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NOTAT ION

Effective collector area, m2

Number of components iIn a solution

Specific heat capacity at constant pressure,
kJ/Zkg-K

Coefficient of performance of refrigeration
system

Diameter of tube or pipe, m

Standard fin efficiency; number of degree of
freedom

Plate efficiency of a flat-plate collector
Flow factor of a flat-plate collector

Heat removal factor of a flat-plate collector
Sollar constant, 1353 W/m2

Apparent extraterrestrial solar irradiance,
W/m2

Beam solar flux or irradiance of a horizontal
surface, W/m2

surface,~W/m’ L
Specific enthalpy, kJ/kg; heat transfer
coefficient, W/m2k

Daily extraterrestrial radiation on a
horizontal surface, MJ/m2

Monthly mean daily extraterrestrial radiation

_ 2
on a horizontal surface, MJ/m



H, Ht Monthly mean daily total global radiation on a
horizontal or tilted surface with appropiate
subscript to denote beam or diffuse, MJ/m2

| Insolation, defined as the iInstantaneous or
hourly solar radiation on a surface, with
appropiate subscripts to denote
beam, diffuse, reflected, horizontal, tilted,
etc., W/m’

K Extinction coefficient, m ; thermal
conductuvity, W/m._K

Kt Ratio of monthly averaged, total horizontal
radiation on a terrestrial surface to that on
the corresponding extraterrestrial surface,
1.e., the monthly clearness index

k Daily ratio of horizontal total Radiation on
terrestrial surface to that on the
corresponding extraterrestrial surface, 1.e.,

the daily clearness index

L Lenght, m; thermal load or demand

m Mass, kg

m _ Mass flow rate, kg/s

n Index of refraction; number of daylight hours;

number of tubes
N NLh day of the year; number of glass covers
NTU Number of transfer units (dimensionless)
p Pressure, bar
P Number of phases

q Rate of heat flow, W



Quantity of energy or heat, kJ

Ratio of hourly total radiation to daily total
radiation

Thermal resistance, m2K/W

Monthly elevation factor to transform total
global radiation on a horizontal surface to
that on a tilted surface

Monthly elevation factor to transform total
beam radiation on a horizontal surface to that
on a tilted surface

Hourly absorbed radiation, MJ/m2
Temperature, with appropiate subscripts to
denote ambient, collector, storage, inlet,
outlet or mean collector fluid temperature,
K or °C

Specific internal energy, kJ/kg

Overall heat transfer coefficient, W/mzK
Overall heat transfer for heat loss from
collector, WVmZK

Structure heat loss characteristic, with
appropriate subscripts to denote storage or
edge, MJ/K~day or—-W/K

Distance between tubes, m

Concentration, mass fraction of solute In a

binary solution, kg/kg



Greek

0O > o o

=

(oD

Absorptance

Plate thickness, m

Difference

Emittance

Efficiency

Ground reflectance

Transmittance of glazing

Stefan-Boltzmann® s constant
Transmittance-absorptance product, optical

efficiency

Angular Measure

Collector elevation or tilt aglfe, measured
upward from horizontal

Collector azimuth angle, measured " " " to the
east of south, ""+"" to the west of south
Declination angle

Incident angle bestween the sun®s radiation and
a line normal to the collector™

Zenith angle between the.line through the
centre of the earth and the sun®s radiation
Local latitude

Hour angle of the sun

Hour angle of sunset/sunrise

Hour angle of sunset/sunrise for the tilted

surface for the mean day of the month



Subscripts

o
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Ambient, absorber, absorbed
Beam (direct) radiation
Collector

Diffuse, daily

Equivalent, effective, edge
Final, fluid

Ground

Inlet, Inside, incident, i1nsulation

Loss

Mean, monthly
Normal

Outlet, overall
Parallel, plate
Reflected
Storage, sunset or sunrise,
Top

Total, tilted
As used
Perpendicular
wind
Cross-sectional
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ABSTRACT

An experimental intermittent solar refrigerator
using ammonia-water as the refrigerant-absorbent
combination and powered by two flat-plate collectors
has been designed, fabricated and tested under
outdoor conditions iIn Nairobi, Kenya. The research
was conducted iIn order to study the performance of
the system in the Kenyan climate and to determine the
prospects of the system iIn the climatic region. It
was also carried out with a view of investigating how
variations in the initial solution mass, the initial
ammonia concentration iIn the solution and the final
generator .temperature affect the system performance.

The generator-absorber consisted of two copper
flat-plate collectors, each having eight 12.7 mm
diameter steel furniture tubes soldered onto i1t at
100 mm intervals and glazed by two glass covers. The
total effective collecting surface area of the two
collectors was 1.463 m° . The condenser-evaporator
was a one shell pass, one tube pass, multi-tube
vertical heat exchanger, with condensation inside the
tubes and refrigerant storage—in-the-condenser tubes.
The condenser was water cooled.

Tests were performed with different
concentrations in the range 0.35 to 0.58 kg NH3/
kg solution with different solution masses. System

parameters during regeneration and refrigeration

XVi



processes were measured, and the cooling effect and
the system coefficient of performance computed.

The maximum generator temperature attained was
100°C with an initial solution mass of 10.65 kg and
an initial concentration of 0.37 kg Nt~/kg solution.
Cooling ratios iIn the range of 0.24 to 0.49 were
obtained and the overall coefficient of performance
was found to be iIn the range of 0.07 to 0.17. The
effective cooling per unit area of collector surface
per day for the experimental refrigerator was in the
range of 825.4 kJ/mZ, for an initial solution
concentration of 0.37 kg NH"/kg solution and initial
solution mass of 10.65 kg, to 2463.4 kJ/m2, for an
initial solution concentration of 0.58 kg NH9/kg
solution and initial solution mass of 13.8 kg, for
clear sunny days.

The results obtained herein compare favourably
with those obtained by El-Shaarawi and Ramadan (1986)
from their iInvestigation carried out in Egypt, which
iIs an example of a tropical climatic region. Hence
the good performance of the system demonstrates the
applicability of the system in the Nairobi climatic
conditions. Although the performance is limited by
the characteristics of the intermittent cycle as
compared to the continuous cycles, the simplicity of
the unit makes i1t adequate for use In small household
and other food chillers iIn the rural areas where

there 1is no electricity.



CHAPTER ONE

INTRODUCTION

Man has always benefited from the sun In the
form of food as a direct product of photosynthesis,
and fossil fuels as a by-product of plant
decomposition. However, over the past decades or so,
there has been a growing realisation that fossil
fuels, which are non renewable, are becoming more and
more expensive. Also, there is now a general
consensus that the growth in energy consumption which
has been experienced for many years cannot continue
indefinitely as there i1s a limit to our reserves of
fossil fuels. These problems have created an urgent
need into the research for alternative sources of
energy.

Thus, researches are going on iIn the
non-conventional sources of energy, such as, solar,
windpower, and ocean and wave power, to find ways in
which they can supplement the fossil fuels. However,
solar energy is by far the most attractive
alternative energy source for the future. Apart
from its non-polluting qualities, the amount of
energy which is available for conversion is several
orders of magnitude greater than all present world
requirements.

Refrigeration is available iIn the industrialized

nations through the use of electricity but is not



readily available iIn the majority of the world
especially in the third world. Solar energy,

however, 1is available iIn most areas, and the
conversion of solar energy into other forms which can
provide the refrigeration could be a tremendous
benefit to mankind. Since solar energy 1is the
cheapest and the most abundant source of energy known
to mankind, the use of solar energy iIn absorption
refrigeration is worth investigating. Much work has
been done in this area, and the extent of achievement
made is reviewed In the next chapter.

A great need exists iIn the developing countries

for a low-cost refrigeration system? An intermittent
absorption refrigeration cycle, requiring no
electrical power and utilizing solar endrgy as the
heat source for regeneration, offers the possibility
of providing such a system.

In Kenya, as in many parts of Africa, the
majority of the populace live In the rural areas
where there 1is no electricity. Hence, it 1is
proposed to study the performance of an intermittent
aqua-ammonia solar powered absorption refrigerator in
the Kenyan climate with the following objectives.

©O) To study the applicability of such a system
in the Nairobi climate. As mentioned above, this
study i1s by no means unique, however, the performance

of the system depends on the daily insolation level



and other environmental factors such as ambient air
temperature and wind speed.

(i1) To 1nvestigate the performance of such a
system In an equatorial climate like Kenya®"s and come
up with the proper design parameters to optimize the
system iIn view of the climatic conditions. In order
to optimize the system, the optimum ratio of the
ammonia to the water iIn the solution will have to be
established and the cooling ratio computed.

(111) To i1nvestigate how variations iIn the
maximum solution temperature attainable in the solar
collector-generator and the minimum temperature
attainable In the evaporator affect the cooling ratio

and the overall performance of the system.



CHAPTER TWO

LITERATURE REVIEW

2.1 HISTORY OF REFRIGERATION

Jordan and Priester (1954) have given a
historical background of refrigeration beginning with
the Chinese who are said to have had ice cellars, as
early as 1000 BC. Later the Greeks and the Romans
kept snow cellars insulated with grass, earth and
manure. Attempts iInto mechanical cooling began as
early as 1755 AD, [Jordan and Priester (1954)], using
air machines, but these proved to be i1neffective.

With large scale transportation of i1ce around
1800 AD, there arose an urgent need to develop
machines to manufacture ice. Thus the first patent
for a refrigeration machine using ether was issued In
Britain as early as 1834. Other patents for other
machines, using different refrigerants followed. It
iIs reported by Jordan and Priester (1954) that
machines of both the vapour compression and
absorption systems using ammonia were developed as
early as 1870, and those using carbon dioxide and
sulphur dioxide had been developed by 1891.

Steam-jet refrigeration was also In common use at

this period.
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With the advent of industrialization, users of
ice had progressively changed from natural to
artificial 1ce by 1900 AD. Except for a few new
designs, machines currently in commercial use, 1In
both the conventional absorption and vapour
compression systems, are iImproved modifications of

these earlier machines.

2.2 REVIEW OF SOLAR ABSORPTION COOLING

2.2.1 Introduction

There are several methods of achieving cooling
by solar energy [Freider and Kreith (1977) and
ASHRAE (1985)]. The cooling effect can be produced
directly by operating an absorption cycl*e, by a
regenerative desiccant process or a steam jet system.
It can alternatively be produced by a conventional
vapour compression cycle in which the compressor is
driven by a solar Rankine cycle or by an electric
motor operated by photovoltaic cells. These means
may be termed active. In addition there are passive
means to cool the air in a building, all involving
heat losses from water by nocturnal radiation,
evaporation and convection, [Hay and Yellot (1970)].-
Yanagimachi (1958,1964), Bliss (1964) and Hay (1973),
describe systems that use nocturnal radiation to
chill water for subsequent cooling. This review

deals mainly with the absorption cycle which iIs the
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only system among those mentioned above which 1is
commercially available In a variety of cooling
capacities.

Absorption cooling systems have long been
employed. This cycle, requiring essentially only a
heat source for its operation, has become one of the
likely candidates for solar energy applications.
There are two methods of operation of absorption
coolers. The first is to use continuous coolers,
similar In construction and operation to conventional
gas or steam fired units, with energy supplied to the
generator from the solar collector-storage-auxiliary
system whenever conditions iIn the building dictate
the need for cooling. The second approach i1s to use
intermittent coolers similar in concept to that of
commercially manufactured food coolers used many
years ago in rural areas before electrification and
mechanical refrigeration were widespread.

Intermittent coolers have been considered for
refrigeration but most work iIn solar air conditioning
has been based on continuous cycles.

Recent works, [Gallo and de Souza (1982),
Pailatowsky and Best (1982), Delgado et al.(1982) and
Dupont et al.(1982)], testify to increasing interest
in the i1ntermittent refrigeration cycle as a result
of i1ts feasibility and despite i1ts slightly lower
cooling ratio, 1), defined as the ratio of the heat
absorbed by the refrigerant during refrigeration to

the heat absorbed by the generator contents during



regeneration, as compared to the continuous cycle.
Ammonia, MNH.(, In combination with fluid absorbent
such as water, HY), and sodium thiocyanate, NaSCN,
[Agarwal and Agarwal (1983)], or solid absorbent such
as calcium chloride, CaCl2, and strontium chloride,
SrClz, [Pilatowsky and Best (1982), Clausen and
Worsoe-Schmidt (1982), Clausen and Worsoe-Schmidt
(1983), and lloeje (1986,1988)], is the most common
refrigerant used to achieve temperatures below 0°C.
Methanol, CHOH, 1is also used in combination with
active carbon and especially iIn the very promising
binary and ternary combinations with lithium bromide,
LiBr, and/or zinc bromide, ZnBr2, [ledema and
Machielsen (1983), Grosman et <ii.(1983), and Alloush
and Gosney (1983)]. In association with these
bromides, CH30H has higher cooling ratio values than
other working fluid combinations, and the same
applies to the CaC”-CH”OH combination as compared to
the CaCl2-NH3 system, [Grosman et al .(1983) ].

The system performance of iIntermittent
absorption refrigerators is highly dependent upon
environmental factors such as cooling water
temperature, air temperature and solar radiation. In
consideration of the wide variation of these factors
as well as of the cooling ratio values calculated
under these conditions, the classic NH3-H2< system
proves to be the most efficient combination of the
above-mentioned ones. When the condenser is

water-cooled this combination has cooling ratio



8

values higher than the Nt™-CaC’l system, [Pilawsky arid
Best (1982)], and varies much less with changes in
the evaporation temperature than methanol-bromide
combinations, [Alloush and Gosney (1983)]. Moreover,
the risk of crystallisation, e.g., NaSCN-NHg,
LiBr-CHaOH, [Grosman gt al.(1983)], is avoided, and
the system can work at temperatures below 90°C,
requiring minor rectification only. The CaCl2-2CH30H
combination has cooling ratio values 1.3 times higher
than those of CaCl -NHa system, therefore it 1is
comparable to the NH3~H20 system. However it
presents the disadvantage of desorption at high
temperatures and low absorbability of the absorbent,
[Grosman et al .(1983)]. For big cooling loads
intermittent cycles suffer from the problem that good
high temperature collectors such as evacuated tubes
containing selective surfaces cannot be good heat
rejectors. For such loads the continuous Rankine
cycle 1is preferable, [Sherwim (1983)]-

Continuous absorption cycles can be adapted for
operation from flat-plate collectors. The principles
of operation of these cooling cycles are described in
A5HRAK (1975). The present temperature limitations
of fiat-plate collectors restrict consideration among
commercial machines to lithium bromide-water systems.
Lithium bromide-water machines require cooling water
for the absorber and condenser, and their use will
probably require use of a cooling tower. Solar

operation of ammonal-water coolers, such as those



marketed for steam or gas operation, 1is difficult
because of the high temperatures required to operate
the machines. Coolers based on the other
refrigerant-absorbent systems may be possible
candidates for solar operation, but are not yet
developed to the point where they can be evaluated.
Intermittent absorption cooling, on the other
hand, may be an alternative to continuous systems.
Most work to date on these cycles has been directed
at food preservation rather than comfort cooling.
These cycles may be of iInterest iIn air conditioning
because they offer potential solutions to the energy

storage problem. In these cycles, distillation of

the refrigerant from the absorbent occurs during the
regeneration stage of operation, and the refrigerant
iIs condensed and stored. During the cooling stage of
the cycle, the refrigerant iIs evaporated and
reabsorbed. Thus, '"storage"™ 1is iIn the form of
separated refrigerant and absorbent. Modifications
of this basically simple cycle, using pairs of
evaporators, condensers, or other arrangements, may
result In an essentially continuous cooling capacity

and 1mproved performance.

2.2.2 Solar Absorption Refrigeration System

Swartman et al.(IH73) mention the work done by
Hainsworth and by Buffington on 180 possible

refrigerant-absorbent combinations and their



(V)

qualitative considerations. Their objective was to
find a working fluid combination with desirable
characteristics of: availability, low cost, Ilow
vapour pressure, low viscosity, high thermal
conductivity, Hlow volatility, high latent heat of
vapourization for the refrigerant, low heat capacity
of absorbent, non-toxicity, non-corrosive, stable and
high solubility of refrigerant iIn absorbent at room
temperature. All the desirable characteristics
mentioned above could not be satisfied by any of the
refrigerant-absorbent combination iInvestigated. in
solar applications, low generator temperatures have
put a limit to the possible combinations that can be
of practical use. Today, only ammonia-water and
water-lithium bromide combinations in the liquid
absorbent category have been accepted and applied,
[Swartman at al .(1973)].

An analysis of iIntermittent adsorption and
absorption refrigeration cycles, for the systems
ammonia-calcium chloride and ammonia-water was made
by Linge (1929). By establishing an arbitrary ideal
cycle in which the final absorber temperature was
equal to the temperature of condensation, he
calculated the cooling effects per unit mass of
absorbent as functions of condensation temperature,
evaporation temperature, and final generator tempera-
ture. Then, the cooling ratio was correlated with
these variables. On the basis of this analysis, he

concluded that the ammonia-calcium chloride system is
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superior to the ammonia-water system beoause of the
higher cooling ratios, especially at higher
condensation and absorption temperatures.

The first recorded major project on an all solar
absorption refrigeration system was undertaken at the
Montlovis Laboratory in France iIn 1957 by Trombe and
Foex (1957). Their devise used an ammonia-water
absorption system with intermittent operation. A
cylindro-parabolic mirror with an area of 1.5m2 was
used as the collector. Generation occurred during the
four hours of maximum sunshine, with evaporation the
remainder of the time. This unit produced 6 kg of
ice per day.

Williams et al.[(1957),(1958 )] described a
comprehensive iInvestigat+on which”included a
theoretical estimate of the performance of four
different binary systems (methanol-silica gel,
acetone-silica gel, ammonia-water and freon
21-tetraethylene glycol dimethyl ether), and an
experimental study of two of these systems
(ammonia-water and freon 21-tetraethylene dimethyl
ether). In both investigations the heat source was
solar radiation focussed onto the generator by means
of a reflector. The freon-glycol ether system gave
maximum cooling ratios iIn the range of 0.13 to 0.26,
whereas ammonia-water cooling ratios ranged from 0.38
to 0.41. The performance in the freon system was
attributed to low latent heat of the refrigerant and

its requirement for relatively large amounts of
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absorbent. Maximum solar heating ratios of 0.33 tor
the freon unit and 0.41 for the ammonia unit were
recorded.

Experimental over-all performance ratios,

(COP) , defined as the ratio of the

ovoral [l
refrigeration effect to the incident daily insolation
for the period regeneration was on, for the
ammonia-water and freon-glycol ether units, showed
maximum values In the range of 0.14 to 0.16 for the
former and the latter 0.03 to 0.08. These studies
demonstrated that useful refrigeration can be
obtained by the use of intermittent absorption
refrigeration cycles with solar regeneration.
Chinnappa (1961) made a systematic experimental
study of the intermittent vapour absorption
refrigeration cycle employing two binary mixtures
(ammonia-water and ammonia-lithium nitrate) with
maximum solution temperatures up to about 40b K.
Using a solution with an initial concentration of
about 0.48 kg/kg solution, the effective cooling
below 273.1 K per kg of solution, and the actual
cooling ratio were calculated, and compared with
theoretical values. For both systems, it was found
that while the values of the 5ctual cooling ratio
were quite close to the values of the theoretical
cooling ratio, the actual cooling per kg of solution
was b to Ib percent less than the theoretical value.
This difference was attributed to the area of the

condensing surface provided for a particular rate of
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heat supply during regeneration. cooling ratio tor
the ammonia-lithium nitrate system was higher than
for ammonia-water but more refrigeration per kg of
solution was possible with ammonia-water combination.

Chinnappa (1962) experimentally studied the
operation of iIntermittent ammonia-water refrigeration
systems in which flat-piate collectors served as the
energy supply. The collector plate was a copper sheet
of dimensions 1524mm by 1067mm and 0.762mm thick,
onto which were soldered six 6.35mm diameter steel
pipes at 152.4mm intervals. Three glass covers were
used. The absorber and generator were separate
vessels. The generator was an integral part of the
flat plate collector, with refrigerant-absorbent
solution iIn the tubes of the collector circulated by
a combination of thermosyphon and a vapour lift pump.
Using approximately equal cycle times for the
regeneration and refrigeration steps (6 to 6 hours
each), the overall coefficient of performance
(COP) was found to be approximately 0.06 at
generation temperatures rising from ambient to
approximately 372 K. With cooling water at
approximately 303 K, the effective cooling per day
for the experimental machine was iIn the range of 50
to 85 kJ/m* for clear days.

A small and simple refrigerating apparatus using
an ammonia-water solution was designed iIn Pakistan by
de Sa (1964). The focus of 1.37m2 parabolic

reflector was used to generate ammonia vapour. Tests
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showed that o .2b kg of ammonia could be generated
from 2 kg of working solution having a concentration
of 58%.

Sargent and Beckman (1968) made a theoretical
study of the performance of the refrigerant-absorbent
combination of ammonia-sodium thiocyanate, NHa-NaSCN,
intermittent absorption refrigeration cycle and
compared It with an ammonia-water cycle. An
experimental i1nvestigation was made to determine the
heat capacity of solutions of sodium thiocyanate in
liquid ammonia at varying concentrations- and
temperatures. The results, together with already
existing heat of solution data, were used to generate
a temperature-enthalpy diagram for the combination.
An i1dealised intermittent cooling cycle, in which the
generator containing the NHa-NaSCN solution is heated
by solar energy, was chosen and ideal cooling ratios
evaluated as function of i1nitial and final generator
temperatures and condenser temperatures. The cooling
ratios were found to be nearly equal to those of the
ammonia-water combination for the same 1ideal cycle.
The NH3-NaSCN combination possesses the advantage of
not requiring a rectifier to prevent transfer of the
absorbent to the condenser because of the low
volatility of the NaSCN absorbent.

As a follow-up on the work of Chinnappa (1961)
and Sargent and Beckman (1968), Swartman et al.(1975)
made an experimental study to compare the ammonia-

water and ammonia-sodium thiocyanate systems. Once
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more they demonstrated the feasibility of using a
flat-plate collector incorporating the generator-
absorber in a working intermittent absorption
refrigerator. Extensive tests were carried out to
determine performance of the NH9—H20 and NH9—NaSCN
refrigerant-absorbent combinations. The experimental
results showed that the -Hg-NaSCN“eombination has a
better performance than NH3—H20- In addition, the
NHa-NaSCN offers lower equipment costs as It does not
require a rectifier to prevent carry over of the
absorbent to the condenser.

Working on the same principle as Chirmappa
(1962) but using different collector material,
Farber (1970) designed and tested an ammonia-water
system using a flat-plate collector. The unit gave
an overall performance coefficient of o.:1 and
produced 5.5 Rgs of 1ice per o.1m2 of collector area
per day. The system was however not all solar, as
auxiliary equipment such as electric pumps were used.

A simple intermittent refrigeration system
incorporating the generator-absorber with a 1.4m
flat-plate collector was designed and constructed at
the University of Western Ontario by Swartman and
Swaminathan (1970). Ammonia-water solution of
concentration varying from 58 to 70% were tested.

Another study at the University of Western
Ontario was made iIn 1972 by Swartman and Va (1972).
This study investigated an ammonia-sodium thiocyanate

solution In the same system described above. The
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system was unable to make any considerable amount of
ice.

Perry (197b) theoretically investigated the
performance of the water-lithium bromide iIntermittent
absorption refrigeration cycle. For low generator
temperatures, the system performed in conformity with
the conventional solar absorption system. However,
at higher generator temperatures, the LiBr
crystallises out of solution, thus putting an upper
bound to the generator temperatures that could be
applied to such a system.

A bb-litre capacity solar energy stimulated
ammonia-water absorption-cycle refrigerator has been
developed to store vaccine iIn remote locations,
[Norton et al .(1986)]. The system employs a
commercially manufactured (but modified) refrigerator
operating on the Platens-Munz absorption cycle which
requires a heat input of 95W and has an evaporator
capacity of 21W. It was powered by 30 evacuated-tube
heat-pipe solar-energy collectors, each collector
having an absorber area of o .In/ .

An experimental intermittent solar absorption
refrigerator using aqua-ammonia was manufactured and
tested In the Egyptian climate by El-Shaarawi and
Ramadan (1986). Tests performed on this experimental
intermittent refrigerator proved that cooling by
solar energy using NHg-H O systems is technically
feasible in the Egyptian climate without the need of

any help from other external sources of energy.
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An average cooling ratio of 0.52 was obtained
and the measured minimum evaporator temperature was
271.0 K. 1t was concluded that ammonia-water
combination gives the best performance under the
assumption that no water 1is transferred to the
condenser. However, 1In practice, It IS very
difficult to prevent water from being carried over to
the condenser during regeneration. This transfer
reduces the cooling ratio.

Staicovici (1986) has designed and operated an
intermittent single-stage ammonia-water absorption
refrigeration system for short-term preservation of
fish i1n the Danube delta, where ice Is needed from
early iIn the morning. The designed cooling load was
46 MJ/cycle. The system®"s overall coefficient of
performance (COP)_ . .,,» varies between 0.152 and
0.09 in the period of May to September. Solar
radiation availability and the theoretical cooling
ratio, also applicable to the Trombe-Foex system,
were also assessed.

At usual condensation temperatures, maximum
theoretical values of (COP)OVOraI,L were achieved for
generator outlet temperatures below 100°C, the actual
maximum values being expected iIn the range of
0.25-0.30 at generation and condensation temperatures
of 80 C and 24.3 C respectively. Subject to a total
insolation of 750 W/m’ being available 7 hours a day
and assuming that an amount of 450 kJ/kg ice 1is

required at (COP)O of 0.25, the resulting solar

voral’l
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cooling capacity amounts to 10 .b kg ice/m* collector.
For bigger capacities of 450-675 MJ/day, the pay-off
period iIs estimated to be 4-6 years respectively and
the life-time to be 15-18 years.

Kouremenos et al.(1987) have given prediction
along a typical year in Athens area of the
performance of solar driven NHg-H2o0 absorption units,
operating iIn conjunction with high and intermediate
temperature solar collectors, iIn the cases (@) of
absorption refrigeration units working as
refrigerators, (b) of absorption refrigeration units
working as heat pumps and (c) of reversed absorption
units working as heat transformers.

In all cases, the operation of the units and the
related thermodynamics were simulated by suitable
computer codes, and the required local climatological
data (i.e. the iIncident solar radiation and the
ambient temperature) were determined by statistical
processing of related hourly measurements over a
considerable number of years. It was found that iIn
the case of the refriger<itor, for operation over the
whole year, the theoretical cooling ratio varies IiIn
the range from 0.72 to 0.75 and a maximum theoretical
specific cooling power of 223 W/m’ was observed in
July at 13 hrs local time. In the case of the heat
pump, Tor operation from November to April, a maximum
theoretical heat gain factor of about 1.7 was
obtained iIn December with corresponding specific heat

gain power amounting to 213 W/m’> at 14 hrs while a
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maximum theoretical specific heat gain factor of
about 1.655. Lastly, iIn the case of the heat
transformer, for operation over the whole year, a
maximum theoretical heat gain factor of about 0.483
was observed during winter at about 13 hrs but with
very small specific heat gain power, while a maximum
specific heat gain power of 175 W/m2 was obtained in
July at noon with a corresponding heat gain factor of
0.445.

Gutieirrez (1988) has successfully developed
from a commercial absorption-diffusion type
generator, a solar refrigerator by substituting the
burner for generation by a flat-plate collector. An
ammonia-water solution and hydrogen was used iIn the
system. There was no hot thermal storage to operate
the system continuously, hence cooling occurred
during daytime only. The heat rejection was by
natural ailr convection. A series of experiments were
performed in which the system was solar powered and
also operated in a solar simulator, in order to know
the effects of the ambient temperature on the
behaviour of the apparatus. It was observed that
under good insolation conditions, the refrigerator
maintains freezing temperatures five hours a day,
provided that the ambient temperature does not exceed
28°C .

A (COP)Overal,,I value of 0.11 was obtained with

the collector operation at constant radiation (850

2 - - - -
W/m ) in the simulator with an exit temperature of
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105 C. This value is a third of what was reached
when the refrigerator was operated with a gas burner
and a generator temperature of 160°C. Also the
system had a collection efficiency of 23% and the
system thermal ratio (STR) indicates that for every
watt of solar incident radiation on the collector,

the evaporator takes out 1/40 W.

2.2.3 Application of Solar Cooling to_

Air~Conditioning

Air conditioning is a welcomed application of
solar energy since the sun is used to overcome Iits
own discomforting effect. The near coincidence of
maximum cooling load with the period of greatest
insolation iIs an advantage since the greatest cooling
effect is available when needed most. Absorption air
conditioners appear promising in this application
because of their state of development, their high
performance at available temperatures and their
mechanical simplicity compared to other air
conditioning system alternatives.

Figure 2.1 shows the energy flow pattern of a
generalised absorption air conditioning system. Solar
energy received by collector is transferred through a
high temperature storage-reservoir—to“ the absorption
unit. This unit draws heat from a low temperature
reservoir and rejects i1t together with high

temperature energy to the outside ambient air. The
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low temperature reservoir can then be used to remove
heat from the space to be cooled. In the event that
there 1s insufficient stored cooling capacity
available to meet the cooling load, auxiliary energy
is supplied.

Eisenstadt et ad.(1959) carried out tests on an
experimental intermittent absorption refrigeration
system utilizing hot water from a flat-plate solar
collector for regeneration using the ammonia-water
system with solution concentration varying from 0.4
to 0.7. The temperatures of the hot water used for
generation varies from 333 K to 355 K. These tests
demonstrated the feasibility of the use of solar
energy for comfort cooling iIn air conditioning.

A commercial water-lithium bromide air
conditioner, slightly modified to allow supplying the
generator with hot water rather than steam, was
operated from a fiat-plate water heater by Chung et
al_(1963). An analytical study of solar operation of
a water-lithium bromide cooler and flat-plate
collector combination by Duffie and Sheridan (1965)
identified critical design parameters™ and assessed
the effects of operating conditions on integrated
solar operation.

Under the assumptions made iIn this study, design

of the sensible heat exchanger between the absorber
and generator, cooling water temperature, and
generator design are important, the latter is more

critical here than in fuel-fired coolers because of
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the coupled performance of the collector and cooler.
An experimental program was also developed at the
University of Queensland, Australia, iIn a specially
designed laboratory house,[Sheridan (1970)]- It was
concluded that the equipment performance should be
adequate for the air conditioning of houses iIn the
Australian tropics where reliable summer insolation
is available.

Ward and Lof (1975) installed a lithium
bromide-water absorption cooling unit to a Colorado
State University house and tested the different
operating modes for both heating and cooling. A
60-40 percent ethylene glycol-water mixture was used
in the solar flat-plate collectors which supplied
heat to the air iIn the building and to the lithium
bromide absorption air conditioner. Approximately
two-thirds of the heating; and cooling loads were
expected to be met by solar energy and the balance by
natural gas. A thermal simulation of the Colorado
State University (CSU) solar house was also carried
out by Duffle et al.(1975). A computer model of the
solar energy system was developed and used to
determine the important design features and to show
the effect on the system performance of the collector
tilt, collector area and number of covers.

Other investigators of solar powered air
conditioning include Chinnappa (1974), who gave an
assessment of the performance of the less

conventional types of ammonia-water cycle (including
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two with multistaging) when supplied with solar
energy. Also the performances of the three cycles
were compared to the conventional cycle. It was
concluded that though the less conventional cycle
require smaller solar collectors to produce the same
cooling effect, this improvement is realised at the
cost of greater complexity of plant, and therefore,
greater initial capital cost.

Wilbur and Mitchell (1975) 1iIn their paper on air
conditioning alternatives showed the relative
advantages of a single stage, lithium bromide-water
absorption air conditioner heated from a flat-plate
solar collector over those of ammonia-water system 1iIn
a theoretical comparative study. They also showed
that systems utilizing refrigerant storage and heat
rejection buffer between a cooling tower and the
absorber and condenser require smaller cooling towers
than the conventional units, and that the operation
with an ailr heat exchanger rather than the cooling
tower iIn such a system yields acceptable system
performance with a small reduction in the fraction of
the cooling load which can be met with solar energy.

In another study on air conditioning systems by
Wilbur and Mancini (1976), the performance of the
lithium bromide-water working fluid was also shown to
be superior to that of aqua-ammonia systems.

A hybrid solar air conditioning system has been
designed and built by Costello (1976). It 1s partly

an absorption system and partly a vapour compression
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system. Hence, i1t combines the two most popular
types of solar refrigeration systems. The
refrigerant-absorbent combination used was water-
lithium bromide and the heat source iIn the generator
was hot water supplied by a solar collector. The
system offers the advantages of a lower initial cost
than the absorption system, and a lower operating
cost and power consumption than the vapour-
compression system. It permits designing with an
optimal mix of solar and electrical energy for
driving the system.

A solar-powered ailr-conditioning system has been
designed, iInstalled and operated in Singapore by
Bong et ai.(1987). The system made,,use of 32m2 of
heat-pipe collectors and a lithium bromide-water
absorption chiller of 7 kKN cooling capacity. The
operation of the system was fully automated. The
chiller operation was described by the relationship
between i1ts solar and auxiliary heater contributions.
The performance of the system over a representative
local i1nsolation condition was compared with that of
the reported performance of two systems operating iIn
the USA.

It provided an average cooling capacity of 4 kW
with a cooling ratio of 0.58 at a solar fraction of
0.388. The average electrical power consumed to
provide solar cooling was 16.7 MJ over a 9-hour daily
operation. 9.9% of the incident solar energy was

converted into cooling effect and the net savings of
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converted into cooling effect and the net savings of

non-renewable energy per day was 13.9 MJ.

2.2.4 Solar Vapour Compression Systems

Another type of solar cooling system that has
received attention In recent years couples a
solar-powered Rankine cycle engine with more or less
conventional air conditioning system. Solar
collectors are used to heat a fluid usually water, 1iIn
a storage tank. Energy from the storage tank is
transferred through a heat exchanger to a heat
engine. The heat engine exchanges energy with
surroundings and produces work which is used to drive
the compressor of the vapor compression system.

In 1954, Kirpichev and Baum of Russia, [as
reported by Swartman et al.(1973)] successfully
produced 150 kg of ice per day on this type of
system. Their refrigerators were of the conventional
vapour compression type, driven by a heat engine
operating on steam, produced by a boiler placed at
the focus of a large parabolic mirror. Low
efficiency of solar collection, coupled with the
complexity and cost of this system, has made the
system more viable for power generation, than for
solar refrigeration.

Studies on Rankine-cycle solar air conditioning
systems to date have concentrated on theoretical

analysis [Prigmore and Barber (1974), Beekman (1975)
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and Olson (197V) j. An experimental system In a
mobile laboratory is descxibed by-Erigmore and Barber
(1974). Hot water from fiat plate eoillectors was
passed through a heat exchanger and pumped back to
the collectors. The heat exchanger was also the
generator of a subsystem operating on a Rankine
cycle. The fluid in the generator (the refrigerant)
was fed to an expander which provided the shaft power
for the vapour compression system. From the
expander, the refrigerant was condensed and pumped
back to the generator-cum-heat exchanger.

The application of this type of system to
refrigeration posed a few substantial problems,
[Barber (1977)], due to the low efficiencies of both
the flat plate collectors and the Rankine cycle.
Generation of mechanical power from solar radiation
has not yet been shown to be economical 1iIn
large-scale systems, and i1t is difficult to envision
a household scale system that will convert solar to
mechanical energy at Less expense than a large-scale
solar system.

The design and control of Rankine engine-vapour
compression cooling has been studied by Olson (1977),
who found that for a given location and collector
size, there are optimum sizes of both the engine and
the storage tank which maximize annual solar
contribution to meeting the cooling load.

As with all solar processes, steady-state

conditions cannot be used to find optimum designs.
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It Is necessary to evaluate design options based on
estimates of integrated yearly performance, since the
effects of design variables are not intuitively

obvious.

2.2.b Solar Thermoelectric Kefrigerator

A thermoelectric generator consisting of a small
number of thermocouples generally produces a small
e.in.f. but can easily be made to yield a large
current. It has the advantage that it can operate
from a low-grade heat source and 1is, therefore,
attractive as a means of converting solar energy into
electricity. This is especially so if the electrical
load i1s a thermoelectric refrigerator also consisting
of a small number of thermocouples since such a
device requires a large current and only a small
e.m.f.. In other words, a thermoelectric generator
and a thermoelectric refx*igerator make a highly
compatible combination. Although the combination
does not have a very high efficiency, 1its simplicity
of construction may enable it to overcome this
disadvantage.

Vella et ai.(197b) demonstrated the feasibility
of a thermoelectric generator, which draws its heat
from the sun, as a source of electrical power for the
operation of a thermoelectric refrigerator. The
theory of the combined thermoelectric generator and

refrigerator was derived and the ratio of the number
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of thermocouples needed for the two devices was
determined. It was found that this ratio can, 1In
principle, be as low as unity, even for
unconcentrated solar radiation, though practical
considerations indicate that a ratio of 4 tO 1 1is
preferred in this case. A 4-couple thermoelectric
generator was used to power a single-couple
refrigerator, [Vella et al.(1976)]. Temperatures
below 273 K were achieved for a temperature

difference across the generator of about 40 K.
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CHAPTER THREE

THEORY OF THE SOLAR SUBSYSTEM

3.1 SOLAR RADI AT ION

The performance of any solar thermal system
depends on the solar radiation available to it
Solar radiation i1s characterized by its availability.
Even when abundant, it varies during the day,
reaching a maximum at noon when the path length
through the atmosphere 1is shortest. Unless the
collector is continuously turned to face the sun, the
sun’s changing altitude and azimuth will reduce the
collected heat below the potential maximum. The
hours of day-light also vary seasonally, being the
shortest in winter when the need for heat is the
greatest. Therefore, unlike most other power
production equipment, solar collectors remain dormant
for one-third to two-thirds of the day, increasing
system cost considerably.

The local atmosphere, of course, appreciably
affects the available sunlight. Ordinary pollution
may reduce i1t by 10%. Clouds are also a part of the
climate i1n most localities, and the solar efficiency
suffers accordingly.

The utilization of solar energy involves
collecting surfaces at various orientations to the

horizontal. While radiation measurements on the

30
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horizontal surfaces are available for many locations,
the insolation on inclined surfaces must be
calculated. It 1s the objective of this chapter to
give a method for calculating the radiation on
inclined surfaces from measured data on horizontal
surfaces.

In this chapter, the value of the solar constant
is given followed by the expression for the position
of the sun used iIn determining the direct component
of the radiation on an inclined surface. Calculation
of the diffuse and reflected radiation components
then allows the total radiation on such a surface to
be determined. Also methods are described to obtain
monthly values of total radiation on inclined
surfaces from the monthly total horizontal radiation.
This monthly measurement, generally expressed as the
daily average of the monthly total radiation, 1is the
only available solar radiation data for a great many
locations.

When hourly radiation values are available from
measurement or from cloud cover information, these
data can be used more accurately for system design
than average monthly information if they are
pre-processed into detailed tables of radiation and

weather data.
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3.1.1 The Solar Constant

The Solar constant, G _, is the energy from the
sun, per unit time, received on a unit area of
surface perpendicular to the direction of propagation
of the radiation, at the earth®"s mean distance from
the sun, outside of the atmosphere. The value of GSC
has been determined within an estimated accuracy of

+1.5% as 1373 Win2, [ASHRAE (1985)].

3.1.2 Variation of Extrsrberrestrial Radiation

The apparent extraterrestrial solar irradiance
Gp varies over the year as the earth-sun distance
changes seasonally, being about 3.5% higher than G
in January and 3.5% lower 1in June.

The dependence of extraterrestrial radiation on
time of the year can be closely approximated by the

empirical formula given by Klein (1977) as:

Go= Gg[1 > 0.033Cos("pk (3.1

where
GO iIs the extraterrestrial radiation, measured on the
plane normal to the radiation and N is the Nth day of

the year.
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3.1.3 Direction of the Beam Kadiation

The geometric relationships between a plane of
any particular orientation relative to the earth at
any time (whether that plane i1s fixed or moving
relative to the earth) and the i1ncoming beam solar
radiation, that is, the position of the sun relative
to that plane, can be described iIn terms of several
angles, [Benford and Bock (1939)]. These angles and
the relationships between them are as follows (see
Figures 3.1 and 3.2):

¥ Latitude, that i1s, the angular location north
or south of the equator, north positive,

-90° < @< 90°.

& Declination, that is, the angular position of
the sun at solar noon with respect to the
plane of the equator, north positive
-23.45° < 6 < 23.45°.

O Slope, that 1is, the angle between the plane
surface iIn question and the horizontal,
0° <0 < 180°. (0O > 90° means that the
surface has a downward facing component).

K Surface azimuth angle, that is, the deviation
of the projection on a horizontal plane of
the normal to the surface from the local
meridian, with zero due south, east negative,
west positive, -180° < vy < 180

® Hour angle, that is, the angular displacement

of the sun east or west of the local meridian
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due to rotation of the earth on 1ts axis at
15 per hour, morning negative, afternoon
positive.

Q Angle of iIncidence, that i1s, the angle
between the beam radiation on a surface and
the normal to that surface.

The following empirical equation of Cooper

(1969) can be used to calculate the declination, s .

6  23.45°Sin 360x (Zgg;'\' (3.2

']
where
N is the day number in the year.
The equation relating the angle of iIncidence of
beam radiation 6, and the other angles Iis:
Cos& = SINSSIN</>Cos(?
- SIn<BCos0SIn/?Cos™ir
+ Cos<5Cos0Cos(?Coso>
+ Cos<GSiInN<ECos™*Cosco
+ Cos™SIn/ASInKSinw (3.3)
There are several commonly occurring cases for
which Equation 3.3 is simplified. For fixed north,
that 1s, with a surface azimuth angle, k, of 0° or
180° (a very common situation for fixed flat-plate
collectors), the last term drops out.
For horizontal surfaces, 0-0°, and the angle of
incidence is the zenith angle of the sun, O
Equation 3.3 becomes

Cos# = Cos6Costf>Coso + SINGSIN<E 3.4
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Equation 3.4 can be solved for the sunset hour angle,

w_, when & =90°.
a p4

Cos>, - BRI (3-52)
Cuaxg “Tano Tane (3.5b)

It follows that the number of daylight hours is given

by
n = y”Cos 1 (-Tan<ETans ) (3.6)

3.1.4 Ratio of Beam Radiation on Tilted Surface to

that on Horizontal Surface

For purposes of solar process design and
performance calculations, 1t iIs often necessary to
calculate the hourly radiation on a tilted surface of
a collector from measurements or estimates of solar
radiation on a horizontal surface. The most commonly
available data are total radiation for hours or days
on the horizontal surface, whereas the need is for
information on the plane of a collector, either total
or beam and diffuse.

The geometric factor, , the ratio of beam
radiation on the tilted surface to that on a
horizontal surface at any time, can be calculated by
appropriate use of Equation 3.3. The ratio GbT/Gbis

given by

UNIVERSITY OF MAIROfff
URDFIRY
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GbT Ganos© Cos®

p _ ,0 7
b“ Gw ™ Gu Cos® = TosO 13*1]

and Cos© and CosOz are both determined from Equation
3.3.

The optimum azimuth angle for flat plate
collectors 1is usually o' In the northern hemisphere
(or 180 i1n the southern hemisphere). Thus 1t is a
common situation that * = 0° (or 180%). In this
case, Equation 3.3 can be used to determine CosQ”™and
Cos©, which iIn the northern hemisphere for y =0°,

gives

R - Cos (&/?)Cos<¥ode + SIn(o Ht)SIind
b ~ Cos0Cos<5Coso> + Sin051ri16
In the southern hemisphere, K = 180° and the

equation is

Cos (<EH?)Cos<BCosa> + Sin (EH(?)SINO
b ~ Cos0Cos<SCosu) + 81n0SIn<5

3.1.5 Extraterrestrial Radiation on Horizontal

Surface

At any point in time, the solar radiation
outside the atmosphere incident on a horizontal plane

1S:

G G, 1+ 0.033C03( gop T CosO, (3.10)

fic

where G is the solar constant, and N is the day of

the year. Equation 3.4 gives Cos©”. Combining with
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Equation 3.10, for a horizontal surface at any

time between sunrise and sunset iIs given by
Go = G,,[1 + 0.033Co3("f§h)]

X (SIn0SIn<5 + Cos0Cos<5C0os00) (3.11D)

It is often necessary for calculation of daily
solar radiation to have the integrated daily
extraterrestrial radiation on a horizontal surface,
Ho - This 1s obtained by iIntegrating Equation 3.11
over the period from sunrise to sunset. It GSC iIs In

watts per square meter, Hy in Joules per square meter

is:
24x3600G
H = -———---" 1+ 5-83§Eos(§99yx
2 mp
X CosOCos<5CoswS + 356A—Sin08in<5 (3.12)

where Uy iIs the sunset angle, iIn degrees, from
Equation 3.5.

The monthly mean daily extraterrestrial
radiation, HO is a useful quantity. It can be
calculated with Equation 3.12 using N and s for the

mean day of the month from Table 3.1.

3.2 AVAILABLE SOLAR RADIATION ON TILTED SURFACES

Practical use of monthly horizontal surface data
requires the estimation of the corresponding

radiation on the tilted surface of the solar
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collector. This 1s not a simple process because
elevation of the direct and diffuse components
involves a different procedure, and generally global
radiation data are all that are available. The
procedure, [Klein (1977)], requires calculation of
the proportion of the potential extraterrestrial
radiation available daily at the site, from which an
empirical correlation then permits estimation of the
diffuse component. To find the daily total
extraterrestrial radiation, Equation 3.11 must be
integrated over the daylight hours as the incident
angle O changes. The ratio of the extraterrestrial
radiation on the tilted and horizontal surfaces is
used to "elevate™ the direct component, as described
below. Then the diffuse component is elevated, and
the two summed up to give the global radiation on the

tilted surface.

3.2.1 Diffuse Radiation

Since most radiation data are global, 1t is
necessary to determine the proportion of the
radiation that is diffuse before the radiation on a
tilted surface can be found. Obviously, the cloudier
the climate, the higher the proportion of diffuse
radiation. Liu and Jordan (1960) and Page (1961)
found that the proportions of diffuse radiation in

horizontally collected monthly radiation data iIs a
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function of the clearness index Kt, the proportion of

the horizontal extraterrestrial radiation reaching

the site.

Kt, the monthly average clearness 1index, is the
ratio of monthly average radiation on a horizontal
surface to the monthly average daily extraterrestrial

radiation. In equation form,

(3.13)

Collares-Pereira and Rabl (1979) found a
seasonal dependence of the monthly fraction that is
diffuse, HyH, on the monthly average clearness
index, Kt , which they expressed iIn terms of the
sunset hour angle of the mean day of the month, as a
function of latitude and declination given by

Equation 3.5. The equation for H ,/H (@ in degrees)
IS:

H.
— = 0.775+0.00653(w -90)

H
- [0.505+0.00455 (cog-90 )]Cos(115Kt-103) (3.14)

Duffie and Beckman (1980) recommended that the
Collares-Pereira and Rabl correlation of Equation
3.14 be used until a better data base or better

methods of correlation indicate otherwise.
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3.2.2 Diffuse Component of Daily Radiation

Studies of available daily radiation data have
shown that the average fraction which is diffuse,

Hd/H, jLs a function of K*,, where iIs the day’s

clearness index, defined as the ratio of a particular
day’s radiation to the extraterrestrial radiation for

that day. In equation form

0

Duffie and Beckman (1980) recommends that pending
further work, the correlation of Collares-Pereira and
Rabl (1979) be used. An equation representing the

correlation is

=0.99 for K, < 0.1%7
=1. 188-2.272K_+9.473K;
-21.865K9+14.648K4 for 0.17<K_<0.75 (3.16)
:—0-54KT+0-632 for 0.75<K_<0.80
=0.2 for K > 0.80

3.2.3 Total Radiation on Fixed Slopes Surfaces

Flat-plate solar collectors absorb both beam and
diffuse components of solar radiation. To use
horizontal total radiation data to estimate radiation
on the tilted surface of a collector of fixed
orientation, 1t Is necessary to know R, the ratio of
total radiation on a tilted surface to that on the

horizontal surface.
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R 1s by definition :

f] - Total radiation on a tilted surface
Total radiation on a horizontal surface

- T1 (3-17)

It can expressed iIn terms of the contributions of the

beam and diffuse radiation :

Beam radiation on a tilted surface

R- = Beam radiation on a horizontal surface
bt (3.18)
and
r - Diffuse radiation on a tilted surface
d ~ Diffuse radiation on a horizontal surface
(3.19)
Then
R = jRE + y-Rd (3.20)

The angular correction for the beam component is
straightforward and can be calculated by methods of
Section 3.1.4. The correction for the diffuse
component depends on the distribution of diffuse
radiation over the sky, which generally is not well
known; this distribution depends on the type, extent,
and locations of clouds and also on the amounts and
spacial distribution of other atmospheric components

that scatter solar radiation. Also, some solar
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radiation may be reflected from the ground to the
surface.

Liu and Jordan (1963) considered the radiation
on the tilted surface to be made up of three
components: beam radiation, diffuse solar radiation,
and solar radiation diffusely reflected from the
ground. A surface tilted at slope ) from the
horizontal has a view factor to the sky given by
(1+Cos/1)/2. If the diffuse solar radiation 1is
isotropic, this i1s also Rj. The surface has a view
factor to the ground of (I-Cos(?)/2, and iIf those
surroundings have a reflectance of p for the total
solar radiation, the reflected radiation from the
surroundings on the surface from the solar radiation
iIs (I, +1 JDp(1+Cos/3)/2 . The total solar radiation on
the tilted surface for an hour is then the sum of the

three terms
VvV = iA ¢ id(xx8"]
+ (Ib + 1d)p(- (3.21)

and by definition of R

Liu and Jordan suggest values of diffuse ground
reflectance of o.2 for ordinary ground or vegetation,

and the relation
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P =0.2(1 - ¢ +0.7c (3.23)

for ground covered iIn snow, where c is the fractional
time of a month when the ground is covered iIn more
than one inch of snow. The maximum value is

therefore 0.7. Lunde (1980) suggests a value of 0.15

for a gravel roof. The last two terms of Equation
3.21 are sometimes considered together as the diffuse

radiation incident on the surface.

3.2.4 Average Radiation on Fixed Sloped Surfaces

The ratio of the monthly average daily radiation
on the tilted surface to that on a horizontal
surface, R is calculated in exactly the same manner
as that for R, that is, by adding the contributions
of the beam radiation, the diffuse radiation and the
reflected solar radiation from the ground. The
method outlined here 1is that by Liu and Jordan (1962)
and extended by Klein (1977). IT the diffuse and
reflected radiation are each assumed to be isotropic,
then, iIn a manner analogous to Equation 3.22, the

monthly mean ratio R can be expressed as

and



T (»- ™~ 1 v Hd ] + »'f '1092) (3'25)

HYH 1is the ratio of monthly average daily diffuse
radiation to monthly average daily total radiation on
a horizontal surface, a function of Kt as given by
Equation 3.13. R, is the ratio of the average daily
beam radiation on the tilted surface to that on a
horizontal surface for the month, 1ET/Hb- It 1s a
function of transmittance of the atmosphere, but Liu
and Jordan suggest that it can be estimated by
assuming that 1t has the value which would be
obtained If there were no atmosphere.

For surfaces sloped toward the equator iIn the

northern hemisphere, that i1s, for surfaces with

Cos {cpp)Cos<osoj* + <= SIn(<P-f1 )SInS
R= - 2—"N - 22— (3.26)
CosOCos<6Sinu>.  + 7577 W SIN<ESine
a Lo a
where ug iIs the sunset hour angle for the tilted

surface for the mean day of the month, which iIs given
by

Cos 1 (-TaxETanss )
Cos-1 (-Tan(0-(3)Tans )

(3.27)

where "min" means the smaller of the two items iIn the
bracket.
For surfaces iIn the southern hemisphere sloped

toward the equator, with k = 180°, the equations are
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Cos(0+F?)Cos<BSinu>3, + TdfJ tSin(o -FN)SinG

(3.28)
_ . _ _
CosOCos<58|nu>S -f'ﬁdb-iqa8|n<£sln<5

and

Cos 1 (-Tano Tane )
Cos 1 (-Tan (&E)Taxb)

(3.29)

The numerator of Equation 3.26 or Equation 3.28 1is
the extraterrestrial radiation on the tilted surface,
and the denominator is that the horizontal surface.
Each of these is obtained by integration of Equation
3.11 over the appropriate time period, from true
sunrise to sunset for the) horizontal surface and from

apparent sunrise to sunset on the tilted surface.

3.2.5 Estimation of Hourly Radiation from D<aily Data

When hourly (or othe>r short time base)
performance calculations for a system are to be done
in the absence of measured hourly irradiation data,
it may be necessary to start with daily data and
estimate hourly values from daily values. As with
the estimation of diffuse from total radiation, this
IS not an exact process. For example, a daily total
radiation may result from conditions of varying cloud
cover throughout the day, and iIn predicting hourly
radiation from that total there i1s no means of

predicting which hour is cloudy and which is clear.
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However, the methods presented here work best for
clear days, and those are the days that produce most
of the output of solar processes (particularly those
processes that operate at temperatures significantly
above ambient). And, they tend to produce
conservative estimates of long-time process
performance.

The work of Whillier (1959,1965) and Liu and
Jordan (1979) has led to generalised charts on the
ratio of hourly total to daily total radiation as a
function of the hour relative to solar noon and the
day length. Days are assumed to be symmetrical about
solar noon and the hours are i1ndicated by their
mid-point. Knowing the day length (calculated from
Equation 3.6) and the daily total radiation, the
hourly total radiation may be estimated. In a
further investigation by Collares- Pereira and Rahl
(1979), new data were combined with the earlier
results to give the following empirical equation:

Cosw - Cosoj

- (2noa/360)CoswS (3-30)
Hourly total radiation
Daily total radiation
The coefficients a and b are given by
a = 0.4090 + 0.5016Sin(oo - 60°) 1
° (3.31)

b = 0.6609 - 0.4767Sin(oo_- 60°)

In these equations w is the hour angle in

degrees for the time iIn question (e.g., the mid-point
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of the hour for which the calculation iIs made), and
w 1S the sunset hour angle.

Similarly, the ratio of the hourly diffuse to
the daily diffuse radiation, r, can be estimated
using the following equation from Liu and Jordan
(1960):

Cosco - Cosco™
rd =24 Sin<oa— thiu> /360)Coscoa (3.32)

3.3 RADIATION TRANSMISSION THROUGH COVERS AND

ABSORPTION BY COVERS

The transmission, reflection, and absorption of
solar radiation by the various parts of a solar
collector are important in determining collector
performance. The transmittance, reflectance, and
absorptance are functions of the incoming radiation,
and the thickness, refractive index, and extinction
coefficient of the material. Generally, the
refractive index, n, and the extinction coefficient,
k, are functions of the wavelength of the radiation.
However, all properties will be assumed to be
independent of wavelength. This is an excellent
assumption for glass, the most common solar collector
cover material. Incident solar radiation is assumed
unpolarized (or only slightly polarized). However,

polarization consideration are Important as radiation
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becomes partially polarized as it passes through

collector covers.

3.3.1 Reflection of Radiation

For smooth surfaces Fresnel has derived
expressions for the reflection of unpolarized
radiation on passing from a medium : with a

refractive iIndex, nt, to medium 2 with refractive

index, n_.
2
Sin2 <t-04 )
(3.33)
\Y Sin2(02+e1)
Tan2 02 -el!
(3.34)
p Tan2 (G2 +el)
II"
r T Ry (3.35)

where 61ang 0 are the angles of iIncidence and
refraction, as shown iIn Figure 3.3. Equation 3.33
represents the perpendicular component of unpolarized
radiation, r”, and Equation 3.34 represents the
parallel component of unpolarized radiation, rp-
(Parallel and perpendicular refer to the plane
defined by the incident beam and the surface normal).
Equation 3.35, then, gives the reflection of

unpolarized radiation as the average of the two
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components. The angles and Q are related by

Snell’s Law to the iIndices of refraction,

Sin Q, n,
Sin o _ﬁ12 nr (3-36)

Thus, 1f the angle of incidence and refractive
indices are known, Equations 3.33 through 3.36 are
sufficient to calculate the reflectance of the single
interface.

For radiation at normal incidence, both 0~ and
& are 0, and Equations 3.35 and 3.36 can be combined

to yield

r¢) (3.37)

IT one medium is air (i.e., a refractive index of

nearly unity), Equation 3.37 becomes

r<>> =rr = [rH-H f <3-38>

In solar energy applications, the transmission
of radiation is through a slab or film of material so
that there two interfaces per cover to cause
reflection losses. At off-normal incidence, the
radiation reflected at an interface is different for
each component of polarization, so the transmitted
and reflected radiation becomes partially polarized.
Consequently, 1t 1Is necessary to treat each component

of polarization separately. - —
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Neglecting absorption in the slab shown in
Figure 3.4, and considering for the moment only the
perpendicular component of polarization of the
incoming radiation, (1—(/) of the iIncident beam
reaches the second interface. Of this, (A-r f
passes through the i1nterface and rp(1—rv) iIs
reflected back to the first, and so on. Summing up
the transmitted terms, the transmittance for the
perpendicular component of polarization 1is
,2 ,OEO 2n a-rv) )

r

t = (1-r
v ( v n=0 v ) (1+rvy

(3.39)
Exactly the same expansion results when the
parallel component of polarization iIs considered,
R/and r, are not equal (except at normal* iIncidence)
and the transmittance of i1nitially unpolarized
radiation iIs the average transmittance of the two

components.

viU, =~ .

where the subscript r is a reminder that only
reflection losses have been considered.
For a system of N covers, all of the same

materials, a similar analysis yields

r o i+rv L-r

o [+N-1 Yy TreN=1 (3-41)
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3.3.2 Absorption of Radiation

The absorption of radiation iIn a partially
transparent medium is described by Bouguer®s Law,
which 1s based on the assumption that the absorbed
radiation is proportional to the local intensity iIn

the medium and the distance the radiation travels In

the medium, X
dl = IK dx (3.42)

where K is the proportionality constant, called the
extinction coefficient, and iIs assumed to be constant
in the solar spectrum. Integrating along the actual
path length iIn the medium (i.e., from o to L/Coso?2)

gives

o (KL/CobQ > (3.43)

where the subscript, a, iIs a reminder that only
absorption losses have been considered. For glass,
the value of K varies from approximately 4 m : for
"water white" glass (which appears white when viewed
on the edge) to approximately 32 m 1 for poor

(greenish cast of edge) glass.
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3.3.3 Opt.ical Properties of Cover Systems

The transmittance, reflectance and absorptance
of a single cover, allowing for both reflection and
absorption losses, can be determined by ray-tracing
techniques similar to that used to derive Equation
3.39. For the parallel component of polarization,
the transmittance, rp, reflectance, pp, and

absorptance, «ID , of the cover are:

r ¢-r.) AL r \/ 1 r v
tp: q P (3.4%)

1-(rory> T“Clrpy Ci-Qrrg

G-r )t 2r
P=1r + ———c-iee - - =r @+ r) (3.45)
PP B-(rt ¥ p ap
L-r
a,= ¢ —ra) (3.46)
P a

Similar results are found for the perpendicular
component of polarization. For incident unpolarized
radiation, the optical properties are found by
averaging the two components.

The equation for the transmittance of a
collector can be simplified by noting that the last
term iIn Equation 3.44 ('ad i1t’s equivalent for the
perpendicular component of polarization) 1is nearly
unity, since L iIs seldom less than 0.9 and r is of
the order of o.1 for practical collector covers.

With this simplification, and with Equation 3.40,

the transmittance of a single cover becomes:
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T =T,T (3.47)

This 1s a satisfactory relationship for solar
collectors with cover materials and angles of
practical interest.

The absorptance of a solar collector cover can
be approximated by letting the last term in Equation

3.46 be unity so that:

as 1 - r, (3.48)

Although the neglected term iIn Equation 3.46 is
larger than the neglected term iIn Equation 3.44 , the
absorptance is much smaller than the transmittances
so that the overall accuracy of the two

approximations 1is essentially the same.

The reflectance of single cover is then found

from:

p=1-a -r (3.49
so that:

p=r @ -r) =r -r (3.50)

The advantage of Equations 3.47 through 3.50
over Equations 3.44 through 3.46 is that polarization
IS accounted for iIn the approximate equations through
the single term, t , rather than by the more
complicated expressions for each individual optical
property.

Although Equations 3.47 through 3.50 were

derived for a single cover, they apply equally well
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to identical multiple covers. The quantity should
be evaluated from EquatToiT 3.41~lahcPthe quantity r
from Equation 3.43 with L equal to the total cover

system thickness.

3.3.4 Transmittance for Diffuse Radiation

The preceding analysis only applied to the beam
component of solar radiation. Radiation incident on
a collector also consists of scattered solar
radiation from the sky and possibly reflected solar
radiation from the ground. In principle, the amount
of this radiation that passes through a cover system
can be calculated by integrating the transmitted
radiation over all angles. However, thd angular
distribution of this radiation iIs generally unknown.

IT the iIncident radiation is isotropic (i.e.,
independent of angle), then the integration can be
performed. The presentation of the results can be
simplified by defining an equivalent angle for beam
radiation that gives the same transmittance as for
diffuse radiation. For a wide range of conditions
encountered in solar collector application, this
equivalent angle is essentially 60°. In other words,
beam radiation incident at an angle of 60° has the
same transmittance as isotopic diffuse radiation.

Solar collectors are usually oriented so that

they ''see” both the sky and the ground if the diffuse
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radiation from the sky and ground are—both isotopic,
then the transmittance-of-the glazing systems can be
found by iIntegrating the beam transmittance over the
appropriate incidence angles. This integration has
been done by Brandemuehl and Beckman (1980) and the
results are presented iIn terms of the effective beam
radiation iIncidence angle. Using least-squares curve
fits, their results can be presented by the following
equations:

For diffuse radiation from the sky the effective
beam i1ncident angle is given by:

6 - 59.68° - 0.1388/? + 0.001497/7?2 (3.51)
and for diffuse ground radiation

e - 90° - 0.5788(1 + 0.002693(72 (3.52)

3.3.5 Transmittance-Absorptance Product

For the analysis of flat plate solar collectors,
it 1S necessary to evaluate the
transmittance-absorptance product, (ra). OF the
radiation passing through the cover system and
striking the plate, some iIs reflected back to the
cover system. However, all this radiation is not
lost since some of i1t is, In turn, reflected back to
the plate.

The situation is i1llustrated in Figure 3.5,
where t 1Is the transmittance of the cover system at

the desired angle and « is the angular absorptance of
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the absorber plate. OFf the iIncident energy, .« 1S
absorbed by the absorber plate and (1 -oQt 1is
reflected back to the cover system. The reflection
from the absorber plate i1s assumed to be diffuse (and
unpolarized) so that the fraction (I-or)r that strikes
the cover plate 1i1s diffuse radiation and (I—oc)TpJ is
reflected back to the absorber plate. The quantity
Pd refers to the reflectance of the cover system for
diffuse radiation incident from the bottom side and
can be estimated from Equation 3.49 at an angle of

o

60 . The multiple reflection of diffuse radiation

continues so that the energy ultimately absorbed 1is
a

(0,) = 0J [<I-«)pj" = I
n=0 d

3.3.6 Absorbed Solar Radiation

The prediction of collector performance requires
information on the solar energy absorbed by the
collector absorber plate. The solar energy incident
on a tilted collector can be found by the methods of
Section 3.1. This incident radiation has three
different spatial distributions: beam radiation,
diffuse sky radiation and diffuse ground-reflected
radiation, and each must be treated separately. On

an hourly basis the absorbed radiation, S, 1is
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S = rA + d(w)d”™ £ »

¢V 1% ¥ (3-54)

where (1+Cosf?)/2 and (I-Cosf?)/2 are the view factors
from the collector to the sky and from the collector
to the ground, respectively. The subscripts b,d and
g represent beam, diffuse, and ground. For a given
collector tilt, the effective beam iIncidence angles
of Equations 3.51 and 3.52 can be used to find the
proper transmittance values for diffuse sky and
ground radiation. Equation 3.53 can then be used to
find (tq)d and (nn)g- The angle 9, which iIs needed

in evaluating Rb, iIs used to find (r«)s-
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Table 3.1 Recommended Average Day for Each Month

[from Klein (1977)] and Values of N by Months.

N for For the Average Day of the Month
Month 1°“ Day of-

Month Date Day of Year 6, Declination
Jan. i 17 17 -20.9
Feb. 31+i 18 47 -13.0
March 59+1i 16 7b -2.4
April 90+i Ib 10b 9.4
May 120+1 Ib 13b 18.8
June Ibl +i n - g2 | 23.1
July 18 1+i 17 198 21.2
Aug. 212+i 16 228 13. b
Sep. 243 +i Ib 2b8 ) 2.2
Oct. 273 +1 Ib 288 - 9.6
Nov. 304 +1i 14 318 -18.9

Dec. 334+1 10 334 -23.0
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Figure 3.2 Solar zenith angle, £z and azimuth,

N, shown iIn their relationship to
u horizontal surface on the earth’s
surface.
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Figure 3.3 Angles of incidence and refraction
in media having refractive 1indices
n ad n e

L r cl-Na (1-0V

Vv / |

\ \ \

0-r)X (1-r)v (.-r)3r4

Figure 3.4 Transmission through one
non-absorbing cover.

Incident solar

Cover system

Figure 3.1 Adsorption of solar radiation
by absorber plate.
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CHAPTER FOUR
THEORY OF FLAT-PLATE COLLECTORS

4.1 Introduction

A solar collector i1s a special kind of heat
exchanger that transforms radiant energy Into heat.
A solar collector diffeTS in-several aspects from the
more conventional heat exchangers in that the latter
usually accomplish a fluid-to-fluid exchange with
high heat transfer rates and with radiation as an
unimportant factor. Whereas in the solar collector,
energy transfer is from a distant source of radiant
energy to a fluid. Without optical concentration,
the flux of iIncident radiation is, at best,
approximately 1100 W/m2 and variable. The wavelength
range i1s from 0.39 to 2.5 pm, which is considerably
shorter than that of the emitted radiation from most
energy absorbing surfaces. Thus, the analysis of
solar collectors presents unique problems of low and
variable energy fluxes and the relatively large
importance of radiation.

Flat-plate collectors can be designed for
applications requiring energy delivery at moderate
temperatures, up to perhaps 100°C above ambient
temperature. They use both beam and diffuse solar
radiation, do not require tracking of the sun, and

they require little mairitainance. They are
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mechanically simpler than concentrating collectors.
The major applications of these units currently are
in solar water heating, building air conditioning and

industrial process heat.

4.2 General Description of Flat-Plate Collectors

The important parts of a typical liquid heating
flat-plate solar collector are, as shown In Figure
4.1, the "black™ solar energy-absorbing surface, with
means for transferring the absorbed energy to a fluid
envelopes transparent to solar radiation over the
solar absorber surface that reduces convection and
radiation losses to the atmosphere; and back
insulation to reduce conduction losses das the
geometry of the system permits.

Flat-plate collectors are almost always mounted
in a stationary position (e.g., as an integral part
of a wall or roof structure) with an orientation
optimised for the time of the year in which the solar
device is intended to operate. In their most common
forms, they are air or liquid heaters or low-pressure

vapour generators.

4.3 The Basic Flat-Plate Energy Balance Equation

In steady state, the performance of a solar

collector 1is described by an energy balance that
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indicates the distribution of iIncident solar energy
into useful energy gain, thermal losses, and optical
losses. The solar radiation absorbed by a collector
S, 1s equal to the difference between the incident
solar radiation and the optical losses.and is defined
by Equation 3.54. The thermal energy- lost from the
collector to the surroundings by conduction,
convection and infrared radiation can be represented
by a heat transfer coefficient, , times the
difference between the mean absorber plate
temperature, Tp,m and the ambient temperature, T;-

In steady state the useful energy output of a
collector i1s then the difference between the absorbed

solar radiation and the thermal loss:

Q sAS-uvu(d -T)] 4.1

The problem with this equation is that the mean
absorber plate temperature 1is difficult to calculate
since it i1s a function of the collector design, the
incident solar radiation, and the entering fluid
conditions. Hence, it has to be reformulated so that
the useful energy can be expressed iIn terms of the
inlet fluid temperature and a parameter, called the
collector heat removal factor, which can be evaluated
analytically from basic principles or measured
experimentally. .

A measure of collector performance 1is the

collection efficiency, defined as the ratio of the
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useful gain over some specified time period to the

incident solar energy over the same time period.

0 = ————Zo 4.2)

4.4 Temperature Distribution JH Flat-Plate

Solar Collectors

A detailed and precise analysis of the
efficiency of a solar collector is complicated by the
nonlinear behaviour of radiation heat transfer.
However, a simple linearized analysis 1is normally
sufficiently accurate iIn practice. In addition, the
simplified analytical procedure is very important,
because i1t i1llustrates the parameters of significance
for a solar collector and how these parameters
interact. For a proper analysis and interpretation
of these Lest results an understanding of the thermal
analysis i1s imperative, although for design and
economic evaluation the results of standardized
performance tests are generally used.

To i1llustrate these basic principles, a liquid
heating collector, as shown in Figure 4.2 will be
examined first. The analysis presented follows the
basic derivation of Hottel and Whillier (1958) and
Whillier (1977).

To appreciate the development that follows, it

iIs desirable to have an understanding of the



65

temperature disti"ibution that exists in a solar
collector constructed as shown iIn Figure 4.2. Figure
4.3 shows the qualitative temperature distributions
in a flat-plate collector region between two tubes.
Radiation impinges on top of the plate connecting any
two adjacent tubes, and 1is absorbed uniformly by the
plate and conducted along the plate to the region of
the tubes, where 1t iIs then transferred by convection
to the working fluid flowing In the tubes. It is
apparent that at any cross section perpendicular to
the direction of flow, the temperature is a maximum
at the mid-point between two adjacent tubes and
decreases along the plate towards the tubes. The
temperature above the tubes will be nearly uniform
because of the presence of the tube and*weld metal.

The energy transferred to the fluid then heats
up the fluid causing a temperature gradient to exist
in the direction of flow. Since In any region of the
collector the general temperature level 1is governed
by the local temperature level of the fluid, a
situation as shown in Figure 4.3b 1s expected. At
any location y, the general temperature distribution
in the x direction is as shown iIn Figure 4.3c, and at
any location X, the temperature distribution iIn the y
direction will look like Figure 4.3d.

To model the situation shown in Figure 4.3 a
number of simplifying assumptions can be made to lay

the foundations without obscuring the basic physical
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situation. These i1Important assumptions are as

follows:

1. Performance is steady-state.

2. Construction is of sheet and parallel tube type.

3. The headers cover a small area of collector and
can be neglected.

4. The headers provide uniform flow to tubes.

5. There is no absorption of solar energy by covers
in so far as 1t affects losses from the
collectors.

6 . There 1is one-dimensional heat flow through
covers.

7. There i1s negligible temperature drop through a
cover.

8 . The covers are opaque to iInfrared radiation.

9. There is one-dimensional heat flow through
back-insulation.

10. The sky can be considered as a blackbody for
long-wavelength radiation at an equivalent sky
temperature.

11. Temperature gradients around tubes can be
neglected.

12. The temperature gradient in the direction of flow
between the tubes can be tx"eated iIndependently.

13. Properties are independent of temperature.

14. Loss through front and back are to the same
ambient temperature.

15. Dust and dirt on the collector are negligible.
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16. Shading of the collector absorber plate is

negligible.

4.5 Collector Overall Heat Transfer Coefficient

In order to obtain an understanding of the
parameters determining the thermal efficiency of a
solar collector, it is important to develop the
concept of collector overall heat coefficient.
Consider the thermal network for a two-cover system
shown in Figure 4.4. At some typical location on the
plate where the temperature 1is Tp, solar energy of
amount S iIs absorbed by the plate; S i1s equal to the
incident solar radiation, less the optical losses.
This absorbed energy S is distributed " thermal
losses through the top and bottom, and to useful
energy gain. The heat loss through the bottom of the
collector can be represented by two series resistors,
R4 and R5 in Figure 4.4b. R4 represents the
resistance to heat flow through the insulation and Rg
represents the convection and radiation resistance to
the environment. The magnitudes of R and R, are
such that i1t i1s usually possible to assume Rs 1s zero
and all resistance to heat flow iIs due to the
insulation. Thus, the back loss coefficient, U  1is

b
approximately.

“4-3)
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For most collectors the evaluation of edge
losses 1s quite complicated. However, iIn a well
designed collector the losses should be small and
need not be predicted with great accuracy.

Tabor (1958) recommends edge insulation of about the
same thickness as bottom insulation. The edge losses
are then estimated by assuming one-dimensional
sideways heat conduction around the perimeter of the
collector system. Thus for a collector of area
and thickness L3 . and with a layer of insulation L,
thick along the sides, 1f the edge loss
coefficient-area product is (UA)edge then the edge
loss coefficient, based on the collector area, AC,
is:

((V2) L, + L)L, K

Yo = A S S T “-4)
©dg©

The energy loss through the top i1s the result of
convection and radiation between parallel plates and
can be evaluated by determining the thermal
resistances Rl, R2 and R3 in Figure 4.4b. The energy
transfer between the plate at Tp and the first cover
at T iIs the same as between any other two adjacent
covers and i1s also equal to the energy lost to the
surroundings from the top cover (under the
assumptions listed). The loss through the top per
unit area is then equal to the heat transfer from the

absorber plate to the first cover.
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Hoss,tp  Mpoci (= Ty + N Th> (4.5)

If the radiation term is linearized, the
radiation heat transfer coefficient can be used and

the heat loss becomes
qbas.l(‘)p - (hp-ci + hr,p-cl )(Tp - Tcl ) (4-6)

where

<V tciht@g t t2,)

r,p-cl = o - - (4-7)
g =4 -1
p cl
The resistance, , can then be expressed as
Ra = h 4.-8)

+ -
p-cl r.p-ci

A similar derivation for the rate of heat transfer

between the two cover plates gives — ... -

loss.top = (hci—cz + hr,ci—cz) (Tcl_ TCZ) (4'9)

whel“e
(TCI t TC2 )(Tcl + TC2 )
r,cl-c2 - ______l____;l'___-_____’_l. _____ (4-10)
£ £
ct c2
Similarly the resistance, R”, can be written as
R = —p (4.11)

+
ci-c?2 hr,ci—cz
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In general, as many cover plates as desired can
can be used but the practical limit seems to be
three, and most collectors use one or two.

The emittances of the covers will, of course, be
the same 1f they are made of the same material.
However, economic advantages can sometimes be
achieved by using a plastic cover between an outer
cover of glass and the plate and In such a sandwich
construction, the radiative properties of the two
covers may be different.

The equation for the thermal resistance from the
top cover to the ambient air has a form similar to
the two preceding relations, but the convection heat
transfer coefficient is for wind blowing over the
collector. An equation for the wind heat transfer

coefficient, h”, is given by McAdams (1954) as :
hy = 5.7 + 3.8V (4.12)

The radiation resistance from the top cover
accounts for radiation exchange with the sky at T,.
For convenience, this resistance 1Is referenced to the
ambient temperature, T27~soAthat"tﬁ€‘radiation heat
transfer coefficient can be written as :

a(T02+ Ta)(Tzz+ T?)(Tcz_ T )

hr,cz—a -C c2 (T<2 - TCi|‘ (4-13)

The resistance to the surroundings 1is then given by
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21
h +h

— (4.14)

r,c2-a
For this two-cover system, the top loss coefficient

from the collector plate to the ambient 1is

u . Ra (4.15)
The collector overall loss coefficient, UL is

then the sum of the top, bottom and edge loss

coefficients.

u =uU, +@ +U, (4.16)

L

Evaluation of the collector top loss coefficient
as defined by Equation 4.15 is necessarily an
iterative process because the unit radiation
conductances are functions of the cover and plate
temperatures, which are not known a priori. An
empirical equation for calculating for collectors
with all covers of the same material, which is often
sufficiently accurate and more convenient to use, has
been developed by Agarwal and Larson (1981) following
the basic procedure of Hottel and Woertz (1942) and
Klein (1975). This new relationship is not only
simpler to manipulate as compared to that due to
Klein (1975), but i1t also provides an enhanced
accuracy in the; calculation of over a wide range

of different parameters. The equation 1is given by:
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o(Ty+ I )T + T3)
g

“4.17)
[Ep+ O.O5N(I-£p)]"4 + . 0y
where
f=0 - O.O4hV + 0-00Sh?)(l + 0.091N) (4.18)
C =250 [1 - 0.0044(/? - 90)] (4.19)

To use this empirical relationship or the more
complicated exact equations to find , It 1Is

necessary to know the mean plate temperature, T

4.8 Temperature Distribution between Tubes and

the Collector Efficiency Factor

The temperature distribution between two tubes
can be derived if 1t is temporarily assumed that the
temperature gradient in flow direction is negligible.
Consider the plate-tube configuration as shown in
Figure 4.5. The distance between the tubes is W, the
tube diameter is D and the plate i1s thin with a
thickness 6 . Because the sheet material is a good
conductor, the temperature gradient through the sheet
i1s negligible. It will be assumed that the sheet
above the bond i1s at some local base temperature, T

The region between the centerline separating the
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tubes and the tube base can then be considered as a
classical fTin problem.

The fin 1s of length (W-D)/2. Considering an
energy balance on an elemental region of width Ax and
unit length in the flow direction gives

U, AX(T_ -
LAx(Ta-D H oa 3 Ix- M g3 L =0  <4-20)

where S is the absorbed solar energy. Dividing
through by Ax and finding the limit as Ax tends to

zero gives

U
dzT L
= ks T

4.2D)
dxo

The two boundary conditions necessary to solve this

second-order differential equation are symmetry at

the centerline and known root temperature;

darl

dx 0> T iosre = T (4.22a.,b)
T =y ke and £=T - T -S/U , Equation 4.21
becomes

— P ~n20 =0 (4.23)
dx2

which has the boundary conditions

gjz_ 0o, & = Tt TU— S/UL (4-24a,b)

The general solution is then



74

0 = C Sirih(mx) + C2Cosh(mx) “4.25)

The constant and C. can be found by substituting
the boundary conditions, Equation 4.24, into the
general solution, which gives

T- T, S0 Coah(mx)

Ty T, U Cosh[m(W-D)/2] (4.26)

The energy conducted to the region of the tube
per unit length iIn the flow direction can now be

found by evaluating Fourier®s law at the fin base.

T T
Ofin 6 g? U2

K8 6 —uL“v T<.Utanh(m W-AJ 4.27)

But kém/U 1is just I/m. Equation 4.27 accounts for
the energy collected only on one side of the tube.

For both sides, the energy collected is

o = (W-D)CS-Up (T, - T,)1 P72 (4.23)

It is convenient to use the concept of a fin

efficiency to rewrite Equation 4.28 as

q;in = (W-D)F[S- UL (Tb- TJ] (4.29)

where

tanh[roQW-D)/2
Y .30
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Tho function F i1s the standard fin efficiency for
straight fins with rectciffgular profi laT

The useful gain of the collector also includes
the energy collected above the tube region. The

energy gain for this region 1is

Ayyow = DCS-U (Tp- To)1 (4.31)

and the useful gain for the collector per unit of
length iIn the flow direction iIs the sum of Equations

4.29 and 4.31

qf = L[QW-D)F + DI[S - U (T, - T )] (4.32)

Ultimately, the useful gain from Equation 4.32
must be transferred to the fluid. The resistance of
heat flow to the fluid results from the bond and the
fluid to tube resistance. The useful gain can be

expressed iIn terms of these two resistances as

" . (4.33)
W h -+ g '
nD i G

The bond conductance, C;, can be estimated from
knowledge of the bond thermal conductivity, kb’ the
bond average thickness, *, and the bond width, b. On
a per unit length basis,
b
kE “4.34)

The bond conductance can be very important in

accurately describing collector performance.
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Whillier and Saluja (1965) have shown by experiments
that simple wiring or clamping of the tubes to the
sheet results In a significant loss of performance.
They concluded that i1t iIs necessary to have good
metal-to-metal contact so that bond conductance is
greater than 30 W/mK.

In order to obtain an expression for the useful
gain™in terms of known dimensions, physical
parameters, and the local fluid temperature, Tb must
be eliminated from consideration. Solving Equation

4.32 for T , substituting it into Equation 4.33, and

solving the result for the useful gain gives,

q, = WF[S - U (T, - T.)1 (4.35)

where F , is the collector efficiency factor given by

=SS S VAR J— (4.36)

A physical interpretation for F* results from
examination of Equation 4.35. At a particular
location, F represents the ratio of the actual
energy gain to the useful energy gain that would
result i1f the collector absorbing surface had been at
the local fluid temperature. For this and most, but
not all geometries, another interpretation for the
parameter F becomes clear when 1t Is recognised that

the denominator of Equation 4.36 i1s the heat transfer
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resistance from the fluid to the ambient air. This
resistance will be given the symbol 1/UO- The

numerator is the heat transfer resistance from the
absorber plate to the ambient air. F is thus the

ratio of these two heat transfer coefficients

F = (4-37)

The collector efficiency factor 1is essentially a
constant for any collector design and fluid flow
rate. The ratio of U to C, . the ratio of U to h.,
and the fin efficiency parameter F are the only
variables iIn Equation 4.36 that may be functions of
temperature. For most collector designs F is the
most Important of these variables iIn determining F ,
but 1t is not a strong function of temperature.

The collector efficiency factor iIncreases with
increasing plate thickness and plate thermal
conductivity, but decreases with increasing distance
between flow channels. Also, iIncreasing the heat
transfer coefficient between the walls of the flow
channels and the working fluid iIncreases F", but an
increase iIn the overall loss coefficient will cause

F* to decrease.

4.7 Temperature Distribution in Flow Direction

Equation 4.35 gives the rate of heat transfer to

the working fluid at a given point y along the plate
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for specified collector and fluid temperatures.
However, 1n a real collector, the fluid temperature
increases iIn the direction of flow as heat is
transferred to 1t. An energy balance on the fluid
flowing through a single tube of length Ay can be
expressed as:

1l

OCth oy 1 A" =0 (4.38)
Dividing through by Ay, finding the limit as Ay tends
to zero, and substituting Equation 4.35 for g gives

dT.
nC~dy— - MW" [S - U, (T 7,01 = 0 (4.39)

IT 1t is assumed that FF and U are independent of
position, then the solution for the temperature at
any position y (subject to the condition that the

inlet fluid temperature is Tf *) 1iIs

T -T -S/U f nU WF'y .
~f: - T - S/U = exp(~ ~ 1 (4.40)
, a L v mC N — = -
— p

IT the collector has a length L in the flow
direction, then the outlet fluid temperature, Tf q 1S
found by substituting L for y in Equation 4.40. The
quantity rilL is the collector area so that

- T, - S/U f ADF"I

- exp
t o S m

20

T (4.41)
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4.8 Collector Heat Removal Factor and Flow Factor

To compare the performance of a real collector
with the thermodynamic optimum, it IS convenient to
define a quantity that relates the actual rate of
heat transfer to the working fluid to the rate of
heat transfer at the minimum temperature difference
between the absorber and the environment. The
thermodynamic Bimit corresponds to the condition of
the working fluid remaining at the inlet temperature
throughout the collector. This can be approached
when the fluid velocity 1is very high. This quantity
is called the collector heat removal factor, FRand

mathematically 1is given by

me(TT,O B Tf,l)

Fo = (4.42)
R~ AJs - wefy TI1
The collector heat removal factor can be
expressed as
- ™ Tiso = Tii
K AU, S/UL - (Tl,i - Ta)
me (T(’O— Ta— S/UL)—(Tf’f—'Ta— S/UL (4.43)
AU S/U (Tr_i Ta)
or
— mC s/U - (Tf’0 - Ta) .40
K ACBL S/UL - (Tlir - Ta)

which from Equation 4.41 can be expressed as
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AUF

Fo = Py - expo (4.45)
ROALY o T

It is convenient to define the collector flow
factor, F*"", as the ratio of FR to FF . Thus,

F mC AU F
F* = = exp ) (4.46)

Ac UL F e
This collector flow factor iIs a function of the
single variable, the dimensionless collector
capacitance rate, me/ACULF'-

The quantity F 1is equivalent to_a conventional
heat exchanger effectiveness, which- In defined as the
ratio of the actual heat transfer to the maximum
possible heat transfer. The maximum possible useful
energy gain (heat transfer) in a solar collector
occurs when the whole collector i1s at the inlet fluid
temperature ;heat losses to the surroundings are then
at a minimum. The collector heat removal factor
times this maximum possible useful energy gain is

equal to the actual energy gain qJ-

Q =AFIS-U (T, -T)I (4.47)

u

This i1s an extremely useful equation and it
applies to most flat-plate collectors. With 1t, the
useful energy gain 1is calculated as a function of the
inlet fluid temperature. This 1Is a convenient

representation when analyzing solar energy systems,
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since the inlet fluid temperature is usually known.
However, losses based on the inlet fluid temperature
are too small since losses occur all along the
collector from the plate and the plate has an ever-
increasing temperature iIn the flow direction. The
effect of the multiplier, F, , is to reduce the
useful energy gain from what i1t would_have, been had
the whole collector absorber plate been at the inlet
fluid temperature to what actually occurs. As the
mass flow rate through the collector increases the
temperature rise through the collector decreases.
This causes lower losses since the average collector
temperature is lower and a corresponding increase 1In
the useful energy gain. This increase is reflected
by an iIncrease iIn the collector heat removal factor
FK as the mass flow rate iIncreases. It is worth
noting that the heat removal factor F, can exceed the
collector efficiency factor F* . As the flow rate
becomes very large, the temperature rise from inlet
to outlet decreases toward zero but the temperature
of the absorbing surface will still be higher than
the fluid temperature. This temperature difference
is accounted for by the collector efficiency factor

F .
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4.9 Natural Circulation Systems

A passive solar heater, that 1is, a natural
circulation system is shown in Figure 4.6. It 1s
necessary that the entire stox"age tank be located
above the collector upper outlet so as to facilitate
liquid circulation.

Circulation iIn solar thermosyphon heaters occurs
when the collector warms up enough to establish a
density difference between the leg including the
collector and the leg including the tank and the feed
line from the tank to the collector... As a.result,
the less dense liquid ijx the collector tubes rises to
the highest point in the assembly, the top of the
storage tank, and is repLaced iIn the collector by the
denser liquid, which flows from the bottom of the
tank and is iIn turn heated. The process repeats
continuously forming what is termed a thermosyphon
circulation pattern.

The density difference is a function of
temperature difference, and the flow rate i1s then a
function of the useful gain of the collector which
produces the temperature difference. Under these
circumstances, these systems are self-adjusting, with
increasing heat gain leading to increasing flow rates
through the collector.

There are two alternative methods of modeling
the performance of a collector in natural circulation

systems. The fTirst iIs by analysis of the temperature
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and density distributions and resulting flow rates
based on pressure drop calculations, as outlined by
Close (1962). The second i1s to assume a constant
temperature iIncrease of water or any other fluid
flowing through the collector and calculate the flow
rate which will produce this temperature difference

at the estimated collector gain. The basic equations

are
Q =ARD-U @ -T)I (4.48)
and

Q =mC, (T, - T )=mC AT, (4.49)

Solving for the flow rate

AELS -U (. TX

m = . ° (4.50)
CoAT ¢

This equation can be solved for m if It iIs assumed
that F 1s independent of flow rate. Substituting
Equation 4.46 for F 1into Equation 4.50 and
rearranging gives
U F A
m -c (4.51)
UuCo - Te)

C In . R
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Black Outer Inner
absorber Cover Cover
plate
1 1
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/ j 7/ / ;" /
Flu id
Insulation Conduit Collector box
Figure 4.1 Cross-section of a basic

fiat-plate solar collector.

Figure 4 * fil'icet. and l-ube solar collect©
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Figure 4.3 Temperature distribution on an
absorber plate. [From Duffle .ad

Beckman (1980)]



Figure 4.4

(@)
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(b)

Thermal network for a two-coveh

flat-plate collector. (@ In terjns
of conduction, convection and
radiation resistances, () In

terms
resistances between plates.



87

Fig. 4*5 Sheet and  tube diamensions.

Fig. A-6 Schematics of a natural

circulation system .
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CHAPTER FIVE

REFRIGERATION SUBSYSTEM

5.1 Introduction

If a liquid i1s introduced into a vessel iIn which
there 1is initially a vacuum and whose walls are kept
at a constant temperature i1t will at once evaporate.
In the process the latent heat of vaporisation will
bo abstracted from the sides of the vessel. The
resulting cooling effect is the starting point of the
refrigeration cycle.

As the liquid evaporates, the pressure inside
the vessel will rise until 1t reaches a certain
maximum value for the temperature the saturation
vapour pressure. After this, no more liquid will
evaporate and, of course, the cooling effect will
cease. Any further liquid iIntroduced will remain iIn
the liquid state in the bottom of the vessel. The
liquid and vapour in physical contact at the same
pressure and temperature are said to _be in physical

equilibrium.

Pure refrigerants or refrigerant-absorbent
combinations are used iIn a refrigeration process for
the artificial removal of heat energy from a space or
substance, producing in such a space or substance, a
temperature lower than that which would otherwise

exist under the natural iInfluence of the environment.



5.2 Refrigerant Properties

For pure refrigerant of a two phase system 1in
equilibrium, the interdependence--of—the- physical
properties of pressure and temperature are given by
Clapeyron®s equations and the relationship between
the thermodynamic properties are given by the four
Maxwell equations amongst others.

Bbr refrigerant-absorbent combinations, the
state of solution and the iInterdependence of the
physical properties are given by the phase rule,
which states that:

IT equilibrium of phases iIn a system iIs not
influenced by gravity, electrical or magnetic forces
or by surface action and is only influenced by
temperature, pressure and concentration, then the
number of degrees of freedom F of the system is
related to the number of components G appearing in
all the phases at equilibrium and the number of
phases P by the equation
F=C-P+2 G.1D)

The number of degrees of freedom of the system
is the number of independent variables which may be
arbitrarily specified and which must be so specified
in order to fix the intensive state of a system at
equilibrium. This number i1s the difference between
the number of variables needed to characterize the
system and the number of equations that may be

written connecting these variables.



For the ammonia-water refrigeration system,
there are two components, namely, ammonia and water
and two phases: [liquid solution and vapour. Then
F=2- 2+2=2
Hence only two of the three intensive properties of
pressure, temperature and concentration are necessary
to define the state of the solution when in

equilibrium.

5.3 Characteristics of the Refrigerant-Absorbent

Pair

The two materials that make up the
refrigerant-absorbent pair should meet the following
requirements to be suitable for absorption
refrigeration
(1) Absence of solid phase.

The refrigerant-absorbent pair should not form a
solid phase of the range of composition and
temperature to which i1t might be subjected. IT solid
forms, it presumably would stop flow and cause
equipment shutdown.

(@ Volatility Ratio.

The refrigerant should be much more volatile
than the absorbent so that the two can be easily
separated. Otherwise, cost and heat requirements can

prohibit separation.
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Q) Affinity.

The absorbent should have a strong affinity for
the refrigerant under conditions in which absorption
takes place [Buffington (1949)]. This affinity, @)
causes a negative deviation from Raoult®s Law and
results In an activity coefficient of less than unity
for the refrigerant, () reduces the amount of
absorbent to be circulated and, consequently, the
waste of thermal energy from sensible heat effects
and (3) reduces the sizg‘of the liquid heat exchanger
that transfers heat from absorbent to pressurized
refrigerant-absorbent solution in practical cycles.
Calculations by Jacob, Albright and Tucker (1969)
indicate that strong affinity does have disadvantages.
This affinity is associated with a high"heat of
dilution; consequently, extra heat is required in the
generator to separate refrigerant from absorbent.

(4 Pressure.

Operating pressures, largely established by
physical properties of the refrigerant, should be
moderate. High pressures necessitate use of
heavy-walled equipment and significant electrical
power may be required to pump the fluids from low
side to high side. Low pressures (vacuum)
necessitate use of large volume equipment and special
means of reducing pressure-drop—in-i?efrigerant vapour

flow.
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(b) Stability.

Almost absolute chemical stability i1s required,
because fluids are subjected to rather severe
conditions over many years of service. Instability
could cause undesirable formation of gases, solids or
corrosive substances.

(6 ) Corrosion.

Since the fluids or substances resulting from
instability can corrode materials used iIn
construction of equipmentcorrosion inhibitors
should be used.

(7)) Safety.

Fluids must be non-toxic and non-flammable if
they are in an occupied dwelling. Industrial process
refrigeration is less critical In this respect.

(s ) Transport Properties.

Viscosity, surface tension, thermal diffusivity
are 1mportant characteristics of the refrigerant and
absorbent pair. For example, low viscosity of the
fluid promotes heat and mass transfer, and, to some
extent, reduces pumping problems.

(@ Latent Heat.

The refrigerant®s"Tatrent heairnshould be high so
that circulation rate of the refrigerant and
absorbent can be kept at a minimum.

No known refrigerant-absorbent pair meets all
the requirements listed. Ammonia-water and
water-li1thium bromide come closest, and these are the

only two pairs iIn extensive commercial use.
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The ammonia-water pair meets most requirements,
but i1t"s volatility ratio is too low and It requires
high operating pressures. Not withstanding
ammonia-water is selected for this study because it
can easily be found on the Kenya market since
restrigeration applications require temperatures under
0°C (273K) and the lithium bromide-water pair tends
to form solid since the refrigerant turns to iIce at
OOC, the pailr cannot be used for low temperature
refrigeration. Also, lithium bromide crystallizes
out of solution at moderate concentrations,
especially when i1t is air cooled, limiting the pair
to applications where the absorber i1s water cooled.
Ammonia-water on the other hand is not subjected to
crystallization and it i1s considerably cheaper than
water-lithium bromide, a factor that is iImportant
since refrigerant storage Is being considered.

Advantages of water-lithium bromide pair include
high safety, high volatility ratio, high affinity,
high stability and high latent heat. However, using
a combination of salts as the absorbent can reduce
the crystallizing tendency enough to permit air
cooling [Macriss (1969), Weil (1968) and Blytas and
Daniels (1962)]. Hence its application is typically
limited to air conditioning units. Other
disadvantages of the water-lithium bromide pair
include the low operating pressures it requires and

the lithium bromide solution®s high viscosity.
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Proper equipment design can however overcome these
disadvantages.
Other 1mportant refrigerant-absorbent pair
include:
(1 Ammonia-salts
() Methylamine-salts
() Alcohols-salts
(49 Ammonia-organic solvents
(B) Sulphur dioxide-organic solvents
(6 ) Halogenated hydrocarbons-organic solvents.
Several of these appear suitable for a
relatively simple cycle and may not create as much as
crystallization problem as the water-lithium bromide
pair. However, stability and corrosion information
on most of them is very sketchy. Also,*the
refrigerants, except for fiuoro-refrigerants in the

last type, are somewhat hazardous.

5.4 Theory of Absorpt,io>n Refrigeration

Absorption refrigeration cycles are
heat-operated cycles iIn which a secondary fluid, the
absorbent, absorbs the primary fluid, a gaseous
refrigerant, that has been vapourised iIn the
evaporator.

The basic absorption cycle consists of four heat
exchangers, namely, generator, condenser, evaporator

and absorber, a solution pump and two expansion valves.



The working fluid of the system i1s a solution of
refrigerant and absorbent which has a strong chemical
affinity for each other. Heat iIs added to this
solution In the generator, as a result, the
refrigerant is vapourised out of solution and a
mixture weak In refrigerant concentration is left
behind. The refrigerant vapour flows®"to the
condenser where 1t is liquified, while rejecting iIt"s
latent heat. The liquid refrigerant is then expanded
from the high pressure side of the system (the
generator and condenser) into the low pressure
evaporator wherein vapourization of the refrigerant
and hence cooling iIs effected. The vapourised
refrigerant is next recombined iIn the absorber with
the weak solution. Since the reabsorption process 1is
exothermic, heat must be removed from the absorber to
maintain a sufficiently low temperature such that a
high chemical affinity between the refrigerant vapour
and the solution 1is assured. The solution, now rich
in refrigerant, 1is pumped back iInto the generator to
complete the cycle. Additional details of the
structure of this system may be found in Threlkeld
(1970).

The main energy requirement for an absorption
system iIs the heat supplied to the generator.
utilization of solar energy to supply this energy is
the basis of design for a solar operated

refrigeration system.
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An absorption refrigeration system can be
continuous or iIntermittent in operation, depending on
whether the energy suppiy to the generator is
continuous or intermittent (e.g. solar) and also on
the storage facilities available iIn the system. A
line diagram of a continuous absorption#system is

shown iIn Figure 5.1. S ——

5.5 Theory of an Intermittent Solar Ammonia-Water

Refrigeration System

The theory as outlined here i1s as given by
El-Shaarawi and Ramadan (1986) and Jansen (1985).
Figure 5.2 shows the temperature-concentration
diagram for the theoretical constant temperature
refrigeration cycle which could be achieved by a
solar refrigerator. The initial concentration in the
generator is Xﬁi and the maximum generator (or
solution) temperature is t . Solar radiation
striking the generator raises the temperature and
pressure of the ammonia-water solution as indicated
by the path 1-2. At state 2 the system pressure 1is
equal to the saturation pressure of ammonia
corresponding to the condensing temperature.
Generation continues from state 2 to state 3 at
constant pressure as solar heating is continued.

The generated vapour passes to a water-cooled

condenser through a rectifier. State 3, the end of
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the generation process, depends on the maximum
temperature attainable iIn the flat plate collector.
At this instant, when the state of the liquid ammonia
in the condenser iIs at 2 and the state of the
solution In the generator iIs at 3, the generator and
the condenser are isolated. The generator is cooled
to ambient conditions so that the solution
concentration, temperature and pressure are low and
hence the generator iIs ready to operate as an
absorber. The communication between the condenser
and the absorber is now restored. A fraction of
1iquid ammonia iIn the condenser at 2* flashes
adiabatically into the absorber to change the
solution state to 5. As a consequence of the
flashing the temperature of the remaining quantity of
ammonia In the condenser decreases, to bring it"s
state to 5*- The condenser 1s now ready to operate
as an evaporator. From 5 to :*, the evaporator
absorbs energy from the surroundings to provide the
effective refrigeration and the rising vapours are
reabsorbed in the absorber until the solution reaches
the iInitial state 1. The iIncreasing concentration of
ammonia in the absorber causes a corresponding rise
in the equilibrium pressure of the system, and a
consequent increase iIn the boiling temperature of the
refrigerant.

Figure 5.2 shows that the boundaries of the

cycle are determined by three quantities: the
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temperature of the heating medium used for
generation, coolant temperature, and ammonia
concentration at the beginning of generation.
The fTirst of these is limited by the
temperatures obtainable from a flat-plate solar
collector. The second i1s fixed by the cooling medium
used. The third quantity, however, can be varied
over a wide range. Assuming that a higher initial
ammonia concentration is used, the resultant cycle
would have a slightly higher average evaporator
temperature during evaporation, but a greater
quantity of ammonia generated. This might appear
advantageous since the evaporator temperatures would
still be suitable for refrigeration applications.
The same logic could be applied to still* higher
ammonia concentrations. As the concentration
increases, however, the absorption rate and cooling
rate reduces. These Important considerations place a
practical limit on the initial ammonia concentration.
Commercial ammonia-water absorption systems

usually operate with a high-temperature energy source

(steam or a gas flame). The high-temperatures permit
operation at low ammonia concentrations generally
below 50 percent. The combination of
high-temperature source and low concentration
produces high cooling rates and low evaporator
temperatures-!- low enough for food storage and ice

production In the case of domestic refrigerators.
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The temperature range available for generation in
this investigation i1.e. about 70°C to 90°C requires a
bit higher ammonia concentrations (about 55 to 65
percent) iIf the cycle i1s to produce any usable
results.

At the end of the regeneration process, state 3,
the amount of liquid ammonia, nT kg, condensed in the
evaporator can be evaluated by applying the law of
conservation of mass on the generator contents.

Assuming that there is no water carry over into the

condenser-evaporator, 1.e., 100% rectification, then,
the mass of ammonia condensed, m._ is given by
. , K1 &a
m =n =n
vC H 2O 1—X&i 1—Xsa
B Sa
m, (1-X.: ) G-2)
8l St 1-X., 1-Xsa

where ih 0 is the assumed constant mass of water 1iIn
2

the solution.
The amount of liquid ammonia remaining in the

evaporator after flashing, m" , and which i1s available
for cooling purposes, may be found as follows
Equating the energy iIn the flashed-off ammonia and
the heat lost by the remaining distillate gives,

-h.  dn® = -m"dh" (G.3)
where h,f9 iIs the average latent heat of vaporisation

between states 3 and 5, and h" 1s the enthalpy of the

liquid refrigerant.
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Rearranging and iIntegrating give

mé exp (G

where and IV are the enthalpies of the liquid

ammonia at states 5 and 3 respectively, determined

(as 1s hf ) from the ammonia tables iIn Appendix E.
The amount of ammonia flashed during the

refrigeration process, mfl, is then given by

Mg m m exp (5.5)

Also mfL 1s given by

X _-X
S 4

SS

A= (5-6)

The minimum evaporator temperature, t , Is the
temperature of liquid ammonia In the condenser at the
end of the adiabatic flashing process.

This temperature can be evaluated with the help
of the two equations given by Venkatesh.and Gupta

(l978)r - ~

X, = 0.007804 t* + 0.55847 G.7)

and
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exp 0.00331 tf + 0.893 (5.8)

Using Equations 5.8 through 5.11, a quadratic
equation in t* can be obtained and hence t* can be
calculated.

The effective cooling of the system, QC, that
IS, the energy absorbed by the vaporisation of the m
kg of ammonia, 1is given by
Q. = Mg hf95: M, - mg hlg5 G-9

where h iIs the latent heat of vaporisation of
fo =

liquid ammonia at the evaporating temperature.

The energy absorbed by the generator contents
during regeneration, , may be obtained from an
energy balance on the generator contents during

regeneration process 1-2-3
Qg - m3u3~ m Pl + £ h\pmvg (5'10)

where u iIs the internal energy of the solution, m 1is
the solution mass, and the summation represents the
enthalpy of the ammonia-water vapour that leaves the
generator during the process 1-3. Since the internal
energy u of the liquid solution is nearly equal to
the enthalpy, the equation may be rewritten as:

3 ;
Q9: mshg— m P1+ E h dvm vg (5.11)

where mlq and msh3 are the enthalpies of the
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solution iIn the collector-generator at states 1 and 3

respectively, and hvdmv is the enthalpy of an

9

incremental mass dmV9 of the ammonia-water vapour
distilled from the collector-generator.

Most of the heat added goes to iIncrease the
internal energy of the solution during the process
1-2.

The mass m™ is readily found from the change in
solution concentration, and h3 and h1 are determined
from the aqua-ammonia chart iIn Appendix F. The
specific enthalpy of the Liberated vapour, h”, is
also determined from this chart. In order to
determine dmvg, it 1s necessary to develop a

relationship between dm , and dm , the mass of

9
anhydrous ammonia iIn the ammonia-water vapour mass
generated dmvg- This 1s done by a mass balance on
the rectifier.

In Figure 5.3, ammonia-water vapour dmvg, enters
the rectifier and a lesser amount dmVC of anhydrous
ammonia leaves on the right, the difference iIn mass
consisting of the mass of condensate returned to the
generator. IT the concentration of ammonia In the
vapour which enters the rectifier 1is X, and the
concentration of ammonia in the condensate is X (the
same as the solution concentration), an ammonia
balance on the rectifier yields
X,dm - X @m -dm ) =dm

9 9

from which
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dm,, (5-12)

where the concentration of ammonia iIn the vapour. XV
is found from the aqua-ammonia chart iIn Appendix F.
The term £ hvdmvg iIn Equation 5.11 is evaluated
by calculating dm” from Equation 5.12 for a number
of points along process 2-3. Plotting dmVg against
the vapour enthalpy h (the dependent variable), the
area under the curve may be conveniently determined
using Simpson"s rule, yielding the term V hvdmvg
Finally, the cooling ratio, :7, is defined as

(5.13)
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Ep

VcJve

5 1 Schematic of the ammorug - Water system

A continous absorption refrigeration system.
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Figure 5.2 Theoretical cycle for solar
refrigeration.

6 M (To condenser)
v Anhydrous NHa

Condensate
(HZO, but with some NH9)

6m
vg
NH -HO wvapour

Figure 5.3 Mass balance on the rectifier.



CHAPTER SIX

DESIGN

6 -1 DesL gy and Design Calculataons

Location

Nairobi (Dagoretti Corner)
Latitude - 1° 18" .
Longitude : 36" 45" .
Altitude :© 1798 m.

From the meteorological data for Nairobi, over a
period of years, February is found to be the mean
hottest month of the year (see Appendix D). Hence
the design calculations were computed fpr the average
day of February which is the 16th of February from
Klein (1976). ~ _

Sample i1nsolation calculations were computed at
t0.00 am solar time for the fixed solar collector
sloped at an angle of 5%, (because Nairobi is close
to the equator), towards the north, that i1s, with a

surface azimuth angle, (, of 180° (see computer

program, Appendix C).

106
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6.2 Co llect.oi— Absorber Design

Collector Specifications
Number of glass covers, N
Cover to cover spacing
Plate to cover spacing
Ambient temperature, Ta
Mean plate temperature, TID
Collector tilt, ft

Wind heat transfer coefficient, hW
Collector length

Collector width

Collector thickness

Back i1nsulation thickness

Edge i1nsulation thickness

Back i1nsulation conductivity
(glass wool)

Edge insulation conductivity (wood)
Plate emittance, Ep

Tube spacing, W

Tube diameter (outside), D

Plate thickness, &

Plate thermal conductivity (copper)

Heat transfer coefficient inside tubes
(Computed below)

Bond conductance, Cu

25 mm.

25 mm.
20°C.
100°C.

5°.

10 Wm"2K_1.
90 om.
108.24 cm.
90 mm.

50 mm.

50 mm.
0.045 Wm 1K

0.123 Wm_IK
0.90.

100 mm.
13.7 mm.

1 mm.

384 W/mK.
1070 W/mzK.

30 W/mz2K.

Calculating the top loss coefficient from

Equation 4.17, therefore,
C - 250[1-0.0044(5-90)1 = 345.5
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f = 11-0.04( 10)+0.000b(10)2][1+0.091(2)] = 1.3002

2

) aa ' 13
f345.5i 1373-293 )f -

I 373 J[2+1.3002J

+ 5.67x10 a(373+293)(3732+ 2932)
[0.9+0.005(2) (1-0.9) ] i + "~ -qqqo21 - 2
Ut = 3.2966 W/mK.

The back loss coefficient, 1%, IS given by

Ut - oTubO - u-9 W/m K*
The edge loss for the collectors is given by

_ U (U.123/0.0b) (1.9824)(0.09)
A 0.09x1.0824

= 0.450b W/m K.

[e}

Therefore, the collector overall loss coefficient 1is

UL = 3.2966+0.9+0.4505 4.6471 W/m K.

The fin efficiency factor, F, is given by

Equation 4.30, therefore,

f 4.6471 V7 i

M [384x0.0013 - 3-4788m
F _ tanh[3.4788(0.1-0.0137)/2] _ f rm
my -~ 3.4788(0.1-0.0137)/2 “ u.990

The Heat Transfer Coefficient iInside the collector
tubes, h is computed as follows:

In view of the low velocities In many solar
convection apparatuses, the velocity produced by
buoyant forces, that 1is, free convection will also
affect the convection heat exchange. In this so

called mixed-flow region when Gr/Re2 iIs between 1 and
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10 and L/D > 50, the heat transfer coefficient for
flow iIn horizontal ducts and ducts inclined not too
far from the horizontal can be evaluated from the
relation [Metals and Eckert (1964) and Brown and

Gauvin (1965)]:

9-,1/9

0. 14
Re,Pr.D Grb'°.KeDPr.n *'

Nu = 1.75 +0.012

where

_p2 ﬁ/?(T* - T* )Bo

D
p?

Gr

For the mean temperature of the solution in the

collector tubes of:

o 24+80+100 _
m 3

From the specific volume of saturated ammonia-water
solution table TASHRAE (1985)], the density of the
solution 1is

p = —————— —— = 737.46 kg/m3

Using correlations given in Perry (1984), the
viscousity, p and the thermal conductivity, k for an
ammonia-water solution of concentration 0.6 kgNH9/kg
solution were computed as:

Py = viscousity at bulk temperature of 68°C =
2.567x10"4 N.s/mZ

Pv = viscousity at wall temperature of 100°C =

1.559x10 4 N.s/m2

Thermal conductivity, k = 0.479 W/mK
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Assuming a mean flow rate iIn the collector tubes of
0.005 kg/s

From G =M — 0 005x4 39.47 kg/m s

A . n(0.0127)2

Re =- = 4/x0---127 = 1952.74
U N 2.567x10"4

From the thermal expansitivity, ft given by

vV_ -V

ft 2 ? :
=i (t), (u1+X>2)T2_T1

where v and u are the specific volume of the

ammonia-water solution at 24°C and 80°C respectively.

. 2 (1.39-1.274 )x10™9
(1.274+1.39)x10™3  (80-24)
= 1.555x010-3 K_:
Gr - <731.46  9.81x1.555x10 3 (100-68 )(0.0 127 )3
© (2.567x10"““ )2
= 8.25x10+°
-4
_ 4190x2 .567x10 _
Pr = —r 0.479 = 2.2
Therefore
ta
Gr 8 -2 bxIQ -9 16
Re (1952.74):
and
L 0.9144 _ 79
D “ 0.0127 ™
Hence the correlation can be applied.
., 0.14
Y hD _ 1.75 2.567x 10 1952-7432é5220-0127+
1.555x10" * [ -
4/9 1/9
n mo F(B.25x10g)*"9 (1952.74)(2.25) (0.0127) 1
hu,Ui~L 0.9144 J
28.44
_ 0.479%x28.44

h = 0.0127 = 1070 W/m K



The collector efficiency factor, F , is given by

Equation 4.36.

F =
1/4.6471
: n
o' l=e27t-ot37+9ds1=. 0137)17'30 n(. 0127) (1070 )
= 0.07
6.3 Design Considerations of the

Condenser-Evaporator

Apart from the design of the collector-absorber,
the next critical component of the system is the
condenser-evaporator. In order to design the
condenser, 1t IS necessary that the amount and the
rate of generation of the ammonia vapour to be
condensed be known. For these quantities to be
determined, 1t was necessary to dynamically simulate
the thermal performance of the system on a computer.

Because of the coupled performance of the
condenser and the generator i.e. the system
generation pressure being equal to the saturation
pressure of ammonia corresponding to the cooling
water temperature, and also because a storage
condenser 1s being considered, 1t IS not necessary to
compute the heat transfer coefficient using either
the LMTD or NTU method. This iIs so because the rate
of the cooling water flow iIs so adjusted that the

difference between the inlet and outlet water
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temperature is limited to about 2 °G temperature rise,
SO0 as to give a constant cooling water temperature
during condensation.

Also 1t i1s worth noting that since the
regeneration/condensation process takes about two to
three hours, there is ample time for the ammonia
vapour generated to be condensed. Also, because of
the condensed refrigerant is being stored iIn the
condenser tubes, the interface between the condensate
and the generated vapour acts also as a condensing
surface. Because of the condenser storage there will
be a little subcooling of the condensed refrigerant
but since the condensing temperature 1is almost equal
to the cooling water temperature, It Is a good
assumption that there will be no subcooling of the
condensed ammonia.

Hence, the major design considerations for this
storage condenser are (1) ensuring as much as
possible a constant temperature of the cooling water
and (i11) the volume capacity of the condenser must be
large enough to store all the condensed vapour. The
rate of generation of ammonia from the solar
generator being slow because of the low temperatures
obtainable from solar flat-plate collectors, will
give ample time for condensation of the generated
vapour. Although the surface area available for
condensation decreases as vapour is condensed and

stored in the condenser tubes, the area available for



113

condensation is such that it will always be
sufficient for condensation since the amount of
ammonia generated for any time period decreases with
the time as the solution becomes weaker In ammonia as

generation proceeds.

6.3.1 Liquid Storage Calculations

The energy storage capacity of the aqua-water
storage unit at uniform temperature operating over a

finite temperature difference is given by
Q, = (C,)A , G 1)

where is the total heat capacity for a cycle
operating through the range AT, with m .kilog