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ABSTRACT

This project is one inthe series of work in solar
cooling at the Mechani cal Engi neering Departnent of
Ahnmadu Bello University, Zaria. It is also a ngjor
| nprovenent on the previous work done in solar refrige-
ration. The results and experience are presented.

In the system the solar absorber and the refri-
geration systemls ammoni a generator are conbined to form
one unit. Design calculations based on the refrigera-
tion load of the cold roomwhich was built earlier were
made and consequently, the various other conponents were
constructed. Ar cooling of the conponents by natural
convection was adopted because of easier availability
of air and to elimnate running costs due to the use
of water.

The conponents were built and assenbl ed at the
departnment’'s workshop. (See PLATES | and I1). Leakage
tests were perforned using conpressed air and soap
bubbl es. The systemwas charged wi th ammoni a gas and
ammoni a-wat er sol uti on. However, the avail abl e punp
used was not suitable for the suction of the required
amoni a-water sol ution and the systems circulation, as
it is not self-primng. Because of this, the vapour
generated in the solar collectrr could not circulate to
achi eve continuous refrigeration. Intermttent refrige-
ration was achi eved by the use of a vacuum punp.

The results obtained are given in this report.

Al so recommendations for further nodification of the

pl ant are presented.
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NOMENCLATURE

- Specific surface of packing.
- Absorptivity.

- Area,

- Distance, spacing.

- Coefficient of veolume expansion, solar

altitude.
c - Specific heat,
c.0.P. Coefficient of Perfermance.

5o mow.

X2 838 0 x5

- Inside diameter.

- Outside diameter,

- Declination,

- Difference,

- Emissivity.

- Cooling rate factor, friction factor,
convection coefficient.

- Latitude,

Acceleration due to gravity.

- Grashoff number.

- Heat transfer coeffiélent, specific
enthalpy, head loss.

- Solar intensity, height.
- Thermal conductivity.
- Length, molar liquid flow rate,
- Mass flow rate.
- Molecular weight,
riig
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]

Number, day of the year,
Efficiency.

Nusselt number,

Pressure, Ferimeter,

Prandtl number,

Unit are~ heat trensfer rate.
Heat flux.

Inner reodius,

Outer radius,

Reynold's number,

Density, reflectivity.

Angle of tilt,

Stress, Stefan-Boltzmonn constant,
Temperature.

Absolute temperature.

Angle, temperature chnngé.
Transmissivity.

Overall heat transfer coefficient.,
Dynamie viscosity.

Velocity.

Average speed.

Molar gas flow rate, Volume.
Volume flow rate.

Width, weight.

Hour angle.

Mass concentration, mole fraction in solution,

thickness.
Mole fraction in vapour.
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Subscripts

a - Air, ambient.

A - Absorber, ammonia.
b - Bottom.

B - Absorber plate,

Condenser, convective.

(¢]
|

d - Diffuse, .day, daily, discharge.
E - Evaporator, east, edge.
: 4 - Fin, final, friction.
fg = Difference between saturated vapour value
and saturated liquid value,
- Glass, generator.

- Hour, hoop.,

24
h
i - Initizl, inside surface.
k - Conductive,

1} - Longitudinal,

L - Lost, liquid.

N - North.

0 - Outside surface.

- Packing, pump, product,

r - Radiative, rectifier.

s - Suction, saturated, shade, solar, second.
S - South.

t - Tube, top.

U - Useful,

Vv - Vapour,

w - Wall, wind, water,



CHAPTER ONE

INTRODUCTION

Refrigeration is defined as the branch of science
that deals with the process of reducing and maintal-
ning the tempersture of a space or material below
the temperature of the surrcundings. To accomplish
this, heat must be removed from the body being refri-
gerated and transferred to ancther body whose tempe-
rature 1s below tr~% of the refrigerated body. With
advancement in science and technology, the role and
functions of refrigeration and its applications have
steadily become indispensable to the existence of the

modern society.

“ . 1,1. REFRIGERATION IN THE SOCIETY

Refrigeration was developed as a method of
- food preservation and this is still its most impore
tant and largest use, At first, refrigeration was

employed for the large scale transpurtation and the
- storage of foodstuff, but domestic refrigeration has
grown steadily in the last forty yeérs. Today, N
'? production of refrigerators of this type throughout
 1 the world constitutes the largest proportion of the
| refrigeration industry. _ B ﬁ\:

It is interesting to also note that the cﬁiofo-

fluoro-carbons (freocns) which were developed specifi-
cally as refrigerants have since been adapted to act

T



as blowing agents for some of the modern forms of
thermal insulations

Refrigseration In Industry: The use of refrige-
ration in industry is by no means new. In the chemi-
cal industry, ice has long been used in the production
of certain dyestuffs for preventing development of
high temperatures in exothermic reactions, Refrige-
ration is used for condensation of gases, for the
recovery of highly volatile compounds, for the control
of temperature in the production of many products. In
the pharmaceutical industry, one application is that
of freeze drying. Cold is used to reduce the water
content of air in c<¢ontact with the precduct being dried,
so that water is transferred from the product, through
the air, to the refrigerator condenser, Products that
are not heat-stable are dehydrated in this way to give
finished materials that are readily transferable and |
have a much longer "shelf life", This form of drying

has been used extensively in the production of anti-

biotics, such as Tenicillin. Refrigeration also plays .

its part in the metallurgical industry, where low

temperatures are used in shrink-fitting liners into

cylinders and similar operations. In certain large-

scale civil engineering undertakings, such as the

construction of dams, refrigeration has enabled work

to go ahead more rapidly and effectively, It is used
2



for the consolidation of water-logged ground by
freezing, which allows excavation or borings to be
made without risk of elther flow of the faulty ground
or cave-in. Laboratories dealing with many different
problems, rely on refrigeration as a servant. Biolo-
gical laboratories, for example, and laboratcories
studying feood preservation, use incubators for low
temperature work., Industrial laboratories, such aé
are encountered in the aircraft industry, rely on
refrigeration to simulate operating conditions for
materials being tested for use in the fied, The
scope for refrigeration in industry is unending snd
the applications are many.

Refrigeration In Transport: The use of refrigera-

ted tramsport has increased over the years, developing
from the carriage of chilled meat to the present day
transport of wvast quantities of chilled and frozen
foods, many of them in deep-frozen condition by land,
sea and air,

Refrigerated air transport is limited to the
supply of cff-season frult or vegetables when cost of
purchase 1s high. Refrigerated transport by road and
rail is extensively used: by road for local deliveries
from depots to retailers, and by both road and rail
for long-distance haulage from the location of initial
freezing to final storage, often involving transporta-
tion from one country to another.

3



Refrigerated transport at sea involves the ship-
ment of chilled and frozen foodstuffs in vast quanti-
ties. Holds are refrigerated by grids through which
refrigerated brine circulates, or by air circulation,
for which expansion machines are used, Modern passen=
ger ships are invariably air-conditioned, since
passengers now demand a higher degree of comfort than
was expected even 20 years ago.

The fishing industry is also not left out.

Large deep-sea trawlers now have cold storage rooms
where cleaned fish can be kept in prime condition,
permitting the ships to stay at sea for long periods
at a time.

Comfort Cooling/Air-Conditioning: Air conditioning,
though still @ luxury in some parts of the world, is an
essential in others. Industrial operations carried
out under hot conditions, call for air-conditioning
for the operatives. Works and offices in hot regions
must also be air-conditioned. Even in semi-tropical
and temperate zones of the world, the incidence of
air conditioning is rapidly increasing. Large new
buildings throughout the world incorporate partial or
complete air conditioning. Modern trains in many
countries are now regularly air-conditioned. Without
adequate refrigeration, high-speed high-altitude air
travel in reasonable comfort would be impossible,
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The modern Jet liners of today are all cooled by
refrigeration, The field of comfort cooling is there=-
for one of considerable importance.

Miscellaneous Applications of Refrigeration: In

addition to the many pre-dominating outlets for
refrigeration, there are many miner fields in which
refrigeration plays its part. In medicine, the preser-
vation of tissue, bones and blood would not be possible
for even a short time if it were not for the reliable
refrigerators that are available., In the operating
theatre, cooling is employed tu reduce the metabolic
rate of the patient and to enable operations to be
carried out without the use of an anaesthetic,

In the world of sports, refrigeration also finds
a place, being used for such purpeses as maintaining
tennis balls in perfect condition and, of course, in
artificial ice rinks. Refrigerants are not used for
cooling only; they have many other applications of
interest to the refrigerator manufacturer and those
connected with the industry. Refrigerant gases are used
for charging vapour-pressure devices, operating therme-
stats for refrigerators and in addition, thermostats
for many other applications, both in the home and the
industry. The "freons" are used as blowing agents for
plastic foams. The solvent properties of the higher
boiling members of the freon family enable them to be
used for specialized cleaning operations by virtue af
their relative freedom from hazard, their stability ahd
their non-corrosive character, .

5



1.2, WHY IT 1S NECESSARY TO APPLY SOLAR ENERGY TO
REFRIGERATION

From the above discussion, we have been able
to show how important refripgeration is to the func-
tioning of the scciety. It is also, however, clear
that refrigeration functioning depends on the available
energy resources, Recent large price increases in oil
and gas, reduced availability of fossil fuels, such as
evidenced in the energy crises of the early seventies,
and the rising awareness regarding environmental
pollution issues, have led to a surge of interest in
using the power of the sun. This is because solar
energy represents the only totally non-polluting
inexhaugtible energy resources that can be utilized
economically to supply man's energy needs for all time.

The unavoidable release of pollutants associated
with the combustion of fassil fuels presently being
widely used has been a source of concern to man for
some time now. Coal and petroleum econtain siphur
impurities which form sulphur oxides during combusg-
tion., At the high temperatures typical for the inter-
nal combustion engines, nitric oxides are produced.
Incomplete combustion produces carbon monoxide and
hydrocarbons, Even if these undesirable and biologi~-
cally hazardous by=-products are eliminated, the
generation of carbon-dioxide is unavoidable, While
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the atmosphere contains carbon dioxide (an essential
component of 1life process), the effect of an increase
in the atmospheric content is uncertain,

Nuclear energy has been seen by many as an ulti-
mate energy solution apart from solar energy. With
nuclear energy, there 1is, however, the inherent
problem of the effects of radiation and radicnuclides
on biclogical materials. Of pertiocular significance
is the problem of the disposal of long-half-iife waste
products that nced tec be 1sclated from the environment
for thousands of years. At present therefore, the
nuclear future is far from certain. Unless an unfore-
seen major breakthrough occurs with respect to its
safe waste disposal, even its most optimistic propo-
nents do not expect nuclear energy to modify this
century's energy plcture.

Of all possible direct uses of the sun's energy,
the one greeted arocund the world with the greatest
enthusiasm ig solar cooling. Although in some coun-
tries, electricity and fuel are presently abundant and
cheap, solar cooling may eventually become the most
widely used application of sclar energy. In tropical
countries, there is a special interest because avery-
one desires cooling devices but the ones now available
are expensive and the cost of electricity is high.
Solar house cooling has the advantage that usually it

is needed most when the solar radiation ismost intense,
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and long storage cof energy is not absolutely necessary.
Present mechanical refrigeration and air cooling are
expensive both in initial capital cost and in conti-
nued operating cost for electricity or fuel, Although
capital cost for solar energy is high, the operating
cost is much less than that for conventional cooling
with electricity or fuel,

Air conditioning and refrigeration can only be
afforded by the wealthy in many poor countries of the
tropics but this social problem cen be greatly solved
by the development of solar cooling., Alsc in many tropical
countries, milk and meat are not traditionally used as
they ought to, because they cannot be preserved. It
is also known that in some hot countries, about one
quarter of the vegetable crop spoils because of lack of
cooling facilities. Factories in some tropicz2l community
can be made to operate with a higher efficiency by applying
solar energy for air conditioning. Also the health of
millions of people can be improved by the development of
solar cooling.

1.3. REFRIGERATION METHODS

Quite obviously, to produce refrigeration, by
which is meant the removal of heat, there must be a
flow of heat from the substance to be cooled. This heat
flow or heat transfer, can only take place provided there

is a cooling medium to which the heat can flow, at a

8



lower temperature than the substance being refrigerated.
The rate of heat flow will depend on the temperature
difference between the two substances, the surface
areas of substances to and from which heat flows, and
the resistance to flow of any heat insulation which
may exist between the tweo substances to impede the flow,

Before the advent of modern refrigeration proces-
ses, water was kept cool by storing it in earthenware
Jjugs so that the water could flow through the porous
holes and evaporate, The evaporation carried away heat
and cooled the water. Natural ice from lakes and rivers
were often cut during the winter and stored in caoves,
straw=lined pits, and later in sawdust-insulated
buildings to be used as required. The early Romans
carried pack trains of snow from the Alps to Rome for
cooling the Emperors' drinks. Though these methods of
cooling all make use of natural phenomena, they were
used to maintain a lower temperature in a space or
product and may properly be cazlled refrigeration.

The process of refrigeration may be produced in
many ways, the most usual being:
(a) The use of natural or manufactured ice;
(b) The use of freezing mixtures;
(¢) Vacuum systems
(d) Thermo-electric processes;
(e) Adiabatic demagnetisation;

9



(f) Mechanical vapour compression:
(g) Vapour absorption.

Use of Natural or Manufactured JIce: A Iimited

degree of refrigeration nan be obtained by placing the
substance to be cocled in close proximity to blocks

of ice. Heat flows from the substance to the ice,
thereby cooling the substance and melting the ice,
Only moderate degrees of cooling can be effected by
this system. One very common example of this method

is the ice blocks used to dlsplay fish on fishmonger's
slabs,

Dry ice (solid carbon dioxide) is used principally
for the preservation of perishable goods in transit,
and for any other application where the melting of
ordinary ice would constitute an objection. The
nermal type of mobile ice cream container is the most
usual example of this form of refrigeration. To
produce dry lce, clean dry carbon dioxide gas is
raised to a high pressure in a compressor, and after
being freed from any traces of oil picked up in the
compressor, is passed to a condenser where heat is
taken from it. The gas consequently liguefies, and
this liquid is allowed to expand suddenly through noz-
zles into a chamber. The rapld expansion causes the
carbon dioxide to form snowflakes, which are compacted
into blocks or shects ready for use.

10



Use of Freezing Mixtures: Freezing mixtures or

chemical refrigerators as they are sometimes colled,
work on a principle which invelves the absorption of
latent heat when two solids unite chemically to form
a liquid., In the case of lce and salt, this is the
heat required to chenge ice intco water without any
change in teuperature. Freezing mixtures find no
wide commercial application but are extensively used
for laboratory work or other applications where the
production of low temperatures is quickly required,
The mechanism of +he working of the ice and salt
mixture, for example, 1s that first, the ice melts,
absorbing heat from its surroundings and a saline
solution is formed which in turn will dissolve more
ice. To transform the ice Iinto water, latent heat
is required, and if the mixture is thermally insulated
from its surroundings, this heat can only come within
the mixture itself. The water formed will in turn
dissclve more salt and eventuslly a state of equili-
brium will resuli in which the concentration remains
constant and provided the system is insulated from
all external heat applicaticn, a constant minimum
temperature will also result, Scme of the salts used
in this type of refrigeration method are Calcium
Chloride, Sodium Chloride, Ammonium Nitrate and

Ammonium Sulphate,

1



Vacuum Systems: Water is unsuitable for use as a

refrigerant in low temperature applications because of
its low vapour pressure and high specific volume at

low temperatures. However, at temperatures encountered
in air-conditioning. it is possible to maintain the
degree of vacuum required even though at 700, the
vapour pressure is about 0.01 bar and the specific
volume is about 129 m3/kg, The large volume flow
implied by this has led to the use of an ejector pump
in place of the usual compressor for this type of plant.

Here, a steam is expanded in a nozzle to form a
high speed Jjet at low pressure, which entrains the
vapour from the evaporator. The combined stream from
the mixing chamber is then diffused in the divergent
part of the ejector pump and pumped to the condenser,
A portion of the condensate is throttled into the eva-
porator and the remainder 1s pumped back to the steam
boiler,

This type of system has no moving parts, but it
has a very low efficiency. If waste steam is availae
ble from an existing boiler plant, its poor efficiency
is of no consequence as the refrigeration plant itself
i1s cheap to construct and operate.

Thermo=-Electric Systems: Thermo-Electric systems

are still in the development stage., These systems

depend on the phenomenon known as the Peltier effect,

which forms the basis of thermo-electric cooling. It
12



is found that when current is passed through & thermo-
couple whose Jjunctions were initially at the same
temperature, the junction temperatures will chunge,
This is the Peltier effect.

With proper choice of materials, this Peltier
effect can be utilized for refrigeration purposes,
Normally, two dissimilar conductors are Jjoined to form
the thermocouple, The cold junction is attached to
a metal plate or some form of heat-transfer surface.
This surface is exposed to the space or substance to
be refrigerated, and serves the same purpose as the
evaporator of a vapour compression system, The hot
Junction is attached to some type of surface which
would allow heat rejection to atmpspheric air or some
other medium. The surface performs the same function
as the condenser of a vapour compression system. An
external battery is used to provide for circulation
of direct current (D.C.) through the circuit. The
battery may be compared functionally to the compressor
of a vapour compression system,

It has been found that semi-conductor materials
are good thermo-clectric materials whereas insulators
are poor thermo-electric materials because of their
small electrical conductivity. Metals also fail because
of small thermo-electric power and large thermal conduc-
tivity. The best results are obtained with the semi-
conductors which have property values midway between

13



Mechanical Vapour Compression Syvstem: The most

widely used method for refrigeration is the method of
the mechanical vapour compression refrigeration cycle,
Here, electric or mechanical energy 1s used to operate
a compressor that circulates a refrigerant vapour to
an alir~cocled or water-cooled condenser, from which
the resulting licuid passes through an expansion valve
to the evaporator or cooling unit, Evaporation of the
refrigerant results in heat removal by the cooling
unit in centact with the space., The cycle is completed
by vapour returning to the compressor. Heat is thus
removed from a high temperature source and discharged
to the surrounding atmosphere or to cooling water by
means of mechanical work input teo the compressor,
which raises the temperature of the refrigerant above
the temperature of the heat sink. Mechanical vapour
compression system is efficient but the energy input
is shaft-work, wnich is high-grade energy and there-
fore expensive, The relatively large amount of work
required in it is because in compression, the vapour
undergoes a large change in specific volume,

0f all the various refrigeration methods, the
vapour~absorption method has been found to be most
sultable for direct utilization of solar energy. 1In
the vapour=-absorption system, only a small amount of
work is needed becayse the pressure c¢f the refrigerant
can be raised without appreciably altering its velume.

15



Heat, a low grade energy is required for vapour gene-
ration. This hest is easily supplied by direct solar

radiation.

1.1, THE VAPOQUR-ABSORPTION REFRIGERATION CYCLE

The vapour~absorption cycle is similar to
the mechanical vapour compression cycle in that it
employs a volatile refrigerant, usually either ammonia
or water, which alternately vaporiseg under low pres=-
sure in the evaporator by absorbing latent hest from
the material being cooled and condenses under high
pressure in the condenser by surrendering the latent
heat to the condensing medium.

The principal difference hetween the absorption
and vapour compression cycles is the compressiom work

requirement. While the wvapour compresaion cycle

- requires much energy to compress the vapour from

lower pressure to the higher pressure, the absorption
system compresses saturated liquid to the same higher
pressure but the compression work required is either
very small or neglipgibie. 1In fact, the compressiocn

work is reduced to zero in the electrolux absorption
system where the potential drive is provided only by

the partial pressure principle. In addition, whereas
the energy input required by the vapour compression
cycle is supplied by the mechanical work of the compres-
sor, the energy input in the absorption cycle is in the

16



form of heat supplied to the generator directly. The
vsource of heat supplied to the generator is usually
low pressure steam or hot water, although in some
smaller systems the heat is usually supplied by the .
combustion of an aprrepriate fuel such as natural gas
propane or keroscne, directly in the generator or by
an electric resistance heater installed in the genera-
tor. As stated esrlier, solar energy is empleoyed as
the direct source of heat to the generator in this
project,

Tne basic cycle is illustrated in ¥Fig. 1.1. The
system consists of four basic compornents: an evapora-
tor and an absorber which are locazted on the low=-
pressure side of the system, and a generator and a
condenser, which are located on the high-pressure side
of the system. Two working fluids are employed, a
refrigerant and an absorbent. The flow cycle of the
refrigerant is from the condenser to the evaporator
through an expansion valve and then to the absorber, ﬁ“
to the generator and back to the condenser, while the
absorbent passes from he absorber to the generator .
~and back to the absorber, |
With reference to Fig. 1.1, the operating sequence

is as follows. High pressure liquid refrigerant from

the condenser passes into the evaporator through the . ..

expansion valve that reduces the pressure of the

- refrigerant to the low pressure existing in the evapo- o

"   rator, The liquid refrigerant vaporizes in the evapo-
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rator by absorbing latent heat from the materizl being
cooled and the resulting low pressure vapour then
passes from the evaporator through an unrestricted
passage to the absorber, where it is absorbed by,
and goes into solution with, the absorbent.

The refrigerant flows from the evaporator to
the absorber because the yapour pressure of the absor-
bent-refrigerant solution in #the absorber is lower
than the vapour pressure of the refrigerant in the
evaporator, It is the vapour pressure of the apsorbent-
refrigerant solution in the apsorber that determines
the pressure on the low=-pressure side of the system
and consequently the vaporizing temperature of the
refrigerant in the evaporator,

As the refrigerant vapour from the evanorator
is dissolved into the absorbent, the volume of the
refrigerant is decreased and the heat of absorption
is released. In order to maintain the temperszture
and vapour pressure of the absorbent solution at the
required level, the heat released in the absorber,
which is equal to the sum of the latent heat of
condensation of the refrigerant vapour and the heat
of dilution of the absorbent must be discarded to the
surroundings, usually by air-cooling or water-cooling.

The refrigerant vapour dissolving into the
absorbent solution increases the strength and vapour

pressure of the solution and so, it is necessary to
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continuously reconcentrate the solution in order to
maintain the vapour pressure of the soclution at a
level low enough to provide the required lower tempe=-
rature and pressure in the evaporator. The reconcen=-
tration 1s accomplished by continuocusly removing the
strong absorbent solution from the absorber snd re-
circulating it through the generator, where most of
the refrigerant vapour is boiled off by the application
of heat and the resulting weak solution is returned
to the absorber 1o absorb more refrigerant vapour
from the evaporator,

Since the absorber is on the lowepressure side
of the system and the generator is on the high-
pressure side, the strong seclution must be pumped
from the absorber to the generator and the weak
solution returned to the absorber %hrough a pressure
reducing valve, While the pressure of the absorbent
solution is increased frem the low-side pressure to
the high-side pressure as the sclution is pumped from
the absorber to the generator, no compression of the
refrigerant occurs in the process since the compres-
sion of the refrigerant has already been accomplished
in the abscrber. Consequently, the power required by
the solution pump is relatively small.

In the generator, the refrigerant is separated
frem the absorbent by heating the solution and vapo-
rizing the refrigerant. The resulting high pressure
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refrigerant vapour then passes to the condenser, where
it is condensed by giving up latent heat to the conden-
sing medium, after which it is ready for recirculation
to the evaporator. The weak absorbent solution left

in the generator is returned to the absorber, through
the absorber return pipe. The relative strength of

the weak solution is controlled by the amount of heat
supplied to the penerator.

n improvement in the system efficiency csn be
achieved by providing for a heat exchange between the
strong solution going to the generator and the high
temperature weak solution returning from the generator
to the absorber. Since the temperature of the strong
solution going to the generator is increased, while
the temperature of the weak solution going to the
absorber is decreased, the heat exchange results in
a reduction in both the heat supplied to the penerator
and the cooling required by the absorber.

As we have seen, an absorption system makes use
of the ability of one substance (the absorbent) to
absorb relatively large volumes of the vapour of
another substance, usually a liquid (the refrigerant).
The absorbent has the ability to absorb large guanti-
ties of vapour when cold and give them up when heated.
There are two main types of absorption system in use

today:- (a) the ammonia-water system and (b) the water-
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lithium bromide system. In the water-lithium bromide
system, water serves as the refrigerant and a solution
of lithium bromide salts in water serves as the absor-
bent. Because of easier avalilability of materials

and data, the ammonia-water combination was adopted
for the project. We shall therefore proceed to exa-

mine the ammonia-water system,

1.5. THE AMMONIA-WATER /ABSORPTION SYSTEM

To be suitable for use in an absorption
refrigeration system, there are certain criteria that
the refrigerant-absorbent combination should meet.
Obviously, the absorbent must have a strong affinity
for the refrigerant vapour and the two must be mutually
soluble over the desired range of operating conditions.
It is desirable that the two fluids should be safe,
stable and non-corrosive both individually and in
combination. Ideally, the absorbent should have a
low volatility so that the refrigerant vapour leaving
the generator will contain little or no abscrbent,
and working pressures should be reasonably low to
minimize equipment weight and leakage. The refrigerant
should alsc have a reasonably high latent heat value
so that the required refrigerant flow rate is not
excesslve,

The ammonia-water combination, wherein ﬁpe ammonia
is thg refrigerant and water is the absorbent meets many
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- of these important criterla well. The water absor-
bent has a very strong affinity for the ammonia vapour,
and the two are mutually soluble over a wide range of
operating conditions., Both fluids are highly stable
and are compatible with most materials found in re-
frigeration svstems. One notahle excepticn, however,
is copper and its alloys which are not suitable for
use in any ammonia system. The ammonia refrigerant
has a high latent heat value but is slightly toxic,
which limits its use in air conditioning applications,
and operating pressures are relatively high.

A major problem with the ammonia-water system
is the fact that the absoreent {(water) is reasonably
volatile, and so the refrigerant (ammonia) vapour
leaﬁihg the generator will usually contain appreciable
amounts of water vapour, which if allowed to pass
through the condenser and go into the evaporator, will
raise the evaporator temperature and reduce the refri-
gerating effect by carrying unvaporized refrigerant
out of the evaporator. To reduce this problem and
thereby lmprove the efficiency of the ammonia-water
system, a r‘ectifier‘is incorporated to the generator:
(Fig. L4.3). Its function is to remove the water
vapour from the mixture leaving the generator before
it reaches the condenser.

The rectifier 1s essentially a distillation column
that is attached at the top of the generator. As the
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ammonia and water vapours coming off the generator
rise up through the rectifier, they are cocled and the
water vapour, having the higher saturation temperature,
condenses and drains-back to the generator, while the
ammonia vapour continues to rise and leaves at the top
of the rectifier, The rectifier 15 also either air-

cooled or water-cooled,

1.6, QTHER FEATURES OF THE ABSORPTION SYSTEM i

The vapoar-absorption system can be classi-
fied into two main groups:- (a) Continuous system and
(b) Intermittent system. !

In the continuous system, all the prresses of
evaporation, absorption, and condensation take place
simultaneously. A solution pump 1s sometimes required
between the absorber and generator for the circulation.
The contimuous system can be divided further into two:
(1) vapour absorption with 1ittle pumping and (ii)
vapour absorption with no pumping. The ammonia-water
system already described 1s an example of the continuous
system with little pumping, An example of the vapour
absorption system with no pumping is the electrolux
refrigeration or domestic absorption system. It
employs ammonia and water in conjunction with hydrogen
gas to balance the low and high side pressures. Because
of the presence of the hydrogen and the partial pressure
that it exerts on the low side of the system (evaporator

and absorber), the partial pressure exerted by the ammonia

v 23




vapour in these points will be lower than that exerted
by the ammonia vapour in the generator and condenser
where no hydrogen gas is present. As a result, the
ammonla can evaporate at a low pressure and tempera-
ture in the evaporator and at the same time condense
at high pressure and temperature in the condenser.

As the name implies, intermittent systems are
those whose cycles coperate in two stages. The scurces
of energy or heat are usually non~continuous, No
circulating pump 1s needed and hence electricity is
not required, Generally, heat is supplied to the
generator which also acts as the absorber in the first
stage of the cycle and the resultant refrigerant
vapour is condensed and stored in a properly insulated
liquid receiver, In the second stage of the cycle
when refrigeration is required, the refrigerant is
evaporated at the evaporator and the resultant vapour
flows to the absorber/generator to be absorbed by the
absorbent. The evaporator is enclosed in a brine
solution which is required to provide hold-over
capacity. Control between the two stages is achieved
by means of valves., The refrigerant normally used in
this type of system is ammonia. The absorbents for
ammonia with suitable thermodynamic and physical pro=-
perties for refrigerating with solar enerscy are water,
sodlum thiocyanate (NaSCN) and Calcium Chloride. Sodium
thiccyanate and Calcium Chloride are solid absorbers.
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The major problem encountered with intermittent systems

is the difficulty with the thermo-circulation.

1.7. REVIEW CF SCME OTHER SOLAR COCLING METH(ODS

1.7.7. Night Radiation Cooling:- Cooling can be

produced by storing "Cold" from the cooler night air
in some areas by radiation to the night sky. This is
known as Night Radiation Cooling. Here, a collector
that has a net radiation exchange to the night sky is
employed, Water in such a collector, for example,
will then be chilled below the ambient night tempera-
ture. The amount of cooling depends on the infra-red
nature of the collector. For a significant effect to
to be obtained, such a collector cannot have glpss
covers. A collector with no cover can cool {as was
demonstrated by Bliss with the University of Arizona
house(BS)), but such a cover 1s not efficient because
2 night wind can warm the surface reducing its net
‘cooling effect, DBarlier studies show that only about
20% of the demand would be met in this manner., This
means that the solar collector in the night radiation
cooling mode would be of only merginal effectiveness
in a hot climate., Therefore some additional means
cf cooling would be required for ideal comfort.

A nocturnal cooling storage system First tried
in a desert in the South-West United States has been
more recently tested and developed in hustralia(BS).

The system consists of a large bed of rocks cooled by



drawing cool night alr across them and exposing them
to night sky radiation. During the day, warm inside
air may be cooled by cilrculating it through the rock
bed. Augumented cooling can be achieved by drawing
the night air through a porous surface having a high
emittance at low temperature and facing the night sky.
Such a system operates best in a desert climate, where
the night skiles are clear, humidity is low, &nd the
diurnal temperature variation may be 1OOC, Night
radiation cooling iz a solar reclated system even though
it 1s not solar operated.

1.7.2. Bvaporative Cooling:= In a dry climate,

cooling can be done effectively with an evaporative
cooler. This type of cooler functions by evaporating
water into the air-stream flowing intc the space. The
amount of cooling is dependent upon the humidity of
the air before the evaporation stage and the maximum
tolerable humidity after evapcration. When the ente-
ring air is already loaded with water wvapour, the
cooling will be slight and the humidity unbearably
high after evaporation.

In a single stage evaporative cooler, a fan pulls
outside air through a porous wet pad. The air-flow
picks up some water vapour, in the process, absorbing
latent heat of vaporlzation of water that has been
evapcorated. The result is that the air-~flow now has
2 greatep partial pressure of water vapour and a signi-
ficantly higher relative humidity since the‘air tempera-
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ture has also been lowered., At low humidity for the
entering air, more weight of water vapour per kilow
gram of air is evaporated and a lower air temperature
resulis for & given final humidity., At high humidity,
less water is evaporated and the cooling effect is less,
30 the comfort index is poor. _

The variant of the evaporgtive cooler known és':,
a two-stage evaporative cooler avoids this problem -
by injecting the cooled but humid air into a heat
exchanger rather than into the space. The air for
the space {0 be cooled is then cooled by contact with
the heat exchanger, thus adding no additiqnal water
burden to the inside air. | )

1.7.3. Munter Environmental Control Cooling
(18)

System (MEC): This system named after
the inventor is also based on the principle of cooling
of air when water is evaporated inte it. It is the
basis for the old swamp-~box coclers of the desert
South-West U.S8.A., The addition that Munter introduced
was to first dry the amblient air so that after evapow
ration, the humidity is restored to a comfortable
level along with the cocled air. Its success depends
very much on the efficient drying of the air and re-
generation of the dryer., The basic component of the
Munter drying wheel is a thin pancake made of rolled
asbestos, corrugated so that air can flow through the
small currugations along the thin dimension of the

pancake. The asbestos corrugations are covered with
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lithium chloride which is hygroscopic and stable,
absorbling moisture when cold and releasing it when
heated.

1.7.4. Solar Mechanical Systems:- A solar cocling

system that has receilved some attention in recent
years couples a conventional alr conditioning system,
Involving a vapour compression refrigerator, with a
solar-powered prime mover, It may be done by conver-
ting solar energy into eleetriecity by means of photo-
voltaic devices, then using the electricity in an
electric motor to drive the vapour compressor, The
efficiency of conversion of solar energy into electri-
city by photovoltaic meaps is in the order of 10%,
This low efficiency, coupled with the efficiency of
the mechanical system, results in low overall efifi=-
clencies,

The seclar-powered prime mover can also be a Ran-
kine engine., In this case, the combined system would
have an overall efficiency of 17 - 23%, which makes
it more attractive than the photoveltaic/electric
motor system. The problems asscclated with both
systems are basically the problems associated with
converting mechanlcal energy from solar energy, to
drive a compressor. A schematic representation of a
simple Rankine Cycle Cooling System 1s shown in Fig.1.2.

Energy from the collector is stored, then trans-
ferred to a heat exchanger which, in twrn, transfers
energy to the heat engine., The heat engine drives a
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vapour compressor, finally producing a cooling effect
at the evaporator. The efficiency of the solar col-
lector decreases as the operating temperatre increases,
whereas the efficiency of the heat engine for the same
system increases as the operating temperature increases,
gilving an optimum operating temperature for steady-state
operation. The thermodynamic analysis of such a cycle
1s not straight~forward for unsteady operation. The
prediction of component performance at off-design
conditions is very difficult and the matching of all
components into a complete system which optimizes the

overall performance is currently being researched.

1.8. WHY VAPOUR~ABSORPTION, AMMONIA-WATER SYSTEM WAS

ADOPTED FOR THE PROJECT

The different methods of obtaining solar
cooling already described can be grouped into three
classes: (a) Solar absorption cooling, (b) Solar
mechanical systems, and {(c) Solar related systems,
which are those that operate with sclar principles but
are not solar powered. There are variations within
each class and many have been described in the prece-
ding sections.

For the first two classes (a) and (b), which are
.solar powered, the solar absorption cooling has been
found to be more sultaple for solar refrigeration.
The sclar mechanical system has a very low efficiency
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because of the problem associsted with converting scolar
energy to mechanical rnergy to drive a compressor,
Since without high quality concentration, solar energy
canmot heat 2 working filuid much above 16000, the
efficiency of converting this energy into work is low
compared with its direct utilization as heat to evapoe-
rate the refrigerant. Hence the heat reguired to
evaporate the refrigerant in the generator can be
supplied directly by solar energy. Consequently,
space cooling with flat plate collectod seems to
favour the use of an absorption process.

The ammonia-water combination was chosen becayse
ammonia and water are more easily available than the
other combinations. Alsc, property tables and charts
for ammonia~water combination are available, As stated
earlier, the water absorbent has a very strong affinity
for the ammonia vapour, and the two are mutually
soluble over the range of operating conditions consie
dered. The ammonia refrigerant also has a high latent
heat value. | | |

1.9. THE AIM OF THE "ROJECT

The purpose of the project is to examine
various weys of using solar energy for refrigeration,
checose an appropriate system, and then to design and
construct the system, Tmphasis was to be on simplicity
and the use of easily available materials, as much as
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possible and independence from the use of other
sources of energy. A‘r cooling by natural convection
was to be adopted ins‘ead of water-cooling because of
easier availability of air for the cooling and simplicity.
The solar absorption svstem is aimed at being used in the
rural areas or arcas with little or no electricity supply.
The prospects in the utilization of the sun's energy
depend, to a large ex*ent, on its availability. Nigeria
lies within the treopics ' here solar energy is abundant
and so, it is hoped that the development of this system
will go a long way in helping the rural community of
this country to benefit from the uses of refrigeration,
particularly in the area of food preservation,
1.10,CONCIUSIONS

This chapter introduces the reader to the
basic refrigeration principles, methods, and applica-
tion to society and industry. It also provides the
reader with the ~2im of the project and the guiding
principle of simplicity, knowing fully well the

constraints such @s unavailability of materials,
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CHAPTER TWO

LITERATURE SURVEY OF SOME REPORTED STUDIES

ON SOLALR COOLING SYSTEMS

Since recent large price increases in the con-
ventional energy resources, reduced availability of
fossil fuels, and the energy crisis of the early
seventies, there has been 2 marked increase in solar
energy research and development all over the world,
Considerable work has been done on solar cocling. The
review presented in this chapter shows how much has
been done and level of successes achieved. In parti-
cular, this review is used as a Justification for the
present effort. The review is done under the following
sub-headings:

T Intermittent Absorption Cooling Systems;
2o Continuous Absorption Cooling Systems;
3. Evaporative and Other Special Studies and

Continuous Systems.

2,1. INTERMITTENT /£BSORPTION COOLING SYSTEMS

In 1958, Williams, D. A.(80) working with
a group of Scientists, used a parabolic solar reflec-
tor to focus sunlight onto a steel vessel contajning
ammonia-water solution in a closed system, The re-
flector used was I ft. in diameter. The ammonia was
driven out with the heat and condensed in a small

vessel connected by a steel tube or flexible rubber
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hose capable of withstanding high pressures. The
pressure of the heated ammonis reached over 10 atmos-
pheres and was condensed in an external vessel which
was cooled in a pail of water. After the ammonia
was driven out and condensed, the two-vessel system
which weighed about 25 1b. was taken into the house
and the small vessel of ammonia liquid was put into
an insulated box. When removed from the focused
sunlight, the water solution cooled and re-absorbed
the ammonia., The evaporation of the liquid ammonia
kept the insulated box cold. An exposure of L hours
in the bright sun kept the refrigerator below 5°C
during the 2L~hour day.

Trombe and Foex(Sh) produced ice by heating ammo-
nia water solution in a central tube at the focus of
a large parabolic-cylinderical focusing collector during
the day and allowing the ammonia that is driven out
and liquefied to be vaporized and re-absorbed during
the night.

In 1962, Chinnapa(g) described an intermittent
ammonia-water refrigerator in which he made small
quantities of ice with a flat plate collector containing
three glass plates 5 ft. by 3.5 ft. The coefficient
of performance was about 0,06, operating in a hot
climate. The maximum temperature of regeneration was
100°C with the flat plate collector and the temperature
of the absorbing solution was 33 to 37°C. Earlier on
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he had studied(g) the efficiency of refrigeration
using both the ammonia-iithium nitrate system and the
ammonia-water system. The.equipment consisted of a
condenser-evaporator vessel, and an absorber-generator
vessel. The heat source was oil bath and bunsen
burner for higher temperatures. The actual condensa-
tion pressure was found to be higher and the actual
weight of distillate obtained was less than expected
from theory. The coefficient of performance for both
systems were close to the theoretical values while
the actual cooling per kilogram of refrigerant was 5 -
15% less than the theoretical value. The ammoniaw-
1ithium nitrate system gave a better coefficient of
perfermance while the ammonla-water system gave a
better refrigeration per unit mass of solution.

| Blytas, G. C, et, a1(6) carried out an extensive
investigation to find the salt with the best physico-
chemical properties for intermittent solar cooling
with ammonia. Ammonia nitrate, lithium nitrate, the
alkali halides, and sodium and lithium thiocyanate
were among the salis invesltigated theoretically and
experimentally., The nitrates dissolved in liqguid
"ammonia, have many desiréble properties, but thermody-
namically there is a chance that spontaneous reaction
will produce nitrogen gas and steam with explosive
violence, Preliminary tests failed to show explosion

hazards, btut the general use of concentrated ammonia
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solutions of nitrates were still being investigated,
Ammonia salts are highly soluble, but in solution,

they are corrosive to Iiron containers, although they
can be used in aluminium contajiners. Sodium thocyanate
was finally shosen as the best salt to dissolve in
ammonia for use in solar cooling refrigeration, It

was found that the sclutions have suitable thermody-
namic properties with very high solubilities, low
vapour pressures and high heats of vaporization,

They are chemically stable and inert, inexpensive and
can be used in iron vessels. They have high heat
conductivities and low viscosities.- |

Farber(zz)

in reporting the University of Florida
programme in solar refrigeration amd air conditioning,
mentioned the design of an intermittent absorption
system to investigate the feaslbility of using low
temperature heat sources such as is obtainable with
flat plate solar collectors. It was found that the
ammonia-yater system with high concentration (0,5 -
0.6) by weight could operate well within temperatures
obtained with flat plate solar collectors. Other
refrigerant-absorbent combinations investigated and
found to be promising were methyl chloride-methyl

- acetate, sulphur dioxide-chloroform and ethyl flouride-
ethyl iodide. The ammonia~water combination seemed to
- have the best properties, giving the highest refrige-

~ ration rate per kilogram. Water temperatures of as
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low as SLOC could be used to heat the generator at
the highest ammonia concentration., The coefficient
of performance of about 0.6 was obtained.

Chung(11) reported the test of scdium thiocyanate-
ammonia system for solar refrigeration in the labore-
tory. A 20 1lb. steel cylinder containing 12 1lb of
solution with about equal weipghts of sodium thiocya-
nate and ammonia was placed at the focus of a } ft.
parabolic solar cooker. The cylinder was connected
by a flexible pressure hose to a smaller vessel
immersed in water at room temperature for the lique-
faction of the ammonia. After about L hours, much of
the ammonia had been driven out and the cylinder was
removed and brought to room temperature., The vessel
of liquid ammonia was placed overnight in water
contained in an insulated box, and 9 1lb. of ice were
produced. i second batch of ice could have been made
with another set of yessels using the solar collector

for a second l~hour period of the day.

2.2, CONTINUOUS ABSORPTION COOLING SYSTEMS

Farber et a1(23). reported the operation
and performance of the continuous absorption refrige-
raéion system, using ammonia and water. The system
was operated by flat plate solar absorbers. Operating
continuously over the greater part of the day, it
produced 2.4 tons of refrigeration with peak lcads of

3.4 tons of refrigeration. During steady state operation,
36



the effect over the heat input was 0.57. This could
be raised to 0.72 with minor system modifications,
namely heat exchanges between absorber and generator
and the absorption system. Farber also presented a
paper at the International Solar Energy Society Con-
ference in Melbourne in 1970 in which he reported of
the desipgn and performance of a compact solar refri-
geration system, The system consisted of a solar-
operated ammonia-water cooler, using a flat pnlate
collector. The temperature range of water supply to
the generator was generally 60 - 93°C. The ammonia
concentration in the absorber and generator were
typically 58% and 39%, The operation was continuous
and at varying rates, depending on the energy supply.
At the University of Nigeria, Nsukka, Ezeilo(21)
in 1978, compared the performance of a flat plate
solar collector and a solar concentrator for supplying
heat for generation in an adapted kerosene fired
domestic electrolux refrigerator. The concentrator
was a wooden parabola with small strips of reflecting
mirror glued onto the forward surface while the flat
plate collector was of a single glass cover type with
blackened corrugated copper plate to which was soldered
copper pipes. The flat plate collector was found to be
more effective than the parabolic concentrator as it
gave a temperature drop of about 14°C while the concen-
trator gave a temperature drop of only about 6°C below
ambient.
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- A4t the International Solar Energy Cengress in
Los Angeles in 1975, Anderson, H.(z) reported the
analysis of a solar-~powered butane wvapaur Jjet pump
{ejector) air conditioning system and compared its
performance with solar-powered absorption and Raﬁkine
cycle/compressor air conditioning systems. The vapour
Jet system was shown to be nearly as efficient as a
Rankine cycle/compressecr system and operates at lower
supply temperatures than absorption systems. /nderscn
suggested that its low cost, low maintenance and
simplicity warrant further studies into its solar
energy applications.

Chinnapa(1o) devised aqua-ammonia vapour absorp-

tion cycles employing resorption and multl-staging
with up to 90% improvement in coefficient of perfor=-

mance when compared with the conventional cycle.

' _Using known values for flat plate solar collector heat

losses, the performance of the solar collector-
refrigerator combination was assessed for a year using
insulation and amblent temperature data for George
Town, Guyana and Colombe, Ceylon. When the performance
of the proposed cycles was compared to that of the
conventional cycle, it was found that the reduction in
solar cellector cost more than offset the increased
cost of the refrigerator plant.

Experiments made by Chung et 31(12)

at the Solar
Energy Laboratory, University of Wisconsin, Madison,
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Lithium Bromide-Water absorpticn coeoler with energy
input from flat plate collector operated with overall
coefficient of performance {cooling to incident solar
energy) at 0.15 for 6-houf cperating periocds, The
cobler cycle C.C.P. was about 0,6 with hot water supply
at above 180 F with collector operation at 2% effi-
ciency. The cooler was found to have characteristics
desirable for solar operation and feasibility of
combination was demonstrated.

A proto-type system(17) was designed which per=
forms off-peak air conditioning using thermal energy
storage. The condensing unit was siged for continuous
operation on the design day and draws 50% as much
power as a conventional system with identical air side
characteristics., Since the thermal energy storage
unit was re-charged during the cool night hours, the
same room comfort conditionscould be maintained at a
savings of 6% in the total amecunt of enerpy consumed,
The unit operated by ewaporating the refrigerant threough
the use of thermal storage, and allowlng it to evaporate
a second time at 5°C. The air was precooled by the
first evaporator and dehumidified and cooled by the
second evaporateor. When an engineering demonstration
of this proto-type was built, it was found to perform
in accordance with the analysis., The operation succes-
sfully demonstrated a practical methed of reducing

electric utility peak summer demand.
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single~stage lithium bromide-water abhsorption air
conditioner heated from a flat plate sclar ccllector
were compared theoretically to those for an ammonia-
water system. The lithium bromide-water system was
selected as the preferred one. Double-stage absorp-

tion systems with their improved performance were

shown theoretically to require generator tempefatures

that are too great to make them attractive for use
with flat plate collectors. Dual series-connected
systems which reyuire no cooling tower for heat
rejection were shown by analysis to have a low co=-
efficient of performance, Systems utilizing refri-
gerant storage and a heat rejection buffer between a
cooling tower and the absorber and condenser were
shown to require smaller cooling towers than conven-
tional units. Operation with an air heat exchanger
rather than the cooling tower in such a system was
shown to yleld acceptable system performance with a
small reduction in the fraction of the cooling load,

which can be met by sclar energy.

2.3, EVAPORATIVE AND OTHER SPECIAL STUDIES AND

CONTINUOQUS SYSTEMS

In 1968, Hay and Yellot(za) constructed and

operated @ naturally air conditioned building in Phoenix,
Arizona. The building inveolved air conditioning system

using solar radiation as heat source and atmosphere as

heat sink. Novel features included movable insulated
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roof which permits water ponds, in thermal contact -

- with metallic ceiling to absorb and retain solar heat
~in winter and to dissipate summer heat gain by radia-
tion, convection, and eveaporation to night sky, with
ambient temperatures ranging from subefreszing to QBOC.
The system developed and maintained rcocom temperature
between 20°C and 28°C throughout the year without
supplementary heating or cooeling.

Hayggj

_ reported in 1975 that roof ponds used in
thé 16830's for cocling buildings, have now, in combi-
ation with moveble insulation, been developed to be
adeqguate for economic heating and ecooling of buildings
with ligh* to wedium thermal loads. A roof/ceiling
pond integrated intc the structural design served as
roof and celling. It functions as a low-cost solar
heat collector,. herl dissipator, thermal storage unilt
and as a means of radiant heat transfer for tempera-
ture control in underlying or remote rooms,

Bar-Cohen ond Ranbach(u) reported studies of

" theoretical operational characteristics and limits of

a closed cycle; liquid cooling skyward radiator

. operating in Beer-Sheva, Israel, The studies were by

4;31i numerical solution of an idealized governing relation,

Significant vparametric trends, including variation in -

systems thermal capacity, convective parameters and
~initial radiator temperature were explored to determine

~appropriate guidelines for future designs. The results
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eetablished the general feasibility of nocturnal
radiator thermal control of structure in Beer-Sheva,
Israel, Furthermore, evaluation of the optimum
thermal storage capacity supgests that effective sky-
ward radistor co-lin~ in Beer-Sheva may require consi-
derably shallower vz er ponds thap used in similar
systems in Thoenix, .rizona,

At the "nternational Conference on Heliotechnique
and Development in November 1975, Bartoli et al(S)
presented a paper discussing development in the area
of naturel radictive cooling. The design and opera=-
tion of two prclo-types were described. In the origi-
nal design, the selective radiator consisted of a
polished aluminivm sheet coated with a polymetric
material. ™he improved design used selective surfaces
with 2 low emissivity outside the wavelength window of
interest. Resecrch areas which may further improve
the design were identified.

Hogg(Bo) rerorted of a successful operation of

a switched-bed regenerative cooling system in Austra-
lia, It used the evaporation of water in the discharge
air to chill the rocks in a switched-bed rock-~filled
recuperater., The powver consumption per square feet of
floor area was 0.75 - 1.0 watt instead of 8,8 watts

for mechanical refrigeration.,

In the interest of eliminating heat loss, More(Jg)
made a theoretical study of the various possible con-

figurations which could serve the dual role of a
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solar collector and an ammonia generator. The theo-
retical analysis of the combined solar collector-gene-
rator and the results of series of experimental inves-
tigations indicated the following advantages resulting
from combining the two units into one:- {a) The unde-
sirable heat loss that occurs between solar collector
and separate gencrator of previocus solar refrigeration
systems is eliminated in the combined collector=
generator, (b) The flat plate type solar callector-
generator can generate substantial amounts of ammonia
gven on days when only diffuse solar energy is avai-
lable. (c) The solar collector=-generator developed

can generate the equivalent of 30 1bs. of ice per day.
with & medium size collector area, (d) The combined
collector-generator has a relatively short warm-up
time.

Prigmore and Barber(uE) also reported on the
development of a demonstration package supplying
residential cooling via a solar heated Rankine Cycle.
The 3-ton air conditioning system employs & soclar
collector to warm flowing water which provides input
heat to a low temperature organic (R-113) Rankine
cycle. Expansion through a high speed turbine-speed
reducer drives an available R-12 refrigeration com-
pressor and 3600 rpm motor generator. With a water-
cooled R-113 condenser providing a condensing tempera
ture of 35°C and a turbine efficiency design goal of
80%, Rankine Cycle efficiency is 11.5%. :An 8% efficient
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CHAPTER THREE

SOLAR ENERGY

Solar energy reaches the earth's surface as
short-wave electromagnetic radiation in the wave=
length band between 0.3 and 3.9}Jrn. Its peak
spectral sensitivity occurs at O.uq/ﬂlm. The total
solar radiation intensity on a horizontal surface
at sea level vories from zero at sunrise and sunset
to & noon maximum which cen reach 1070 W/m2 on clear
summer days. This endless source of energy, despite
its variability in magnitude and direction, can be
used iIn three major processes:

1. Heliothermel, in which the sun's radiatiﬁn is
absorbed and converted into heat which can then be
used for many purposes, such as evaporating sea-water
to preoduce salt, or distilling it into drinkable
water; domestic hot-water suppliesi house heating by
warm air or hot water; cooling by absorpton refrige-
..rafibn; cocking; generating electlicity by vapour
cycles and thermoelectric process; attaining tempera-
tures as high as 3600°C in solar furnaces,
| 2, Heliochemical, in which the shorter wavelengths
cén cause chemical reactions, sustain growth of plants
 and animals, convert carbon dioxide to oxygen by
rhotosynthesis, ~»nd cause degradaticon and fading of

fabrics, plastics and paint.
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3. Helioelectrical, in which part of the energy
between 0.33 and 1.%/1£m can be converted directly into
electricity by photovoltalc cells. Silicon solar bat-
teries have become the standard power sources for
communication satellites, orbiting laboratories, and
space probes. Their use for terrestrial power gene-
ration is currently under intensive study, with

primary emphasis upon cost reduction,

3.1. SOLAR-RADIATION TNTENSITY

In space at the average earth-sun distance,
93 million miles (150 million km), solar radistion
intensity on a surface normal to the sun's rays is
1350 W/mz. This quantity, called the sclar constant

(I undergees small periodic variations which

sa)s
affect primarily the short-wave portion of the spec-
trum. Since the earth-sun distance varies throughout
the year, the intensity beyond the earth's atmosphere
(Io) also varies. The great seasonal variations in
: _terrestria1 sclar-radiation intensity are due to the
earth's tilted axis, which causes the solar declina-
tion (; ) {i.e. the angle between the earth's
equatorial plane and the earth-sun line) to chenge
from 0° on March 21 and September 21 to - 23.5° on
December 21 and + 23.5° on June 21.

In passing through the earth's atmosphere, the
sun's radiation is partially and selectively absorbed,

scattered and reflected by water vapour and ozone, air
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‘méieéﬁles,.natﬁral &ust, ciouds; and ﬁan;made ééliﬁ-zl;ig-
tants, Some of the scattered and reflected energy,
reaches the earth as diffuse or sky radiation (Id)'
The Intensity of the direct normal radiation (IDN)
depends upon the clerity and the amount of precipi-
table molsture in the etimosphere and the length of'
the atmospheric path, which 18 determined by the
solar altitudeﬁ? and expressed in terms of the air
maSS._; i - _.ﬁ“ ;_ . .. | :.'j " :
The total irridation (14) reaching a terrestrial
surface is the sum of the direct, diffuse, and reflec=~
ted components, 1i.e,

Iy = Ig+ I, + Igy Cos 8 mec—-ooommomms (3.1)

where @ is the incident angle bEtWeeD”the sun's rays ﬁT T
and a line perpendicular to the receiving surface.

Ir is the short-wave radiation reflected from adjacent

P
g Ut

surfaces, : T o

3.2, SOLAR~OFTICAL PROPERTIES OF TRANSDARENT

MATRRIALS

When solar radlation with.totai intensity
It falls on a transparent material, part of the energy
is reflected (qH), part is absorbed (qA) and the
remainder is transmitted (qr). At any instant, . -
o Tg=agt g+ dp = Iy (P X T) n(3.2)
;he sum éf thé.solar—optical properties P, & ,'and 2?,
- must equal unity, but the individual values depend on
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the incident angle, and wave-length of the radiation,
the composition of the material, and the nature of
any coatings which may be applied to the surfaces,

For uncoated single-strength clear window glass,
solar transmissivity at normal incidence (8 = 07) is
approximately 0.9, but the transmissivity for long
wave thermal radiation (5m) is virtually zero.

Thus glass acts as a "heat trap" by admitting solar
radiation readily but retaining most of the heat pro-
duced by the absorbed sunshine. This "green-house
effect" which is 2lso exhibited but to a lesser degrece
by some plastic films 1s the basis for most helio=-
thermal processes and solar flat plate collectors
specifically. Heat absorbing glass, which absorbs
more than 50% of the incident solar radiation, is
widely used by architects to reduce the heat and glare
admitted through unshaded windows. Reflective coatings
also have been developed to serve similar purposes,

For all types of glass, transmissivity falls and
reflectivity rises as @ exceeds about 30°. Absorpti-
vity increases somewhat owing to the increased path
length and then drops off sharply toward zero as ©
exceeds 60°,

3.3. ABSORPTIVITY AND EMISSIVITY OF OPAQUE SURFACES

Opaque materials absorb or reflect all the
incident sunshine. The absorptivity (9 ) for solar
radiation and the emissivity (€) for long wave radiation
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at the temperature of the receiving surface are partie
cularly impertant in heliotechnology. For a grey bedy,
q and ‘ are enqual and do not change with wavelength.
Most real surfaces have reflectivities and absorptivi-
ties which vary with wavelength. Aluminium foil has a
consistently low absorptivity and high reflectivity
over the entire spectrum from 0,25 to 25 4dm, while
black paint has a high absorptivity and low reflecti-
vity. This expliins why the surfaces of solar flat
plate collectors are painted black while those of
parabolic collectors are lined with aluminium foil.
White paint, however, has low short-wave (solar) absorp-
tivity, but beyond é/tim its absorptivity and refleecti-
vity are virtually the same as for black paint.

Solar collectors require a high %— ratio, while
surfaces which should remain cool, such as roof=tops
or space vehicles should have low ratios, since their
objective usually is to absorb as little solar radiation
and emit as much long-wave ratiation as possible. Spe=-
ciay surface treatments have been developed for which
the ratio Egﬁ-is cbove 7.0, making them suitaple for
solar collectors; others with ratios as low as 0.15
are useful as heat rejectors for space applications,
3.4. FLAT PLATE COLLECTORS

Direct diffuse and reflected solar radiation

can be collected and converted into heat by flat plate
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collectors such as that used for this project (Fig.L.9).
These generally use blackened metal plates which are
finned, tubed, or otherwise provided with passages
through which water, air, or other fluids may flow
and be heated to temperatures as much as (55 - 86°C)
above the ambient 2ir. The loss from the back of the
collector plate can be minimized by the use of
adequate insulation, The radiation component of the
loss from the upper surface can be reduced by using
selective=reflectance coatings with high é;— ratios
and by using covers which are transparent tc solar
radiation but opaque to long-wave emissions (e.g.
glass). Both convection and radiation con be

reduced by the use of honeycomb structures in the

air space between the cover and the plate,
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Therefore equation (4.2) yields

0=%+75* 85+ Ty * oz *
= }4.,002

-.o U - 0.25 Btu/hr ftz OP.
Heat gain through the 4 walls is given by

Making allowance for solar radiation asaiming unpainted
wood as type of surface for the walls we obtnin the
relevant correction factors from‘qs). Consequently,
for each of the lj walls we apply equation (L4.1) and

obtain

oy = 8825 X 56 5 0,25 [(89.6 = 46K # 0:

287.7 Btu/hr.

Qg = @:%m’j—i x 0,25 [(89.6 - L46.Ly) + u:

314.3 Btu/hr.

Qg = 220 0.25 x [(89.6 - U6.L) + 6]

= 307.7 Btu/nr.

Q = 6_8'%?}:_2 x 0.25 x [(89.6 - L46.l) + 6]

= 307.7 Btu/hr.

Hence wall heat gain

= Oa 257 kw-
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2.2+ Heat Gain Through the Roof: When the top

of the cold room ijg exposed to the outdoors, then for
purposes of heat gein, the ceiling is treated as an
outdoor wall(16}. The configuration of the roof
construction is &8 ahown in Figure L.2. Applying

equation (L4.2) to this case, we have

1 . ¥ X2 Xy 1
i s + o R (h.h)
v T, K Ko 3 1

from Figure L.2, we obtain
)CB = 1 in.
From tables(16) we obtain the various values of f and k.

The thermal conductivity for plywood % in is 1.07
Btu/hr ft2 Op, Therefore equation L.l yields

R AR EL A

= 1,8897

.U = 0.53 Btu/nr £t° OF.
Making allowance for solar radiation assuming light
coloured surface as the nature of the roof then the

heat gain through the roof is

_ 56.x 56 0,53 (89.6 - L6.L) + 9'_1

= 602.5 Btu/hr

= 0,177 kv .
—_——
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4.2,3, Heat Gain Through The Floor: The floor

" comstruction is of concrete slab of thickness S cm,
corkboard slab of thickness 5 cm and concrete finish
of thickness 5 cm., We apply equation (u.Z)(16) to

this situation and obtain

X X X
i 1 2 3

If we convert the data obtained from Refercnce 16

. and apply to this case, we have

1 [ 4 5x 1078 5x10°  5x 10‘2:| « 1ok

T=|88.2 Y 7.3 *o.003 YT 7.3

which gives U = 6,9 x ‘IO"J'L kW/m2 k
If we take ground temperature to be 2500, we have

the heat gain through the floor as

102 x 1.2 x 6.9 x 1074 (25 - 8)

|

236.5 x 10'"LL kW

= 0,024 kW.

L.2.4. Usage Load: When coolers are used for

general-purpose storage, the product lcad is frequently
ﬁnin§Wh.and /or varies somewhat from day to day, so
that it is not possible to compute the product load
with any real accuracy as in this case, Hence we
aﬁply the method of Usage Load or Usage heat gain(16)
* which involves the use of load factors which have been
determined by experience. This 1s computed by the
equation: Usage Load/2L hours = Interior Volume of

Cold room X Usage Factor, mee—mm—wceecomnea (4.5)
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From the dimensions of the cold room (Section L.1)

we obtain:

Interior Volume = ;% x ?% - 68.9

= 124.315 cu.ft.
Temperature difference between the inside and the out-
side of the cooler = 89.6 - 2.8 = L6.8°F.

From Table /.1 obtained from Reference 16 and
shown attached, Usage factor for Average Usage = 78.46.
The table was extracted by R. J. Dossat from ASHRAE
data Book, Fundamentals Volume, 1972 Edition, There-

fore equation (L.5) gives
Usage Load = 124;31gﬁx 78.46 Btu/hr,

406.4 Btu/hr
0.1191 kW,

L.2.5. Total Cooling Load: The total cooling

load is the sum of the Wall Gain Load, Heat Gain Through
the Roof, Floor and the Usage Load. Hence

Q 0,357 + 0.177 + 0.024 + 0.,1191 kW
0.6671 kW,

i

TOTAL

Applying a safety factor of 10%(16) we obtain
Total Cooling Load = 0.7338 kW or 2503.82 Btu/hr.

L4.3. PHERMODYNAMIC PRCOPERTIES AND FLOW RATES

We shall use the "Enthalpy Concentration Chart
for Ammonia-Water Solution"(sz) and refer to state

points in Figure L.3. We shall assume that there are
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no heat and pressure losses in components and lines,
The required properties as obtained from the chart

and calculations are tabulated in Table 4.2. We shall
also assume equilibrium {saturated) conditicns for

the state points 3, 5. 6, 9, 10 and 2.

Using the Low side and the High side pressures,
we can establish the pressures of the state points
immediately. The vnoints 3, 6, 10 are equilibrium points
and so we can locate them on the chart since we know
their temperetures and pressures, For state point 9,
we should, however, note that even though we are
assuming it to be saturated vapour for simplicity, it
is actually sunerheated vapour. After locating states
3, 6, 10, we irmedictely, by inspection and induction,
get the concentrations (x) for the remeining states 1
through 10. Consequently, we are able to get the
enthalpies for states 2, 3, 5, 6, 9 aud 10, as well
as their temperatures.

Heat balunce for the evaporator gives

@ = my (h, - hy)
where Q 1is the heat load for the cold room and

h1 = h10 because of threottling.

. Q
» « Mass flow rate at state 1 m, = EE“TTE?
2503,82
i.e. my >0 =

e e My = O, = mg = Mg o= L.24 1b/hr = 0.07 1b/min

= 5,35 x 10~ ke/s.
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For the absorber, we have
By 4 By = By sowececscomeme- -———————— (L.6)
MyXy + MgXp = MgXy ==eeec—cas—c—c—coces (L4.7)
Substituting values, equation (L .6) becomes
Lho2li + mg = My
while equation (!;.7) becomes
(L.24)(0.99) + 0.53 mg = 0.57 m,
Solving the two equations, we obtain
my = 43.49 1b/hr = 0.725 1b/min = S4.8 x T ke/s
mg = 39.25 1b/hr = 0.654 1b/min = L9.l4 x 107 xg/s
Therefore my = my = mgy = 0.72% 1b/min or Sh.8x10-u kg/s
and mg = Mg = M, = 0.65L4 1b/min or u9.hx10'h kg/s
Thus all the flow rates of the system are known.,
For the pump, we have

(P, = P,)V
hu = h3 -, h- g | S (}4-.8)

where V3 is the specific velume of the liquid solution,
P 1is pressure and J is the Joules Mechanical Equivalent
of heat, The specific volume V3 may be found from the
{52)

empirical rel-tion

V3 = (1 - x3)VH20 + 0.65 XBVNHB

Using steam and ammonia tables, we find
Vy = (1 - 0,57)(0.016) + (0.85)(0.57)(0.026)
= 0.019 £t3/1b.
Hence equation (1;.8) becomes

(201 . - 7252%(0.019) x 1l

hh=0+

= 0.4 Btu/lb. = 1.02 kJ/kg
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For the heat exchenger,

mh.hh + m{;hl; = ﬂishs 4 'm.?h?. ----------- """"(Ll--g)

But mh = m5

and mg = m7
Then from equation (L.9), we obtain

ﬂLh_h_'*- m6h6 - mu_hS

h.? = e

{C.725) (0, + (0.654)(73) -~ (0.725)(66)

a0

= 0.32 Btu/lb.
The process 7 to 8 is a throttling process. Hence

h, = hyg = 0.32 Btu/lb,

?
Using X, hy, Xg, hg, we can locate the points 7 and 8

on the chart,.

L.4., PIPE LINE SIZING

Refrigerant Pipe Lines are supposed to be
designed bearing mainly three points in mind, (a) Pres-
sure drop, (b) 0il return, znd (c¢) 0il and liquid trap-
ping. In this project, we are not concerned with com-
pressors and lubrication and se we shall design the

pipe line on the basis of pressure drop.
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Sucticen Line:

The suction line should be sized such that the
pressure drop will give a maximum temperature drop
of(33) 1°F per 100 ft. When converted to 3.I. Units,
this gives a maximum temperature drop of 0.555°C per
30.46 m of pipe length. The evaporator temperature
is 6°C and so, this should be the suction temperature.
From thermodynamic tables of ammonia properties, we
obtain that for

t = 6%, P, = 5.35 bar

s

and for t = 4°C, P, = 4.975 bar

Therefore, for At = 29 AP, = 0.375 var.

Hence for th = 0.555°¢,
AP = 0,375 :2t 0.555 ar.

This means that the desired pressure drop per unit

length of piping should be

4
R

or  (Bh), g 1.6 v/

Assuming that we have pure ammonia 2t the suction

line, then the specific volume V_ = 0.2351 mB/kg

« « Volume flow rate Vs = m VS

= 5.3 x 107% x 0.235 m3/s

= 12.4 x 10-5 m3/s

2
. md
Now VS = —‘n—sl Vs --------------------- (L.10)



Let us assume that for the pipe flow, the Euler equa-
tion holds since density changes can be considered

small,
: Ar AT
<+ by = gg g A7

Neglecting the kinetic and potential energy terms as

they will be small, we have

P

h, = 52— coccccecccscccmcnsssmsne——— (4.11)
£ L&

We can also apply the Darcy-Weisbach formula(S) to

obtain the pressure drop in the pipe flow. Hence

£ LV
hf = ;T_)C—?{_‘,’ ----------------- (’4'12)

s
where fs is the friction factor and L is the length

of the pipe.

Combining equations (L.11) and (L4.12), we have

£ P W
(A%E)s Bl SR (4.13)

S

We note that (%E)s 4 1.6

. 2
i.e fs M| b Vs <
e d Ti'di

S

MW1.6

s
42 16 fsfs Vs

----------------- (4o1l)
87 5 341.6 x;‘fz

or

Assuming fS = 0,02 for commercial rough pipe

5

%o = v - oommr - be2sh e/’

65



-.5’)2

d5 > 16 x 0.02 x 4.2858 x (12,4 x 10
S 2 x 341.6 x5 ¢
or d, = 4,995 mm £& % in,

In view of the available pipe diameters in the
market and standard sizes, a plipe of internal diameter
4 in. is recommended.

Check For Pipe Strength:- The maximum alloweble working

 pressures for steel pipes of nominal size 4 in range
from(33) 1000 psig to 3000 psig for bhoth internal and
external refrigeration duty. Hence the pipe size is
adequate for our required operation as our maximum
pressure is 201.L psia.

Discharge Line:~ For the discharge line also, it should

be sized such that the pressure drop will give a maxi-
mum temperature drop of(33) 1°F per 100 ft or 0.555°C
per 30.46 m of pipe length, The conditions at the
condenser inlet should be considered as the conditions
at the discharge line. The properties of ammonia from
thermodynamic tables give for

t = 36°%C, P, = 13.89 var

s

and for t = 3,°C, Ps = 13.71 har.

Therefore, for [&t = 2OC, ALPS = 0,78 bar

. for At = 0-55500’ AP = 0.78 }2C 00555

Therefore the desired pressure drop per unit length

or (ééﬁ)df£;_71o.6 N/m3
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We can similarly deduce from equation (4,14) that
e

5o 16 oy N

47 2 x 710.6 x¥

P

. d . P V2
.. E% = Tq X ?‘-1 x ;% X 1:6 cmmmmmeme(l ,15)
8 8 - s

Now from tables Vg = 0.0931 m/kg

e Vg o= mVy = 5.3 x 10"LL x 0.0931 m3/s

- hog X 10-5 m3/5
Assuming that f, = f_ = 0.02, then equation (4.15) gives

5
d -5y2

d 10,7 : 10 1.6
£ - Refpx 22 10f,  pep

d (12.4 x 10°°)

w

= 0,19

d
et o= 001922 = 077
5

e « dy = 0.717 x 4.995 mm
Q 1w

= 3.58 MM — H

Recommendation:~ The available pipe sizes in the market

show that a nominal size of %" is available. Also, the
maximum allowable working pressures for steel pipes of
nominal size %u range from(33) 1500 psig to LOO psig
for both internal and external refrigeration duty.
Hence the pipe size chosen will withstand the pressures
that will be involved during the operation, It is envi-
saged that the condenser will be the bare coil in-air
type and air-cooled. This size of pipe can be easily
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worked to get the shape required in view of the consi-
derably large number of bends that are expected for
the air-cooled condenser,

Ligquid Lines:~ Liquid lines generally do not contribute

50 much pressure drop as their fittings. In this case,
we envisage little or no fittings as the tendency is

to reduce the choences of leakage. A point to note,
however, in the construction is the problem of vapour
Jocks., Just as air locks ean stop flow in water pipe
lines, s0 can vapour collecting at the highest point

- in an upwards loop stop the flow in a liquid refrige-
rant line. Heat input to the line should be avoided

by insulation if the line is to pass through hot areas.
Vapour formation through pressure drop is to be preven-
ted by avoiding upward loops in the liguid Iline.

By inspection and reference to piping handbook,(BB)
“the liquid line from condenser to t¥e receiver tank as
well as the liguid line from recelver tank to the
expansion valve is to bhe %" internal diameter., After

the expansion, the line is to be " on to the evaporator.

ll.5., PUMP HORSE POWER

If we assume a mechanical efficiency of 75%(33)

and refer to Figure 4.3, the pump horse power is given

by o
m, (h, - h,)
H.P. =-1%§75L———2 where the units are in imperial
.. H.P, = Q4725 x O.4h

2.1 X 0.7% = 0,01 horse power
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In metric units, we find that the power required by
the pump is given by
m, (h, - h,)
;- - _JLf.}L___-i

i
)

4

548 X 107 x 1,02 1
= 0.75 -

= 7.45 x 1072 xw

or = 7EH§ Y
Mass flow rate through the pump = 0.725 1b/min or
5.8 x 10-LL kg/s.
Specific volume (as calculated in Section l.3)
= 0,019 ft°/1b
- 11.86 x 1074 n3/kg

. « Volume flow rate = 0,065 x 10-& m3/s.

L.6. EXPANSION VALVE SELECTION

From Figure l.3, we deduce that 2 number
expansion valves are required; one between state
points 10 and 1, and the other between state points
7 and 8.

The rated pressure drop (continuous is 13.89 -

13089 e 5-35 = 8. bar

or 201.4 - 77.6 = 12;.8 gsi.

4.7. DESIGN OF THE EVAPORATOR

The evaporator is the bare coil-in-air type.
Heat transfer in the cold room is by natural convection
of the air in the room. The heat transfer across the
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evaporator must e equal to the total cooling load
calculated for ihe cold room {(Section 2.5), i,e.

Qp = 0.7330 KW cormmcm a1 16)
If we refer to Fipure l.h, which is a eross-section
through the evaporator ccil and note that t, 1s the
temperature of the cold room,
8°¢c

= GOC, tR =

d = % in. = 6.35 x 1072 m
... o = % s % in., = 3,175 x 10-3 m

é in, = 9.53 x 10~ m

o
[

... R = % = %in“ 11.76 X 10_3 m

The equation for heat transfer by conduction across

the walls of the evayrorator is given by
27 L(ty = ty)
ln 2
£ 5ol
K Rho

= 257rin (t, - tp) = S

Qg

where L is the lecnfth of the coil. To he ~ble to

calculate h we note that the Chato equ5tioAL5'7)

il
for evaporation inside a tube is

P (L = Pyyad n,
Nu = 0,555 { fﬂvLKv AT | e (4.18)

where AT = t, - tg. Hence,
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FIG. L.4.: CROSS5-SECTION THROUGH THE EVAPORATOR COIL
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_ | i
= 0.555 9.,81x0,782(629-0,782) (6. 35x10” H(1234)
(9.56 x 107°)(22.7 x 1070) (¢, - tg)

. -3 1. 1
. . Nu-= 6.35 x 10 6hl = 160.6[i—-1m{] kW/m2 K

22,7 x 10~ 1ty
— 1
1 * 2
1.8, hi = 0,574 I—ﬁ] kKW/m© K —cemawmee (L.19)

To calculate ho' within the cold room, we note that

for free convection

3o 2 ' .
g D-FC. T _
or = 4 air AT (1,20}
air T

We expect the resistance of the air film to be much
higher than the sum of those due to the evaporating
refrigerant and the tube wall, Hence, much of the
temperature drop between the refrigerant and the room
will take place in the air film. Assuming AT = 2°C,

then equation Q.2O gives

9.81 x(9.53 x 10”3 x(1.258)° x 2

_3*;#

o = (1.754 x 107°)° x 281
= 310,99
Fronfthermodynamic tables(g) we obtain the value of
the Prandtl number Pr as = 0.712
Therefore, Gr x Pr = 310,99 x 0.712
= 221.4

The Elenbas formula(57) for heat transfer on horizontal
gylinders under free convection for this range of
Gr x Pr is Gr x Pr = 235(Nu)3 e—G/Nu ———————— (L.21)
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.. (Nu)3e‘6/Nu - géggﬁ

0.94

v 3
. N
or (g%%ﬁﬁ = 0,94

Trial and error gives Nu = 2.3

Therafore
h. D
R'O_ = 203
alr
and
N _ Kair x 2,3
o D

2,L75 x 107> x 2.3
9.53 x 107-

0.0059 kw/m® X
From equation (4}.17), we deduce

th 4y
I'hi (ti - tE) = -———E-—-—--.

n T 1

K Rho

Substituting values and taking hi from equation (L.19),

. we have

3.175x1o'3[:o.5?u({11:6)%] (ti - 6)

8 ~ ty

\ ln .76

3 4 -
0.0 T .76 % 1073)(0.0059)

Trial and error gives t; - 6.2°C.
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To calculate the value of the length of pipe required

we refer to equation (L.717) and deduce that

Q
L = 2yrn (ty - ® (L.22)

If we substitute the value of h; from equation (L.19)

we have

0Q
)
257 r x 0.574 (ti - tE)4

0.7338
~ Pt - 3 : f
2 x7 x 3,175 x 1077 x 0.574 x(0.2)

21.2 m

#

HUge of Fins:~ The use of fins is necessary to increase

the heat transfer area because due to the very long
length of bare tube calculated for free convection
heat transfer, a shorter length of tube has to be
used In view of the dimensions of the cold room. For
easler construction, the configuration shown in
Figure .5 is adopted. The fins are to be tacked on
both sides of the coils.

Taking the dimensions of the cold room into
consideration, a bank of bare coil of 20 rows is
recommended such that each row is 1.3 m, This gives
a new length of about 20 x 1.3 = 26 m. The fins
recommended are steel wires or rods of diameter 3 mm.
The spacing between rows is 70 mm and this gives the
length of each fin as 1.33 m.
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For the required heat transfer to take place with
the shorter length of coil and fins, the old area must
be equal to the new heat transfer area,(3) i.€.,

Wplg = 7Dy lpn s Fiplyg, wee-mem(s.23)

where n 1s the number of fins required.

LE and DE apply to the evaporator without fins.
Lnew is the new shorter length to which fins are to
be attached and the subscript f applies to fins,

Therefore,
i."“DE (LE B Lne-w)
n = . -

o~
" T)I Lf

_ 22X 1,76 x 1073 (2142 - 26)

3 x 1077 x 1.33
= LL49 fins.

This means that we sha2ll have 225 fins on both sides

of the bank. This gives spacing between fins as
1300

-
£ 6 mm.

Hence a spacing of © mm between the fins is recommended.

4.8. DESIGN OF THE CONDENSER

The condenser is to be the bare coile~in-air
type. Heat transfer for cooling the condenser is by
free convection of the ambient air. Across the walls
cf the condenser, heat transfer is given by

Q, = mg (hg = hyp)
= 741.8 W or 0.7418 kW (See Table L,3).
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From the initial desigm data (Section 4.1), we note
that

tc = 36[)C

t, (Ambient temperature) = 32°%¢
If we refer to Figure L,6 which is a cross-section

through the condenser coil,

r = opin = 1.6 x 1072 ,

R = 3 = 3.175 x 10™> m

We shall assume that all heat transferred is
between the condensing ammonia and the ambient air
which we are using as the cocling medium. Also, the
heat transfer is across the tube walls,

The heat transfer equation for this situation is

given by
27 L(t; - t,)
Q. = 2¥Wrih.(t. - t,) = -(4.24)
c i‘'"c 1 R
In = o

o)
where L is the length of the condenser tube.

For condensation inside a cylindrical tube, we
note that after 2 comprehensive work and experimental

(7)

investigations, Akers, Deans and Crosser reported
that for both horizontal and vertical tubes, the

following correlations hold:

For Re, < 5x 10h, Muy = 5.03 Reg Pr% ------ (4.25)
For Rey > 5 x 101, Nuy = 0,0265 Reg'spr‘} —=(l4.26)
G d
where REG = 7

P
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FIG. L.6.: CROSS-SECTION THROUGH THE CONDENSER COIL
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For these correlations, G, the equivalent mass velo=-

city is defined as:

i - |
G = G + Gy (1?5)5 ------------------- (L4.27)

GL and GV are the mass velocities (mass flow rate per
unit cross-section area) based on the full pipe or
tube area of the liquid and vapour phases respectively.

Hence from equation (L.27), we have

From Table 1, we obtain my = Mg = 5.3 X *IO"'h kg/s
and mp = my, = 53 X 10"“ kg/s.

Therefore, ;’
=l
5.3 x 10 1 s (k

E(3.175 x 1073)%

G =

66.915[1 + (600 x 0.0931)5-1

66.915 x 8.474
567 kg/s m?

Consequently,

G d

¢ " &
567 % 3.175 x 10°-
119 x 10™°

which is less thath § x 101"'. We therefore apply equa-
tion (4.25) and deduce that

h.d
Nu = -ﬁ- = 5,03 Reg Pré
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. h.d - -
. . === 5.03(1.513 x 104y 3(pryd e (1.28)
Now ud | '
| C
Pr = __}_{____I_l

119 X 1076 x L.,B6
511 x 107°

1,132

Hence equation {L.28) gives

h % x 5.03(1.513 % 10”)%(1.132)%

i

- 211 x 10 — x 5.03(1.513 x 10%Y5(1.132)%
3.175 x 10

1l

20:87 kW/m° K.
To calculate ho’ we consider free convection of the

air on the outside of the condenser and note that

3 2
gD ~)§Er AST

Gr = =

air Too

1f the ambient air at 32°C is used to cool the conden-
ser, we shall assume that its ftemperature at exit after
the cooling should be about BAOC. With this, we expect'“
the outside wall temperature to be about 35°¢. Hence
we have AT estimated to be 3°C, i.e. (35 - 32)°C.
Therefore, | |

9.81 x(6.35 x 10732 x(1.159)° x 3
(1.869 x 10~°)° x 3.05

81.975

From thermodynamic tables of properties, we obtain

Gr =

]

Pl" - 00706.
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s = GI‘ X PI" = 57.87
The Elenbas formula(57) for heat transfer on
horizontal cylinders under free convection for this

range of Gr x Fr is

- Gr x Pr = 235(Nu)3 e~6/Nu
e ey 3
Nu _ 57.87
[ - 8_ u - 23
= 0.25

Trial and error gives Nu £ 1,85

Therefore,
- hOD 85
- = 1,
_ air
air
or hO 5 X 1.85

B

2,662 x 10'5 x 1.85
6.35 x 10'3

< 0.0078 kW/m° K.

From equation (L.24L), we have

to - t

i ]
thy(t, - t;) = R
. In =

r o, 1

4 Bh

Substituting values, we have

1.6 x 1073 x 20.87(36 - t)

_ 1
- 0175
n = y - 1
00435 (3.175 x 10“3)(0.0078)
which gives t, = 35.965°C
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Therefore from equation (.

of tube cr pipe required as

L = g
27rh (= t))

0.

24), we obtain the length

7338

277 x 1.6 x 1072 x

= 99.9 m or = 100

20.87 x (36 - 35,965)

Ma

Use of Fins:~ As in the case of the evaporator, this

is necessary to increase the heat transfer area,

because due to the very long length of bare tube

calculated for free convection heat transfer, 2

shorter length of tube has

available space.

guration shown in Figure l.

to be used in view of

For easier construction, the confi-

7 is adopted. The fins

are to be tacked on both sides of the coils.

A bank of bare coil of 24} rows is recommended

such that egch row ie 1.3 m long.

length of apout 24 x 1,3 =
ded are steel rods or wire
spacing between rows is 70
length of each fin as 1.61

For the required heat
with the shorter length of
the old area must be equal
i,e.

area,

?;DC L, = TfDi. Len +

This gives a new
31.2 m. The fins recommen=-
of diameter 3 mm. The

mm and this gives the

m.

transfer to take place
tube recommended and fins,

to the new heat transfer

s (4.29)

o
"D Lyew

where n is the number of fins required,
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Lc and Dc apply to the condenser without fins

Lnew is the new shorter length to which fins are to be

attached and the subscript f applies to fins.

Therefore,

?’:DC(LC B Lnew)

n =
7D Lg

6.35 x 10"2 (100 = 31.2)
3 x 10-3 x 1,61

= 91 fins.
This implies that we shall have }6 fins on both sides
of the bank., Addition of more fins will not, however,
have an adverse effect on the condenser and so a
spacing of 20 mm for the fins is recommended. At
20 mm spacing of the fins, we should have on each
side

1300 65 fins.

This makes a total of 130 fins,

1.9. DESIGN OF THE GENERATOR

The generator and the solar collector form a

unit. Figure 4,0 is extracted from Figure .3,
Referring to Firure },8, we make the following descrip-
tion of the state points:
State Point 9 ¢ Rectified ammonia vapour,

" " 11 : Ammonia vapour before rectification,

" " 12 4 Condensate (water).

" n 5

" " €& : Weak ammonia-water solution,
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The condensate is liquid in equilibrium with
vapour going out of the rectifier and so it may be

considered as saturated liquid at 50°C (122°F) and

13,89 bar (201.L psi). Using the Enthalpy concentra-

tion chart for ammoniz-water solution we obtanin
Xqo = 0.5 and hip = 80 Btu/lb

State (11) can be considered as saturated vapour

at 13.89 bar and 70°C (158°F). Hence, udng the

Enthalpy concentration chart alsc we obtain:

Xqq = 0.98 and

hy, = 670 Btuflb or 1558.5 kJ/kg.
Considering mass balance in the rectifier, we have

m9 + m/|2 = m11 ---------------------- (J—'}-BO)
and  MgXg + My Xy, = MyqXq, ~e-=osmems-oee (L.371)

Eliminating m,, from (IL.30) and (4.31), we obtain
mg(x11 - xg) '
12 = *11

5.3 X 1o‘h(0.98 ~ 0.99)
(0.5 - 0.38)

Myp =

= 0.11 x T ke/s,

Substituting in equation (4.30), we have

Myq = Mg + Mgy = 0.117 x 10—h + 5.3 x 10—&
= 541 x 10"& kg/s.

) 4.9.1. Heat Required at the Generator:- Referring

to Figure .8, the heat required at the generator
80
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= (5.41 x 1074 x 1558.5) + (L9.L4 x 107l & 169,8)
- (0.11 x 1074 x 186.1) - (5L.8 x 1074 x 1€3.5) kW

= 0,8387 kw
i.e. Heat required from generator = 838.7 W.

Both the generator and the solar collector as
stated earlier form a unit. The pipes carrying the
ammonia-water sclution are attached to the solar
collector plate and the two ends of the pipes are
connected by pipe headers. The flat plate has a
single glass cover. The multi-cell flat plate solar
collector is recommended because it has the advantage
of using both beam and diffuse solar radintion not
requiring orientation towards the sun., This involves
the placement of a honeycomb structure betwecen the
absorber plate @nd cover glass to reduce natural
convection nd radistive heat losses from the hot
absorber,

L.9.2. Temperature of the Glass Cover (TF):- This

is required in order tc compute the radiative nnd con-
vective heat loss coefficients hr and hc respectively.
We shall make use of +he following data among others:

imbient tempernture t, = 32°C . . T, = 305 K

Solar absorber plate temperature tg = 70°C ...TB = 343

fngle of tilt of the collector, S = 1111 = 11,2°
Referring to Figure 4.9, the heat loss from the

absorber plate to the glass cover will be equal to

the heat lost from the glass to the surroundings under

steady state if we neglect edge losses. If we assume
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that the absorbér plat:c and glass cover are jprey

opaque bodies Ior the wave-lengths of therm:l radia-.
tion under consideration and that the sky is 2 black
body at ambient temper=ture, we shall have the heat

transfer equation

q = h - T ) + L3
L,top Tl g 1 & T ,
I
L L
= By 5Ty = M) ¢ E 0007 = T,7) amuus (L.32)

where € is emissivity, and 4 is Stefan-Boltzmenn
Constant,
For free convection of air between parnllel.
5
tilted plates, Dropkins and Somerscnles(m') recommended
h L
C 3 % \
Nu = K =[0.06 - 0.17(%)] Gr® =—=—e—=(4.33)

a

h_ L

- o 3
s dAfeeft

where L is length,
T, + T

and T --ﬁ—j—g

-

4

[ T

. P 28(To=T_)J2%7
. hy = K, 10.06 - 0.1?(-%—6).” et T (1
L - _/Ja(TB"' T;r) i

We shall assume, for convenience, air prperties at a
temperature between that of the absorber plate =nd the
embient air, J5 = 1.086 kg /mo, K, = 2.816x10™° KW/m X

anﬁ/‘(ﬁ = 1,962 x 10'S keg/m s,
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Therefore, substituting in equation (l4.3L), we obtain

_ -5 o A1,2
h, = (2.816 x 10 1:0.06 - 0.17(—55~ )]

{2 % 9.81 x(1.086)° 3 TBI— Ty 3
L ] [: B g ]

(1.962 x 107°)°

| "3 TB-T &1 2
or hC = 4.20 x 10 Tg—:—Ti kw/m™ K -=(4.35)

For radiative heat transfer hetween absorber

plate and glass we have

; 2 2
AT+ 1T )Ty + T.)
b, = B K 13 A (L. 36)
+ -
&
From (6, 12, 13), we obtain
65 = 0.9
(’g_ = 019
and g =56.7 x 10712 kw/m2 Ku then
56.7 x 10" 12(T.2 + T (T, + T )
h = B Z B &
r -.-j-— + _1._ -
0. 0.9

or  h = U6l x 1072(T5% TN (Ty + T,) === (4.37)

For convective heat loss from glass to ambient air,
McAdams equation(18) for heat loss from flat plates
exposed to outside winds is given by

By o= (5.7 + 3.8 V) x 1072 wi/n® K
If we take the velocity of the wind to be 5 m/s, then
B, o= 2.7 X 1072 Ki/mE K cmmmmmmmaae (1. 38)

<y
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For rediative hesat loss from cover plate

2 2
h = Eéfr(Tg + T, )(Tg +T)

r,a a

“12¢m 2 2
= 0.9 x 56.7 x 107 “(T," + T,“)NT, + T,)

or hy, o = 51.03 x 107%(7,% + T,2)(T, + T,)---(4.39)

Hence by substitution, equation (l.32) becomes
4.2 x 1073 rgEZ;& i(T =T )+ | 6ux10-12(T U_p u)
= L gt g | B g . B g

_ 2&.?x10'3(Tg-T3)+ S1.03x1012(TEu—Tah) e Ji0)

We remember that
)
tg = 70C .. Tp = 3L3 K
o
and ‘ta = 327°C P Ta = 305 K
Solving equation (4.40) by method of trial and error,

we obtain T, 6 = 310 K or t_ = 37°C

Therefore, from equation (4.35),

" *
hc = 4,20 x 10 gﬂg—:—%Tﬁl

or h, = 1.553 x 1073 kw/n’ K.

Also from equetion (li.37),
h, = L6l x 10712(1,7 + ng)(TB +T,)
or h, = L6 x 10"12(343% + 310°)(3L3 + 310)
= 6.48 x 1073 xW/m® K

From equation (}.39), radiative heat loss coefficient

from glass cover to sky, h y 1s pgiven by
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12, 2 2 -
hr’a = 51.03 % 10 (Tg + T, )(Tg + T,)

-12

51.03 x 10712(310% + 3052)(310 + 305)

5,85 x 1070 KW/n* K ¥

11.9.3. Coefficient of Conductive Loss Throu:h

Back Insulation, hI:- We shall assume that the resis-

tance to heat flow by conduction is due only to the
insulation. Now |

ny o= 3
where x 1is the insulation thickness.

The insulation thickness is & em or 50 mm and
the thermal conductivity k = 0.403 x 1074 kW/m X

Hence,

=L
hy 0.103 x 10

50 x 107

= 8.06 x 10“” kW/m2 K.

%.9.4k. Overall Heat Loss Coefficient, U

- ~1
1 1
U, = ——— 4
L Léc * B Bg a v bBpg
:TB - Ta,s
R 4 I e el B === (L)

ia S is the ambient shade temperature and it is equel
4

to 26°C. Hence, T, , = 299 K
_ ?
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! 1 1

U = e ————— — - ——

+ B
* 1 (1.553 + 6,48, 10 - (24.7 + 5.35)10

« 8.05 » 10 =] 383 :-i-gg_l

Al o 4,--"3 PR T

& W15 ¥ Y im

-

L4.9.5. Useful Heat Collected From Solar Radin.

tion. q :- For the tube-skeet arrangement of the
collector, we can considcer the region between the
centre-line of two adjacent tubes as a classicsl fin
problem. With this idea, it can be shown(t®) <nus
the useful gain of the collector per tube per uni?

length in the direction of flow is

i.- T T ~ s\ , 1 tlr
Ry ™, K0 = DIP 4 DOI cl‘B,i‘ %.SHS.T = U (ZpTy) l"'“" 2)

Do is the outside diametsr of tuc tuba = . ¥3a o>
0.016 m.

Before we can calculate the useful heat Q. col-
lected from solar radiation. we shall calculat. the
fin efficiency F and the ovtimum spacing b ¢f ‘-he

tubes.

4.9.6. Fin Ffficiency (F):~ The fin efficiency F

1s defined("®) ag m(b - D YT
tanh | ——m—" l
I
| J—— ST s ssavsl g 1135
— 2
U
where m2 = "_%?.
“B"B
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Xp the thickness of the absorber.plate = 0.5 mm and

Ky, = 0.0435 kW/m K

B
therefore,

. v//f“s.uﬁs,x 1073 '
0.0435 x 5 x 107" _

1723 /m

Therefore, from equation (L4.43),

tanh

17.23(b = 0.016)
>
i d e (i)

17.23(b - 0,016}
2

To be able to determine F by evaluating equation

(L.hly), we shell determine the optimum spacing b.

h.9.7. Optimum Fin Spacing (b):~ If we refer to

equation (L443) above, we note that for maximum effi-

clency of the fin, %5E = 0O,
O
Now “m(b - D))
tanh ————E——L~
Fo= (5 = D)
N
2,b - D - m(b~-D ) m(b-D_ )
( a) 2 o’ m C
ar _ ~f—p—tsecn” ——%4 B tann —pto
dDO— — 2]
m(b - D)

2

The denominator is always positive and finite. Hence

d P
for -

= 0, we have
m(b=D,) 2 (b—DO) » m(b-D.)

g‘t&lnh——z—-—-=n— T——Sech ——
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which gives

(b=D_) (b-D ) b=D
tanh m—z—o = g- —2—2 Sech2 m(_?_o) ------- (L.45)

m(b - Do)

then equation (4.45) reduces to

tanh X = ‘é Sech2 x

By plotting the graphs of y = tanh x and y = % Sech2 X

on the same axis we find the point of intersection to

be at x = 0.724

Hence
m(b - DO)
Pyt 0.724
c‘o b = 2 ? 0.32 + 0.016 = O-l1

Therefore, equation (L.4l) pgives Fin efficiency

i
— L17.23(oé1 - 0.016)_I
F = - -
1 - O: s .
2
= 0.856

Consequently, we can proceed towards coclculating
the useful heat qQ, collected from solar radiation,

From data(3) of monthly means of total radiation
we deduce that in Zaria, the mean daily tctal radia-
tion on a horizontal surface for the month of /pril
may be taken as Hdaily = 25,128 kJ/m2 per day.

Using the approximate equation of Cooper(ﬁa) the
declination, i.e. angular position of the sun at sclar
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noon with respect to the plane of the equator is

d - 23.45 Sin [360(28 . n)] ---------- (4 .46)

where n is the day of the year. If we desifn for

a day in the middle of April, say April 15, we have

S . 23.45 Sin [360(28 ~ 106)]

= 9.4°
We are using the month of April bec:duse data
obtained from the MANDILAS Air Conditioning Divisicn,
Lagos, show that the design month for Zaria is April.
The latitude @ is 11,2°
Therefore the length of day for April 15 in hour is

given by(18)

25 - %B CDS-1 (- tan # tan é )
= %3 Cos'1l_— tan(11.2°) tan(9.h0)]

= 11,75 hours,
Considering the hour between 1200 hours and 1300 hours,
i.e. mean of 4 hour from solar noon, then from Fipgure
L4L.10, copied from (18), the ratio of hourly total to
daily total radiation is 0.143. Therefore, estimated
radiation is
Hy = 0.7143 Hdaily
= 0,143 x 25,128 kJ/m° hr
= 3593.3 kJ/m° hr.
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For uniform radistion, we have

Radiation per second, H, = 0.998 kw/m2 or 998 w/mz.
The collector surface is to be tilted, The

factor for the conversion of radiation falliing on a

horizontal surface to that falling on a tilted

surface(18) is

H

sT
R = IS

5

Hn Cos QT
Hn Cos 52

where T applies to tilt and Z to Zenith.
It can further be shown(ﬂs) that

8 - Cos O _ Coage-s)Coss Cosw-l-Sin(ﬁ‘%)gigé -=(L.L47)

Cos QZ - Cos Cos & Cos e + Sin

where &) is the hour angle,

If we assume that the day under consideration
is clear, then R is about the same for direct radia-
tion. DNow

g =8 = 11,2

S - 9.4°

W = - 7.5°
Then substituting in equation{L.L7), we obtain

Q

n o Cos 0° Cos 9.4° Cos(~73%)+Sin 0° Sin 9,4°
Cos 11.2° Cos 9.4° cos(=74"Y+8in 11.2° sin 9.4°
= 0.987
Hence, the radiotion that will fall on the tilted

collector is H =R H_ = 0,987 x 998 w/m2

S,T
= 985 W/m°
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Taking T 0.87
E,S
and C%B,s = 0,9,
then equation (4.42) can now be evaluated to give the
useful pgain of the solar collector per tube, per unit

length in the direction of flow as

Q, =|:(0.1 - 0,016) x 0.856 + 0.016]

[§.9 x 0.87 x 985 - 6.416(343 = 310)] x 10~ 2kw

= 19.18 x 1073 xw

Since the length of the fin arrangement, b = 0,1m

i

491,8 w/m2

——

then

q,

L}

4.9.8. Arca of Collector Plate:- Heat flow

through the generztor is given by
Qg = hp X q,
Therefore,

ag

Q
4
9y
N Eéﬁ.?
1.8
= 1,705 m2

4.9.9. Recommendation For The Generator:- The

standard glass size available in the workshop is 4 ft
by 4 ft, i.e. (1.22 m by 1.22 m). Two of this is
recommended to be used with an absorber plate width
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of about 1.22 m, The thickness of the absorber plate
is 0.5 mm. With this recommendation, a collection area
of about 2.8 m2 can be obtained depending on the other
components of the collector. As a result of low effi-
ciency expected due to fabrication, etc., this collec-
tion area should be adequate. 10 number 3 inch pipes
parallel to the length of the plate and connected by 2
inches headers are also recommended, The spacing
between the pipes as calculated should be 10 em, The
absorber plate is normally painted dull black.

Glass honeycomb should be mounted between the
flat plate and the cover glass of the collector.
The glass honeycomb is made of a rectangular commercial
glass, square array, with axes perpendicular to the
absorber, The clearance between the cover glass and
honeycomb should be 5 mm, The collector housing is
a box made of plywood, having the usual back and
edge insulation, For the iﬁsulation, two layers of
25 mm thick micro-aire should be used as it is the
insulation available in the chkshop. The ceollector
is to be oriented to face South and it should be
tilted at about 11.2°,
L.40. DESIGN OF THE REC:.. icR

The rectifier is to be a cylindrical column
with rectangular fins welded or soldered on the outside
for ambient air cocling., There should be a perforated
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plate arrangement tc improve turbulence and hence
heat transfer in the rectifier as well as increase
the contact area between the condensate and the out-
going vapour,

Figure l}.11 shows a cross-section through the
rectifier column,

The heat that Is removed from the rectifier Qr
is given by Q, = Heat removed at the Generator/
Rectifier (Table L.2) - Heat required for generation
(already calculated)

i.e. Qr = 899,07 - 838.7

= 60.37 wn
Referring to Figure L.11,
Q, = U.ho(ty = t,) =----em- ————— -===(L.48)

where A is the outside surface area and U is the
overall heat transfer coefficient based on the out-
side surface area, Now

d = 6ins = 0,15 m

... r = -g = 3 ins = 0,075 m.

The thickness of the €& ins diameter tube is 5 mm,
Hence R = 0,008 m, and
D = 0,16 m,
For simplicity, we shall assume that the vapour
in the rectificr is pure ammonia. Vapour at entry is
at a temperature of 70°C while at exit, it is at a
temperature of 50°C. The bulk temperature, ty» is given

by tb = E——}—x = 60°C .
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FIG., L4.11.: CROSS=-SECTION THROUGH THE RECTIFIER COLUMN

FIG. 4.12,: THE RECTIFIER WITH FINS
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Using this bulk temperature, we obtain the following
properties of smmonia from thermodynamic tables
F = 22.9 kg/m3

A = 11.5 x 10'6 kg/m s
6

K = 27.9 x 107 kW/m K
and Cp = 2,086 kJ/kg X
Therefore,
AL, 2,086 x 11,5 x 10~°
P = - = =y
27.9 x 10
- 0.86

Assuming a vapour flow velocity 0.1 m/s, the

Reynolds number of the flow is thus

Re = v d
AU

22.9 x 0.1 x 0,15
11.5 x 107°

= 29.87 x 10°
Thus the flow is turbulent, We are interested in
turbulent flow because for flow inside tubes, turbu-
lent flow results in a larger heat transfer than
laminar flow.
For cooling of fluids inside tubes, Mcidems'7+57)
suggests the following empirical relatbon based on the
bulk fluid temperature

Nu = 0.023 Re©+8 pp0.3

Therefore,

h.d
—é— = 0.023(29.7 x 103)°+8(0.86)0-3
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where hi is the film coefficient at the inside
surface.

o ny = 0.023(29.7 x 103)%+%(0.86)0+3 x X

-6
- 0.023(29.7 x 102)9-8(0.86)%+3 x 27'90x1§0
= 0.098 kW/m° X
We note that from the Fourier's heat conduction
equation for this situation, U is given by
R
1 = R + . ln(;) + '1—
L] rhy K h,
or U = . e e m——————— (4.50)
R 1n(-1':) 1

To be able to calculate ho we note that for
cooling of fluids inside vertical tubes by natural
(7,57)

convection, Mcidams suggests the following

empirical relation for turbulent flow

h, = 0.19 823 Btu/hr-£t® °F —=ceeee- (4.51)
where 8 is the temperature difference between the
wall and the surrounding air, i.e.

@ =t =t mmmmem—mememeceeceeeeo (4.52)

If we take a temperature drop of 2°C across the tube
wall then T = 58°C (136.4°F). Hence

©=t, - t, = 136.4 - 89.6
46.8°F (t, = 32°C = 89.6°F).
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Therefore equation (4.51) gives

h 0.19(16.8)°33 Btu/hr-£t° °F

O

0.676 Btu/nr-ft°> °F

0.0039 kW/mz K

Substituting values in equation (4.50), we obtain
1
U = s i
0,008

0,08 .
5.07% X 0.098 * 0.0 0.0039

The thermal conductivity K of the steel material

to be used is 0,0435 kW/m K.

« « From equation (4.53), we obtain

U = 0.00365 kW/m° K.

L.10.1. Length of The Rectifier Columns- From

equation (L.48), we have
L EtEb - Ea)

60,37 x 1073
- 6?66%63‘5‘3&?"

If L is the length of the rectifier column, then

A = 77DL
or L = 5?5
_ 0,59
wwx 0,016
= 1.174 m,

4.10.2. Use of Fins:~- Because of the apparently

long length of the rectifier column, the use of fins
to supplement the heat transfer area of a shorter

length of tube is considered.
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For simplicity, we shall assume a fin effective-
ness of 1, i,e, that the whole fin surface is at a
constant temperazture. Also, we shall assume that no
contact resistance will exist at the fin base sc¢ that
the fin base temperature is the game 2s the tempera-
ture on the outer wall of the tube. We shall employ
straight fins of the configuration shown in Figure 1J12.
The thickness should be uniform,

For the required heat transfer to take place with
a shorter length of tube, the o0ld area must equal the
new heat transfer area, i.e.

wD. L, = ﬂ‘Dr Loew * n(2 Loow P+ X¢ Loew) ==(Le54)

where n 1s the number of fins required

Lr and Dr apply to the rectifier without fins,

Lnew is the new shorter length to which fins

are attached,

subscript f applies to fins

X is thickness and

b is the breadth of the fins. (Sce Figure 4.12)
Taking the new length to be 0.4 m and the number of
fins to be 8 and 2l1so since Xy will be very small, we
can re-write equation (L4.54) to be

(A"
1t Dx‘ Lr' = ?I’Dr Lnew +2nhb Lnew

which gives

?"Dr(Lr B Lnew)

2n Lnew

W x 0,16(1,17L4 - 0.4)
23X 0 X Ok

= 0,06 or 6 cm
——
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Now, for fin introduction to improve the heat

transfer from a surface, we must have(31) thot
2 Kf
> 1
Rl

chixr -
2 Ky
i.e, Xp £ Hil?
Now K, = 0.0435 kW/m K
and hy, = 0.0039 kii/m® K

Therefore,
2 X O.QQQS
Xy < . x O.
< 55.8 m.

If we consider the available steel metal sheets to
be used for fins in the workshop, then we can conclude

that they are adequate.

li.11. DESIGN OF THE ABSORBER

The abscrber is to be of the vertical
column type such that the vapour from the evanorator
enters near the bottom of the column while the weak
solution from the generator enters at the top. A
perforated plate (spray nozzle or other atomizing
devices) should exist in the top of the column
through which the weak solution is introdced in the
form of droplets to make contact with the gas from
the bottom in a counter-current motion. The perfora-
ted plate (spray nozzle) is supposed to break the
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liquid into a large number of small drops; providing

the interfacial surface across which diffusional

transfer takes plece,

Raschig glass packings, crushed

stone or ceramic slabs formed into grids are introduced

in the absorber to provide a larger interficianl area

for the vapour and weak soliution to improve cbsorp-

tion.

The weak solution flows down by gravity over

the surface of the packing material to make contact

with the ammonia vapour coming up from the bottom.

4.11.1. The Operating Curve and Equilibrium Curve

For the /Absorber:- To be able to draw these curves, we

make the following definitions.

(a) Mole fraction of ammonia in the vapour (y) is

y::

Partial Pressure (P) of ammonia (Given in solubi=-

Total Fressure (PT)

lity Trbles) ===(L.55°

From the datz for the project (Section 4.1),

(b)

P

T

5.35 bar or 5,35 x 769 mm H

[

Mole fraction of the ammenia in the solution(x) is

n&t

1m0

Y8

where mA is mass fraction for the ammonis and Mey is

the mass fraction for water. C is the mass of ammonia

per 100 masses of water in solution.

29






