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M.Sc. 

ABSTRACT 

Samson Alabado Sotocinal 

DESIGN AND TESTING OF A NATURAL CONVECTION 

SOLAR rlSB DRYER 

Agr. Eng. 

A natural convection solar flsh dIyer conststing of a fiat-plate solar collector, drytng 

chamber, and an aux:1l1ary heater was deslgned, constructed and tested in the Philippines. 

The dryer Is capable of drying 5 kg of flsh in 10 hours. 

Water was first heated. in a flat-plate solar collector then through thermosyphon effect. 

heat and mass was moved to the heat exchanger where heat was transferred to the air. 

Heated air was allowed to fiow through the dIying chamber where trays of prepared samples 

of Osh were laid. Pre-dIy1ng treatment of flsh s1m1lar to those used in commercial practice. 

were used for individual chymg experfments in order to permit a general evaluatlon of the 

system. 

Seven. drying expertments using different flsh samples were conducted and the data 

generatecl was used to detennine the efficlency of the system in terms of solar energy 

utillzation. Results tndicate that the system functlon em.ciently at a minimal water 

temperature increase of 10°C. and the dryer operates at a system eftlclency of 9 per cent 

which compares weIl with the flndings of Yu Wai Man (1986) which found that natural 

convection solar drye1"3 operate in the efficlency range between 7 to 14 per cent. 
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M.Sc. Samson Alabado Sotocinal 

La Conception et L'eual D'un Sechon Solaire 

A PolsllODS A Convection Naturelle 

Génie Rural 

Un séchoir â poissons à convection naturelle consistant en un collecteur solaire à 

plaques minces, une chambre de séchage, et un chauffage auxiliaire a été concu, construit 

et testé au Philippines. Le séchoir est capable de sécher 5 kg de poissons en 10 heures 

Tout d'alord l'eau a été chauffeé dans un collecteur solaire fuis par l'effet 

fuermosiphon, la chaleur et la masse ont été deplacees vers l'echangeur de chaleur ou la 

chaleur a été transferé dans l'air. Par la suete l'air chaud a été admis dans la chambre de 

séchage ou des plateaux d"echantillons de poissons ont été placés. Un traitement de pré­

séchage du poisSon. sfmtlaire à ce que se fait dans la pratique commerciale, a été utll1sé pour 

quelques expertences de séchage individuel dans le but de feure une évaluation générale du 

systéme. 

Sept. experiences de séchage utilisant dUIerents éechantillons de poissons a été 

conduites et les donnêes généréés ont été uttllsees pour déterminer l'efficacite du systeme en 

termes d'utWsatJon de l'energie solaire les resultats tndequent que le systeme fonctionne 

emcaciment à une augmentation m1n1male de 10°C de la temperature de l'eau et le séchoir 

opére à une efficacité de 9%. ce qui est comparable aux conclusions de Yu Wai Man (1986) 

qui indique que les séchoir solaires à convectlon naturelle opérent a tme efficacité se situant 

entre 7 et 14%. 
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1. INTRODUCTION 

11 
't l • .i. BackCl'OUlld 

In the Phillppines, dried flsh 15 an important and affordable source of protein; properly 

dried Osh can contain up ta 800/& of Us weight in protein (Lupin, 1986). Although 46% of the 

total fish catch 18 dried (FAO 1981), th1s 18 done ma1nly in small-scale "backyard" enterprtse 

by labour-intensive traditional methods that lack adequate quallty control (Abduhasan, 

1986). Open-air dry1ng by direct swùight 1s subject to inteITUptions, particularly durtng the 

monsoon season which may last seven months. Under such conditions, spanage i8 inevitable. 

Losses have been estlmated at 30%, yet there seems to be no viable alternative to sun-cb:ying 

in the many remote coastal communities; electriclty ls unavaUable and road links to 

marketing areas are too poor to ensure that unch1lled fish may arrive unspaUed. Alternatives 

are needed. 

One such alternative is the low-cost mechanical dryer to be descrtbed in this thesis. 

It can he COn.itruCted from locally available materials and powered by sunlight and locally­

abundant blomass fuel sources such as rtce hulls and coconut husks. The advantages that 

the dryer otIers are: 1) faster drying due to the possibility of contlnuous batch operation, 2) 

protection of produce from insects and insect larvae, and 3) better drted fish quaI1ty due to 

control of the drying environment. 

The adoption of such a dryer by local enterprtses should provide economic beneftts, 

and, assuming the sustatnable productiVity ofnearbywaters. ensure a better nutritional base 

for the population. 

1.2 Statem._t of the problem 

Traditional methods of open-air dry1ng of flsh result in high losses particularly durtng 

the long ra1ny season. High relative humldity and cloudy pertods slow drying and increase 

bacter1al and fungal actMty which result in spoilage. The rapid development of blowtly eggs 

into larvae lB also promoted under such conditions, parttcularly given that the ftsh is not 

adequately covereà, and the laIvae may more easUy gorge themselves when the fiesh stays 

soft and moist for 10Jlg pertods (Roberts. 19868). 

1 
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The soctal, geographic and economic reallty of those communities that rely on fish, 

Um1t the possible improvements in flsh preservatlon to those achievable by technologies that 

are affordable and based on locally-avaUable mater1als and power sources. 

1.3 Objective. 

The primary objective of this study 1s to develop and test a natural convection solar 

flsh drying system. To accompl1sh this objective, steps were taken to perfonn the following: 

1. Rev1ew ftsh drytng practlces. 

2. Examine the charactertstics of cured fish. 

3. Assess the potential of indirect solar drying to improve the fish 

drying process over traditional methods. 

1.4 Scope 

This study appl1es tà ftsh species from the Philippines which are cured by salting or 

plain drying. Most of the analysis will center on the efficient utillzatlon of the solar energy 

avaUable for drying. The analysis of flual product ls ltmited to mofsture content 

determ1natlon. Although water activity, salt content and fat content are important parameters 

in the broader picture, they are beyond the scope of this study . 

2 
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2. REVIltW OF UTItRATURE 

f 2.1 Importance of Fl81a DrJUa' 
Drytng 18 the most wtdely used method of food preservation and ls an integral part of 

food processtng. Proper drying results ln a concentrated food source which ls easy to hand1e 

and distribute due to weight and volume reducUon. Almost every food product ls dried at 

least once dur1ng Us preparation for human or animal consumption. Dry food product ls Iess 

susceptible to spoilage caused by the growth of bacteria, molds, and Insect larvae. The 

activity of many microorganiSms and inSects Is inhiblted in an environment wherein the 

equJllbrium relative humidity Is below 7001&. L1kewise, the risk of unfavourable oxidative and 

enzymatic reacUon is reduced. 

Many favourable qualities and nutritional values of food products may be enhanced 

by drytng. Palatabillty is improved and llkewise, digestibillty and metaboUc conversion are 

increased. Loss of water ln dried tlsh make the product a more concentrated source of 

nutrients. Protetns, fats, and carbohydrates are present in larger amounts per unit welght 

in drted fish than in fresh catch. Dtying also changes colour,1lavour, and the appearance of 

a food item. 

2.2 TracUtlODal DryID, Practicea 

2.2.1 Sun-Drymg 

Sun-drytng is based on the reductlon of mo1sture content of the flsh due to effects of 

solar tnsolation, wind, ambient temperature and relative humidity of the air (Bassey et al. 

1986). The fish may be laid in racks, mats. strawor ratsed platforms and exposed to the sun. 

A wlde variety of such drying systems ex1st and have been used ex.tensively because they are 

relaUvely inexpenslve. 

In tropical countries, small flsh or split large tlsh are commonly spread ln the sun to 

allow mo1sture to evaporate from the fiesh surface. In colder climates. flsh are hung up to dry 

in the wind. Although the latter process 18 slower than sun drying, the lower amb1ent 

temperature slows spoUage. The flsh are tumed from ume to Ume to hasten the process by 

exposing more of the surface of the tlsh to air. Drying ume varies depend1ng on the process 

and the weather. Three to ten days are generally requtred to prepare a typlcal sun-dried 

3 
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product. The mo1Sture content of the final product may be varied dependlng on the desired 

storage and eatlng qualltles of the product. Ftsh are usually drted after salUng or may be 

drted unsalted. 

Studtes made by Poulter (1989) revealed that Inseet infestation by 11y larvae pose a 

serious problem in tradtt10nal sun-drying. It results in flesh loss of up to 25% and the 

product !!-:-ils at about half the priee of unspolled fish. 

Beck and Durtng (1985), descr1bing their findings on the Flsheries Pilot ProJeet in 

Tombo, Sierra Leone, adequately portray trad1tional sun-drying. The fish are scattered to dry 

on a bare floor or mat durtng the day and stored in a covered place at night. The sun-dried 

fish usually contaln sand particles and grit picked up while drying on a dirty or sandy 

surface. 

Studies conducted by Dicko (1986) describe tradttlonal sun-drytng practlces in MalI. 

The fish undergoes several pre-drying treatments with dtpping in "gardonan" water, a solution 

manufactured by Shell Chemicals Inc., as the final phase. The fish Is then spread out on a 

bed of dry straw. with lts open side exposed to the sun for drying. Durtng the rainy season, 

the fish is spread out on the roofs of sheds that are speClally built ta protect 1t against 

humtdtty from the ground. Drytng Ume extends from 2 ta 3 days in the dry season ta 7 days 

ln the rainy season. The main disadvantage noted in these practiees are the enormous lasses 

due to attack by voracious fly larvae dw1ng drying, as weil as due to soUing of dried flsh by 

dust and sand. 

2.2.2 Solar Drying 

Solar ftsh drying can be categorJzed lnto two types: direct solar drying, where the 

mater1al rece1ves solar energy directly; and indirect solar drying, where heat energy from the 

sun is imparted to the matertal through a worldng fluid, such as air. 

2.2.2.1 Direct Solar Drying 

Direct dryers usually consiSts of an enclosure havtng a transparent caver. Generally, 

the inslde of the dryer is painted black to allow more absorption of solar energy. The base and 

side walls are usuaily insulated ta reduce conductlon lasses to amblent air. The transparent 
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cover can elther be single or double glazing made of glass, plastic or a combination ofboth. 

Air circulation with1n the dryer 15 provided by air vents located on the side walls of the dryer. 

lncreased effidency 15 usually attaJned by covenng the dryer with glass and by controll1ng 

the a.tr circulation with.1n the dryer (Khan, 1964). 

Lawand (1966) developed a solar dryer for agricultural creps which can reduce drying 

time and produce cleaner products With longer storagl~ llfe, better fiavor retentlon, and more 

attractiVe appearance as compared to the products which were sun-drted dJrectly. The box 

type solar dryer 15 shown in Figure 1. 

SOUTH ~_AIR 
OUT • 

1 
AIR ---.. ......... 
IN 

Figure 1. Box Type Solar Dryer 

Project Sta. Barbara of the Bureau ofEnergy Development and the Phll1pp1ne Women's 

University Barangay Technology Center (PWU-BATEK) and the University of the Philippines 

lcstttute of Small Scale Industries (UP-ISSI. 1980a) collaborated in the design, fabrication 

and standardtzatlon of a solar dryer ca1led Soldry. The dIyer 15 a rectangular hot box for 
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drying agncultural and marine products on a small scale. The collector ls made ofwooden 

frames with galvanized Iron sheet painted black. at Us base. The top and sldes are covered 

with transparent poly-acetate which allows solar radiation to penetrate 1nslde and prevent 

rain and tnsects from ct';\tam1natlng the cb:y1ng materials. Products drted on the Soldry have 

improved qLlality, maximum retention of flavour and nutrients, low mlcrobialload, freedom 

from tnsect Infestation, no dust or dirt contamination, and hence. longer shelf-llves compared 

to conventionally sun-dried products. The use of Soldry 15 reported to reduce the drying Ume 

by 30-500Al. space requirement by 30%. and cast in tenns of labor and Ingredients. 

Another example of this type of dryer, which ls in use in the Philippines, Is the chair­

type polyethylene dryer. It Is a direct dryer constructed out of wood and polyethylene sheets 

in th*! form of a chair. Air movement within the dryer i5 accompllshed through natural draft 

where heated air rises up over the cold layer of air. Motsture evaporated l'rom the flsh is 

carrted out of the dryer through a chimney which also increases the draft. A small percentage 

of molsture condenses on the polyethylene caver resulting in an increase in the temperature 

inslde the dryer. 

Doe (1985) compared sun-drying with direct solar drying and found that the latter 

operates at a higher temperature which was attrtbuted ta the recovery of latent heat as a 

result of condensation of moisture from the air. Further, he found that relative humidlty 

Inside the dryerwas high which permitted dlying at higher temperatures w1thout scorching 

or cooking the fish. The occurrence of case hardentng. which retards the rate of water 

evaporation from the tlsh Is m.fnim1zed resulting in a reduction in drying Ume. 

However enco~g these results are. the system still suffers considerable 

disadvantages since It is subject ta unpred1ctable level of 50lar insolation. A reduction in solar 

Insolation levels during dry1ng could slow down the process and allow a significantly htgh 

growth of spoilage bacterta prior ta completlon of drying. and therefore ta low quality product. 

2.2.2.2Ind1rect Solar Drying 

In an ind.lrect type of solar dryer. air is usually heated in a solar collectar and drawn 

into the drytng chamber by means of a fan or uaing natural draft. where heated air nows 

upward brtngtng moisture out of the drying chamber. 
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Both sun-drytng and direct dIyers involve the exposure of the product to amblent air 

in order to remove molsture. Indirect dryers. on the other hand, heat up the ail' prior to 

contact with the prûduct. Solar energy 15 usually absorbed by Metal plates which are painted 

black or by a black porous bed (Lalude and Buchberg, 1971). The air ls heated as lt passes 

in contact with the plates (Whillier, 1964). For the porous bed, air ls heated by passing 

through the hot porous matenal heated by exposure to solar radiation. Heated air 15 then 

drawn lnto an enclosure where lt passes through stacked trays of the product. 

Kwendakwema (1983) deslgned and tested an indirect forced air solar food dryer 

conststlng of a flat-plate solar collector, drying cabinet and a bI1ck heat storage unit shown 

in Figure 2. Drying e" .. perlments were conducted using cabbage, okra, beef, pumpkin leave5 

and roselle. The results of the experiments showed that the molsture content of the dried 

foods were in agreement with known acceptable range ofmoisture content ofless than 15%. 

The dryer was shown ta be capable of drymg [oods in less than 18 hours to a final moisture 

content of 13% or less. 

Figure 2. Forced Air Solar Food Dryer 
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Another cxample of this type ls a dryer developed at the International Rlce Research 

Institute (lRRI) which uses natural ventilaUon for mo\ting process air lnslde the drytng 

chamber. The dryer consists of a solar air heater and a drying chamber holding trays of 

drying material. Air enters through the bottom of the solar collector. passes between the 

absorbers and glazing material. and Is drawn 1nside the drying chamber wough an operung 

at its base. The heated air moves up. passtng through the drying materials and exils through 

the chimney. A wtnd-powered rotary vane 15 used to increase the air tlow rate inslde the 

drytng chamber. Drying Ume ls reduced slgni1lcantly compared to sun-drytng. Tests 

conducted on fruits, vegetables and grains showed that the system offers optimum protection 

for the drytng matertal from rain, dust, animals and insects. The main disadvantage of t11is 

dryer Is its low capacity because of the limited number of trays that can be s tacked inside the 

drytng chamber. Overloading the dryer leads to a reduction in air flow rate which causes 

uneven drytng of the material. 

2.2.3 Agro-Waste Flsh Drytng 

Agro-waste fish dIyers are consldered essenUal to the improvement of tradltlonal 11sh 

drytng techniques. They can produce we1l-drted, dust-free products and can be used 

effecUvely durtng the ratny season when tUes are abundant and tradltional sun drying ls not 

possible (Tchiengue and Kaptouom. 1986). Unllke solar drying. agro-waste drying ls not 

dependent on the availabillty of solar energy. Hence, drytng ls possible even al ntght or durtng 

the rainy season. EarUer designs of agro-waste dryers were based on indirect heaUng 

methods. Agro-waste materials are burned in a furnace and heat Is transferred to air using 

a heat exchanger and the air Is then passed over the ftsh to be drted. Some recent models are 

directly heated by ut1lJz1ng charcoal as a smokeless fuel, thus making more efficient use of 

heat energy. Examples of agro-waste dryer designs are described below. 

2.2.3.1 Low Cast Fish Dryer (LCF Dryer) 

Constructed from hollow blocks (base), fibre board and wood (drying chamber), and 

G.I. sheet (fumace, roof. and chtmney), the LCF dryer 15 an indirect vertical convection dryer 

fuelled by coconut husk. nce hull or flrewood (VUladsen and Flores. 1982). Drytng in this 

design 1s effected by hot air travelling hortzontally 1nslde the drytng chamber over fish laid 

on the top ofwood framed, polyethylene mesh trays. Tests conducted showed 15 to 18 drying 

hours for spUtted roundscad CDecapterus sp.).Th1s long drying Ume ls a result of low air flows 
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and inconststent air temperatures 1ns1de the dryer. Low amblent airvelocltles have frustrated 

al! attempts te lmprove the low air flow and temperature. 

2.2.3.2 Steel r>ryer 

Constructed enUrely of steel (Figure 3), this dryer was des1gned more for mobillty of 

operations. The mam strUcture of the dryer 15 made from galvanized steel plates with a11 its 

parts bolted together. The steel fumace 1s box-shaped with a central rectangular chimney 

which passes through the center of the drying chamber. Caconut husk. charcoal. or ftrewood 

can he used as fuel but rice hull proves unsuita.ble because of Its low heating value. 

Raof-_____ ,. 

Figure 3. Steel Dryer 

Drying 15 e1Iected by puwng the product on nan'Ow steel wire trays which are 

positioned on e1ther side of the ch1mney. Studies of the drymg character1Stic of fish drted 

showed cook1ng in the bottom 300AJ of trays, the central pc:t!on With wet tlsh and the upper 

30% of trays With well drted ftsh. Low air velo city and excessive heat radiation !rom the 
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central chimney were identi1led as the causes of the disappointlng perfonnance of the dryer. 

Roberts (1986b) conducted performance tests on three recent designs using two 

species offtsh commoIÙy drted in the Phillppines. These are threadfin bream lNemiptertd sp.) 

locally lmown as "Blsugo", and roundscad tQ...ecapterus sp.) locally known as "Galunggong". 

The fish undergo slmilar pre-drying treatments and four physical parameters \Vere monllored 

throughout the drying process: temperature, air veloclty, relative hUIIlidlty. and wclght 

change of fish being drted. The results obtatned from the tests indicate safe and extended 

storage capabillties of the products drled over a 9 to 12 hour pertoc1 ln the Ùlrce dryers. 

However encouragtng the results are, these designs are not aften used ln actual I1sh dI-yin~ 

operations in the Philippines due to their high acquisition and mainLcn,mce costs. 

N'Jal (1986) investigated solar drying methoas ln Gambia and found a simllar aversion 

to use of mechanical dryers. He found that processors who rely on sun-drytng do not really 

appreciate the method since, e\'f>n with a weil dried and cleaner product. the priee usually 

remains the same as those dried by traditional methods. He suggested that processars should 

be made aware of how solar mechanical drying can reduce lasses and thus Increase Ùle 

weight of the final product produced from a given input of flsh. 

The expertence of the Flshertes Pilot ProJect in Tombo (Beek and Durtng, 1985) 

highlights the necessity of mechanical drying in improving the quallty of flsh products and 

the productivity of the exiStillg ftsh processtng chain. 

2.2.4 Solar Agro-Waste Drying 

An indirect type of solar dryer can be augmented with an auxillary heat source for 

contlnued drytng durtng night timl,.' and durtng the rainy season when solar insolation ls not 

enough to complete drytng. One such modification is the Solar Agro-Waste Dlyer, shown in 

Figure 4, which uses agricultural waste matertal to supply auxiliary heal lo U1e drying 

chamber. An agro-waste burner serves as a heat source durtng rainy days and at nlght. This 

design sometimes include an air-to-air heat exchanger to prevent contact of smoke from Ùle 

fuel with the matertal being dried. &>me designs use charcoal as smokeless fuel and consume 

about 0.5 kg of charcoal per hour to maintain drying chamber temperature between 40°C tü 

50°C. Drytng temperature monitored durtng operation of the agro-waste bumer ranges from 
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300e to 70oe. depending on the heattng value of the waste mater1al being burned (Roberts. 

1986b). 

CHIMNEY --..:::::-

Figure 4. Solar Agro-Waste Dryer 

2.3 Factors That In1luence the Quality of the Dried Pmduct 

Severa! major factors affect the quallty of the drted product. These are raw mater1al 

quaUty. pre-drytng treatment, àry1ng rate, and drying temperature. 

2.3.1 Raw Mater1al Quallty 

Any drted product can only be as good as the material from which ft was dc:rived. Fish 

dest1ned for drying sh'luld be fresh, or if frozen, at 1ts optimum quallty for procesSing. Stale 

or spoUed ftsh can not he improved by any form of processing, and that includes saltlng 

and 1 or drytng. It must he sorted thoroughly by size and spedes in arder to ach1cve uniformity 

of dry1ng and consiStency in the quality of the drted product. 

11 



1 

2.3.2 Pre-drytng TreatInent 

Several pre-drying treatments are accorded the 11sh prior to drying. The treatments 

vary according ta the ktnd of dried product desired. These pre-drying treatments are clearung, 

saltlng, and smoking. 

2.3.2.1 Cleantng 

Cleaning of fresh flsh ls the first and most important step in 11sh processlng. Blood, 

gUls, kidney and entrails are susceptible to rapld spailage and are usually removed 

tmmed1ately. Eviscerating and washing in saltwater or fresh water ls done to remove 

nlicroorganiSms and enzymes present in the digestive tract of the flsh. 

Splitting, slitting, or filletlng of flsh usually follows. This reduces the thickness of fish 

for subsequent processing and satisfles some market requirements. Small 11sh in the arder 

of 15-20 pleces per kilogram are usually slitted and dried and/or smoked, while larger ones 

are split. cut in th1n slabs and drted or smok.ed. Filletlng ls usually done on very large specles 

and upon request by customers such as hotels and restaurants. Most of t...~ose tllieted are 

usually smoked after cleaning. 

2.3.2.2 Saltlng 

One of the oldest techniques of preserving 11sh ls salting. A tradltlonal processing 

method used worldwide. salting ls a simple method of flsh preservation wilh salt and 

sometimes water as the ooly Ingredients. More often It is used in combinatlon with smoking 

and drying. 

The most important ·effect of salt 18 the removal of water from the flesh of the flsh ta 

a point where microbial and enzymatic activities are retarded. Wlth the dIfference ln 

concentration between the salt solution tnside and outside the flesh of the flsh, water 18 

withdrawn due tD osmotic pressure. As water is drawn out of the flesh of the 11sh, salt 

penetrates the tissues. This process of salt/water movement continues unUlthe strength of 

the salt solution inslde and outside the flsh reaches equllibrium. 

The saltlng process plays other roles which are vital to the overall quality of the 

product. Salt extracts water making the tlesh firm and easy to handle. It aIso coniers a 
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piquant fiavour and tmproves the appearance by leaching out blood and yieldJng a glossy 

surface. A 700Al to 800Al saturated brtne ytelds a glossy and attractive product whUe a 100% 

saturated brine results in a dull surface with powdery salt crystals. Low brine concentration 

(50%) makes the Ussue swell sllghtly and gain 2% to 3% in weight (FAO, 1982). The length 

of salUng Is lnfluenced by freshness, size of tlsh, method of preparation. brine strength, and 

temperature. StJning the solution durlng br1ning ensures unifonn salt concentration. 

The amount of salt present in the flesh of the tlsh influences the removal of water for 

any subsequent process such as drying or smoke drying. The higher the concentration of the 

salt in tlle flesh the greater the amount of water leached out, hence, the less to be removed 

in tlle drying process. However, Roberts (1986a) found that the presence of salt in the flesh 

actually slows down the drying process sinee salt acts to retain water in the flesh of the tlsh 

as It equ1llbrates. Furthennore, he found that salt enhances molsture absorption from air, 

particularly at hJgh amblent relative humidity. 

Two forms of salttng fish are commonly practlsed. They are wet salting and chy salting. 

Wet salttng ls the most common method of pre-treatment in the commercial production of 

dried fish ln the PhiUppines. There are two usual methods of wet salttng fish: brining and 

ptckle curtng. The choice of method to be used depend largely on whether the product w1ll 

be further processed by drying or smoking, or preserveù by salting alone. 

Fish 18 usually brtned prior to drying or smoking, and brtning ls used when l1ght to 

heavy salt content Is des1red in the final product. The brine concentration normally used is 

between 80 and 100016, wlth 210 te 360 grams of salt per litre of the solution. The length of 

ume a part1cular species ls soaked ln the solution determ1nes the final salt content (Mendoza, 

1986). 

When fish 18 soo.ked in brine, salt removes water from the flesh and results in the 

dilution of the brtne. 1bus a saturated brine will gradually reduce in concentration uniess 

salt 18 added and the solution 18 sttrred. 1t is a uswü practice in commercial processing ta 

leave sufilcient undissolved salt in the bottom of the container ta maintaln the strength of the 

brtne. 
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Pickle curing of ftsh starts as a dry saltlng method where prepared fish ls altemately 

't Iayered wtth dry salt ln a water Ught container uslng a ftsh to salt raUo of 0.3 to 1.0. A plckle 

will qulckly start to fonn wlth the salt dlssolving in water extracted from the flesh of the fish 

by 08mosls. The plckle Is retatned inSlde the water Ught container and will eventually coyer 

all of the ftsh. However, to reduce problems of oxidaUon, the ftsh Is usually covered wtth 

Uquld. The plckllng process 18 hastened by adding saturated brlne and keepmg the ftsh 

Immersed by puttlng a wooden cover and welghts on top of the stack. Plckle cunng 18 sultable 

for ol1y fisb, i.e. fisb with an oU content above 2%. Since tlsh 18 Immersed in a plckle, the 

oxidation of fat 18 m1nlmlzed. 

-

SlInHar to plckle curtng, dry salUng tnvolves placing the prepared tlsh and salt ln 

altemate layers. The difference however, Is that the lIquid plckle that fonns Is allowed to 

drain. A cover with welghts 18 placed on top of the stacK to press the fisb resultlng ln faster 

salt penetration and subsequent water removal. The ftsh 18 usually restacked everyday so 

that the Bsh prev!ously on top of the stack ends up at the bottom wlth more salt added to the 

stack wben necessary. This method Is commonly used for lean tlsh since It Is exposed to the 

atmospbere dunng salt treatment. 

2.3.2.3 Smoking 

Fisb smoking Is a method of Bsh preselVaUon effected by a combinaUon of salting. 

cooktng, drying, and the deposltlon of naturally produced chemlcals (rom the incomplete 

combustion of wood. Smoking can elther be cold or bot dependlng on the temperature of the 

smoke bouse. Cold smoking temperature usually does not exceed 45°C whlle hot smoking 

can go up to 93°C, brlnglng the internai tlesh temperature to 30°C and 60°C respecUvely. 

Smoking of fish Is done by exposing ftsh cooked in briDe ta smoke produCed by the 

incomplete combustion and destructive dlsUllatlon of wood. A complex mixture of alipathic 

and aromatic compounds in addition ta water, carbon dloxide, and traces of bydrogen Is 

partly responslble for the preselVation and flavour of smoked Bsh. Smoke constltuents are 

usually concentrated at the surface. However, studies àone by Burgess et al (1967) round 

that smoke conUnues to diffuse from the surface to the flesh of the fish durtng storage, glving 

the tlesh Us distinct tlavour. 
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The drying of the ftsh starts sfmultaneously With smoke deposition since evaporation 

oceurs when flesh temperature Is lncreased durtng smoking. The amount of moisture 

evaporated from the flesh of the flsh depends upon the temperature used in the smokehouse 

and the length of smoking. The degree of saltlng, smoking and drying which character1ze 

smoked Hsh aU influence in vartous degree the quality and storage llfe of the product. 

2.3.3 Drying Rate 

The rate of drying influences the quality of the final product in two ways: a fast rate 

of drying can cause shrtnkage, while very slow drying rate results in loss Qf rehydration 

capaclty. As molsture migrates from the food tissues and evaporates from the surface, il ls 

accomparued by a pronounced volume reduction. Material damage such as cr'lcking and 

crushing of the tissues accompany sueh shrinkage. Furthermore. unequal shrinkage ln 

varlous parts of a plece of material often warps and distorts the appearance of the dried 

product. This situation m;uaUy occurs in fast-drying materials with very high mol8ture 

content. but can he prevented by slow drytng of highly shrinkable materials and materials 

having high molsture content. 

The loss of the abillty ta rehydrate 18 physlcally n:.ulifested in terms of shrinkage and 

distortion of eells and eapillartes where motsture migration occurs. However, mueh of the 10ss 

18 chemical or physlco-chemlcal in nature at the colloidal level. This ls one of the 

unfavourable characteristlcs of a food product wnich has undergone very slow dehydration. 

2.3.4 Drytng Temperature 

The composition of tlsh varies considerably in Its fresh state and Us composition 

changes with vaI')1ng processing parameters. These processtng parameters can intluence the 

nutrtt10nal qual1t1es of the product. foremost of which ls protein quality and vitamin content 

Drying does not have any direct adverse efi'ect on protein content of fish. However. dIy1ng 

parameters may enhance oxidation and rancidfty. and thereby cause a reduction in protein 

quallty. These adverse effects are usually dependent on dIytng temperature and drying ttme. 

To reduce such adverse efIects, drying should he conducted at 70°C or lower. ln which range 

damage to protetn quaUty 15 neglig1ble (Opstvedt. 1989). 

In terms ofvitamin degradatlon. studIes conducted by Burt (1989) showed that the 
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vitamins present in ftsh are destroyed to varying extents as a result of high dtytng 

temperatures. The degree of 10ss of Vitam1ns ln fish Is also dependent on whether the 

vitamins are fat soluble orwater soluble. In both cases, lasses ofvitamins are less than lOOtil. 

Another important effect of extreme drytng temperature Is case hardening whtch 18 the 

formation of a hard and relatively impermeable surface skin on a drytng food product which 

retards mol8ture migration from within the tissues. It results in the amount of molsture 

removed from the surface being greater than the rate of diffusion of molsture from the tissue 

ta the surface. This condition may be prevented by controWng the relative humidlly and 

temperature of the drytng air (Van Arsdel et al. 1973). 

2.4 Characterlatlcs of the Drled Product 

In fish drylng processes. two parameters are usually used as a measure of quality and 

storabillty of the product. They are moisture content and water activlty. 

2.4.1 Mol8ture Content 

Mol8ture content ls a measure of the amount of water present ln the fiesh of the fish 

in relation ta Its welght. The standard method for determining molsture content 18 described 

in Desroster (1963). A wetghed sample of tlsh 15 placed in a porcelain dish and dried ln a 

drying oven at 105°C for 20 to 24 hours. After th1s Ume. the sarnple Is cooled Immediately in 

a desiccator for 20 minutes. The drIed sample 15 then accurately weighed and rnolslure 

removed in the aven 18 calculated ta serve as the basts for computing molsture content of the 

sample. The Most common expresston for moisture content Is molsture content wet basts 

which 18: 

where: 

MC • (m,., -",~ 
ft m 

w 

In" = wetght of Osh before drying 

~ = we1ght of Osh after drying 

(1) 
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AltemaUvely, the dry basts motstur~ content can be gtven by: 

These two are related by the formulae: 

MC .. 
Mena - -----1 - MC". 

(2) 

(3) 

(4) 

The final water content of the product ls an important factor in determining the shelf­

ure or storability of the product as weIl as its quality. When the moisture content ralls below 

25% (wet basts), bacterial action stops and when It is further reduced below 15%, mould wUl 

cease ta grow. If salt 19 added, a moisture content of 35 ta 45% i8 often chy eno1.lgh to inhibit 

the growth of molds and bacteria, depending on the amount of salt present (Doe, 1986). 

Based on research conducted at the Department of Fish ProceSSing Technology, 

University of the PhUippines in the Visayas (1986), the mo19ture content of commercial 

samples of dried ftsh range from 40·45% moisture content (wet basiS). At this levelof 

mofsture content, the product 1s consldered dry enough to fnhibit the growth of 

mtcroorganisms that cause spoilage. 

2.4.2 Water Actlvtty 

\Vatel' act1vity 18 a measure of the Cree or loosely bound water within a foodstutI. It 18 

determtned by placing a sample of the material in a closed container and measU11ng the 

relative humid1ty using some form of hygrometer. The relative humtcUty obtalned, expressed 
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as a decimal, 15 used as a measure of water acUvity. Another method of detennin1ng waœr 

actlVity 18 by calculating water activity from measurements of salt, moisture and fat content 

of the fish (Doe, 1986), This method has the advantage that the water acUvity can be 

calculated from the moiSture content alone if the salt and fat contents of the fresh or brtned 

fish are known or measured. Water actlvity can thus can be monitored as the 11sh drles. 

2.4.3 SorpUon Isotherms 

Sorptlon isotherms or equillbrtum molsture content diagrams are a way of showing 

the relationship between moi sture content and water activity. There are two methods of 

measurtngthe sorption behaViourso thatsorptlonisothenns can be plotted. The tlrst method 

ls to allow samples of the tlsh to equilibrate to cWIerent relative humiditles ln the air sp?ce 

inslde closed containers above different saturated salt solutions at different temperatures. 

The second method 18 to dry samples ta difIerent moisture contents and then measure ilie 

water actMty of the sample in a water activity meter, which uses a hair hygrometer to 

measure the relative humid1ty of the air space surroundIng the fish sample kept ln a closed 

container. Knowledge of the sorption hehaviour of the ftsh is of great benefit in determining 

the amount of drying needed to produce a well dried product with a glven shelf-life (Doe, 

1986). Figure 5 shows a typical sorptlon isothenn of a hygroscopie material such as fish. 

2.5 Faeton That lDflueDee DrJin' Rate 

Drying Is a combined heat and mass transfer operation. 1t involves the transfer ofheat 

in process air ta the flsh and the transfer of water in the ftsh to process air. Water may he 

transported in the fish as bulk Uquid or as vapour. In the Uquid state, transport may occur 

due ta concentration gradients that develop as water evaporates from the surface, thereby 

decreasing its concentratiori. Another important way in which internal water transport occurs 

18 by capUlary action. For Uquids such as water whieh wet the walls of capillartes typically 

present in ftsh, there exists a pressure difTerence ln a capillary and a connected bulk liquid. 

As water content of the fish decreases, transport in the capillartes and pores occurs primartly 

in the vapour phase. The two prtmary factors tnfiuenCing the rate of drytng are the type of 

matertal and the psychometrie properties of drying air. 

2.5.1 Type of Material 

Matertals ta be drted may be divided inta two categories: hygroscopie and non-
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Figure 5. Typical Sorption Isotherm of a Hygroscopie MateriaJ 

hygroscopie. A non-hygroscopie mateI1al15 one in which the partial pressure ofwau:r in the 

mater1al 15 equal ta the vapor pressure of water. ln hygroscopie mater1als, the partial 

pressure of water becomes lower than the vapor pressure of water at a cr1tical level of 

moisture content. Most dr1ed (oocls, including fish, are hygroscopie mater1als. 

The procees of dIying Involves the movement of water tbrough a solld and its 

evaporatlon from a surface. Init1ally, the moisture content :<) uniform throughout the 

materta1. As water leaves the sUlfaee. its mo15ture content drops ta some value which 15 close 

to be1ng in equllibrtum with surrounding air. Drying of a hygroscopie mater1al 15 usually 

characteI'1Zed by a per10d of constant rate drying followed by a longer per10d of fallirlg rate 

drying as shown in Figure 6. 

In a porous open sol1d like a sponge. there 15 very llttle resistance to diffusion. hence. 

evaporation 15 the gOveming proeees. Such solids dry at a 'constant rate'. The eonst.ali.t rate 
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Figure 6. Drying Periods for a Hygroscopie Material 

per10d continues as long as the supply ofwater ta the surface sufilces ta maintain saturation 

of the surface. 'Ibis will maintain a constant surface temperature and a water pressure equal 

to the- vapeur pressure of water" at the COITespondJng wet bulb temperature. Thereby 

ma1nta1n1ng a vapeur pressure gradient between the mater1al surface and the lower vapour 

pressure of air resultlng in moistw:e movement by evaporation. 

Outside the t1sh. the evaperation rate e. can he found from the expression: 

, • h • • Â • (w, -6» 

where: 

e = evaporat1on rate, kg! sec 

hm = surface mass transfer coeffident. mis 
A ~ surface ares.. m2 

m. .. surface humid1ty, kg ~O/m3 

CIl., = amb1ent air hum1d1ty. kg ~o 1m3 

(51 
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The surface mass transfer coefficient depends on wind speed and aerodynamlc shape. 

{ Thus the rate of evaporaUon from the surface can he Increased by: 

(, 

- increaslng air speed; 

- increasing surface area; and, 

- decreasing humldity of the air inslde the dryer. 

AltemaUvely, a soUd ln whlch water 18 tighUy bound will dry under difTuslon goveming 

condiUon, whtch 18 character1zed by a spontaneous process of mass transfer ta efIect 

equaltzation of molsture concentraUons within the materlal. Such drylng Is tenned 'falling 

rate' drylng sinee the rate of drying decreases as water diffuses out of the soUd. Durtng thls 

drylng penod, It ls assumed that transport to the surface occurs by transport in the gas 

phase, and that transport from the surface to the bulk of the air occurs through the gas mm 
ln the air. Drylng ln the falUng rate perlod Is an unsteady state process not only wlth respect 

to the molsture gradients but also with respect to the materlal temperature. The temperature 

at the beglnnlng of the falUng rate perlod 18 equal to the wet bulb temperature and rlses 

throughout the falllng rate perlod toward the dry bulb temperature of air. 

Wlthln the llsh, the diffusion rate ofwater to the surface Is given by: 

where: 

d = [~] * [C, - C,] 

d = rate of dtfTusion, kg/sec 

D = mass dtfTuSlvity, m2/sec 

A = surface area, m2 

b = thlckness of tlsh, m 

CI and C. = molsture concentrations, kg ~O/m3 

The rate of diffusion cao he lncreased by: 

• increaslng mass difIuslvlty; 

• increastng surface area: and, 

- decreasing the thickness of the flsh. 

(8) 
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Apart from cutting the 11sh lnto th1r.mer pleees, the only practlcal way to increase the 

rate of diffusion ls to lnerease the drying temperature. ThIs obvtously has limitations due to 

the fish cooldng at temperatures around 50°C, depending on the moisture content. 

Wh11e the surface humidity remains constant, the drying rate 15 also constant. When 

surfaee humJ.dlty starts to faU due ta the fish drying out, the drying rate starts to decrease. 

This fact explalns the d1fferent behaviour ofbrtned and unbrtned fish. Salted 11sh exhibit a 

very short constant rate drying period and take longer to dry than unsalted fish (Doc, 1986). 

2.5.2 Psychometrie Propertles of Drying Air 

Psychometrie properties of air or any air·water vapour mixture used in the drying 

proeess can be aeeurately ealeulated if any two lndependent psychometrie properties of the 

mixture are lmown in addition ta the atmosphene pressure. With three psychometrie 

properties avallable, any or all of the followtng propertles may he obtained: relative hunud1ty 

(8l. enthalpy (h), humid1ty ratio (00), speeUle volume (v), and vapour pressure (P"l. These 

psychometrie properties ean be calculated numerically using lnfonnation available in the 

ASHRAE Handbook of Fundamentals (ASHRAE 1972). 

The water vapour saturation pressure ls frequently caleulated in psychometrie 

analyses. This calculation must he accurate sinee vapour pressure 15 used in calculatlng 

other psychometrie propertles. Four formulas are given by ASHRAE (1972), although no 

tolerance values are glven. In food dIylng applications, the O°C to 120°C temperature range 

15 usually of Interest. In th1s range, the following formula Is most useful: 

wb,ere: 

ln (P.) = f (A ... BT ... CJ4 ... DT' ... ml 
R L (FI' -Grz> 

p •• saturation vapour pressure, kPa 

T = dry bulb temperature, OK 

R = 22.105,649.25 0 = 0.12558X10·3 

A = ·27.405.526 E = -O.48502XIO·7 

B = 97.5413 F = 4.34903 

C = ·0.146244 G = O.39381XIo-2 

(7) 
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By ustng the perfect gas relationships and the detlnitlons of relative humldity and 

degree of saturation, the followtng relationships can be developed to flnd absolute humidity, 

water vapour pressure, relative humidity, and specifie volume. 

where: 

c.> 11 [(0.62198 • P J] 
(P. - P.) 

[
(p. * c.» ] 

p .. = (0.62198 + c.» 

8 • [~:] 

(Ra • 7) 
y II ---"'-- • [1 + (1.607 • CI»)] 

p. 

Q) • humidlty ratio, kg H.zO /kg dry air 

p.:: atmospherie pressure, kPa 

P,:III saturation vapour pressure, kPa 

P w = vapour pressure, kPa 

9 = relative humidity, % 

v • speeiflc volume, m3/kg 

Ra III gas constant. J/m-oK 

T:: temperature, OK 

(8) 

(9) 

(10) 

(11) 

The enthalpy of molst air 18 dertved from the sum of the enthalpies of dry air and 

enthalpy of the saturated water vapour. The enthalpy of dIy air can be approximated closely 

as the product of the specUle heat (Cpl of air and Its temperature. Taklng the value of Cp for 

air as 1.005 kJ/kg_oK at 3000K gtves: 
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la. ,. 1.005 • , (12) 

Consldering water vapour to act as an Ideal gas wtth a specifie heat of 1.88 kJ /kg_oK. 

Its enthalpy can be approximated by: 

h", = 2501 + 1.84 • , 

Combining both equations to obtain the enthalpy of molst air will glve: 

where: 

h = 1.005 t + Ca) (2501 +1.84 t) 

Ct) = humidlty ratio, kg ~O /kg dry air 

t = temperature, oC 

h. = enthalpy of air, kJ /kg 

hw = enthalpy of water vapour, kJ /kg 

h = enthalpy of mo1st air, kJ Ikg 

(13) 

(14) 

CertaJn temperature Umits are stated for the saturation formula as well as for that of 

the enthalpy of moist air. However, within the QOC to 12°C temperature range, the 

relationships presented predict the actual conditions accurately. 

The capaclty of the air to remove mo1sture from fish depends on the temperature and 

relative humid1ty of the air. The study of the inter-relationship of temperature and relative 

humid1ty of the air is called psychometry and was thoroughly discussed above. 

The temperature of the air measured by a thermometer bulb 18 the dry bulb 

temperature. If the thermometer bulb 15 surrounded by a wet cloth, heat 15 removed by the 

wat.er evaporatJng from the cloth and the temperature falls. 'This lower temperature la called 

the wet bulb temperature. The difference between the two temperatures la used to 1lnd the 
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relative humidity oC the air on the psychometrie chart. An increase in air temperature. or 

reduction ln relative humid1ty, causes water ta evaporate from a wet surface more rapldly and 

therefore produces a greater fall ln temperature. This characteristic of pro cess air can be 

observed from a psychometrtc cUagram. Note that the wet bulb lines meet the dJ:y bulb Une 

on the saturation Une, hence, dry bulb temperature equals wet bulb. Along this Une the air 

Is Cully saturated and useless for drying. Unes of constant wet bulb temperature are close to 

adiabaUc or constant heat Unes. In actual practice, this means that air passing over the fish 

in the dryer will gain moisture and decrease in temperature along a Une of constant wet bulb 

temperature. If the air leaving the top of the dIyer ls saturated, then the dryer ls operated at 

Its maximum capaclty. 

2.5.3 Air Flow Rate 

The psychometrie properties of drying air are not the only parameters atIecting the 

drying process. At a certain level oC temperature and relative humldity, the actual amount of 

drying air circulated inslde the drytng chamber also influences the rate at whlch water Is 

removed from the drying material . .As air enters the drylng chamber at very low relative 

humidity, It gradually absorbs water from the materiai being dried. BeCore the air reaches Us 

saturation point, It has to be exhausted from the dry1ng chamber for incoming air to fiow 

Inslde the chamber and continue the drying process. The rate at whlch drying air Is moved 

through the chamber should ensure that a sufilcient volume of fresh air ls malntained to 

prevent saturation oC process air. Thus, higher fiow rates will ensure high water removal rate. 

2.8 Solar EDergy and Thermal Proceue. 

2.6.1 Available Solar Energy 

The sun ls a huge nuclear power plant of the fusion varlety which generates power ln 

the Corm of radiant energy at a rate of 3.8 x 1()23 kW (Goswaml. 1986). This vast amount of 

energy ls radiated aU around the sun and a very small fraction, amounting to 1.8 x 1014 kW. 

ls intercepted by the earth as lt moves around the sun. The amount of solar radiation falling 

on a surface normal to the rays oC the sun at mean earth-sun distance. the "solar constant". 

has been measured extensively and recent measurements have establlshed the best value at 

1.377 kW 1m2
• 

Since the sun's orblt ls e1l1ptical. the sun to earth distance varies sllghtly with time 
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ofyear. Furthermore, tlle earth's axiS 18 tilted at an angle of 23.45° to the plane of Us ell1ptic 

path around the sun causing seasonal variation ln the availability of solar radiation. 

The solar energy that reaches the surface of the earth ls made up of lwo parts: the 

energy in the direct beam, and diffuse energy from the sky. These can be approximaled using 

the methods as descrtbed by Howell et al (1982) which predicts radiant energy for a specUle 

latitude, Ume of day and the day of t.he year. 

2.6.1.1 Metllods of measurement 

The solar intensity received atground level can be measured in many ways. The mosl 

common unit of measure is the total radiant flux of sunlight falling on a horizontal absorbing 

surface. This quantlty 18 commonly referred ta as insolation. The units mast ollen used for 

insolation are: 

The most common instrument for measuring insolation received at ground level 15 a 

device known as a pyranometer. A second instrument used for monitoring salar intensity Is 

the normal incidence pyrheliometer, used for measurtng solar intensities normal to the Silll. 

Botll instruments use thermocouples and the basic concept used ls that a black surface will 

absorb most of the incident radiation and will reach an equilibrlum temperature hlb~~,:,r than 

amblent temperature. These temperature rises can he related ta the rate of solar heat gain. 

2.6.1.2 Insolation Data 

Solar insolation data are available in severa! forms. They usually include information 

on whether the data are instantaneous measurements or averaged values over sorne perlod 

oftlme: the time and pertod ofmeasurement; whether the measurement are ofbeam. dilluse 

or total radiation; the receiving-surface ortentation; and if the values were averaged. the 

period over which they are averaged. In addition to solar insolation data. there are other 

meteorologtcal measurement related to solar energy whlch. in the atsence of radiation data. 

can be used to estlmate insolation. 

Another alternative 18 the estimation of radiation for a particular location by the use 

of data from other locations of similar latitude, topography and climate. For this type of 
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estimation, the use of the Daily Means of Total Radiation (Bearn + Diffuse) Map published by 

Lof et al (1966) and redrawn by de Jong (1973) (as cited ln Parker, 1990), and the Table of 

Solar Heat Gain Factors (ASHRAE, 1972) for cWferent latitudes Is useful. 

2.6.1.3 Radiation on a HoI1wntal Surface 

The data in the ASHRAE Guide and Data Book, Fundamentals provide an accurate 

quantlfication of the magnitude ofsolar insolaUon and provide the necessary Information for 

maklng th1s determJnation. The solar tnsolation on any horizontal surface can be 

approximated by the equatlon: 

where: 

~ = altitude 

• 
1 = (C + SÛlP) Â , - ,fUI' 

A, B, C = constants defined ln Table 1 

(15) 

For a specUle latitude, the sun's position ean he determined by ealeulattng its altitude 

and azimuth. The sun's altitude angle ~ from the horizon is glven by: 

SIIIP :: [Cœ(L) • Cœ(3) • Cos(H)) + [Sba(L) '" SÛI(3» 

The azimuth angle a, is glven by: 

where: 

~ = altitude 

SIn CI = Co.s(&) • SIII(II) 
Co.s(~) 

a == decl1nation 

H .. hour angle 

(18) 

(17) 
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The decl1nation varies between -23.450 and +23.450 in one year and this factor can 

be esUmated by the formula: 

where: 

a .. 23.45 Sin [360 • (284 + N)] 
365, 

a =- decllnatlon 

N = day number with January lst as 1 

Table 1. Satu IDlOlatlon Constants 

Month A. W/m3 B 

Jan 21 1230 0.142 

Feb 21 1214 0.144 

Mar 21 1185 0.156 

Apr21 1135 0.180 

May 21 1103 0.196 

Jun21 1088 0.205 

Jul21 1085 0.207 

Aug21 ll07 0.201 

Sep 21 ll51 0.177 

Oct 21 ll92 0.160 

Nov 21 1220 0.149 

nec 21 1233 0.142 

2.6.1.4 Radiation on a nlted Surface 

(18) 

C 

0.058 

0.060 

0.071 

0.097 

0.121 

0.134 

0.136 

0.122 

0.092 

0.073 

0.063 

0.057 

Solar radiation falling on a surface of any orientation and llited at an angle from the 

hortzontal ts obtained by multlplying the direct normal radiation ION' by the cosine of the 

angle of incidence. ,. The angle of incidence of the rays with the surface 15 a function of the 
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surface orientation and the sun's position. For a tilted swface, the angle of incidence is glven 

by: 

Co.s4I • (Cos(P) • Cos(a) • StII(E» + (SÛI(P) • Cos(Il)) 

where: 

~c = COITected altitude angle 

Doc = COITected azimuth angle 

1: = tilt angle of the surface 

2.6.2 Solar Energy Collection System 

2.6.2.1 Types of Collectors 

(19) 

A solar collector Is a dev1ce deslgned ta absorb incident solar radiation and to transfer 

the energy to a fiuid passing in contact with it. Solar collectors may be classifled accordJng 

to their collectlng charactertstlcs, the way they are mounted, and the typt' of transfer fiuid 

they employ. 

Based on their collectlng characteristlcs. solar collectors can be classifted as non­

concentratlng or "flatplate" collectors, and concentratlng or "fOCUSing" collectors. A non­

concentraUng or flatplate collector 15 one ln which the absorbing surface for solar radiation 

19 essenttally fiat with no means of concentraUng the incoming solar radiation. A 

concentratlng collector 15 one whtch usually contains reflectors or employs other optical 

means to concentrate the energy falling on the aperture onto a surface area smaller than the 

aperture. 

A typlcalflat-plate solar collector cons1sts of a black solar energy absorbmg swface 

with means of transfemng the absorbed energy to a fluid; envelopes or glazing mater1al 

transparent to solar radiation placed over the solar absorber surface to reduce convection and 

radiation heat losses to the atmosphere; and, back insulation to reduce conduction losses 

to amblent air. Flat-plate collectors are almost always mounted in a statlonary position with 

an orientation opt1m1zed for the partlcular location and for the tlme ofyear in whtch the solar 

dev1ce 15 lntendcd to operate. 
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DetaJled study of the performance of fiat-plate collectors was ftrst undertaken by 

Hottel and Woertz (1942). The study was based on energy balance measurements on an anay 

of collectors at an experimental solar heated building. Their analyses were bastcally collector 

performance calculations based on mean plate temperature, where they developed a 

correlation for thermallosses in flat-plate collectors. 

Tabor (1958) mocUfled the Hottel and Woertz thermalloss calculatlons by use of new 

correlations for convective heat transfer between parallel planes and using values of 

emittance of glass lower than those used by Hottei and Woertz. The modifications pennitted 

estimation ofloss coefficients for collectors where the original method dld not give satisfactory 

results. 

New collector designs appeared on the commercial market in the mld 70's prompUng 

the development of standard tests to produce data required in process design. In response 

to this need, the National Bureau of Standards dev1sed a test procedure which was later 

modifled by ASHRAE (1977). Expertments to vertfy these standard procedures were 

undertaken by Hill et al (1979). 

The basic method of measurtng flat-plate collector performance is lo expose the 

operatlng collector to solar radiation and measure tluid temperature and flow ratc. External 

environment conditions such as radiation on the collector, amblent temperature, and wind 

speed were also recorded. Thus, two types of Information are available: data on the output 

of the collector as well as on environmental conditions producing such output pertonnance. 

These data permit the settlng of charactertstics of a collector by parameters that indicate how 

the collector absorbs solar energy and how It loses heat energy to its envlronment. 

2.6.2.2 Heat transfer tluid 

The transfer tluid Is the medium which passes through or ln contact with the solar 

collector and cames the thermal energy away from the collector to the storage or load. A 

collector may use elther a Uquid or a gas as the transfer tluid. The most common Uquid ls 

water or water-glycol solution. For thermosyphon systems, heat transfer fluids can be used 

iii a single phase mode (Uquid throughout) or in a two phase mode (some Uquid, sorne 

vapour). Uquids used in single phase mode are water or propylene glycol: and in a two phase 
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mode. some freons can be used (Mertol et al. 1981). 

2.6.2.3 Natural circulation systems 

Natural Circulation of the worldng fluid in collector systems occurs when the heat 

transfer flutd warms up enough to estabUsh a density dJfIerence h"tween the lower collector 

tnlet and the elevated inlet to the load. The density dtfl'erence 15 a functlon of the temperature 

difference hence, the flow rate ts thus a function of the useful gain of the collector which 

produces that temperature difference. Under these circumstances. these systems are self .. 

adjusUng, with incteasing gain leading to increased flow rates through the system. It has 

been observed by Close (1962) and by Cooper (1973) (as cited by Duffie and Beckman. 1974) 

that u!1der wtde ranges of conditions, the increase in temperature of water through the 

collectors in natural circulation systems 15 10°C. 

Studtes conducted by Fanney and Klein (1985) show that reduced flow rates in the 

collector stgniflcantly ;mprove thermal performance of solar domestic hot water heatlng 

systems. Their findtngs have direct implications in the application of thermosyphon systems 

and ln reductng lnitlal system cost through the use of smaller piping and pumps in active 

systems. The work of Hollands et al (1985) supports th1s Onding. In tests conducted at the 

University of Waterloo, they found a 15% increase in thermal energy and a substanUal 

reduction in construction cost when the flow was reduced stxfold. 

Close (1962) worked out an analysis of circulation rates in natural circulation systems 

and compared computed and expertmentallnlet and outlet temperatures. His results conflnn 

the suggestion that temperature Increases of about 10°C are representative ofthese systems 

if they are weIl designed and Without ser10us flow restrictions. Gupta and Garg (1968) showed 

inlet and outlet temperature for two collectors that suggest nearly constant temperature riSe 

across the collectors ln a thermosyphon system. 

Base<! on their flndings. two alternative methods of modelling the performance of 

naturcÙ circulation systems can be used. The flrst is by an analys15 of the temperature. 

density distribution and the resultlng flow rates based on pressure drop calculations. The 

second 19 to assume a constant tluid temperature increase through the collector of 10°C (or 

any appropriate value) and calculate the flow rate that w1ll procluce this temperature 
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dUference at the estlmated collector gain. By equatlng the total useful energy gain (Ouille and 

Beclanan, 1980) of the collector gtven by: 

O. • A,F, [S - U, (To - T,)l (20) 

with the heat balance: 

Q, :. mC, (To - T,) (21) 

the value of the flow rate (m). can be solved if the collector efficiency i5 assumed to be 

Inde pendent of the fiow rate. The resultlng mass flow rate expression Is glven by: 

where: 

• U!''At: 
m • ------------------

[Cp (1 - U, F' (To - T,»] J [S - Ut (To - T.)] 

U1 = heat transfer coefBdent, W/m2.oC 

FI = collector em.ciency factor, for copper 

1 mm thick, FI = 0.97 

Ac" area of collector, m2 

Cp = specUlc heat, kJ /kg.oC 

S "" solar Insolation per unit area, W 1m2 

Tt = lnlet temperature of collector. OC 

To = outlet temperature of collector. oc 

(22) 

Col1ector operation with a temperature di1Terence of the arder of 10°C implles for 

p~actical systems that water circulates through the system several tlmes a day. Tabor (1969) 

suggested that n:sistance to the flow be Increased and the Increase in tempe rature made 

higher such that the fiuid ln the system makes one pass through the collector ln a day. He 
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calculated that the daUy efficlency of a "one pass" high temperature dtfference system w1ll he 

about the same as that of a system ustng several passes a day with lower temperature 

d1JI'erence, if better stratttlcation 18 obtalned in the storage. These flndings were ver1fted by 

a few studies tnvolvtng theoretlcal and exper1mental comparison of systems. 

Chauhan and Kadambl (1968) tested a compact water heater under ilatural circulation 

and under forced circulation using a propeller. Use of the propeller produced no slgntO.cant 

enhancement in the system thermal performance, shoWing that natural circulation alone 15 

an adequate mode of llu1d movement. 

Fanney and Liu (1979) also found that the system eftlciencies of active heaters are 5% 

to 45% lower than the thermosyphon. The conclusion was substantiated by a slde-by-slde 

test of a thermosyphon and llve active systems employtng a pump for fluid movement. 

Furthermore. if parasitic energy consumption were tncluded, the effective system efficiencies 

of the active heaters were calculated to be 300..-{, ta 900Allower than that of the thermosyphon. 
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S. IIATEIUALS AND METHODS 

The research study was condueted at the School of Technology and Envtronmental 

Resources, Mlag-ao Campus of the University of the Philippines in thl! Visayas. The School 

19 located at latitude 12°North and longitude 125°West. The area Is charactemed by a very 

pronounced chy season which normally faIls between the months November and May with 

temperatures ranglng from 28°C ta 38°C. The area is in the middle of the typhoon heU and 

exper1ences an average of 27 typhoons annually creatlng very unpredictable weather 

conditions in the latter part of the dry season (May). as weil as in the latter part of the wet 

season (Oetober). The solar drying equipment was deslgned while working at Macdonald 

Campus and constru.cted in Iloilo City. Construction and testlng of the equipment was done 

between December 1990 and August 1991. 

3.1 Del. ad CcmatruCtlOD 

The solar drying system was designed ta test the application of solar energy prmclples 

to ftsh dehydration. It conslsts of the following major components: a pair of solar panels, a 

heat exchanger, dIyer cabinet wtth chtmney and an electrtc aux1liary heater. The pilot model 

tested can he upgraded mto a larger system for the commercial drying of fish and other 

flshery products. Figures 7a. 7b, and 8 show the major components of the solar dryer. 

3.1.1 Drying Chamber 

The dry1ng chamber was designed for flsh drying. To detennine the operatlng 

character1stics of the drylng chamber. certain assumptions were required. The drying 

chamber was designed to handle a maximum of ftve k1lograms of wet ftsh at 75% moisture 

content. The final designed moisture content of the flsh was 45% after allowing it to dry for 

8 hours. Based on the design conditions stated above. the estlmated mass of water to he 

removed from the fiesh of the ftsh was 1.5 k1lograms (AppencUxA). 

Studies conducted by Milla (1982) found that the optimum drying temperature for ftsh 

was 50°C. Short term exposure of ftsh to temperatures 60°C or higher may not he detrtmental 

to product quallty. depending on the stage of drying at which the temperature exceeds the 

optimum temperatUIe. This fact is very important since the energy source Is the radiant heat 

of the sun which shifts from low insolation during cloudy periods to very high insolation 
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levels durtng clear per1ods. The collecoor panel used ln the dryfng experiment was therefore 

deslgned for a maximum temperature tncrease of 20°C 00 prevent the operatlng temperature 

of the d.ry1ng chamber {rom rtstng above 50°C. 

Water in the tlsh has to gain a considerable amount of heat to change from a l1quld 

to gaseous phase. Esmayand Dlxon (1986) gtve the latent heat ofvaponzatlon in the normal 

Uquld range ofwater for temperatures ranging from 0° 00 100°C, which can be obtained by: 

C, • 2503 - 2.47 • t 
(23) 

At the deslgned operatlng temperature of 50°C. the latent heat ofvaponzatlon ofwater 

Is 2383 kJ /kg. The theorettcal amount of heat needed to reduce the molsture content of flsh 

from 75% to 45% will be 0.1240 kW for 8 hours operation (AppendixA). The heat input to the 

drytng chamber comes from the heat added by the heat exchanger through conduction with 

air, and the enthalpy of air entertng the heat exchanger. Outgomg air exhausted through the 

chimney reJects excess heat through the mass ofwater vaponzed by the introduction of heat 

InOO the chamber. Conduction heat losses through the walls were assumed negllgtble slnce 

these losses were m1n1mal compared to the heat lost ln molsture removal. 

AIr fed 1oto the chamber passes through a heat exchanger whtch ra1ses the 

temperature from 28°C and 70016 relative humid1ty to 50°C. AJr is exhausted from the 

chamber at 35°C wlth a considerable increase 10 relative humid1ty. At the operatlng 

temperature of 50°C air carnes 16.7 grams of water per k1logram of dry air; while at 35°C, 

air cames 25.0 grams ofwater per kllogram of dJy air. nus glves a net change ln absolute 

humid1ty of 8.3 grams ofwater per kllogram of dJy air. At the 1nlet of the heat exchanger, air 

enters at an amblent temperature of 28°C and bas a specific volume (v) of 0.876 m3 /kg. 

Using these values, the theoretlcal volume of air need.ed to remove 1.5 ldlograms of water 

from the drying chamber 19 given by: 

The volume of air requ1red to move mo19ture from the tlsh and out of the drytng 

chanlller was computed and lt ls 158 m3• This amount of air has 00 be moved through the 
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drying chamber to remove moisture from the fish Withi.i"'l 8 hours. The estimated tlow rate of 

air through the heat exchanger will be 0.00549 m3/sec. For a heat exchanger wtth a free air 

space of 0.0625 m2
, the estimated air velocity at the inlet of the drying chamber will be 

0.08784 m/sec (Appendix Al. 

The dry1ng chamber shown in Figure 9 consists of a converted 10 cubic feet 

refrtgerater case. It was made of 26 gauge steel plate outside and an enamel coated inner 

shell made from the same matertal. SandWiched between the inner and outer shell was a two 

inch ftbreglass insuJation. The top portion of the chamber was aIso insulated with tlbreglass 

and contaJ.ns the ch1mney assembly. An exhaust fan was instaIled ln the chlmney lnlet to 

enhance draft 1nside the drying chamber when taking wet and dry bulb temperature 

readings. The bot.tom of the drytng chamber was fully opened for air to enter W1th m1n1mal 

air resistance. Joints between the chimney, the heat exchanger, and the drying chamber were 

silicone sealed to ensure lower ambient air infiltration in the drying chamber. 

3.1.2 Solar Collector 

To supply the heat requirement of the drytng chamber, two sources of heat were 

utilized: a solar collecter as the primary source and an electrtc heater as an auxiHary source. 

Since it was the prtmary source of heal. the size of the solar collector was designed to handle 

the total heat reqwrement of the drying process. 

During the period of the experimenl. tlle availability of solar energy was expected to 

he unstable, varytng with respect to the sun's altitude and the cloud cover of the location. 

Daily estimate of insolation levels at latitude 12°North for August 21 are presented in 

Appendix B. The information required for e!,timating the solar insolation values in Appendix 

B were derived from. the ASHRAE Guide and Data Book. Fundamentals. Parame ter values 

from the book correspond ta noontime values for the 218t of every month. These were used 

for purposes of estimation since monthly variations in the parameter values were not very 

stgn1flcanl. espectally when used on daily estimates of insolation. 
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From the estlmate of Insolation levels for the month of August in Appendlx B, the 

vartabllity of solar insolation during the day was apparent, with a peak noonUrne insolation 

of 1015 W 1m2 and a low insolation level of 525 W /m2 in the early moming hours. In a study 

of natural convection dryers, Yu Wai Man (1986), found an efficlency range of 7-14%. An 

emc1ency of 10% wUI be used as the basls for calculattng the esUmated heat gain in the 

collector. The efficlency value accounts for the varlab11lty of solar energy between the early 

hours of the moming to sunset in the late aftemoon. Uslng the direct Insolation value on a 

Ulted surface for the 21st of August the estlmated useful energy avallable at the collector Is 

0.0875 kW 1m2
• The amount of energy required to evaporate 1.5 kilograms of water Is 0.1240 

kW. Based on this, the area of the solar collector was computed ta be 1.417 m:t (Appendix A). 

The designed area was therefore 4.0 m2 to ensure operabUity when insolation levels would 

be lower than the peak. daUy predicted value. 

The system utilizes a Solahart Model 300J water heating solar collector shown in 

Figure 10. The panel has a special black chrome coating to ensure solar energy collection 

even at low solar insolation levels. The absorber material used for the solar panel was a pair 

of 0.6 mm 10w carbon steel sheets electrically welded formlng 36 dlamond shaped mulU-llow 

fluld channels per panel. A single glazing made from glass with low Iron content covers the 

absorber material. Tempered glass with low Iron content was used so that fast heaUng was 

attained. A selective coatlng of Chromonyx BC091 was used for the absorber surface and a 

8 cm flbreglass insulation isolates the absorber surface from a 0.7 mm thick aluminum 

caslng material. 

The solar panel has an overall slze of 2075 mm X 1942 mm glving a nominal area of 

4 square meters. It is tilted 15° from the horizontal and facing South to adjust for altitude 

at latitude 12°North to optlmize solar radiation absorption. The collector unit Is mounted ln 

a steel base with flbreboard backing. The two collector panels were connected ln parallel 

having a sUght tilt on the discharge end to enhance the thennosyphon effect and prevent heat 

traps withln the panel. 

3.1.3 Heat Exchanger 

At the rate of heat flow between the working fluid and process air, the effective area 

of the radiatlng surface of the heat exchanger was esUmated to be 4.87 m2 (Appendlx A). The 
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heat exchanger used ln the dryer was made from a converted automotive radiator (Figure 11). 

It consists of three layers of parallel copper tubes with aluminum fins welded on Us s'de ta 

lncrease heat transfer capacity. It Is capable ofholdlng 10 litres ofwater and can wtthstand 

high pressures associated w1th a closed loop configuration ln solar hot water heatlng, lt can 

also handle temperatures weIl beyond the requ1red range for drying. The use of an automotive 

radiator ensw'e easy serviclng of the unit whenever tlle heat exchanger fails to transler 

enough heat from the working tlU1d to process air. 

The inlet and outlet ports of the heat exchanger were 50 designed ta ensure 

thermosyphon effect and avoid heat traps ln the hot water loop of the system. SlraUficaUon 

requires the non-mixing of the tluld ln the heat exchanger. This will ensure hlgher mass 

movement of the tluid resultlng ln hlgher heat recovery, and consequently, a higher efficlency 

of the system. The inlet port was elevated 5 cm higher than the dlseharge ta ensure 

straUficaUon. The c.Uscharge port was situated at the lowest portion of the heat exchanger 

case to ensure substanUal cWIerence ln temperature between the inlet and diseharge ports. 

Change in water temperature was monitored periodically ta give an esUmate of the amount 

of heat removed from the fluid. 

3.1.4 Aux1llary Heater 

During tlmes when solar energy is not adequate ta operate the dryer at a satisfactory 

rate, an awdl1ary heater attached to the heat exchanger was used as a seeondary source of 

energy. An electric heater was used for this purpose sinee there was a need ta monitor the 

actual amount of energy infused by the secondary energy source and oruy electrtcal source 

of energy can be accurately and easily monltored. It aiso served ta stabilize operaUng 

temperature in the drying chamber by addlng heat when chamber temperature falls below 

a thermostat1cally desigIlated level. The aux1llary heater shawn in Figure 12 conslst of an 

insulated 15 cm diameter pipe, 20 cm long, closed on bath ends and containing a 1.0 kW 

Immersion heater. A thennostatic s'Witch was attached ta the dis charge end of the pipe for 

controlling the cUscharge temperature of the auxillaIy heater. It switches on the lmmerslon 

heater whenever the temperature of water entering the heat exchanger faUs below 57°C. ln 

that way the drying chamber temperature was maintained at the optimum drying 

temperatun: of approx1mately 50°C. 
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3.2 MellUl'ellleDta 

DW1ng the expertment. severa! parameters were measured every hour untll the flsh 

was drted ta a mofsture content of around 45% wet basis. Temperature. relative humid1ty, 

air fiow rate and product mass were cont1nuously morutored during the dIying process. 

3.2.1 Temperature 

Using a 12-channel recorder, ternperature at several points along the closed hot water 

loop and Within the drying cham ber was monitorec1- Figure 13 shows the temperature 

mOnitoring diagI"am for the dryer. 

At the closed hot water loop. inlet and outlet temperatures of the solar panel was 

mOnitored ustng charmels 1 and 2. Channels 3 and 4 monitor the dJscharge temperatures 

of the auxillary heater and the heat exchanger respectively. The temperature durerence 

between solar panel discharge and aUX1J.iaIy heater inlet, as well as aux1l1ary heater discharge 

to heat exchanger 1nlet were not cons1dered since the hot water manifolds were too short and 

Cully tnsulated so that whatever temperature drops they may have had were neglJgtble 

compared to the high temperature drop in the heat exchanger. 

Channels 5 and 6 of the thermometer monitor ambient air inlet temperature and hot 

air discharge temperature of the heat exchanger respecUvely. 'IWo thermometers were allotted 

to monitoring flesh temperature of Ule fish dW1ng (frj1ng. Channel 7 Ulermocouple probe 15 

1mbedded ln the flesh of the tlsh at Ule lowest level of the drytng trays while another pierctng 

probe attached ta charmel 8 monitors fiesh temperature at the uppermost drytng tray. 

The temperature of air discharged from the drytng chamber was monitored using two 

thermal probes placed at the base of the chimney. Channel 9 monitored the dry bulb 

temperature of exhaust air whUe a probe connected to channel 10 indicated the wet bulb 

temperature. 

3.2.2 Relative Humldtty 

A handheld capacitive type relative humldity meter (digital) was used in monitoring 

relative hum1dJty at three points in the dryer cabinet. Point 1 measures amblent relative 

humidity at the inlet of the heat exchanger. Point 2 measures relative humidity of heated air 
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after the heat exchanger, Just before It ls Introduced !nto the drytng chamber. Point 3 

measures the relative humidity of warm, humid air fiowtng through the chlmney. Relative 

hum1cUty of air at vomt 3 15 crosschecked usmg two thermal probes gl.vtng bath wet and dry 

bulb temperatures. A small venWation fan was used ta Increase air veloclty to around 5 

meters per second which was necessary for an accurate prediction of the exhaust air relative 

hum1cUty. The temperatures were plotted ln a psychometrie chart to estlmate relative 

humid1ty. Amblent relative humidlty was crosschecked uslng a Mercury bulb thermometer 

wtth a water soaked wtck to obtain wet bulb temperature. 

3.2.3 Air VeJoclty 

Air veloclty 1nslde the dIy1ng chamber was monitored using a handheld direct read1ng 

air velocity meter placed at the chimney of the dryer cabinet. Calculations for the air tlow rate 

through the dryer were based on reacUngs taken at the chimney. S!nce the system runs air 

straight through without any recirculation, natural draft was used for moving air inside the 

drytng chamber. A small ventilation fan was installed at the base of the chimney to increase 

airveloctty when tak1ng wet and dry bulb temperature of air leaVing the dIy1ng chamber. This 

fan Is normally shut off durtng the drytng process and ls used only every hour when both 

temperatures need to be recorded for checldng the relative hUmicUty . 

3.2.4 Welght Monitoring 

The welght of fish loaded ln trays tnslde the drying chamber was continuously 

monitared uSlng a sprlng balance attached to an aluminum frame holding together an the 

drytng trays as shown in Figure 14. The Wdght of the drying material reduces as water 

evaporates from the llesh of the flsh and ls can1ed out of the drying chamber by air. This 

welght redUCUOll regtsters in the d1al of the sprlng balance and 18 recorded every hour. 

Incrementai reducttons in the welght of the product are used to esUInate motsture content 

of the fish using the formulas cUscussed ln Section 2.4.1. Initlal and final moisture content 

of the fish serve to vertfy molsture content calculated based on incrementaI welghts recorde<! 

while clry1ng. 

3.3 Preparation of l1Ih Samples 

The 1lsh used in testlng the solar dly1ng system were flsh fillets, spl1t fish and scaled 

whole fish which undergo the usual pre-drying treatment commonly performed in commercial 
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fish drytng (Mllla, 1982). Flsh used in the clJy1ng expertment were selected as to size and the 

amount of fat they eontaJn, The larger flsh used ln the expertment usually weighs between 

4 to 6 k1lograms per plece whlle the smaller ones were 5-15 pleees per k11ogram. Fatty 1lsh 

were avolded sinee they were harder to dry and reqwred longer drying tlmes. Several runs 

were performed uslng filleted fish, split flsh, and sealed whole fish. Preparation of the fish 

before d.ry1ng conslsts of Ule folloWing: 

3.3.1 Cleantng 

The first stage in the preparation of Ule samples ls clearung. It entails the removal of 

blood, glUs, kldney and entrails which are susceptible to rapid spoilage. This was achieved 

by splltting the flsh and pul11ng out the entralls and other organs that could hasten spoilage. 

For smaller ftsh. the samples were washed with water to remove dlrt. 

3.3.2 Cutting 

Cutting of the flsb for drying depends on the slze of the ftsh and the desired thlelmess 

for drying. For those welgh1ng 4 to 6 k110grams aplece, the ftsh ls split and tllleted or eut 

across gettlng ell1ptical shaped Uesh. For smaller flsh in the arder of 5 to 15 pleees per 

k1logram, they were buttertly split. and fish smaller than 15 pieces per k110gram were washed 

and made ready for the next stage. 

3.3.3 BrIn1ng 

The cleaned and cut ftsh were then soaked ln brlne solution at strengths of about 80 

to 1000A> for 15 to 20 minutes. The brine solution was prepared by dtssolving 350 grams of 

salt for every litre of water. For the 5 k1logram sample of flsh. 4 litres of water was used and 

1.4 k1lograms of salt was dissolved. A higher quantity of salt was used per litre of brlne 

solution since the salt used was ordlnary table salt which conta1nS sorne impW1ties that 

lowers actual salt concentration of the brine solution. 

Fish soaked in the brlne solution were tumed evexy 5 minutes untllit has reached a 

resldence Ume of 15 to 20 minutes. TumJng and stln1ng of soaked ftsh allows bomogenelty 

and mixes pockets of dilute<i brine Conning around and between the fish. Soaking Ume of 20 

IDÙlUtes was used for flsh which were cut in thlck slabs to account for the thlclmess of the 

materialin which salt bas to penetrate. Shorter time (15 minutes) was used for spUt fish and 
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scaled whole Bsh slnee salt easUy penetrates the fiesh of the ftsh. 

3.3.4 Washing 

After 15 to 20 minute duration of soaldng ln brtne. the samples were washed with 

water to remove excess salt lodged around the fiesh. This ex:cess salt fonns a white powder 

on top of the fiesh as the ftsh dries and renders an undestrable appearance as weil as hasten 

rehydratlon when the fish \vere removed from the dIying chamber and made contact with 

ambient air. 

Prior ta loadtng the 5 kilogram samples of fish into the dryer. excess water was 

removed by allowlng the ftsh to drip by putting it on top of a screen where free water could 

drip off the fiesh of the Bsh. AdcUtional motsture removal was effected by putting the fish on 

top of a piece of cheesecloth to facllitate diffusion of excess water from the fish to the 

cheesecloth. ACter these preparations. ftsh usually emerged with a moisture content of 72% 

after turn1ng once ln the cloth and were then placed Into the drying trays ready for loading 

loto the dIying chamber (Figure 15). A sample was taken from the lot to determine the initial 

molsture content of the sample. 

3.4 Startlq the Dryer 

The dry1ng operation was started by openlng the cover of the solar panels allowing 

solar radiation Into the absorber plates of the panel. Temperature at the dUIerent points of 

the hot \Wter loop were monitored to check for overheating and verify the thermosyphon 

effect. Other dly1ng parameters such as 1n1Ual chamber temperature. relaUve humid1ty. air 

velocity and product weight were recorded. Every hour-on-the-hour. these parameters were 

recorded and the dIying was stopped when the estimated molsture content of fish samples 

feU below 450Al. The above procedure was repeated for other samples of flsh drted in the solar 

dryer. 
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4. RESULTS AND DISCUSSIONS 

Seven sets of drytng exper1ments were carried out in August 1991 (AppendJx Cl. For 

each dry1ng expertment. a d1fferent specles of flsh was used. In six of the experiments, the 

only heat source for dry1ng was solar energy. In dIy1ng expertment number seven, the 

auxUiary heater was used to supply the complete energy requirements of the dryer. TIle 

following Is an analys1s and discussion of the perfonnance of the components of the solar 

dryer as well as of the overall performance of the system. 

4.1 Solar CoUector Performance 

4.1.1 Available Solar Energy 

An analog solar radiation meter was used to record the incident radiation falllng upon 

the surface of the collector. Deteruùnation of the amount of solar energy available at the 

collector was accompUshed by keeping a record of the solar radiation incident upon the solar 

collector. The correlation between observecl and values predicted by the fonnula descrtbed 

in Section 2.6.1.4, Approximation of Solar Insolation on a TUted Surface, presented ln 

AppencUx B was 0.·~95. Figure 16 shows a graph of the recorded solar radiation recelved by 

the collector over the pred1cted insolation level for the drying expertment conducted on 

August 21. A low level correlation exists between the predicted and recorded values as shown 

in the graphe This situation 18 due ta the unpred1ctable weather conditions during the month 

where the cloud cover swings from low ta h1gh levels erratically, ca'lsing fluctuations in the 

recorded radiation level. 

Companson wtth readings on other dryIng expertments showed a similar low 

correlation between the pred1ctedAugust 21 value and the actual recorded readings. Figure 

17 shows a compartson of the August 21 prediction and values taken over severa! drying 

experiments for the same pertod of the day. Greater vanability of the recorded insolation was 

apparent between 11:00 AM to 1:00 PM where pred1cted inSolation values were relatively 

high. In anUcipaUon of this, the solar collector had been constructed to accommodate lower 

than expected ava1lable solar energy. A nominal area of 4 m 2 was used lnstead of the 

des1gned 2 m2• This ammgement served to provide acided tolerance for the posslb1l1ty of 

extreme weather conditions. However, durtng the tlrst dryfng experiment. water temperature 

rose above the boiling point resultlng in a reduction of the thermosyphon etTect. 
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Figure 16. Predicted and Recorded Insolation 

The first 80lar collector was th~refore by-passed and only 2 m2 were utlllzed for the flve 

succeed1ng expertments. 

The mean radiation recorcled for August 21 was 460 W 1m2
• PrecUcted ra~tion for the 

same day was 809 W 1m2
, almost double the recorded level. Mean values of the recorded 

radtation however, compared well with the monthly averages of total dally radiation on a 

horizontal surface and also wtth the montbly average dally global radiation on a horizontal 

surface as round by Lof et al.,( 1966) and de Jong (1973). The mean value recorded for Quezon 

City, Phillppines for the month of August Is 364 W 1m2 , wh1le from the map drawn by de Jong 

(1973) the value for the same pertod ls 400 W Im'/.. 

4.1.2 Temperature lncrease in the Collector 

Th.e performance of a solar collector connected ln a closed loop configuration can be 

relate<! to Its ab1l1ty to raise the temperature of the working ftuid over the amblent ftuid 

temperature. The collector attained an average lncrease ln working ftuid temperature of 
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Il 95°C over six ex:periments using difIerent loads and at vruytng insolation levels. This 

confirms the observations made by Lof and Close (1967) and by Cooper (1973). as cited in 

DufBe and Beckman (1980), that under a wide range of conditions. the temperature increase 

in a natural circulation system is about 10°C. Figure 18 shows the increase in temperature 

Li the collector with respect to the insolation levels prevailing durtng the drying expcrtments. 

It can be noted that the increase in fluid temperature follows the same pattern as the 

insolation level received by the collector. 

4.1.3 Flow Rate ofWorking Fluid 

The tlow rate of water in the hot water loop of the dryer was calculated by equating 

the useful gain of the collector and the total heat absorbed by water in the hot water loop of 

the system as descrtbed in Section 2.6.2.3, Natural Circulation Systems. Figure 19 shows the 

~lat1onsh1p between the collector tlow rate and the recorded insolation. The figure shows the 

slgn1flcant effect of insolation level on the mass tlow rate of the collector fluld. The increase 

in temperature and the flowrate in the solar collector are shown in Table 8.2 of AppendJx B. 
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Figure 18. Temperature Increase in Collector 

It can be obsetved that the estlmated mass fiow rate of the collector fiuid Is decreasing with 

higher temperature increase in the solar collector. This confirms the findings of Hollands et 

al.(1985) and Close (1962) that a IO°C increase in temperature and a low flow rate are 

representatlve of thermosyphon systems, and optimum performance can be attained at such 

levels of temperature and flow rates. The estJmated fiow rate of water through the solar 

collector ts the basts for determ1nJng the heat input into the heat exchanger. 

4.1.4 Energy Output of the Solar Collector 

Heat output of the solar collector which goes into the heat exchanger can be 

approximated using the heat transfer formula: 

Q • III • C, • (To - TJ (25) 
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Figure 19. Flow Rate of Working Fluid 

where: 

Q = energy output of the eollector 

m = mass fiow rate of working fiuid 

Cp = specifie heat of water 

TI = inlet temperatur~ of working tluid 

Ta = outlet temperature of working tluid 

From Table 8.2 of Appendix B, the mean collector output from the six solar dry1ng 

exper1ments was 0.264 kW, which 15 more than twice the energy required for remov1ng the 

estJmated 1.5 k1logram of water in the flsh samples. This value shows that there was an 

underestlmaUon of the amount of heat ava1lable from the solar collector. 

4.2 Beat EzchaDCer Pedol'llUlllce 

4.2.1 Flu1d Temperatures 

Figure 20 shows the temperature increase of air in the heat exchanger with respect 
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to the temperature drop of the collector fiuid. This 1ndlcates that a high level of correlation 

between the collector lluid temperature and air temperature ex1Sts. Air enters at amblent 

temperature and 18 heated at the heat exchanger prior 10 Us introduction to the drying 

chamber. A mean air temperature increase of 20°C was attatned ln the six solar drying 

expertments. and the outlet air temperatures was correlated wlth the mean insolation level 

as shown in Ftgure 21. 
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Figure 20. Fluid Temperatures in the Heat Exchangef" 

4.2.2 Overall Heat Transfer Coefficient 

17 18 

The overall coeIDclent of heat transfer of the heat exchanger was calculated by ustng 

the value of the heat output from the solar collector. which was absorbed by air as input tnto 

the heat transfer formula: 

Q = U • A • (LMTD) (26) 
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Figure 21. Outlet Air Temperature of the Beat Exchanger 

where: 

Q = amount of heat transferred 

U = overall coefficient of heat transfer 

A = effective area of the surface 

LM1D = log mean temperature dlfference 

1 

nIe log mean temperature dUIerence (LMTD) in the heat exchanger which is used in 

calculating the overall heat transfer coefficient was calculated using the 1ormula: 

[A T, - ~ Tol 

lMTD .. - ln (~) 
Â To 

(27) 
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where: 

âT, = d1fference in the inlet temperature of 

the hot and cold fluid 

âTo = d1fference in the outlet temperatures 

of the hot and cold fluid 

Table B.3 of AppendJx B provides a summaxy of the perfonnance characteriBtics of the 

heat exchanger, lncluding the overall heat transfer coefficient for each Individual drying 

expertment. 

4.2.3 Energy Output of the Heat Exchanger 

The heat transferred.to the air passing through the heat exchanger and into the drying 

chamber was calculated using Equation 25. The estimated mean energy output of the heat 

exchanger was 0.109 kW as compared ta the heat input of 0.264 kW. Bath input and output 

heat values have a standard dev1ation of 0.04 and th1s suggests very minimal variabWty. 

4.2.4 Heat Transfer Efficlency 

The heat transfer efficiency of the heat exchanger was calculated ta determ1ne the 

amount of heat that can be transferred ta air for a glven heat input from the solar collector. 

The heat transfer emc1ency was calculated as the ratio of the heat output of the exchanger 

used to warm the air entering the cùy1ng chamber ta the input from the solar collector. Table 

B.3 presents a summary of the heat u-ansfer efficlency calculatlon for the heat exchanger. A 

mean value of 44% was observed for the six solar drying experiments. Analysis of the heat 

transfer efficienc.'Y showed that a slgn1flcant amount of heat was lost in the heat exchanger. 

5ince the flow of drytng air whlch gaJns heat from water in the heat exchanger was 

accomplished through buoyancy of heated air and natural convection, the mass of air moved 
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througi.'l the heat exchanger was not suftlclent to absorb au the heat. forCing excess heat to 

1 flow out of the heat exchanger and into amblent air. 

1 

The mean air fiow rates for six solar drying experlments showed that collector l1uld 

fiow rate has no slgn1ficant effect on the fiow rate of air through the heat e.xchanger. Air l10w 

was slgntficantly affected by amblent air movement which senres to increase the draft in Ule 

chimney. 

4.3 DryiDI Chamber Perfol'llW1ce 

4.3.1 lIÙet and Outlet Air Temperature 

The mean inlet and outlet air temperatures in the drying chamber taken during Ule 

six drying expertments are shawn in FIgure 22. It can be observed that Ule mean inlet 

temperature of the dry1ng chamber was maintained at around 50°C whlch ls the optimum 

drytng temperature for flsh as suggested by MUla (1982). The mean inlet temperature for the 

first drying experiment weilt up to 65°C when a very high level of solar insolation was 

exper1enced durtng the day. Mean outlet temperature of the dIy1ng chamber was almost 

stable, varytng from 36°C ta 47°C. The relative humidity for each drying expertment was 

tncluded ta gauge the relaUve drying capaclty of air flOwing through Ule chamber. A mean 

out1et relattve humtdity of 50% havtng a standard deviation of 5.6% was obsenred ln the six 

solar drying experiments. 

4.3.2 Adiabatlc Emdency 

The adiabaUc emclency of the drying chamber can be defined as the ratio of the 

change in absolute humid1ty betweell îne ~hamber 1nlet and outlet ta the difference between 

absolute hum1d1ty at saturaUon and the chamber 1nlet, at the wet bulb temperature of the 
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Figure 22. Mean Air Temperatures at the Drying Chamber 

chamber (Yaou et al., 1986). Adiabatlc e1lldency can be calculated using the followtng 

formula: 

(28) 

where: 

Àa = adiabatlc eftlclency 

000 = absolute humidlty at outlet 

co. = absolute humidlty at iIùet 

00. a absolute humidlty at saturation 
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Glven the mean temperatures at the lnlet and outlet of the drytng chamber, the 

'1 absolute humtd1ty of dry1ng air was calculated using a computer package destgned by 

Albright (1990) based on the psychometrie analysis descrtbed in SecUon 2.5.2, Psychometrtc 

Properties of Drytng AIr. Table B.4 of Appendix B shows the adtabaUc effil'iency of the drying 

chamber for the seven drytng experiments. The Mean value was 38.87%. Because actual 

drying 19 not adiabaUc, the efficiency value of 38.87% Is low and shows that Ule dryer has 

not reached fullioad capacity and that air exhausted out of the chimney has a high water 

absorbing capacity. This ls confinned by the faet that the mean relaUve humidity of air at the 

outlet was only 500A!. 

Closer examinaUon of the drying chamber acUabaUc efficiency shows thal the efficiency 

attalned was a funcUon of the absolu te humidity of amblent air and the degree of saturation 

of air exhausted from the chamber. Much higher efficiency values could have been attained 

if the dryer was loaded with a larger mass of ftsh samples. 

4.3.3 Drytng Rate 

Figure 23 shows the drytng rate of the different fish samples whtch undergo varied 

pre-dlytng treatments. It CaIl be observed from the figure that a straight Une generally 

describes the average drying rate ln the solar dryer. This line will prove useful in 

approximaUng the dryIng ume for most ktnds of fish drted in this solar dryer. 1 t was assumed 

that at moisture contents between 72% and 45°1& drying takes place in the constant rate 

period and a stratght l1ne descrtbes the range of moisture contents over Ume. Table B.5 of 

Appendix B shows the correlaUon factors for drying rate wtth other drying parameters. From 

the table, lt can he observed that the water removal rate for the six solar drying expertments 

has a mean value of 0.1449 kg/hr. 
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Figure 23. Generalized Drying Rate Curve 

Figure 24 shows a graph of molsture removal from the flsh with respect to total Ume 

requJred for drying. There ls an almost constant rate ofreductlon in molsture content as can 

he seen !rom the trend Une of molsture content over tlme. Drying of flsh samples was 

accompUshed at a mean drytng Ume of 10 hours for the 6 drytng expertments cor..ducted. 1111s 

means that 5 k1lograms of flsh can be processed in the dryer in one day wtth the support of 

the auxillary heater. The drytng chamber performance for a1l the salai' drying expertments Is 

shawn in Figures C.1 ta C.6in Appendlx C. Table 3 shows the molsture content of the seven 

ftsh samples. 

4.4 Al1z1111J'~ Beatel' PerformaDce 

ln drytng expertment number seven conducted on 29 August 1991. the auxillary 
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Figure 24. Drying Rate of Seven Fish Samples 

heater was used to supply an energy requ1rements oC the dIyer. This expertment was 

conducted to check whether the 1 kilowatt heater element Is sufficlent to supply the energy 

requirement of the clIyer when no solar radiation 18 available. It was aIso on this date that 

salar Insolation was too low ta supply the energy needed to dry the flsh samples as can be 

seen in the very low amblent temperatL1l'e readfngs of only 25.50°C as compared to 30°C and 

above for other drying experiments. Heat loss ln the system was prevented by covertng the 

solar collector wtth 10 cm of Urethane foam. Wlth the solar collector Cully covered and 

lnsulated. It was assumed that a negllg1ble amount of heat was 10st durtng the drying 

exper1ment. A distinct dryer performance was observed when the heater was used as will be 

shown in the fol1ow1ng performance analysis of the aux1llary heater. 
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4.4.1 Flu1d Temperatures 

Figure 25 shows the drop in temperature ofwat.er in the heat exchanger as weil as the 

increase in amblent t.emperature of air ent.ering the clrying chamber. It can be noted that a 

far greater drop in fiu1d temperature at the heat exchanger was noted using the aux1l1aIy 

heater. 
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Figure 25. Fluid Temperatures Using Auxiliary Heat 

A mean temperature drop of 36.83°C wu observed at the heat ex:changer ustng the 

auxillary heat source, whUe for the six drytng expertments using solar energy, the mean 

temperature drop wu only 12.16°C. A far greater stabillty of the t.emperature dUJerence was 

round in the use of the auxillary heat source hav1ng a standard devtaUon of oIÙy 1.62°C 

compared to 5.73°C with the solar drying expenmeI:'ts. StaUsUcal analysL9 conducted on the 
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data set from the Six drying expertments and c:xperiment number 7 showed a slgn.Ulcant 

1 cWl'erence ln temperature reduction in the heat exchanger. This means that a greater amount 

ofheat was transferred to drying air entertng the drying chamber. 

Increase ln air temperature in the heat exchanger is also shown ln Figure 25. lt can 

be obseIVed that the mean increase in the temperature of air Is 19.06°C as compared to the 

mean value of 18.97°C for the six solar drying exper1ments. VariablUty of temperature 

increase in the solar drying experiments is higher with a standard deviation 01 5.38°C 

compared to 3.0°C for the drying experiment using the auxlliary heat source. Uslng U1e t-test 

to assess the difIerences in air temperature increase. It was found that there was no 

sign1tl.cant dUference ln air temperature increase between the expertment using solar energy 

and the one uslng the aux1llary heat source. 

4.4.2 Log Mean Temperature Dl1Terence 

The log mean temperature difference for the dI)'ing expertment using the auxiliary 

heater 15 shown in Figure 26. A mean value of 29.23°C ±0.8828 was observed as compared 

to the six drying expertments having a mean of 22.81 oC ±6.14. Statlstlcal analysls showed 

a slgn1flcant difference in the log mean temperature dUIerence between the solar drylng 

exper1ments and exper1ment 7 using the auY1]tary heat source. These findings show that the 

auxWary heater can provide a sufficient and stable amount of hem to the drying chamber. 

4.4.3 Drying Rate 

Figure 27 shows the motsture reductlon over Ume for dIying experiment number 7. 

Moisture reduction in th1s set bas a mean of 0.15 kg l-L.aO/hr whtch compares weil wtth the 

tlndings in the solar drying expertments which has a mean of 0.145 kg ~O Ihr. The rate of 
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8 

mo1sture reductlon has a standard devtatlon of 0.04 which shows the rate as more or less 

constant and proves that at 72% to 450Al moisture content. drying of ftsh occurs in the 

constant rate period. 

4.4.4 Drytng EmC1ency 

Drytng efilclency using the auxillary heat source was calculated using the same 

method as those for the sbc other drying exper1ments. Table B.6 in AppencUx B shows 

efilc1t=ncy values for aU the drying expeI1ments. It can he observed that the 1.0 kilowatt heatcr 

has the lowest drying emciency (5%). The drying chamber has a mean adiabatlc emc1ency of 

37.27% which compares well with the 38.87°,.{) mean of the solar drying experiments. 
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Figure 27. Moisture Removal Using Auxiliary Heat 

The dry1ng chamber uses, natural convection for air movement and this perr.uts seU-

regulation of chamber temperature and air flow rate. The auxillary heater was activated 

throughout the drytng exper1mf.:Ilt 50 the system was receiving 1000 watts durtng the entire 

drying experlment. The low dry1ng emclency value shows that tao much energy was 

exhausted from the drying chamber and was therefore not used ln the drying process. 

These tlncUngs tmply that when the auxilicuy heat source ls used, only a minimal 

amount of heat 18 requ1red to operate the dryer. This means that when using agro-waste 

materia1 (coconut husk., bagasse or rice hull) which has a heating value of around 13.96 

mJ Ikg, less than 4 kg/hr 18 needed to operate the dryer at an optimum drying rate. 
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4.5 S,.tem PerfoJ'll1Ulce 

,1 4.5.1 Efficiency 

"'---------

The overall efficiency of the dry1ng system can be defined as the fraction of incident 

solar power that iS used in vapor1zing water to reduce the moisture content of the flsh. Dryer 

efficiency was calculated uslng the following equation: 

where: 

14 = (na * L) 
(1 * A) 

Â,d = dryer efficiency 

m = mass of water removed 

L = latent heat of vaporization 

l = insolation level at coilector 

A.: = area of the collector 

(29) 

Table B.6 of Appendix B shows the effic1ency of the cUfferent components of the solar 

flsh dryer as weil as the overall system effiCiency. Mf' 'fficiency values for the heat 

exchanger include values for cùying expertment 7 usin~ • o...JXlliazy heater, whlle for 

collector efficiency. drying experiment number 7 was not included. The mean system 

efficiency value over the six drying experiments was 9.33% and compares weil with designs 

tested by Yu Wai Man (1986) which found that solar dryers of the natural convection type are 

operatlng in the efficiency range of 7-14%, compared to 11·18% for the forced convection 

system designs. 
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Flgure 28 shows a graph of the system efficiency in relation to the temperature 

~ increase in the solar collector. It can be observed that sys~em efficiency drops otT al mean 
• 

collector temperature increases above 10°C. The system efficiency reaches lts peak value at 

mean collector temperature increase ofbetween 9.61 oC and 10.81 cC which conilnns earller 

findings of Lof and Close (1967). Cooper (1973), Gupta and Garg (1968). Hollands et al .. 

(l985l. and Fanney and Klein (1985) that a 10°C temperature increase in the collector Is 

sufficient ta give optimum efficiency for the thennosyphon system. 
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Figure 28. Drying Efficiency and Temperature Increase 

4.5.2 Characterlatlc. of Fish Sampis 

For each drying experiment, a ditIerent kind of fish sample was used. Table 2 shows 

the c:U.fferent samples and the forms in which each was processed in the dryer. The dUIerent 

fOIm ln which the samples were dried are typlcal of those which are used in commercial 
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drytng of Osh. Pre·dry1ng treatments accorded the samples were aIso similar to the treatments 

4 employed in commercial Osh drying. 

Table 3 shows the results of the drying expertments conducted. The six samples were 

loaded with a mean molsture content of 71.5% and after a mean drying Ume of 10.33 hours, 

the samples emerged wtth a mean moisture content of 42.17% (wet basts). This means that 

5 k1lograms of fish can he processed in the solar dryer in one day with minimal support from 

the auxUiary heater. Solar dryer performance for a typlcal drying experiment Is shown in 

Figure 29. Filleted TIlI'eadtln Bream (Nemipterid sp.) cut into strtps a quarter of an inch th.1ck 

was used as drytng material. The moisture content of the fish samples was reduced from 72% 

to 4001'6 ln 10 hours with a mean insolation level of 524 W 1m2
• Figures 30, 31 and 32 shows 

samples of fish drted in the natural convection solar fish dryer. 

Table 2. Ffsh Samples Used ln DryiDg EzperiJllenta. 

Set Speclet Form/Tnatment Slze,kg M~,% 

1 Indian Sardine Unscaled/Salted 5.75 71.50 

2 Mackerel Spllt/Salted 5.00 72.00 

3 Threadfin Bream Filleted/Salted 4.60 72.50 

4 Crevalle Whole/ Salted 5.95 72.00 

5 Ind1an Sardine Unscaled/Salted 5.00 71.00 

6 Swordfish Filleted/ Salted 5.00 70.00 

7 Roundscad Whole/ Salted 4.40 70.00 

71 



!. 

" 

1 
Table 3. lIolatare CODtent and DIyiD. Ttme 

Set No. JI'lth &ample IDItlaI MC, % FInal MC.% 

1 Indtan Sardine 71.50 39.00 

2 Ma<:kerel 72.00 39.00 

3 Threadftn Bream 72.50 39.00 

4 Crevalle 72.00 47.00 

5 Indian Sardine 71.00 44.00 

6 Swordfish 70.00 45.00 

7 Roundscad 70.00 45.00 
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Figure 29. Typical Drying Rate for the Solar Dryer 
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Figure JO. Dried Fish Sample: Butterfly Split Crevalle 
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Figure 31. Dried Fish Samplc: Unscaled Whole Indian Sardine 
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Figure 32. Dried Fish Sample: Filleted Swordtish 
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1 
&. SUIDIARY AND CONCLVSIONS 

nus study was planned to lnvestlgate the posSibillty of using solar thennal energy 

concepts in improvtng tlsh drying systems. A natural convection solar drye.r was deslgned and 

a prototype was built. D1fferent types of flsh with dtfferent pre-drying treatrnents were drted 

to test the capabUlty of the machine to reduce lts moisture content from 72% to 45% in 8 

hours. Six drying experiments were conducted to determine whether tl1e dryer was successful 

in meeting the objectives. The results obtained in the study were used to develop a feaslble 

system of reducing fish spoilage by utillzing solar energy in processing. TIle lollowtng 

summa.r1zes the tlndings of this study: 

1. A natural convection solar drying system can functlljn efllclently at low insolation levela 

when the system 18 properly designed with minimal heat 10ss to the environment. Heat 10S8 

can be prevented by proper insulation of hot water pipes al the outlel of U1e solar collector. 

2. The efficlencyof a thermosyphon system lB found to be optimum at a collectaI' lemperature 

increase of lOge. This means tl1at even at minimal insolation 1evels. fish drying ls still 

poSSible. unl1ke in direct sun-drying where higher solar insolation ls a necessity. 

3. Natural convection in a cabinet dryer supplied with heat from a heat e."Xchanger la 

suftlcient to matnta1n an Ideal drying temperature and air movement to remove molsture from 

the tlsh. The system proved to be self-regulating sinee a high relative humidity was 

maintained inslde the drying chamber which prevented cooking the 11sh during surges of heat 

at high insolation levels. This was attalned since excess thermal energy ls exhausted as can 

he obseIVed from severallow humidity. high temperature chamber outlet readings. 

4. MolBture reduction from 72% to 45%. which Is common in fish drying, Is in a constant rate 

penod. and self-regulatlon of temperature and air movement inside the drying chamber 

proved benefic1alin maintaining a constant rate ofwater movement from the flesh of the flsh. 

5. For a drying system that uses Welter as a heat transfer medium. a dryer efficiency of 9% 

18 high and compares weIl With natural convection air dryers which have etnciencies in the 

range of 7 to 140/0. 
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These flnd1ngs tndicate that the use of thermosyphon and natural convection systems 

15 favourable to small or large scale drytng operations. The system requ1res no mOving parts 

and awdl1aIy power ta only required for use durtng night ume or rainy days. For operation 

ln remote locations where access to electrlcity is not possible, an ord1naIy water tube heater 

made of metal pipes and heated by burn1ng biomass fuel will satisfactorily replace the 1.0 kW 

aux1l1ary heatC'.r used in th1s study. 

Slnce a natural convection system 19 self-regulating (Le. temperature and air flow 

control), damage to the product can be prevented and the system requires no personnel to 

operate, thereby reducmg the cost of the drytng operation. 
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6. UCOIIIIENDATIONS 

Several cllftlculties were encountered in the course of this study and require further 

detailed investigation. 

1. Steam generation ln the collector occurred severa! times and resulted in the 10ss of 

thermosyphon etTeet. Although hlgher temperatures are usually destrable in collector 

systems, the 10ss of thermosyphon effect, however, reduces or altogether stops heat 

movement to the heat exchanger. It ls therefore recommended that thermosyphon systems 

be operated in a closed loop configuration, otherwise steam may be proctucect. 

2. ln the use of natural convection for heat transfer and air movement, il ls hlghly 

reeommended that a straight-Urrough vertical movement of air be malntalned. This 

arrangement w1ll serve to enhance the self-regulatlng char".cterlsUc of the system. 

3. Further studJes on heat exchanger designs to suit low tempe rature applicaUons are 

required. For large-seale use of solar heated water systems. low temperature, high transfer 

effieiency heat exchangers can lmprove the overall thennal efficlency of the system. 

4. Solar heated water systems have a vartety of other applications. It 15 highly recommended 

that these applications be analyzed with the purpose of lntegrating them lnto a single solar 

energy source. 
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8. APPENDICES 

AppencUz A. Peel.,. ca1cuJatlona for DJL78l' ComponeDta 

1..1 Amount of Water Rem.on1 

. m = W * (mc t - mcJ 

= 5 kg. (0.75 - 0.45) 

= 1.5 kg 

1..2 EDel'lY Requirement 

Q=m*Qt 

= 1.5 kg. 2383 kJ/kg 

= 3.574.5 kJ/8 hr * 3600 sec 

= 0.1240 kW 

A.3 Volume of Air for D~ 

V = [m / (COu - œJJ • Cv 
= [1.5/ (0.0250 - 0.0 l 67)kg • 0.876 m 3 /kg 

= 158 m3 

A.4 Requlred Air Flowat Beat Ezclwlger 

Q=V /t 

= 158 m3 
/ 8 br * 3600 sec 

= 0.00549 m 3/sec 

A.& Ab- Velocity at Beat Ezclwller 

v=Q / A 

= 0.00549 m3/sec / 0.0625 m2 

= 0.08784 m/sec 

A.8 Aval1able Solar EDerD" 

E = Id· Err. • t 
= 875 W/m2

• 0.10 

= 87.5W/m2 

= 0.0875 kW /m2 
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A. 7 EtlthDated Ara of Solu CoUector 

A=Q/E 
= 0.1240 kW/0.0875 kW/m'}. 

= 1.417 m2 

A.8 Z.timated Surface Ar.ea of Beat Ezchanger 

Q = U • A • ('l'r. TJ 

A = O.124kW / [O.385kW /m2_0C • O.003m • (50-28)OC) 

= 4.87 m2 
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Appendiz B. Performance Calculaticma for Dryer Componeut. 

B.1. I:.tlmate of NOODtlme RacUatioa for Auguat 21 

Latitude: 

Hour Angle: 

Declinatlon: 

Altitude: 

H = 15 • (T-12) 

H = 15 • (12-12) 

= 0° 

= 23.45 • Sin ((360/365) • (284+233)) 

= 11.75° 

(18) 

SinP = [C08(L) * Cos(cl) * Cœ(B)] + [Sin(L) * Sin(a)] (16) 

= Cos 12· Cos 1l.75· Cos 0 + Sin 12· Sin 11.75 

~ = 89.75° 

Direct Normal Insolation: 

TIlt: 

-..L 
1 = (C + SinP) A e SlA, 

= (0.122 + Sm 89.75) • 1107. e-0.201/SIn89.75 

= 1015 W/m'l 

1: = 15° 

(15) 
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Azimuth: 

Sin CI 
= _CtJ_I8(...:.,.&...:.,.) _*_S_Ùl...:...(H)~ 

Cœ(~) 

Angle of incidence: 

= Cos 11.75 * Sin O/Cos 89.75 

CL = 0° 

(17) 

C~ = [Cos(PC> * Cos(U) * Sira(E)] + [Sin(~) * Cos(E)] (l9) 

= Cos 89.75 * Cos 0 * Sin 15 + Sm 89.75 • Cos 15 

$ = 14.75° 

Radiation on a TUted Surface: 

IT = Cos cp * ION 

IT = Cos 14.76 • 1015 

= 981 W/m2 or 0.981 kW 

Table B.1 Summary of Predicted and Recorded Insolation fer August 21 

Ttme PrecU.cted Recorded 
Values, kW Value, kW 

9:00 0.688 0.569 

10:00 0.851 0.618 

11:00 0.950 0.569 

12:00 0.982 0.689 

1:00 0.950 0.308 

2:00 0.851 0.357 

3:00 0.688 0.285 

4:00 0.515 0.285 
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B.2 calculatioD for CoUector ..... no. Rate 
Drying Experiment Set 1: 

U = 0.065 kW/ma 

F/= 0.97 

Cp = 4.17 kJ/Kg-OC 

S = 0.615 kW/m2 

T = 12.97°C 

ft..: = 2 m2 

• U!,'Ae 
m = ----------------~~--------------

[Cp (1 - U, F' (Tg - TJ)] 1 [8 - U, (To - T,)] 

10.065 • 0.971 
= (4.17 * In(1-0.97*12.97»)/10.615-(0.065*12.97) 

= 0.00405 kg/sec or 14.58 kg/hr 

(22) 

Table B.2 Sllmml'7 of IDcreue iD Temperature and no. Rate iD the Solar CoUector 

Set No. IDMlatlOD. Temperature no_Rate. EDergy 
kW/m2 IDc~.oC ki/br Output. kW 

1 0.115 12.97 14.58 0.219 

2 0.407 10.81 28.12 0.352 

3 0.652 14.57 12.80 0.216 

4 0.590 13.12 16.29 0.248 

5 0.417 9.61 24.31 0.271 

6 0.460 10.59 22.56 0.277 -
B.3 calcu1atloD for CoUector EDeIIY Output 

Drytng Expenment Set 1: 

m = 14.58 kg/hr 

Cp = 4.17 kJ/kg_oC 

âT= 12.91°C 
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1 = 14.58 • 4.17 • 12.97 

= 0.219 kW 

8.4 caIculatiOD for Beat EzchaDger Cbaracterlstics 

Drytng Expertment Set 1: 

TI = 83.44-32.23 

= 51.2PC 

To = 70.48-65.63 

(51.21 - 4.851 
= ln (51.21/4.85) 

Q - V • A • v • C • (T -'rI om- p 0 v 

= 0.64 • 0.008107 • 1.09 • 1.005· 33.40 

= 0.189 kW 

= 0.189/0.219 

= 0.87 or 87% 

(21) 

(27) 
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Table B.3 Summ.". of Beat EzcliaDiel' Chuactedatlca 

Set No. 

1 

2 

3 

4 

5 

6 

7 

LoaMem EDel1f Beat 1'raD8. 
Temp. Dtff., oC Output,kW Coeff.W/m2 

19.67 0.189 4.47 

17.22 0.084 2.27 

28.37 0.113 1.85 

21.81 0.099 2.11 

16.39 0.083 2.36 

33.37 0.086 1.20 

29.33 0111 1.72 

B.5 C&lculatlOD for Ad1abatlc EfBciency 

For DryIng Experiment Set 1: 

Wo = 0.0285 

W, = 0.0204 

W. = 0.0341 

= (O.0285-0.0204)/(0.0341-0.0204} 

= 0.5776 or 57.76% 

Table B.4 811mm • ..,. of Adiabatlc EfBcieDc;r of the DI'J'lDi Cbamber 

Set No. oo,lD1et 00, ouUet 00, waturation 

1 0.0204 0.0285 0.0341 

2 0.0196 0.0211 0.0264 

3 0.0214 0.0242 0.0294 

4 0.0212 0.0253 0.0284 

5 0.0207 0.0229 0.0289 

6 0.0187 0.0215 0.0270 

7 0.0183 0.0207 0.0247 

Beat TI'aDa. 
Effect,% 

87% 

24% 

52% 

40% 

31% 

31% 

11% 

(28) 

EfBciency, % 

57.76 

22.62 

35.56 

56.69 

26.89 

33.70 

37.27 
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Table B.5 SlImm.ry of COrrelation Factor. tor DryiD. Rate 

Set No. 

1 

2 

3 

4 

5 

6 

Corr. 

Rate. Insolation, âT, âTg , âToc' 
kCJhr kW/ma oC oC oc 

0.2111 0.615 12.97 33.40 18.94 

0.1375 0.407 10.81 14.22 3.69 

0.1364 0.652 14.57 18.54 6.60 

0.1250 0.590 13.12 16.72 9.27 

0.1227 0.417 9.61 18.60 5.11 

0.1375 0.460 10.59 18.71 6.30 

0.6481 0.2958 0.9370 0.8985 

B.8 calculatloD for Drying Efflclency 

For Drytng Expenment Set 1: 

m = 0.2111 kg/br 

L = 2344 kJ /kg 

IT = 0.615 kW/m2 

~=2m2 

= (0.2111 • 2344) / (0.615 • 2) 

= 0.1117 or 11.70% 

ATUITD, 

oC 

19.67 

17.22 

28.37 

21.81 

16.39 

33.37 

-0.1167 
--

(29) 
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Table B.8 Summary of System Efilclencies 

f Set No. CoUector, Beat Dry System, 
% Euhmge.% Cbamber,% % 

1 8.60 87 57.76 11.17 

2 43.26 24 22.62 11.23 

3 16.57 52 35.56 6.92 

4 20.98 40 56.69 7.03 

5 32.45 31 26.89 9.74 

6 30.08 31 33.70 9.90 

7 Il 37.27 5.00 

Mean 25.32 39 38.64 9.33 
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Appenclb: C. DI'ytI.r Perfon11lWce UIdDI Solar EDergy 
Appenclb: C.l DrJlng Ezperiment Number 1 
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AppeDcUz C.4 DI'JiDI Ezper.tmeat If1llDbel" 4 
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Appendlz C.8 nr,tD. Ezperlment Humber 8 
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Appeu.cUz D. DrJer PeDol'llWlce UIÛl' N'zlJtary Beat 
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