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I REQUIREMENT OF COLD STORAGE IN THAILAND 

1. Introduction 

The need of refrigeration and cold/cool storage in 
developing countries is mainly for the storage of foodstuffs 
as for milk chilling, storage of fish, meat, fruits 
vegetables and the storage of medical supplies. 

the 
such 
and 

Most of the rural areas of the world produce ample 
foodstuffs but losses are high due to lack of proper preservation 
facilities like refrigeration. The losses have been reported to 
be substantial and sometimes of the order of 50% in the interval 
between production and consumption (FAO, 1984). One of the acute 
needs of cold/cool storage is for the fruits and vegetables both 
in the temperate and tropical areas of the developing countries. 
In a temperate climate much of the production of the fruits and 
the vegetables is confined to short growing seasons and storage 
is essential to supply products after harvesting seasons. In a 
tropical climate the production can be extended but storage is 
still needed mainly due to the fol1owing reasons: 

i. To remove the field heat immediately after harvesting to 
prevent overripening, deterioration and ultimate 
destruction of the fruits and vegetables. 

ii. For short term storage around the production areas before 
being transported to big cold storages or for distribution. 

iii. To. extend the marketing period and increase the value of 
sales. 

iv. To wait for a favorable market response. 

Around two billion people, about half of the world 
population, live in the rural areas and villages of the 
developing countries. In most of the developing countries living 
conditions of t.he majority are poor and there is not only 
malnutrition ~ut very high incidence of disease. Infant 
mortality is particularly high in the rural areas; it is 
sur;r~sing ~o note that in some countr~es, more than one-third of 
the children die before the age of four (Derrik and Durand, 
1986). This is because from six months of age until the fourth 
year of life infections and parasitic disease playa significant 
role in the high infant and child mortality rate. Much of this 
can be controlled through mass immunisation before infection 
occurs. The vaccines for immunisation require refrigeration 
during transport and storage. According to WHO, vaccines for 
measles. yellow fever and oral polio has to be stored at a 
tempera ture between -15 0 e and -25 0 e, and others such as DPT, 
Tetanus Toxoid, DT and BeG need storage temepratures between 
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ooC and 8 0 C (EPI, 1986). But there is a great dearth of 
refrigeration systems in rural areas of the developing countries 
as they do not have access to mains electricity, and other 
sources of fuels are ei ther scarce or expensive. This problem 
has been well recognised by World Health Organisation (WHO) for 
storage and transportation of vaccines for their Expanded 
Programme of Immunisation (WHO, 1981). They also have recognised 
the potential of solar refrigeration for vaccine Cold Chains in 
remote areas where solar energy is the only reliable source of 
energy. Most of the work to-date has been on the use of the 
photovol taic refrigerator which unfortunately are expensive. A 
unit of photovoltaic solar refrigerator having capacity of four 
litres of vaccine storage costs more than US$ 6000 (Uppal and 
others, 1986). Moreover, in over 40% of the field tests done 
by WHO, breakdowns occurred and trivial repairs needed posed 
serious problems in remote areas due to lack of maintenance 
facilities. So there is a great scope for thermally powered 
systems which are reliable and available at lower cost. 

1.1 Requirement of Refrigeration and Cold Storaqe in Thailand 

'I'hailand is an agricul tural country wi th a popula tion of 
about 60 million. Agricultural crops, fish and meat are abundant 
in Thailand in comparison to the other developing countries of 
the world. Thailand is one of the largest fishing nations of the 
world and ranks third largest in the region after J~pan and 
Peoples Republic of China. The most important frui t crops are 
mango, durian, pomeloes, custard apple, mangosteen, orange, lime, 
pineapple, water melon, lichee, papaya, banana, jackfruit, guava, 
tamarind and rambutan. The main vegetable crops of the country 
are shallot, chinese radish, tomato, cabbage, cucumber, pumpkin, 
white gourd, taro, etc. 

The demand of the tropical and sub-tropical exo~~c fruits 
like mangoes, papayas, passion fruits, tamarinds, soursop, cashew 
apples, cherries, jackfruits, pineapples, lichees, longans, 
avocados, guavas, mangos teens is rising in several countries of 
the wes t (Vandendriessche, 1976). Wi th its central location and 
favorable natural resources, Thailand has the potential to 
become a leading exporter of tropical and sub-tropical fruits of 
southeast Asia. The Royal Thai Government is very aware of this 
potential and intensive developMent of agriculture, and 
particularly increase of production of the cash crops to increase 
export earning and reduce the trade deficit is a prime element of 
Government policy. 

The major fruit and vegetable producing area is the stretch 
of land west of Bangkok city but now the Government is 
incouraging this policy throughout the country. A particular 
emphasis has been given to the northern mountaineous region of 
Thailand under the Royal Northern Project, established in 1969 
(Devapriya, 1984}. This area is wi thin the so called 'Golden 
Triangle' considered as one of the principal opium growing areas 
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of the world. This Project was established under Royal patronage 
to persuade the local hillpeoples to cease the practice of 
shifting cUltivation and opium growing. The area under this 
project is approximately 40 square kilometres. Some of the 
replacement crops introduced are temperate-zone fruits and 
vegetables, and cut flowers which sell for relatively high prices 
in local markets (Boon-Long, 1983). After cutting and packing in 
the morning, the flowers must be kept cool at 0 -- 5 0 C before 
leading into refrigerated trucks for transportation from the 
hills in the afternoon or next day. 

To evaluate the need for cold storages in Thailand a survey 
of the existing cold storages was carried out. There are 
al together 46 cold storages in Thailand (Saisi thi, 1982), of 
which 24 are situated at and around Bangkok and rest are 
scattered in the provinces. Most· of the privately owned cold 
stores do not have 'cool stores' to store vegetables and frui ts 
as they are designed for the storage of frozen meats and fish for 
export. The details of the activities of these private cold 
stores are not available. So informations :ere sought from the 
Government Cold Storage Organisation of Thailand. 

The Cold Storage Organisation is a state enterprise under 
the control and supervision of the Ministry of Agriculture and 
Co-operatives. This organisation has altogether eleven plants at 
Bangkok and different provinces in the country. The cold stores 
in the provinces are located in the suburbs to make them 
accessible to producers of vegetables and fruits. The cold 
stores in provinces render freezing, cold and cool storage 
facilities to farmers and traders. The cool stores have 
temperature ° to 10°C and r~lative humidity above 95%. The 
main products stored in the cool stores are fruits, vegetables, 
dried fresh wa ter and marine fish, and dried lizard etc., for 
local consumption and export. The fresh fish is also stored 
temporarily in cool stores during an intermediate waiting period 
for better utilization of limited freezer capacity. According to 
Kasemsap, (1985), the Deputy Director of the organization, the 
market share of the organization is approximately 20%. The 
privately owned cold stores are generally small, having 30 to 
100 ton holding capaci ties. According to him, there is a great 
need for small cool stores having storage lemperature ° to 100C 
and relative humidity above 95% located close to the 
prod'lction areas. The holding capaci ties of these uni ts can be 
of the order of 10 to 30 cubic me tres. such uni ts should be 
available in the North, North-East, East and the central region 
of Thailand. These units would be used to store fruits and 
vegetables for retaining the freshness and quali t 'i for better 
distribution and sale in the local market, or as temporary store 
before being transferred to bigger stores for long term storage 
and distribution in a wider market or for export. 

These units will be of great value for farmers in the 
mountaineous northern region of Thailand where vegetables, fruits 
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and flowers are grown as a part of crop replacement program to 
reduce defores~ation and opium growing by hillpeoples. Emphasis 
has been placed on high-priced vegetables which could not be 
grown well or could be grown only during limited ~eriods in the 
lowlands. But very heavy post-harvest losses have been reported 
mostly due to lack of proper storage condi tions. Losses up to 
75% on the route from Chiang Mai to Bangkok (a distance of 700 
km) have been reported (Boon-Long, 1983). The major reason for 
this has been cited as lack of pre-cooling before transportation. 
Sc the small cool stores could be used as pre-coolers shortly 
after harvesting or a short term storage. These units might as 
well help in the proper utilization of 'dool store' capacities of 
the existing big plants, only 30 to 40% of whose total holding 

capacities are utilized at present. 

To implement such projects in differe~t parts of country 
government incentive is needed in terms of soft and sub-loans 
with the special purpose of developing rural areas. According to 
Kasemsap (1985) such loans could be channelled through the 
Government Cold Storage Organisation which has expertise and 
manpower to initiate and implement such projects. 

The number of villages which had no access to mains 
electrici~y was about 47,725 during the year 1979, and in spite 
of the rural electrification programs of the Provential 
Electricity Authority this number is expected to increase to 
55,000 by 1999 (Chantavorapap, 1979). The health posts of these 
villages are supplied wi th vaccines by the nearby hospi tals or 
health centres with electricity and transported in ice boxes. 

\ 
} \ 
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II SUMMARY OF THE FIRST YEAR'S WORK 

2. Brief Summary 

During the first year, a hybrid system which combines a solar 
powered intermittent ammonia-water absorption refrigeration 
cycle, a solid desiccant cooling cycle to cool the condenser, and 
positive ventilation with ice bank cooling to use the ice 
produced effectively, was studied. 

The solid desiccant cycle can reduce the temperature of the 
condenser and increase the ammonia genera tion appro:dma t 1-') ly by 
50%. This also means increase in the yield of ice by the same 
proportion. The collector/generator of the ammonia-water system 
then operates at lower temperatures, which gives a better solar 
collection efficiency. Other indirect benefi ts of this system 
would be on the life of the collector/generator as it would be 
subjected to lower temperature and pressure induced stresses. 

If the solid desiccant cycle is used to cool the condenser, 
the amount of ice increases, but at the cost of a lot of extra 
hardware like desiccant beds, solar air heaters, air blowers and 
the evapora ti ve condenser. This system will have moving parts 
such as complex air switching arrangements which will need 
parasitic power. such a system cannot be used in places which do 
not have an electricity supply. 

Although the technology of the ammonia-water system is proved 
it has certain practical disadvantages: (1) the high pressure and 
consequent heaviness of the equipment, (2) the corrosiveness of 
the fluid, (3) the problem of rectification (removing water from 
the ammonia during generation), and (4) as the efficiency of the 
cycle decreases wi th a increased condenser tempera ture an air 
cooled condenser cannot be used, especially in hot countries. 

These problems can be avoided by using solid adsorption 
systems. A Ii tera ture survey of solid adsorption refrigera tion 
revealed the development of the zeolite 13X-water systems in 
France(Meunier and Mischer, 1979). But this pair could only 
produce an evaporation temperature of OOC at heat sink 
tempera tures of 50o C, typical of the air cooled condensers in 
tropical clima te. For ice making, the zeoli te 13X-CH30H pair 
was reported to be sui table and it was possible to achieve an 
overall COP of 0.13. Bechec and others (1981) reported the design 
of a system using zeolite 13X-CH30H pair. But a later study by 
Guilleminot and others(1981) found the above pair chemically 
unstable due to a catalytic reaction which forms dimethyl ether. 

Synthetic zeolites such as zeolite 13X, zeolites 3A to 
zeoli te 10 A have ordered crystalline structure, uniform pore 
size, and can be tailor-made to suit a particular use. But for 
solar refrigeration natural zeolites are preferred as the heat of 
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adsorption of water on zeolites is about 2791 kJ/kg compared 
to a value of about 4187 kJ/kg in the case of the synthetic 
zeoli tes . Moreover, natural zeoli tes are reported to be about 
ten times cheaper than the synthetic ones (Tchernev, 1978). 

Dehydrated natural zeolites, especially chabazite crystals, 
rapidly adsorb many kinds of refrigerant gas, ranging from water 
vapour and ammonia to carbon dioxide, freons, methyl alcohol 
ethyl alcohol, and formic acid, etc. According to Tchernev 
(1984) the amount of any refrigerant adsorbed by the zeolites is 
about 30% by weight and the adsorption phenomenon is reversible 
especially in the case of chabazite and modernite. 

The adsorption isotherms of the zeolites have an extremely 
non-linear pressure dependence while silica gel has almost linear 
pr~ssure dependence (Tchernev, 1978). So the zeolites can acsorb 
large quantities of refrigerant vapour at ambient temperature and 
low partial pressures. When heated, they can desorb a large 
amount of the refrigerant vapour even at tha high condenser 
temperatures, i.e. at the higher pressures in air cooled 
condensers. ·For the extreme condensation and evaporation 
pressures of 7.3 kPa and 0.5 kPa, respectively, the differential 
water loading of most natural zeolites is about 7% by weight 
between ambient temperature and 120 0 C, which is about the 
maximum temperature attainable with flat-plate collectors with a 
selective surface. The daily integrated efficiency of the 
zeoli te wa ter pair ( total cooling/ daily total solar radi a tion) 
has been experimentally found by Tchernev to be in the range 12 
to 15% with a peak at 30%. 

Considering the merits of zeolites in solar cooling, a survey 
of the availability of the natural zeolites was conducted to look 
for the possible sources for future use in this region. 

2.1 Occurrence of Zeolite Minerals 

Zeolites, generally occur in sedimentary rocks and in 
basal tic igneous and volcanic rocks. Selected examples of the 
sedimentary zeoli tes are tabulated in Table 2.1. The different 
natural zeolites with the countries of their occurrences are 
given in Table 2.2 (Breck, 1974). 

Although there are more than thirty-four known zeolite 
minerals and about 100 types of synthetic zeoli tes, only a few 
have practical significance ei ther because of the dehydra tion 
irreversibili ty, or because of structural collapse, or because 
they do not occur in sufficient quantities. Out of these thirty
four zeoli te minerals only seven --- moderni te, clinoptiloli te, 
ferrerite, chabazite, erionite, phillipsite, and analcime --
occur in sufficient quantity and purity to be individually 
considered as viable mineral resources (Vaughan, 1378). Among 
the seven zeolite minerals, phillipsite is one of the more 
abundant mineral species in the earth. Over large areas of the 

1.' 
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Table 2.1: Sedimentary Zeolite Deposits. 

Age Location Zeolites 
J Som~ rypical :~oli(~$ in d~po$i($ of salin~, alkDlin~ nonmarin~ environm~n(f 
Recent sediments Lake Nntron. T:mz:mia Analcime 
RCl:ent-late Plei.1tocene Teel.s Marsh, Nevnda Phillipsite, clinoptilolite, 

:m.a!cime 

Depositiontll Environment 

Sodium carbonate lake oi high salinity 
Sodium carbonate lake 

Late Pleistocene Owen.s Lake, QilifornU Phillipsite, clinoptili:Jlite, Saline, aJJa1ine lake 

Late Pleistocene 
Middle Pliocene to 

Middle Pleistocene 
Pliocene 

E:uly and Middle Eocene 
Triassic 
Early Carboniferous 

OIduvai Gorge, Tanzania 
North Central Nevada 

Central Nevada 

Wyoming 
New Jersey 
TUV3. Siber:ia 

2 Zrolius d~posi(~d in marin~ and fr~sh·water environm~nts 
RCl:CT.t sediments Gulf of Naples 
RCl:ent and Pleistocene Pacific and Indian Ocean.s 

RCl:ent and late Pleistocene 
Late Miocene and Pliocene 
Oligocene to ealiy i'liocene 
Miocene 
Oligocene 
Cretaceous 
Cretaceous 
Early to late Triassic 

A tlantic Ocean 
Central Nevada 
North Central Nevada 
Northern Honshu 
South Dakota and Wyoming 
Ural Mountain.s 
New Guinea 
New Zealand 

Carboniferous England 
E:uly Paleozoic or Prcc:unbrian Georgia. USA 

crionite, analcime 
Analcime, chabazite, phillipsite Playa Lake 
Erioni te, phiUipsi te Saline • .illWi.ne lake 

Erionite, clinoptilolite. 
phillipsite 
Analcime 
Analcime 
Analcime, laumontite. 

Analcime 
Phillipsite. harmotome 
clinoptilolite, natrolite 
Qinopn1olitc 
Qinopo1olite 
Qinoptilolite 
Clinoptilolite, mordenite 
Clinoptilolite, crionite 
Mordenite 
uUfl.ontite 
Analcime. heulandit·., clino
ptilolite. laumontite 
Analcime 
Laumontite 

Saline, alkaline Wc:e 

Saline, .sodium carbonate lake 
Saline lake. soda-rich 
Saline and alkaline lake or lagoon 

Shallow marine 
Deep-5ea floor 

Deep-sea floor 
Lacustrine 
Lacustrine 
Marine and lacustrine 
Fluvial 
Marine 
Marine 
Marine 

Land surface 
Subaerial and subaqueous 

\. , \ 
'- , 
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Tabl e 2.2: A List of Zeolite Minerals. 

Namt! SrrucrUTt! Year Typicai Occurt!nct! Exampit!s oJ" Occurt!nct! in 
Group Discovt!rt!d in Isrnt!ous RJcks St!dimt!ntary Rocks 

Analcime 1 1784 Ireund. New lersey Extensive; Wyoming • .:tc. Deep sea noor 
Bilcitaite 6 1957 Rhodesia 
Brewsterite 7 1822 Scotland 
Chabazite " 1772 Nova Scotia. Ireund Arizona, Nevada. Italy 
Clinoptilolite 7 1890 Wyoming Extensive; Western U. S •• Deep sea 1100r 
Dachi.ardite 6 1905 Elba,Italy 
Edingtonite 5 1825 Scotund 
Epistilbite 6 1823 Iceund 
Erionite 2 1890 Rare. Oregon Nevada. Oregon. U.S.S.R. 
Faujasite 4 1842 Rue. Germany 
Ferriente 6 1918 Rare. Dritish Columbia. Italy Utah. Nevada 
Garromte 1 1962 Ireland. Iceund 
Gismondine 1 1816 Rar,=.Italy 
Gmelinite " 1807 Nova Scotia 
Gonnardite 5 1896 France. Italy 
Harmotome 1 1775 Scotund 
Herschelite 4 1825 Sicily Arizona 
Heulandite 7 1801 Iceland New Zealand 
Kehoeile I 1893 Rare. South Dakota 
uumontite 1 1785 Nova Scotia. Fuoe Islands Extensive; New Zeaunc1. U.S.S.R. 
Levynite 2 1825 Iceland 
Mesolite 5 1813 Nova Scotia 
Mordenite 6 1864 Nova Scotia U.S.S.R .• Japan. Western U.s. 
Nauolite 5 1753 Ireland. New Jersey 
Orrretite 2 1890 Rare. France 
Paulingite 1 1960 Rue. Washington 
Phillipsite 1 1824 Ireund. Sicily Extensive. Western U.S .• ArriC3. Deep sea 1100r 
Sealecite S 18~1 Iceland. Colorado 
Steilerite 7 1909 
Stilbite 7 1756 Iceund. lreund. Scotland 
Thomsonite 5 1801 Scotund. Colorado 
Viseite 1 1942 Rare. Belgium 
Wairakite 1 1955 New Zealand 
YugawaraUte 1 1952 Japan 
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Pacific Ocean sediments have been found that contain over 50% 
phillipsite (Breck, 1974). 

Extensive deposits of various zeoli tes occur in North and 
Central America, Central and Southern Europe, Russia, Japan, 
Korea and New Zealand. A wide variety of the zeolite minerals 
like chabazite, thomsonite, natrolite, clinoptilolite and 
stilbi te are reported to be available in abundance in Deccan 
Traps{specially Poona, India) by Wadia (1975) and Marel & 
Beutelspacher (1976). Small deposits of fibrous zeolites are 
reported to be found at Mount Wyatt, Upper River Madai, middle 
reaches of River Tingakayu. Salagan Island and abundant deposits 
have been found in Kalunpang in Simporna Peninsula of North 
Borneo (Kirk. 1962). Abundant high grade natl!ral zeolites such 
as clinoptiloli te, heulandi te, mordeni te, ferriri te, erioni te, 
analcinite. chabazite. me~jolite. and natrolite are found in the 
Yeongil area. South Korea (Noh and Kim. 1986). Significant 
deposits of the natural zeolites of importance as given by Marel 
and £euteJ:;pacher (1976) a:J::'e given in Table 2.3. 

Table 2.3: The countries having significant deposits of 
natural zeolites. 

Zeolite Type 

Chabazite 

Clinoptilolite 

Stilbite 

Country of Origin 

Hungary, Faroe Islands, 
Ireland; Bohemia, Czechoslovakia; 
Global Station, Oregon, New Jersey 
and Nova Scotia. 

Hector, California. 

Banat Csiklova, Roumania; Hanz, 
West Germany; Iceland, Faoer 
Islands, Nova scotia. 

2.2. Occurrences of Natural Zeolites in Japan 

In this region, Japan, India and Korea are the likely 
potential sources for natural zeolites. Zeolite mineral was 
originally discovered in sedimentary rock in Japan (Ota and Sudo, 
1979). The most commonly found zeolite tuffs (Zeolite having 
particle size smaller than 4mm in diameter), modernite and 
clinoptilolite, are both ab~ndant in Japan. Boch the modernite 
and the clinoptilolite-tuff are reported to show excellent 
adsorptive propert ies compared wi th commercial adsorben ts , such 
as synthetic zeolites 5A, silica gel, and activated alumina. 
Because of high atiinity for water, clinoptilolite-tuff is 
primarily used as a desiccant. About 5000 to 6000 tons of these 

9 , 
\ " , ~. 

\ 0 
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zeolites per month, are mined from the different open-pit mines 
in Japan. Some of the zeoli te mines in Japan are listed in 
Table 2.4 {Minato, and Tamura, 1978). 

Table 2.4: Zeolite Mines ln Japan. 

Minc Pre fcct\UI: Amount of orc (t{month) Zeolitc 

Osiyarnam be Holdc~do 100-200 Cinop tilolitc 

Fut.1tsui Akita 150-300 Cinoptilolitc 

Yasawagi Akiu 100-200 Cinoptilolitc 
and mordcnitc 

ludo Akit.1 Spot (about 300 t) Mordcnitc 

luya Yamap.ta 4000-5000 Clin op tiloli Ie 

ShiroUhi Miyagi 10(}'-200 l-iordcnitc 

Tcn'ci Fukushima 100-200 Mordcnire 

Maji Shirnanc Spot (about 300 t) Mordcnite 

lw.uni mine Shirnane SO- 100 Cinop tiloli te 

/ 

http:Shiroi.hi
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III Zeo~ite-Water Solar Refrigerator 

3. Introduction 

Some zeolite-water solar refrigerators were built and tested 
mainly in the cold countries like USA and France but none of them 
have been tested in a tropical climat~. It is essential to 
evaluate the performance of such systems in this climate to find 
out their sui tabli ty for possible future use. So, a zeoli te
water solar refrigerator manufactured by Zeopower Company, USA 
was imported and tested at Asian Institute of Technology. This 
is a closed cycle intermittent adsorption type refrigerator which 
has natural zeolite as adsorbent and water as the refrigerant. A 
schematic diagram of this refrigerator is shown in Fig. 3.1. It 
consists of a selectively coated solar collector with a single 
glass cover. The solar collector is a rectangular copper pan 
wi th a lid, and contains about 25.63 kg of dehydrated natural 
zeoli:.:e about 50mm deep. The tilt angle of the solar collector 
is 14 0 which is almost equal to the lati tude of AlT. This 
system consists of an air cooled condenser placed under the solar 
collector. A glass bottle graduated in BTU's, and housed in an 
insulated box acts as the receiver/evaporator. These components 
are connected by copper tubes. This system operates below the 
atmospheric pressure, so it was evacuated, leak tested, filled 
with about 8.4 kg of water and hermetically sealed before being 
shipped for testing ~t AlT. The specifications supplied by the 
Zeopower Company, USA are as follows: 

3.1 Specificarjons of the L:igerator 

Type: Liquid with Solid/Gas Adsorption 
Model : SR-4 
Gross Collector Dimensions : 29" x 47" 
Net Collector Absorbing Sur.face Area : 
Overall Dimensions: 

Height 
Width 
Depth 

46 1/4" 
" 30 1/2 

48 1/2 " 

System.. 

= 0.8786 m2 
" " 25 x 43 = 

(1.175 m) 
(0.7742 m) 
(1.232 m) 

4 Cubic feet = 0.112 m3 
15 lbs or 6.803 kg per day. 

0.6935 m2 

Refrigeration Capacity 
Ice Making Capacity 
Storage Capacity : Three days Qf bad weather after 

collector surface has been exposed to a 
series of three or more sunny days. 

Maintenance Requirements : None. 
Moving Part : None except the door of the refrigerator box. 
Total Weight: 215 lbs (97.505 kg}. 

3.2 Experimentation, Test Results anti Conclusions 

During intial testing, the refrigerator was instrumented with 
a few calibrated k-type temperature sensors which were attached 
to the top and bottom of the condenser, top and bottom of the 



S'al.'iH caLl-CCo:? 
(;;G:.1E:-tnTaT 

- 12 -

0:)r--------111 n ~l 
7/ " ,,- ;-;"7'7 7 " " , 

l' " " 11 I 
II :------, 

Jt ,I' 
ill .' I ... ( , I 

I I I 
I r 
\ i I 

Fig. 3.1: Schematic diagram of the Zeolite-Water Refrigerator. 
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glass bottle (receiver/evaporator), and one ser..ser was left 
hanging in the cooling chamber. These temperature sensors were 
connected to a Fuji Chart Recorder and values were recored 
continuously. Ir,tegra ted and the ins tanteneous vrl1ues of solar 
radiation incident on the surface of the collector were measured 
by a ca1ibra ted diffused type pyranometer wi th integra tor, and 
hourly values 'Here read from a digi tal display. The amount of 
heat rejected by the condensing water during desorption was 
estimated by taking the difference of water level in the morning 
and late afternoon from the glass bottle, calibrated in BTU's by 
the manufacturer. Similarly, the difference of readings between 
late afternoon and the early morning gives the net cooling 
produced by evapora tion of wa ter from the glass bot t1e during 
night. Th8 water level in the receiver/evaporator bottle was 
read every hour until 24:00 hours. 

The refrigerator was in transit for a couple of weeks and the 
zeolite had adsorbed apprcximate1y 7.9 kg of water (30.71 wt. 
%. dry basis) out of about 8.37 kg charged into the system. 
During the days of average inso1a tion, wa ter started to desorb 
between 10:00 and 11:00 hours and the desorption continued until 
the peak temperature for the day was reached generally by 15:00 
hours. The 7.eo1ite, although, starts to adsorb water immediately 
after peak co11ectr temp 't"a ture but noticeable change in wa ter 
level was observed only after 18: 00 hours. During first few 
days compara ti ve1y large quanti ties of water desorbed as the 
zeolite was saturated with water during transit, but only a 
fraction of desorbed water was adsorbed during subsequent nights. 
The system took several days to achieve near equilibrium 
condition as could be seen comparing the amount of heat rejected 
and cooling produced from Table 3.1. The cooling produced during 
night varied from 316 to 844 kJ. It was observed that the 
conden~er temperature was very high and reached up to 57 o C. 
During 5, 6, and 7 November 1986 two b1ower~ were used to cool 
the condenser. Although the use of blowers did not help to 
reduce the condenser temperature significantly but the average 
condenser temperature was lower and the integrated efficiency or 
Solar COP (cooling produced/total daily incident solar r~rliation) 
was between 6.1% and 6.7% which are higher. 

As stated by the manufacturer, the system should be able to 
produce about 6.8 kg of ice during a clear day. To produce 
that much ice the system should cycle more than 1 kg of water. 
But even after several days of operation, the receiver/evaporator 
bottle contained only about 2.45 kg of water (estimated by the 
measurement of the external dimensions of the glass 
receiver/evaporator); and only a fraction of this(approximate1y 
130 to a maximum of 360 gm of water} was readsorbed during 
cooling period. The system was not able to produce ice and the 
sensor attached to the bottom of the glass bottle recorded 
temperatures always above 4o C. Moreover, the condensatjon 
starts in the glass bottle, as it is the coldest and it continues 



Table 3.1:The summary of test results of Zeolite-Water Solar Refrigerator 
(22 O~t. 1986 -- 16 Kay 1987). 

-----------------------------------------------------------------------------------------------------------------------
Date Ambient Temp. Evaporator Zeoli te Temp. Condenser Heat Cooling Solar Solar Remarks 

illx. ~in. Temp. tHnm. Kax. rfin. Temp. Max. Rejected Produced Radiation COP 
dimly (e) (C) (C) (C) (C) (C! (kJ/day) (kJ/day) (MJ/day) (\) 
-----------------------------------------------------------------------------_._-----------------------------------------
22/10/86 ]1.0 27.5 7.2 48.0 3166.2 527.0 12.029 4.4 
2]/10/86 ]0.6 27.7 7.2 48.7 ]69.] 485.5 7.520 6.5 
24/10/86 ]3. 4 27.7 7.2 55.9 1224.] 580.5 11 .122 5.2 
25/10/86 ]3.0 28.] 7.1 47.4 52.8 527.7 6.002 8.8 Initial 
26/10/36 ]].0 28.] 5.8 55.0 949.9 580.5 11. 561 5.0 Testing 
27/10/86 ]1. ] 28.5 6.6 57.0 ]69.4 527.7 8.568 6.2 without 
28/10/36 34 .1 27.] 5.8 51.0 527.7 527.7 9.172 5.8 any 
]0/10/86 28.4 25.8 5.1 47.0 527.7 ]16.6 9.612 ].] modifications. 
31/10/86 29.9 26.4 6.4 45.1 . 316.6 ]69.4 9.0]0 4.1 

1111/86 ]2.0 27.] 7.2 52.0 949.8 474.9 11. 918 4.0 
2/11/86 ]1.7 27.0 3.7 52.0 633 .2 6]3. 2 12.2·18 5.2 
]/11/86 ]].7 27.7 4.1 61.0 7]8.8 6]].2 11. 726 5.4 
4/11/86 ]].7 25.9 ].8 57.D 686.0 686.0 13.099 5.2 

------------------------------------------------------------------------------------------------------------------------
5/11/86 ]] .4 2].5 6.0 50.0 6)~.2 791. 5 11. 754 6.7 Tests 
6/11/86 ]6.2 23.8 6.0 52.0 791. 6 7]8.8 12.029 6.1 lIith 
7/11/86 ]2.7 24.1 5.1 48.0 897.1 844.] 12.17] 6.9 two blollers. 

------------------------------------------------------------------------------------------------------------------------
9/12/86 29.6 21.0 8.8 105.0 26.] 46.6 622.1 400.9 11. ]69 ].5 

10/12/86 29.0 18.7 6.6 109.0 22.8 48.1 506.4 ]16.5 12.056 2.6 Tests after 
23112/86 ]2.0 18.6 10.6 109.0 21. 8 49.9 422.0 ]16.5 11. 2]2 2.8 the loss of 
24/12/86 ] 2.1 19.7 9.] 111.0 24.8 50.8 527.5 422.0 11. 946 ].5 Inert Gas. 
25/12/86 34 .6 19.4 8.8 112.0 24.] 54.1 474.8 474.8 12.221 3.9 
-----------------------------------------------------------------------------------------------------------------------
15/5/87 ]6.2 24.7 10.2 114.0 26.8 44.2 1022.5 
16/5/87 ]7.5 26.1 8.0 127.0 29.0 40.9 

Note: 

1. Heat rejected by the condenser is equal to the latent heat of 
water condensed in the receiver. 

2. The Zeolite temperature lias assumed equal to mean container 
temperature. 

]. Cooling produced at night is equal to the heat extracted by 
the evaporation of lIater, IIhile the latent heat of evaporation 
of water is 2]26 kJ/kg (Tchernev, 1979). 

9]0.4 
279.1 10.661 2.6 \lith mirror 
]25.6 14.056 2.] boosters 
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until the temperature of the bottle reaches the ambient 
temperature. This has serious consequences as the ice produced 
by the system is not removable and part of the cooling produced 
during night will be used to condense the water vapour. 

After this initial testing, some sensors were attached to the 
top and bottom of the absorber plate to measure the approximate 
collector and zeolite temperatures. During this modification due 
the defective valve in the supplied system, some air. leaked into 
the system which was evacuated immediately after the pressure 
gauge and isolation valves assembly was soldered. The 
temperature of the zeoloite panel (collector) during a clear day 
having total incident solar radiation between 18 and 19 
MJ 1m2-day reached up to l05 0 C; even then it was not high 
enough to give significant desorption. The amount of water 
cycled was found less than 1%. Since the performance oi. the 
system became worse, it was decided to evacuate the system as 
completely as possible and recharge again. The system was 
further modified and tested by Zhu (1987). In one important 
modification, two mirror boosters each having about 0.812 m2 
area were attached along the length of the sys tem (Fig. 3.2). 
The solar collector was heat.ed using mirror boosters and 
evacuated during late morning until late afternoon almost for a 
month. The minimum concentration of water in the zeolite reached 
about 16.5% from 31.71 wt. % initially charged into the 
system. Then the system was charged with a small quantity of 
water in steps over of sevaral days. The charging system with 
isola tion valves is shown in Fig. 3.3. Tr.e performance of t~e 
recharged system (water content in the zeolite about 21.4 wt. %, 
dry basis) is shown in Table 3.1 (8-16 May, 1987). During these 
days, the average collector temperature was found higher than the 
average found earlier as there was less water charged into the 
system, but the amount of water cycled was less and surprisingly 
zeolite did not adsorb more than 22 wt.%, (dry basis) in 
subsquent charging. It is seen from Table 3.1 that the solar COP 
of the recharged system varied between 2.3 and 2.6%, which is 
lower than the unmodified system. We came to know about a small 
amount of inert gas initially charged into the system the 
supplier (Worek, 1986) which unfortunately escaped during first 
modification. Since, no further information about the type and 
the quantity of the inert gas was available, and since the system 
did not perform as well when the inert gas was intact, no further 
tests were carried out. 
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IV Work Carried out at AIT on the Charcoal-Methanol Pair 

4. Introduction 

The performance of the zeolite-water solar refrigerator was 
found not very promising during the initial testing and further 
research was done to inv~stigate other pairs. 

The comparison of synthetic zeolite 5A, 13X and activated 
charcoal (AC) with different refrigerants R11, R12, R22, and Rl14 
done by Critoph and Vogel (1986) proved charcoal as the 
preferable adsorbent for solar cooling. We also became aware of 
the study done by Grenier and Pons(1983), Meunier and others 
(1986) on synthetic zeolite-methanol and the charcoal-methanol 
pairs. Their study revealed that charcoal-methanol gives a 
better COP generally, but that when the night-time ambient 
temperature-evaporating temperature is particular.ly high then a 
zeolite-water combination is better. However this will require a 
higher generating temperature from the solar collector during the 
day. The comparison of zeolite 13X-water and AC 35-methanol done 
by Meunier and others (1986) suggest that zeolit£:: combinations 
will only be superior when the temperature lift (difference 
between adsorption and the evaporating temperatures) exceeds 
450 C. The COP is based on heat input to the adsorbent rather 
than the solar collector and so the reduced solar collector 
efficiency at higher temperatures may actually make charcoal
methanol combinations superior even at higher temperature lifts. 

The others reasons for preferring activated char,_oal are as 
follows: 

1. Activated charcoals are cheaper than zeolites. 
2. Activat~d charcoals can be made with properties to suit 

particular applicatior-s by varying the activation time 
and temperature, etc. 

3. Activated charcoals (particularly coconut shell charcoal) 
can be manufactured in the country of origin and use. 

Because of above advantages and the encouraging French 
results it was decided to investigate the methanol-charcoal 
system under the terms of the USAID contract. 

The properties of the activated charcoals such as porosity, 
pore size, and surface area for adsorption depends upon the raw 
material used, the activation proc~ss and the degree of 
activation. Accordingly, we carried out tests to investigate the 
adsorption properties of some imported and locally available 
charcoal samples for their possible use in solar refrigeration. 

4.1 Experimental Setup and Procedure 

The test rig (Fig. 4.1) used to determine the equilibrium 
da ta has a brass container A which was filled with a known 
quanti ty of a activated charcoal sample (usually 100 gms), a 

\ I ) 
\ ' 



Vacuum pump ~======~~======~~====~r=========~~========~ 

Water Suiia 

V 
-1 

Carbon 

Met hanol---""'''-=I-' 

Water bath--11-= 

A Activated carbon container 

B Methanol receiver cum evaporator 

P Vacuum gauge 

THI - Thermocouple conn. for carbon temp. 

TH2 - Thermocouple conn. for methanol temp. 

V1 ..... y5 - Isolation volves. 

Fig. 4.1: Schematic of the Experimental Setup. 
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graduated glass vessel B for containing methanol, and a vacuum 
gauge P. The methanol level can be read from the graduations of 
B and the quantity of methanol in the charcoal can thus be 
calculated at any time. The temperatures of the charcoal and 
methanol can be read from two calibrated k-type thermocouples 
THl and TH2. The comDonents A, B, and P were separated by 
isolating valves Vl through V5 to facilitate evacuation of each 
com~onents separately and checking leaks. The piping was of 
1/4 soft copper and all valves were soldered to successfully 
maintain the system vacuum tight. 

The activated charcoal was degassed over at least two days by 
heating the charcoal at about 1000C and continuously evacuating 
it. This was done to drive out impurities present in the deep 
pores before actual adsorption/desorption takes place. 
Similarly, methanol contained in vessel B was separa tely 
evacuated and a small amount of methanol was allowed to boil out 
to ensure no dissolved air remains in the methanol. Equilibrium 
data w~re obtained along two isobars (0.13 bar and 0.04 bar) 
keeping the methanol in B at constant temperature while varying 
charcoal tempe~atures. To obtain the desorption data, charcoal 
saturated with methanol at about 300C was heated in steps of 
100C approximately to 100oC. Sufficiently long time was allowed 
to reach the near equilibrium and at each step pressu~e, 
temperature and concentration were measured. Similarly 
adsorption data were obtained cooling the charcoal in the st~ps 
of 100C back to 30oC. For each sample, to get the better data 
points, up to three such adsorption/desorption cycles were 
repeated at each isobar. In case of slight deviation, the 
latest data were taken as correct. 

In total, eight samples of activated charcoal, six imported 
and two local were tested. The specifications for the 
charcoals supplied by the manufacturers are listed in Table 4.1. 

4.2 Data Analysis and Results 

The data obtained along two isobars can be used easily, when 
plotted on a In P versus -1fT graph, for applications like 
refrigerations etc. The ideal cycle, which consists of two 
isobars and two isosters can be easily traced in such diagrans. 
Since we can determine the state points on this diagram, the 
performance of such systems can be determined. Moreover, the 
slopes of the straight lines (isosters) directly give the heat of 
adsorption/desorption. The pressure-temperature-concentration 
(p-T-x) diagrams for charcoals tested are shown in Fig. 4.2 
through Fig. 4.6. For three charcoals the p-T-x diagrams are not 
presented. due to lack of consistent data points at both the 
pressures. 

4.2.1 Applications of the Dubinin Eguation 

The best established description of adsorption in activated 

" I , , 
\ 
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Table 4.1: Manufdcturer's Data. 

SUTCLIFFE CARBONS CO. LTD., U. K. 

COCONUTS:r-:::EI.L BF..5a c..'!ffiBONS 

G'C :{.! ·~:!.~;SH .. :- d 
% ..... : ;'% '-:-:,-1 

GAADE 

Z03C .- 700 - aoo - - .'._" I ". . - 0.55 - 0.59-·-· I " 20 - 30 LO - 2.0 I 
20SC ----~~----.~g~0~0~-~10~O~0~·~,------·~I--,-.. -··-·-.-~O~.53~---0~.~5~7--·.-·--·~'--~:~·5~~~~.5~~~~O~~2=~~~ I 
Z07C· -, tIOO - 1200·' ...,. .. :.; 0.49 - 0.53 . , ... :0 - 60 2.5 - 3.0 I 
208C '·-"'1200 - t3aa=~, .. : ..... I .... .= 0.47 - 0.51 : . I 60-70 I 3.0-' .. 0 I 

:- 607 .,..,... -: 1100 - 1200:'· '~'. -'- 1 .::. .... ~;: .:'.' 0.49 - 0.53 ::"'-"- I "·::0 - 60 . I 0.5 ~ LO I 
;---0;;';:-1;';"0---. ~I -. ,-;. .:'<: Daa -:-: ~oo =:.:::.:.: .~·.::.I .:;;.:.;.;.:~.:-aAO_ -. 0.44 .:~'·,:.,:-·I-··";;:: so -:: ~ I 3.0::-.4.0 I 

r Type 607 !s a ~eCaily pre;J1lreci acd v.rasnea oman WIth low aSn and hiqh ignition teope:rarure ior use in 
. soiwnt recovery or condensate de-<lWnq. . 

• The bui!< dlZ!1Sity is czmec:i. out on dry base c::u-Oon wrth norrunai mesn size 7 -lBSSS. 

IMPREGNF..IED & MISaI.L~OUS SPECI8.L c..:;.REONS 

I Z07E4(E~UDE!)1 ~;:I·;';:···;"-- llOO "·1200 .• O •• .i..'~'·~·~~ I "';';:'~·-"''''O ·45--0 49·...,""·-:",··7 ... -·-=5 . ,,-,.-., ..• 0 . '"Io.J.'" '_'" - ___ .- .- .. J • .• - "." •• .t"..t J .'._ • - ... -- ..... __ ........... _ -'.I:J ...... ; 

UDP CHEMICAL CO. LTD. BANGKOK. 

TYPICAL APPUc'-\. nONS: MO-G 7746 
MO-G i7<1(j is designcd fur rc:nOV:1; err (J(jC1urnlL~ 

atmosphere in inulL~lri:li [lroc:~cs and in ::Ir ennui· 
tinning SY:ilcms. induuin~ J v:1m:ty lit" p"riiiC:::llon 
;lnu :lcp:lr.lliun [lrncc::l.~ in [he chcmi,?1 inulL~lric.'i. 

GENERAL SPECIFIC\ TIONS AND 
PROPERTIES 
Mc:;h Si7.c.'i .Lx" 
llluiner'illmiler Mill. tII~!1 

,vlc:hyil!nc Blue /'Iumhcr Min. ZOO 
t\hr:t.~illn NUl1liler Min. :m 
'·I:mlnC:I..~Nurnilo:rMill. ')11 
,'vl"ixlllrc:·.s [l:1ckcd r'vI:IX •• ~. j 

l~csiduC:lln i!;ni(illll .• 'vlax;~ .. j 

rH 3-1) 

Surt:lCC t\rc:1( N:-n. E. T.) 111111-1 :00 

Hul" Ocn~iIY. glcc. 1I . .!I1-I1.45 

TYPICAL APPUCATIONS : MO-W 73JO 
MO-W 7~J() is rccllmmcmicd fur W:1(cr ruriiiCl

lilln illlch in mllnicip:l1 allu im.iu:lrn:1i u:;c. It i:l ::1:10 
[lllpui:lr in :: V:1ricty ot" .~cpar.rtillll ::nu puriiiC::Jlillll 
rmcc."",c.'i in (he nrg:lnic chcmic; inulI:llric=-. 

GENERAL SPECIFICATIONS AND 
PROPERTIES 
t'vIC:lh Si7.C:; ~xJII 

llluin:: :'IlImhcr Mill. 10511 
:Yiechyicllc Blllc NumberMill. 2:!!1 
t\ilra:lUlII I'hlmber Min. .'\11 
H:lrunc. ... ~ Numhcr Min. '111 
Mlli:llllrc:::lfl:1citcdM:1l:. ~:. J 
Rc.'iitiuc: 11111 glli( illll •• 'vt:l.t •. ::, J 
rH :J-~ 

Suri:lC;c Are:l (1'1:-0.=:.1.) 11511-1 :Sll 
Oulk Ocn!'lilY. ;],A"':.. 11.511-11.55 
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charcoal as proposed by Polayani(1970) is based on the potential 
theory. But the analytical form for the adsorption isotherm was 
by given Dubinin(Smisek, and Cerny, 1970). This theory of volume 
filling of micropores applies over a large range of relative 
pressures, and the fundamental equatio:l originally proposed by 
Dubinin and Radushkevich(D-R equati,)n) can be expressed as 
(Smisek and Cerny, 1970): 

W = Wo exp(-k (RT In Ps /p)2) (4.1) 

where 
W 
Wo 
k 

= Volume filled by the adsorbate, 
= Maximum volume of the adsorption space, 
= A parameter which primarily depends upon the number 

and size distribution of micropores and also upon 
adsorbate, as adsorbents have different affinities 
different adsorbates, 

R = Gas constant, 
T = Absolute temperature, 
Ps = Saturated vapour pressure of adsorbate at temp. T, 
P = Equilibrium pressure. 

the 
for 

The above equation is valid for temperatures sufficiently 
below the criticat temperatures Tc(T < 0.8 Tc or T < Tb.p.). 
If we consider k is the same parameter for the standard vapour 
whose affinity coefficient ~ is equal to 1, then k = k·/~2. 
Thus k now will be function of the structure of the adsorbent 
only and its value will not depend on the adsorbate as the 
difference in adsorption properties of different vapours from 
those of the standard vapour (normally benzene) is accounted by 
~; which is a function of adsorbate only. The D-R equation can 
thus be written as: 

W = Wo exp( - B ( T/~ In Ps /P)2) (4.2) 

where B is a function of the adsorbent microstructure, the more 
the microporous the charcoal is, the smaller is B. 

The density of the adsorbed phase in the above case can be 
assumed to be same as that of liquid adsorbate at the same 
tempe=ature provided that temperature is well below the critical 
temperature. 

The usefulness of this equation lies in the separation of 
adsorbate and adsorbent properties, since affinity coefficient 
which is the ratio of adsorbate molar volume at T to that of 
reference gas at the same temperature T, can ea~ily be 
determined. The affinity coefficient of different adsorbates on 
activated charcoal is given in Table 4.2(Smisek and Cerny, 1970). 
The two parameters Wo and B can be determined by plotting the 
experimental data in the linear form. Unfortuna tely, some 
deviations from linearity were obseTved by Marsh and Rand (1970). 
So, the Dubinin and Astakhov (D-A) equation (1970), which 

·V 



Table 4-.2: Tbe .,I\ffinity ~oeffi ci ent-_p for some Vapours on 
Charcoal. 

~ a 

Benzene 1.00 DichlorolIlethane 0.66 
Cyclobenzane 1.04 Ethyl Chloride 0.76 
Toluene 1.25 Ethyl Ether 1.09 N 

Propane 0.76 Acetone 0.88 Q) 

n-Butane - o ~-90 FOI:1ilic - acid 0.61 ' I 

a-Pentane 1.12 Ammoni"a 0.28 
a-Hexane 1.J5 Nitrogen 0_33 
n:'Heptane 1.59 Carbon Dis~lph!de 0.70 
-Hethanol 0.40 Acetic acid 0.97 
Ethanol 0.61 XeOC1n 0.50 
~{echyl Chloride 0.57 Krypton 0.37 
Nethyl BrolIlide 0.56 ChloroforuJ 0.86 

-
~. . 

:' ,0. 
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j,ntroduces a third variable n in the parameter to improve the 
fit of the experimental data, is given as: 

(4.3) 

Writing this in the li~ear for~ we obtain: 

In W = In Wo - D (T In ps/p)n (4.4) 

When Il = 2, the D-A equation is equivalent to the D-R equation. 

The p-T-x data when plotted in the D-R form gives a straight 
line if adsorption follows the theory of volume filling of 
micropores. Thus plottfng In W versus (T In ps/p)2 the values 
of Wo and D can be determined. The D-R plots for the different 
cbar~oals tested are shown in Fig. 4.7 through 4.10. 

I~ the D-R equation applies, the experimental points 
determined at two i~0hars theoretically merge to a single 
str~ight line. But over some part of the experimental range 
dif.'tinct disagreement has been observed as seen from th.e D-R 
plots. This ~as been attributed to the not so sophisticated 
experimental setup and also due to presence of mesopores in some 
charcoals. In some cases the data obtained along one of the two 
isobars was found inconsistent even when it was repeated to 
several cycle~ and the D-R plots are for the data points along 
one i.sobar. But most of the charcoals tested showed results 
close to ideal ones, and linear plots having correlation 
coefficient r between 0.96 and 0.97 were obtained wi th the 
exception of Thai-2 which has the correlation coefficient equal 
to 0.87. The values of Wo, D and correlation coefficient r 
are given in Table 4.3. It is seen that charcoal 607 has the 
highest value for Wo followed by 207E3, which means their 
adsorption capacities for methanol are larger. Other charcoals 
have also stwwn significant adsorption capabilities expect for 
Thai-2 which showed ·the lowest value, although Thai-1 and Thai-2 
were from two different batches from the same manufacturer. This 
might be due to different degrees of activation in different 
batches. 

4.3 COP Calculations 

Since we know the constants for the Dubinin equation Wo and· 
D, the relationship between p, T, x is known, where x is the 
concentration of the refrigerant adsorbed (kg/kg of charcoal). 
Once this relation is known, with the knowledge of any two 
parameters the thi~d can be calculated, and thus the coefficient 
of performances (COPs) for different applications can be 
calculated. 

4.3.1 Ideal Cycle 

The ideal cycle operating this type of system consists two 
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isosters and two isobars. The sensible heating and sensible 
cooling before and after generation follow two isosters: and the 

Table 4.3: Values of Wo , D and r in the D-R 
Equation for the Charcoals Tested. 

Charcoal Wo D x lE+06 Correlation 
Coefficient 

(lit/kg) (r) 

207E 0.3339 0.9645 0.96 

207C 0.2458 0.6329 0.97 

203C 0.2060 0.6134 0.98 

205C 0.2710 0.4820 0.97 

607 0.3962 0.6258 0.97 

610 0.2485 0.6502 0.97 

THAI-l 0.2531 0.7731 0.99 

THAI-2 0.1666 0.3064 0.87 

generation and the adsorption processes follow the isobars. The 
cycle can best be illustrated in the p-T-x diagram of Fig. 4.11. 

a. Se~?ible Heating 1-2 

The process starts at pcint 1, where the charcoal adsorbs the 
maximum amount of adsorbate, the concentration is x max at 
temperature Tl' Starting in the morning, charcoal having a 
rich concentration of adsorbate is heated from temperature Tl 
till the pressure P2 (condenser pressure) is reached. Since no 
desorption nas taken place yet, and the concentration being the 
same at xmax' T2 can be evaluated. 

b. Generation Process 2-3 

Desorption starts at point 2 at a constant pressure 
corresponding to the condenser tempel:ature and the adsorbent 
becomes more and more dilute. This continues until the maximum 
temperature attainable, Tmax for the day is reached. Since we 
know the pressure and the temperature Tmax. the new 
concentration xmin at point 3 can be calculated. 
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c. Sensible Cooling 3-4 

Cooling of the collector/generator takes place, at r.onstant 
concentration xmin from 3 to 4 till the evaporator pressure 
Pi is reached. Since Pi and xmin are known, we can calculate 
T4· 

d. Adsorption 4-1 

Adsorption starts at r?int 4 and continues until the 
concentration of refrigerant in the adsorbent reaches its maximum 
value XmaX . Thus t.he cycle is complete. 

4.3.2 Heat Balance~ in the Cycle 

Process 1-2 

The total heat used during this part of cycle is the sensible 
heating of the adsorbent and adsorbed refrigerant: 

(4.5) 

where 

CPa' CPr are the specific neats of the adsorbent and the 
refrigerant respectively, 

Ql-2 is the sensible heat during the process from state 
point 1 to 2. 

Process 2-3 

The heat supplied during the process consists of (i) sensible 
heating of the adsorbent from r2 to T3, (ii) sensible heating of 
the mean mass of the adsorbate from T2 to T3; and (iii) the heat 
of desorption. 

Q2-3 = (CPa + CPr (xmax + xmin)/2.) (T3 - T2) 
+ (xmax - Xmin) Hdes' (4.5) 

where the heat of desorption/adsorption Hdes is the average 
value of the two extreme values calculated from the slope of the 
two isosters calculated using the Clausius-Clapeyron equation: 

At xmax' 

Hides = (R/M) 

Similarly, at the isoster, xmin, 

where R 
M 

is the universal gas constant, 
is the molecular weight of the adsorbate. 
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Thus the average heat of desorption Hdes = (H1des + H2des)/2. 

Cooling Produced 

Assuming the refrigerant first cools from temperature T1 to 
the evaporator temperature Tev, and then evaporates, and also 
assuming the latent heat of evaporation L is constant, the 
cooling produced is: 

(4.7) 

and the coefficient of performance is 

(4.8) 

4.3.3 Computation of COPs and Results 

Based on the type of application the evaporator temperature 
will be fixed, and the condenser temperature can be assumed known 
based upon the type of condenser used. The values of specific 
heats of the adsorbent CPa and CPr are known. The heat of 
adsorption/desorption Hdes can be calculated, knowing 
condenser and evaporator temperatures, latent heat of 
evaporation L for an adsorbate can be calculated. Thus the 
COPs can be calculated. 

It is clear from the heat balances that the thermal mass of 
the container h~s not been taken into account and the heat input 
is directly tc. Lbe adsorbent and the refrigerant. A computer 
program written ~~ Fortran Language was used to compute the COPs 
of the different charcoal samples tested. This computer program 
utilizes the data determined for charcoal-methanol adsorption 
presented in Section 4.2. The possible cases investigated 
include evaporator temperatures of -lOoC and 50 C, typical for 
ice-making and cool storage respectively. The condenser 
tempera tures modeled in above cases are 350 C and 2SoC. The 
results of this computer simulation are shown in Figs. 4.12 
through 4.15. 

":harcoal 607 has shown the best performance with methanol for 
ic:e-lll~]dng followed by Charcoal 207E3; but at lower condenser 
temp~ratures and higher evaporator temperatures, Charcoal 207E3 
is better. The COPs for -Charcoal 207E3 at a generation 
temperature of about 110oC, condenser temperatures of 35 0 C and 
25 0 C, and evaporator temperature of -10oC were 0.41 and 0.52 
respectively. The COPs for the local samples THAI-1 at the 
above temperatures were 0.36 and 0.47; while for THAI-2 were 
0.25 and 0.35 (Sridhar, 1987). Similarly, Charcoals 607 and 
THAI-1 have been paired with other refrigerants for ice making 
purposes (Tevap = -10oC, Tcon = 350 C) shows better COPs compared 
to methano'.(Figs. 4.16 and 4.17). But other practical 
difficulties, such as high pressure and corrosion, in the case of 
ammonia must be con~idered. 
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V AIT Charcoal-Methanol Solar Refrigerator 

5. Introduction 

An intermittent solar activated charcoal-methanol adsorption 
refrigerator has been designed and tested at AlT. The design of 
the system is based on p-T-x data determined with our laboratory 
measuring equipment for one of the eight charcoal samples, 
(extruded type 207~3) from Sutcliffe Speakman Carbons Ltd., U. K. 
Two samples of the activated charcoal from a local factory in 
Thailand were also tested. Those samples were able to adsorb 
and desorb methanol, but large hys teresis was observed during 
adsorption and desorption especially at low evaporator pressure. 
So, the local charcoal was not used in this system. 

5.1. Design of the System 

The ideal cycle plotted on an Ln P versus -lIT chart for 
the selected charcoal is shown in ~ig. 5.1. The following is the 
method used to trace the state points on this diagram. 

The evaporation temperature Tev depends on the applications; 
for ice production it has to be in the range of -10 0 C. Tcon is 
the condensing temperature which should be as near to the ambient 
temperature a. heat transfer and economics will allow. 
Similarily T1 should be as low as possible so that the rich 
concentration xmax is as high as possible. This maximizes the 
concentration change thus minimizing the quantity of charcoal 
that must be (wastefully) heated and cooled with the adsorbed 
refrigerant. But T1 depends on the night-time ambient 
temperature and also the heat transfer characteristics of the 
collector. For design calculations it has been assumed equal to 
30 o C. Thus the point corresponding to the evaporation 
temperature of -100 C and adsorber temperature of 30 0 C fixes 
point 1 in the p-T-x diagram. The concentration corrpsponding 
to it is about 15% by weight. This system has a water cooled 
condenser and condensing temperature assumed equal to 300 C. By 
following the 15% isoster and condensation pressure 
corresponding to 30°C, point 2 can be located, which 
corresponds to the generator temperature of 8GoC. Assuming a 
generator temperature T3 equal to lOOoC I typical of the flat
plate solar collector and condensation at 30 0 C, point 3 can be 
located. Thus the final concentration of the methanol remaining 
in charcoal is 7%. This gives a concentration change of 8 wt. 
t. Similarly the generator has to be sensibly cooled down until 
it reaches the point 4, corresponding to temperature equal to 
GOoC, before the adsorption starts at a pressure corresponding 
to the evaporation at -10°C. This adsorption process starts 
late at night and continues until next morning. This fixes the 
ideal cycle on which the design is based. 
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5.1.1 Heat Transfer in the Cycle 

Let me and rna be the mass of the collector/generator and 
adsorbent (charcoal) contained in the collector respectively. 
Let CP c and CPa be the respective specific heats of the 
collector material and the charcoal. The specific heat of the 
adsorbed phase has been assumed equnl to that of the liquid phase 
and denoted by CPr. Assuming the collector, charcoal and the 
adsorbed phase are at the same temperature, the heat to be 
supplied during the sensible heating Ql-2 from temperature T1 to 
T2 can be estimated as: 

(5.1 ) 

where Xmax is the rich conc~ntration (kg of methanol/kg of 
charcoal) . 

The desorption or generation process staIts once the 
temperature reaches T2 and continu~s until the highest 
tempera ture of the day T3 is reached. After this, heat loss 
from the collector becomes greater than the heat input and 
generation s~ops. Thus heat supplied during the generation 
process includes sensible heating of the collector grid, 
charcoal, the adsorbed phase and also the heat of desorption. 
Assuming the specific heat of the adsorbed phase is equal to tha~ 
of the liquid phase and sensible heating of the des orbed phase is 
equal to that needed to raise the mean mass of the adsorbate 
during desorption to the final temperature T3, the heat needed to 
be supplied Q2-3 can be approximated as: 

Q2-3 = (mc CPc + IDa CPa + rna (Xmax + Xmin)/2) CPr) 
+ rna (Xmax - Xmin> Hdes· 

where Xmin ~.s the weak concentration at the end of generation, 
and Hdes is the heat of desorption which has been assumed equal 
to the heat of adsorption. 

The total heat that has to be supplied during the sensible 
heating and the generation process is approximately the sum of 
the quantities given by equations (5.1) and (5.2). 

The heat that has to be lost from the collector during the 
sensible cooling process T3 to T4 can be calculated as: 

(5.3) 

The heat needed to ::'e rejected by the collector during 
adsorption process Ql-2 can be approximated as: 

Q4-1 = (mc CPc + rna CPa + rna (xmax + xmin)/2 
+ rna HAds (Xmax - Xmin>· 

The usp-ful cooling Qc that can be pruduced by this system 
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during night can be approximated as: 

Qc = rna (xmax - Xmin) (L - CPr (Tcon - Tev»· (5.5) 

where L is the average latent heat of the refrigerant liquid 
leaving the evaporator (kJ/kg). 

Thus the thermal coefficient of performance of the system is 
given as follows: 

since this calculation is based on the heat used by the 
collector, the overall coefficient of performance the the system 
will !Je equal to the thermal coefficient of performance 
multiplied by eff.iciency of the solar collector/generator. 

5.1.2 Design of the Components 

(a) Solar collector 

The solar collector consists of an array of 15 copper tubes 
21 /8"(53.97 nun 0.0.), 0.528" (1.47mm )thick and 1.2 m long. This 
configuration provides an effective collection area of about 1 
m2 . Although =alculations were done on the different materials 
such as brass, stainless steel, aluminum tubings and also 
aluminum sections I M-type copper tube was chosen for the 
following reasons: 

- availability of the material a~d fittings, 
- ease of fabrication such as by "oft soldering, silver 

brazing etc., 
- low specific heat but high conductivity of the material of 

the tubing. 

Each copper tube contains a centrally placed perforated gauge 
tube of 3/8" diameter which is connected to the common header at 
the bot tom of the collector. This was done to ensure even 
distribution of the methanol vapour in the charcoal and to reduce 
the pressure drop. Once the charcoal was filled, the top ends of 
the collector tubes were sealed by soldering brass plates. The 
lower ends of collector tubes have flare joints which can be 
assembled to the bottom header. The arrangement is shown in Fig. 
5.2. The collector as fabricated has 38 kg of copper in tubes 
containing charcoal, header and gauge tubes, the 3.85 kg of brass 
in end caps, nipples, and flared joints. The total weight of the 
collector grid is 59.6 kg and contains 17.8 kg of charcoal. 

The collector has a single glass cover, 4mm thic::: at a 
distance of 32 mm from the top surface of the collector tubes. 
One glass cover was choosen based on the previous experience at 
AIT (Exell and Kornsakoo, 1981). The top surface of the 
collector array is covered with selective Maxorb Solar Foil (Inco 
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Selective Surfaces, U. K.) coa ted wi th a special pressure
sensitive adhesive which can be used at high temperatures. 

The assembly is housed in a galvanized iron sheet case of 
size 1.5m x 1 m. Polyurethane foam is used for insulating the 
pipes. The insulation fills in the casing and forms a mould 
about 90 rnm thick. The back insulation of the collector can be 
opened by lowering the back of the casing which is hinged at the 
bottom and bolted in position at the top. The panel is tiltad at 
an angle of 14 0 facing south. This collector at 30 to 35% 
collection efficiency can provide heat needed to desorb 
approximately 1.4 kg of methanol and has sufficient area to 
dissipate the heat of adsorption when the back of the collector 
is lowered. The properties of the materials used are given in 
Table 5.1 and the detailed calculations are given in appendix. 

Table 5.1: Properties of different materials used 
in the design. 

+--------------------------------------------------------------+ 
Methanol Properties 

Average Specific Heat of Liquid 
Average Density of Liquid 

Average Latent Heat of Evaporation 
of Methanol Vapour 

Average Heat of Adsorption/Desorption 

Charcoal Properties 

Bulk Density 
Average Specific Heat 

Other Properties 

2.55 kJ/kg-K 
791.00 kg/m3 

1200.00 kJ/kg 

1500.0 kJ/kg 

500.0 
0.7 

kg/m3 
kJ/kg-K 

Average Specific Heat of Copper 0.380 kJ/kg-K 
Average Specific Heat of Brass 0.385 kJ/kg-K 

+--------------------------------------------------------------+ 
(b) Condenser 

The design of the condenser is based on the condensation of 
1.4 kg of methanol vapour at 300 C to methanol liquid at the same 
temperature. The total amount of heat to be released in the 
condenser can be calculated as follows: 

From the methanol property tables (Liney, 1982), the enthalpy 
of the methanol vapour at 30 0 C is 1776.5 kJ/kg and the enthalpy 
of the methanol liquid at the same temperature is 613.85 kJ/~g. 
So, a total of 1627.7 kJ has to be released in the condenser. 
Supposing condensation takes place during the period of four 
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hours, the heat rate is 113.03 W. 

The heat transfer area for the condenser can ba calculated 
as: 

Acon = 113.0J/{U At), m2 (5.7) 

where U is the overall heat transfer coefficient in W/m/.-K and ~t 
is the temperature difference in degrees. 

The overall heat transfer coefficient by natural convection 
in the static water tank with some fouling was estimated to be 
170 W/m2-K from prev~ous experience (Exell and Kornsakoo, 1981). 
Assuming a 20 C temperature difference between the vapour and the 
cooling water, a heat transfer area of 0.332 m2 is required. The . .. " . condenser, fabr1cated from 1/2 and 1 3/8 hard copper tub1ng 
is shown in Fig. 5.3. This configuration has about 0 . 35 m2 
heat transfer area. 

Since the total heat to be released in the static water tank 
is about 1627.7 kJ, and allowing a temperature rise of 1.Soe, the 
amount of water needed in the tank is 260 kg. The water tank is 
made from of mild steel sheets and has dimensions lin x O. 7m x 
0.4m; it can contain 279 kg of water. 

(c) Receiver 

The methanol is ccntained in a brass container 150mm 1n 
diameter and 180rnm lcmg, and it can hold about 3 Ii tres of 
methanol liquid. The tubing connecting the receiver and the 
evapora tor, and the evaporator together can hold about 0.5 
litre of methanol. So, the total methanol that can contained in 
the assembly is about 3.5' litres which is approximately 15.6 
wt. % of the methanol cycled. The total weight of receiver is 
about 2 kg. 

(d) Evaporator 

The design of the evaporator is based on the following 
assumptions: 

1. The amount of methanol to be evaporated is l.4 kg. 
2. The refrigeration process takes 12 hours. 
3. The evaporator temperature is -10 0 e. 
4. The average latent heat of evaporation of the methanol 

vapour between 30 to -10 0 e is 1200 kJ/kg. 
5. The conductivity of the ice layer is 2.2 W/m-K. 
6. 'rhe average specific heat of methanol liquid is 2.55 

kJ/kg-K. 

It follows from the above assumptions that the maximum 
amount of ice that could be produced by this system (neglecting 
the thermal mass of the container and the heat leak to the ice 
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box) from water initially at 300 C is about 3.35 kg. The total 
cooling produced is 1537 kJ and the heat flow rate required is 
35.6 W. This heat flow rate must be maintained by the freezing 
water until the last bit of ice is formed in the cycle. Thus, 

35.6 = 2.2 Aev ~T/x, 

where 
= Heat transfer area of the evaporator, m2 , 
= Temperature difference between evaporator 

and water surrounding the evaporator 10o C, 
x = Thickness of i~e, m. 

From equatj.on ~ 5. S) , Aev/x = 1. 62 m. 

(5.S) 

(5.9) 

The specific volume of ice at OOC is 0.001091 m3/kg and the 
total volume of 3.35 kg of ice is 0.00365 m3 which gives: 

Aev x = 0.00365 m3 . (5.10) 

S~lving equations (5.9) and (5.10), gives the surface area of 
heat transfer equal to 0.077 m2 , and the maximum thickness of the 
ice is 47.5 rom. After several trials a trapezoidal section ha~ 
been selected for the evaporator. This section provides an 
effective surface area of about 0.131 m2 , and from equation 
(5.1e) the eff:ective thickness of ice reduces to 27.S rom. The 
evaporatur was made out of the brass sheet and has u total mass 
of 2.0 kg, including the copper tubing connecting receiver and 
the evaporator. Moreover, this configuration allows easy 
removal of ice. 'l.'he receiver/evaporator assembly is shown in 
Fig. 5.4, and the sectional view of the refrigerator is shown in 
Fig. 5.5. 

5.1.3 Pressure Drop in Connecting Tubes and Charcoal 

The wors t poss ible case tha t migh t be encoun tered is a 
temperature of 260 K (-13.15 0 C) during evaporation, the specific 
volume of methanol vapour at this temperature is 39.49 m3 /kg and 
the corresponding pressure is 1700 Pa. Since the total amount of 
vapour to be cycled is about 1.4 kg in twelve hours, the average 
mass flow rate is 3.24 x 10-5 kg/so The average velocity of the 
methanol vapour V can be calculated as: 

V = m J) / A.f 

where, 
m 
~ 

= Methanol vapour rate, kg/s, 
= Specific volume, mJ/kg, 

Cross-section area of flow, m2 . Af = 

(5.11) 

To keep the pressure drop in the connecting pipe low a 
smooth drawn 1 3 /S" (32.S rom I.D.) copper tube has been choosen. 
This tube has a flow area of 0.0008296 m2 and the average 
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velocity of vapour flow in the tube is 1.S4 m/s. Assuming the 
average viscosity of the methanol vapour ~ is equal to 10.1 x 
10-6 Ns/m2, the Reynold's number RN is given as: 

(S.12) 

where 

Di = Internal diameter of vapour transport tube(m). 

Since the Reynold's number is less t:han 2000, the flow is 
laminar and the Fanning' s friction factor f is equals to 16/RN 
(Perry and Chilton, 1973), and the pressure drop .:1P (Palm) in 
the connecting tubes can be calculated as: 

.:1 P = 1/2 (f j V2 ) IDi (S.13) 

For the 1 3/8" connecting tubes, the pressure drop is equal 
to 0.1161 Palm and the pressure drop in gauge tubes is 1.9 Palm, 
which is satisfactory. 

The flow is laminar and the pressure drop in the bends is 
small but the bends and sudden changes in the internal diameter 
of flow have been kept to minimum. 

Since gauge tubes have been used in this system, the 
effective thickness of charcoal in the tube in the radial 
direction is only 21 mm and the pressure drop in the charcoal 
will be negligible. 
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5.2 Preparation for Tests 

5.2.1 Calibration of Level Glass of Receiver/Evaporator 

The receiver/evaporator assembly consists of a level glass to 
measure the liquid level inside the receiver. The level glass 
was calibrated by filling a known quantity of water into the 
receiver/evaporator in small increments. The volume V of the 
liquid in the receiver can be calculated from the level glass 
reading as follows: 

V = 34.17 + 192.16 H - 0.55 H2, cm 3 (5.14) 

where H is the level glass reading (cm) and the above equation 
is valid for 3 ~ H ~ 19.1. 

Th~ lowest value that can be read from the level glass is 3 
and the highest level is 19.1 cm. The evaporator and the tube 
connecting the evaporator and the receiver contains about 600 
cm3 of methanol liq~id. 

5.2.2 Overall Heat Loss Coefficient of Receiver/Evaporator Box 

The receiver/evaporator is housed in a box (700 mm x 460 mm x 
460 mm) well insulated !Jy polyurethane foam. To determine the 
overall heat loss coefficient of the box, the recei/er/evaporator 
was filled with ice-cold water and the temperatures at different 
points (Fig. 5.6) were recorded continucudly. 

TR1 
TR2 
TR 
TEl 

= 
= 
= 
= 

Receiver top temperature, °c 
Receiver bottom temperature, °c 
Mean receiver temperature, °c 
Temperature of the tube connecting 
receiver/evaporator, °c 

TE2 = Evaporator temperature, °c 
TE = Mean evaporator temperature, °c 
TW = Water temperature, °c 
TC = Mean cover temperature, °C. 

CR = Thermal mass of the receiver, kJ/kg-OC, 
cE = Thermal mass of the evaporator, kJ/kg-OC, 

Cw = Thermal mass of water filled in 
receiver/evaporator, kJ/kg_oC. 

the 

The heat balance of the receiver/evaporator can be written 
as: 

mR CR dTR/dt + mE CE dTE/dt + mW Cw dTW/dt = 

where, 
U 

AC 

3.6 U AC (TC - (TR + TE)/2) (5.15) 

= Overall heat loss coefficient with respect 
to outside surface area of the cold box, W/m2_oC, 

= Total outside heat transfer area of the cold box, m2 . 
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U = (mR CR dTR/dt + mE CE dTE/dt + mW Cw dTW/dt)/(3.6 AC (TC 

- (TR +TE)/2) (S.16) 

The mean cover temperature of the cold box TC v~ries in a 
sinusoidal pattern, but for small time interval it was 
represented ~y the curve 

TC = 33.6S - 0.44 t + 0.01 t 2 , (S.17) 

where t is the time (h). 

The temperature difference between the cover and the cold box 
decreases exponentially with time according to the Newton's law 
of cooling. The linear regression curves fitted are: 

In (TC - TR) = 

In (TC - TE) = 

In (TC - TW) = 

Thus from (S.17) , 

TR = 33.6S -0.44 t 

TE = 33.65 -0.44 t 

TW = 33.65 -0.44 t 

3.16 - 0.08 

3.1S - 0.07 

3.19 - 0.07 

and (S.18) , 

+ 0.01 t 2 -
+ 0.01 t 2 -
+ 0.01 t 2 -

t, 

t , 

t. 

(S.19) 

2S.57 

2S.S7 

24.29 

and (S.20) 

e-0 . 08 t 

e-0 . 07 t 

e-0 . 07 t 

we get, 

(S.18) 

(S.19) 

(S • 20) 

(S.21) 

(S.22) 

(S.23) 

Differentiating equations (S.21), (S.22), (S.23) with respect 
to time t and substituting in equation (S.16), the hourly 
values of overall heat loss coefflcient can be computed. The 
computed valu~s are shown in Table S.2. 
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Table 5.2: Results of the Overall Heat Loss Coefficient 
Calculation for the Receiver/Evaporator Box. 

-----------------------------------------------------------------
Local Time TR TE TW TC U 

Time, (Hr) (Hr) (C) (C) (C) (C) (W/m2-C) 
-----------------------------------------------------------------

16 1 11.98 12.41 11.86 33.73 0.14 
17 2 13.13 12.88 12.40 32.77 0.15 
18 3 13.89 13.19 12.91 31.83 0.15 
19 4 14.85 13.99 13.80 31.60 0.14 
20 5 15.42 14.45 14.25 31.57 0.14 
21 6 15.99 14.79 14.60 31.55 J.13 
22 7 16.94 16.09 15.85 31.32 0.13 
23 8 17.91 17.01 16.83 30.86 0.14 
24 9 18.29 17.47 17.27 30.47 0.14 

1 10 19.26 17.~3 17.90 30.02 0.14 
"I 11 19.82 18.92 18.84 29.79 0,14 " 
3 12 20.58 19.43 19.42 29.33 0.15 
4 13 20.98 20.07 19.99 29.33 0.15 
5 14 21.35 20.45 20.37 29.13 0.15 

5.2.3 Leak-tightness Tests 

Prior to assembling, all the components, such as collector 
tubes, condenser', receiver/evaporator, were tested sep<:rately 
under pressure as well as under vacuum ccnditions. Once 
assembled, the solar collector was p.xposp.d to the sun and 
evacuated. The solar collect':)r and condenser, and the 
receiver/evaporator were checked separately for vacuum tightness 
over the period of several days, isolating them with the help of 
isolating valves. The isolating valves and the methanol feeding 
arrangement are shown in Fig. 5.7. 

5.2.4 Preparation of Charcoal for Test 

As a first step to remove moisture adsorbed during transit, 
the charcoal was put into a vacuum oven at 1500C for three 
days and evacuated with the help of a vaCUlli~ pump. The dry hot 
charcoal from the vacuum oven was filled into the collector tubes 
and the tubes were assembled. Degassing of the charcoal in the 
collector tubes was done by exposing the solar collector to the 
sun and evacuating it around the peak temperature, which reached 
up to 1350 C on clear days. After several days, the charcoal was 
washed by let ting it adsorb a small amount of methanol vapour 
from the methanol feeding bottle during the night, and by heating 
and evacuating it durilry the day. This was done to remove gases 
adsorbed in to the de f~p pores of the charcoal and gradually 
replacing them by methanol. After a few such cycles, charcoal 
was finally ready for actual tests. 

,) \', 
I \1 
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5.2.5 Charging of the System 

Initially, the charcoal was allowed to adsorb methanol from 
the feeding bottle. But the adsorption from the feeding bottle 
was very slow and liquid methanol was therefore charged directly 
into the receiver/evaporator. The collector was covered during 
the day and the back insulation was lowered until the adsorption 
process was complete. The total methanol charged was four 
litres, all of which was adsorbed by the charcoal. The initial 
concentration of methanol in the charcoal was about 17.8 wt. % 
(dry basis) . 

5.2.6 Instrumentation 

Temperature Measurement 

The principal temperature measurements were made by twelve 
copper-constantan (T-Type) temperature sensors, which are 
designed for a temperature range between -8g 0e and 3700C. These 
thermocouples were calibrated against a standard mercury-in-glass 
thermometer having a precision of ° .1 0e. These temperature 
sensors were installed on the glass cover, top I inside and the 
bottom of the collector, the conderser, the receiver, the 
evaporator, and the water or ice temperature. One sensor was used 
to measure the ambient temperature. The positions of the sensors 
are shown in Fig. 5.8. These temperatures were recorded 
continuously by a Fuji chart recorder. Two calibrated k-type 
temperature sensors were used to measure condenser tube and the 
cooling water temperatures and those two values were read from 
the digital display. 

Solar Radiation 

A pyranometer attached to an integrator with digital display 
(Solar 118, Swi tzerlandi . was used to monitor the instantaneous 
and integrated values of solar radiation on a surface parallel to 
the solar collector. This pyranometer was calibrated against a 
standard pyranometer used at the meteorological station of the ET 
P~rk, AIT. The instantaneous and the integrated values of solar 
Pldiation were read manually. 

Pressure 

Besides an ordinary Bourdon gauge, a U-tube mercury manometer 
has been connected to the system through a system of isolating 
valves. The Bourdon gauge can be used to estimate the pressure 
range but the mercury manometer can be used to read the vacuum 
level to a resolution of 1 nun. One end of this manometer is 
exposed to the atmosphere. The atmospheric pressure can be read 
from the standard barometer installed at the ET Park, AIT. Thus, 
the system pressure at any time can be calculated. 
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Liquid Level 

The volume of the methanol can be read from the level glass 
attach ··d to the receiver. Sine the density of methanol liquid is 
known Erom the property tables, the mass of methanol in the 
receiver, and thus the :rr~ss cycled, can be estimated. 

5.3 Testing Procedure and General Observations 

The performance of the above solar refrigerator ha~ been 
monitored since the beginning of October, 1987. The the weather 
during October was highly variable, as there were a few 
exceptionally clear days, as well as some cloudy and some rainy 
days. The experimental observations for a few days are given in 
Tables 5.3 th~ough 5.5. 

5.3.1 Solar Radiation 

The solar radiation incident on the surface of the collector 
during the feriod of the experimentation varied between 9.4 and 
23.24 MJ/m -day. The daily solar radiation incident on the 
surface of the collector for the month of October is shown in 
Fig. 5.9. 

5.3.2 Ambient Temperature 

The minimum ambient temperature recorded during October was 
200 C during a cool night, and the maximum value was 340 C during 
clear afternoons. 

5.3.3 Collector Temperature 

Five sensors (2 and 5 to measure top and bottom 
temperatures of collector tubes, 3 and 4 to measure charcoal 
temperatures from the top and bottom end of tubes, 1 to measure 
glass temperature) were used to measure collector temperatures. 
The collector reached ::i.22oC during clear days, and the minimum 
collector temperature was 4 -- 6°C above the minimum ambient 
temperature, while the charcoal temperature was 1 -- 2°C above 
tube temperatures. The temperature profile of the collector 
during a clear day and including the ambient temperature are 
shown Fig. 5.10. 

5.3.4 Condenser Temperatures 

The water in the static water tank cools down to a 
temperature close to the minimum ambient temperature during the 
night as the tank is not insulated. The maximum water 
temperature was about 320 C clnd the condensation temperature was 
close to the ambient temperature. 

. \ ,) 
~ , 
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fl~le 5.l: f'e Ilperileltal Ohserfltiols of t~e llf Cllrcoal-Iethlloi Sol;f lefrigerator 117 Octoher, 1'17). 

Locd lib Collector felperltlres COl4elser feapefltures ItCeim Inpontor Lml Iacidelt leuru 
file feap. ---- ;lm Iidiatiol 

'1m Call. Call. Chr Cllr. 'lpolr Liquid flhe later fop Bot. hap. Ice 
fop Jot Top Jot 

Ilr) IC) ICI ICI ICI ICI ICI ICI IC) ICI ICI ICI ICI ICI ICI ICI' lUI 

too 2U2 lU2 30.63 30.17 27.55 lt71 27.53 2UO 27.U 27.10 -!.SO -1.94 -US -1.31 0.00 
7.00 2U5 27.55 32.15 30.17 3l.10 3UI 27.53 U.02 21.14 27.10 1.91 -1.94 -US -1.31 205.20 
1.00 U.15 3Ul 41.24 40.05 31.U 31.50 33 .59 26.02 27.J4 27.10 11.09 0.24 -1.32 -1.31 molO 
LOO 27.61 42.70 '0.93 H.47 5U4 51.J9 41.17 27.S3 21.03 27.79 U.74 15.54 -1.32 -1.31 U09.l0 

10.00 30.74 SUI 11.31 11.36 76.03 79.11 5l.H 30.5' 3Ul lI.U 27.92 21." 0.21 -1.J1 4.00 %U5.S0 
10.50 33.04 54.0' IU9 17.79 10.51 15.93 '0.10 30.56 31.40 lUI 27092 1'-37 OJI -1.31 '-20 1452.30 
11.00 lUO 57.15 94.16 95.11 IU4 !2.05 63.19 33.59 H.19 2UI 2U5 11.60 1.74 -1.31 9.00 1759.30 
11.50 30.74 51.79 19.72 '0.54 SI.15 'l.O5 51.77 31.H 31.40 30.17 21.92 11.60 4.10 -1.J1 10,)0 m.oo 
12.00 30.74 4U3 15.17 SUS 15.12 !7 .46 4T ol3 30.56 )1.10 30.37 16.l9 17.07 4.10 -1.31 lUO 401.00 
12.50 3U7 41.1' 92.75 92.07 !l.1I 9UI 55.5' 32.01 3UO 30." 2&.n 17.14 7.10 -1.J1 10.40 1l01.J0 
13.00 3U7 53.31 100.32 ".72 ".21 ".64 60." 3UI 31.19 30." 2U5 11.60 U3 -1.31 11090 llI2.S0 
13.50 33.10 57.15 106.31 105.14 100.27 104.29 '3.19 33.59 H.U 31.36 30.22 2U5 7.16 -1.31 13.10 164UO 
14.00 32.21 54.12 10'.41 101.90 104.12 101.&1 '0.16 32.01 32.39 3U5 2U5 20.13 9.3, -1.31 15.30 1274.00 
14.50 33.04 63.91 113.20 113.4' 104.t2 113.47 63." 32.13 32.71 32.15 27J2 20.13 U, -1.31 16.10 1340.40 
15.00 3U7 54.12 109.41 101.90 10'.3' 111.94 5l.H 32.01 32.39 32.45 2U2 20.13 9.3, -1.31 lUG HOJO 
15.50 H.27 45.73 11.23 '2.07 100.27 9'.70 45.71 30.H ll.l9 ll.25 2l.11 11.60 2UI 2U2 17.00 301.30 
lUO 2Ul 45.73 10.63 7'.13 1'.64 17.46 44.10 2'-05 15." 17.07 20.10 21.57 15.60 m.lO 
17.00 2Ul 36.'4 60.'3 5'.94 '3.'1 '4.51 3U5 2U' U7 '-U 10.!2 10.16 lUO 702.70 
11.00 2Ul 33.'1 50.33 50.76 53.31 53.10 3Ul 21.47 -1.15 0.24 U3 6.27 11.40 110.60 
19.00 2Ul 30.51 42.75 (3.11 45.73 4'.15 33.5' 2UO -5.74 -US 1.74 1.61 10.10 0.00 
2~.00 27.n 2'.07 31.21 31.52 3'.67 40.0] 33.5' U.02 -S.7e -4.35 0.21 0.15 9.20 0.00 
21.00 2UI 27.55 3'.6' 35.4' 31.1' 31.50 32.01 2Ul -7.27 -5.U -1.32 -1.31 1.30 0.00 
2UO 2UI 27.55 35.1& 35.4' 3'.64 3'.'7 30.56 2U2 -1.10 -5.U -1.J2 -1.31 7.50 o.oa 
23.00 2U5 16.04 35.11 35.46 36.64 36.97 30.5' lUl -1.10 -7.U -l.ll -1.31 '-SO 0.00 
24.00 2U5 2'.0. 33.6' 33.'3 35.13 35.44 30.5' 25002 -1.10 -7.41 -2.15 -2.91 5.70 0.00 
1.00 2U5 1'.04 32.15 32.40 35.1] 35.(4 30.5' U.02 -1.10 -7.41 -2.15 -1.91 0.00 
2.00 26.15 2'.04 32.15 32.40 33.61 33.'1 a.05 16.02 -1.10 -7.41 -2.15 -2.91 0.00 
3.00 U.15 2'.Oe 32.15 32.40 33.61 33.31 19.05 24.50 -1.10 -7.U -US -2.91 0.00 
4.00 2U2 24.52 30.63 30.17 32.10 31.31 n.05 lUO -UO -7.41 -2.15 -2.91 0.00 
5.00 2U2 24.52 30.63 2'.34 1'.07 19.32 2'-05 2UO -7.27 -7.41 -2.15 -Ul 0.00 
'-00 2U2 24.52 30.'3 l'.le 2'.07 1'.32 2'-05 2UO -1.15 -7.11 -US -4.44 0.00 0.00* 

fotll Ilcidelt Sollr IIGiltiol : 1'265.0 
s 114 of Idsorptiol. 

I' , 
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Table 5.4: T.e llperileltll Obser'ltiol! of t.e lIT C.lrcoll-letlIDol Sollr lefri;erltor (21 Octob~r, 13111. 

LocI! lib Colle~tor Telperltlres COldelser Telppritur~s leceim Enpantor Lenl hcidelt Iwrb 
Tile Telp. GIm hdiltiom 

G1m Call. Call. Chr Cbr. 'Ipm Li.qlid hhe liter Tap Jot. Inp. Ice 
Tap ~ot Top Bot 

(Brl (el (el (el (el (el (el (el (el (el (el (el (el (el (el (el' (UI 

UO 20.03 l!JI 24.57 2U5 1'.04 1'.26 2UO n." 2UI 23.14 -11.1' -12.00 -Ul -5.91 0.00 
1.00 24.62 21." 2U9 2UI 26.04 2U6 2UO 21.n 2J.11 2U3 0.31 -10.n -7.U -9.03 110.60 
1.00 1'.15 2U4 )U6 )2.40 32.10 H.H 21.53 2U9 ll.91 ll.93 6.50 -US -4.31 -tu 966.10 
UO 2UI 35.13 5U' 5J.12 50JI 50.74 3U2 2UO 11.U 25.22 15.i& 12.4& -1.32 -1.3t 1125.70 

10.00 2Ul U.22 7'.01 76.71 ".91 73.n U.74 2U2 lI.n 25.52 24.1' 20.11 -1.32 -1.31 UO 2522.10 
10,50 2'.21 n.25 &l.U 12.19 7i.03 1Ul 5J.H U.02 2'-12 2Ul 2J.H 15.54 -1.32 -1.31 5.10 lUUO 
11.00 29.21 5OJ. .1.20 19.01 12.09 15.93 5U2 27.53 H.J2 2Ul ll.33 14.01 -1.32 0.15 1.50 1577.50 
11.50 2Ul 50JI 92.15 ,UO 15.12 92.05 57.1) 29.05 2U2 21.30 2U' 14.01 -1.32 0.15 11.:~ mUD 
12.ao 2'.21 50JE 91.2' '1.19 91.11 95.11 SUS 29.05 29.12 2UO 24.1' 14.01 0.21 US 1l.90 U41.50 
12.50 29.21 41.25 91.11 99.72 95.73 99.70 5JJ9 29.05 2U2 21.0' 2t" lUI -1.32 0.15 lUO lJ01.30 
13.00 2U.! 50.21 10'.3' 101.37 101.7' 107.35 51.13 29.05 H.l2 21.59 24.16 12.41 -1.32 0.!5 16.10 muo 
13.50 2U1 51.79 112.44 113.49 10'.)6 113.47 51.13 2U5 29.12 2UI 24.15 12.4S -1.32 0.15 11.70 1m.50 
lua 2'.21 53.31 111.50 111.01 115.42 11'.53 57.13 2U5 2U2 21.59 24.1' 12.U 0.21 0.15 11.30 1520.10 
14.50 2Ul 53.31 121.53 122.67 119.'7 122.65 5U2 2U5 29.12 21." 2J.H lUI OJ1 0.15 11.70 muo 
15.00 29.21 53.31 121.53 122.67 121.4' 122.'5 suo 29.05 29.12 21.59 2J.J3 12.41 0.21 0.15 lUO 1117.50 
15.50 H.21 53.31 120.02 111.14 121.4' 122.'5 5JJ9 2U5 2J.J3 14.01 OJI 0.15 11.90 m.70 
1UO 2Ul 53.31 113." 115.02 IIS.'4 111.0' 53.H )9.5, 23.33 17.01 15.51 15.45 1 •• 10 191.90 
11.00 2'.21 41.1' 70.02 ".12 7'.03 7'.75 41.17 21.n 1.03 1.1, 15.51 15.45 lUO &95JO 
11.00 2U5 32.10 51.14 50.7' 57.15 51.39 3U2 15.41 -loU OJ, '.J3 '-27 1UO lU.OO 
19.00 2U5 27.55 42.75 41.51 45.73 4'.15 lJ.59 1U' -5.74 -us 0.21 1.61 1l.10 0.00 
20.00 2U2 2'.04 )1.21 )1.52 )'.67 40.03 )0.5' 21.n -1.27 -7.il -l.JZ 1.61 11.60 0.00 
21.00 2U2 24.52 )5.1' )5.4' )'.'4 )'.97 )o.s6 2U' -1.10 -..,4 -1.32 -1.J' 10.10 0.00 
22.00 23.O~ 23.01 33." )3.'3 33.'1 33.'1 29.05 21.9' - -10.H -10.n -US -1.31 UO 0.00 
23.00 2J.O' 23.01 )0.'3 )0.17 )2.10 )2.3' 27.53 22.99 - -10.33 -10.4' -2.'5 -1.31 1.00 0.00 
2UO 23.09 23.01 )0.'3 )0.17 32.10 )l.3' 21.53 2%." - -10.H -10,(7 -l.I5 -1.31 1.30 0.00 
1.00 23.09 2).01 2'.12 2S.14 )0.51 )0.35 27.5) 2lJ9 - -10.H -10.n -UI -1.J1 0.00 
2.00 2J.D! 23.01 29.12 29.34 )0.51 )0.15 17.5J llJ9 - -10.33 -10.n -UI -1.l' 0.00 
).00 2J.09 23.01 2'.12 2'.)4 )0 .5~ JO .15 2U2 21.99 - -10.13 -10,47 -4.)1 -UI 0.00 
UO 21.5' 21.49 27.60 27.11 )0.51 )0,15 2U2 21.47 - -10.13 -10.47 -4.)' -1.31 0.00 
5.00 21.5' 21." 27.60 21.'1 2'.07 19 .32 25.02 21.n - -10.33 -10.n -UI -lJa 0.00 
6.00 21.5' 21." 2U' 2UI 21.55 27.19 2UO 1I.n - -10.3) -10.n -Ul -UI 0.00 0.00* 

TOtil Ilcide~t Soilr Iidiitiol : 23042.0 

l lid of Idsorptiol. 

-. 
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Tible 5.S: The Ilperileitil ObserTltiols of t~e lIT C~arcoll-let~lIol Solir lefrigeritor 11' October, 1'.71. 

Lncd lAb Collector Telperatltes COldelser Telperitlres lecei,er luporator Lml IDcideat leurks 
Tile Tellp. '1m hdiitiOI 

'1m Cilil. ColI. Chr C~U. Japolr Liqlid Tlbe liter Top lot. lup. Ice 
Top lot Top lot 

Ilrl IC) ICI ICI ICI IC) Ie) ICI leI ICI leI IC) Ie) Ie) leI ICI) lUI 

5.00 24.62 24052 29.12 29.34 29.07 29.32 15.02 21.99 25.16 25.12 0.31 -7.41 -5.91 -5.97 0.00 
7.00 24.62 23.01 19.12 29.34 29.07 29.32 27.53 21.99 25.46 25.~2 4-'7 -1.41 -UI -4.44 '3.40 
1.00 2U2 2'-04 32.15 32.40 32.10 3UI 29.05 24.50 25.46 25.52 1.03 -2.12 -us -l.U m.l0· 
UO 2U5 35.13 50.ll 50.00 41.25 47.61 35.11 1'-02 25.75 25.62 15.61 '-42 -1.32 -1.31 1515.70 

10.00 2UI 41.19 73.05 73.71 n.4i 7OJ3 (5.71 27.53 27.04 26.11 2U2 lUI 0.21 0.15 JJ8 muD 
lOJO 2U1 4U2 79.11 7U3 73.00 76.75 41.14 27.53 29.02 2Ul 2U9 IUD -1.32 -1.3& 5.&0 141CJO 
11.00 30.74 47.25 &5.17 IUS lo.s. 14.40 51.77 2U5 29.62 26.10 24.1' 17.07 -i.32 -1.31 UO muo 
11.50 30.74 47.25 IU9 l7.n lUI aU3 51. 77 2U5 30.(1 27.19 2U' lU4 -1.32 -1.31 8.10 muD 
12.00 30.74 50.11 94.1' '5.13 11.15 92.05 5U2 29.10 30.51 21.19 2U' 15.54 -1.32 -1.31 10.40 muo 
12.50 30.74 50.21 ,4.1, 95.13 91.11 ~5.11 SUO 2UO 30.11 2UI 2U' 15.54 0.21 0.15 12.00 1U1.10 
IUD 30.74 51.19 ".U 9Ul !5.71 99.7' 5U2 30.56 30.41 2UI 26.3' 15.54 l.l7 3.11 13.00 1m.l0 
13.50 30.74 5~.12 103.35 104.31 1CO.l7 104.29 5' .32 30.5' 30.31 2UI 2U9 15.54 UO 4.74 14.00 1253.90 
14.00 30.74 53.31 104.17 105.14 103.30 105.12 SUO 3U' 30.11 30.37 li.3' 15.5t lJ7 3.21 15.00 lOiO.30 
IUD 30.74 57.15 110.'3 111." 107.15 110.41 SU, 17.01 31.10 30.37 27J2 15.~4 4.10 4.14 1UO 1411,10 
15.00 30.74 5U4 lll.U 113.., 110.11 Ill. 47 5U2 32.01 3UO 30.7' 2U' 17.01 U3 '-27 17.00 1191.10 
15.50 30.74 51.79 109.41 110.43 110.11 111.'4 50.26 3U' 2U' 17.07 U6 1.10 1UO HIJO 
H.OO 30.74 50.21 104.!7 105.1' 10'.33 107.35 51.77 3UI 24.1' 20.13 lUI 2'-22 lUO mol0 
17 .00 19.21 39.'7 ~'.51 '7.59 74.52 7S.22 n.17 2UO u, '.42 15.51 15.45 1UO 53UO 
11.00 2UI 33.'1 54.!7 53.12 57.15 58.3' 36.62 1(.H 0.1I 1.77 7.1, 7.10 11.50 7UO 
19.00 lUI 30.51 45.78 44.64 47.25 47.61 H.11 H.!3 -Ul -2.32 U7 3.21 11.00 0.00 
20.00 27.n 30.58 3'.72 40.05 41.1' 41.5' 3UI li.02 -4.21 -us 0.21 0.15 10.20 0.00 
21.00 2U2 27.55 35.11 35.4' 36.'4 3'." 29.05 2UO -1.10 -7.41 -1.32 -1.31 9.10 0.00 
22.00 2U2 JU4 33.66 33.93 35.13 35.44 2'.05 24.50 -1.10 -7.11 -1.32 -1.31 1.90 0.00 
23.00 2U2 2U2 32.1S 32.40 33.61 33.'1 29.05 2UO -1.a0 -&.94 -1.32 -1.38 1.00 0.00 
24.00 24.62 24,52 32.15 32.40 l3.61 33.'1 29.05 2UO -1.&0 -7.41 -us -2.!1 UO 0.00 
1.00 23.09 23.01 30.63 30.!7 30.5& 30.15 27 .53 24050 - -10.33 -10.47 -2.15 -1.91 0.00 
2.00 23.0' 23.01 1'.12 2'.34 30.51 30.15 27.53 22.99 -1.&0 -&J4 -2.15 -1.91 0.00 
3.00 23.09 23.01 1'.12 2'.34 30.51 30.15 21.53 22'" -&.ao -1.94 -2.15 -2.91 0.00 
4.00 23.0' 23.01 29.12 l'.34 2!.07 2'.32 27.53 21.99 -I.!O -1"4 -2.15 -2.91 0.00 
5.00 23.0' 23.01 2U2 2'.34 2'.07 2'.32 27.53 21.9' -1.10 -1.94 -UI -4.44 0.00 
LOO lJ.09 23.01 2' .12 2U4 2'-01 2!.l2 27.53 2U' 0.31 -&.94 -4.1C -4.44 0.00 0.00· 

Totll Ileidelt Solll lldiitiol : 19'12.3 

• lid of ldsorptiol. 
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Fig.~.~ The Incident Solar Radiation on the Surface of Solar 
Collector for the month of October, 1987. 

Tube Temperature "" 

/ 
/ Charcoal Temp. 

'" ~. • • • • • • • • • ~. • ..... 'r-.;. • == 
~ l ,~b~e~t T~m~e~atu.r~. . ., ,.. i 

IS !! 10 11 12 1:1 1" 1C 113 18 ZO Z2 U. Z '" IS 

Fig. S.fO: The Temperature Profile of the Solar Collector 
during a Clear Day (27 October, t987). 
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5.3.5 Receiver/Evaporator Temperature 

Three temperature sensors(8, 9 and 10) were used to measure 
receiver/evaporator temperatures. The evaporator temperature is 
read by sensor 10, but during the cooling process it is immersed 
in the water and it reads a temperature intermediate between the 
evaporator and the water/ice temperature. The temperature 
measured by sensor 9, which is just above the evaporator, was 
taken as the evaporator temperature. The lowest evapcrator 
temperature was -13.4oC. The temperature profile of the 
receiver/evaporator for a typical day is shown in Fig. 5.11. The 
condensation first starts in the receiver/evaporator as it is the 
coldest, and the temperature rises. This melts a small quantity 
of ice allowing the rest of the ice to be removed easily. 

5.4 Experimental Data Analysis 

5.4.1 Initial Analysis 

The initial results calculated for the solar refrigerator 
~1ere based on the heat balance at the end of desorption using the 
properties at the mean temperatures. The main assuroptions are as 
follows: 

1. The condenser temperature varies between 24 0 C and 32 0 C. 
But for this calculations, it was assumed equal to 31 0 C. 

2. The temperature at state point 2 (beginning of the 
desorption), also called threshold temperature, cannot be 
determined accurately by observations ,3S the first 
condensate collects in the evaporator and level cannot be 
read. So, this was determined from the p-T-x ch2.rt of the 
pair, and the value thus obtained was verified by 
calculations for T2 using the mean properties by the 
Clausius Clapeyron equation as follows: 

(5.24) 

where 

Tev .- Evaporator 'fempera ture , C, 
Tcon = Condenser, C, 
Tl = Temperature of charcoal at the end of adsorption, C, 
T2 = Threshold temperature, C, 
L = Latent heat of evaporation, kJ/kg, 
Hdes = Heat of desorption, kJ/kg. 

3. The methanol liquid is assumed to evaporate at -10 0 C with 
t)'}e latent heat of evaporation r~ constant. 

The useful heat during desorption Qu (from state point 1 to 
3) l.S given as: 
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Fig. S.1t: The Temperature Profile of the Receiver/Evaporator 
Box (27 October, £987). 
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Qu = Qcoll + Qch + Qmeoh + Qdes (5.25) 

where 

Qcoll = Total sensible heat used to raise the temperature 
of the collector, kJ, 

Qch = Sensible heat used to hea t the charcoal in the 
collector tubes, kJ, 

Qmeoh = Sensible heat to the methanol liquid adsorbed in 
the charcoal, kJ, 

= Total heat of desorption of the methanol, kJ. 

If Qldes is the integrated value of the incident solar 
radiation on the surface of the ~olar collE:ctor at the end of 
desorption; then the average collector efficiency during 
desorption can be calculated as: 

ColI Eff. = Qu /Qldes (5.26) 

Based on the abcve assumptions, the cooling produced by the 
methanol during adsorption can be approximated as: 

Qc 
where 

= mr (L - CPmeoh (Teon + 10.0)), 

= Mass of the methanol cycled, kg, 

(5.27) 

= Specific heat of methanol, kJ/kg-K. 

Thus, the integrated thermal coefficient of performance 
(COPIN) can be calculated as: 

COPIN = Qc / Qu (5.28) 

Similarly, the two integrated COPs of the system based on the 
amount of incident solar radiation can be calculated as follows: 
COPINS (until the end of desorption) = Qc/ Qldes (5.29) 

COP INS (over the day) 

where QIday is the total incident radiation. 

The performance of the charcoal-methanol 
for the period of initial testing is given in 

5.4.2 Detailed Analysis 

(5.30) 

solar refrigerator 
Table 5.6. 

The above analysis gives the average performance of the 
system, but detailed calculations were done to determine the 
performance over the particular day. This analysis is based on 
the heat balances of the collector during desortion, and heat 
balances of the receiver/evaporator during adsorption. The main 
assumptions for the calculations are as follows: 
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hble 5.6: Test lenlts of lit Chrml-leUml Sohr lefriqentor IHl October, 1917) 

Ilddut Telpentues lethlo1 Eup. «seh1 rotil lIq. com coms leurh 
Diy Bam Solar berqy W. Coil. Chr. Cold. Cycled relps. JPlt CoOliDq Call. 

ItJ) IC) IC) Ie) Ie) Itvl I~) IU) ItJl Iff. 
---
1/101U17 6:00 

1l:30 1W •• ' ]0.7 100.0 ".7 11.0 1.13 11.6 SHU 1m.3 o.m 0.373 0.160 Clolile4 
11:00 llCOU V.1 26.9 1'-' -11.2 0.149 411Y 

1110/1937 ':00 
15:00 l1Jll.1 10.7 103.1 101.4 31.0 1.19 ]0.1 4649.0 ruu 0.401 0.304 O.W elotde4 
11:00 11l15.0 1'.2 11.1 19.1 -1.9 0.106 411f 

mown ':00 Clel[ lou., 
15:QO lmU H.l IOU IOU 1I.0 LH 10.1 '005.7 mu o.m 0.391 o.m lIil 
11:00 19413.4 lU 21.1 11.1 -10.' 0.123 lfter DOOD 

5/101U17 , :00 
11:10 llJ9i.' 1I.S IOU 105.7 11.0 US 10.1 sm.' 1111.1 0.441 0.371 0.167 hrtilllly 
11:00 1mU 13.1 11.1 11.0 -11.0 O.ru Clolde4 

Hl 0 11917 ':00 
15:10 1I52U 11.0 116.1 11U lU LtC 19.3 611l.4 1660.4 O.3U 0.190 o.m C1eI~ 
11:00 U]OU lU H.7 21.6 -u.s o.m illY 

7/10/U17 ':00 
14:10 11m.' lSJ 12U Ill.' 11.0 2.65 lD.l 7ll7.J 2'01.3 n.m o.m 0.153 C1m 
11:00 20OU.2 2U 18.5 H.2 -9,7 0.145 dllf 

111011917 ':00 
14:10 1mU 2U 101.0 IOU 11.0 2.40 H.I 6Ul.3 i.m.6 0.l71 0.407 0.H1 Clm 
11:00 20513.1 lJJ 17.7 21.0 -7.4 0.121 hr 

'/10/1917 ':00 
14:10 9111.0 2'-l 'U 94.7 lI.O ~.Sl H.a lUU mol 0.315 0.215 o.m Cloded 
11:00 9(05.2 2U 11.1 2U -5.9 0.019 dllf 

10/10/U1l ':00 
14:00 mil.' ]l.! IOU 105.1 lI.O 1.71 17 .0 5491.9 19CU 0.414 o.m O.W h:tidlr 
11:00 lUOU 21.1 2U 2U -1.2 0.115 Cloded 

._---
11/1011917 ':00 hil 

14:00 lm1.2 11.J 115.l 11U lI.O 1.11 lU 6541.0 mu o.m o.m 0.114 brilq 
11:00 lUOU lJ,9 2'-2 1'-2 -1.9 O.IlI lftenooR 

12/10/1917 ':00 C1oade4 
13:10 15165.3 H.l ,..s ,7.3 lI.O 2.40 27.1 5996.5 mu o.m o.m 0.174 Ionia; 
11:00 13017.0 2U 10.1 10.7 -7.4 o.m Clm Liter 

; J 
\. 
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1. The methanol adsorbed in the charcoal is assumed to be at 
the mean charcoal temperature. 

2. The properties of tbe collector tubes and the charcoal were 
assumed constant. 

3. The properties of the methanol were computed as a function of 
temperature from the regression formulas based on published 
tables (Liley, 1982). 

4. The hea t of desorption was computed as a function of the 
charcoal tempe~ature T and concentration x as follows: 

Hdes = (P ('I') lJ (T) /T) slope(x) , (5.31) 
where 

P (T) = 

slope = 

Saturation pressure of tne methanol vapour at temp. 
T, bar 
8.lope -6f t.he isosters calculated from the Clausius 
diagram for the charcoal-methanol based on the 
laboratory tests. 

For the slopes for different concentrations 
charcoal, x (wt. %) was represented by 
regressions: 

of methanol in 
the following 

slope = 4977.84 - 3776.07 x 0.15 .$. x ~ 0.21, 

slope = 11076.1 - 43996.0 x 0.10 .(. x ,< 0.15, 

slope = 7206.6 - 5366.9 x 0.02 0$- x ~ 0.10. 

The specific volume J) of the saturated methanol vapour can 
calculated as: 

lJ (T) .- 21780.3 exp(-0.0304 T), m3/kg (5.32) 

The saturation vapour pressure of methanol was calculated 
using the Harl~cher equation(Reid and others, 1977) as follows: 

P(T) = exp(HARA + HARB/T + HARC In(T) + HARD * P(T)/T2) (5.33) 

5. Other Properties of methanol were calculated as follows: 

CPmeoh = 3.96 - 0.152 T + 0.000035 T2 (5.34) 

jmeoh = 947.7 - 0.1152 T - 0.0014 T2 (5.35) 

hI = 121.07 + 0.7115 T + 0.003 T2 (5.36) 

hv = 1120.35 + 3.383 T - 0.00401 T2 (5.37) 
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here 

CPmeoh = Specific heat
j 

kJ/kg-K, 
j meoh = Density, kg/m 
hI = Specific enthalpy of methanol liquid, kJ/kg, 
hv = Specific enthalpy of n:ethanol vapour, kJ/kg, 

and T = Temperature, K. 

6. For the COP calculations during desorption, the methanol was 
assumed to evaporate at -10 0 C with a constant latent heat L. 

Desorption Period 

The temperature at the state point 2 at the beginning of 
desorption was estimated by the method described earlier. The 
first heat balance starts when the methanol level can be read 
from the level glass. The heat used during the sensible heating 
up to 2, and the desorption until value could be read, were 
estimated from the experimental data. The heat balance of the 
solar collector. was calculated every half an hour until the end 
of desorption. 

The useful heat dQUsed for each period can be calculated 
as: 

dQUsed = dQTube + dQChar + dQMeoh + dQDes, (5.38) 

where 

dQTube = Sensible heating of the collector tubes during the 
interval, kJ, 

dQChar - Sensible heating of the charcoal in the tubes, kJ, 
dQMeoh = Sensible heating of mean mass of methanol, kJ, 
dQDes = Heat of desorption, kJ. 

If dQRad is the 
interval, the collector 

incident radiation, during the 
efficiency can be calculated as: 

same 

ColI. Eff = dQUsedl dQRad (5.39) 

Similarly if dQEv is the cooling that could be produced by 
the methanol desorbed calculated as shown earlier, the thermal 
coefficient of performance of the system during the period is: 

COPln = dQEv/dQUsed (5.40) 

The coefficient of performance for the same period based on 
the incident solar radiation is 

CQPlns = dQEv/dQRad (5.41) 

The accumulated value of thermal coefficient of performance 
up to the particular period can be calculated as: 

/ 
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COPlntg. = 2: dQEv/ 'Z: dQUsed (5.42) 

Similarly, the accumulated coefficient of performance based on 
the solar radiation up to that period is : 

COPlntgs. = ~ dQEv/ ~dQRad (5.43) 

The concentration of methbnol in the charcoal was calculated 
reading the methanol level from the level glass, and the 
corresponding va!ues calculated using Dubinin the equation and 
the performance of the solar refrigerator during the desorption 
period for a clear day is shown in Table 5.7. 

Adsorption Period 

The net cooling produced during the adsorption was calculated 
by performing hnurly heat balances of the receiver/evaporator. 
The methanol lev~. generally could not be read after 24:00 hours 
(midnight) . But the end of adsorption was estimated from the 
temperature profile of the receiver/evaporator, which generally 
occurred after 2:00 a.m. The evaporator temperature remains 
constant during the' period after midnigh t. The last hea t 
balance covers the time period between midnight and the end of 
adsorption. In each case, the properties of the methanol were 
eval ua ted at the mean temp'era t ure f or the peri od. The ne t 
cooling produced by the system dQNet during each period can 
calculated as: 

dQNet = dQc - (dQRec + dQEvap + dQLIq + dQLoss) , (5.44) 

where the heat values for the components during the period are: 

dQc 

dQRec 
dQEvap 
dQI.iq 

dQLoss 

= Cooling produced by the me~hanol cycled during the 
period (kJ), 

= Sensible heating/cooling of the receiver (kJ), 
= Sensible heating/cooling of the evaporator (kJ), 

= Sensible heating/cooling of the mean mass of the 
liquid in the receiver/evaporator (kJ), 

= Heat lost from the receiver/evaporator box (kJ). 

Thus the net solar COP, also called the overall coefficient 
of performance of the refrigerator, can be calculated as: 

Net Solar COP ="'E dQNetl ~ dQRAd, (5.45) 

where z:. dQNet i::; the net cooling produced during adsorption 
period, and L dQRad is the total incident solar radiation 
during the day. 

The performance of the system during the adsorption period is 
shown in Table 5.8. 
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Tible 5.7: The Perforlance of the lIT Chircoil-!ethinol Solir kefriqeritor durinq i Cleir DiY 129 October, 1'871. 

----------------------------------------------------------------.-----.-------------_ .. -------------------------.------------.---------------
Local lib. !m felP· Exp. Theo. dQTube dQChir dQ!eoh d!eoh dQDes dQcrsed dQia4 dQEf Call. C)eff. of Perforlances lemk 
Tile Telp. ------------- !£OB !EaB .-----------------------

Call. Chu Cone. Cone. Iff. In Ins Intg. Intqs. 
IBrl leI ICI ICI IU) lUI IkJl Itql ItJ) ItJ) ItJ) ItJ) 

------------.-----------~-----------------------------------------------------._._-----------------------------------.-------.---------------

6.00 24,6 29.2 29.2 .118 
10.00 27.1 73.4 69.5 .144 U64 703.0 502.8 645.9 0.61 623.5 2415.2 4373.6 673.8 0.57 0.00 0.00 0.27 0.15 
10.50 29.2 79.5 74,9 .128 0.159 97.0 66.4 37.2 U! HU 545.0 1410.9 llU 0.39 0.58 0.22 0.33 0.17 
lLOO 30.7 85.6 a 2.5 .120 0.142 97.0 94.9 (9.5 0.13 182.2 423.5 135t7 141.1 0.31 OJ5 0.11 0.33 0.16 
11.50 30.7 31.1 8U .103 0.129 24.2 2U 1),6 0.31 462.9 529.1 1379.1 336.8 0.38 O.H 0.24 0.37 0.17 
12.00 30.7 94.7 90.1 .090 0.119 121.2 66,4 27.8 0.23 376.3 591.8 156U 251.1 0.38 O. (2 0.16 0.38 0.17 
lUO 30.7 94.1 93.1 .017 0.106 0.0 31.9 13.9 0.23 378.1 m.6 l26U 250.1 0.]( 0.58 0.20 OJ9 0.17 
13 .00 30.7 99.3 97.'1 .069 0.095 72.7 56.9 18.6 0.14 136 .1 384,3 1293.1 155.1 0.30 0.(0 0.12 0.(0 0.17 
11.50 30.7 103.8 102.3 .061 0.083 72.7 5603 16.8 0.14 23U 380.8 125U 154.1 0.30 0.(0 0.12 0.40 0.16 
14.00 30.7 105.4 IOU .054 O.OJ( 24.2 2U 7.5 0.14 232.5 292.6 1060.3 153.2 0.23 0.52 0.14 0.40 0.16 
lUO N.7 111.4 109.1 .042 0.068 97.0 56,9 12.6 0.21 341.6 508.0 IHl.! 225.4 0.J6 0.(4 0.16 0.41 0.16 
15.00 30.7 113.0 112.2 .038 0.061 2U 37.9 7.1 0.07 113.J 182.7 1198.1 75.3 0.15 O.U 0.06 0.41 0.16 
---~-----------------------------------------------------------------------------.---------------.-------------------------------_.----------

Toti! 1333 .2 1033.9 850.. 2.49 3525.9 67(3.5 17564,6 2736.0 

Is \ of Incident lidiation 7.6 5.9 U 20.1 JU 
rotal \ of Heat crsed 19.8 15.3 12.6 51.3 

I. ., 
j' 
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Table 5.8: '!be Performance of the AIT Solar Refrigerator d.aring 
Adsorption Process (29 October, 1987). 

Uxal Amb. Mean Temp. dQRec dQE'lap dQLiq dQloss ~ d<;JEt Renarks 
Time Temp. 

Rec. Evap. 
(Hr) (C) (C) (C) Ow) Ow) Ow) (kJ) (kJ) (kJ) 

15.00 30.7 21.7 17.1 
15.50 30.7 14.4 17.07 0.00 0.00 0.00 7.14 -25.25 -32.40 
16.00 30.7 20.3 20.13 0.59 2.36 4.78 4.55 20.28 8.00 
17.00 29.2 19.2 9.42 10.01 8.25 75.46 9.43 389.56 286.41 
18.00 27.7 8.5 1.77 6.48 5.89 41.72 17.46 308.93 237.37 
19.00 27.7 2.2 -2.82 3.53 3.53 19.93 22.31 2045.87 196.56 
20.00 27.7 -1.1 -4.35 0.59 1.18 3.01 25.16 134.38 104.44 
21.00 24.6 -3.4 -7.41 2.95 2.36 13.83 25.83 174.06 129.10 
22.00 24.6 -4.7 -7.41 0.00 0.00 0.00 25.66 232.15 206.49 
23.00 24.6 -4.9 -8.94 0.59 1.18 2.15 25.83 163.26 133.52 
0.00 24.6 -5.3 -7.41 0.59 1.18 1.94 26.16 109.07 79.20 
6.00 23.1 -4.9 -8.94 2.95 1.18 4.65 150.94 1226.94. 1067.22 

Total 28.27 27.10 167.5 340.5 2979.2 2415 .. 9 

Net Solar OOP = 0.123 



- 74 -

5.5 Results and Conclusions 

The average efficiency of the collector varied between 33 and 
44% and the peak collector temperature reached 1220 C during 
clear days. The collector temperature was above 90 0 C even 
during cloudy days. The thermal coefficient of performance of 
the system Nas about 40% including the thermal mass of the 
components. The system can cycle up to 14 % wt. of methanol 
out of the 17.8% initially charged into the system. The 
integrated solar COP over the day was in the range 15%; but the 
net solar COP of the system during clear days including ~ll the 
thermal losses in the receiver/evaporator was above 10% and 
reached up to 12.3%. This result is comparable to the 
contemporary French results. The evaporato~ temperature during 
most days was below -7oC but during some nights, it was as low 
as -12oC. This system was able to produce up to 4 kg of ice 
during clear days and the ice produced was subcooled to -4oC; 
most of the ice produced was removable. It was found that the 
heat losses in the evaporator were very high mainly du.e to the 
large heat transfer area of the box, and the longitudinal heat 
transfer through the connecting tubes. The solar refrigerator 
has outperformed our design expectations. 

5.6 Cost and Economics of the System 

5.6.1 Cost of the System 

Table 5.9 shows the cos~ of the experimental unit built and 
tested at AIT. The cost of this unit does not contain the cost 
of the valves and other measuring equipments which are not 
needed in finished product. It is seen that the major cost of 
this refrigerator is the cost of the solar collector which 
accounts for about 60% of total costs. The break down of the 
solar collector cost shows that cost of the collector tubes and 
fittings was 31.6%, while the cost of charcoal was 22.5%, 
assuming the charcoal was acquired by surface mail. The other 
major cost is the labour cost which was assumed 25% of the 
material cost and is about 20% of the total cost. The total 
cost of the solar refrigerator was abou~ USS 1000.0, in December 
1987. The cost of this solar refrigerator could be easily 
reduced using other cheaper materials such aluminum tubes or 
sections, and also using the locally manufactured charcoals. It 
mus t be mentioned here that the cos t of imported charcoal was 
about B 316.0/kg while the loca] charcoal is about seven times 
cheaper. The quality of the local charcoals can be tailor made 
for this particular application, and hopefully the cheaper local 
charcoals will help to reduce system costs significantly. 

5.6.2 Economic Evaluation 

A detailed economic evaluatiation of the solar refrigerator 
would be prema ture at this stage since thin system is yet to 
reach a form suitable for commercial production. But a 
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Table 5.9: The Cost of the Experimental System. 

Items 

1. Solar Collector 

Solar collector 
Activated Charcoal 
Selective Surface 

Cost 
(Bahts) 

8005.0 
5700.0 
1460.0 

2. Water-cooled Condenser 
with static water tank 2490.0 

3. Receiver/Evaporator 

4. Miscellaneous 

Methanol 
MS Steel frame 
~abour Cost 

Total Cost 

1260.0 

500.0 
840.0 

5064.0 

25319.0 
(about us S 1000.0) 

Cost 
(% of total) 

31.6 
22.5 

5.8 

9.8 

5.0 

2.0 
3.3 

20.0 

100.0 

preliminary assessment of economic feasibility has been made 
using two simple economic indica tors: the pay-back period, and 
the cost:revenue ratio. 

The annual revenue from the unit is assumed to come from the 
sales of ice produced at the current local market prices. The 
retail price of ice in Bangkok is 3 bahts per kilogram, but in 
remote areas ice can be sold at twice the Bangkok price. So 
prices of 4, 5, and 6 bahts per kilogr~m are also considered. 
Al though the system wi th slight improvement of the evaporator 
should be able to produce about 5 kg of ice during clear days, 
an average ice production of 3 kg per day has been taken for all 
calculations. 

Table ~.10 shows the cost to revenue ratios for assumed lives 
of the unit from 10 years to 20 years, and assumed interest 
rates on the borrowed money from 10% to 17.5%. For all 
calculations a general inflation rate of 7% has been taken. 
The price of ice for this calculation is assumed to be 3 bahts 
per kilogram. The cos t: to revenue ratio "dries from 0 . 52: 1 
under the most favorable conditions to 1.26:1 under the worst 
conditions. 

~able 5.11 shows the pay-back period of the system using the 
break even point method. For all calculations only the initial 
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Table 5.10: Costs and Revenues. 

Interest 
Rate 
(% ) 

10.0 

12.0 

15.0 

17.5 

Machine 
Life 

(years) 

10.0 
15.0 
20.0 

10.0 
15.0 
20.0 

10.0 
15.0 
20.0 

10.0 
15.0 
20.0 

Initial 
Cost 

(bahts) 

25319.0 

25319.0 

25319.0 

25319.0 

Present Value 
of Revenues 

(bahts) 

27917.0 
39234.0 
49089.0 

25421.0 
343S6.0 
41521.0 

22263.0 
23641.0 
33089.0 

20069.0 
24909.0 
27940.0 

Table 5.11: Pay-Back Periods. 

Interst 
Rate 
(% ) 

10.0 
12.0 
15.0 
17.5 

3 bahts/kg 

8.94 
9.95 

12.17 
15.55 

Pay Back Period (years) 

Selling Price of Ice 
4 bahts/kg 5 bahts/kg 

6.49 
7.01 
8.00 
9.14 

5.10 
5.42 
5.99 
6.58 

Ratio 

0.91 
0.65 
0.52 

0.99 
0.74 
0.61 

1.14 
0.138 
0.77 

1.26 
1.02 
0.91 

6 bahts/kg 

4.20 
4.41 
4.79 
5.17 

.\ 
, JI 
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cost of the equipment has been considered (maintenance not 
included) and present values were calculated at the general 
inflation rate of 7% per year. 

5.6.3 Cost Comparison with the Photovoltaic Refrigerators 

This solar refrigerator without much modification can be used 
for vaccine storage and freezing icepacks. Thus, it is 
reasonable to compare the cost of our system wi th the cost of 
photovol taic refrigera tors. The cos t of the photovol taic 
refrigerators used in the Expanded Programme of Immunization 
producing about 1.2 to 2 kg of ice per day range from US$ 
4000.0 up t~ US$ 8000.0. Compared with our system these solar 
refrigerators are expensive. Moreover instances of failure of. 
photovol taic systems in field condi tions have been encountered 
due to various reasons, such as failure of the photovoltaic 
panels due to temperature and wind induced stresses (Srivastava, 
1987). Thus there is a great need for some cheap, reliable and 
robust systems, such as the system developed here. 

5.7 Recommendations for the Future Work 

The charcoal in the solar refrigerator is cycling more 
methanol compared to the sample of the same type tested in our 
t est rig. T his c a 11 be see n fro m t tJ. E' ~ h e the 0 ret i cal 
concentrations calculated from the Dubinin equation (see Theo. 
MEOH Conc. in Table 5.7) and the actual values based on the 
experimental results (see Exp MEOH Conc. in Table 5.7). Due to 
the excellent methanol cycling capaci ty of the charcoal in the 
solar refrigerator, the receiver/evaporator has been undersized. 
At this stage, the system is partially charged, and any 
additional methanol charged into this system cannot be measured 
during clear days. So, the first imprevement should be to 
redesign the receiver/evaporator. This receiver/evaporator 
should be larger in capacity, there should be a better level 
glass arrangement to measure the methanol cycled accurately. 
Moreover the receiver/evaporator box should be well insulated but 
compact. Some arrangements should also be made to reduce the 
longitudinal heat leak through the connecting tube into the 
receiver/evaporator. With these improvements, the system should 
be tested to evaluate its long term performanc~. 

This system has performed satisfactorily during tests carried 
out so far. But long term performance of this system during 
different seasons must be moni tored before possible commercial 
exploitation of such system in this region. 
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APPENDIX A 

Design Calculations 

The solar collector consists of 38 kg of copper, 3.85 kg of 
brass. The total amount of charco~l that can be filled in the 
generator/collector is 17.8 kg. From the p-T-x diagram, it is 
clear that the rich concentration of methanol is 15% and the 
weak concentration will be 7% if the generator temperature 
reaches 100 0 C. If the system follows the ideal cycle, the 
collector, charcoal and the methanol adsorbed in the charcoal 
h a v'~ to be 5 ens i b 1. y he ate d to 8 6 0 C . Th us the he a t to be 
supJlied during the sensible heating process from initial 
tempera~urc of 300 to 860 e is: 

Q:1.-2 = (38 x 0.38 + 3.85 x 0.385) (86 - 30) 
+ ;17.8 x 0.7 + 17.8 x 0.15 x 2.55) (86 - 30) 

= 1970.7 kJ. 

Similarily, the heat supplied during the generation process 
from a temperature of 860 e to the maximum generator temperature 
of 100 0 C when the concentration of methanol in the charcoal 
decreases to 7% is: 

Q2-3 = (38 x 0.38 + 3.85 x 0.385 
(0.15 + 0.07)/2 x2.S5» 

x (0.15 - 0.07) 
= 2603.3 kJ. 

+ 17.8 x 0.7 + 17.8 x 
(100 - 86) + 17.8 x 1500 

So the total heat to be suppli~d by the collector is the sum 
of Ql-2 and Q2-3, and is equal to 4573.9 kJ. The total heat 
needed to heat the container from the state 1 to 3 is 1114.6 
kJ, which is approximately 24.4% of the total heat that has to 
be supplied to the system. 

If we assume the average efficiency of the solar collector 
equal to 30%, the total incident solar energy on the surface of 
the collector has to be 15.25 MJ. But if the effici~ncy of the 
solar collector is 35%, the above amount reduces to 13.07 MJ. 
Since the average solar radiation for Bangkok is about 16 MJ/m2, 
the peak being approximately 20 MJ/m2 (Exell and Sarikari, 1976) 
the solar collector has sufficient area to supply the required 
amount of heat to the system. 

Estimation of the Cooling Produced 

If we negelet the thermal mass of the receiver, the 
evaporator, and heat leak, the net cooling produced by the 
evaporation of about 1.4 kg of methanol is 1537.2 kJ. Thus the 
thermal coefficient of performance of the system is 33.6% but 
the overall coefficient of performance will be between 10 to 
11.7%. But the thermal mass of the receiver, evaporator and the 
heat leak to the receiver/evaporator box will reduce this 
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performance further. The overall coefficient of performance of 
the system is expected to be around 10% and the system is 
expected to produce about 3 kg of ice from water ini tially at 
300 C. 

Estimation of Heat Lost by the collector during Adsorption 

After the genera tor p-3.sses the highes t temperature for the 
day, the back insulation of the collector can be lowered to cool 
the genera tor and the charcoal contained in it. If we assume 
half of the circumference ot each tube to be exposed to the 
ambient air the total heat transfer area is approximately 1.5 
m2 . The heat loss from the back of the collector will be mainly 
by three modes of heat transfer (i) natural convection, (ii) 
forced convection due to wind, and (iii) radiation. 

(i) Heat Loss by Natural Convection 

For a heated pla"te facing downward the Nussel t number Nu is 
given by Holman (1981) as follows: 

Nu = 0.56 (Gr Pr Cos 9)1/4. 

But the Grashof number Gr = g ~ (Tw - ToO) x 3 /0 2 , 

where 

= Volume coefficient of expansion = liT, where T is in 
kelvins, 

= Wall temperature{K), 
= Free stream temperature(K), 
= Length of the plate(m), 
= Kinematic viscosity of air = pi! (m2/s), 
= Dynamic viscosity (kg/m-s), 
= Prandl number == lJ I~, and It = kl f' cp, 
= Conductivity of air (W/m-K), 
= Diffusivity (m 2 /s), 
= Angle made by the heated plate with the vertical, 

(degrees) . 

In the above equation T is calculated as: 

T ~ Too + 0.25 (Tw - Too)· 

Other properties are evaluated at temperature T1 which is 
given as: 

Assuming the wall temperature equal to 35 0 C and the free 
stream temperature of 30oC, " is equal to 1/304.4 and the 
fluid properties have to be evaluated at 29 0 C. This gives Gr Pr 
equal to 687E10 6 . Thus the convective heat tranfer coefficient 

! .' 

1/ '. 
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can be calculated as: 

hc = Nu k/x. 

The above equation gives a convective heat tranfer 
coefficient due to natur.al convection hc for 1.2 m long tube 
equal to 1.39 w/m2-K. 

(ii) Heat Tranfer due to Wind 

Assuming the average wind speed of 1 m/s and applying the 
empirical relation of Watmuff, Charter and Procter (Exell, 1983), 
the convective heat tranfer coefficient due to wind flowing over 
the plate is: 

hw = 2.8 + 3.0 = 5.8 W/m2-K. 

Thus the total heat lost by natural convection and the wind 
blowing across the exposed area of 1.5 m2 , assuming the average 
temperature difference of SoC between the back of the collector 
plate and ambient, is equal to 53.92 w. 

(iii) Radiation 

Assuming a temperature difference of SoC between the 
collector and th~ ambient at 3CoC, and emissivity of the back of 
the coated collector equal to 0.8, the heat transfer through the 
surface area of 1.5 m2 is: 

qr = €. r (Tw 4 - Ta 4 ) A 
qr = 0.8 x 5.669 x 10-8 (308.15 4 - 303.15 4 ) x 1.5 

- 39.5 w. 

Thus the total heat lost by the back of the collector by 
above three modes of heat transfer is equal to 93.4 W. If the 
time to release the heat is 12 hours, the total heat that can be 
lost is equal to 4036 kJ. The heat to be lost during adsorption 
period is equal to 2731 kJ. Thus the back of the collector can 
dissipate the heat during adsorption. It must be remembered that 
heat will also be lost from the top of the collector. 

.j :\, 

, ). 

" 



PHOTOGRAPHS 

,-I 
/) . 
. J 



F~o~t view of the solar refrigerator. 
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Solar collector. 
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Back of the solar collector showing insulation 
lowered. 
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