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ABSTRACT
The objective of this thesistis design and simulatetermittent so-

lar adsorption  refrigeration machiné\ solar heated charcoal / metha-
nol of refrigeration machines as small unit of solar freezer on adsorption
principle is usedThe unit has a product capacity of ab&kyg of ice dai-

ly. A flatplate soar collector of (I#?) area and a watercooled conden-

ser of natural convection type is used. The evaporator was a flooded type
evaporator, attached to the ice box to form a fully insulated unit. The ma-
chine was designed to work as intermittently; the nggriod is the pro-
ductive period; while day period is the generative period. This type of ma-
chines has a great need in the society, especially in the rural areas, for
general cooling purposes and in health centers for vaccines saving and
others. The reseech satisfied its objectives and that it shall continue to
the stage of constructinhis machinen commercial amounts for the ben-
efit or need of our society. Further development and optimization of the
system design is still required to improve coefficient of performance
(COP).
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CHAPTER |
INTRODUCTION
1.1 Introduction

Solar refrigeration is a useful application of solar energgifierentareas of the world
where there is a demand for cooling higisulationlevelsand no firm electricity to
swpply conventional power system#lthough different adsorption pairs had been
studied to build adapted solar ice maker, the activated cameihanol pair was found

to bethe most suitable for solggowered refrigeratiosince it could be driven bigeat
engine near ambient tempetaesandit is less expensive than other pairs. The adsorp-
tion solar refrigerator in its simplest form is a closed system composed of the container
of adsorbents an@dsorb ate(sorption bed), which serves assalar collector a

condenser and an evaporator.

The system is divided into two periods: Fitttie adsorbent heated by solaturingthe

day and thelesorbedadsorb ates condensedThe adsorbenenergy durings cooled

after sunset, thereby-edsorbinghe adsortate the evaporation ofrhich produceghe
refrigeration effectAs desorptioris highly endothermic, the heat input to the adsorbed
be large enough to allow for sufficient refrigerant todesorbedOn the other hand,
adsorption is highlgxothermalcooling down of the adsorbed is also ajor concern.

The heating and cooling during the cycle perfectly suits the intermittent nature of solar
energy, yet efficient operation of the system requires high rates of heat transfer in and
out of the adsorbent. Inddition, all solar systems usually suffer from the large
variations in ambient conditions between winter and summer, which makes these

systems inefficient for part of the year.

In solar adsorption systems, while good heating is attained during day time in summer,
cooling during night by ambient air will demited. On the other hand, in winter, the
system will attain good cooling during the night, but heating will be insufficlerthe

last two decades, different approaches have been developedptove heat transfer
rates and enhance heating and coolinghef adsorbenbed. The use of composite

adsorbentblocks and monolithic carbon are useful methods to increase hetmadl



conductivity and density of the bed. Bmhanceheatingof the beds, flat plate solar
collectors with selectivecoating surface, evacuated tubular collectors and simple
concentration noitracking collectors as compound parabolic concentratdiector

have been used.

As cooling of the adsorbent, heat loss from the collector to the ambient could be
enhanced by means of removable insulation, flaps, or dampers. Some designs combine
the collector and finnedondensein one unit sinceoutside fins have been located on

the rear surface of the collectoRecently, simple tubular modules are investigated to
be used in the adsorption system. Blsorptiongenerator is at one end of the tube and

a combined evaporator and condenser arbeabther endn a stainless steel tube with

a new monolithic carbon bed was used while in a glass tube with a composite block bed
made of silica gel and coated with a thin layer of active carbon was sugdésitegiof

the refrigeration tube is a promising method to overcome some of the problems of the
adsorptionsystem.The work presents a novel module composed of a modified glass
tube andsimple systenof plane reflectors. Investigations are focused to improve heat
transfer in the adsorbent bettiereby increasin@oefficient Of PerformanceCOP), andto

improve external heating and cooling of the bed all year round, thereby realizing good

performance of the system for most times of the year.

The sunis defined as a sphere of intensely hot gaseous matter with a diameter of
1.39x10m anddistance from thearth isabout 1.5x18'm. At the center of this sphere,

the temperaturis estimatedt 8x1@ to 40x10K and the densitpabout 16 kg/m? andit
consideredas a continuous fusion reactor. The energy producéldeirtentrakzone, is
transferred to the outer surface, and radiatéd space At the outer surface, the
temperature is estimated to be about5000 e intensity of energyradiatedfrom the

sun, is considered to be constant. The value of the solar constant adopted by the
World Radiation Centeris 1367W/m, the earth rotates about its gxighich leads to
variation in the distancketween theearth and the sun, andgconsequentlyin the

intensity of solar radiatian

When radiation passes through atmosphere, it is partly absarukdcatteretby the
atmosphere. The radiation reaches the eastlineam radiatiorand diffuse radiation.

Beam radiation ishe solarradiation received on the earth surface without being
2



scattered byhe atmospherevhile diffuse radiation is the solar radiation receivedtioa

earthsurface after it is scattered by thenosphere.

Solarenergy can be converted to heat energy by using soleectors, whichcollect
heat, and transfeit to a fluid. The heat is used, for heating, cooling, generating
electricityanddrying crops. Solacollectors are divided into two main categsri€lat
plate collectorsand concentrating collectors. A flptate collectoris, basically an
insulated box witha singleor double glass cover. Flalate collectorsare used to
provide heat energy ahoderate temperaturesp to about 100°C. Ia concentrating
collector, an optical device is used to concenttla¢eincidentradiation on a small area.
Concentrating collectors aresed toprovide heat energy at a higher temperature
compared withflat-plate colectors Two main types of concentrating collectors are
used: Parabolicdish collectors and parabolic trough collectoRarabolic trough
collectors, usgparabolic reflectoren atrough configurationto focus solar radiation on

a tube running alanthe lengthof thetrough. Asthe natural flow of heat is always from

a high temperatureegion tolower temperature one, this means that, in the refrigeration
processan externalenergy is to be supplied, so as to force heat to flotienopposite
sense of its natural flow. The general applicatiafsrefrigeration are in food
preservation and air conditioning. There am® commonmethods of refrigeration in

general: vapocompression refrigeratipand absorptionefrigeration.

Cooling process can take place naturally or artificially. It will beatural when it takes
place due to the nature of heat of flowing from higher to lower temperature by
conduction, convection or radiation. There are currently much stronger econaimic an
political drives to promote solar cooling technology in the market. However, making a
competitive solar cooling machine for the market still remains a challenge to the
ademic and industrial communities. The common goals of present slegreb  ac-
tivities on solar assisted cooling are to find, for each different application of cooling, an
optimum combination of collector and cooling system that matches the spemall-

ing demands and also the constraints of the available solaticedin the best way,

with only marginal need for fossil fuels



1.2 Problem Statement

Solar adsorption refrigeration on the bases of solar energy effect f ameimportant
applicationof solar energyisage itsonly major problem is how to reach a reasonable
and simple design with good selection of matergaid solution applicable successfully

in Sudan where solar energy is abundant and the need for cooling is great.

1.3 Objectives

The aim of this studis to develop a commercially viable heat driven chareconathanol
for making ice by use of energyfrom solar collectors. Anadsorption system used
because of their low operational c@std maintenangehigher reliability, simple and
continuous operatianand no crystallization, corrosian chemicaldisposal issues. he
mainobjectivesare:
1) Toimproveheat,transfer in thedsorb atehere by reducing size and cost.
2) Toimprove regeneration heat, transfer between thestebyincreasing (COR
3) To carryouta mathematical analysis of tirgermittent adsorptionefrigeration
system and then write a computer simulatiprogram, whichcan be utilizedn
predictingthe performance of the system.
4) To design an intermittemhethanoladsorption refrigeratiosystem
5) The research can offer a good contribution in the field of solar refrigeration in
Sudan and enrich this type application especially for the use in rural areas for
diverse kinds of need.

1.4 ResearchMethodology:

Design andSimulation methods are both will be used for the purpose ef thesearch
to see to what extent the results apezeptedDesignedand simulatiorare necessary
sensors for data acquisition readings together with computer program for simulation so

that both results analytical and simulation can be compared.

1.6 Significance of the study

The research can offer a good contribution in the field of geffaigeration in Sudan
and enrich this type application especially for the use in rural areas for diverse kinds of

need.



CHAPTER I

LITERATURE REVIEW

&

Adsorption Solar



CHAPTER I

LITERATURE REVIEW & THEORETICAL BACKGROUND

2.1 Literature Review

Asian Institute of TechnologyA{T) Designedthe first solar powered refrigeration
experiments in 1974. A small prototype intermittent ammavager unit was developed
with flat-plate collectorseach of 1.444 in area. By 1977 the odified unit was
capable of producing 9 kg of ice in one day. [Hu 3mg and R. H. B. Exell2015]

Williams D. A. designed a solar refrigerator to be used in rural areas. He used a
parabolic concentrator type of collector of totabllecting area of 0.7@ , with pair of
working fluid of ammonia/water. COP of this machine was 0.36. [University of Wales,
1989]

Swartman conducted a research on the use of a solution of ammonia and sodium
cyanide for an intermittent absorptiomachine. From the results bis research, better
COP (0.11- 0.27) compared to (0.05 0.14) for ammonia/water pair and better

economic factors were achieved. [University of Wales, 1989]

Swartman etl made asurvey of the progress from 1936 to 19t showthat early

work in this field used designs with concentrating collectors but later more attention
was given to flat plate collectors, beginning with the pioneering work of Sri Lanka
[susdesign.comivherethe unit was constructed of welded steel pipavas concluded

that about 1.4 kg of ice could be produced per square meter of collector area on a clear
day, and this performance could be considerably improved by a selective radiation

coating on the cadictor surface.

Swartmanand Swarminathan [R. H. B. Excel, Solar 2012] studied another solar powered
intermittent ammoniavater absorption refrigerator similar to that tested by Chinnappa
Their unit differed from that of Chinnappa in two respects. Firstteiad of using a
boiler and a solution reservoir outsittee collectoythey used a large header of diameter
152 mm, which provided the required capacity for the solution and a large surface for

the evaporation of ammonia. Second, for the refrigeration process they introduced the

6



ammonia vapor from the evaporator into a tabenecting the lower and upper headers
of the collector, and the glass cover of the collector was opened to facilitate cooling.
Tests showed thatthe rate of refrigeration was too slow because of stow

re- absorption of ammonia vaportathe solution They proposed using the collector to

dissipate the heat of absorption tmvercome thiproblem. [R. H. B. Excel, Solar 2012]

. Marrdov et al designednd developed solar absorption refrigerator using a solution of
ammonia/sodium chloride as working pair. Fbaite collector was used for heat
generation, the collector total area wast 2 anda double sheet of glass for glazing

purpose wasalso tsed.[University of Wales, 1989]

Florida Machine:(University of Floridg), an absorption solar refrigerator was also
designedthe unit uses a flatlate collector with an electric pump, it was stated that the
COP was 0.1and the productivity of thiachine was 12.5 Kg of ice daily.

University of Wales, 1989. During the period 1978 to 1980 a larger unit was designed
andtested consistwo flat-plate collectors mirrors attached to the eastern and western
edges to enhance the solar heating. On a bright day 14 kg of ammonia could be distilled,
and refrigeration the following night give over 25 kg of ice from water initially a€28

A preliminary economic evaluation showed that the cost of ice produced by the system

would be 2 to 3 times the city price, which wasceptable in remote areas

Aggarwal ResearchuUniversity of Wales, 1989]presented the possibility of using
solid absorbing material of calcium chloride and ammonia or the pair of lithium nitrate
for their suitability to use in absorption solar refrigerators. He concluded that both two
pairs have good absorptivity suitable for application in tropical regidirsversity of
Wales, 1989]

Staicovici Research[University of Wales, 1989]n a research conducted on a solar
powered intermittent adsorption refrigerator, receiving 46 MJ in one complete cycle
gives aCOP of (0.090.152) during the period from May to September. [University of
Wales, 1989]



Moore andFarber2012 made a theoretical analysis of the heat transfer and flow
characteristics of tubm-sheet flatplate collector used as generators atas powered
ammoniawater refrigerators. The work culminated & collector1.49 & in area
consisting of 25 mm diameter steel pipes running from a 32 mm diameter feeder to a 63
mm diameter header. The centers of the 25 mm pipes were spaced 102 mm apart and
were soldered to the galvanized iron sheet of thickness 1.0 mm. A single glass cover
wasused. [R. H. B. Excel, Solar Air2012]

Farber 6sF&elbernds hr ef r i geuslammoniaWatar syclemiggh a c on
electrically operated circulation pumps, was able to produce 12.5 kg of ice per square
meter of collector area per day. This yiédtwice what can be obtained using the
intermittent cycle, but more components are needed in the construction of the system,

and it would not work in locations where electricity is not available.

Village size ammonia/water solar refrigerat®he laest type of this system was con-
structed and tested in MT, it has a collector area a@f 2%nd is designed to provide 0.5
a of food storage space or 100 kg of ice pay underfavorableconditions. The

principle of operation is shown schematically in the figuzet(and2.5).

2.2 Adsorption Solar

ayAmmoni a E water Continuous absory

If the intermittent ammoniavater absorption cycle was replaced by a continues cycle,

the yield of the system for a given solar input can be increassealler amounts of
refrigerant and absorbent are circulated and solar energy is not wasted in heating the
larger quantities of liquid required in the intermittent systems. A mechanical circulation
pump, driven electrically by means of a small heat engine incorporatkd system,

could be used to maintain the necessary pressure difference between the evaporator and
the generator. Another possibility is to use solar heat to operate an absorption
refrigerator of the PlateMi nt er 6 s t ype, wapor&tor to yndintamgie n i n
constant pressure in the whole systéfowever, using the compact ntmacking
evacuatedube solar collectors now in the market, and a commercial Platgoz

absorptionrefrigerator,



Pal et al.2012 recently devised antksted a system that has no moving parts and is
made up entirely of reaeéyade components. The only modification required is a
change in concentration of the ammewater solution to match the temperatures of the
output ofthe evacuatetibe collectorsThis development seems extremely promising.

[R. H. B. Excel, Solar Air2012]

b) Adsorption Solar Powered Refrigerators
Adsorption is the process @bsorbing materialnto another material without any
chemical reactiotaking place like absorbing water in zeolite or ammonia in charcoal.
Although the ammoniavater system is efficient, it has certain practical disadvantages
as:

a. The problem of rectification (removing watitom the ammonia during genera-

tion).
b. The corrosiveness of the fluid

c. The high pressure and consequent heaviness of the equipment

The problem of rectification can be avoided by using a solid absorber for ammonia
instead of water. For many years Wo&shmidt has been developing intermittent solar
adsorption refrigerators using calcium chloride as the absorber. In one of his papers he
concludes that such systems can now be built, which is so simple and reliable that, they
can be operated for years withomaintenance. It is unlikely that they will be
competitive with conventionally powered plant, but in many cases a solar driven plant
will do a muchneeded job which in many countries could not be accohgalisvith a

conventional system

c) Zeolite Solar Adsorption Refrigerators:

The Zeolite solar adsorption Refrigeratasschemically similar to sand, however it is

not made of compact molecules, but rather possesses a crystal structure with large
interior surface nature, there are aboutdifferent types ofZeolite. These mostly

come from volcanic activity and contain large amounts of impurities, and are therefore
for technical cooling purposes. The chemical industry develops different typeZ ef

olite artificially. The synthetic zeibe is mostly used as phosphate substituteviash-

ing detergent or for example, as dry substance in some special types ofwladews.

9



The application of large amounts of zeolite in washing detergents has led to countless
studies concerning isnvironmentatompatibility. Through this it has been proven that

zeolite has no environmental damaging properties and has no toxic ofstalatsdom].

The problem of high pressures can be avoided by using o#fegerantsthan
ammonia One combination is the zeoliterater system; the concept for using it is
shown in figure 2L.The quantity of wateabsorbed by the zeolite is stronglgpendent

on temperature and onlyeakly dependenbn vapor pressure. Therefore, duritige
refrigerationprocess at night, when the collector containing zeolite is aedrient
temperaturgethe water is readilyabsorbed keeping the pressure below 0.55 &fth
making the refrigerant water freeze. During the day the generation process is only

slightly affected by theondensation pressure

Intermittent solid adsorption refrigeration cycles provide promising systems for solar
cooling. The charcoal/methanol pair has proved to be the best pair among those studied
so far because it is reasonably stable chemically, it has a higher coefficient of

performance and it is less expensive than the other. pairs

Solar T

collector =
L_ _
‘ T~ :
Condenser —— | Zeolite |
| Evaporator ™~ / Water/Ice |
N R ot

Fig. 2.1 ZEOLITE REFRIGERATOR

This type was developed by EG Solar in association with the firm -ZEQOH of
Munich, the project was promoted by the Bavarian Ministry of Economic Affairs. The
solarpowered refrigerator consists of a cooler box with a boikvaporator and uses
water as the cooling agent. In addition to this, all that is needed is a manua#yedpe
vacuum pump and one or more canisters containing thetaxom mineral Zeolite

(naturally occurring mineral) and an SK 14 parabalish. To produce the desired
10



cooling effect, one of th&€eolite containers is connected up to the evapordtoris
extracted from the system with the aid of the vacuum pump. The vacuum created by the
pump causes the boiling point of the water to dropagodly that the water boils at
room temperature.
The advantages of the solaowered refrigerator dhis type are:
9 Cordless refrigeration (which means that the cooler box can alsseleo

transport medicines).

The use of simple and ndoxic materials

Thepossibility to produce a refrigerator locally and extremely easily and for far

less expensethan the conventional type [solar.com]

Bernig et al1989 conducted a scientific researchdstablish thermodynamitinctions

that govern adsorptionphenomena to be used gsneral modeldor thermodynamic
equations for considerable number of usable absorbers in various applications. [Journal
of Solar Energy, Vol.42, 1989]

Grenier Team Researcbonducted another research @i@veloping a solar powered cold
store on adsorption principle using zeolite 13X/water pair intermittently. The unit uses a
solar collector of total area 20 with 300 kg of zeolite material. The evaporator has a

capacity of 190 kg of icéfig 2.2) [Grenier and M. Pos, Experimental1992]

Meunier et al Research: Another important research in this field was conducted for
comparing the COP of the two adsorption systems, zeolite/water and charcoal ethanol for
their use in solar adsorption for iceaking. Thai final result was that, COP for the pair

of charcoal/methanol was higher (3.0.13) compared t0(0.0860.10) for zeolite/water

pair. |[ARevue Physicso Feb. 1986]

Ponset al 2011 designed and developed solar adsorptionnaker using activated
carba/methanol pair. The machine consists of four-fiigte collectors with area of 1.5

) . each, and two aicooled condensers of @4 each, the unit has evaporator with a
capacity of 35 kg ofice gave a COP of 0.12 and evaporator temperatt8€©f. [M.

Pos and Grenier, Experimental 20Ttje collaborated teams of both Grenier and Pons

(fig .2.2) have compared the thermodynamic performancéeofite-water and activated

11
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1. Methanol Admission Tube.

2. Activated Carbon Package.

3.Heating Source.
. Insulator Casing.

. Insulator. Z

. Condenser. 8

Methanol Reservoir. %

. Evaporator.
. Manometer.
{ &= =
C

Fig 2.2 Experimental Unit for A Desorption Cycle [Grenier M. Pos, Experimental]

CENOUM

charcoatmethanol for application as solar icenaker. Theresults for condenser
temperature T = 40 °C, evaporator temperatureOFC, adsorption temperature Ta = 25
°C and35 °C, and a range of desorptimmperatures { At a desorption temperatuod

100 °C, the charcoahethanolcombination has a collecting ratio in the range-0% as
compared with 0.3 for zeolieater. It is interesting to note that both activated charcoal
and methanol ammanufacturedn developing countries, and that thesdstances are the

most promising for solar cool storage systems.

Merghni Researcii989 in his research about the applicability o$olar refrigeration
systems, emphasized the suitability of charcoal/methanol pair. He stated that charcoal
can absorbup to 30% of its weight under room temperatucenditions, and is capable

of desorbing up to 30% of the adsorbed amount umd¢ainable heating temperature on

a flatplate collectoq fig 2.3) [University of Wales, 1989]
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. 2, 3, 4: Solar collectors
Condensers.
Methanol reservoir.
Evaporator.

Water tank.
Manometer

[y

©eN2d

fig 2.3 Experimental IcéMaker (seen from the rear) [University of Wal&8389]

1 Critoph and Vogel Another promising absorbent is activated charcoal. Critoph
and Vogel have made measurements of the adsorbent properties of zeolite 5A, 1
3X and activated charcoal for the orgamedrigerantsR11, R12, R22 and R 114
as possible pairs for solar coolinGharcoalR114 is interesting in that it
operates at pressurasar atmospheripressure and units using it would be less
prone to leakageCritoph conducted a research on algtiwe solar refrigerators,

he focused on the hatchability afctivated carbon with some available

13



refrigerants like, ammonia and methansblutions. Methanol has given better
results, and with his studies about tieermodynamic cycles, he investigated
their stability. He concluded that, activatedarbon has goodbsorptive and
when it is used with methanol gave better COP butritg problemwas that, it

works under low pressures. (Sayigh., 2015).
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CHAPTER Il

System& Simulation
3.1 Introduction

Systems for utilization of solar energy may be classified into five categories

1- Low temperature systems for space heating and cooling

2- Concentratingcollection systems, which produce temperature fdgbugh for the
generatiorof electric power

3- Photovoltaic systems for direct conversion to electrical energy

4- Photosynthesis systems based on the production of organic material, including,
cropping systems and the organic waste material

5- Systems that are direct drive from solar energy, including sysbesad on the
wind, wavesand temperature differences in the ocdgach of these major dgsnsare

characterized by several differegathnical approaches

3.2 Solar Energy

The sundés rays are the wul ti matolious sourcece of
of commercial energyCertainly solar energy is plentifuenough of course, the sun
doesndt shine with t hmereoseatheesuns availabilitg difterg a | |
widely among geographiareas. Neverthelessolar energy has integrated individual
scientists over thgears, morepractical applications involvéhe use of mirrors and
absorbent materials thaollect and concentrate solar energy on a sesale to heat or

evaporate wateSolar energy sustains all the living organisms on earth in a sense

3.3 Economics of Solar Systems

The basic pieces of hardware needed to build a solar house are raamlbble.
The private builders have little incentive for putting them into practice. The solar home
is initially more expensive to build than conventional one, and consumerargely
ignorant of the potential savings on their energy bill. There is no incentive for the
builders to innovateThe potential market for rapid solar enemgvelopment is the

residentialsector. The technology is simple, and enough solar energy reaches the roof of
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an average house to meet heating and cooling needs. It would, of course, be difficult to
fix existing homeswith the system economicallybut in many cases it could loene.
New homes being built could well beolar heatedand cooled and the savings be

measured imillions of barrels of oil eachyearE[n er gy 2000 Ak gl obal

a. Solar Heating

Solar energy can bbarvested economicallp supply much of the space heating and
cooling for new building. The opportunities of solar energy applications are well
known, solarenergy can no longer be laughed off. It is a sourcénfionediate helpn

solving the problem of energy shortage. The technology is avatiabise solar energy

to supplyfraction of the hot water, space heating and air conditioning requirements of
homes in many parts of the world indeed. Experimental $mated homes aadready

in existence inBoston MassachusettsWashingon D.C. Denver, Colorado and
elsewhere, and they have a satisfactory record of performance. These techniqgues must
be perfected for mass production, but no new inventions are neddéd.puffie and

W. A. Bekmaflfl]

b. Electric Solar Cells:

These solar energy cells have been haadt to meet stringenspace requirementnd

are assembled muchiherehas been no concentrated effort to supply mass production
techniques to reduce the cdSblar enthusiasts believe that a research and development
effort to improve efficiencies and develdfuel costs are much higher thsslar energy
equipment which is now beindeveloped at a decreasing cost.célls would be
producedor $ 0.26 pemwatt the supplemental powearanbe economicalor manyuses.
[Energy 2000 dk gl obal strategy

c. Solar Cooling

Solar heat can also be used to cool a buildindexperiments show that the concept
etiologically promising. The economics also seem attracbeeause theres a high
degree of correlation between the availability sdlar energyand the need for

air-conditioning. The same basic collecgystem installedor solar heating can provide
17



air-conditioning as well. Irfact, thecostof heating and cooling a house with solan-

ergy as comparedith conventional sourcasay beextremelycompetitive

A comprehensive econominalysis with electrically heated homes even before the
latest escalatioin fuel prices shows that the fuel savings from selaergy moreghan

pay for the extra investmenElner gy 2000 Ak gl obal strategy

3.4- Solar Thermal Conversion

When a black body is exposed to solar radiation, it heats up, and as its temperature
increases, the surface of that body loses heat to its surrounding at an increasing rate. At

certain temperature, equilibrium condition will be reached where heatgyaqual to

NERGY

RENEWABLE FUELS

FIG3.1 Schematic Diagram of solar Energy Conversion
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heat lost unless certain technologies are used to prevent heat loss or minimize its rate to
allow continuity of heat gain, hence temperature increase. Solar energy utilization can
take plae through either passive or active systems. Passive systems are where solar en-
ergy are used directlyyhere active systems are those where solar energy is extracted
using energy collecting meanBhere are two types of solar radiation, direct radiation

and diffused radiation. Direct radiation is the one intercepted bgllactor surface
diffused radiation is portion scattered by dust particles or waigorin the outer space

and does notdve a specified angl&.otal globalradiation is the summation of diffused

and direct radiation.

3.5- Solar Energy| ncident uponHorizontal Surface

The solar energy flux on a horizontal surface is given by the equation:
O="0;TATdD ¢é¢é (3.1)
="Op (Sine siff +cose cog cos )é. 3.2
Where'Oy, Solar heat flux incident on the surfadieectfacing the sun
d = solar zenith angle
1 = solardeclination
. Latitude
1 =hour angle
The total solar energy incident on extraterrestrialhorizontal surface during the entire
day is given by:
O=, Odtééeeéé (3.3)
"O=—"0[1+0.03A T &— T [cos* cog cos +—]1 OBIOEI]
(3.4)
Where:
O © Sunrise time
O &G-Gunset time
= Solar constant = 139V/m2
s = Angle of tilt of the plate

n = day numbeof the year
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3.6- Solar Refrigerators:

The concept of a solar home is really quite simple. A portion of the roof of the house is
used as a ficoll ectordo made of a black sur
water or air covered by sheets ofeatgi$ ass t
transferred from storage into athloegoge wat e
the housean the same way as a conventional hot water or air systesupplemental

heating system may be required for cold days but the solar energy stgiehes the

greatest portioof the fuel supply, the portion varying, of course, with the region of the

country.

In developing countries, there is an acute need for refrigerating $odfs and
medicines. However, normal refrigeratamnsorde to work, they need electrical energy,
often only available in large city centers, which are either difficult to access or simply
impossible. However, the sun is shining everywhere affdrs warmthin excess,
especially in southern countries. With the assistance of a cooling aggregate and a
parabolic solar collectothe warmth othe sun can be transformed into cold.

91 Choice of Solar Cooling Technology
Solar cooling methods are reviewed by the Worldlthearganization(WHO) as part of
its ExpandedProgrammenf Immunization in 1980.
Five alternative approaches were identified:
(1) Photovoltaiofaporcompression
(2) Photovoltaic/thermoelectric
(3) Solar thermodynamicsolid adsorption (zeolitevater)
(4) Solar thermodynamiesolid adsorption
(calcium chloride /ammonia)
(5) Solar thermodynamicliquid absorption (water! ammonia)

1 Solar Absorption Refrigerator unit :

The photovoltait thermoelectric system which uses a sditadte for cooling is of
interest because mooving partsare involved although a fan is usually required to assist
heat transferfrom the hot side. Small thermoelectric refrigerators are available
commercially for use in cars, and three examples were tested by WHO inTI#5@.

could not maintain sufficiently low internal temperatures or make ice.

20



3.7 Smulation Analysis

The various studies of charcoal/methanol system were foarsedototypetesting and
the performane analysis of the ideal cycléghe numerical simulation is to describe the
behavior of asolar poweredcharcoal/methanol refrigerator and, with the help
simulationmodel, the sensitivity of the performancecirtain componerarameters is
also to baletermined. Theystem moded is based on the prototype charamathanol
adsorptiorrefrigerator developed irSplar Energy, Vol.42, 198%here anntermittent
adsorptioncooling systemcomposed of a container of adsorbent(charcoal), which
serves as a solar heat collector, a ems#r anda receivefevaporator.The critical
component of the systens the collector, the pressure modeling wofiicused on
simulating the performanceof the collector, which serves both as generaod
absorberin order to optimize itglesign. Themodel was validated by comparing the
observed temperatur@nd pressuréistories of the solar poweretharcoalmethanol

refrigerator

1 - Physical and Mathematical Model:

The system modeled is shown in the fi§.2] showswith a the collector containd4
stainless steel tubes of diameter 60 mm and length arPangedside by side oriented
north south inside a casing. Tbasing has single glass cover, wahsulated sides and
back, and shuttera thetop and bdbm ends that can be opened to allow the tubbs to
cooled by the natural convection of the ambient air. Tbosfiguration providedan
effective collector area of 1.01 2rVithin each collector tubethere is anothed
concentric stainless steel tube of diameten andperforated with small holes along
its entire length. Thannular spacéetween the two tubes was filled with activated
charcoalgrains. Thefunction of the small central tube is to ensure good distabudf
themethanol on the charcoal, and eliminate pressure dnogpsemperaturdifferences
along the collector tube. The small tulz@e connectetb the rest of the system via a
common header. Theoper halfof each collector tube receives heat frofasoadiation
and transfer# to the charcoal. The methanol adsorbed in the charsdhéndesorbed
by the heat, and condensed in the condenser. Firthiy,condensednethanol is
collected in the receiver/evaporatdime collectortubes exchangbeat with the glass

cover, the casing, artde ambiengair (when the shutters are opened).
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Glass cover
I Cowears
- Insulated box
4. Collector tube
5. Perforated tube
Common header
7. Tea union
i. Bypass vapor tubea
Condenser and static water tank
0. Receiver
1. Evaporator
Z. Imsulation and doar

O

FIG 3.2 Sectional View of A. I. T. Refrigerator

1 Component Design

Assumption

The model developed is based on the following assumptions:

1) There is nagemperature gradient along the axis of the tube.

2) The charcoal and methanol are in local thermodynamic equilibrium.

3) The specific heat of adsorbed methanol is equal to that diulkdiquid methanol.

4) Convective heat transfer and mass transsistance in theaporphase is neglected.

5) Side effects in the collector casing are neglected, and ewvHegtor tube is assumed
to be in the same state.

a- Energy Balance

Under the above assumptions, the energy balance equation is:

k—+ (k/¥) (‘;—) + (KIO) (RAd ) +q =" C(—) (3.5)
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T = TemperaturéK)
r = radius (m)
k = thermal conductivity\W/mK)
d = angle coordinate (radians)
g = heat source /unit volume (W/m3)
" = mass per unit volume (kg/rn3)
C = specificheat capacity (J/kgK)
t = time (second, hour)
For the adsorption heat source term per unit volume:
N ="Q J2(dX/dt)é é é é .[Hu 3mg and R. H. B. Exell2015 (3.6)
Subscript (2) = metal
For the metal tube; C=},Co+ X} 3Cszé . . (3.7)
Subscript (3) = methanol
X = concentration (mass of methanol adsorbed on unit madsofoa)l kg/kg %
Numerical solution of (eq3.5) is accomplished througkthe subdivisionof the
crosssectionof the collector tubénside areainto (M +2) concentric layeréwith script
i) alongthe radialcoordinate, and N sectofwith script j) along thecylindrical co-
ordinate The first layeri(= 1) is the outside tube itself, and tager M + 2) is the in-
ner tube itself. The layers of charcoal (from layer 1 ¥+ 1) along the radius have the
same volume except that the outmost laye? and the innermost laye= M + 1 have

half the volume of theuter layers

b- Dubinin-Astakhov (D-A) equaton [Solar Energy, Vol.42, 198P.
The equation states saturation of methanol in charcoal is written as:
X=" o exp[D(TI " ¥ ].. (3.8)

@ = maximum volume available fadsorb atén adsorbentl(/kg)
D ( parameter= 0 , K absorption coefficient& Subscript (s) = saturation
Chaperorequation and pressure condition&InPj Y Q I(RYY) (3.9
When x remains constant, i.e. before macro desorption starts,afteradsorption
finishes, the system pressure P can be determined IGhtq@erorequation:

(GnP1 Y Q /(RY) .. .(3.10)
h = heat transfer coefficie(V/d K) & subscript (ad) = adsorption
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When the desorption starts, the system pressure is assuie@tpato the saturation
pressure of methanol at the condensing teatpes Tcond

P=Ps Tcond) ... . (3.11)
The condensing temperatufe,nd used in the model calculatioas computed from the
observed temperaturdsw (subscript (cw) is focondenser water temperature) of the
static water tank surrousdthe condenser, with the help of an empirical coefficient
(CCE): [Hu 3mg and R. H. BExcel2015

Teond= Tew (H) + CCE [Tew (H) - Tew (I)] - .. (3.12)
H = Time interval
ECC= empirical condenseoefficient
Tew (H) andTcew (1) refer to the hour H and the initial hour (7:00 a.ragpectively.
During the adsorption period when the receiver/evaporator iscoltsest part, the
receiver/evaporator temperatureec controls thesystem pressure

P=Ps{red ... (3.13)
c- Initial condition :
Initially, the temperature and concentration of methanol in the chascaasumed to be
uniform. Thus we have;

i=2,..., M+1;j=1 ... ,N;t=0
Tij = ToandXj = Xo
And Po can be obtained froequation 8.8)
d- Glasscollector
Equations for the Collector Casing and Receiver/Evaporator:
The glass cover is assumed to be atsdmmetemperaturd g, whose chang¥T,

in the small time interva¥Qs given by theequation:
(Ta-Ts) hga+ (Tg- Tsky) Ngsky+ (Tg - Tmp) hgmp) + W CY Tg/YBE Qa=0 (3.14
Where,Ta, Tsky areambient temperature and sky temperatespectively.
Tmpis the mean temperature of the upper half of the collector tube.
hga Ngsky, Ngmp @re for air, sky and the uppbalf of the collector tubeespectively, and
Qais the rate of absorption of solar radiation by the glass.
e- Casing:
The initial casing temperature assumed td hevhich satisfies:
(Tb-Tg) hba+ (Tb- Tmd) homa= 0.0 .... (3.15)

Where;Tmg is the mean temperature of the low half of the collector
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tubes. Because the insulation foam is a light material, its heat cajsacéglected

f- Receiver/Evaporator:

During the evaporatiofadsorptionjt is assumed that receiver and the

liquid methanol inside are at the same temperalfgrewhose chang¥®T. in the small
time interval At is given by:

(mi Cit Mre Cre) YTre + hrea(Tre - Tg) Y+ hrew (Tre - Tw) Yt = Ley Yy (3.16)
Where,m;, m = mass of liquid methanol in receiver and masseoéiver/evaporator,
Ci, Cic = specific heat capacity of the liqguid methanol andrdueiver/evaporator,

Tw = water temperature in ice tray,
Lev = latent heat of evaporation of methanol at temperafture
g- Determination ParametersValues in themodel Equation:
The solar heat absorbed per unit area per unit tinig;®@y theelement (j) on the
upperpart of the collector tube is given by:

Qhgj =lacos() T(—)| +0O| ¥ (3.17)
Where—= solar ray incidence angle to element (ij),

—= solar ray incidence angle to glass cover,

t(—) = ((1-1)/ (+1) exp KO )) (-1 (1+1) (3.18)
=050 Q&— -°Fi 06— -°f0 vE— -2 (3.19)
- ZQ¢OEDE ... .. . (3.20)

¢ = index of refraction of glass,
| 1= mean transmittance and absorptimmoductfor diffuse radiation.
The solar headbsorbed by the glass cover per unit area per unit time is:

0 ="0cos—| (—)+0 (3.21)

Where theabsorbancés given by:

(—g) = (1-0) (1-exp-KLQ))/(I - Uexp(-KL g) (3.22)
In the day time whethe dampers are closed, the top heat ¢mefficient ha{including
convective andadiativelosy, is calculatedwithin empirical formula developed
Klein and discussed Wyuffie [Thermal Processlohn Wiley 1980)].

E i h h —

h Ng TBLTTUERp

(3.23)
Where:
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4y =tube temperature,

f=(1+0.08E -01I6E v )(1+0.07866N)  .ccccecvvvrvvrrnnee. (3.24)
€=0.043(1-100/ 4 [, ) oo (3.25)
C=520(1-0.00005D ) ooiieieeeee e, (3.26)

b =horizontaltilt angle,

N o = emittance of collector tube and glass cover,

E = wind heat transfer coefficient = 2.8 + WWMCC (3.27)
W = wind speed (ns)

WCC = Wind correction Coefficient

The determination of the parameter W discussed below:

The back convective heat loss coefficidat ;from the warmer lowemhalf of the
collector tubes to the cooler back casindistanceis calculatedby theformula given
by Bejan: KerrichiKiniura, Solar Adsorptioh

Nu()=[I+[Nu( )-1T1i() (3.28)
Where = 180 collector tilt angle, an&E 4=Nu (JE /L

The convective heat loss coefficient plus the radiative heat loss coefficbamtthe
lower half of the tube to the casing (at temperaflige equalsthe total back loss
coefficient. When the shutters are opened, wind correction faaMCH) should be
introduced to account for the total convective heat transfer coefficient

E Inthe eveningwhich is defined as

E = Natural convectiveoefficient + W * A + WCE¢ ¢é é (3.29)

Al = crosssection area of shutter channel in the colledtor)(

Following Guilleminot and MeunierHeat and Mass Transfer in a nisotherma), a
heat transfercoefficient H; betweencharcoal and the metal tube, and an equivalent
conductivty of charcoal k, were introduced in the model to account for heat diffusion
inside the collector tubdor the charcoapair used,s determined experimentallyhe
parameters7 , D and n(in eq 3.8) charcoal used in this refrigerataccording to

Al TO s adedd865d/ky, 14.96 p 1 and 1.34respectively University of Wales,
1989],
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The parameters such as WCE, WCED,Qk, CCE,(see appendix Détc. are difficult

to estimate the theoretically they were determineffom experimentaldata by the
tentative identification method @renier et alin which actual temperature histories of
the system under the swame comparedvith temperature histories calculated by the
model. The criterionof error chose in the method is the root mean square difference

F(© , 1) between the measured temperatures

FO. =By A dsdenn ddomdom e daey 7 ES

(3.30)
Where the subscripts have the following meanings:
ch = charcoal average
up = upper half part of the collector tuldéu 3mg andR. H. B. Excel, Simulatign
lo = lower half part of the collector tube,
H = at the time step, ad = the number of time steps, which in this case is 48 per day
for half-hour stepsThe parameters are taken in pairs and are adjustercctivelyuntil
the values of F(, 1) are minimized. The values of most parameters were steady except
for the WCE andVCED.
The value ofO"Gs found to be (15 W/AK) this value depends ahe exacipacking of
the charcoal container and different sizeclércoal particles the collector. The value
of k was (0.19 W/mK).The parameters WCE and WCEDdarectly linked to the heat
loss coefficient UT of the collector. For thé hr e e d thg lsobGrlyvdlaetobUT,
which depends on wind speed and the teratureof the collector, was also calculat-
ed. In the day time when the shuttersre closedthe hourly value of UT (upwards)
was in the range 2.5 to 3.5W/m2K and at night when the shutters were opened, UT
(upwards) wasn therange 5.5 to 15 W/m2K3mg and R. H. B. Excel, Simulation
1992

1 Experimental Validation of the Model:

Two ot her typi weadselattadytscheck the snbdel domdgraanmerin
the calculationsthe valuesof AIT [3mg and R. H. B. Excel, Simulatidt92used
were those measured at the end of eachHwlf time step, while the values of solar
radiation, ambienttemperature andvind speed were the mean values during the
previous haHhour. The crosssection of the collector tube was divided into ¢igh

concentridayers M = 6) and eight sectors (L = 8) in thesaculations. The agreement
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was quite good between the observed and calculated valugsnujation of an

Intermittent Adsorptive Solar Cooling System, 1989
1 - Sensitivity Analysis:

To represent the system performamecel to indicatehe influence ofdifferent factors,

four solar# / Q@Qvereintroduced, they arelefined below:

#/ Q1 (- i- )-1)/S (3.31)
Thisis the theoretical maximum net solaOP.
#1 0= ((- , +# - (30%-4 ))S (3.32)
Thisis the maximum useful solar COP.
#1 0= (- , +# - (30-4 ))/Sé (3.33)
#1 0= (- , +# (30°%-4 )N/IS (3.34)

The symbols in these equations are as follows:
1 = heat of evaporation of methanol at design temperature,
- = Maximum mass of liquid methanol collected durthg day
- = liquid methanol left in theeceivefevaporator next morning.
1 = heat necessary to cool the liquid methanol dnedreceiver
evaporator from final condensitigmperature tevaporating temperature
S = total solar radiatioincident on the collector during the day
- = maximum mass of ice produced at night
, = latent heat of fusion of ice
- # = mass and heat capacity of water in ice tray,
4 = minimum water temperature in ice tray,

- = mass ofce left the following morning
4 = Temperature in ic&ray the following morning.

1 Dependence oCycle Performance

For the actual system without valves, the main daily operationas fioc | @msde fi o p e n ¢
the shutters in the morning aafternoon.Thetime at which the shutters are opened and

closed affect thedaily cycle especially the adsorption part of the cydBesides
operatingthe shuttersputting water in the ice trays for producing ice at nighalso

daily task. If too much water is put in the ice tray, no ice will ppoduced; withtoo

little water the evaporator temperature will be too low d@hd heatleak to the

evaporatowill be high. From the above results, the influerioeseis to producdce,
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operatingthe shutters at about sunset and putting the proper ambéumaterin the

ice-tray is important.

1 Sensitivity Observed:
a) - Collector Tube:

With one squareneter collector area, the performances of testem withthe same
inner gauge tube, the sareckness of tube wall, anthe outsidediameter (OD) of the
tube ranging the charcoal in the collector is less than 189 As OD increases, the
mass of charcoal contained insitthe collectortube increases and tie/ (o up. As a
peak value o# / Ooccurs at OD of about 0.1 m the total charcoal inside the collector
was 35.4 kgwhile. in these calculations ththickness ofthe wall of the tube was
assumed to be the samidowever,in fact, the biggerOD normally has a bigger
thickness for stainless steel pipe the market As the wall thickness increased the
# | @ecrease,especiallyfor thesmaller OD tube.

b) - Casings:

For the icebox casing, COP decrease WHEIRE (Heat Loss Coefficient Receiver/
Evaporatoy increasesFor chilling water only a biggerHCRE is acceptable; for ice
making, theHCRE has tobe lesghan 0.25 W/K in this particular cafgmg and R. H.
B. Excel Simulation1992]. A small[HCRE requires the use @sty insulation but the
system performanoeill not improve much.

C) - Heat Transfer between Tube and Charcoal:

Thevalues of the heat transfer coefficient betwd®s metaland charcoalH1), are not
sensitive with the COPs in the rangé (20 - 80 W/n?K). The sensitivity of k
(charcoal conductivityjhe biggerk seems better especially for the big OD tube. Both
"O and kdepend on the charcoal particle size, the packing of the chgremas andhe
shape of the container these two parametersgeneral, do nogreatly affet the
performance.

d) - Condenser Heat Transfer Coefficient:

The efficiency of the condenser is represented by the condemsertion coefficient
(CCB. For fixed temperature of the static watsurrounding the condenser, a large

value of CCE means @oor heatransfersbetween the condenser and the water. COP
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decreases but not much. deneralthe lower thecondensing efficiency (bigger CCE),
the worse the performancetbie system

e) - Emittance of the Collector Tube Surface:

The long wave emittance of the collector tube surface dependieonatureof the
surface used, which may be selective coating or-sedactive black paint. Selective
coating is recommended especially ifoe making

f) - Solar Radiation:

It has beenmved that a threshold value of solar radiationgsessary tanake ice or to
cool water. Over this threshold value, the CQORsrease sharplwith increasing
insulation. In fact, the only useful solediationsthat falling on the collector befothe
adsorption starts. For thisasonijt is better to have the azimuth of the collector slightly
towards thesast (0 to 30 degregsnstead of due south for the best COBNf and R.

H. B. Excel, Simulatiod992

g) - Selection of Activated Charcoal:

The initial charge of methanol is important for thgstem performancelhe COPs
increase as the initial concentrati®¥n(1) increasesip to an optimam point. WherX (1)

is greater than theptimum poinf the COPs decrease with thg(1) increasing. This is
because thers someun evaporated liquid methanol remaining the following morning
and the minimum evaporating temperature at night increases graduwetly ()
increasing.For the different types of charcoal, values pfimum pointsare different
Among the property dataw( , D, n) of the different typesf charcoal w has the
greatest effect. Charcoal with bigger can givea biggermaximum COP but need
higher initial X(I). Beyond any optimum point, the decrease in COPI with increase in
X(Dis not large.Therefore,slight Overebargiflg of methanol would lggarantedor a
good performance when the position of the optimunoisknownexactly.

1T  Summary:

a. The daily operatingonditions (the time the shutters are opeaed howmuch water

Is put in the ice tray) will influence theerformance othe system, especially for the ice
making purposes. Generallthe suitablgime to open the dampers is one to two hours
afterthecollectorreached its daily peak temperatutieough there is stikolar radiation

at that time.
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b. There is an optimum outside diameter for the collector tubeotfier wordsan
optimum rate per squaraeterof collector area). Thactual valueof the optimum OD
depends on the meteorological conditiomiparticulararea and on the material used.
c. The thickness of the wall of the tube would influence the C@testhickerthe wall,
the worse the COPs, but not significgntl

d. A selectiveabsorbing surface is strongly recommended, otherwise the. COP will be
insufficient for ice making.

e. The heat transfer coefficient HI between the tube and the chaacwbtheequivalent
conductivity k of charcoal do not influence they s t penid@msarce significantly.

f. The initial concentration of methanol charge into the systgongly influenceghe
system COP. For different charcoals, the initialgiste differentand it depends on
whether the purpose is to chill watertormakeice. Slightly avercharging of methanol
is recommended tensure neaoptimum performance.

g. The collector for such a solar refrigerator should face sligbthards theeast

(10- o m) instead of due south for a Northern Hemisphecation.

T Comment

The majordifference between thmodel and the developed machiséen the desigrof

the collector, wherA | T design selected is a tubuleollector, forthis project, the
selected design is #8at-plate type withattached charcodlousing box. Also thehutte

in Al sldésign wast the topof the collector on the glass side; whereas for this project

theywere designetb be at the bottom of thepllector.

3.8- Refrigeration Process

Refrigeraton is a process of removing heat from a cefshce taelatively hotter one.
Cycles that are receiving heatlatv temperatur@and rejecting it at high temperatuse
calledRefrigerationcycles.

a. Thermal Solar Refrigerators

These are thermal driven refrigerators, which are desciibdéigures (3.3 that shows
the principle of operation of the intermittenvater absorptionrefrigeration cycle.
Initially the left-hand vessel contains ammomater solution, havingwith about45%

of ammonia by weight, at ambient temperature af 30
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Basic Concepts:

Initial state:

Low pressure
(3 atm)

30 °C 30 °C

H-O + NH; Empty
Solution

Fig.(3.3a) Thermal Driven Refrigerator (Initial Stage)

Generation
.\‘.H_" Vapour
- RN y
High pressure
(3 atm)
30°C
NH, (1
Heat of Solution () Heat of
generation condensation

fig (3.3-b) Thermal Driven Refrigerator (Generation Stage)

During the generation process, heat is supplied at high temperature to thankbft

vessel, and the heat a@bndensation of ammonia is rejected to the surrounding at

ambient temperature from the rigttind vessel. During refrigeration, the rigtaind

vessel absorbs heat from its refrigeration load at a low temperature, and the heat of

absorption of the ammonia into the solution in the-hefhd vessel is rejected to the

surroundingat ambient temperature. The other way is to convert solar radiatio

heat ina thermal solar collector and use the heat to drive an absorption/adsorption

refrigerator.
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Refrigerator

NH; vapour
Heat of et
absorption ; Low pressure
(3 atm)
0°C -10°C
"0+ NH, NH; (1) Heat of

Solution
refrigeration

fig (3.3-c) Thermal Driven Refrigerator (Refrigerator Stage)

Efforts are being made to improve the efficiencies and to bring down costbebeitis
little to choosebetween the various types, and it is still difficult to see whiclanif,
will ultimately secure appreciable market. This researchhigrable trialin the line of
finding out one simple technology usiagailable resourceis refrigerationfield with
utilization of solarenergy.In view of the relatively large outlay required initiallhe
installationof a solar refrigerator and of the better technieficiency obtainablevith
larger units, it is likely that villagsize refrigeration systemswould be more
practicable and more economic thamall domesticunits. The Asian Institute of
Technolgy has investigated the possibilipf developing a villagesize refrigerator
with a solar collecting area ¢20- 251 hthatprovide0.51 of food storageooled
below 13 , or make aboul00 kg of ice per dayAn arrangement designed to overcome
or use solar energy frora flat-plate collector to supply the heat of generation is
sketched schematicallyg the figure 3.4). Thevessels, pipes anghilves areall made of
steel; copper and brass are attacked byatm@oniawater solution andcannotbe used.

[Intermittent Adsorptive Solar Cooling System, , 1989.
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Trap Condenser

i

Non-return Liquid Seal

Freezi{ Unit

Fig (3.4) Ammonia Solar RefrigerataK¢n-ichiKiniura, Solar Adsorptioh

The ammoniavater solution contained in the solar collectand tall air-cooled
rectifier pipe serves to remove water from theneratedvapor The vapor is
condensed in a condenser cooled by a tahkvater and the liquid ammonia is
collected in the receiver. Aavaporator coiprovides a heat transfer surface between
the liqguid ammonia anthe refrigerationoad, which may be a quantity of water for
making ice.There isa drain, closed by a valve C, from the evaporator to the solar
collectorsthat if unwanted water accumtds inside the evaporator it cae returned

to the solar collector from time to time. During the refrigeration process the ammonia

vapor is directed to the bottom of the solar collector to ensure good mixing and uni-
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form reabsorption throughout the solubh. The intermittent ammoniaater
absorption cyclehas been used because the thermodynamic properties of this
combination are welknown, and the technology is reliable. The type of solar collector
employed was determined by the fdat, in the tropics the proportion of diffuse solar
radiation in the total insulation is usually high. A flat plate collector was therefore used
in preference to a concentrator, which would require accurate orientation and
tracking. ltseemshowe\er, that the use of flat auxiliary mirrors to enhatieeheating

by direct solar radiation might be worthwhike diagram ofC h i n aumnitasélsown in

fig. (3.5), it was constructedf weldedsteel pipe. The generating system consists of a
tubein-sheetcollector 1.52 m by 1.07 npainted blackwith three glass coverand
containing9 kg of ammoniawater solution of concentration 0.46nmonia by weight.
Ammonia could be distilled from the solutioRor therefrigeration process, water
cooled absorbawvasused, and& minimumtemperature ofl23 was obtainable. lvas
concludedthat aboutl.4 kg of ice could be produced per squareterof collector

area ona clear day, and this performance could be considerably improved by
selectiveradiation coating on the collector surfackl. [Sayigh., 2015, PP (20223}
Swartman and Swarminatha(pla per , PhReasv ces 0 ]FAnbther stld& 8 6 ) .
powered intermitteneammoniawater absorptionrefrigerator similar to thatested by
Chinnapafig.(3.6) ard differed from that of Chirmapa in two respedisstly , instead

of using a boiler and solution reservoir outside the collectdhey used a large header

of diameter 152 mm, which provided the required capacity for the solution a large
surface for the evaporation process was introduced and the ammonia vapor from the
evaporator into a tube connecting the lower and upper headers of the collector and the
glass cover of the collector wassolution reservoir outside the collector, they used
large header of diameter 152 mm, which provided the required capacity for the solution
a large surface for the evaporation process was introduced and the ammonia vapor
from the evaporator into a tube connecting the lower and upper headers of thercollect
and the glass cover of the collector was opened to facilitate cooling. Although 1.9 kg of
ammonia could be distilled per square meter of the collector area, and refrigeration
temperatures as low a$23 , could be reached, the rate of refrigeration vemsslow
because of slow rabsorption of ammonia vapor into the solution They proposed
using the collector to dissipate the heat of absorption to overcome this problem. A the-

oretical analysis of the heat transfers and flow characteristics of ttgheat
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(3.5) Ammonia Solar Refrigerator [Hu 3mg and R. H. B. Excel]

Condenser
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ivaporator

Heat Exchanger
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Evaporator)

(

Generator
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Fig (36) Ammonia Solar Refrigerator [Hu 3mg and R. H. B. Excel]
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flat-plate collectors used generators in solar powered ammoatar refrigerators was

made by Moore and Farber [(paper, fARevue

The work culminated in a collector 1.49 in area consisting of 25mm diameter steel
pipes running from a 32 mmaineter feeder to a 63.5 mm diameter header. The centers

of the 25 mm pipes were spaced 102 mm apart and were soldered to the galvanized iron

sheet of thickness 1.0 mm. A single cover was used. [Web Sites]

A
F@ Concenser
Cooling
4 = Water Tank
a.
=
¢
[ Liquid NH,
Recever

Evaporator

Fig (3.7) Ammonia/ water Solar Regerator [Hu 3mg and R. H. B. Excel]

3.9- Solar Adsorption Refrigerator :
Solar refrigeration on the bases of the solar theenalgyis the simplestamong other

refrigeration technigues The only problemhisw to obtain a reasonable, simple design

with good selection of materiaéd weltcalculated amount of both; working fluid and
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absorbingmaterial. Solidadsorption cycles are well adapted for solar cooling sbate
moreimportant precautions to be taken:are

- Absolute tightness: This enimportanttechnological difficultyfor those systems

- Good Sizing of the Components: (Heat Exchanger ARdpes Diametermass of
Adsorbent...).

- Development oWvalves.Check valve is needed betwettre condenseand evaporator
(except in the case of icemakethermalvalve to open and close ventilation shutters.
Some important points concerning adsorption solar refrigeragit@ined through
various researches can be summarized as:

- Adsorption solar refgerators can work without auxiliagnergy.

- Active carbomamethanol pair yields higher efficiencies when night temperature is low
- With Zeolite-water pair, the refrigeration storagepsrformed througlce production
inside the evaporator.

- With the active carbomethanol pair, the ice oduced outsidthe evaporator.

- Active carbommethanol pair can be used in competitigith Zeolite-water pair for
cold stores and can be used moredweece making. It is adapted for small units, up t
middle sizeunits Up to 1000 kg of ice per day). It seems particularly weited forhot

and arid climates whetée Nocturnal temperaturis low dueto nocturnal radiation.

9 The Pair Selection

A pair consists of a solid adsorbent and a refrigefiuitd. Amongst the solid
adsorbents only micrporous adsorbentsre consideredsince the macrporous
adsorbents cannot providbe hightemperature lifts necessafgr cooling. A lot of
micro-porous adsorbentsome of them argeoiite, activated carborsilica gelsand ac-
tivated alumnae The refrigerant fluids, which can be associated in priority,tlaose,
which have small polar molecules since they have high ldteat, somef these, are:
water, alcohol, and ammoni@ihe possite combinations lead to a large variety of
possible pairdut two more conditions to be considered are:

- Chemical stability.

- Large adsorptive capacity for cycling.

The main pairs, which have beenoposed by various authors, aZeolite water,
Zeolitemethanol, active carbemethanol;silica gelwater, active carbeRR12.The pair

Zeolite 3X-C'O OH has been tested, but is not chemicaligble. It wouldorobably be
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possible to find anotheZeolite, which would not have aatalytic reactionwith
methanol. Itseems thasilicalite which is a zeolite like structure adsorbs alcohol
without catalyticreaction.But the adsorptivecapacity of thosesilicatesis much less
than thatof the Zeolite so that their use for thermodynamic applicatisnstobvious.
The other pairs are claimed to be chemically stable. These paiexjaedly suited for
all purposes since they differ by thegmperatureise. is the temperature difference
betweertemperaturef condensatiofadsorptiorandthe evaporatingemperature.

To illustrate this point ,the pairs efficiencies are compared using seconDédiwed as
the ratio between the therm@iOP andthe ideal Carnot COP for the same operating
temperatureThe resultare intable(3.1) & Fig(3.8)

Table( 3.1) Temperature and efficiencies for
Various Refrigeration pairs [Grenier and M. Pos, Experimental]

Adsorbent Fluid | temperature 2nd law Thermal COF Regeneration
thermodynamics
AC-DEG CH30OH | 15°C 0.48 0.54 34 °C
AC-35 CH30OH | 1530°C 0.36 0.490.43 | 3876 °C
AC-PKST | CH30OH | 25°C 0.29 0.38 66 °C
Z-13X H20 65 °C 0.26 0.33 210°C
Z4A H20 7590 °C 0.22 0.260.28 | 265325 °C

'Condenser

\

Zeolite 2
A4

V\Ia/!erlloe
Eva;orator : = -

Fig(3.8) Water Solar Adsorption Refrigerator
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The advantage of activated carbmethanol pairs for solar powered cycles are their
optimum corresponds at low generating temperature compatible with flat plate
collectors. On the opposite, the optimum for Aedlite-water pair corresponds tagh
temperature and high regenerating temperatures. The development of that technology

lies upon the control of two components the collector and the evaporator

1 The Domestic Refrigerator:

The basic unit consists of a 0.8 solar collector (with selective surface) filled with
23 kg Zeolite. This unit has been tested with various operating conditions (water cooled
or air-cooled; with and without mirror boosters). Some results of the overall solar COP
presented in the folleing table (3.2)
Table(3.2) The dfect of cooling form of the Condenser on Cop
[Grenier and M. Pos, Experimerijtal

Conditions Solar flux | TconedC | Tev°C | Tmax®C | Tmin®C | Cop
KJ/n?
W/cooled condenser 27310 31 0.0 104 29 0.10
W/cooled condenser 17980 25 0.0 81 24 0.14
Air- cooled condenser| 26040 | 31-39 0.0 109 29 0.10
E-w Booster 288880 31 0.0 134 20 0.14
N-S Booster 18020 25 0.0 97 30 0.17
! The12 Cold Store Zeolite-Water)

The unit is tested with watecooled condenser. In spitd the number of elementary
adsorbent solar reactor (24 units; 0.83each, total are49.94 ) and alength of the
pipes (thepipes betweethe evaporator and some reactors reaahnl8ng), theoutcome
results are summarized in talfB3):

Table 8-3) TheEffect of solar flux on COPGrenier and M. Pos, Experimerital

S .F(KJ/ m2) Teoond °C [ Tev °C | T max°C T min °C COP
23100 32 1.0 137 15 0.096
24800 35 -2.5 132-144 25 0.086
17800 26 -0.6 93103 13 0.105
25300 33 -1.0 124145 28 0.095
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1 Charcoal/Activated Carbon:

The mabine consists of three majparts: Flatplate collector, condensé evaporator
.Fat plate thermal collector is wollectthe thermakolar powerenergyto heat upsome
amountof charcoalparticles in a lower boxXThe charcoalis to act as amdsorption
materialfor the working fluid (methanol alcohgl This unit works with an akcooled
condenser,with no valve between the evaporatdrhe condensation starts in the
evaporator, andyeneratesheat, which faciliates the removal of the ickom the
evaporator box. When the temperature of eélvaporator reachemmbient temperature,
the condensatioaccurs normallyat the condenser.he result of the test is summarized
in table(3.4).

Table B.4) The Effect test of solar Flux on the Machine's productivity

[Grenieand M. Pos, Experimerital

S.F Ice Prod.
(KIm?) | Teond®C | Tew °C | Tmax®C | Tmin°C | COP | (kg-m?)

19500 20-20 -3.0 7992 19-26 0.13 6.0
18500 25-35 -3.0 7791 24-30 0.10 4.7

Among many criteria studied, most important are:

a- Optimalthickness of th&eolite for best COP

b- The orientation: Performance is not sensitive toatrienuth orientation

c- Solarirradiation:

Es> 5000 kJl © COR = (0.625 Es/2500 + 0.5§ COR,

Es<5000kJi COR=0 Where;

Es s the input solar energkd/i ) on the plane solarollector.CoP is the COP

corresponding to 25000/ irradiation.
d- The active carbon pair: It is well adapted for ice malapglication but the problem
of nocturnalventilation is muchcritical in using A/C pair than it when usingeolite-
water pair.

1 -Various Components
The main components of the solar adsorption refrigecorgenerallype described as
follows:

a) 1 Collecting Plate

The originality of thesolarcollectorprocesgheseare
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91 During the day, it collects solar energy and serveghasheat exchanger
between thelasorbe andthe collector

1 During the night, radiator serves ateatexchanger between tlabdsorberand
the radiator.The fact that the solar collector is a muditinctions component
requires a careful sizing of the masfsabsorberas well as of the area of heat
exchanger. Ithe sizingis not carefully performed, one of theinctions maybe
missfitted.

b)- The Evaporator

It provides the cooling effect, the evaporatogether withthe ice moulds form an
insulated box to ensuedficient heatexchange between the working fluid and the water
in the moulds.In the intermittentcycle, the cold production occursgluring the night
only. It is impatant to limit the heat transfer betwett)e evaporatoand the store so as
to limit the cooling effect ofthe evaporator Refrigeration storage between the
evaporatorand coldspace isneeded.For good sizing of heatxehange surface, the
volumeof therefrigeration storagenust be enough tmaintainthe store athe required
temperature during several sunny days..

c)T The Condenser

It is an opened box containing water and a coiltudfe carryingthe working fluid
(vapo). It condenses theapor of the working fluid back to liquid The problem of
sizing the condenser is a w&lhown problem ofnatural convection condenser. If the
condenser is an agooled builtin on the back of the collector plate, tbelar collector
serves in an additional capacity and the sizinghat componenbecomes much more
difficult since, thermalosses dué¢o hea transfer between solar collector and tos-

denser ito be considered.

e e e e by
23 .As“ég
ARt et et
==
Insulated
Icebox

Zeolite Detachable
Canister

Fig 3.9 Schematic Drawing of Zeolite Solar Freezer
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1 - Operating Charcoal Machine

CharcoalMachine (A/C)the operation process takingplace intermittentlyin the day
periodandthe heating processf the alcohol will evaporatand hencehe pressure in
the whole system wilincreasdo the condensation pressure and stertsondenséack
to liquid collected in the evaporattwox whichwill act now in reverse manner as a
condenserTheice moulds are full with wateattached tahe evaporatolower surface
and the whole combinadhit (evaporator and the ice moulds) is well insulatedn the
outside environment. The working fluid wstart evaporatingccording to the heae-
ceives fromthe waterin the moulds. The cold charcoal now Hagh adsorptiveand
will soon absorb the generatedpor fromthe evaporating effect and keeps toeer
pressuref the system and hence the continuityhed evaporatingrocess which iturn
generateshe coolingeffect on the water in the moultisroughout thiperiod.(Zeolite,
charcoal).paper, PiRevaoeo .]JFeb. 1986)

The mainadvantages of solid adsorption over solid absorption cycles or liquid absorp-
tion cycles are
1. The solid adsorption, suffer no volume alteration duringdywes (which is not the
case with liquid absorption cycles).
2. There is no need forapor rectification (to prevent the graduaktcumulation of
water) as in the case of liquid absorptiorntlie ammoniawvater cycle. Thetwo points
mentioned above strengthen the idea using solid adsorbent in solar cooling
application, the option adoptéuthis project.
3.10 SystemDescription:
Theproposed unit consists of three main parts described as follows:

1 Generator/absorber.
This part is in a form ot flatplate collector, its purpose is to absorb the solar thermal
power from the sun to heat up charcoal particles packed in a box attached to the lower
part of the collectoplate,theheatwill generate refrigerant vapor (methanol) which will
then be condensed to liquid in the condenser and collected for use in the produenive ti
later.

9 Condenser:

It condenses the generated methanol vapor coming from the collector using immerged

coil in an open container having water.
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1 Receiver/evaporator unit:

This part works as a storage tank for the condensed methanol liquid during the day and
as an evaporator during the night (productive time) where the flow of the refrigerant
will reverse. There will be an ice mould box attached to this unit at the bottom, water

filled in will act as the load, ice produced there is the product.

1- Collaector
2- Condenser

3= Ice mould

fig (3.10a) Schematic Drawing of Sol&efrigerator(Day Period)

[Excel, Simulation and Analysis of an intermittent Splar

<g:_,_
/ Might Pariod
N\

W\

fig (3.10b) Schematic Drawing of Solar Refrigerator (Night Period)

[Excel, Simulation and Analysis of an intermittent Splar
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CHAPTER IV

DESIGN, RESULTS & DISCUSSION

4.1- Introduction

Generally, two design approaches can be considered for the design of namely:

a- Bottom-up Approach: Where the starting point would be of thegjuired amount of
the product, . to sayfor example, (10 Kg) of ice is required daily as the target amount
of product.

b- Top-down approach

Where the starting pointould be thearea of thecollector, to say for example, the area
of the collector is%i ).To start with a reasonable area of tadlector is much better
especially if the costactor is considered, tegown approach method would be fol-
lowed for the purpose of this desidatal useful area of11 ) for the collector is to be
taken.

1 4.1-Design:
The following factors are to be consideffedthe design

1 Simplicity of operation and manufacturing technology.

1 Availability of materials locally.

1 Low manufacturing cost.

1 Safe use.

4.2 - Material selection:
a. - Collector plate:

A steelplate (4nm thick), (Net usefulirea ofl | ), with black paint on the outer face.
The lower side is te prepared with fins on it to accelerate the heat transfer rdakteeto
charcoal

b. Plainglass to act as the upper cover for pkege. & mm).

C. - Wire net (fine mesh):

To hold the charcoal particles againkse collectorplate and allows diffusiomf the
methanol vapotinto the charcoal. This has another importance aanstraining the

charcoal particles coming out during the evacuating process.

46



d. - Thin steel sheet (1 mm):

is to be used for the lower casetloé collectorinsulator casing).

e- Charcoal particles

This is the adsorbing material ftre methanol vaporCharcoal was packed in a sealed
weldedbox atthe back surface of the collector plate. The typeharcoal useds the
availablearein the local market, it is a mixturef varioustypes of carbonized hard
woods The totalmass requirets about 19.25 k¢Calculated)

f - Galvanized pipe (1/4 india):

for the entire pipingsystem joiningthe three main parts, the collector, the condenser
andthe evaporator

g - Insulation layer:

Cotton is used as thermal insulaton thelower part of the collector and also the
evaporator boxThe insulatorof the collector was packed in shutters form casgscan
be opened and closed at required times.

h - Methanol:

For best results, laboratory grade of methanailsisd. Theequiredchargingamountis
about 7 Sitters, as forour desigrbelow.
4.2 - Assumptionsand design

1 Maximum temperature of the plat&6s .

1 Mean ambient temperature36s .

9 Stability of state for both condensation anéporation processes

1 Steady State Conditions for each process.

1 Average Temperatures are calculated to specify paift.

1 Heating Process is divided into two stages (ab) and (bentdrenedate point

is just approximated ithermodynamics Cycle

1 Also for the cooling processes is divided into (cd) and (da), point(d) is the
intermediate pointhosernin thermodynamics Cycle
Properties of methanol ataken from thermodynamic tables
Empirical Equations are used in finding out hgansfer

Radiation and some minor heat losses are ignorediiess approximation

= =_ =2 =1

Letthe mass of steel in the welded fihs = (33.0 kg)
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Let the mass specific heat capacity of steél = 0.46 kJ/Kg K
Let the mass of ©thaw182&J in the finsd
Let the specific heat capacity of charc#al = 0.709

Loads Calculations

a. Heating Loads(Collector Day Period)

Sensible heating load to raise the temperature of thefptemethe
Ambient temperatur the designed temperature.

Sensible heat required to heat up the absorbed methathel évaporation
temperature corresponds to the designed pressure.

Latent Heat: Required to evaporate the methanol ajittem pressure
Sensible Heat required to heat up the mass of the charcoal under

Thecollector plate to the desorpticemperature.

b. Codling Load (Collecbr Night:

Heat dissipated from the collector to the surrounding to incrimesabsorptiveof the

charcoal particles to methanol vapor (Fone modeling this is to be checked against

the available time).

4.5 ThermodynamicsCycle:

Although the thermodynamic statesthe various processes are stable, butfor the

purpose of the design wosome assumptions are takersimplify the work as follows:

1 a- b: (pressurizing Process) Heating of the methantiiercollector(charcoal)

theconcentration remaiconstan8 only pressurize methanoliisleased and
the pressure increase.

b - c: Heating of the methanol in the collector (chartoalringthis process,
which takes place at constant pressorethanol evaporatdiom the charcoal
reducing itsconcentrationcondenseat ambient temperature (point e), aaw
cumulates irthe receiver (evaporator).

¢ - d: Cooling of the charcoal (the collector), during whilsa concentratioof
methanol in the charcoal démains constarind the pressure P decreases. Only
smallamountof methanol vapois absorbed to reduce the pressurthef
system

d - a: Evaporation of methanol from the evaporator (pgirDéiringthis pro-

cess, whichiakes placat constant pressurdne methanol vapor is +&dsorbed
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into the charcoahcreasing itoncentration. This is the productive process of
the system(Fig. 4.1)

Fig( 4.1)thermodynamics Cycl#he solar adsorption
on# ( 6 "'OCharcoalF8 Diagram

The heating proces$l) and (2) are carried out during the dagderthe sun The
cooling process (3) and (4) are carried out at night with backinsulation on the
collector removed toaccelerate the cooling ofhe system. Takingambient
temperature= 30 3 and the requiredefrigeration temperatur®.03 . Point (f)
corresponds tosauration (evaporator)pressure of 0.03bar and the concentration

8 = 1. Point (a) is the intersection of the 0.03bar pressure (evaporation pressure)
line and the 3@ isotherm. Poin{e) is fixed by condensing @ssure line (0.844 bar)

at aTemperature= 30 3 (aassumedambient temperature) and the concentration(X =
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