glass has a low transmittance: the glass cover 

tends to form a ‘one way radiation valve'.(13),(16). 

Methods of Improving Performance 

There are several variations to the basic layout 

depicted in fig.17 that can be employed to reduce the losses 

and hence improve the efficiency of flat plate collectors:- 

i. 

ii. 

tit. 

Ensure adequate heat transfer from plate to 

fluid to avoid ‘hot spots' and keep plate 

temperature as low as possible, 

Use more than one cover plate. This is a 

compromise as peStected and absorption losses 

are increased. Two cover plates are often 

better than one, particularly at high operating 

temperature, low ambient temperatures and in 

windy conditions but more than two are rarely 

justified. 

Use anti-reflective coatings on the glass 

coverplates. Results quoted by Williams (18) 

suggest that the reflectance of ordinary glass 

at normal incidence, about 4%, can be reduced 

to less than 1.5% around the Wavelengths corresp- 

Onding to peak energy in the solar spectrum.
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iv. Use some type of baffle in the air space 

between cover and.absorber plate to suppress 

the development of convection currents. 

Materials used include honeycombs of reflective 

material or short lengths of glass tube packed, 

endwise, between the cover and absorber plates. 

v. Use selective coatings on the absorber plate. 

Surfaces can be produced which exhibit high 

absorptivities at the wavelengths that characterise 

the solar spectrum but low emissivities at the 

longer wavelengths radiated at typical plate 

temperatures. Duffie and Beckman (10) list 

several such selective surfaces. Absorptivities 

for solar radiation are typically 0.9 whilst 

emissivities for wavelengths corresponding to 

normal plate temperatures are typically O.1i. 

vi. Where possible the collector should be orientated 

towards the sun. Accurate tracking is unnecessary 

since flat plate collectors are relatively 

insensitive to their input radiation not being 

normal. Both reflection losses and transmission 

losses through the glass plate increase little 

up to an incidence of 40° but both increase very 

rapidly thereafter (16). The amount of insolation 

intercepted also decreases as the cosine of the 

angle of incidence. 

Absorber Plate Construction 

Many types of construction have been used for the 

absorber plate. A common approach has been the bonding of 

tubes onto the front or back of a flat sheet of metal.
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A variation on this is to set the tubes into channels in 

the plate. A combination of a corrugated and a flat metal 

sheet has been employed, spot welded together to form fluid 

Passages between the two. Closely packed black pvc tubing 

has been tested (17). The use of dimpled or rigidised sheet 

metals has been investigated using either two sheets together 

or one against a flat sheet. Such a design has been marketed 

by an Australian company, Snowside, made from stainless steel 

and employing a selective absorber surface (/8). 

Spencer et al (19/20) discussed the use of rigidised 

metal sheets in applications where the internal fluid 

pressure was subsanbient: offering structural simplicity 

and the ability to withstand freezing. Standard pressed 

steel domestic radiators have been employed in some 

applications. Alcan Windows Ltd market aluminium extrusion 

suitable for sectional construction of flat plate collectors(21). 

Performance 

The performance of a flat plate collector can be 

predicted by calculating the heat losses suffered. This 

approach has been covered by many workers and is well 

documented (10), (22), (23). 

The performance of existing flat plate collectors can 

be assessed experimentally. There are several approaches 

depending upon the requirements and the equipment available. 

A high degree of control can be achieved by the use of a 

solar ablated as reported by Johnson and Frederick (24) 

as steady state operation can be achieved over a wide range 

of conditions. Solar simulators, particularly large enough 

to test typical flat plate collectors, are expensive and 

rare. Much testing is performed in natural sunlight.
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Without careful monitoring of conditions it can be 

difficult to generalise from the results of such tests 

although it is an effective means of comparison for a 

number of units tested simultaneously (17). 

A useful and accepted method of displaying performance 

characteristics is shown in fig.i8. The efficiency is 

plotted against a composite term comprising a temperature 

difference and the insolation intensity. Such curves for 

a range of designs of collector can be found in refs.(20), 

(23/24). 

2.4 PHOTOVOLTAIC SOLAR CELLS 

Efficient solar cells were introduced in the mid 

1950's. They provide an electrical output directly from 

‘solar radiation. There are many possible combinations of 

materials that can theoretically be employed though only 

a few have been developed. The information shown in 

Table 1 has been derived from reference (25) and indicates 

the state of development of a number of solar cell types. 

Merrigan (26) surveyed the'state of the art' relating to a 

number of these materials in 1975. 

The main types of solar cell are:- 

Silicon ; Silicon solar cells are the most highly 

developed of all. They have a maximum theoretical 

efficiency of about 22% (27). Practical efficiencies vary; 

13-14% is achieved by commercial cells (26) though 10% is 

often suggested, particularly when made to compete 

commercially. Standard manufacturing technique involves the



28 

growth of a cylindrical rod of silicon (Czochralski growth) 

Which is then cut into thin discs resulting in high wasteage. 

A number of alternative techniques are under investigation, 

primarily ‘Edge-Defined, Film-Fed Growth' (25), (28), and 

'Denritic Growth'-Zoutendyk (29) describes this and a 

number of less well known techniques. 

Cadmium Sulphide : Cadmium sulphide cells have maximum 

theoretical efficiencies of some 18% (27). Maximum 

efficiencies attained are about 8% but 5% is more typical (13), 

(30). Stability problems have been paramount in the development 

of these cells, particularly at higher temperatures (13),(30). 

They are potentially inexpensive due to low processing and 

material costs (30). 

Gallium Arsenide : Gallium arsenide cells have a high 

theoretical maximum efficiency of 26% (27) - measured 

efficiencies of 13% are reported (13). It has been 

suggested (27) that gallium arsenide cells will probably 

always be more expensive than silicon cells but they could 

have advantages where high operating temperatures are invoved(j3). 

Cadmium Telluride :; Cadmium telluride cells have a 

theoretical maximum efficiency of 23% (27) and experimental 

cells have yielded efficiencies up to 7 or 8% (26/27). 

Silicon cells are the only photovoltaic cells commercially 

available at present and are likely to remain so in the near 

future. The indivicual cells are usually circular, about 

5 cm diameter, and are encapsulated as an array, being 

connected in series and parallel to give the desired output. 

Their circular shape obviates effective packing hence the 

active area of such an array is less than itS apparent area. 

Cells are produced in shapes suitable for tight packing but



Table ] 

Some Candidate Materials for Terrestrial Solar Cell Fabrication 

    

Conmercial 

Availablity > 

Material Efficiency Status O-5 years 5-10 years 

AlSb (c) experimental no perhaps 

InP (8 f5) experimental no perhaps 

Gap 03 experimental no perhaps 

GaAs (Al ) 16 experimental perhaps perhaps 

GaAs 
(Ga,Al _ As) 0.25 experimental no perhaps 

CdS (Cu,S) -05-.08 advanced perhaps perhaps 
development 

CdTe -O05-.06 acvanced no perhaps 
development 

SiC soo xperimental no unlikely 

Si 21/5-.18 commercial yes 

znSe (c) theoretical - no perhaps 
possibility 

CuIns, (c) theoretical no unlikely 
possibility 

CulnSe, (c) theoretical no unlikely 
possibility 

AlInS, (c) theoretical no unlikely 
= possibility 

ZNzP, (c) theoretical no perhaps 
possibility 

Cu,0 (c) theoretical no perhaps 
possibility 

Efficiency of devices as measured under Air Mass 

conditions and cell temperature approximately 23°C. 
Zero 

(b) phe estimates of commercial availability reflect the opinions 

of a number of experts as reported in the recent open literature. 

(¢ eneoretical efficiences of these devices are in the range 

of 10-20 percent under ANO conditions at 23°C. 

The information presented in this table is derived from ref (25).
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these are more expensive since, using present techniques, 

it involves machining the circular section to the desired 

shape. 

Cost-Efficiency Predictions 

Cost and efficiency are conveniently linked by using 

the ‘cost per watt' as a cost effectiveness criterion. 

The power considered is usually the peak power produced 

by the device. It is difficult to make reliable predictions 

of future cost trends for solar cells since they must be 

made on the basis of estimates of the expected progress 

of current technologies, largely experimental, and future 

market demands. Two recent predictions ade’ shown in 

figs 19, 20 and 21. Fig 19 is derived from information 

presented by Merrigan (26) who collated the predictions 

of several workers. Figs 20 and 2i outline demand and 

cost predictions presented by Moore (31) in 1976. 

265 CONCENTRATORS 

One of the main oneplene associated with harnessing 

solar energy is the low energy flux available, implying 

the need for large collector areas which are both ee 

and unwieldy. In the case of thermal collectors large 

areas result in large losses resulting in low efficiencies 

and operating temperatures. Concentration of the low 

intensity insolation onto a small absorber can alleviate 

these difficulties. 

A concentrator intercepts insolation over a relatively 

large area and directs it onto the smaller absorber area of
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the collector at an increased intensity. The ratio between 

image and ntercseded intensities is known as the 

"concentration ratio’. There are many forms of concentrator 

reviewed in the literature providing widely varying 

concentration ratios. They are based on reflecting or 

refracting devices, or a combination of the two. 

Concentrating collectors have two main disadvantages: 

iL. They are incapable of effectively using the 

diffuse component of the insolation. 

ii. They usually, particularly at higher concentration 

ratios, have to track the sun to operate properly. 

It appears to be axiomatic that the complexity, need for 

precision components and necessary accuracy of tracking, all 

increase with rising concentration ratio. 

Concentrating Thermal Collectors 

Thermal concentrating collectors have been designed 

to give high operating efficiencies and/or temperatures. 

They have frequently employed large concentration ratios 

and small absorber surfaces. Extreme cases of this 

development are the ‘power tower' principle (32) and high 

temperature solar furnaces. Of the latter perhaps the 

best known example is at Odeillo in the French Pyrenees 

where temperatures of about 3800 C can be achieved (33), but 

solar furnaces are known to have been used for smelting 

purposes as early as the 17th century (16). 

More moderate concentration ratios have been 

investigated for use with thermal solar collectors. The 

use of linear Fresnel lenses has been investigated by Nelson, _ 

Evans and Bansal (34) who presented theoretical and 

experimental results relating to seasonally adjusted and "single
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axis'tracking uses. A similar device was reviewed by 

Cawood (33). It also employs a longtitudinal Fresnel 

lens with a tubular or strip collector along the focal 

line but the two are incorporated in a trough type housing 

incorporating thermal insulation and reflective sides 

internally. Seitel (35) and Grassie & Sheridan (36) 

considered the use of planar reflectors coupled with flat 

plate collectors. Each concluded that the use of planar 

specular reflectors can significantly enhance the performance 

of flat plate collectors, although diffuse reflectors 

have little effect. 

A high efficiency concentrating collector has been 

developed by Philips Ltd. (23) consisting of evacuated 

glass tubes containing an absorber pipe. The side of the 

glass tube exposed to sunlight is transparent, but selectively 

treated. The bottom half is internally silvered to form 

the reflecting surface. A series of such tubes can be 

packed side-by-side forming, in effect, a flat collector 

unit. 

A similar, though non-concentrating, approach is the 

"corning glass collector’ also reviewed by Cawood (33). 

This is a narrow strip of flat plate collector sealed 

inside a glass tube. Thermal losses are reduced by evacuation 

of the glass tube and the use of selective surfaces on the 

absorber. 

Concentrators with Solar Cells 

The use of concentrators to increase the insolation 

intensity on solar cells may help negate the present high 

cost of the cells. Such systems are not well documented 

in the literature but the possible use of concentration



ratios up to 5000 is suggested by Palz (13), who records 

the existence of “a 50 W unit employing a concentration 

ratio exceeding 1000, though this was not achieved using 

conventional cells. 

The prime difficulty encountered lies in the temperature 

sensitivity of the cells. Gallium arsenide cells enjoy . 

better high temperature performance than silicon cells but 

are more expensive and far less readily available. A 

comparison of silicon and gallium arsenide cells under 

concentrated insolation was made by Evans and Florschuetz (37). 

Williams (32), Palz (13) and Merrigan (26) review 

a number of projects which have used various concentration 

ratios and methods of cell cooling. A number of forms of 

concentrator are discussed including Fresnel lenses and 

conical, parabolic and planar reflecting types. WNerrigan 

suggests that, for silicon cells, the output power can be 

increased by a factor of j|.5 ~1|.8 for radiative cooling, 

4.5 »5 for air cooling and 10 >11 for water cooling with 

suitable concentration. 

Useful gains may be made using simple reflecting 

concentrators with concentration ratios of less than about 

4, Such units could use conventional, commercially available, 

silicon cells. At higher concentration ratios modifications 

become necessary to the cell to reduce ohmic losses and 

improved cooling is needed.
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2.6 SURVEY OF PCSSIBLE SOLAR POWERED ENGINES 

  

‘Carnot Cycle 

The Carnot heat engine cycle is not a practicable 

cycle - it is an ideal cycle consisting entirely of 

reversible processes as outlined in fig.22. It is included 

here because it provides both a standard of comparison for 

other cycles and an upper bound to the efficiency that can 

be achieved. The efficiency of the Carnot cycle is a 

function of the upper and lower cycle temperatures only 

and can be shown (38) to be: 

) =1 - T low/T high 262 

Fig.23 shows how the Carnot efficiency varies for 

typical temperatures. 

Established Thermodynamic Cycles 

The established thermodynamic cycles were investigated 

to assess their potential for this application. The 

cycles considered were:- 

Rankine cycle 
Air Standard Otto cycle 
Air Standard Diesel cycle 
Joule-Brayton Gas Turbine cycle 
Stirling cycle 
Ericson cycle 

In assessing the suitability of these cycles for this 

application, the most important criteria were considered 

to be the ideal cycle efficiency, the work ratio and the 

characteristics of the practical components needed to 

implement the cycle. 

Survey of Practical Engines 

A number of solar powered heat engines have been 

proposed, most frequently with a view to water pumping 

applications in arid regions. Some have been built and put



35 

to service. Of the standard thermodynamic cycles the 

Rankine cycle has been the one most favoured. Its . high 

work ratio makes it efficient and compact. The technology 

associated with the familiar steam plant has a long history. 

Palz (i3) records the existence of solar powered steam 

engines, developed by Mouchot, as early as 1879. They are 
pomeaeed 

  

reported to have worked, albeit inefficiently, powering 

a printing press and pumping water. Shuman's solar steam 

engine, installed in Egypt in 1913 is well known. The 

plant is recorded (13) to have been rated at 100 horsepower 

and used to provide irrigation. Palz (13) reviews several 

other such plants, all large and using concentrating 

collectors. 

A novel rotary engine, operating on the Rankine cycle 

but using an organic working fluid, was presented by 

Doerner et al (39) in 1972. Expansion occurs in a turbine. 

Rotation of engine components provides sufficient centrifugal 

force to return the condensate to the boiler, dispensing 

with the need for a separate feed pump. However an external 

electric motor is used to rotate the boiler/nozzle-ring/ 

condenser unit. A laboratory test engine producing 20 

horsepower has been built whilst units up to 200 horsepower 

are anticipated. 

A solar powered heat pump proposed by Eibling and 

Frieling (40/41) is driven by a Rankine cycle using a 

  

fluorocarbon as the working fluid, with a back-up electric 
oa = ees 

motor doubling as an electric generator under suitable 

conditions. The proposed power cycle expander and heat 

pump compressor are rotary “sliding vane devices based 

on aircraft fuel pump technology. Pivoting vane tips are
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featured which rely on a self-generated hydrodynamic gas 

film to prevent metal-to-metal contact with the housing. 

An electric power generation system based ot the 

Rankine cycle coupled with flat plate collectors was 

considered by Athey (42). The working fluid proposed 

was Ri1, trichloromonofluoromethane, expanded through ae 

turbine, whilst the collectors used an ethylene-glycol / 

water mixture in a separate primary circuit. Constant, 

high, component efficiencies are assumed commensurate with 

the scale of plant envisaged - a generating capacity of 

100 M7, The insolation intensity was assumed to be 980N/m=. 

Saab were reported to be experimenting with a compact, 

self-contained, Rankine cycle engine in 1974 (43), using 

water as the working fluid. The unit was being developed 

primarily to compete with the internal combustion engine in 

powering motor cars. The expander, a nine cylinder 

reciprocating device employing swashplate drive, was of 

the uniflow type and used variable cut-off control. A 

  

maximum continuous output of 160 horsepower was reported 

from a heat input of 0.6 MV - a brake thermal efficiency 

of 20%. 

Current work is reported by Strong (44) towards the 

development of a domestic heat pump driven by a Rankine cycle 

power plant. The unit is intended to be powered by a 

fossil-fuel burner and use an organic working fluid. The 

proposed power cycle expander is a small turbine running 

on gas bearings at speeds in excess of 100,000 rpm. 

Robinson (45) has discussed the development and 

prototype construction of a trochoidal rotary expander for 

steam Rankine cycle plants.
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The Stirling cycle has been practically interpreted 

in a considerable number of different forms, comprehensively 

collated by Walker (9). The advantage of the Stirling 

yore is its high potential efficiency but its practical 

implementation is not simple. The cycie suffers, as do 

other gas cycles, from a relatively low nett work. Compact 

and efficient units therefore employ high cycle pressures 

which pose severe sealing problems. Because the working 

fluid is gaseous heat transfer difficulties are enhanced. 

The regenerator poses a number of conflicting requirements. 

Stirling engines have been considered, and many experimental 

units built, in a complete range of outputs from marine 

power plants down £0 toys producing a fraction of a watt, 

using a wide assortment of mechanical layouts. The powering 

of Stirling engines by solar energy is discussed by Walker (9) 

who sees the principal difficulties as cost and the need 

for concentration. He records the introduction, by Finkelstein, 

of a quartz cylinder head such that the focus of the collector 

can be within the cylinder head enabling high upper temperatures 

to be attained. 

An elegantly simple yet ek ca Stirling engine has 
ee 

been invented and developed by Beale —- the free piston engine. 
en nme A SOO SEAR TNE SD 

These engines are self starting and can be hermetically sealed. 
ee a EES SSNS NEUSE Sees -oe er RO CEST AT — — on A 0 EE ES IP 

    

ee EE a rr are tr — 

ins power motion is | reciprocating enabling coupling to pumps 

  

or 21 neae electrical generators, In 1978 Beale Wacenasa to 
eiatmecs sete wae 

market anon engines in outputs of about 1 KW (46). The 

principle of operation of the Beale engine is outlined in 

refs (9) and (25). 

| A variation of the free piston engine has been 

developed at the Atomic Energy Research Establishment, Harwell,
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which avoids the sealing problem by using flexible 

diaphragms. Energy input can be from a propane burner or 

a radioisotope unit. Electrical output is from a linear 

alternator. Present models produce about 27 W electrical 

output ( AC, 110 Hz) and use about two pints of fuel, 

liquid propane, a day (25), (47). The information presented 

in Table 2 was derived from reference 25 and shows that 

the hot-end temperature of this type of engine is typically 

450-650°C, 

Another Stirling engine developed at Harwell avoids 

sealing problems by using a liquid piston. The 'Fluidyne' 

engine is suited to water pumping applications and has been 

developed into several forms (23), (25), (48), although no 

commercial development has yet been made. 

An alternative solution to the sealing problem has 

been considered at the Solar Energy Laboratory, University 

of Florida (49). Attempts to reduce leakage to negligible 

levels incurred excessive frictional losses so a self- 

supercharging technique was employed. The working fluid is 

air and the cycle operates at low pressure, 30 - 40 psia peak, 

so that part of the cycle is at sub-atmospheric pressure. 

During this part of the cycle a simple checkvalve allows 

atmospheric air to be drawn into the engine, enhancing the 

power output. The ingestion of controlled amounts of 

water was also investigated which further improved performance 

by increasing the mass of working fluid in the system and 

improving its heat transfer characteristics. The 

experimental testing of this engine used a gas burner for 

the heat source with hot-end temperatures of around 950°C.
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Table 2 

Cperating conditions for some Stirling engines 

Hot-End Thermal 
Type of Load Temperature Power Out Efficiency 

and Jorking Gas Heat Source (degrees C) GV) ($6) 

  

inertia 
Freon compressor 
(helium) 

inertia 
water pump 
(air) 

linear 
alternator 

(helium) 

linear 
alternator 

(air) 

free 
cylinder 
water pump 

(helium) 

free 

cylinder 
water pump 

(helium) 

Harwell 
diaphragm 
ensine 
alternator 
(helium ) 

Harwell 
diaphragm 
engine 
alternator 
(helium) 

Harwell 
diaphragm 
engine 
alternator 
(helium) 

electric 

electric 

electric 

electric 

sun 
(Fresnel 
lens ) 

electric 

electric 

propane 

oO
 

oO
 

650 

600 

500 

450 

600 

594 

2C00 

54 

70 

37.5 

Gl
 

e oO
 

10.7 

30 

14 

16.9 

10 

  

The information presented in this table is derived from ref. (25)
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Thermal engines have been constructed which operate 

entirely in the solid phase. Banks and Wahlig (50) used 

the shape-change properties of Shane Memory Alloys in the 

design of such an engine. The engine is known as the 

"Nitinol’ engine after the nickel-titanium alloy, 

'55-Nitinol', that it uses. The alloy is used in the 

form of wires which are cyclically heated and cooled. 

Tests have suggested that the most effective diameter for 

these wires is about O.5mm when they have a power output 

potential of about 1.0 W/g. A prototype was expected to 

yield an output power of O.5 horsepower. The efficiency 

was not known but it must be expected to be low, making 

the engine more suited to applications where good thermal 

efficiency is not a prime requirement. Beam and Jedlicka(51) 

suggest that thermal ‘solid-phase’ engines generally have 

ideal efficiencies two orders of magnitude less than gas- 

phase engines. This suggests the ideal efficiency of the 

solid phase engine to be below about 0.5% 

Beam and Jedlicka (51) investigated another solid-phase 

thermal engine based on the thermal expansion of metals. 

An experimental engine comprised a thin-walled stainless 

steel tube, 6 inches diameter and almost 15 feet long. A 

bending moment was applied by weights, in the form of 

flywheels mounted on axial shafts each end of the tube. The 

tube was supported by bearings on the shafts. The top of 

the tube was heated causing it to rotate about its. axis. 

At an insolation intensity equivalent to 4 solar constants 

the maximum nett power developed was |.0 ii indicating a 

brake thermal efficiency of less than 0.03%.



Zed SURVEY OF EXISTING SOLAR POWERED REFRIGERATION SYSTEMS 

The solar powered cooling systems that have been 

proposed to date can be conveniently categorised into 

three groups depending on the type of refrigerator used:- 

i. Those using a conventional vapour compression 

machine, driven either electrically or mechanically. 

di. Those employing a refrigerator based on the 

absorption or Electrolux principles with a 

thermal input. 

iii. Passive and natural cooling. 

Of these the vast majority fall into the second 

category, and relate to large units with moderate evaporator 

temperatures intended for comfort-cooling applications. 

Although the concept of solar powered refrigeration is not 

new - Yellott (52) reports the use of solar-generated steam 

to power an early absorption machine as early as 1878 - 

its development has been very limited compared with the 

effort expended on other uses of solar energy. 

i, Vapour Compression Machines. 

In a comprehensive survey of existing systems Swartman 

(52) dismisses vapour compression systems as expensive, 

complex and inefficient,although both he and Yellot (52) 

describe a technically successful vapour compression refrigerator 

driven by a solar powered Rankine engine which was presented 

by Baum and Kirpichev in 1954. The system used water as 

working fluid and a parabolic tracking reflector. It could 

produce 250 kg of ice per day. Swartman observes that 

little interest has been shown in this direction since the 

1954 project. Frieling (40), (41) proposed the use of a
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pivoting-tip vane expander/compressor in a combined 

Rankine power cycle/vapour compression refrigerator unit 

in 1975. 

Barber (54) describes a Rankine - cycle powered vapour 

compression solar powered refrigerator of 3 tons capacity. 

A radial inflow turbine was used in the power cycle, running 

at 52,000 rpm. The working fluids were refrigerant 113 and 

refrigerant 12 in the power and refrigerator circuits 

respectively. 

Strong (44) suggested the possibility of developing 

a solar powered refrigerator from the ‘fossil fuel fired 

heat pump' concept. 

Taegen and Sargent (23)(52) are reported to have 

proposed a combined Rankine cycle/vapour compression 

refrigerator system using a reciprocating expander and 

compressor in the form of a four cylinder machine with two 

cylinders devoted to each function. Different, fluorocarbon, 

working fluids were proposed for the refrigeration and power 

cycles. {i 

A photograph of an experimental solar powered refrigerator 

using solar cells coupled to electrical storage batteries 

is shown by Palz (13). No details of size or performance 

are given. 

ii. Absorption Machines. 

Swartman's review of solar powered refrigeration (53) 

consists largely of absorption machines starting with an 

experimental system using a parabolic collector as early 

as 1937. He reports favourably on 4&n ammonia-water system 

developed by Trombe and Foex in 1957 which used a cylindro- 

parabolic reflector of area 1.5 m?. The unit produced
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about 6 kg of ice per day. A number of intermittent absorption 

systems are discussed using a variety of working fluids. 

Solar powered cooling units based on the lithium-bromide 

absorption cycle have been developed for Space cooling 

applications where the moderate evaporator temperature 

limitation is acceptable. Such a unit was reported to have 

been operated in Brisbane, Australia (55) using a flat plate 

collector. 

An ‘Arkla' commercially available lithium-bromide 

refrigerator was powered by solar energy by Ward and Lof (56) 

in 1972. 

Arkla now market a lithium-bromide chiller (57) which 

can be soler powered. The unit is said to operate with 

"firing water’ temperature in the range 77 - 96°C with 

cooling capacities of 0.5 to 3.5 tons respectively. 

Abu Ghannam (58) and Foo (59) have considered solar 

operation of Electrolux ammonia-water refrigerators using 

concentrating collectors and paying particular regard to 

the use and development of suitable thermosyphon devices 

as the heat transfer mechanism between collector focus and 

refrigerator generator. 

| Hussein (60) investigated the feasibility of providing 

cold stores in a specific location using solar-powered 

absorption refrigerators. 

Swartman (53) believes the most successful solar- 

powered refrigerator (to 1974) to be Farber's. Farber's 

system (61) was based on an ammonia-water absorption cycle. 

The collector, of the flat plate type, formed the generator 

of the refrigerator directly without using a separate 

primary circuit and heat exchanger arrangement. There was
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a separate heat transfer loop from the refrigerator 

evaporator to the refrigerated cabinet. The square collector 

had area 1.5m? whilst the cabinet storage volume was a 

cube of side 0.45m. The unit was reported to produce, on 

a good day, more than 18 kg of ice from water at 24°C. 

The unit was water cooled and used two circulating pumps 

needing an external power supply. 

iii. Passive and Natural Cooling. 

The use of passive and natural cooling effects has 

largely been restricted to comfort cooling of buildings 

where low temperatures are not required. Techniques have 

ranged from architectural features to reduce solar gain 

to buildings to the use of thermal resevoirs cooled by 

noctural radiation to the sky and/or evaporation of water. 

Yellot (52) reviewed several such projects. Buckley (62) 

introduced a novel concept, the ‘thermic diode solar panel', 

which he suggested could be employed in nocturnal radiative 

cooling applications in suitable climates. 

Small food chillers of about | cubic foot capacity 

were marketed as late as 1970. These worked by allowing 

water, from a resevoir, to evaporate. 

None of these systems can generally achieve refrigeration 

down to normal refrigerator temperatures.



CHAPTER 3 

INITIAL DESIGN CONSIDERATIONS 

3-1 POTENTIAL MARKETS - REQUIREMENTS 

This work relates to the provision of small scale 

refrigeration plant powered by an input of solar radiation 

without the need for subsidiary energy supplies. Potential 

uses of such systems include:- 

ais Food Storage in Less Developed Countries 

The technical difficulties of food storage have 

adequate solutions in the more highly developed countries 

of the world where transport and high-grade energy distribution 

systems enjoy ready availability. 

Although domestic refrigerators are readily available 

in the industrialised countries they are unsuitable for use 

in many parts of the less developed countries where transport 

and energy distribution facilities are scarce or non-existent. 

The result is the spoilage of large amounts of vitally 

needed food due to storage under poor conditions. 

A major step towards easing this problem would be 

the availability of small refrigerators capable of storing 

an adequate quantity of perishable foodstuffs for a reasonable 

period. It is realised that this would provide a solution 

to the technical aspects of the problem only, possibly 

highlighting additional difficulties in the education of 

the users. 

A survey of the prime causes and agents of food 

spoilage and their response to their environment can be 

found in appendix |.
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For short term food storage, up to two weeks, the 

chief cause of spoilage is bacterial growth and storage 

enperaedees of O + 5°C are suitable. 

ii. Drug Storage in Less Developed Countries 

The storage of drugs during medical expeditions 

in the more inaccessible areas of the less developed 

countries poses a problem for those involved. There are 

two areas of concern:- | 

a. Main storage at a ‘health centre’ where a capacity 

of 150 litres is typically required. An electricity 

supply, even generated on-site, is uncommon. The 

present solution is frequently 'Electrolux' 

refrigerators but a supply of fuel must be organised. 

b. Tours into the surrounding areas where the terrain 

is often difficult. Transport is partly by vehicle 

but then on foot hence portability is an important 

criterion. Storage capacities of 30 litre and 

below are required. At present a combination of 

small ‘Electrolux' machines and insulated ice boxes 

is used. 

A storage temperature in the range 0 >4°C is suitable 

for the large majority of vaccines used (63). 

iii. Biological Sample Storage in the Less Developed Countries 

The problems here are similar to those encountered 

with the storage of drugs. Central laboratories are often 

well equiped but they are few and scattered: wealth and 

literacy tend to congregate around the cities leaving an 

‘outback! situation. Small scale, portable refrigeration 

facilities are needed extensively for this "bush-work',
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Two temperature ranges are used for the storage of 

biological samples:- 

ae The range commonly referred to as ‘normal 

refrigerating temperatures', i.e. 0 + 4°C, 

b. A significantly lower temperature range, of the 

order of -80°C, is used for longer term storage. 

Some workers use temperatures of the order of 

-20°C for this application but controversy exists - 

this is argued by some to be a relatively 

destructive range due to crystalisation effects 

in the tissue, (63). 

The capacity required is small - a typical expedition's 

collection of samples, collected in individual sample bottles, 

occupies only about 3 +4 litres (63). 

The same transport problems as in (ii) apply - transport 

partly by vehicle but often on foot, particularly in the 

latter stages of a trip. 

iv. Refrigeration in the Leisure Market 

The leisure market is likely to be available to a 

system capable of providing normal refrigerator temperatures, 

O + 4°C, with a cabinet capacity of the order of 30 litres. 

Such a device would be in competition with the small 'Electrol- 

ux' refrigerators, which employ liquified petroleum gas or 

electrical inputs, and a number of small vapour compression 

units which are available, requiring an electrical input. 

Typical of the latter type are the Japanese ‘Engel' refrigerator 

which operates from either a mains voltage alternating current 

or a 12 volt direct current supply, and the Italian ‘'Colibri' 

refrigerator which requires a 12 volt direct current supply. 

Both the ‘Electrolux' and vapour compression types are
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popular in sizes of about 30 litres cabinet capacity, 

finding ready markets amongst campers, in caravans and in 

boats. 

The small vapour compression units available demand 

either a large battery storage capacity or frequent 

re-charging. Suitable batteries are at present heavy, 

expensive and require periodic replacement. 

The gas powered ‘Electrolux’ units require a fuel 

supply, are sensitive to installation levelling and, using 

a'denser-than-air' gaseous fuel, demand careful installation 

in applications where leakages could accumulate with 

consequent risk of explosion. 

Although affording considerable advantages over the 

systems at present used in these markets a solar powered 

refrigerator should be competitive in terms of cost, reliability, 

simplicity and portability. 

Findings s- 

i. Each of the potential markets considered are 

suited to a working internal temperature in the 

range 0 + 5°C. 

ii. The required cabinet capacity varies depending 

on intended application, although there is some 

overlap. A capacity of 30 litres is a particularly 

flexible size, useful for several applications. 

A capacity of 5 litres would be suited to the 

medical applications. A capacity of 150 litres 

would enable storage of perishable foods for a 

family or small community.



3.2 FEASIBILITY STUDY BY SCANNING ANALYSIS 

An initial design study was performed to assess the 

technical feasibility of the concept of small, portable, 

solar powered refrigerators. The feasibility of such devices 

depends fundamentally on the collector area required. The 

collector area required is governed by the cooling load 

needed to maintain the refrigerated cabinet at the desired 

temperature and the overall efficiency of the system. 

In the first part of this feasibility study the 

cooling load required was estimated for a number of 

refrigerator capacities operating at typical ambient 

temperatures. In the second part this information was used 

in the estimation of the collector areas required for a 

wide range of operating conditions. 

Estimation of Cooling Load 

In order to assess the cooling load required it was 

necessary to calculate the heat gain to the refrigerated 

cabinet. 

For this study the cabinet was assumed to be a cubic 

box with thermally insulating walls. A cube was selected 

because: -— 

die The symmetry of a cube offered simplicity in 

calculation. 

ii. It is an efficient shape for this application 

since, for a cuboid, a cube has minimum surface 

area for any given enclosed volume. 

Figure 24 shows a section of the cabinet. The 

thickness and heat transfer characteristics of the six 

walls were assumed to be identical. Uniform internal and



external wall temperatures were assumed. The thermal 

resistance of any thin, protective skins on the internal 

and external faces of the cabinet walls was neglected. 

There are three heat transfer mechanisms: - 

iL ¢ conduction 
ii. convection 
iii. radiation 

Simple, ‘order of magnitude’ calculations showed that all 

three were significant in the overall heat transfer behaviour 

of the cabinet. 

An overall heat transfer coefficient can be defined as: 

y=4 7 G/h, + i/h, + x/k) Su 

such that the heat transfer es wall area A is given by: 

Q = (T,-T,)-A.U 3.2 

The heat transfer areas vary through the cabinet because 

the wall thickness is significant. This was modelled by 

defining three areas: 

A, = internal surface area = 6L? 

A,, = mean conduction path area = 6(L + x)? 

Ay = external surface area = 6(L + 2x)? 

The heat transfer rate to the cabinet was thus defined as: 

Q = 6(T,-7,) / (1/n, -L* + x/k(L + x)? + 1/h,(L + 2x)?) 3.3 

The heat transfer coefficients, hy and h are combined 2? 

coefficients representing both convection and radiation. 

Natural convection was assumed, the convective heat 

transfer coefficient being estimated using established 

empirical relationships (64/65). For simplicity the | 

relationship for vertical faces was used for the top and 

bottom, as well as the sides, of the cabinet. For the
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temperatures and sizes relating to this work the flow can 

be shown to be laminar, in which case the convective heat 

transfer coefficient is a function of a characteristic 

length and the difference between the surface temperature 

and the bulk fluid temperature. If the internal temperature 

is about 0°C then even with little or no wall insulation 

the surface-bulk fluid temperature difference must lie in 

the range 0 + 20°C. Fig.25 shows how the convective heat 

transfer coefficient varies with the surface-bulk fluid 

temperature difference. 

The radiative exchange was modelled using the Stefan- 

Boltzmann equation (64). Based on this relationship a 

"radiative heat transfer coefficient’, nye was defined as: 

h. =Q/A(T-t) = o € (T*-t4) / (T-t) W/m2°C 3.4 

Overall Heat Transfer Coefficient. 

An overall coefficient, the sum of convective and 

radiative coefficients, was defined. In view of the small 

temperature range involved this overall coefficient, h, was 

assumed not to be a function of the cabinet wall thickness. 

Several cabinet size/ambient temperature combinations were 

selected based on the findings of section 3.1. For each 

case a value of h was estimated, based on the mean values 

of hy and h,, for that case. 

The cases considered included cabinet capacities of 

5,30 and 150 litre and ambient temperatures of 30 and so°c* 

The estimated values of h are shown in Table 3. 

* see addendum note 1,p.161



    

TABLE 3 

cap. (litre) TOKE) he h,, h (W/m? °C) 

5 50 3.5 5.2 | /8i7 

30 50 3.2 5:2 8.4 

30 30 2.9 Bsr a Tee 

150 50 2.8 5.9 be 

150 30 2.5 4.3. 6.8 

  

A computer program was used (no.1, see appendix 2) to 

calculate the cooling load required for various cabinet 

capacities and ambient temperatures as a function of the 

cabinet wall thickness from equation 3.3. Fig.27 shows 

how the estimated cooling load varies with wall thickness 

for the sizes and ambient temperatures above assuming an 

emissivity of 0.7 and a coefficient of thermal conductivity 

of 0.04 W/m°C. 

Findings:- 

i. A numerical estimate has been made of the 

cooling load required for several sizes of 

refrigerator cabinet operating in different 

ambient temperatures corresponding to the 

findings of section Siete 

ii. The trend shown by the cooling load as the 

cabinet wall thickness is varied has been demonstrated. 

Initially increasing the wall thickness has a very 

marked effect on the cooling load required but 

for wall thicknesses greater than about 5 +8 cm,



for these conditions, further reduction of 

the codling load is slow. Thé trends shown by 

the curves in fig.27 suggest that the wall 

thickness should be greater for larger cabinets 

and higher ambient temperatures. 

Scan of Generalised Solar Refrigerator System Behaviour 

A simple model of a generalised solar powered 

refrigeration system was defined and the behaviour of the 

model studied by selecting and systematically varying relevant 

parameters. The aim was to enable a rapid assessment to be 

made of the feasibility of the concept over a wide range of 

potential operating conditions. | 

A model is a simplified view of the real situation 

devised to allow it to be analysed. 

The system model used here is shown in fig.28. There 

were three component units:- 

i. Collector : The radiant solar energy at the 

collector is of intensity I W/m? and assumed 

to be normal to the plane of the collector. 

The collector absorbs this energy and, with 

efficiency Po? converts part of it to an energy 

output in a form useable by the refrigeration 

unit. The collector has an active area A. m=, 

ii. Refrigeration unit : The refrigeration unit, 

powered by the energy output from the collector, 

has coefficient of performance ‘CCP’. 

iii. Cabinet : The insulated cabinet is maintained 

at a low internal temperature, Ti by matching 

the cooling capacity of the refrigeration unit to 

the heat gain to the cabinet from the surroundings, 

Q W.



54 

The energy interchanges within the system are outlined in 

fig. 28. It can be seen that the cooling load is given by; 

Q = T.A, 7D °COP Ses 

The collector area was chosen as the dependent variable 

since the area needed is an important criterion of the 

feasibility of the system, influencing both the cost and 

size of the unit. The product of the incident solar intensity 

and the collector efficiency was selected as a useful variable, 

representing the energy input to the refrigerator unit, since 

both can be realistically estimated. The solar constant 

provides an upper bound on the insolation intensity. Typical 

efficiencies can be estimated for various types of collector. 

Families of curves were generated of collector area plotted 

! against ‘en, by varying COP and Q. The analysis of the 

thermal behaviour of the cabinet provided a means of selecting 

suitable values of Q. The background information relating 

to refrigeration cycles enabled a realistic range of COP to 

be estimated, with the Carnot limit providing an upper bound. 

Typical results are shown in figs. 28 and 30. Another useful 

set of characteristics, obtained by plotting Doel! against Q 

for various values of "A, +COP', are given in fig.3}. 

Findings:- 

ie If a maximum permissible collector area of say | : 

1m is suggested, then the model suggests the 

concept to be feasible for all of the sizes of 

- unit considered in fig.27 for (n, +1) > 40 W/m? . 

The smaller sizes of unit, the model suggests, 

will work with reduced Dart! values or:collector - 

areas. This is for a COP =j1, a figure that is 

practicable even for very small vapour compression 

 



95 

refrigerators. 

ii. The collector area required rises markedly at 

low values of Jha Minimum operable values 

of Meet can be determined below which the collector 

area needed quickly becomes excessive. Over the 

range of cooling loads and coefficients of 

performance considered in figs. 29 and 30.this 

minimum useful value of Met varies between 

approximately 15 and 35 W/m. 

iii. The results suggest that a collector area of 

1 m= may be capable of providing adequate 

refrigeration during a day's insolation to cool 

a cabinet of up to 30 litres capacity for the 

entire 24 hours of the day. In order to provide 

‘all day' cooling for a cabinet of 150 litres 

capacity a collector area of approximately 1.5 m2 

would be required * 

3235 7 POSSIBLE PRACTICAL SOLAR SYSTEMS 

A simple technique was developed to generate possible 

solar powered refrigeration systems for further consideration. 

Fig.32 outlines the approach used. Solar collectors and 

refrigeration techniques were categorised according to the 

form of energy output and required input respectively. 

Collectors were classified as providing either electrical 

or thermal power outputs : refrigerators as requiring 

either electrical, mechanical or thermal power inputs. 

Possible solar powered refrigeration systems were’ then 

*x see addendum note 2,p.161
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generated by coupling collectors and refrigerators, 

introducing intermediate ‘matching’ components where necessary. 

This technique generated a large number of possible systems 

whose practicality was then assessed and compared by further 

study. 

Of the possible systems suggested by fig.32 four were 

selected for further consideration. The criteria of 

selection included:- 

ie The likely system efficiency. This is the 

product of the efficiencies of the component 

units. Typical efficiencies of the various 

types of collector, refrigerator and intermediate 

unit vary too widely for useful generic approxim- 

ations to be made based on the categories in 

fig.32 hence each potential system was considered 

individually. The system efficiency is important 

as it affects the size, weight and cost of the 

system. 

ii. For a system capable of manufacture and use in 

the short term, experimental techniques and 

technologies may be unsuitable. 

iii. Both present costs and predicted cost trends 

of manufacture, materials and components. 

iv. Likely reliability and life expectancy / ease 

of maintenance and repair. 

Vv. Amenability to auxiliary input - especially in 

applications where consequences of failure 

are significant. 

vi. Adaptability to various capacity units. 

vii. Simplicity in operation. 

viii. Ease of load control to suit conditions.
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Although fig.32 shows the refrigerators categorised 

according to the form of their major power inputs in some 

cases a secondary input may be required. Such secondary 

inputs are normally small in magnitude in comparison to 

the main power input and hence are frequently neglected. 

They are, nevertheless, essential and may be difficult or 

inconvenient to supply in a portable system operating wholly 

from a solar input. Apparently straightforward matches 

between units may be less simple when quantified. 

The 

1. 

four systems selected for further investigation were:- 

Flat plate collector supplying heat to an absorption 

refrigerator. 

Flat plate collector supplying heat to an Electrolux 

refrigerator. 

Flat plate collector supplying heat to a heat 

engine which drives a vapour compression refrigerator. 

Photovoltaic solar cells providing an electrical 

supply to an electric motor which drives a vapour 

compression refrigerator.



Chapter 4 

  

THEORETICAL COMPARISON OF 4 SELECTED SYSTEMS. 

4.1 FLAT PLATS CCLLECTOR CN REFRIGERATOR         

The system is outlined in fig.S53. The flat plate 

collector supplies a thermal input to the generator of the 

absorption refrigerator. Two options exist which are noted 

here though no decision need be made at this point:- 

t) To use a séparate collector fluid loop whose 

only function is to transfer heat to the 

refrigerator generator via a heat exchanger. 

ii. To incorporate the collector directly into the 

refrigerator circuit. 

The former enjoys the advantages of allowing freedom 

of choice of the collector fluid and possibly allowing 

separation of the two components for transport or heat input 

from an auxiliary source. It suffers, however, from losses 

associated with the heat exchanger and is likely to need a 

separate circulating pump for the collector circuit. 

General Characteristics of System. 

An important variable in this system is the temperature 

at which the refrigerator generator is operated. Ignoring 

losses, this temperature is the same as that at the collector | 

outlet. Both the collector and refrigerator efficiencies 

are dependent on this temperature. The collector efficiency 

falls as its operating temperature is increased due to 

increasing thermal losses whilst the coefficient of performance 

of the refrigerator rises with generator temperature, over 

a certain range. Since the overall system coefficient of 

performance is the product of the efficiencies of its
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component units it follows that there will be an optimum 

operating temperature. 

Collector Performance. 

As discussed earlier the performance of flat plate 

collectors can be quantified as a function of operating 

temperature, amongst other variables. Although a large 

number of detail designs of collector have been developed 

they can generally be categorised into a small number of 

groups, based on their major constructional features. In 

this study collector performance predictions are based on 

results published by the United Kingdom section of the 

International Solar Energy Society (23). The collector 

performance can be approximated by an expression of the form: 

Dp, = Q/AT = F.(%T- U(T,- 7,)/2) 4e1 

where Fo: the collector thermal performance factor, is 

mainly dependent on the structure of the plate and T, the 

transmittance of the covers, depends on the number and type 

of covers, as well as the angle of incidence of the insolation. 

It is often convenient to use the fluid inlet temperature in 

place of the mean value. This is acceptable since the 

eenperature rise across the collector is typically small. 

Fig.34, derived from ref.23, shows typical performance 

characteristics for several types of collector. 

It can be seen from fig.34 that equation 4.1 can be 

simplified as: 

Ne =C- D(T; - T,)/1 4.2 

The values of constants C and D corresponding to the collectors 

indicated in fig.34 are shown in Table 4.
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TABLE 4 

Values of C and D for flat plate collectors for different 

designs where Pe = C - D(T; - T,)/2 

    

Collector type C D 

Single glass ordinary 88 7.6 

Double glass ordinary 74 5.0 

Double glazed selective surface -69 3 el 

Double glazed selective surface, 

and anti-reflective glass 265 305 

Philips high efficiency «/0 15 

  

Refrigerator Performance 

An ammonia-water absorption refrigerator was chosen. 

The coefficient of performance depends upon the generator 

temperature. The quantification of this relationship was 

based on work by Hussain (60), who plotted the coefficient 

of performance of an aqua-ammonia absorption refrigerator 

cycle against generator temperature for various ammonia 

concentrations and evaporator pressures. The pump power 

is small compared to the magnitude of the thermal input 

and was neglected in the calculations. Over the ranges 

considered the coefficient of performance varied linearly 

with generator temperature enabling the refrigerator 

performance to be modelled by fitting a curve of the form 

COP = G-Toen. - ¥ 4.3 

to Hussain's plots, where G and Y are constants. 

By combining the relationships for the performance of 

the collector and refrigerator an expression was derived
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for the overall system coefficient of performance, SYSCCP, as: 

SYSCOP = 2 °COP = (C-D(T,-T,)/T) (ren tet 

T; and Teen ore closely linked enabling equation 4.4 to 
° * 

be simplified to: 

= a = lies ) = SYSCOP = (C DAT en 10 T,)/T) VEC AE Y) Pag 

This equation can be differentiated to determine the optimum 

operating temperature for the system, however, it is more 

useful to plot it in its existing form since this not only 

allows the optimum upper temperature to be determined but 

also gives a good indication of the sensitivity of the system 

to operating temperature variations. The behaviour of the 

system was investigated in this way for the following ranges 

of operating conditions:- 

= Collector. Both a simple, single glazed collector and 

a double glazed collector with a selective surface were 

considered. In the first case the performance coefficients, 

C and D were taken as 0.88 and 7.6 respectively and in the 

second case values of 0.69 and 3.1 were assumed - see fig.54 

and table 4. 

: Refrigerator. The refrigerator performance prediction 

was based on Hussain's results (60) as outlined earlier. 

Since high efficiency was a prime requirement an ammonia 

concentration of 0.7 was assumed. The generator/condenser : 

pressure was assumed to be 1350 kPa, corresponding to a 

condensing temperature of approximately 35°C. Hussain's 

results relate to an evaporator temperature of -17.8°C. 

Although Hussain's results are calculated only for generator 

temperatures between 8O and {20°C the characteristics are = 

linear suggesting some extrapolation to be acceptable beyond 

thaGy range. 

* see addendum note 3,p.16]
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ae Solar Intensity. Intensities between 200 and 1000 wi /m? 

were considered. 7 

: Ambient Temperature. The ambient temperature tends to 

affect the system performance in two opposing ways. Increasing 

the ambient temperature improves the collector efficiency 

by reducing its thermal losses but reduces the refrigerator 

coefficient of performance since the condenser temperature 

must rise accordingly. A constant ambient temperature of 

25°C was assumed for these calculations. 

The results of these calculations, performed using a 

computer program (no.2, see appendix 3), are shown in figs.35 

and 36. 

4.2 FLAT PLATE COLLECTOR/ELECTROLUX REFRIGERATOR 

The combination of a flat plate solar collector with 

a commercially available Electrolux refrigerator would have 

many advantages. The system would be silent in operation, 

self starting and would require only one, thermal, power 

input. 

The two principle difficulties with such a system are:- 

ve Compatibility between possible collector output 

temperatures and the generator temperature required 

by the refrigerator. 

ii. Electrolux refrigerators are reported to be very 

sensitive to variations in the input power and 

generator temperature. 

Refrigerator. 

To assess the feasibility of this system a series of 

tests were conducted on a commercially available Electrolux



refrigerator. The test rig and procedures are summarised in 

appendix 4. Fig.37 shows how the mean evaporator temperature 

and heater tube outlet temperature vary with power input. 

The power was varied from zero to about 110% of the unit's 

rated input and then back to zero. Each power setting 

Was maintained until the refrigerator had attained steady-~ 

state operation. 

Fig.37 shows that the temperature of the fluid in the 

heater section rises quickly, exceeding the normal running 

temperature until, at an input of about 30% of the rated 

power, circulation begins to occur and the heater outlet 

temperature drops to about 175°C. ‘shen the power input 

reached about 45% of the rated value the refrigerator begins 

to work, the evaporator temperature falling quickly. The 

evaporator temperature reaches 0°C at less than 50% of the 

rated power input and-20°C at about 75%. 

The refrigerator is relatively insensitive to 

variations in input power but the heater fluid temperature 

varies only slightly over a wide range of input power. 

This temperature control occurs naturally, apparently 

governed chiefly by fluctuations in fluid flow rate in the 

refrigerator giving a negative feedback effect. To operate 

with a solar input the collector would have to operate at 

temperatures of approximately 200°C. 

Collector. 

Temperatures of the order of 200°C are not attainable 

by simple flat plate collectors with natural insolation 

intensities. Fig.34 suggests that the more efficient types 

may be able to operate at such temperatures at high solar 

intensities. Using a computor program (no, 3, see appendix 5).
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The efficiencies of those collectors shown in fig.34 

were calculated as functions of insolation intensity for 

an operating temperature of 200°C and an ambient temperature 

of 40°C. The results are shown in fig.38. 

A simple single glazed collector cannot reach 200°C 

even under tno-flow! conditions over the range of 'I'considered. 

Simple double glazed collectors can begin to provide an output 

at 200°C only with insolation intensities of around 1100 W/m 

whilst double glazed collectors with selective surfaces and 

perhaps anti-reflective glass can start to operate at around 

700 W/m? . The Philips high efficiency collector, though 

strictly not a flat plate device, shows a considerable 

improvement in high temperature performance. It begins to 

provide a useful output at 200°C with insolation intensities 

as low as 350 W/m. 

System Model 

Since this system, in its simplest form, consists 

only of collector and refrigerator the system coefficient 

of performance is the product of the collector efficiency 

and the refrigerator coefficient of performance. The 

behaviour of the system can thus be modelled as in equation 

Diets Lees 

Q = Leta Dee UF 

The results shown in fig.38 suggest that the system 

may be feasible since some flat plate collectors can 

operate, under terrestial solar intensities, at temperatures 

around 200°C. However, for Pie system to be practicable, 

the system coefficient of performance must be sufficiently 

high for the refrigerator to operate with an acceptably 
J 

small collector area. In order .to-assess whether,and under
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what conditions, this criterion could be met both the 

required collector efficiency, as defined by equation 3.5, 

and the attainable collector efficiency, as in fig.58, 

were plotted against solar intensity. This Fommination’ 

by defining operable regions, enabled the minimum possible 

insolation intensity with which the system could operate | 

to be estimated. 

In assessing the required collector area from 

equation 3.5, the pplllicwing asautotione were made:- 

fie The coefficient of performance of the refrigerator 

was assumed to be constant at 0.25. This is the 

value attained by commercial Electrolux units 

at their designed operating conditions (|). 

ii. The maximum permissible collector area was 

g 

assumed to be | m*. 

iii. Thermal losses and temperature gradients 

required for heat transfers were neglected. 

The results of this exercise, for cooling loads of 

15 and 30 W, are shown in fig.S9. 

FLAT PLATE COLLECTOR HEAT ENGINE 

COMPRESSION REFRIGERATOR 

      

A system of this type is outlined in fig.40. A flat 

plate collector provides a high temperature heat source to 

power a heat engine. The mechanical output of the engine 

drives the compressor of a vapour compression refrigerator. 

The system behaviour was modelled by considering the 

characteristics of the three main units of which it is 

comprised. Increasing the upper cycle temperature in the



66 

system improves the engine efficiency but reduces the 

collector efficiency because of the increased thermal loss. 

It follows that there will be an optimum value for this 

temperature for any given set of operating conditions. 

Collector 

The collector efficiency model was based on equation — 

4.2 in a similar manner to the absorption and Electrolux 

systems. 

The choice of collector fluid temperature for use in 

equation 4.2 was not straightforward. A system of this 

type could use the collector either directly or indirectly. 

The latter involves the use of a separate collector fluid 

loop with a heat exchanger and possibly a circulating pump. 

In both cases the choice of fluid temperature for equation 

4.2 depends on the nature of the power cycle. If it is a 

gas cycle the fluid temperature can increase progressively 

through the collector over a large temperature range. In. 

the case of a vapour cycle the vast majority, if not all, 

of the collector must work at or near the maximum cycle . 

temperature. In this analysis the mean collector fluid 

temperature was taken as being 10°C less than the maximum ° 

cycle temperature, hence the collector efficiency was 

modelled as:- 

Dc =C- D(Trigh = {70 = T,)/1 4.6 

Heat Engine. 

There are many practical heat engine cycles but since 

a generalised model was required for this analysis the 

Carnot cycle was adopted as the basis for the engine 

efficiency predictions.
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A performance factor, J, was introduced to enable 

the model to give practically feasible quantitative results 

whilst remaining flexible and simple. This performance 

factor was defined as the ratio of the engine efficiency 

expected to be achievable in practice to that predicted By 

the Carnot cycle operating between the same temperature 

limits. The engine efficiency was thus modelled asi- 

ENGEFF = J. (1 - Maio hich? oi 

Refrigerator. 

The Carnot refrigeration cycle, multiplied by another 

performance factor, was used to provide a simple yet realistic 

model of the refrigerator performance. The performance factor, 

R, was defined as the ratio between the coefficient of 

performance likely to be achieved in practice to that predicted 

by the Carnot cycle, subject to the same temperature 

limitations. The model for the refrigerator was thus:- 

T ) 4.8 COPs = Rs naan r.low 

Overall System. 

Combination of equations 4.6, 4.7, 4.8, gave a 

relationship for the overall system coefficient of performance 

asi- 

10-7, ))-FU-Te ow 
T 

)R{ T low ) 4.9 SYSCOP=(C-D(T,, 

eshigh Thigh” Tow 

ehigh 
I 

Although equation 4.9 contains an unwieldy number of temperature 

variables fig.41 shows that it can be simplified considerably. 

In fig.41 both the refrigerator and engine cycles are shown " 

sketched on T-s diagrams. A finite temperature difference 

is needed to effect the heat transfers to and from the system - 

essentially at the refrigerator evaporator and condenser
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and where heat is rejected from the engine to the atmosphere. 

‘Order of magnitude ' calculations indicated that for these 

heat transfers to be accomplished with reasonable heat 

exchanger surface areas a temperature difference between the 

working fluid and surroundings of approximately 10°C would 

be needed. Fig.41 shows how, by making this assumption, 

equation 4.9 simplifies to:- 

SYSCOP=(C-D(T. 14 op 10-T,))-J(i- (T4285) ) R(T +265) 4.10 

z Te nigh??? TT, 720 

for temperatures on the Celcius scale. 

Using a computer program (no. 4, see appendix 6.) 

the system coefficient of performance, together with its 

component terms, were calculated from equation 4.10. 

The operating conditions assumed, similar to those 

assumed for the absorption refrigerator system to allow a 

direct comparison to be made, were as follows:- 

2 GCotbector. The same two types of collector were 

considered as for the absorption system analysis in section 

4.1, a simple single glazed unit and a double glazed unit 

with selective surface. 

: Engine. The engine performance factor, J, was assumed 

to be 0.5. 

: Refrigerator. The refrigerator performance factor, R, was 

assumed to be O.5. 

: Solar Intensity. Solar intensities between 200 and | 000 W/m? 

were considered. 

: Cabinet Temperature. The mean cabinet air temperature was 

assumed to be O°C, compatible with an evaporator temperature 

of -1 o°C °
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: Ambient Temperature. In this system the ambient 

temperature affects the performance of all three component 

units. Whilst increasing the ambient temperature improves 

the collector efficiency it is detrimental to both engine 

efficiency and refrigerator coefficient of performance. 

For this exercise the ambient temperature was assumed to be 

25°C. 

The results of this analysis are shown in figs.42/43. 

4.4 SOLAR CELLS/ELECTRIC MOTOR/VAPOUR_CCMPRESSION REFRIGERATCR     
A schematic diagram of this system is shown in fig.44. 

An array of photovoltaic solar cells of active area A m* 

charges a storage battery. The battery supplies electricity 

to the motor which drives the compressor of a vapour compression 

refrigerator. Small vapour compression refrigerators are 

commercially available using both DC motors and AC motors 

with semiconductor inverters. The battery is needed for 

two reasons:- 

i. To electrically match the solar array output 

to the electric motor driving the compressor. 

ii. The battery provides a storage resevoir as a 

buffer against variations in cell output. 

The component units and overall system were modelled as 

follows:-. 

Solar Cells. 

At present silicon solar cells are the most readily = 

available, highly developed, efficient and inexpensive for 

terrestial use. The evidence suggests that they are likely.
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re remain so. Practical efficiencies of around 15% have 

been achieved but’ a figure of about 10% is more realistic 

for cells commercially available at moderate cost. The 

efficiency .of silicon cells is approximately constant with 

infenaiey and decreases with temperature. In this analysis 

the cell efficiency was assumed to be constant. 

Battery. 

  

A thorough analysis of the battery efficiency is 

complex, depending on several variables in the system. For 

this analysis an overall battery efficiency was assumed, 

defined as the ratio of the electrical energy delivered 

from the battery to that supplied to it from the solar cells, 

averaged over a period of time. 

MOOT. 

  

For simplicity a constant motor efficiency was assumed. 

In practice the motor efficiency would vary with the operating 

conditions and be influenced by the other system components. 

Because of the small sizes of motor considered,the efficiency 

is likely to be low, probably between 50 and 70%. 

Refrigerator. 

The refrigerator model was based on the Carnot cycle 

in the same way as for the ‘heat engine’ system as introduced 

in section 4.3 and defined by equation 4.8. 

System Model. 

Clearly this system is technically feasible but if 

it is to offer a practicable solution then both size and 

cost must be acceptable. At present the cost of the solar 

array is likely to dominate the system cost hence the array 

area provides a useful indication of both criteria.
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The energy transfers in the system are outlined in 

fig.45. The overall system coefficient of performance is 

given by the product of the component unit efficiencies 

hence, for temperatures on the Celcius scale:- 

SYSCOP = Q/I.A = Roan Ome Ty owt275)/ Thi ch Tow? 4.11 

Equation 4.11 can be rearranged to give an expression for 

the required array area as:- 

* QT on Tow te Mb mee 2 (Ty ow t275) 4.12 

The temperatures of interest are the ambient and cabinet 

temperatures. By assuming that a temperature difference 

of 10°C was needed between the working fluid and 

surrounding air at the refrigerator condenser and evaporator, 

as in section 4.3, equations 4.11 and 4,12 can be re-written 

asi- 

SYSCOP = RNa y Mme (144285 )/ (7-7; +20) 4.13 

A Qo (Tq -T3+20)/ (Te My ges (7, +263) 4.14 

Equations 4.135 and 4.14 were evaluated for the following 

assumed conditions:- 

; sOlar cell efficiency 0.10 

: battery efficiency 0.70 

¢ motor efficiency 0.70 

; R 0.50 

: cabinet air temperature o°c 

s cooling load 1,570 W 

The results of this analysis are shown in fig.46.
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4.5 COMPARATIVE ASSESSMENT OF 4 SYSTEMS 

Absorption System 

The absorption system can offer high efficiencies 

but the system coefficient of performance is strongly 

dependent on the insolation intensity. The system 

coefficient of performance increases with increasing 

insolation intensity. 

Such a system could be reliable and quiet in operation, 

the pump(s) being the only moving parts. 

In order to realise the highest efficiencies possible 

with this system,the refrigerator generator temperature 

should be varied to suit the prevailing insolation intensity. 

It may be possible to approximate to this simply by 

maintaining a constant flow rate in the collector. 

Hussain's (60) refrigerator performance results 

related only to generator temperatures between 80 and 1; 20°C. 

It is not known how far outside this range they remain valid. 

With a generator temperature of 80°C the system will produce 

no output at intensities below 400 and 200 s/n? for single 

glazed and double glazed (with selective surface) collectors 

respectively. 

Although the pump power is small it is essential and 

thus necessitates a second power input. 5 

The system is not well suited to dine with an auxiliary 

power supply. 

The refrigerated cabinet must be located close to the 3 

collector assembly and the system is not easily dismantled 

into its main component units for transport. Z
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Electrolux System. 

The Electrolux refrigerator would be well suited to 

this application if its generator/pump tube temperature 

were low enough to be achieved efficiently by flat plate 

collectors at moderate insolation intensities. As indicated 

by the test results shown in fig.37 Electrolux refrigerators 

are relatively insensitive to power input, whilst temperature 

control is a comparatively simple problem. However, as 

indicated by fig.39, the system could only operate at 

high intensities, over 700 ~ S00 W/m", even with sophisticated 

flat plate collectors. 

The refrigerator unit would again need to be close 

to the collector assembly, particularly since natural 

circulation would be needed in the collector circuit to 

avoid the need for a circulating pump. With terrestial 

insolation intensities it would not operate at all using 

simple single or double glazed collectors. 

The system would not be readily dismantled for transport 

nor well suited to powering with an auxiliary power supply. 

Standard Electrolux refrigerators need to be level to 

within ae in order to operate satisfactorily. 

Heat Engine System. 

The heat engine system shows similar performance 

characteristics to the absorption system. Its chief 

attraction lies in the possibility of providing a low-cost, 

self contained system, using well established technology 

and materials. 

For optimum working the upper cycle temperature 

should be controlled with reference to the prevailing 

insolation intensity as can be seen in figs.42 and 45.
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The introduction of the Carnot-limited heat engine 

results in lower system coefficients of performance than 

could be achieved with the absorption systen. 

For compactness and reliability a. hermetically 

sealed unit incorporating expander, compressor and feedpump 

would be ideal but this would preclude simple disassembly 

for transport and would complicate the use of an auxiliary 

power supply. 

Solar Cell System. 

The solar cell system offers efficiencies comparable 

to the best produced by the absorption system. 

With the possible exception of the solar array, which 

is reliable and maintenance -free, the system uses well 

established technology and materials. 

Whereas the other systems considered will not operate 

at low intensities the solar cell system coefficient of 

performance is not significantly affected by intensity 

enabling it to operate efficiently even at low insolation 

rates. 

Solar arrays are far lighter and less bulky than 

flat plate thermal collectors. 

Since the power transfers are electrical the system 

can be readily disassembled for transport. Similarly, in 

the case of failure, any of the main components can be 

replaced without disturbing the entire eyeten: 

| This system is eminently suited to use with auxiliary 

power supplies. Suitable auxiliary supplies could be 

electrical or, if a non-hermetically sealed compressor/motor 

were used, mechanical. In the latter case a simple, small 

gearbox would allow the system to be powered manually



should all else fail. 

The refrigerator unit can be located a significant 

distance from the array, limited only by ohmic losses in 

the connecting cable. 

The array, or array and motor, could provide a 

useful solar powered electrical or mechanical power eanely 

when disconnected from the refrigerator. 

The chief cisadvantages of this system lie in the 

need for an electrical storage battery and the present high 

cost of solar cells. 

Findings:- 

The solar cell system should be pursued because it 

offers a simple, efficient and flexible system which should 

be capable of operating over a long lifetime with little 

maintenance. 

The heat engine system should be investigated further 

in order to attempt to provide a low cost alternative to 

the solar cell system.
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Chapter 5 

- THERMAL POWER SYSTEM ~ 

Se] MERITS OF THERMAL POWER SYSTEM 

The major features in favour of the thermal power 

system are:- 

i. Moderate cost arising from the use of established 

materials and technology. 

Ld. The mechanical output of the heat engine could 

directly drive all of the driven system 

components without the need for any other form 

of energy input. 

iii. The power-producing part of the system may have 

applications in other areas besides refrigeration 

@€.g. small scale pumping, electrical generation 

Or driving small power tools. 

§.2 MPROVED ESTIMATION OF J AND R IN FIRST MODEL 

The first model of this system, based on Carnot 

efficiencies and introduced in chapter 4, was retained but 

the performance factors J and R were reassessed. 

Refrigerator Performance Factor, R. 

In order to provide a realistic value for R, @ 

series of tests were performed on an existing conventional 

vapour compression refrigerator. It was necessary to use 

a larger refrigerator than would be requirec for the 

units considered in this study.
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The test program indicated that:- 

ie In comparison with’ the standard cycle by far 

the most significant imperfection in the actual 

cycle arose from irreversibilities in the 

compression process. Losses arising from other 

imperfections were small. 

ii. The difference in performance between the actual 

and standard cycles was consistent and could 

be approximated as:- 

COP actualy 0.65 » 0.70 
COP standard 

In order to assess the typical perfermance of a 

standard vapour compression cycle in comparison with the 

ideal Carnot cycle,a series of cycle calculations were 

performed for four common refrigerants operating under 

typical cycle conditions. The results are shown in 

Table 5 ;: they suggested that a realistic estimate of the 

coefficient of performance of a standard cycle compared 

to the Carnot cycle is:- 

COP standard = Oo 
Rp 

COP carnot 

A new estimate for R was obtained by combining these 

two relationships as:- 

= COP wctual 

COP carnot 

Engine Performance Factor, J. 

Although the study was still general at this stage, 

it appeared likely that any expanders or compressors used
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‘woul’ need to be reciprocating devices to achieve acceptable 

efficiencies at Such small sizes. A search failed to reveal 

information regarding typical efficiencies of such devices. 

The ratio of the actual cycle efficiency to the 

standard cycle efficiency was assumed to be 0.50. Sample 

cycle calculations for a Rankine cycle using Ri2 as working 

fluid suggested the standard cycle efficiency to be typically 

75% of the Carnot limit. Combining these gave an estimate 

for J as:- 

J = Pactual see rees 

?Carnot 

Calculation of Results. 

The operating conditions selected were:- 

Ls collector - double glazed, selective surface, 

C = 0.69, D = 3.1 

iets engine performance - J = 0,225 

iii. refrigerator performance - R = 0.45 

iv. solar intensity - in the range 200 to 1200 wi/m? 

Vv. mean cabinet air temperature - 0°C 

Vie ambient temperature - 45°C 

Slight modifications to the program enabled plots to be 

made of the engine upper cycle temperature against:- 

ve the system coefficient of performance. 

ii. efficiencies of individual units in the system. 

iii. the collector area required for a given cooling 

load, taken as 15 W. 

The results of these calculations are shown in 

figs. 47 to 51.
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TABLE 5 

Comparison of Ri1, 12, 22 & 502 in Standard 
Vapour Compression Refrigeration Cycle 

evaporator temperature = 268°K 

308°K - upper case condenser temperature 

= 328°K - lower case 

            

cooling load = {ow 

Refrigerant fel HZ 22 502 

refrigerating effect 156 115 162 1 O4+ 
(kJ/kg ) 138 94.5 135 78 

m 0.096 0.130 0.093 0.144 
(g/s) 0.109 0.159 0.111 0.192 

compressor power 2.50 2.74 2.69 2.74 

(iW) 4.02 4.68 4.88 5+29 

compressor inlet Vv 47.1 8.5 Seo SoZ 

(cm3/s ) Sons {0.3 6.2 6.9 

condenser pressure,p, leo Sao 13.6 14.8 

(bar) 1 207 13.6 20.8 23.4 

evaporator pressure,p 

Po ~ P, 1.2 5 9.4 9.9 
{bar} 2.4 17.0 16.6 18-5 

Po / P, 4.5 =p S22 30 
8.2 a2 4.9 4.8 

6.0 Soo 5.46 au 
COP 3.7 3.2 301 2.8 

CoP / COP 89 82 83 82 
Capnot 83 72 69 63 

(% 
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aug SECOND MODEL-BASED ON PRACTICAL CYCLES 

In order to refine the system model further practical 

termed yteni'c cycles were selected to replace the Carnot 

limits used as the basis for the first model. The existing 

collector model was retained. 

Refrigerator. 

The desire for as high an efficiency as possible, 

despite the small scale involved, together with good operating 

flexibility and ease of manufacture led to the choice of 

a reciprocating compressor. 

The following points were considered in the selection 

of a refriserant:- 

ie The choice is constrained by the type of 

compressor chosen. 

dias A number of general properties are desirable in 

a refrigerant. Some such features are listed in 

appendix 7. 

iii. The results of a numerical comparison of several 

common refrigerants in a standard vapour 

compression refrigeration cycle, as shown in 

Vable |S « 

The refrigerant chosen was dichlorodifluoromethane, RiZ, 

best known under.the trade names Arcton 12 and Freon j2. 

Heat Engine. 

A number of heat engine cycles were considered. 

The gas cycles tend to have too low a work ratio to be 

suited to this application where both the operating 

temperature range and system size are small. The hardware 

tends to be complex - a situation aggravated by the need 

for high component efficiencies. Although the Stirling cycle
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has a high ideal efficiency, high process efficiencies are 

needed, compact units demand high operating pressures - 

with consequent seal problems - and it is doubtful whether 

the technology is sufficiently well established for use 

in this application. 

Of the cycles considered the Rankine cycle was chosen 

as most suitable. 

Selection of Rankine Cycle Working Fluid. 

There are a number of general features which are 

desirable in a Rankine cycle working fluid. These include:- 

“Lvs The critical temperature should be significantly 

higher than the metallurgical limit or maximum 

attainable system temperature, whichever is the 

limiting factor. This renders superheating superfluous 

allowing more of the heat to be added at the highest 

cycle temperature. 

Li. Saturation pressures should not be inconveniently 

high at the working temperature. 

iii. The saturated liquid line should be steep. This 

implies a small specific heat for the liquid hence 

less of the heat input is needed to bring the liquid 

to the boil and more is added at the maximum cycle 

temperature. 

iv. A high latent heat and density tend to give a compact 

plant. 

Ve Where expansion of a wet vapour is a problem, a steep 

Saewbabed vapour line indicates that a reasonably 

high quality can be maintained towards the end of 

expansion without resorting to superheating.
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Vis The saturation pressure at the lower cycle temperature 

should be a and slightly above, atmospheric 

pressure to avoid air leakage into the system - 

_ outward leaks are easier to detect. 

vii. The working fluid should be readily available and 

inexpensive - perhaps less important in small, sealed 

systems. 

viii. The fluid should be chemically stable over the 

temperatures that may be used. 

ixs The fluid should be chemically inert if possible, 

but must certainly not react with any material used 

in the system under the conditions that may prevail 

in use (or mis-use). 

Xe The freezing point should be well below the minimum 

ambient temperatures likely to be encountered to 

avoid damage during shut-down as well as normal 

operation. 

Some of these features are shown in fig.52.T-s diagrams 

for the common halogenated hydrocarbon refrigerants are 

shown in fig.53. 

Refrigerant 12 was selected on the basis of its 

chemical and physical properties and the advantages of 

using the same working fluid in both engine and refrigerator 

cycles. 

System Description. 

This system is shown schematically in fig.54. The 

collector is shown as an integral part of the engine circuit. 

This is to advantage in efficiency, cost and simplicity 

but the collector cannot readily be disconnected from the 

rest of the system for transport or when using an auxiliary
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input. An hermetically sealed expander/feed pump/compressor 

unit may be feasible. | ie | 

Calculation of Results. 

The analysis of the engine and refrigerator cycles 

was based on published properties of the chosen working 

fluid, Ri2, and assumed component efficiencies. The 

calculations were performed manually and the cycles plotted 

on p-h diagrams. 

The cycle calculations were repeated for a range of 

upper cycle temperatures, chosen on the basis of the 

results of the first model analysis. MIrreversibilities 

of small effect, unwanted pressure drops along pipes for 

example, were ignored. A specimen of these calculations 

is shown in appendix 8. 

The operating conditions and component efficiencies 

assumed were:- 

i. collector; double glazed, selective surface,C=0.69,D=3.1. 

Area and efficiencies calculated for I = 600 W/m. 

Tis Rankine cycle upper temperature; initial design point 

chosen as 115°C and behaviour investigated at higher 

and lower values. 

iii. Rankine cycle condenser temperature = 50°C and 30°C 

for ambient temperatures of about 45 and 25°C respectively. 

iv. Expander ‘expansion efficiency', defined as the product 

of isentropic and mechanical efficiencies, = 0.5. 

Ve feed pump efficiency = 0.7. 

vi. refrigerator condenser temperature = 50°C and 30°C 

for ambient temperatures of about 45 and Pst respectively. 

Vil.  Retrigéerator evaporator temperature =-5°C corresponding 

to a mean cabinet air temperature of about O°C.



viii. refrigerator compressor efficiency = 0.65. 

ix. cooling load =15 W. - - = 

xs working fluids - R12. 

These conditions predicted refrigerator coefficients 

~ 

of performance of 2.4 and 4.5 for ambient temperatures of 

45 and 25°C respectively. 

For simplicity a superheated Rankine cycle was 

assumed such that the working fluid was dry-saturated at 

the end of expansion. The results of these calculations 

are shown in figs. 55 and 56. 

Findings :— 

The calculations indicated that, under the conditions 

assumed, the system would operate with reasonable collector 

areas. 

To refine this model further, a more accurate and 

reliable estimate must be made of the component efficiencies - 

particularly the expansion efficiency of the engine. 

5.4 MAMOD TESTS 

In order to obtain a more reliable estimate of the 

performance achieveable by small expansion engines, a 

series of tests were implemented on a model steam engine ‘. 

of about | om? swept volume. The engine was a commercial 

Mamod ‘Minor 2' unit. The engine is supplied coupled to 

its own simple boiler as a packaged unit. The boiler 

is normally fired by either a methylated spirit burner or 

solid fuel pellets. In order to provide an adequate steam - 

supply with minimal fluctuations during the tests, the 

standard boiler was disconnected and an electric laboratory



85 

boiler used instead. A test rig was designed and 

constructed to support the engine and necessary testing 

accoutrements. The engine was of an oscillating cylinder 

type, the connecting rod being rigidly attached to the 

piston. The cylinder motion is used to control the 

‘valve’ timing. 

A 'rope' brake was used to measure the torque 

produced whilst an optical tachometer allowed the engine 

speed to be measured without imposing any additional load. 

The inlet pressure was monitored using a Dourdon gauge. 

The inlet and exhaust steam temperatures were measured 

non-invasively by soldering thermocouples to the outside 

walls of the lagged copper pipes; the temperature drop 

across the pipe wall and internal boundary layer was 

negligible. The thermocouples were fixed near to the engine 

block but sufficiently remote from it to avoid innaccuracy 

from axial conduction along the pipes. 

A simple water cooled condenser was made to condense 

the exhaust steam for collection enabling the exhaust mass 

flow rate to be determined. 

Proving tests showed the engine performance to be 

very sensitive to lubrication so a total loss,drip feed, 

lubricator was made to distribute oil to the bearings and 

bore. This greatly improved the stability and repeatability 

of engine runs allowing the engine to be run for extended 

test periods - the accuracy of the condensate flow rate 

measurement clearly depends on the collection time. 

The normal operating pressure of the engine was 

estimated and two series of tests were conducted around 

this pressure. From these tests the torque, power, specific
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steam consumption and brake thermal efficiency were 

computed. The efficredcy was defined as the brake power 

divided by the product of the exhaust mass flow rate and 

the latent heat of steam, Dees at inlet conditions. 

The maximum power produced was approximately 1.0 

and 1.5 W at nominal inlet pressures of 10 and 15 psig 

respectively. The maximum brake thermal efficiency 

achieved was approximately 0.8%. 

The test rig is shown schematically in fig.57 whilst 

fig.58 shows the actual test rig and apparatus involved. 

The derived results of the engine tests are shown in 

figs. 59 and 60. The derivation of these results‘is 

detailed in appendix 9. 

A second experiment was devised to assess the quality 

of the steam supplied to the engine. This was based on the 

"barrel calorimetry' technique and is discussed further 

in appendix 9, The dryness fraction was calculated to 

be about 0.75 which, considering the type of boiler and 

layout of the test rig, was deemed to be realistic. 

This information, combined with the engine test results, 

allowed the expansion efficiency to be calculated. The 

calculations are presented in appendix 9, 

Expansion efficiencies of approximately 20% were being 

achieved.
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565 DEVELOPMENT OF SECOND MODEL 

  

In the iene of the findings of the Mamod tests, 

tests performed on two small vapour compression refrigerators 

and consideration of the problems associated with a 

superheating solar collector the system was analysed in a 

similar way as in section 3 but with different assumptions. 

It became apparent that a large number of similar 

cycle calculation were to be needed so a computer program 

was devised to perform them. The information required by 

the program consisted of the efficiency assumptions, 

operating conditions and working fluid properties. Several 

versions of this program were developed so that the effect 

of alterations to the different variables could be assessed. 

These programs are listed in appendix 10. Thermodynamic 

data for the working fluid was obtained from manebancarer’s 

tables of properties. 

The model was developed in several stages:- 

1. 

Using the basic 'PRANK' program the main features of the 

system were plotted against the upper cycle temperature 

for the following conditions:- 

: Expansion - wet, starting at dry-saturated condition. 

: Expansion efficiency - 0.56 

: Ambient temperature - 25°C 

: Collector - double glazed,with selective surface, 

C=0.69,D=3.1 

: Feed pump efficiency - 0.6 

: Insolation intensity - 600 W/m? 

: Cooling load - 15 W. 

These conditions gave a predicted coefficient of performance 

for the refrigerator of 2.4. The results are shown in fig.61.
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2. 

To investigate the effect of the quality of the working 

fluid at the start of the expansion process program 

"EPRANK' was devised. This repeatedly analyses the system 

for a given upper cycle temperature, incrementing the 

expander inlet fluid quality between saturated liquid and 

saturated vapour conditions. Fig.62 shows the results of 

this analysis for the same conditions as used inj, and 

for an upper cycle temperature of 70°C. This choice of 

temperature is based on the results of ji. 

These results suggest that reducing the fluid 

quality at the expander inlet does not begin to have a 

serious detrimental effect on the system performance until 

it falls below about O.7. 

Sa 

The effect of variations in solar intensity, again at 

constant upper cycle temperature, was studied using program 

'TPRANK'. In this model varying the intensity only affects 

the collector efficiency since the temperatures in the cycles 

are assumed to be constant. Fig.635 shows the effect of 

solar intensity on the collector efficiency, and hence area, 

for the same conditions assumed in 1 and 2. It can be 

seen that the required area rises sharply at intensities 

below about 600 W/m? because the collector efficiency falls 

since its losses stay constant but its input is falling. 

4. 

The basic program used in 1 was refined to cope with any 

assumed fluid quality at the expander inlet. Using this 

program, PRANKE, the system was analysed for the same conditions 

as in 1 except that the fluid quality at the expander inlet
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“was assumed to be 0.7. This was repeated for an ambient 

temperature of 20°C. The results are shewn in figs.64 and 65. 

5. Secondary Imperfections in Refrigerator Cycle. 

The prime reason for the non-ideal behaviour of the refrigerator 

cycle is attributed to the compression process. Secondary 

imperfections include unwanted pressure drops and heat 

transfers and losses associated with superheating/subcooling 

in the actual cycle. 

With these considerations in mind, a final analysis of 

the system was made using this model and the computor 

programs already introduced. The conditions chosen for these 

calculations were:- 

: Expansion -— wet, expander inlet fluid quality = 0.7; 
expansion efficiency = 0.36. 

Collector - double glazed, C=0.69, D=3.1. 

Ambient temperature - 20°C. 

: Feedpump efficiency - 0.6. 

Cooling load - 15 W. 

Refrigerator coefficient of performance - assumed 
to be 2.0 compared with 2.85 if non-ideal compression 
only assumed with compression efficiency = 0.36. 

e
e
 

of
 

Fig.66 shows the effect of insolation intensity on 

the collector efficiency and area for several upper cycle 

temperatures, whilst figs.67 and 68 show how the main 

features of the system are affected by the upper cycle ; 

temperature under insolation intensities of 600 and 1000 W/m? 

respectively. 

Minor modifications to the 'PRANKE' program gave a more 

comprehensive output including the thermodynamic state of the 

working fluid throughout the system. The main characteristics 

of the system, operating under these conditions and a solar 

intensity of 600 W/m? are shown in fig.69.
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5.6 RANKINE CYCLE EXPANDER - 
DESIGN AND CONSTRUCTION OF PROTOTYPE 

Despite progressively refined modelling the thermal 

power system's feasibility had not been conclusively proved 

or disproved. The least familiar component in the system 

was the Rankine cycle expander. Practical feasibility 

depended on the availability of an expander offering 

simplicity, reliability and adequate performance commensurate 

with the findings of the modelling. No suitable existing 

device could be found. 

It was decided to design and build such a device, based 

on the system model calculations, and test it to assess 

its . performance. 

Choice of Expander Configuration. 

The following possible types of expander where considered: 

turbine - axial/radial flow 
reaction jet 
vane motor - sliding/flexible blades 
Wankel type design 
piston/connecting rod/crank 
piston/swash plate 
piston cam 
piston/piston rod/oscillating cylinder 
piston/scotch crank 
flexible diapnragm 

These possibilities were compared with regard to the following 

considerations:- 

likely efficiency at design point ' 

likely flexibility-efficiency away from design point ‘ 

simplicity 
ease of manufacture 
self starting ability 

compatibility with driven components 

cost 
reliability = 

longevity 

It was decided that a reciprocating device employing a 

piston/cylinder was likely to be most suitable. 

The operating conditions defined by fig.69 were chosen
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aa the design point. This implied a volume flow rate 

at the expander exhaust of 51.5 om?/s.” A desired operating 

speed of around 1500 rpm indicated a swept volume of 

about 2 cm°. 

The choice of engine configuration is inextricably 

linked with the method used to control the flow of the 

working fluid. Two approaches to flow control are relevant; 

mechanical valves and ports. There are a number of possible 

ways of operating the valves or ports giving a wide range 

of combinations of engine type, valve type and valve 

operating mechanism. Fig.70 indicates some of the possibilites 

considered, although clearly every combination generated by 

this diagram is not practically meaningful. 

The choice of bore/stroke ratio is influenced by 

thermodynamic and mechanical considerations as well as by 

the type of flow control mechanism selected. 

An expander does not enjoy the favourable pressure 

gradients which allow the use of both self-acting inlet 

and exhaust valves in compressors. However an expansion 

engine may use a cylinder wall port for exhaust, operated 

by the normal movement of the piston. This is conventionaal 

2-stroke internal combustion engine practice and when used 

in an expansion engine is usually termed a ‘'uniflow' cycle. 

This has two effects:- 

i. It can improve the thermodynamic efficiency of 

the engine. The position of the exhaust port 

necessitates some compression during the 

exhaust stroke so that the cylinder pressure can 

approach the inlet pressure when the inlet valve 

opens. This can reduce irreversibilities in the
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fluid flow during inlet. Furthermore the 

qearen ds simpler involving less parasitic loss. 

ii. The negative work introduced reduces the nett 

power output and so demands a larger unit for a 

given duty which tends to increase the mechanical 

losses. . 

Although mechanical simplicity is improved,the nett effect 

on efficiency for any particular engine can only be assessed 

by experiment. 

In small engines the need for high mechanical 

efficiency tends to predominate over the need for thermodynamic 

excellence. This is convenient since high mechanical 

efficiency stems from simplicity of design which is in turn 

compatible with inexpensive manufacture and reliability in 

service. 

A short-list of possible designs was compiled. These 

were sketched ‘actual size'for comparison, as shown in figs. 

71 to 75. 

It was decided to pursue the oscillating cylinder 

design shown in fig.72. The cylindrical cylinder block 

with ports on the curved surface was chosen to allow the 

engine to operate at the high pressures indicated by the 

modelling analysis. The Mamod arrangement was considered 

to be unsuitable for such high pressure operation. 

Oscillating Cylinder Engine - Inital Design Considerations. 

The mechanical simplicity of the oscillating cylinder 

design is obtained only at the cost of considerable inherent 

restriction on the choice of port timings. = 

The feasibility of this type of port control had to
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be verified. The relationships between the movements of 

the crankshaft, cylinder block and piston were derived by 

analysing the geometry of the engine. A computer program 

was devised to perform the calculations. The relevant 

variables were:- 

i. 

ii. 

oe 

The magnitudes of the angular movements of 

the crankshaft and cylinder block, taking the 

top dead center position as datum. 

The linear movement of the piston along the 

bore. This was non-dimensionalised as the 

"stroke fraction’ - the distance the piston had 

travelled from top dead center expressed as a 

fraction of the stroke. 

The crank radius and the distance between the 

cylinder block axis (not the cylinder axis) and 

the crankshaft axis. The engine geometry was 

non-dimensionalised by using the ratio between 

the crankshaft axis-cylinder block axis distance 

and the crank radius. 

The computor program was used in two slightly different forms:- 

i. ENGOSC. Calculates the values of stroke fraction 

and cylinder displacement for erunksiayt 

displacements between O and %©. The calculations 

are repeated, incrementing the value of the 

‘cylinder block axis-crankshaft axis distance/ 

crank radius'ratio over a pre-selected range. 

iis OSCENG. Calculates the same quantities as ENGOSC 

but for any selected values of the crank radius 

and crankshaft axis-cylinder block axis distance. 

Alternatively the ratio of these can be used. 

The derivation and listing of these programs is shown in appendix 

li.



Engine Geometry Selection. 

Satisfactory operation of this system of port control 

depends on there being adequate movement at the rim of the 

cylinder block. For a given crank radius this movement is 

increased by reducing the distance between the crankshaft 

axis and the cylinder block axis but there is a lower Limet 

to this distance given by the sum of the cylinder block and 

crank disc radius, plus operating clearances. Excessive 

cylinder block movement, if practically attainable, is 

undesirable due to the resulting high accelarations required 

on the cylinder block. The results of the ENGCSC program, 

shown in appendix 11 , indicated that adequate cylinder 

block movement could be obtained for satisfactory operation 

of the ports. It was necessary to keep the cylinder block 

and crankshaft reasonably close but this had the secondary 

advantage of making for a compact unit. 

Fig.76 shows a full-size sketch of the engine as 

initially designed. 

Oscillating Cylinder Engine -_First Prototype. 

1. Materials. 

The material used for each component was selected on 

the basis of its suitability for its intended application, 

ease of machining and ready availability. The materials 

selected were:- 

mild steel backplate - 

cylinder block housing - mild steel 

cover plate - mild steel 

cylinder block - brass 

piston/piston rod - silver steel 
main bearing - brass 

crankshaft/disc - mild steel 
crankpin - silver steel 

big-end bearing - fitted brass bush 

flywheel - mild steel
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2. Design and Construction. 

The mactinine processes used for each component were 

chosen as appropriate for the material and function of the 

component. 

The preliminary design sketched in fig.76 was modified 

in a number of ways for the prototype:- 

i. The pressure gradient around the cylinder block 

would impose a nett force on it towards the crankshaft. To 

alleviate excessive bearing loads or a tendency to jam 

between the cylinder block and its housing,the cylinder 

block housing was made continuous to provide support around 

the bottom of phe cylinder block. A slot milled in: the 

housing allowed assembly and provided clearance for the 

piston rod in operation. This modification also considerably 

strengthens the housing. 

ii. The ports were not drilled radially as depicted 

in fig.76. To simplify marking and drilling the ports, a 

flat was milled on the top of the cylinder block housing 

and the ports drilled parallel to each other. 

The port timing and opening characteristics were 

adjusted by carefully filing the top edge of the bore. 

Several methods of measuring the port timing were 

devised and assessed. The most satisfactory was to insert 

a fine wire down the open port and then turn the engine 

gently by hand. A pointer was fixed to the engine backplate 

and a protractor to the flywheel. 

Both opening and closing points of the ports could 

be accurately assessed using this method.
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iii. The crankshaft was not machined from solid as 

suggested by fig.76. The crankshaft and disc were machined 

from solid but the crankpin was made separately and screwed 

into the disc against a turned shoulder. The thread hand 

was selected appropriate to the intended direction of 

rotation of the engine. Crankshaft end float was controlled 

by the position of the flywheel, axial thrust being taken 

by the inboard faces of the flywheel and crank-disec and 

the ends of the main bearing, 

The prototype engine, incorporating the features 

outlined above, is sketched full-size in fig.77. The 

engine is shown assembled and disassembled in figs.78 to 80. 

Se7 OSCILLATING CYLINDER ENGINE, TESTS & DEVELOPMENT 

1st PROTOTYPE, AIR TESTS. 

The first series of tests performed on the engine used 

compressed air as the working fluid. The intention of these 

tests was to verify that the engine operated as intended 

and to highlight any problem areas requiring re-design. 

The tests were not expected to give a meaningful measure of 

the efficiency of the device. 

A test rig was devised and built for the engine. 

The torque was measured using a rope brake and the engine 

speed using an optical tachometer. The exhaust air flow 

rate was measured with a ‘Gapmeter' flowmeter, a resevoir 

being incorporated between the engine and meter to damp out 

pulsations in the flow. The engine is shown in. 16s, west 

rig in figs. 81 and 82.
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Before the tests were conducted,the engine was 

bedded in, initially by motoring and then by running both 

on and off load. | 

The torque, power and exhaust flow rate were derived 

as functions of the engine speed for several inlet pressures. 

The results of these tests are shown in figs. 85 to 85. 

Findings 3— 

1- Although the quantitative results were interesting, 

they were not necessarily representative of the engine's 

performance with its intended working fluid, although the 

power output did seem promising and the engine speed range 

was as intended. The trends followed by the results showed 

no abnormal features and also endorsed the accuracy of the 

testing procedures. 

2. On stripping and inspecting the engine after the 

tests, some evidence was found of scuffing on both sides 

of the piston, near the top and bottom of the skirt. Two 

possible reasons for this wear were considered:- 

i.e Side load on piston due to gas load on crown, 

ii. Side load on piston due to oscillation of cylinder 

block. 

The first possibility was discarded because:- 

ae Since a rigid piston/piston rod rather than a 

piston/connecting rod assembly was used, the gas 

load should not cause any side load. 

b. If the gas load were responsible, the scuffing would 

be expected to occur more evenly down the side of 

the piston and be more severe on the 'power' side. 

The position of the observed scuffing supported the second 

alternative. The sole means of causing the cylinder to
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oscillate is its_ interaction with the piston. This would 

be expected to cause wear exactly as observed. 

Using the OSCENG program the piston and cylinder 

block displacement curves were drawn for the prototype 

engine geometry. This is shown in fig.86. 

In general a bearing loading criterion is given by 

the product of an operational speed and load. Referring to 

fig.86, a measure of the piston speed relative to the bore _ 

is given by the magnitude of the gradient of the piston 

displacement curve. The load between piston and bore is 

proportional to the cylinder block acceleration hence a 

measure of that load is given by the second derivitive of 

the cylinder block displacement. Fig.86 shows that the 

speed and load are in phase whilst individually at their 

most severe, at about 60 »100 °ATDC and 6O » 100° BTDC. 

It follows that this design of engine is inherently susceptible 

to bore/piston wear. ; 

The problem can be eased by:- 

is Limiting the engine speed. 

ii. Reducing the cylinder block movements, commensurate 

with satisfactory port operation. 

iii. Reducing the mass of the cylinder block. 

The engine speed, already moderate, could not be reduced 

without resorting to an excessively heavy flywheel. The 

cylinder block movement could not be reduced without severely 

compromising the port operation. 

2nd Prototype, Air Tests. _ 

A second cylinder block was machined from aluminium 

to reduce the side loads between the piston and bore. This.
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block was initially to the same design as the original, 

brass, block but weighed only 36.30 compared with 

113.46g for the brass version. 

The engine was rebuilt and refitted into the test 

rig. Upon stripping and inspection after a period of 

running no evidence of further scuffing was found. 

The engine still showed an unsatisfactory characteristic 

that had been evident before but had been attributed wholly 

to the piston wear problem - after running for a period 

the engine would slow down and sometimes stall. This 

behaviour was consistent with the breakdown of a lubrication 

film. Further investigation showed signs of rubbing on 

the outside face of the cylinder block. This was not a 

sizing problem as the cylinder block end float was adequate 

and the rubbing only occurred on the one face. The most 

likely cause of this behaviour appeared to be that the 

difference in leakage paths between the inlet port and the 

two faces of the cylinder block was causing a nett axial 

force on the block, as shown in fig.87. The inlet port 

proved to be furthest from the rubbing face, supporting 

this theory. 

In an attempt to ease this problem, the block was 

machined as shown in fig.88. Bleed holes were drilled 

through the block and its faces were partially relieved, 

the chief aim being to equalise the pressures on the two 

faces of the block. The slight weight reduction achieved 

was a secondary benefit. 

On reassembly and testing, the engine behaved much 4 

more satisfactorily, running steadily for extended periods.
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A second series of quantified tests were performed 

on this second Bente tv nes again using compressed air as 

working fluid, similar to those performed on the first 

prototype. The results are shown in figs. 89 and 91. The 

results are very similar to those of the first series 

but the engine ran far more steadily and consistently. 

2nd Prototype, Steam Tests. 

To test the engine on its intended working fluid 

would have necessitated designing and constructing a complex 

and expensive test rig. Time and funds ruled against this 

course of action, so a series of tests were conducted using 

the most readily available condensable working fluid - steam. 

‘air' tests was modified in The test rig used in the 

several ways for these tests:- 

i. The pipework was kept as short as practicable and 

was lagged. Vents were incorporated to act as steam 

traps. 

lis A water cooled exhaust condenser was made. Condensate 

was collected in a measuring cylinder allowing the 

exhaust mass flow rate to be calculated, 

iii. Inlet and exhaust steam temperatures were monitored 

using thermocouples soldered to the outside walls of 

the inlet and exhaust pipes as in the Mamod tests. 

The thermocouples were connected to electronic thermo- 

meters giving a direct reading in degrees Celcius 

These units were calibrated immediately prior to 

the experiments. 

iv. A total loss drip lubrication system was made to supply 

Oil to several selected points on the engine whilst 

running.
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Ve Order of magnitude calculations indicated that heat 

loss from the engine could be significant because of 

the high operating temperatures and the large surface 

area of the prototype. To alleviate this problem the 

engine was lagged as far as possible. The insulation 

was waterproofed to avoid it becoming soaked with | 

condensate and oil. 

In proving trials the engine behaved well initially 

but stopped at higher pressures. After a few moments the 

engine could be restarted but would display the same 

behaviour. Several possible causes of this misbehaviour 

were considered:- 

i. Lubrication breakdown causing conventional seizure. 

This could be occuring at any of the rubbing surfaces. 

ii. A combined effect of leakage through inlet port 

and possible choking of exhaust port causing too 

much negative work in the cycle. 

iii. Build up of condensate in cylinder causing 

hydraulic lock. 

The pattern of behaviour of the engine was not 

sufficiently well-defined to allow a diagnosis to be made. 

There appeared to be a copious supply of lubricant : 

delivered to the accessible rubbing surfaces although it 

could not be proven that it was reaching all the right places. 

A simple calculation indicated that the flow rate z 

through the ports should not have given excessive gas 

speeds, although the effect of leakage past the inlet port = 

could not be quantified.
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A build up of condensate appeared possible for 

two reasons:- = | ; 7: 

i. Excessive heat loss to the surroundings, despite 

the attempted insulation. 

ii. The steam supply from the boiler is throttled 

from the boiler pressure of about 8 bar absolute 

to the engine inlet pressure. This throttling 

action tends to dry the steam. At high engine 

pressures there is less throttling and hence less 

drying effect. 

Of the two the ‘heat loss’ explanation is the more likely. 

A numerical check on the drying effect showed it to be 

small, although more significant at low initial qualities - 

throttling from 8 bar to 2 bar from initial qualities of 

0.9 and 0.6 increases the quality by 4% and 9% respectively. 

This was considered to be too small an effect to cause the 

results observed. 

The engine was re-mounted in its test rig to improve 

cylinder drainage during running. Further proving trials 

showed this to have no significant effect. 

On stripping and examining the engine there were 

signs of wear at the base of the cylinder block. This had 

been identified as a potentially heavily-loaded bearing 

surface from the initial conception of the engine. Since 

the engine was being lubricated as well as easily possible 

it was decided to reconsider the material used for the 

cylinder block.
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3rd Prototype. 

An alternative material was requiréd for the cylinder 

block because the available evidence suggested there was 

excessive friction between the base of the cylinder block 

and its housing. 

Although the primary requirement of the "new material’ 

Was good bearing properties, it was also necessary that it 

possessed a low density, good machinability, adequate 

mechanical strength, physical and chemical stability and 

compatibility with other materials to be used in the system. 

A range of 'filled-PTFE' materials marketed by 

Glacier Metals were investigated, both with regard to their 

mechanical properties and stability in contact with Ri2. A 

bronze and graphite filled PTFE material, marketed under the 

trade designation of DQi was selected. A cylinder block was 

machined from this material to the same design as that used 

for the modified aluminium block shown in fig.88&. 

Dci has a high coefficient of thermal expansion, 

8.10 °/°C. This is unfortunate since, although the outside 

Giameter of the cylinder block can be sized to be correct 

at operating temperature, the bore diameter cannot since 

clearance must be maintained at ambient temperature for 

starting. In practice, careful tolerancing allowed an 

acceptable piston/bore fit to be achieved at operating 

temperature. . 

The engine ran successfully during proving trials, 

using Jhedn as the working fluid. 

After running for approximately one hour the engine 

was stripped and inspected. The bronze filling was visible 

around the bottom of the cylinder block. This is the normal
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‘bedding-in mechanism for this material but the observation 

confirmed that area to be the’most severe/y loaded bearing 

surface, and hence susceptible to lubrication failure. 

The engine was re-assembled and tested at an inlet 

pressure of approximately 20 psig. The results are shown 

in fig. 92 to 95. 

Results Analysis. 

The two chief comparisons that can be made with the 

results of the 3rd prototype steam tests are:- 

i. with the 2nd prototype operating on air - 

The power characteristic for the 2nd prototype running 

on air at 30 psig is shown superimposed on the Srd prototype 

steam results in fig. 93. The peak power for the rd 

prototype is about 30% greater than that déveloped by the 

2nd prototype. The power characteristic has also moved up 

the speed range, peak power for the two cases occuring at 

about 1500 and 900 rpm. 

ii. with the Mamod operating on steam - 

Table 6 shows a comparison of the Srd prototype oscillating 

cylinder engine with the Mamod engine. The Mamod results 

are for an inlet pressure of approximately 15 psig - the 

most favourable for the engine. 

Table 6. Comparison of Mamod and Osceng Performance 

    

Max. Power @ N £Max.Torque @ N. ssc 2 

W) (rpm) (Nm) (rpm) (g/¥s) RErmat 

MAMOD - 124 1600 11x10” 1000 0.05 0.8% 

15 psig 

OSCENG 1.8 1400 13x10°° 1000 0.05 1.0% 
20 psig 

ne ee Uy nE nnn ID InnN SUS!
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“The performances of the two engines are very similar. 

The oscillating éylinder engine was not expected to perform 

as well as this at such low pressure due to its; large 

rubbing areas. 

The expansion efficiency of the 3rd prototype was 

calculated from these results in the same way as for the 

Mamod. Expansion efficiencies around 20% were being 

achieved. 

Suggestions for Further Development. 

Two main areas have been identified where the 

performance of the oscillating cylinder engine can be 

significantly improved:- 

Ls Obviating the highly-loaded bearing area between the 

bottom of the cylinder block and its housing. 

ii. Reducing direct leakage from the inlet to the exhaust 

port. 

The following modifications are suggested to achieve 

these aims:- 

is Use short stub shafts on each face of the cylinder 

block and support it on these shafts with bearings in 

the backplate and cover plate. The circumference of 

the cylinder block does not then touch its housing, 

greatly reducing the mechanical friction. Ball races 

are suggested. This method of supporting the cylinder 

block would give better location, reducing gas leakage 

from inlet to exhaust ports. 

ii. The direct leakage path from exhaust to inlet port can 

be greatly increased by making the bore as a blind hole 

in the cylinder block and drilling small ports to match
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those in the housing. This was not done originally 

to keep the-design as simple as possible. 

5.8 THERMAL POWER SYSTEM - ASSESSMENT 

Both the Mamod engine and the oscillating cylinder 

engine, as far as it was developed, achieved expansion 

efficiencies of approximately 20%. The system was 

re-analysed assuming this value, but otherwise assuming 

the moderate conditions as in fig.68. The results, obtained 

using program PRANKE, indicated maximum system coefficient 

of performance of approximately 0.86% and 1.0% at solar 

intensities of 600 and 1000 W/m* respectively. For this 

system to produce a refrigeration effect of 15 ii it would 

need a minimum collector area of about 2.9 im” for 600 VW m* 

solar intensity. For a solar intensity of 1000 N/m? the 

minimum required area only falls to about 1.5 m*. This is 

for steady state conditions, allowing no excess cooling for 

nightime use. 

The maximum acceptable collector area for reasonable 

portability was assumed to be about j m=. 

Problems associated with engine starting and system 

behaviour during warm-up would require considerable 

further development. 

The system was not well-suited to operate from an 

auxiliary power supply. 

Findings:- 

The thermal power system is not suitable for the 

small scale application considered in this study.



107 

It is likely to be more suited to considerably 

larger, fixed, units where higher componént efficiencies 

can be achieved, particularly if used in conjunction with 

high-efficiency collectors - perhaps of the Philips type - 

to enable the upper cycle temperature to be increased. In 

such an application absorption systems are likely to be 

favoured, however.
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Chapter 6 

.~) SOLAR CELL SYSTEM. — 

SYSTEM BASIS AND GENERAL FEATURES 

The basic components and layout of this system, 

first introduced in chapter 4, are shown in fig.44. 

The results of the first model of the system were 

generally favourable. The system's chief disadvantage is 

the present high cost of solar cells but it has several 

redeeming features:- 

1. 

2. 

3. 

High efficiency. 

Simplicity of construction and use. 

Amenability to use with an auxiliary power supply. 

The system is particularly suited to powering 

from vehicle electrical supplies, whilst provision 

for a mechanical input is possible. 

Ease of dismantling for transport or repair/ 

replacement of components. 

Alternative applications - the system could provide 

a small general power supply, either electrical 

or mechanical. 

The technologies involved are familiar and well- 

established except perhaps for the solar cells 

but these have a long, reliable life and require 

no maintenance. 

A solar powered refrigerator can be made using this 

system with existing technology and commercially available 

components. 

The feasibility of the system must be judged in terms 

of the size, reliability and cost that can be achieved.
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6.2 SOLAR CELL SYSTEM - SECOND MODEL 

The shortcémings of the first model of this system, 

as introduced in chapter 4, lay chiefly in two areas:- 

1. Basing the refrigerator performance on the Carnot 

coefficient of performance. 

2. The assumption of a constant collector efficiency. 

The second model aimed for improvements in these areas. 

1. Refrigerator Coefficient of Performance. 

A reciprocating compressor using refrigerant 12 as 

working fluid was selected for reasons similar to those 

presented in the discussion of the thermal power system. 

The refrigerator performance was assessed by cycle 

calculations based on experimentally derived component 

efficiences in the same way as for the thermal system. 

Assuming a mean cabinet air temperature of O°C, 10°C 

temperature differences at condenser and evaporator and 

a compression efficiency of 36%, these calculations 

predicted coefficients of performance of 2.34, 1.71,and 

1.34 for ambient temperatures of 15, 25 and 35°C respectively. 

2. Solar Cell Efficiency. 

The modelling of the cell efficiency was refined by 

investigating the effect of operating conditions on the 

maximum power produced by typical cells. A literature 

survey revealed a number of published references to tests 

of this nature, the most comprehensive being reported by 

Sandstrom (66). 

This model assumed the electrical load characteristics 

to be such that the cells were operating at their maximum
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“power point under any given conditions. The effect of 

insolation intensity and cell’ temperature on cell performance 

are as follows:- 

i. Effect of insolation intensity. 

Fig.96i shows Sandstrom's results, for a number of 

silicon cells, of maximum power output plotted against 

solar intensity. It can be seen that the gradient of this 

characteristic gives a measure of the efficiency of the 

cells. Since these characteristics are practically linear, 

it follows that the cell efficiency is not significantly 

influenced by the insolation intensity over the range of 

intensities shown. The range of intensities considered 

comfortably exceeds the range of solar intensity incident 

on the earth. 

ii. Effect of cell temperature. 

In fig.96ithe gradients of the characteristics, 

and hence the cell efficiency, decrease with increasing 

temperature. This effect is shown more clearly in fig.96ii. 

Above 0°C all of the cells tested show an almost linear 

fall in maximum power output with increasing temperature. 

The N/P cells tested showed efficiencies of about 11% at 

o°c. When extrapolated their characteristics intersect 

the temperature axis at about 250°C. The P/N cell tested 

showed an efficiency of about 10.5% at O°C and intersects 

the temperature axis at about 290°C. 

Fig.97 shows the effect of temperature on cell effic- 

iency as derived from these results of Sandstrom and compared 

with those quoted by Sutton (67). In both cases the results 

have been extrapolated until they intersect the temperature 

axis. Sandstrom's results did not continue far above 100°C
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“hence this should be taken as an upper limit to the cells' 

working temperature range. 

The findings of this investi eation into the effect 

of operating conditions on cell efficiency can be summarised 

asi- 

ae For practical purposes the efficiency of silicon 

solar cells is independent of the insolation intensity, 

at constant temperature. 

b. The efficiency of silicon solar cells is 

influenced by temperature. Results of various workers 

relating to this effect show sufficiently small scatter 

for a realistic generic assumption to be made. The 

efficiency at O°C can be assumed to be 11%, decreasing 

linearly at a rate of 0.045% / °C. 

c. The assumed constant cell efficiency of 10% 

used in the first model coincides with these findings at 

a cell temperature of about 23°C. The cell efficiency 

varies by less than 1% for cell temperature in the range 

23 + 20°C. 

Estimation of Typical Array Temperature. 

The efficiency of a solar cell system will be 

influenced by the cell temperature. In order to quantify 

this effect, it was necessary to estimate the operating 

temperature of the solar array as well as the temperature 

characteristics of the cells. 

Of the solar radiation reaching the devay, a small 

amount is reflected back to the surroundings and some is 

converted into electricity but the majority is absorbed
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by the array, raising its temperature. As the array 

temperature ries! a6 does the rate of heat transferred 

from it until a dynamic equilibrium is achieved and the 

temperature remains constant. 

The heat transfer mechanisms involved are convection 

and radiation. Order of magnitude calculations indicated 

that both would be significant. 

The array was modelled as a vertical square plate 

of about 1j m* area. The temperature of the two faces of 

the array were assumed to be equal and uniform. 

The radiative component of the heat transfer from 

the plate was taken as:- . 

a} 
a 61 

- ts Q, =A .E(T = T 

Natural convection was assumed for the convective 

component. Simonson's (65) approximate solutions for 

natural convection in air were employed. In order to 

decide which flow regime applied the convective heat transfer 

coefficients and heat transfer rates for a ] m* vertical 

plate were calculated and plotted against the 'bulk-fluid 

to surface temperature’ difference and the product of the 

Grashof and Prandtl numbers. This is shown in fig.98. 

Simonson suggests that Gr.Pr. 0° be taken as the transition 

point. The turbulent solution was assumed to apply 

throughout, hence the convective heat transfer was modelled 

asi- 

In each component the heat transfer area was taken 

as 2 m*. The surface emissivity was assumed to be 1.0.



The total heat transfer for the plate was thus modelled 

ast- - - * 

1°33 aC 4 64 F 
- = . = ° © J - 7 . Q=Q,7Q, = 2°62.(T-T,) + 113°4.10°".(T)-T2) WW 6.3 

where temperatures are absolute, i.e. degrees Kelvin. 

Equation 6.3 was solved numerically, using the Newt on- 

Raphson technique, with the aid of a computer program. This 

program, PLATEM, provided data for a plot of the estimated 

plate temperature against the ambient temperature for 

various total heat transfer rates. A modified version of 

the program, PLATEO, was devised to provide data for a 

plot of the plate temperature against the total heat 

transfer rate for various ambient temperatures. These 

results are shown in figs. 99 and 100 respectively. The 

programs are listed in appendix 12. 

Estimation of Effect of Ambient Temperature and Insolation 

Intensity on Solar Cell Efficiency 

The solar intensity indirectly affects the cell 

performance due to its heating effect. The cell temperature, 

and hence its efficiency, is thus dependent on both the 

amount of heat that it must dissipate to the surroundings 

and the ambient temperature. 

The relationship between the array temperature and 

Qtotay? Shown in fig.100, was assumed to be linear over 

the range of interest. Since the cell efficiency varies 

linearly with its temperature, it follows that the 

relationship between cell efficiency and otal is also 

linear. This relationship was simply determined from 

fig.100 and the cell temperature coefficient,as derived
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from fig.97. The resulting graph of cell efficiency 

versus Q; otal is shown in fig.101. 

Because of the non-linearity of fig.100 at low 

insolation intensities, the linear response of fig.10} 

is slightly conservative at insolation intensities below . 

about 100 W/m, as shown by the dotted parts of the curves. 

For intensities between 100 and 1000 W/m? no significant 

errors are introduced by assuming fig.100 to be linear. 

Since the cell efficiency is small, the total heat 

loss from the array under steady-state conditions was 

assumed to be equal to the radiation intercepted, i.e. 

L 

for an array of unit area. The 
Qtotal © 

apparently more accurate assumption of 

Qtotal © 0.9 T 
was not adopted for the 

following reasons:- 

i. The former version offers numerical simplicity. 

ii. The error incurred is small due to the small 

gradient of the cell efficiency curves as 

shown in fig.101. 

iii. The error incurred is conservative, tending to 

overestimate the cell temperature and hence 

underestimate cell efficiency. 

Prediction of Performance of Overall System. 

The -overall system coefficient of performance is the 

product of its component unit efficiencies:- 

SYSCOP = Q/A.I = Ne Dp Fm OOP 6.4 ~ 

Using equation 6.4 the system coefficient of performance
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as calculated and plotted against the insolation intensity 

as shown in fig.[02. ‘The battery and motor efficiencies 

were assumed to be 0.7. The solar cell efficiencies 

predicted for fig.101 were employed. 

The system coefficient of performance needed to provide 

a cooling load of 15 W was calculated from equation 6.4 for 

several solar cell areas and superimposed on fig.102. This 

defined operable regions of solar intensity, collector area 

and ambient temperature. 

Discussion. 

This model was essentially conservative. The cell 

efficiency was underestimated because;:- 

i. The heat to be dissipated, and hence the cell 

temperature, were overestimated since reflected 

losses and the electrical output were ignored. 

ii. The convective heat transfer from the array was 

assumed to be natural. In practice, winds would 

often provide forced convection giving higher 

heat transfer rates and cell efficiencies. 

The compression efficiency and heat transfer temperature 

differences assumed in the refrigerator analysis gave lower 

coefficient of performance predictions than were used in the 

thermal power system analysis. Tests conducted on small, 

commercially available, vapour compression refrigerators, 

suggested that these predictions were realistic. 

Despite the conservative features of this model, fig.102 

indicates that the system is feasible, not only for steady- 

state operation, but to produce adequate cooling during the 

day to last during the night - even assuming high ambient 

night-time temperatures.
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“Practical Tests. 

A series of tests were performed on commercial silicon 

solar cells and two small vapour-compression refrigerators. 

These tests investigated both the characteristics of the 

individual components and the behaviour of the composite 

system of cells, battery and refrigerator. The results 

of these test programs provided useful background 

information and also showed good agreement with the 

assumptions and predictions of the analysis. 

Cabinet Design. 

The analysis of the thermal behaviour of the cabinet, 

introduced in section 3.2, suggested that the cabinet 

wall thickness should be chosen with regard to the cabinet 

size and ambient temperature. The trends shown in fig.27 

indicate that, beyond a certain wall thickness, further 

increases offer small benefits. For a 30 litre cabinet 

there is little advantage to be gained from using walls 

thicker than about 8 cm. Since radiation can account 

for a significant part of the cabinet heat gain, a low 

surface emissivity is desirable. 

An important feature of the cabinet design is the 

location of the evaporator. This should be arranged to 

give good heat transfer characteristics and minimise 

temperature variations inside the cabinet, as well as 

intruding as little as possible into the available storage 

space. In practice, for small cabinets, this generally 

méatis: “EHAe the evaporator should be near the sides or top. 

The most common type of evaporator construction in small = 

refrigerators is a flat aluminium-alloy plate with integral
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fluid passages. This design is inexpensive when made in 

quantity and offers an. easily cleaned-surface. If a 

flat evaporator is mounted horizontally,the convective 

surface heat transfer coefficient on the top face is, at 

best, 45% of that on the lower face (65). The tests 

conducted on small vapour-compression refrigerators 

showed a second difficulty associated with the use of 

flat evaporators. In order to make maximum use of the 

available cabinet space, the evaporator is frequently 

fitted close to the cabinet wall. This restricts air 

movement over the outer surface of the evaporator with two 

results:- 

is The heat transfer rate from the outer surface 

is reduced demanding higher evaporator areas or 

lower evaporator temperatures. 

ii. A pocket of air, colder than the main cabinet 

air, forms between the evaporator surface and 

the wall thus increasing the heat gain. 

Because of the high ratio of wall area to internal volume 

inherent in small cabinets, the evaporator is typically a 

large proportion of the wall area hence these effects may 

be significant. 

The location of the door on the cabinet can have 

an effect on the cooling load due to interchange of cooled 

air and ambient air when the door is opened. For small 

cabinets in normal use this effect is of little significance. 

The most SaVere situation possible is a complete interchange : 

of the cabinet volume of cooled air with warm, ambient air. 

Even in this case, for a 30 litre cabinet and 25°C ambient 

the heat gain is under 900 Joules which a cooling load
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of 15 W could restore in under one minute. In practice, 

the effect would “be reduced by the presence of whatever 

stored materials were in the refrigerator. The chief 

disadvantage of a chest type cabinet is that access to 

the contents is restricted but it would be desirable in 

situations where frequent or protracted access was needed 

or in large cabinets, especially if lightly loaded, where 

the air volume becomes large. 

Findings:= 

This system has many favourable features for the 

applications envisaged. It offers a compact, simple Bnd 

reliable solution. It is easily dismantled for transport 

or repair and is readily amenable to auxiliary inputs. 

Apart from the solar array, component costs are modest. 

Solar cell costs are expected to fall significantly in the 

foreseeable future. There are few inherent problems in 

control, flexibility or scaling up to larger systems. 

Of the approaches considered this shows most promise 

for the applications discussed in this work.



Chapter 7 

-— CONCLUSIONS _ = 

1. There is a particular need for small, portable and 

self-contained solar powered refrigerators in areas of 

the 'Third World'. These areas tend to be characterised 

by consistent and high solar insolation intensities. 

Storage temperatures in the range 0-4°C are suited 

to each of the applications considered in this study. 

A cabinet as small as 5 litre is normally adequate 

for the medical applications, however, a cabinet capacity 

of 30 litre is a particularly flexible size. 

26 Radiation and convection can both play significant 

roles in the surface heat transfer characteristics of 

the cabinet. 

For wall thicknesses of about 7-8 cm and surface 

emissivities of 0.7 storage temperatures of O°C can be 

maintained by cooling loads of:- 

15 W for a 30 litre cabinet in an ambient temperature 

ef 50°C. 

10 W for a 5 litre cabinet in an ambient temperature 

of 50°C. 

S. The collector area required is an important criterion 

in assessing the feasibility of the concept. 

The generalised model indicated that it is possible 

to provicge for continuous cooling loads of around i5 W 

= 

with collector areas under 1 m’.
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4. Two main problems face the development of a 

practicable system:- 

ae Scale effects disfavour small systems both in 

terms of the system efficiencies that can be 

achieved and the cooling load needed per unit 

storage volume. 

In some applications the consequences of failure 

could be severe. High system reliability is 

needed. There are two aspects to be considered 

in the latter case -— méchanical breakdown and 

failure due to lack of sunlight. The availability 

of solar energy varies in both regular and 

unpredictable ways. The need for compact units 

severely limits the amount of energy storage 

that can be inbuilt into the system to cope 

with periods of inadequate input. It follows 

that a satisfactory system should be able to be 

powered by some available auxiliary input(s). 

5. A system based on an electrically driven vapour 

compression refrigerator powered by silicon solar cells 

is most suited to the applications considered in this 

study. The analysis shows that such a system could achieve 

a cooling load of 15 W in an ambient temperature of 35°C 

2 
with an active array area of 1 m™ and an insolation 

intensity of 260 W/m.
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6. A parallel investigation considered the use of a 

small, solar powered, vapour expansion engine to drive a 

vapour compression refrigerator. This system is not 

practicable because of the low heat engine efficiency 

that can be achieved, approximately 1%.
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Chapter 8 

SUGGESTIONS FOR FURTHER WORK 

It is suggested that future development of this 

project should concentrate on the "solar-cell' system and 

could adopt the following pattern:- 

1. Using the information in this study a prototype 

system could be constructed, instrumented, then tested. A 

12 volt, direct current system is recommended with a cabinet 

capacity of 30 litres. Adequate testing would necessitate 

access to a large solar-simulator or the selection of a 

suitable climate. 

Ze The information gained from the prototype tests should 

enable the detailed design of a commercially practicable 

system, possibly incorporating the following features:- 

a. Cabinet wall thickness of approximately 8 cm finished 

in an easily-cleaned cladding, preferably with a low 

emissivity. 

b. The solar array should consist of close-packing cells 

and comprise of a number of sections of a convenient 

size to enable it to be dismantled and stored, perhaps 

clipped to the outside of one of the cabinet walls, 

when not in use. 

c. The cabinet should incorporate a compartment for the 

battery and any loose, additional, components. 

d. A112 volt direct current auxiliary supply socket should 

be fitted to allow powering from a vehicle. This input 

connection may also be used to connect the array in 

normal use.
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fo A transformer/rectifier would permit auxiliary powering 

from a mains “electricity supply when available. This 

could be fitted permanently to the cabinet if sufficiently 

light, or used as a separate unit. 

f. If an open compressor is used, providing access to the 

drive shaft, a simple gearbox could enable the unit to. 

be powered manually. A suitable unit could be light, 

small and inexpensive. A ratio of the order of 20:1 

would be required. 

3 The feasibility of using simple concentrators - 

probably flat reflectors - in conjunction with the solar 

deaee should be investigated. By keeping the concentration 

ratio low, around 2, a significant reduction in the area of 

solar cells may be achieved without having to resort to 

careful tracking or special cell construction and cooling. 

4. The widespread use of solar cells, in this and many 

other fields, depends largely on marked cost reductions 

being achieved. Continued development work on their 

efficiency and production methods is essential.
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FIG. 24- REFRIGERATOR CABINET MODEL
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FIG. 26- TYPICAL RADIATIVE HEAT TRANSFER COEFFICIENTS LS
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FIG.32- POSSIBLE PRACTICABLE SOLAR REFRIGERATION SYSTEMS
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FIG. 38- FLAT PLATE COLLECTOR EFFICIENCIES FOR 200°C 

OPERATING TEMPERATURE , Tg =40°C .
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FIG. 39- OPERATING BOUNDARIES FOR ELECTROLUX SYSTEM
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FIGS. 49-51: COMPONENT EFFICIENCIES OF THERMAL POWER SYSTEM 

 



critical 
point      

  

   

   
      

    
   

  

     

steep saturated liquid 
line to increase 
amount of heat 
input added to 
fluid at upper 
cycle temperature 

moderate 
boiler pressure 

steep saturated vapour 
line for high quality 
towards end of expansion       

    standard 

Rankine 
cycle 

   

   condenser pressure 

above atmospheric 

  

FIG.52- RANKINE CYCLE IDEAL WORKING FLUID PROPERTIES 
(adapted from ref. 38) 

(K) 

400 

380 

360 

340 

320 

300 J 

280 

260 

240 

220 R502 \\R12 R11 \R22 

200 

180 

  

0-6 0-8 4-0 12 4-l 16 1:8 
‘s{k J/kg.K) 

FIG.S3- THERMODYNAMIC PROPERTIES OF ARCTON’ REFRIGERANTS



  

    

      

INSOLATION NX 
INTENSITY 
‘Tl’ W/m2 HEAT REJECTED 

TO ATMOSPHERE 

      

high pressure 

   

  

   

COMPRESSOR 

  

   

  

ig EVAPORATOR| a 

    

pressure 
liquid 

AIG PSS 
HEAT REJECTED INSULATED CABINET 
TO ATMOSPHERE HEAT GAIN 

TO CABINET 
‘a’ W 

FIG.54- THERMAL POWER SYSTEM WITH RANKINE CYCLE



 
 

3.97=91 
- 
SJILSIYSLIVYVHD 

ONILVYSdO 
WALSAS 

YaMOd 
IWWYSHI 

-SS 
D
I
 

 
 

(9) 
Y51y 

auibua, = 
gg 

04 
O€l 

0zt 
OL 

001 
06 

08 
OL 

 
 

aLVvd 
Bs 

MO14 
SSVH 

LMdNI 
INION] 

44310) 

7-0 
dOJSAS 

oe e
e
 

es 
8-0 

—
 

r
s
 

0+ 
4499N3 

Y
 

aUnNssztid 
SNOILIONOD 
ONILVuad0 

WWI XV 
Yo4d 

1X91 
33S 

Z+4 
y
a
 

M‘LAdNI 
Y
V
I
0
S
 

/ 3NIONA = 001% 
s0q 

JUNssaud 
=0Lx 

w 

Naser 
% 

44310) =01x 
LNdNI 

% 
dOISAS 

ae 
% 

4499N3 
s/6 

jiva 
MO14 

S
S
W



 
 
 
 

 
 

3
,
S
Z
=
 PL 

- 
SJILSINSLIVYVHD 

ONTLVYSdO 
W3LSAS 

Y3MOd 
W
W
Y
S
H
L
 

-95 
914 

(37 HEi4 
aNBUe, 

OEY 
Ozh 

ts«éL 
001 

06 
08 

OL 
09 

0S 

Jivy 
MO14 

SSVW 
LAdNI 

ANIONS 

2-0 

vay 
0 

4 
LNdNI 

YV10S 
44310) 

9-0 
dOJSAS 

JUNSSIUd 
4 

FAI 
W
N
W
I
X
V
W
 

 
 

O-L 

SNOILIGNOD 
DNILVuad0 

404 
1X31 

33S 

et 
M‘LAdNI 

YVIOS/3NION3 
-001~ 

soq 
3UuNsSSaud 

=O 
4439N4 

% 
44310) 

=01x 
fe 

SOISKS 
= Ou 

3 
% 

4439N3 
2w 

YIaY 
YOLII1 10) 

s/6 
Jiva 

MO1d 
SSVWW



 
 

 
 

DIY 
LS3l 

GOWVW 
40 

J
I
L
I
V
W
3
H
I
S
-
L
S
 

Old 

                             

43018 
3NIONI 

HIJLIMS 
YO1IF13S_—s 

YILINOHIVL 
W¥IIldO 

OO 
YILIWOWNIHL 

=H 
k
e
e
n
e
 

ySV14 
Galynavud 

d 
/NOILINAF 

G10), 
9 

2
 

YISNJONOD 
O 

JONVO 
3UNSSAUd 

sd 

ayDsuapuod 
SNIVYC 

JLVSNIONOD 
3NIT 

( 
\ 

aa 
S
e
e
 

: 

ASHOUXS 
d 

JAWA 
JULOUHL 

7 
ONIMLS 

LJOS‘LHDIT 
«2 

u
a
e
 

YILIWLIOA 
WLIDId 

=» 
Ai1mMd 

@ 
ul]o0 

JFIdNOIONNAHL 
vOI/ND 

=f 
YaONVH 

LHOISM 
OV 

   

oo 

SS 
0 

jNo 
JajDA 

S
t
e
 

a
 

e
e
 

Buroos 

    

OD 
O
4
 

7 
] 

D
9
 

Q
U
 

Aye 
aINyxiw 

V 
Jd4{DM/ 

93! 
N 

Oe) 
) 

a4DSuapUo? 
dul] 

4d 
d 

Ajddns 
i
O
 

wpajs 
(
0
)



  

FIG.58 - MAMOD ENGINE TEST RIG
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CONFIGURATIONS 

   
 

FIGS. 71-75 : INITIAL SKETCHES OF POSSIBLE EXPANDER 

DESIGNED   

FIG.76 - SKETCH OF CHOSEN EXPANDER - ‘OSCENG - AS_ INITIALLY
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FIG.77- SKETCH OF PROTOTYPE ‘OSCENG' EXPANDER
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FIG. 78- COMPONENTS OF OSCENG



  
FIGS. 79,80 - OSCENG, ASSEMBLED 
 



  
FIG.81- OSCENG IN TEST RIG, AIR TESTS 
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FIG.82 - OSCENG TEST RIG, AIR TESTS
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average pressure 
on this face =P, average pressure 

on this face =P2 

scale : approximately full cover plate 
size : clearances 
exaggerated for 
clarity 

Due to differences in leakage paths around fwo 

faces of cylinder block Py>P2 causing nett force 

on cylinder block towards cover plate 

FIG.87- POSSIBLE CAUSE OF SEIZURE AND ERRATIC 

RUNNING OF EARLY OSCENG DESIGN 

FIRST ANGLE 
PROJECTION 

modifications : ay a gr 
i. faces partly 

relieved ,as X’ 

ii. two bleed holes, 

‘Y; $4mm 

FIG.88 - MODIFICATIONS TO CYLINDER BLOCK TO CURE SEIZURE 
PROBLEM
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x10 =BRAKE 
TORQUE ‘Nm’ 

    

  

   

500 1000 1500 2000 2500 ENGINE . 

OSCENG : third prototype sreEOrepm 
working fluid : steam; inlet pressure = 20psig 

FIG.92- OSCENG THIRD PROTOTYPE PERFORMANCE TESTS - TORQUE 
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7 POWER 
Ww aoe = 

ee Pe 

6 y N 

60 psig \ 

5 ae \ 

2nd prototype NS 

Lb air tests :30psig 

and 60 psig inlet \ 

pressures. 

  

   

500 4000 1500 2000 2500 ENGINE 

OSCENG : third prototype Sreete cee 
working fluid :steam; inlet pressure =20psig 

FIG.93-OSCENG THIRD PROTOTYPE PERFORMANCE TESTS: POWER 

 



BRAKE THERMAL 
1-0} EFFICIENCY '%’ 

0°9 
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07 
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0-3 

0-2   
500 1000 © 1500 2000 2500 ENGINE 

OSCENG : third prototype SPEED rpm 
working fluid :steam; inlet pressure =20 psig 

FIG94- OSCENG THIRD PROTOTYPE PERFORMANCE TESTS - EFFICIENCY 

  

SPECIFIC STEAM     CONSUMPTION 
0*6 'g/Ws' 

05 

0-4 

0-3 

02 

0-1 

500 1000 1500 2000 2500 ENGINE 
OSCENG : third prototype SPEED’ rpm’ 
working fluid: steam; inlet pressure =20 psig 

FIG.95-OSCENG THIRD PROTOTYPE PERFORMANCE TESTS = ss.c



50 4x2cm,1£9-cm, PIN cell =—— -40 50 
Si. thickness 0°018 in. 1x2cm,1a-cm,P/N cell 1=2500 Wim2 

Si thickness 0-018 in. 
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“li 30 1=1400 

20k 0 ea 
4 ; 1=1000 

10 7 —___——————_____]= 500 
is I= 250 

-40 -60 -40 -20 0 20 40 60 80 

120% 2x2cm, 2n-cm,N/P cell -2 cell temp. °C 

Si thickness 0-018 in. % 

100 40 100 + 2x2 cm,2-cm, 
60 N/P cell 

80 80F Si thickness 0-018in. 

60 60 1=2250 Wim2 

cell temp.°C be is a ee 

FE = ————__— !=1000 
& 20 = 0 ee 690 

a 
ne ieee age) Se Ser iit 

= & 
3 : 3 
© 479% 2x2cm,2.n-cm,N/P cell i) 
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= 80 3S 80 Si thickness 0:008 in. . 

= = 1=2500 Wim2 
% 60 o 60 es 

E E 
2 3 1=1000 

= 20 £ 20 2 — 1=500 
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2x2.cm,2 a-cm,N/P cell = 49 

400 | Si thickness 0-004 in. ~Z 

      

        

20 2x2cm, 2a-cm, 
NIP cell 

ee Pe 80 Si thickness 0-004 in 

oor of ae 1=2500 Wim2 

40 40 2 
cell_temp.°C pe be 

20 Z nn 20+ y= i 122505. -_—__1=500 

1000 2000 3000 120 -80 -40 0 40 80 120 160 
1'W/m2’ cell temp. °C 

(i) maximum power as function (ii) maximum power as function 

of solar intensity of cell temperature 

FIG.96- ELECTRICAL CHARACTERISTICS OF SILICON SOLAR CELLS 

( adapted from Sandstrom, ref. 66 ) 

 



efficiency (%) 

  
20 40 60 80 100 120 140 160 180 200 220 240 260 280 

cell temperature (C) 

a - Sandstrom (ref.66) ; N/P, Si thickness 0-008in. , 1=1000 Wim2 

Sandstrom (ref. 66) ; P/N, Si thickness 0 018in., 1= 1000 Wim 2 

cid- typical spread of temperature/efficiency characteristics for 

silicon solar cells given by Sutton (ref 67 ) 

FIG.97-TEMPERATURE DEPENDENCE OF SILICON SOLAR CELLS 
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PLATE Q¢= 1000 W 
TEMPERATURE 

(Cc) 

80 | Q;= 750 W 

70 Q;= 500 W 

60 Q}= 250 W 

50 

4 0 

30 

Q. = total heat transfer from plate: convective 

and radiative, for the following conditions: 

20 plate - vertical,im square 
heat transfer - turbulent natural convection 

- radiation, €= 1-0 

10 

10 20 30 40 50 60 
AMBIENT TEMPERATURE (C) 

FIG.99-ESTIMATED PLATE EQUILIBRIUM TEMPERATURE AS FUNCTION 

OF AMBIENT TEMPERATURE



80 PLATE 
TEMPERATURE Tq = 35°C 

10 tC} 

TaL= 251 

60 ‘ Ta = 15°C 

50 

40 

30 
plate - vertical, im square 

20 heat transfer - turbulent natural convection 

- radiation, € =1°0 

10 

100 200 300 400 S00 600 700 800 900 1000 Qtotat(W) 

FIG.100-ESTIMATED PLATE TEMPERATURE AS FUNCTION 

QF TOTAL HEAT LOSS RATE 

SECE 
14 EFFICIENCY 

(%) 

=15°C 
Ta =25'C 

= 35C 

  

100 200 300 400 500 600 700 800 900 1000 Qtotgi(W) 
approx. ='I'(W/m2) 

FIGI01-ESTIMATED EFFECT OF TOTAL HEAT LOSS RATE 

ON CELL EFFICIENCY



12 

11 

SYSCOP 
(%) 

A=0-5 m2 

Az=1-0 m2   
100 200 300 400 500 600 700 800 900 1000 1100 ‘I’ (Wim2) 

curves X': estimated system coefficient of performance as function 

of solar intensity for various ambient temperatures 

curves'Y': system coefficient of performance needed to provide 15 W 
cooling load with array areas of 1°0,05,& 0°25 m2 

FIG.102- PERFORMANCE OF SOLAR CELL SYSTEM
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Appendix 1 

SUNMARY OF INVESTIGATION INTO CAUSES AND 

CONTROL CF FCOD SPOILAGE 

1- General Effect of Spoilage: 

The effect of spoilage varies in different types of 

perishables but the ultimate result is that they are 

rendered unfit for consumption. Intermediate effects may 

be to render them less palatable and/or nourishing. 

Food spoilage is usually detected by changes in 

odour, colour, taste or physical appearance. 

2. Causes of Spoilage: 

Apart from physical damage - bruising, dessication, 

absorption of odours, etc - spoilage occurs via changes 

originating within the food or/and from external contamination. 

Spoilage is brought about, in either case, by various 

activating agents, of which there are two main groups:- 

is Enzymes. 

ii. Micro-organisms. 

These are characterised by the following general 

features:- 

ie Enzymes: 

Enzymes are complex proteins which are formed by, 

and occur naturally in, all organic substances. They are . 

specific in action in that each brings about its own 

characteristic result, e.g. pepsin results in the conversion 

of proteins » peptones. Enzymes cannot be eliminated 

without changing the chemical structure of the substance 

in which they are contained. Freezing temperatures will ! 

retard their activity without destroying the enzymes. Free 

oxygen will greatly accelerate enzymic activity.



One of the basic results of enzymic action on foods 

is to convert insoluble materials into’ a-~soluble state 

rendering them available for digestion by micro-organisms. 

Enzymic action alone can cause disintegration of 

some foods (e.g. fruits) - this process is called ‘autolysis’. 

ii. Micro-organisms: 

There are three groups of micro-organisms of interest; 

bacteria, yeasts and molds. The main features of these 

groups are as follows:- 

a. Bacteria. 

Bacteria are unicellular organisms. Their reproduction, 

by mitosis, is rapid but their life cycle is short - minutes 

in many types. They are classified with respect to the 

chemical changes they bring about rather than to physical 

characteristics. Typical sizes of bacteria are about 1ym. 

They are present almost everywhere; air, water, soil, in 

animals and their secretions, etc. 

Each type of bacteria has a maximum and minimum survival 

temperature but the optimum temperature for development 

varies widely for the different types. Exposure to steam 

at 125°C for 15 minutes will kill all known bacteria. Most 

bacteria are rendered dormant, or their activity considerably 

retarded, at temperatures below freezing. 

Products of bacterial reproduction are heat, gases, 

pigments and enzymes. Bacteria depend on soluble substances 

as food hence enzymic action is needed in their Life cycle = 

while autolysis may occur through enzymic action alone, the 

decay of foods generally requires the action of both enzymes _ 

and bacteria.
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Many species pass through a spore phase when they 

can endure extreme heat and cold. - = 

Bacteria usually thrive best in non-acid conditions, 

i.e. neutral or slightly alkaline. 

A salt solution, particularly if greater than 9% 

dozeent rasa oN is very effective against bacteria. Sunlight 

is usually fatal to most types. 

b. Yeasts: 

Yeasts are generally unicellular plants of the 

fungus group. Typical sizes are about 10pm. THEY, are 

present in many places, especially air. 

Yeasts require air, food and moderately warm 

temperatures for growth but are killed if exposed to high 

temperatures - boiling water or moist air at 100°C. They 

are hardy, however, being capable of surviving for long 

periods when deprived of food and moisture or exposed to 

low temperatures, under which conditions they become dormant. 

Most yeast colonies are moist and creamy-white in colour. 

c. Molds: 

Molds are multicellular plants characterised by a 

filamentous morphology. They develop spores which are 

distributed by air currents, etc. Growth is rapid in a 

favourable environment of moderate temperature, moisture, 

acidity and darkness. Oxygen is essential to mold growth. 

Although most molds are not poisonous some types are. All 

molds taste bitter. 

At temperatures below O°C the reproduction of mold life 

is greatly retarded or stopped, due largely to the absence 

of free water. Boiling temperatures will kill all molds.



3. Spoilage by Freezing: 

Foods are susceptible to damage by-freezing. Fruits 

and vegetables are particularly vulnerable. Ice-crystals 

formed during freezing rupture the cell membranes resulting 

in heavy water-loss on thawing since the damaged cells 

cannot absorb the water. Meat is affected in a similar way 

although the tougher and more elastic cell membranes reduce 

the damage. Fresh meat suffers from a problem known as 

"cold-shortening' in which over-rapid cooling causes the 

fibres to shorten by up to 50% making the meat tough. 

This problem is particularly severe with thick carcasses 

rather than small pieces. At least 12 hours should be 

allowed to cool the carcass down to i0°C. 

4. Aspects of Meat Spoilage: 

For short term storage the most important spoilage 

agents are bacteria. Yeasts are dormant at low temperature 

whilst molds usually grow on the surface and can be wiped 

off. Those that do infiltrate the surface do so toa 

shallow depth only and can be sliced off. Also, bacterial 

life tends to prevent the growth of molds. 

Bacteria can be classified into two groups; those which 

are pathogenic to man and those which are not. Pathogenic 

bacteria have higher minimum breeding temperatures hence 

control of the non-pathogenic types by low temperature 

storage also controls the growth of the pathogenic types. 

Storage time can be increased significantly - from 2 

to perhaps 6 or 8 weeks at the same temperatures - by 

wrapping meat in polythene bags since the fastest - multiplying 

bacteria need large amounts of oxygen. Lack of oxygen 

retards bacterial growth whilst the carbon dioxide produced
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“causes an acidic atmosphere which is itself unfavourable 

for bacterial growth. Although anaerobit bacteria are 

present they multiply much slower than aerobic types. 

Spoilage is usually determined subjectively from 

the appearance of the food but typically occurs at a 

surface density of 10° bacteria/em*. 

Bacterial growth increases exponentially with time 

until the bacterial density reaches a self-toxic level. 

This level, however, is usually well above the spoilage 

concentration. The rate of growth is also strongly 

temperature dependent. 

Because of the exponential nature of the srowth/time 

characteristic, the initial bacterial concentration is very 

important in the storage life of meat. 

The physical state of meat also affects its. storage 

life. Minced meat (or sausage, pies, etc), for example, 

is less favourable than a joint since it has a higher 

surface area per unit volume and also it cannot be cleaned 

satisfactorily by wiping or slicing. 

For storage periods up to about two weeks, the storage 

temperature should be less than 5°C. This renders the 

important bacteria reasonably dormant. 

5. Findings. 

For the storage of meats and other perishable foods 

for periods up to about two weeks, the storage temperature 

should be in the range 0 +5°C. 

si hpake life can be enhanced by cleanliness in 

preparation and care in packing.



Appendix 2 

ESTIMATION OF CABINET HEAT GAIN 

Program No. 

Program Name. 

Function. 

Listing. 

ee
 1 

ETP2 

Estimates refrigerator cabinet heat gain 

as a function of the wall thickness for 

selected cabinet sizes, insulation values, 

and temperatures. 

OLD PROGRAM NAME--ETP2 - 

18 INPUT T 
26 INPUT L 

38 INPUT H 

4@ INPUT X 

5@ A=1/¢(L*L*H) 

68 B=X/¢ eO4*(L+X) 12) 

78 C=1/CH*(L+2*X) 1 2) 

8B Q=6*T/( A+B+C) 

98 PRINT Q 
95 END



Appendix 3 

' ABSORPTION REFRIGERATOR’ SYSTEM : PERFORMANCE CALCULATIONS 

Program No. 3 2 

Program Name Ste o 

Function : Analysis of ‘absorption refrigerator and. 

flat plate collector’ system. Calculates 

system coefficient of performance as 

function of refrigerator generator 

temperature. Data-pairs produced on 

paper tape for direct use with graphplotter. 

e
e
 Listing 

OLD PROGRAM NAME--ETP3 

18 OPEN 14 
28 INPUT Cs DsYsGsTIlsl 

3@ FOR T2=9 TO 158 STEP 18 
46 S=(C=-(D*(T2-19--T1)/1))*(G*T2-Y) 

58 LPRINT T2 
68 LPRINT S 
76 NEXT T2 
88 END



Appendix 4 

ELECTROLUX RA1OB REFRIGERATOR TESTS 

oe
 

Test Unit Electrolux RAiOB refrigerator, cabinet 

capacity 1 cubic foot. 

A
J
 

Aim of Tests To assess the generator temperature and_ 

input power sensitivity of the unit. 

Electrolux RA1OB refrigerator powered ee
 

Test Rig 

by 240 V electrical heater. The heater 

electrical supply was via a 'Variac' 

variable transformer. The current through, 

and voltage across, the heater element 

were metered. The refrigeratorwas fitted 

with Cu/Con thermocouples at the following 

points:- 

1. Pump-tube/generator inlet. 

2. Pump-tube/generator outlet. 

3. Condenser inlet. 

4. Condenser outlet. 

5. Evaporator, centre. 

6. Centre of cabinet to estimate mean 

air temperature. 

The thermocouples were connected via a 

selector switch to a common reference junction, maintained 

at 42°C by a thermostatically controlled electrical heater. 

The thermocouple outputs were measured using a digital volt- 

meter. 

A 2-channel pen recorder was used to monitor the 

pump-tube outlet and evaporator thermocouple outputs to s 

assess when steady-state conditions had been established.



The ambient temperature was measured using a 

mercury/glass thermometer. - Ee 

Technique. 

The refrigerator input power was varied in increments 

between 20% and 110% of the unit's rated power input. The- 

tests were started at the lower figure, progressing to the 

higher, and then back to the lower. This was done in case 

the unit behaved differently on ‘rising’ and ‘falling’ input 

levels. 

Each power setting was maintained until steady-state 

conditions had been established, indicated by the chart 

recording of the outputs of pump-tube outlet and evaporator 

thermocouples. At this state the outputs of all thermocouples 

were noted. 

Calculation of Results. 

The observed results were tabulated and the temperatures 

at the various thermocouple locations calculated using 

published data for the thermocouple response and making the 

relevant ‘cold-junction' corrections. 

The results were presented graphically, an example of 

z 

which is included in the main text, fig.57.
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=~ 

FLAT PLATE SOLAR COLLECTORS : EFFICIENCY PREDICTION 

Program No. 

Program Name 

Function 

Listing 

3 

COLL 

Calculates collector efficiency as a 

function of I, based on the model 

presented by the UK ISES (23). Used 

primarily for analysis of ‘Electrolux' 

system. 

OLD PROGRAM NAME--COLL 

REM FLAT PLATE COLLLECTOR EFFICIENCIES BASED ON UK ISES REPORT 

PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 

FOR 1=59 TO 
K=C-DxT/I 

TABC(30)3 "DELTA T="3\ INPUT T 

TAB(3@);" 

TAB(38)5"" 

="$\ INPUT C 
D="3\ INPUT D 

TAB(39)3 “COLEFF", "SOLINT” 

1206 STEP 58 

PRINT TABC3@0)3Ksl 
NEXT I 
END



Appendix 6 

THERMAL POWER SYSTEM : PERFORMANCE CALCULATIONS 

Program No. : 4 

Program Name. ; ETP4 

Function. : Analysis of ‘thermal power system' 

(heat engine driving vapour compressor 

refrigerator) based on Carnot-limited 

cycles. Calculates system coefficient 

of performance, and it's component terms, 

as functions of the upper engine cycle 

temperature. CData-pairs of the system 

coefficient of performance and the upper 

engine cycle temperature are also produced 

on paper tape for use directly with 

graphplotter. 

Listing. : 

LIS 

5 REM ---SOLAR POWERED REFRIGERATION--- 

1@ REM -ANALYSIS OF SYSTEM BASED ON FLAT PLATE COLLECTOR/HEAT ENGIN 

15 REM VAPOUR COMPRESSION REFRIGERATOR- 

28 REM ALL TEMPS ON CELCIUS SCALE 

25 REM MEAN EVAPORATOR TEMP. SET AT -198C 

3@ REM J»R» ARE PERFORMANCE FACTORS BASED ON CARNOT LIMITS 

35 OPEN 16 

4B PRINT’INPUT VALUES OF CsDsTlsJsRsl PLEASE 

45 INPUT CsDs,TlsJs Ral 

5@ PRINT 

55 FOR T2=48 TO 198 STEP 18 

68 K=C-¢(D*¥(T2-16-T1)/1) 

65 M=R*(263/(T1+2G)) 

76 Led*¢(1=-¢€¢€T1+283)/¢T2+273))) 

75 S=K*L*M 

8@ A=15/¢1*S) 

85 PRINT"FOR *HOT’ TEMP.,T2=",T2 

9@ PRINT'SYSCOP="55S 

95 PRINT'COLEFF="sK 

108 PRINT"ENGEFF=",L 

185 PRINT"COP="5M 

118 PRINT’COLL.AREA=",4 

115 PRINT 

120 REM COLL.AREA CALC. BASED ON COOLING RATE=15 WATTS 

125 LPRINT Te 

138 LPRINT S 

135 NEXT T2 

146 END
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Appendix 7 

VAPOUR COMPRESSION -REFRIGERATION - 

SUMMARY OF REFRIGERANT REQUIREMENTS       

In assessing the suitability of a fluid as a refrigerant 

a number of its thermodynamic, chemical and physical 

properties must be considered:- 

1. Thermodynamic. 

ae Saturation Pressures : The pressures at evaporator 

and condenser temperatures should not be excessive. 

Pressures should preferably be above atmospheric - 

refrigerant leaks 'out' are easier to detect than 

air leaks ‘in'. 

b. Freezing Point : The freezing point should be 

well below the minimum operating temperature. 

c. Coefficient of Performance :; The coefficient of 

performance, for the same condenser and evaporator 

temperatures, varies with different refrigerants. 

A high coefficient of performance is desirable. 

d. Latent heat : A high latent heat is desirable, 

indicating a low mass flow rate. 

2. Chemical. 

a. Flammability. 

b. Toxicity. 

c. Reactions with the materials used in the construction 

of the plant. 

d. The effect of a refrigerant on refrigerated products 

in the event of a leak. This may be less important 

in a small system than a large cold store.
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Physical. 

ae Viscosity and thermal conductivity : Low viscosity 

and high thermal conductivity are conducive to good 

heat transfer behaviour. 

Miscibility of refrigerant and lubricating oil. 

Leak tendency : A refrigerant having a low 

molecular weight shows a greater tendency to leak 

than one with a higher molecular weight. 

Cost : The cost of the various refrigerants varies 

but this is usually a small item in the overall cost 

of the plant.



Appendix 8 

SPECIMEN OF MANUAL CYCLE CALCULATIONS 

FOR THERMAL POWER SYSTEM 

In these calculations thermodynamic properties were 

obtained by drawing the cycles on pressure-enthalpy charts 

for the working fluid selected, Ri2-. 

1. Refrigerator. 

conditions:- Pp 's' constant 
ee 

evaporator temperature, T)? 

condenser temperature, Tz» 

compressor efficiency 

cooling load, Q, 

  

If compression starts at dry-saturated conditions 

then point 1 can be identified:- 

T, = 268°K 3 hy = 249 kJ/kg 3 p, =2-6 bar 3 v, = 85 n° Mg 

2Ov 

For minimum condenser temperature = 303 K then Pz = Po = 7.5 bar. 

Assuming isentropic compression point2™ can be identified; 

hence h,* = 267 kJ/kg. 

Isentropic compression work = ho*-h, = 18 kJ/kg 

Assuming compressor efficiency = * then 

actual compression work 27 kJ/kg 

If condensation ends at saturated liquid state then 

T, = 303°K ; h, = 128.5 kJ/kg 3 pz = 7.5 bar 

For adiabatic throttling down to evaporator pressure point 4 is; 

T, =-268°K ; h, = 128.5 kJ/kg ; 
z 4. = 2.6) par Py . 

Now, 

COP = cooling effect/compression work = (nr, -hy)/(ho-h, ) = 4,46 

kI/kg
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0.125 s/s ‘hn = cooling rate/cooling effect = Q/(h,-hy) 

* ° 

compressor power = compressor work x mm ~— Sear W Il 

compressor inlet volume flow rate =v, x m 8.125 em” /s 
1 

knowing m other volume flow rates and heat transfer rates 

can be readily calculated if needed. 

2. Rankine Cycle. 

conditions:- 

maximum cycle temperature, To = 

condenser temperature, Ty 

expansion efficiency 

  

feedpump efficiency = 

Assuming condensation to saturated liquid state then point 4 

can be identified:- 

T = 303°K s: h, =129 kJ/kg 3; 4 4 =e iso, Dax Pa 

For isentropic expansion, ending at saturated vanour state, 

* ! ee 
point 3. can be identified:- 

T.# 15 SO3-K 3 ha* = 265.5 KJ/ke. ; p* = 7.5 bar 

Given maximum cycle temperature and since expansion is 

assumed to be isentropic then point 2 can be identified:- 

T, = 358°K 3; hy = 283 kKI/kg 3 Py = 22.5 bar 

To identify point 1 then (A, -hy) must be determined. Assume 

this to be equal to the ideal pump work, estimated as:- 

ideal pump work = Vp-(P,-P4) = 1.15 J/g 

then point 1 can be identified:- 

h, = 130.1 kJ/kg ; p, = 22-5 bar 

Assuming feedpump efficiency = 0.7 then 

actual pump work = 1.15/0.7 = 1.64 kJ/kg 

ideal expander output work = h,-h,* = 19.5 kJ/kg



Assuming expander efficiency = 0.5 then 

actual expander output work = 19.5 x 0.5 

thus nett actual expander output work 

heat input = ho-h, = 152.8 kJ/kg 

hence eretnal efficiency = nett output/input = 0.053 

For nett power output of 3.37 W then: 

m =- 3.37 / 8.11 = 0.42 g/s 

heat input = 0.42 . 152.8 = 63.6 iV 

Given m, volume flow rates and heat transfer rates 

throughout system can be calculated, if needed. 

oe |) Coiléctor. 

conditions: 

type - double glazed with selective surface 

I = 600 W/m? 

T 298°K 
a 

Using model presented by UK ISES (23) then: 

collector efficiency = 0.38 

hence required collector area = 63.6 / (600 x 0.38) 

System coefficient of performance = 0.358 x 0.053 x 4.46 

9.75 kJ/kg 

8.11 kJ/kg 

144
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Appendix 9 

SUMMARY OF CALCULATIONS FOR 'MAMOD' TESTS 

The test program on the Mamod engine was conducted 

in order to assess the expansion efficiency achieved by 

such a small expansion engine. The test rig and procedure 

have been introduced in the text. This appendix simmepiees 

the calculations used in the derivation of the results. 

The calculations can be separated into three stages:- 

1- Derivation of engine performance characteristics from 

the observed experimental results. 

2. Assessment of the quality of the steam delivered to 

the engine. 

3. Derivation of the expansion efficiency achieved by the 

engine. 

1- Derivation of Engine Performance Characteristics. 

The brake torque, brake power, specific steam 

consumption and brake thermal efficiency of the engine were 

calculated as functions of the engine speed. 

The observed results were:- 

brake applied load 

brake balance load 

engine speed 

inlet and exhaust thermocouple outputs . 

nominal inlet steam pressure 

amount of exhaust condensate collected in known time 

The brake torque was calculated from the nett brake 

load, W, and the radius of the brake drum, Yr, as:- 

: T = W.reg 

Hence the brake power, P, could be calculated since the 

engine speed, N, was Known: 

P 
angular velocity x torque 

= 2.11.N.T / 60
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Knowing the time taken to collect a measured volume 

of exhaust condensate the exhaust mass’ flow rate, m, was 

calculated, hence the specific steam consumption, ssc, 

could be calculated as:- 

ssc = m/P 

Using the brake power, exhaust mass flow rate and the 

latent heat of steam at engine inlet conditions, Neg the 

brake thermal efficiency was estimated as:- 

n = P / mde, 

2. Assessment of Steam Quality. 

The quality of the steam supplied to the engine was 

estimated using the ‘barrel calorimetry' technique. A 

‘thermos’ flask was used as the calorimeter barrel. The 

temperature of the inlet steam was measured using a Cu/Con 

thermocouple soldered to the outside of the lagged copper 

supply pipe. The temperature of the flask contents was 

measured using a mercury/glass thermometer. 

Summary of Technique. 

1- A measured mass, m9 of cold water is contained 

in the flask at temperature Ts. 

2. Steam from the supply at temperature T, and 

quality x, is bubbled into the flask water, condensing, 

for a suitable period. . 

3. The steam is turned off. The flask is agitated and 

the maximum temperature reached by the contents, Tos 

is noted. = 

4, The contents is measured thus giving the mass of 

steam, M9 admitted. 
~
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‘Calculations. 

By equating the heat gained by the cold water to 

the heat lost by the steam an expression can be derived 

for the inlet quality of the steam, as:- 

x = (m-(ho-h,,)/m, + Deo he, ) i Ree, 

Results. 

Repeated tests gave a consistent value of 0.75 

for the steam quality. Closure of the 'steam-trap' vents 

in the supply pipework resulted in the quality falling to 

below 0.7. 

3. Derivation of Expansion Efficiency. 

The expansion efficiency of the engine is the product 

of it's isentropic and mechanical efficiencies, i.e. 

xp. i ? h. P Nexp. ~?isent.” mec fet @anee eer 

brake work output 

isentropic work output 

hence, referring to fig.a : 

Yexp. ~ (ho-hs) / os 

Technique. 

dee Brake work output, ho-h,. 

  

The brake power output, P, and exhaust mass flow 

rate, m, are known from the engine test results hence 

the brake work output, ho-hs 5 can be calculated as:- 

h,-h; = P/m 

ii. Isentropic work output, h,-h,* 

The inlet enthalpy, h is easily obtained since the 
2 

inlet quality, X59 and temperature, T,» are both a 

known, hence:-
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Similarly the inlet entropy, s can be calculated as:- D7 

‘So = Spo + *o°"Pg2 ~ 

For isentropic expansion Sy = Ss. by definition and 

since the exhaust temperature, Tz is known then the 

isentropic exhaust quality, X=% can be calculated as:~— 

x5* = (so-Sp5*) / Spy3* 

Hence the isentropic exhaust enthalpy, hz*, can be 

calculated as;:- 

h.* = hes* ae X5% «Np o3* 

Hence the isentropic work output, ho-h,* can be 

obtained by subtraction. 

iii. The expansion efficiency can now be obtained by 

division, i.e. 

Nexp = (hg7hs) / (hy-h3*) 

Results. 

Maximum expansion efficiencies of 20% were achieved.



Appendix 410 

COMPUTOR PROGRAMS USED IN ANALYSIS OF THERMAL POWER SYSTEM 

These programs were used to analyse the behaviour of 

the Thermal Power System based on a Rankine Cycle heat engine 

and a vapour compression refrigerator. The cycle calculations 

employ thermodynamic properties of the selected working fluid 

and assumed component efficiencies. The solar collector 

performance is based on the model presented by the UK ISES (23. x. 

The use of each program is described in the text. 

Program No. : zi 

Drogram Name. : PRANK 
—— 

SG REM keHKKHRKEKKHEAEKSOLAR POWERED REFRIGERATION AH HRAHEEEEA EEE ES 

19 REM PROGRAM TO ASSIST ANALYSIS OF RANKINE CYCLE BASED SOLAR 

15 REM POWERED REFRIGERATION SYSTEM 
29 REM AT PRESENT PROGRAM BASED ON STARTING EXPANSION WITH FLUID 

25 REM ON SATURATED VAPOUR LINE 
38 REM ENTER TEMPS IN DEGREES KELVIN 
37 PRINT\PRINT 
40 PRINT"UPPER CYCLE TEMP.="3\INPUT T2 
ASPRINT"ENTER FLUID PROPERTIES AT UPPER TEMP." 
50 PRINT"SAT.PRESS-(BAR)="3\INPUT Pl] 
55 PRINT"LIQUID VOLUMECL/KG)="3NINPUT V1 
63 PRINT'"VAPOUR ENTHALPY(LJ/LG)="3\INPTT H2 
65 PRINT'VAPOUR ENTROPY(KJ/KG-K)="3\ INPUT S2 
78 PRINT 
75 PRINT'CONDENSER TEMP+="3\INPUT T4 
8Q@ PRINT’ENTER FLUID PROPERTIES AT COND. TEMP." 
85 PRINT'SATe PRESS-(BAR)="3\INPUT P2 . 

99 PRINT"LIQUID VOLUME(L/KG)="5\INPUT V2 
95 PRINT“LIQUID ENTHALPY(KJ/KG)="3\ INPUT H4 
97 PRINT"LATENT ENTHALPY(KJ/KG)="3\ INPUT H6 

180 PRINT"LIQUID ENTROPY(KJ/KGeK)="3\ INPUT S6 
105 PRINT'VAPOUR ENTROPY(KJ/KG-K)="3\INPUT S7 
110 PRINT . - 

115 PRINT'EXPANSION EFFICIENCY ="3\INPUT E 
129 PRINT'FEEDPUMP EFFICIENCY ="3\INPUT B 
125 PRINT'NETT SHAFT POWER REQUIRED (W)="3\INPUT WA 
130 PRINT "SOLAR INTENSITY (W/M?2)="3\INPUT I ° 
131 PRINT"AMBIENT TEMP.="3\INPUT T7 
135 PRINT“ENTER COLLECTOR PARAMETERS?" 
140 PRINT'C="3\INPUT C 
145 PRINT'D=""3\INPUT D
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Program 'PRANK' contd. 

158 X5=(€S$2-S6)/(S7-S6) 

155 HS=H4+X5*H6 

160 Wl=E*(H2-H5) 

165 W2=C€P1-P2)*¢(V1+V2)/¢629*8B) 

173 W3=W1-We2 

17591=H2-H4- We 

186 L=W37Q1 

185 M=W4/W3 

196 Q2=91*M 

195 K=C-D*(T2-T7)/I1 

280 A=92/¢(1*K) 

265 V3=V24M 

210 S=L*#K*2-4 

211 REM SYSCOP BASED ON FRIDGE COP =2.-4,» FROM COMP. EFFe=+36 

215 PRINT"PREDICTED PUMP WORK (KJ/KG)="3 W2 

229 PRINT“PREDICTED NETT SHAFT WORK (KJ/KG)="5W3 

225 PRINT"DESIGNED NETT SHAFT POWER (W)="3 W4 

230 PRINT'FLUID MeFeRe (G/5S)="5M 

235 PRINT"HT-eINPUT FROM COLL. (W)="5Q2 

249 PRINT “ENGEFF ="3L 

245 PRINT'COLEFF ="3K 

250 PRINT’SYSCOP ="35S 

255 PRINT"COLL- AREA (Mt2Q)="5A 

2640 END 

Program No. : 6 

Program Name. : EPRANK 

5S REM *##***kk********SOLAR POWERED REFRIGERATION XX KR EK KK KEKE EK KER KKE 

1@ REM PROGRAM TO ASSIST ANALYSIS OF RANKINE CYCLE BASED SOLAR 

15 REM POWERED REFRIGERATION SYSTEM 

29 REM PRANKE IS MODIFIED PRANK TO ANALYSE CYCLE WHERE FLUID QUALITY 

21 REM AT EXPANDER INLET IS < le 

22 REM NOTE THAT H2.S2 ARE STILL PROPERTIES AT EXPANDER INLET BUT ARE 

23 REM NO LONGER ALSO SAT+ VAP. PROPERTIES-S8 &S9 NOW REPRESENT VAP. 

24 REM AND LIQe ENTROPY (H7 & H8 ENTHALPIES) AT UPPER TEMP. 

30 REM ENTER TEMPS IN DEGREES KELVIN 

37 PRINTNPRINT 
n 

40 PRINT"UPPER CYCLE TEMP-e="3\INPUT Te 

ASPRINT“ENTER FLUID PROPERTIES AT UPPER TEMP." 

53 
So 
68 
61 
65 
66 
78 

PRINT'SATe PRESS- (BAR) ="5\NINPUT Pl 
PRINT“LIQUID VOLUMECL/KG)="3\NINPUT V1 = 

PRINT"VAPOUR ENTHALPY (KJ/KG)="3NINPUT H7 

PRINT"LIQUID ENTHALPY (KJ/KG)="5\INPUT H8 

PRINT"VAPOUR ENTROPY (KJ/KGeK)="5NINPUT S8 

PRINT"LIQUID ENTROPY (KJ/KGeK)="5\NINPUT S9 

PRINT



75 
88 
85 
98 
95 
97 

186 
195 
1190 
115 
123 
125 
132 
131 
135 
149 
145 
146 
147 
148 
158 
155 
168 
165 
17 

Program 'EPRANK' contd. 

PRINT"CONDENSER TEMPe="3NINPUT T4 

PRINT'ENTER FLUID PROPERTIES AT CONDs TEMP." 

PRINT'SAT.e PRESS-(BAR)="3\INPUT P2 

PRINT"LIQUID VOLUME(L/KG)="3 NINPUT Ve 

PRINT"LIQUID ENTHALPY(KJ/KG)="3\NINPUT H4 

PRINT"LATENT ENTHALPY(KJ/KG) ="'3 NINPUT H6 

PRINT"LIQUID ENTROPY (KJ/KG- K)="5NINPUT S6 

PRINT'VAPOUR ENTROPY(KJ/KGeK)="5NINPUT ST 

PRINT 

PRINT"EXPANSION EFFICIENCY ="3\INPUT E 

PRINT'FEEDPUMP EFFICIENCY ="3\INPUT B 

PRINT"NETT SHAFT POWER REQUIRED (W)="3\INPUT W4 

PRINT “SOLAR INTENSITY (W/Mt2)="3NINPUT I 

PRINT'AMBIENT TEMP-="3\NINPUT T7 

PRINT"ENTER COLLECTOR PARAMETERS?” 

PRINT'C="5NINPUT C 

PRINT'D="3NINPUT D 

PRINT\PRINT\FOR X = el TO 1 STEP «1 

H2=HB*( 1-X)+H7*X 

S$2=S9*C1-K)+S8*X 

X5=(S$2-S6)/(€S7-S6) 

HS=H4+ X5*H6 

W1=E* CH2-HS) 

W2=(P1-P2)*(VI+V2)/7023*B) 

W3=W1-We 

175Q1=H2-H4-We 

189 
185 
198 
135 
280 
285 
210 
eli 
212 
2138 
21s 
228 
225 
238 
235 
243 
245 
258 
259 
256 
28 
268 

L=W3/Q1 

M=W4/W3 

Q2=91*M 

K=C-D*(T2-T7)/1 

A=92/(1*K) 

V3=V2eM 

S=L*¥K*¥ 224 

REM SYSCOP BASED ON FRIDGE COP =2e4»s FROM COMP. EFFe=«36 

PRINT'FOR INLET QUALITY ='sX 

PRINT 

PRINT'PREDICTED PUMP WORK (CKJ/KG)="3 We 

PRINT'PREDICTED NETT SHAFT WORK (KJ/KG)="3W3 

PRINT"DESIGNED NETT SHAFT al CW)="3 W4 

PRINT'FLUID MeFeRe (G/S)="5 

PRINT“HT-eINPUT FROM COLL. aes Q2 

PRINT “ENGEFF ="3L 

PRINT'COLEFF ="3K 

PRINT'SYSCOP ="35S 

PRINT'COLLe AREA (Mt2Q)="3A 

PRINTNPRINTNPRINT 

NEXT X 

END
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Program NO. 

fe}
 @ 4 J = to 

5 

Program Name. 

5S REM #* kk RK KA EK EE SOLAR POWERED REFRI GERATI ON¥## #44 4% 4 £# EH ERHEEE 

19 REM PROGRAM TO ASSIST ANALYSIS OF RANKINE CYCLE BASED SOLAR 

15 REM POWERED REFRIGERATION SYSTEM 

29 REM PRANKE IS MODIFIED PRANK TO ANALYSE CYCLE WHERE FLUID QUALITY 

21 REM AT EXPANDER INLET IS < ls 

22 REM NOTE THAT H2sS2 ARE STILL PROPERTIES AT EXPANDER INLET BUT ARE 

23 REM NO LONGER ALSO SATe VAPe. PROPERTIES-S8 &S9 NOW REPRESENT VAP« 

24 REM AND LIQ. ENTROPY (H7 & H8 ENTHALPIES) AT UPPER TEMP. 

30 REM ENTER TEMPS IN DEGREES KELVIN 

37 PRINTNPRINT 

4@ PRINT"UPPER CYCLE TEMPe="3\NINPUT T2 

ASPRINT“ENTER FLUID PROPERTIES AT UPPER TEMP." 

5@ PRINT"SATe PRESS-(BAR)="3NINPUT Pl 

55 PRINT"LIQUID VOLUME(L/KG)="3\INPUT V1 

69 PRINT'VAPOUR ENTHALPY (KJ/KG)="3NINPUT H7 

61 PRINT“LIQUID ENTHALPY (KJ/KG)="5\NINPUT H8 

65 PRINT'VAPOUR ENTROPY (KJ/KGeK)="3NINPUT S8 

66 PRINT“LIQUID ENTROPY (KJ/KGeK)="3NINPUT S9 

7@ PRINT 

75 PRINT"CONDENSER TEMPe="S3\NINPUT T4 

8@ PRINT"ENTER FLUID PROPERTIES AT COND. TEMP." 

85 PRINT"SAT. PRESS-(BAR)="3\NINPUT Pe 

90 PRINT"LIQUID VOLUMECL/KG)="3\NINPUT V2 

95 PRINT"LIQUID ENTHALPY(KJ/KG)="3\NINPUT H4 

97 PRINT"LATENT ENTHALPY(KJ/KG)="5NINPUT H6 

100 PRINT"LIQUID ENTROPY(KJ/KG-K)=""s NINPUT S6 

105 PRINT"VAPOUR ENTROPY(KJ/KGeK)="3NINPUT S7 

110 PRINT 

115 PRINT"EXPANSION EFFICIENCY ="3\INPUT E 

123 PRINT’“FEEDPUMP EFFICIENCY ="3\INPUT B 

125 PRINT"NETT SHAFT POWER REQUIRED (W)="3\NINPUT W4 

130 PRINT “INLET QUALITY ="3\INPUT X 

131 PRINT“AMBIENT TEMPe="3\NINPUT T7 

135 PRINT"ENTER COLLECTOR PARAMETERS: 

140 PRINT'C="3NINPUT C 

145 PRINT™"D="3NINPUT D 

146 PRINT\PRINT\FOR I =30@ TO 1200 STEP 1089 

147 H2=H8*( 1-X)+H7#X 

148 S$2=S9*C1-X)+S8*X 

158 X5=(S2-S6)/¢€S7-S6) 

155 HS=H4+X5*H6 

166 W1=E*(CH2-H5) 

165 W2=(P1-P2)*(V1+V2) 70 26*B) 

172 W3=Wi-W2 | 
- 

17591=H2-H4-W2 

186 L=W3/7Q) 

185 M=W4/W3 

198 Q2=Q1*M 

195 K=C-D*(T2-T7)/1 

208 A=Q2/¢(1I*K) 

295 V3=V2*xM 

210 S=L*K*2-4



Procram 'IPRANK' contd. 

211 
ele 
213 
21s 
228 
225 
230 
235 
2468 
245 
256 
255 
256 
Zot 
268 

Program No. 

Program Name. ; 

5 REM 

10 REM 

15 REM 

20 REM 

21 REM 

22 REM 

23 REM 

24 REM 

38 REM 

REM SYSCOP BASED ON FRIDGE COP =2+¢4sFROM COMP+EFFe=+36 

PRINT'"FOR SOLAR INTENSITY ="s1 

PRINT 

PRINT"PREDICTED PUMP WORK (KJ/KG)="3W2 

PRINT'PREDICTED NETT SHAFT WORK (KJ/KG)="5 W3 

PRINT"DESIGNED NETT SHAFT POWER (W)="3 WA 

PRINT'FLUID MeFeRe (G/S)="5M 

PRINT"HTe INPUT FROM COLL. (W)="3 Q2 

PRINT “ENGEFF ="35L 

PRINT"COLEFF ="3K 

PRINT"SYSCOP ="3S 

PRINT"COLLe AREA (Mt2)="5A 

PRINTNPRINTNPRINT 

NEXT I 

END 

: PRANKE 

dk KKKKKKKKKESOLAR POWERED REFRIGERATI ON##### € EK EEEEEEEKERE FE? 

PROGRAM TO ASSIST ANALYSIS OF RANKINE CYCLE BASED SOLAR 

POWERED REFRIGERATION SYSTEM 

PRANKE IS MODIFIED PRANK TO ANALYSE CYCLE WHERE FLUID QUALITY 

AT EXPANDER INLET IS < le 

NOTE THAT H2.S2 ARE STILL PROPERTIES AT EXPANDER INLET BUT ARE 

NO LONGER ALSO SAT- VAP. PROPERTIES-S8 &S9 NOW REPRESENT VAP. 

AND LIQ. ENTROPY (H7 & H8 ENTHALPIES) AT UPPER TEMP. 

ENTER TEMPS IN DEGREES KELVIN 

37 PRINTNPRINT 

49 PRINT“UPPER CYCLE TEMP+=""3\INPUT T2 

ASPRINT“'ENTER FLUID PROPERTIES AT UPPER TEMP." . 

50 PRINT'SAT+ PRESS-(BAR)="3\INPUT Pl 

55 PRINT"LIQUID VOLUMECL/KG)="3NINPUT V1 

68 PRINT'VAPOUR ENTHALPY (KJ/KG)="3NINPUT H7 

61 PRINT"LIQUID ENTHALPY (KJ/KG)="3\NINPUT H8 

65 PRINT'VAPOUR ENTROPY (KJ/KG-K)="S5NINPUT S8 

66 PRINT"LIQUID ENTROPY (KJ/KGeK)="3NINPUT S9 2 

73 PRINT 

75 PRINT"CONDENSER TEMPe=""5\INPUT T4 

80 PRINT*ENTER FLUID PROPERTIES AT CONDe TEMP." 

85 PRINT'SATe PRESS«(BAR)="3NINPUT P2 = 

90 PRINT"LIQUID VOLUME(L/KG)="3\NINPUT V2 , 

95 PRINT"LIQUID ENTHALPYCKJ/KG)="3NINPUT H4 

97 PRINT"LATENT ENTHALPYCKJ/KG)="5NINPUT H6 

193 PRINT"LIQUID ENTROPY(KJ/KGeK)="5NINPUT S6 

185 PRINT"VAPOUR ENTROPY(KJ/KGeK)="SNINPUT S7



114 
EES 
123 
125 
132 
131 
E35 
143 
145 
146 
147 
148 
150 
15 
163 
165 
178 

Procram 'PRANKE' contd. 

PRINT 

PRINT" EXPANSION EFFICIENCY ="sNINPUT E 

PRINT"FEEDPUMP EFFICIENCY ="3\INPUT B 

PRINT'NETT SHAFT POWER REQUIRED (W)="3NINPUT W4 

PRINT "SOLAR INTENSITY (W/M12)="3NINPUT I 

PRINT"AMBIENT TEMPe="S3\NINPUT T7 

PRINT"ENTER COLLECTOR PARAMETERS:" 

PRINT"C="5NINPUT C 

PRINT'D="5\NINPUT D 

PRINT" EXPANDER INLET FLUID QUALITY=""3\NINPUT X 

H2=H8*(1-X)+H7*X 
$2=S9*C1-K)+S3*X 
X5=($2-S6)/¢€S7-S6) 

H5=H4+XS¥*H6 
W1=E*(H2-H5) 
W2=(P1-P2)*(V1+V2)7( 20*B) 

W3=W1-W2 

17591=H2-H4-We 

184 
185 
193 
195 
283 
205 
219 
211 
215 
220 
ae 
230 
235 
240 
245 
253 
255 
263 

L=W3/91 

M=W4/W3 

Q2=Q14*M 

K=C-D*(T2-T7)71 

A=Q2/¢1*K) 

V3=V2eM 

S=L*K*2e4 

REM SYSCOP BASED ON FRIDGE COP =2-4, FROM COMP. EFFe=- 36 

PRINT’PREDICTED PUMP WORK (KJ/KG)="5 W2 

PRINT'PREDICTED NETT SHAFT WORK (KJ/KG)="5 W3 

PRINT"DESIGNED NETT SHAFT POWER (W)="3 W4 

PRINT"FLUID MeFeRe (G/S)="5M 

PRINT"HTeINPUT FROM COLL. (W)='5 42 

PRINT “ENGEFF ="'s 

PRINT'COLEFF ="3K 

PRINT'SYSCOP ="3S 

PRINT'“COLLe AREA (MtQ)="5A 

END



Appendix j] 

Analysis of Mechanical Behaviour of OSCENG 

a 
v Program No. : 

Program Name. : ENGCSC 

Function. : Analsyses relative movements of piston, 

cylinder block and crankshaft for a range 

of engine geometries. 

S REM ***x***kROTARY OSCILLATING CYLINDER ENGINE ANALY SI S#* eK KK 

18 REM STROKE FRACTION AND CYLINDER DISPLACEMENT Ve CRANK ANGLE 

11 REM ENGINE GEOMETRY NON-DIMENSIONALISED IN TERMS OF THE RATIO OF 

12 REM THE CYLINDER - CRANKSHAFT DISPLACEMENT (L) TO THE CRANK 

13 REM RADIUS ¢R) 

32 FOR G=1 TO 14 

33 PRINT’FOR CYL-CRANK DISPL./CRANK RADIUS=". GV\PRINT\PRINT 

34 PRINT'CRANG', "CYLANG", "Se FRAC'"\ PRINT 

35 FOR A= 2 TO 18@ STEP 19 ~ 

37 Al=A*3-1415926/189 

52 B= CATNCSINCA1L)/¢G-COSCAl))))*188/3-1415926 

6B S=CCGt2+1-2*GKCOSC AI) t-5-¢€G-1))/2 © 

65 PRINT As BsS - 

75 NEXT A 

77 PRINT\PRINT\PRINT\NEXT G 

88 END 

Program No. : {O 

Program Name. CSCENG 

Function ; Analyses relative movements of piston, 

cylinder block and crankshaft for any 

particular engine geometry. . 

5 REM **x****ROTARY OSCILLATING CYLINDER ENGINE ANALY SI S## ***KKKKX 

1@ REM STROKE FRACTION AND CYLINDER DISPLACEMENT V. CRANK ANGLE 

29 PRINT "“CRANK/CYLINDER CENTRES DISPLACEMENT?"3\ INPUT L 

25 PRINT“ ENGINE STROKE?"3\INPUT D . 

3¢ PRINT’CRANG", *CYLANG”, "Se FRAC'"\ PRINT\ PRINT 

35 FOR A= @ TO 188 STEP 16 ~ 

37 Al=A*3.1415926/188 

49 R=D/2 — e 

SO B=CATNCCR*SINCAID)/(CL-R*COSCAI)I99*183/34 1415926 

69 S=CCLt 2+Rt 2-2*L*R* COSC Al) ) 1 ¢5-(L-R))/C2*R) 

65 PRINT A,B,S = 

75 NEXT A 

82 END



7) 
28 
21 
22 
23 
24 
48 
58 
J 
6B 
65 
72 
8G 
9G 

180 
112 
129g 
132 
149 
158 

Program No. 

Appendix i2 

Estimation of Solar Array Operating ‘Temperature 

ee
 

_
 

—
 

Progrem Name. : PLATEM 

Function. $ Estimates array equilibrium temperature 

as a functicn of ambient temperature for 

a range of heat dissipation rates. The 

model considered combined convective and 

radiative heat transfer and is solved 

a 
numerically using the Newton-Raphson 

technique. 

Listing. : 

REM 
REM 
REM 
REM 
REM 
REM 

PROGRAM NAME----- PLATEM 

PROGRAM TO FIND EQUILe TEMP. FOR VERTe HOT PLATE LOSING HEAT } 

COMBINED NATe CONV. AND RADIATION,IN AIR. 

SEE TEXT FOR IMPLICIT ASSUMPTIONS-THIS MODEL IS APPROXIMATE AI 

NON-GENERAL « 

SEE "ENGe HT. TRAN. BY SIMONSON" FOR APPROX» EQU. USED. 

PRINT“INPUT @ TOTAL(KW) » GUESSED SOLN-(C)" 

INPUT Q@,T1 " 
PRINT\PRINT\ PRINT 
PRINT" AMBe TEMP( C0) EQUIL.-TEMP.(C)" 
PRINT\ PRINT sf a 

FOR T@=8 TO 5@ STEP 5 

DEF FNACT) =Ge 8G262*( T=-TO)t 1e334113-4E-12*0¢€T+273) t 4-CTO+273) t4)-G 

- DEF FNBC(T)=8+9@348*( T-T@) t 8 33+453- 6E= 1L2eCT+273)13 

T9=TI-CFNACTID)/¢CFNBCT1)) 
IF ABS((T1-T9)/T9)<G-9881 GOTO 130 
T1=TO\NGOTO 186 a 
PRINT Ta» 19 
NEXT T@ 
END



10 
20 
ed 
oe 
23 
24 
4G 

58 
oS 
68 
65 
78 
8B 
96 

180 
11 
12 
130 
148 
150 

Program No. = EF 1-2 oo 

Program Name. ; PLATEG 

Function. : Based on the same model and technicue as 

prosram no. {1, FLATZEO estimates the 

array equilibrium temperature as a function 

of the heat dissipation rate for a selected 

ambient temperature. 

Listing. : 

FEM PROGRAM NAME----- PLATE@ 

KEM PROGRAM 70 FIND EQUILe TEMP. FJRK VERT» HJT PLATE LOSING HEAT EY 

KEM COMBINED NATe CONVe AND RADIATION, IN AI Re 

REM SEE TEXT FOR IMPLICIT ASSUMPTIONS-THIS MODEL IS APPROXIMATE AND 

REM NUN-GENERAL- 
REM SEE "ENGe HTe THRANe EY SIMONSON"' FOR APPROXe EQUe USED» 

PRINT"INPUT AMBe TEMP-(C)»GUESSED SOLNe(C)" 

INPUT T@»sT1l 

PRINT\PRINTN\PRINT 
PRINT" @ TOTALCKW) EQUIL+ TEMPe(C)" 

PRINT\PRINT 

FOR G@=8 TO 1 STEP -@5 

DEF FNACT)=@+- @@262k¢( T- TO) t Le 3341136 4E- 12*¢ ( T+ 273) t4-( TO+ 273) 14)- QB 

DEF FNBC T)=G« 08348*( T- TO) t Oe 33+ 4536 6E- Le ( T+ 273)13 

19=T1-C FNACT1I2)/CFNBCT1)) 

IF ABSCCT1-T9)/T9)<8-8001 GITO 130 

T1=TONGOTO 188 

PRINT G@» 19 

NEXT @@ 

END
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Wiamod Steanma engine 
lest 
Introduction 

The small ‘Mamod' steam engine is so 

well known that it requires no 

introduction. It has provided an 

introduction to model engineering for 

many small boys, and not so small boys, 

over a considerable number of years. That 

it remains a firm favourite is evident from 

the fact that it is sold in most model shops 

around the country. 

Although the engine is so well known 

the performance characteristics are not 

and it is therefore considered that the test 

results derived from a typical, off-the- 

shelf, ‘Mamod’ engine are of some 

general interest. 

The tests were performed as part of an 

academic research programme because 

information was_ required regarding 

typical operating efficiencies of a 

miniature steam engine. With this in 

mind, the ‘Mamod’ was an obvious 

choice for such an investigation. 

In practice the ‘Mamod’ engine is sold 

as a self-contained unit with its own 

boiler. However, as the tests were too 

prolonged for the capacity of the 

‘Mamod’ boiler the engine was coupled to 

a larger 9Kw electrically-heated boiler 

within the laboratory. 

Apparatus 

A schematic diagram of the test 

arrangement is shown in Fig. 1. The 

condition of the steam was monitored by 

_ means of a pressure gauge and a thermo- 

couple. The thermo-couple was soldered 

to the inlet pipe of the engine cylinder in 

order to measure the temperature of the 

steam at that position. Similarly, a 

thermo-couple was soldered to the outlet 

pipe to measure the temperature of the 

exhaust steam at that point. 

The cold junctions of each 

_thermocouple were immersed in an ice- 

water mixture and the reading from each 

thermo-couple measured by means of a 

digital voltmeter. 

A water-cooled glass tube exchanger 

was used to condense the exhaust steam 

and the flow of condensate measured 

using a graduated measuring cylinder. 

Throughout the tests, the temperature 

of the exhaust steam only varied by a 

small amount between 206° and 209°F, 

indicating that the exhaust conditions 

were very close to atmospheric and that 

the condenser had negligible influence on 

the running of the engine. 

Power output of the engine was 

measured by means of a ‘rope’ brake 

around the engine output shaft. In 

practice, due to the small size of the 

engine, lightweight string was used for 

the ‘rope’. The string was wrapped once 

General Apparatus set-up. 

Spring balance 

Cooling water in + 

Measuring cylinder 

  

Pressure gauge 

Steamin 
—_— 

— 

_ Cooling water out 

Thermocouples are denoted by T   
Fig. 1 Schematic diagram of the ‘Mamod' test apparatus. 

around the shaft and was anchored at one 

end by a 0-100 gram spring balance whilst 

the load was attached to a hanger at the 

other end. 

Loads of between 0 and 600 grams 

were used, being increased in 50 gram 

increments until the engine eventually 

stalled. The nett load on the shaft was 
found as the difference between the 

applied load and the spring balance 
reading. 

At each load setting, the rotationa 

Model Mechanics, October 197S



speed of the engine was measured. This 

posed some problems as the engine had 

too small a power output for Be 

conventional rev-counter to be used, 

During preliminary tests a stroboscope 

was used, but for the actual tests, this 

was discarded in favour of a ‘light beam’ 

tachometer. This instrument can be held 

in the hand and gives a direct digital 

reading of the speed. It operates by 

directing a beam of light on a part of the 

rotating mechanism which redirects the 

light beam back once each revolution. 

The time interval for each revolution was 

then monitored and the rotational speed 

computed within the tachometer. 

Tests 
Preliminary running of the engine 

indicated that the performance was 

critically dependent on the state of 

lubrication of three major parts of engine, 

the shaft bearing, the big end and the 

oscillating cylinder, when undergoing 

prolonged testing. In view of this a simple 

drip feed oiling system was constructed in 

order to ensure an adequate supply of 

lubricant throughout the tests. 

Two series of tests were performed at 

steam pressures of 10 p.s.i. and 15 p.s.i. 

gauge respectively. Figure 2 shows curves 

of the actual measured output of the 

engine plotted as a function of the 

rotational speed. As the power output 

was so small the numerical values are 

given as thousandth’s of a horse power. 

Putting these measured outputs into 

perspective, the maximum power output 

at 15 p.s.i. is still below 1% watts, 

insufficient power for a torch bulb. 

The characteristics of the engine are 

well defined by the curver in Figure 2 with 

maximum output at about 1,750 r.p.m. 

for both steam pressures. Above this 

speed, the power falls off rapidly until at 

no-load conditions a maximum speed of 

2,700 r.p.m. was achieved at 10 p.s.i., 

this being increased to 3,250 r.p.m. with a 

steam pressure of 15 p.s.i. 

As the tests were initially performed to 

check on operating efficiencies, it is worth 

noting that these were very low, a figure 

of 0.6% being the best achieved at 10 

‘p.s.i. whilst a slightly improved figure of 

0.9% was achieved at 15 p.s.i. 

These figures represent the overall 

thermal efficiency, being a measure of the 

output power as a percentage of the 

thermal input in the steam. 

At best, these figures can only be 

estimates as the values were calculated 

on the basis of the condensate flow rate 

and no measure could be made of the 

steam escaping past the oscillating 

cylinder. However, some allowance for 

this loss was made during the calculations 

and it is anticipated that such efficiency 

values are realistic. 

Discussion 

The ‘Mamod’ engine operates as an 

oscillating cylinder engine. At top-dead- 

centre the steam port into the cylinder is 
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Fig. 2 Power output curves of the ‘Mamod’ steam engine. 

Theoretical 
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Fig. 3 Comparison of the power output at 10 p.s.i. with the theoretical power. 

Actual 

Theoretical 

  

  

Fig. 4 Comparison of the actual condensate flow rate at 10 p.s.i. with the theoretical amount.



closed, but as soon as the piston moves 

down the cylinder for the expansion 

stroke, the geornetry of the engine is such 

that the cylinder slides over to open the 

steam inlet port. Steam is allowed into the 

cylinder throughout the expansion stroke 

with the port being closed again at 

bottom-dead-centre. Similarly, the 

exhaust port is open throughout the 

return cycle. 

With this knowledge of the cycle within 
the cylinder, it is possible to work out the 

theoretical power from the engine 

assuming ideal conditions, and compare 

with the actual power achieved. Such a 

comparison is shown in Figure 3 for one 

working pressure of 10 p.s.i. 
It can be seen that at low revolutions 

i.e. below 1,000 r.p.m., the difference 

between the two curves is very small 

indicating that with the drip feed 

lubrication system, the friction losses are 

low. 
Above 1,000 r.p.m. there is a marked 

divergence of the actual power curve 

away from the theoretical. Since friction 

‘losses are small below this speed, and 

only increase in direct proportion with the 

rotational speed, it is considered that 

friction does not play any great part in this 

fall off of power. 

In particular, it is thought the two major 

factors that influence the power output 

characteristics most are condensation of 

the steam in the cylinder and ‘wire 

drawing’ of the steam through the inlet 

port during the expansion stroke. 
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Apparatus involved: a. Spring balance; b. Pressure gauge; ¢. 

Dealing with the first of these, 
condensation of the steam in the cylinder, 

it has always been recognised that the 
output and efficiency of a model steam 
engine is worse than its full size 
counterpart when judged on a size 

comparison basis. This fall off in 
performance has been attributed to so 

called ‘scale effects’. One of the scale 

effects is that as a cylinder becomes 

smaller the surface area is greater for a 

given internal volume. Hence the heat 
losses from the outside of the cylinder are 

proportionally greater for a smaller engine 

and there is more condensation of the 
steam. 

From an historical point of view, 

Newcomen spent many years working 

with model steam engines before evolving 

a design that he decided was sufficiently 

good to translate into a full-sized engine. 

Most of his early failures with models can 

be attributed to the poor efficiency of a 

model engine compared to a full-size one, 

rather than any real defect in his design 

approach. 
Returning to the present tests, it is 

considered that although some 

condensation takes place within the 

cylinder during running it is only 

equivalent to 0.3 of a thousandth of a 

horse power, not sufficient to explain the 

whole difference between the actual and 

theoretical power curves in Figure 3. 

This leaves ‘wire-drawing’ or throttling 

of the steam flow through the inlet port 

into the cylinder and also throttling of the 
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. Applied load; d. Mamod steam engine; e. Condenser. 
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exhaust steam leaving the cylinder. 

Although the inlet port and similarly, the 
exhaust port, are open throughout 
virtually the whole stroke, they are not 

completely open except at the mid-point 

of the stroke. Near top and bottom dead 
centres the port is only slightly open and 

at these positions, the steam flow is 

restricted. This throttling process 
becomes more noticeable as the 

rotational speed of the engine increases, 

hence the fall off of power shown in 

Figures 2 and 3. 
The influence of this throttling can be 

seen quite clearly from Figure 4 which 

shows the flow of condensate from the 

engine. Although this in no way takes into 

account the loss of steam escaping from 

the joint between the inlet port and the 

cylinder, it does provide a realistic 

measure of the steam used during the 

power cycle within the cylinder. 

It can be seen that the actual 

condensate flow rate is higher than 

predicted by theory. This is compatible 

with the low operating efficiency and can 

be accounted for by the boiler supplying 

wet steam to the engine together with 

increased condensation within the 

cylinder. 
What is perhaps more notable is that 

there is only a comparatively small 

increase in condensate showing that 

throttling is also increased through the 

ports at higher speeds. This is particularly 

evident by the levelling off of the curve at 

the maximum speed achieved. 

      “ie ‘ ~ 
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Addendum 

1. Ambient Temperatures 

The initial, generalised, model assumed ambients of 30 

and 50°C to estimate the cabinet heat gains. These values are 

typical of maximum European and Tropical ambients respectively (j4)} 

In more detailed analyses of specific systems a more 

flexible approach to the choice of ambient was needed. These 

systems respond differently to variations in ambient. The 

performances of systems which began to appear to be untenable 

were investigated at more favourable ambients to enhance con- 

fidence in their rejection. 

For the results shown in this work the ambient assumed 

is stated in each case. 

2. Continuous Cooling 

Continuous cooling is usually required, although in most 

Third World countries the situation is eased by lower night 

temperatures. Continuous cooling is feasible if the solar input 

during daylight exceeds that needed to maintain the desired 

cabinet temperature over the same period. 

The excess energy may be stored to provide cooling during 

darkness. References to 'continuous' or '24 hour’ cooling in 
this study indicate that an estimate has been made of the system's 

ability to cope with this situation. 

There are various points in the system where the excess 

energy may be stored, the most favourable location varying 

with different systems. In every case the collector area must 

be sufficient to intercept adequate excess energy. The sizing 

of the remainder of the system components depends on where, 

within the system, the excess energy is stored. 

S. Derivation of Equation 4.5 

This simplification is based on an assumed temperature 

drop of 10°C in the collector fluid between the mean generator 

temperature and the collector inlet temperature. 

Since heat transfer within the generator is characterised 

by high heat transfer coefficients the temperature gradient 

required to effect that transfer is ignored.


