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ABSTRACT 
 

An indirect, natural convection solar-assisted charcoal smoking system was 

designed and fabricated in one of the host communities of the Federal University of 

Technology, Owerri where most of the fish farmers and processors adopt the 

conventional method of drying fishes, that is, using firewood. This method which 

works well during the dry period of the year is very inconvenient during the rainy 

season.  Given the excessive heat generated by firewood and its resultant effect on the 

product during the dry periods of the year produces a lot of discomfort to the 

processor. In order to improve the quality of dried fish products, working conditions of 

the rural fish farmers and traders and reduce high incidence of deforestation and bush 

burning, solar-assisted charcoal fish dryer is hereby designed and the prototype 

developed, using the local weather parameters.  

The fish dryer works on the principle of heat and mass transfer. The ambient air 

temperature and relative humidity constituted the main drying force, though air flow 

rate and burner heat contribute significantly to the percentage moisture loss from the 

fish. The safe moisture content of the scumbia and sardine fish species was found to be 

18.98% wb and 18.85%wb respectively. The crude protein content of the two fish 

species was found to be reduced by 17.7% as against 65 – 75% protein value, while 

27.69% of 16 – 34% lipids were reduced and 4.1% ash content was found as against a 

maximum value of 10%. Statistical analysis and graphical relations illustrated a 

significant contribution of the solar collector on the dryer chamber temperature as well 

as reducing the drying time.  

The relative maximum charcoal heat energy for smoking and the relative energy 

developed by the solar collector were found to be 1478.2kJ and 7639.2kJ respectively; 

the heat source efficiency of the dryer was calculated as 59% and 47% for charcoal-

solar and charcoal respectively.  
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CHAPTER ONE 

 

INTRODUCTION 

1.0   BACKGROUND 

Drying has been and continues to be a major method of preserving agricultural 

food products especially in developing countries like Nigeria. Preservation of food 

stuffs is necessary in Nigeria because production is mainly seasonal whereas 

consumption is year-round. Drying is practically the major preservation method in 

widespread use because of its simplicity and low energy cost. The climate in Nigeria, 

with its long dry season characterized by high ambient air temperatures and very low 

relative humidities (in many parts of the country), is particularly favourable to the 

technique of drying, whereas other preservation techniques, such as refrigeration and 

freezing are more difficult and less economical.   

On the other hand, lack of technical and socio-economic information on 

alternative food processing technologies available to people living in rural areas of 

developing countries result in wastage of excess food. Excess productions in the 

villages are rarely preserved for scarce period. 

 Drying of various food products in Nigeria: (i) it reduces moisture level thereby 

reducing weight and makes handling easier, (ii) prolongs shelf life, (iii) preserves 

nutritional quality of food, and (iv) reduces risk of contamination by toxic moulds, etc. 

Water content of properly dried food varies from 5 to 25 percent depending on the 

food type (Chandak et al, 2009). 

While it is undeniably important to increase yields of agricultural food product, 

a greater increase in the amount of food available for human consumption could be 

realized by using appropriate food preservation and storage methods. Most foods are 

processed by canning, sun drying, dehydration, smoking, curing, fermentation, 

freezing, refrigeration, and use of chemical additives. Most of these techniques require 

sophisticated equipment of exorbitant cost and they need electricity and/or fossil fuel 

such as gas or oil to provide the energy for running them. Electricity in many parts of 
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the country is unavailable and the supply is unpredictable if available, coupled with 

continuous increase in the price of fossil fuel. In view of these, less sophisticated 

methods such as solar drying, smoking, curing and fermentation gain higher demand as 

methods of food processing and preservation. 

However, fish is a very important source of animal protein of high nutritive 

value in the diet of Nigerians for the low and middle level income groups (Akande, 

1997). It is regarded as one of the most diverse groups of animals known to man with 

more than 20,500 species in existence (Eye, 2001).  Solar energy has been used from 

time immemorial by man for his energy needs. The use of solar energy also increased 

as human race progressed through the initial ages when sun was put to use not only for 

warmth but for productive applications. Drying of food products for storage is perhaps 

one of the most important of such productive applications where sun’s energy is put to 

effective use. Solar drying in the tropics, however, provides higher air temperature and 

lower relative humidity, enhancing drying rates. Hence lower moisture content could 

be achieved in the dried fish product compared to direct sun-drying thereby resulting in 

higher quality of fish products and risk of spoilage is highly reduced.       

The gap between the demand and supply of fish is widening due to increase in 

population, poor post harvest handling, lack of processing and storage facilities and 

utilization of unconventional fish species. Given the high demand from the teeming 

human population, which is greater in tropical countries like Nigeria, the level of per 

capita consumption of fish can be maintained if there is a corresponding increase in 

fish supply, improved resource management, resource back-up good post-harvest 

handling, processing and preservation practices to prevent spoilage and subsequent 

loss of fish. Therefore, a decline in fish availability will have a detrimental effect on 

the nutritional status of the citizenry particularly in places where fish contributes 

significantly to the protein intake of the people.  It has been observed that the country’s 

fishery resources are severely under utilized since most of the fishes are caught, 

processed and marketed by individual fishermen, who are ill-equipped to handle large 

quantities of the commodity. Consequently, a large portion of the catch become spoilt 
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and unfit for consumption unless it is preserved by sun drying, which has its own 

accompanied disadvantages which include: product contamination with pathogenic 

bacteria, sand and dirt, and high percentage of moisture, which affects the storage life. 

Sun drying, however, is dependent on weather and is very slow. A high quality product 

is therefore difficult to prepare and a commercial unit cannot be established using 

simple sun drying. The draw backs of sun drying can be overcome and a good quality 

product can be prepared by modern methods of artificial dehydration under controlled 

conditions of temperature, humidity and air velocity. 

On the other hand, there are various traditional methods of smoking fish which 

include half drum smoking system, open fire smoking system and local oven built with 

clay (Olumeko, 2001). Though, smoked dried fishes are nutritious, light-weight, easy 

to prepare, store and use and are highly relished in Nigerian traditional diets. These 

systems are challenged with a number of bottlenecks: inadequate processing 

capabilities, labourious rotation of fish trays, inefficient utilization of fuel energy and 

lack of uniformity of drying. When properly handled, smoked fishes are as good as any 

other form of processed fish and the chances of contamination during processing are 

low and the total nutritive values are not significantly diminished by the smoking 

process (Munro and Manson, 1965). The energy input is less than what is needed to 

freeze or can and the storage space is minimal compared with that needed for canning 

jars and freeze containers. 

In Nigeria, drying of fish using a solar device has not been a widespread 

technique despite the fact that the country lies within the high sunshine belt of the 

world receiving between 3.5 – 7kW/m2/day from coastal latitude to the far north 

(Okonkwo and Mageswaran, 2001). Coupled with the fact that electricity and other 

forms of conventional energy are not readily available to the intended users – the rural 

dwellers. Since smoked fish is economically preferred to sun-dried and refrigerated 

ones, urban dwellers find it somewhat difficult to get fuel wood. This scenario has 

resulted into acute shortage and supplies occasioned by disruption due to poor road 

network, inadequate transportation facilities, hoarding of firewood and charcoal by 
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wood processors as well as high product price during rainy season (in some localities) 

thereby creating unending hardship for fish farmers.  

Fuel wood therefore, is a dominant source of energy, and commonly burnt using 

inefficient technologies in most developing countries (Kristoferson and Bokalders, 

1991; Bena and Fuller, 2002). It accounts for over 50% of overall energy consumption 

in Nigeria. About 80% of this is consumed as firewood mainly in the rural households 

(Iwu, 1998). Also, Sambo (1994) stated that the average daily consumption is 0.5 – 

1kg of dry fuel wood per person which is equivalent to 10 to 20MJ per day. 

Unfortunately, the heavy and inefficient consumption of firewood is contributing to 

deforestation and other environmental problems as evidenced by Kristoferson and 

Bokalders (1991) and Hyde and Seve (1993). It should be noted that the use of large 

pieces of wood requires felling of trees for the task, which aggravates the problem of 

deforestation. In contrast, the use of charcoal as a source of thermal energy does not 

require felling of trees specifically for fuel wood. This approach can therefore, 

contribute to a sustainable exploitation of wood resources in many developing 

countries. In general, the current rate of consumption of fuel wood far exceeds the 

replenishing rate to such extent that acute ecological problems of deforestation, soil 

erosion and desertification are well recognized problems in Nigeria today. These, 

therefore, underscore the need for alternative drying/smoking fuel to supplement if not 

eliminate the conventional drying fuel system. Such alternative option should be 

cheap, clean, readily available and in abundance supply, and also environmental 

friendly. This, therefore, makes solar energy a very attractive option for domestic 

drying fuel in Nigeria.   

On the contrary, given the rarity of wood fuel in some rural localities, charcoal 

fuel could as well serve as an alternative to solar and open–sun drying. Charcoal, 

however, is known as a processed biomass that can be burnt for heat energy. Previous 

studies by Iwu (1998) revealed that this by-product of wood has a very high calorific 

value and tendency to conserve heat. The utilization of this agricultural residue as fuel 

could be highly promising as an alternative source of energy for drying and/or cooking 
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given its characteristic cleaner, easier and less smoking effects than other biomass 

fuels. 

 From the foregoing, there is a desirable need to develop a hybrid solar/charcoal 

dryer in which another form of heating the drying air is used in conjunction with solar 

heating so as to maximize the available solar flux during sunny weather as well as 

utilizing the charcoal heat units during inclement weather conditions in smoking of 

fish and thereby averting the inherent draw-backs associated with traditional smoking 

systems while keeping the fish’s nutritional values unabated. This hybrid drying 

system can serve two purposes: firstly, solar-charcoal heating can be used as the 

principal source of energy during sunny daylight hours, whereby the solar energy is 

used as a supplement to reduce fuel cost and increase drying rate. Secondly, 

conventional energy source is used as the main means of heating the drying air during 

inclement weather or in some cases at night to maintain continuous drying. 

  

1.1   IMPORTANCE OF THE STUDY 

Fishes like catfish (Tachysurus Spp.) and Mackerel (Caranx Spp.) have 78.13% 

and 56-74% moisture content respectively 18.63% and 16–20% protein content 

respectively (Eye, 2001); 8–14% fat depending on the species (Chakbra borty, 2000). 

This shows that fish has high moisture and protein content together with other 

constituents. When freshly caught, its moisture content ranges between 65 to 85% wet 

basis and has drying temperature ranging between 55 to 65oC (FAO, 1983) and safe 

dry moisture content of 25% (wb) depending on the fish species (Axtell, 2002). 

Fish products are initially washed in a salt solution and dried/smoked slowly 

over a fire to about 23 -25% moisture content wet basis Crapo (2007). In order to keep 

and transport fishes for long period of times, further application of heat is necessary to 

reduce its water content to about 18 -20% wet basis by using such a charcoal-assisted 

solar dryer which assures development of reasonable quantity of heat to dry the fishes 

within a stipulated time frame.  
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Therefore, there will be need to make a balance to accommodate the scenarios 

cited and as well solve some of the problems being highlighted in the study by 

designing a dryer which operates without external energy source; that is, operating on 

some natural phenomenon. This, therefore, will bring about reduction of losses 

inherent in fish drying incurred by Nigerian fishermen. Hence, more dried fish will be 

available in the market and fishermen and fish processors will earn more income to 

improve their standard of living. It will also reduce tedium on the processor and more 

environmental friendly atmosphere. 

 

1.2 JUSTIFICATION OF THE STUDY 

 Given the availability of the energy and low operating requirements, high drying 

efficiency, low running cost and high dried product of a solar-charcoal fish smoker, in 

addition to the nutritious and palatable effects of smoked food products justify its 

economic usage by local fish processors in rural fish farming environment.  

 

1.3  OBJECTIVES OF THE STUDY 

The objectives of the study reported herein are as follow: 

i. To design, develop and evaluate the performance of a flat plate natural 

convection solar-assisted charcoal fish smoke dryer. 

ii. To study the effect of solar heat supplement on the drying rate/quality of dried 

fish.  

iii. To estimate the approximate quantity of charcoal crumbs needed for smoking a 

given quantity of fish as well as the drying time and the optimum safe drying 

temperature of a fish species needed to achieve optimal dried product using the 

hybrid solar-charcoal fish smoke dryer. 

 

1.4 SCOPE OF THE STUDY 

The scope of this study will include the design and development of a prototype 

hybrid solar/charcoal fish smoke dryer powered by free natural air convection to 
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analyze and/or calibrate the time duration taken to smoke a given quantity of fish 

species, provision of a tilting solar collector unit to maximize the amount of solar flux 

incident on the collector surface. 

The study shall further carry out a proximate analysis of some basic nutrients of 

the fish species. 
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CHAPTER TWO 

 

LITERATURE REVIEW 

2.1  DRYING  

The term “Drying” is a generic name embracing various methods of moisture 

removal from a product. It is one of man’s oldest methods of preserving or increasing 

the useable economic life of an agricultural product. It is an operation copied from 

nature and is regarded as the most widely used method of food preservation. Food 

drying can be said to be a very simple ancient skill which requires a safe place to 

spread the food where dry air in large quantities can pass over and beside thin pieces of 

the dried products. During the prehistoric ages, agricultural materials were dried by 

spreading the products on mats or on ground or on a cement court in the sun using 

direct sunrays; heat from burning woods and charcoal were also other methods 

practiced. Draping food over branches or spreading it on wide shallow baskets on the 

roof was also a widespread tradition practiced, though still in practice in many rural 

settings nowadays.  Drying of food grains, fruits, fish, meat for storage, drying of 

timber and firewood, drying of earthen utensils, etc were some of such productive 

applications where the sun’s energy was put to effective use. According to Desrosier 

(1987), all the cereals grains are preserved by drying, and the natural process is so 

efficient it hardly requires added effort by man.      

However, there have been eras in the history of drying when climatic factors 

were such that grains failed to dry properly in the fields. During this time, man 

attempted to assist the natural action by supplying heat to the grains which otherwise 

would decompose. Sun-drying is traditionally carried out in places where in an average 

year, the climate allows food products to be dried and stored without the risk of them 

becoming moist and spoilt. Researches conducted over the years show that dehydration 

of vegetables and other food crops by traditional methods of open-air sun drying is not 

satisfactory and often yields poor quality, because the products deteriorate rapidly and 

are not protected against dust, rain and wind, or even against insects, birds, rodents and 
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domestic animals while drying. Soiling, contamination with microorganism of 

mycotoxins, and infection with disease-causing germs are the result (Yasir and 

Ramzan, 2000).  

 Furthermore, apart from the traditional methods of open-air sun drying and the 

use of direct heat from wood, charcoal, and sunrays, many other devices had been 

produced by scientists, researchers to dry agricultural food products. These devices 

utilize the radiant heat from the sun to effect drying operations. In other words, drying 

was perhaps the most important of such productive applications of the sun’s heat 

energy.  

On the other hand, selection of drying method depends on the physical nature of 

the raw materials, capacity of operation, consumer requirements in terms of quality 

and economic considerations (Eye, 2001). Therefore, in order to alleviate some of the 

problems associated with losses in traditional sun drying method, solar drying 

techniques are being considered.  

 In grain drying, Ohanwe, et al (1996) stated that its processes are classified into 

two broad categories: Batch Drying Processes and Continuous Drying processes. The 

names given to these dryers are descriptive of their various sequences of loading the 

drying chamber, drying and cooling the produce. For any of these models of operation 

of a dryer is basically made up of an air-moving device, a means of introducing the air 

into the grain mass and a container to hold the produce for the period of drying. The 

addition of a means of heating the air will depend on whether heated air is required. 

 Batch and Continuous processes have been sub-classified by Brooker et al 

(1974), Fellow (1990) and Brenndorfer et al (1985) into Column batch dryers, 

Ventilated bins, and On-floor dryers. Most of these dryers are noted for commercial 

purposes with limited application in teaching and research (Ohanwe et al, 1996). The 

Continuous dryers are further classified into Cross-flow, concurrent flow and Counter-

flow dryers depending on the relative direction of grain and air movement through the 

dryer (Brooker et al, 1974 and Culpin, 1986). It is, however, to be noted that these 



10 
 

dryers are excessively big with its peculiar complexities of construction and operation, 

and also have little or no relevance to teaching and learning.  

Dryers, according to Desrosier (1987) can be classified into two groups: 

Adiabatic Dryers- in which the heat is carried into the dryer by a hot gas; and Heat 

transfer through a solid surface where the heat is transferred to the product through a 

heat exchanger. The heat, according to him can be supplied by infrared, dielectric and 

microwave heating methods. He further sub-divided the Adiabatic Dryers into Cabinet 

Dryers, Tunnel Dryers, Kiln Dryers etc, each with their differences and complexities in 

operation as well as merits and demerits. 

 

2.2 FISH PRESERVATION AND PROCESSING 

Since fish flesh deteriorates rapidly as soon as it dies. It must be processed as 

soon as it is harvested. Spoilage is caused by bacterial action and deterioration process 

is quickened by the high temperature of the tropics. Drying or dehydration according 

to Eye (2001) is used to describe any process involving removal of water from fish or 

fish product by evaporation. Salting, smoking and application of pressure and use of 

absorbent pads are other methods of dehydration. It is presumably the oldest method 

using heat from the sun and atmospheric air. Fish drying according to Ihekoronye and 

Ngoddy (1985) carried out under ambient conditions and fish dehydration carried out 

artificially enhances storage life of fish by decreasing its water content. It is noted that 

in drying process, moisture content is reduced from about 80% to about 10% which 

takes several months. Researchers stated that in cold climates, dried fish may last for 

several years with control of spoilage being due to control of microbial growth and 

enzyme activity by the low moisture content. 

Preservation by drying is effected by lowering the water vapour pressure of the 

fish to a level where activities of micro-organisms are reduced considerably. It is noted 

that water activity, Aw (the ratio between the water vapour pressure and vapour 

pressure of pure water at the same temperature) is an important factor in fish 

preservation. It expresses the relative humidity of air with which the product is in 
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equilibrium. Eye (2001) reported that fresh fish has water activity of 0.95 at which 

most micro-organisms can grow. He explained that below this Aw value, growth of 

some micro-organisms can be impeded. Fresh fish with Aw above 0.95 can easily be 

prone to microbial proliferation. Most spoilage bacterial are reported to have a 

minimum Aw of 0.91 while yeast and moulds can reproduce at a minimum Aw of 0.88 

and 0.80 respectively. 

Parry and Pawsey (1973) reported that in order to destroy micro-organisms, 

enough heat must be applied on fish to reduce the water activity in the milieu. Heating 

according to them does not only reduce the water activity of fish but also desiccates the 

microorganisms causing them to die out. Thermophilic (high temperature loving) 

micro-organisms may still survive in dried fish after heating, hence dried fish should 

not be considered as sterile (Igene, 1983). This, therefore, implies that destruction of 

micro-organisms during the drying process depends not only on the nature and level of 

infestation, but also on environmental factors such as relative humidity and speed of 

air flow and particularly on the changes in temperature and water content of the 

product. 

 

2.2.1 Sun Drying of Fish 

Natural drying methods use combined action of the sun and wind without the 

use of any equipment. Since it is important to dry the fish quickly before they spoil, all 

the fish surfaces should be exposed to the drying action of the wind. Ideally, the drying 

site should be in a breezy location with a dry prevailing wind coming from an inland 

direction. 

In the northern part of Nigeria, sun-drying as a means of fish preservation is the 

most important and simple method where wood for smoking is scarce and heat energy 

from sunlight is of considerable intensity and duration to dehydrate the fish before the 

onset of spoilage. In other words, it takes the advantage of the high ambient 

temperature and low humidity. It involves the exposure of freshly caught fish to heat 

from sunlight. A researcher, Essuman (1992) reported that in some artisanal fishery, 
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sun drying is performed traditionally by simply placing gutted or ungutted fish on mats 

in the open. It is noted that cemented floor, or polythene sheets or similar materials 

placed on the ground may also be used. It is also reported that displaying fish on a bed 

of grasses, cemented floor or polythene materials exposes them to sand, dust and attack 

by pest and vermin such as dogs, ducks, chicken, rats and crawling insects. These 

problems according to Sablani (2002) are the major problems associated with 

traditional sun drying of fish, which may reach up to 30-40% loss incurred by fish 

farmers. ILO publications, 1982 reported that in recent year, the use of raised sloping 

drying racks have been introduced as a simple, but often effective improvement. The 

products obtained from rack drying were noted to be cleaner since the fish does not 

come in contact with the ground; they are also less accessible to domestic animals and 

pests, such as mice, rats and crawling insects which contaminate or consume them.       

Eye (2001) observed that fish may be at different degrees of spoilage before or 

during sun drying. He noted that no matter the intensity of sunlight, sun drying will not 

improve the quality of an already spoilt fish. It was suggested that for good sun drying 

practice, small size fresh fish are desirable. For large size fishes, it is noted that they 

should be split open and flattened out after dressing so that the backbone is exposed. 

This, he opined will increase the surface area; and dehydration of fish will be aided by 

heat from the sun, drainage from fish as well as wind passing all over the fish. 

However, since sun drying is relatively a slow process and depends on weather 

conditions to succeed; experimental results show that bad weather conditions can lead 

to loss through spoilage. Researchers, Doe and Olley (1990) reported that sun drying 

only case-hardens the fish and heat penetration is sufficient to kill the larvae inside the 

partially dried fish resulting in an estimated 20% loss fish to insect attack. Sun drying 

could only reduce the moisture content to about 15% hence encouraging the survival of 

Dermestes maculates and Necrobia rufipes. Their experiment shows that during sun 

drying, there may be an initial attack by wet fish by blowflies (notorious carriers of 

pathogenic organisms, which carry diseases like diarrhorea, dysentery and cholera; and 

also capable of transmitting tape worm which are picked when feed on human and 
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animal faeces) which oviposit on the fish and lay large number of eggs in the gills and 

gut regions of the fish. 

 

2.2.2 Salting 

Salting is a very old, most common method of preserving fish. It reduces the 

moisture content and discourages the growth of micro-organisms which otherwise 

would cause decay. Very often salting is used in combination with drying and 

smoking. Several researchers (Clucas, et al, 1982) have reported that the presence of 

sufficient quantities of common salt (sodium chloride) can prevent, or drastically 

reduce bacteria action. It is noted that when fish is placed in a strong salt solution 

(brine) which is stronger than the solution of the salt in the fish tissue, water is said to 

pass from the tissue into the brine until the strength of the two solutions is equal. Salt 

will, at the same time penetrate into the tissue – osmotic phenomenon.  

They, however, recommended a concentration of between 6 and 10 percent salt 

in the tissue will prevent the activity of most spoilage bacteria; the removal of some 

water from the tissue during the salting process is said reduce the activity of the 

spoilage. In addition, reports have shown that if fish is salted before drying, less water 

is usually needed to be removed in order to achieve desired preservation.     

Similarly, Ihekoronye and Ngoddy (1985) reported that preservation of fish by 

salting involves interspersing salt between layers of piled, split fish. It is noted that the 

high concentration of salt outside the fish causes the liquor inside the fish to be drawn 

out by plasmolysis and consequently drains away. It was observed that the fish at this 

stage is green cured and its water content reduced from 82% to 54%. ILO publication 

(1985) reports that water content of 35 – 45 per cent, depending on the amount of salt 

present, will often prevent, or drastically reduce the action of bacteria.   

Other researchers (Laurie, 1979 and Mann, 1960) observed that salt, on its 

application affects the water activity of fish by diminishing the amount of moisture 

contained in it. Some micro-organisms like halophilic bacteria were however, noted to 

be capable of growing in almost all saturated salt solutions.  
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The International Labour Office (1985) reported that whether or not to salt 

before drying depends on location, availability of salt and, of course, consumer 

preference. It further suggested that salting reduces the possibility of spoilage before, 

during and after drying and gives a stable product of higher moisture content than 

unsalted fish with a reasonable shelf life in humid conditions. The salt and the extra 

moisture in a salted product were said to give the producer more weight to sell than 

would be available from a comparable amount of salted dried fish. The publication 

further added that the preservative effect supplied by salt may be essential when sun-

drying fish with hot humid air. It, however, stated that if the ambient air at inland 

tropical locations is hot and dry, the fish can be dried to the lower moisture content and 

storage will present less of a problem. Also, during transportation of unsalted dried 

fishes to more humid areas, several researchers suggested that care should be taken to 

prevent the fishes from absorbing moisture from the air and become spoiled. It is, 

therefore, generally noted that only small fishes should be dried unsalted, as larger 

fishes will spoil before the drying process is completed.    

Studies from fish salting indicate that there are three main salting methods: 

kench salting, Pickle curing and brining. The first two methods were reported to yield 

fish with a relatively high salt concentration, while the third method (brining) is 

commonly used for products with low salt concentration. It further noted that a method 

used in some fisheries, whereby fish are rubbed with salt and then hung to dry, is not 

recommended as it does not produce an even cure. 

 

2.2.3 Smoking  

  The use of smoke from smoldering wood for the preservation of perishable food 

dates back to civilization (Eye, 2001). They might have been developed in the ancient 

times by hanging perishable food over a fire, which was used for heating purposes. 

Among the raw materials cured in this way, fish and fish products were the most 

vulnerable to deterioration. The bacteriostatic, bactericidal and antioxidant functions of 

smoke and the dehydration effect of the process were used inadvertently by early fish 
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processor in the preservation of fish. Although researches made in fish processing 

indicate that traditional fish smoking is still being practiced especially in the tropics. 

However, in this modern time, in most of the technologically developed countries, 

smoking is often at low temperature to produce a desirable colour and flavour while 

canning or freezing are relied upon preservation (Burgess et al, 1965). When these 

modern preservative methods are not readily available, it then means that smoking still 

remains a major method of preserving fish.  

 ILO publication, 1982 emphasized that smoking alone does not prevent the post-

harvest putrefaction in fish. In order to accomplish an effective cure, the water level of 

the product must also be reduced either by salting or drying, or a combination of the 

two. Several documentaries on fishery show that smoked fish is popular in Europe and 

Africa. Lean fish such as haddock, tilapia and fatty fish such as mackerel and sardines, 

are all used to make smoked products. On the contrary, reports from FAO publication 

(1970) argue that for all processed products, the quality of the raw material is 

important and smoking should never be used as a method for distinguishing the flavour 

of stale fish. 

 The phenomenon of smoke production from wood is based on incomplete 

combustion followed by thermal disintegration or pyrolysis of high molecular mass 

organic compounds to yield compounds of lower molecular mass which become 

volatile at the smoking temperature (Eye, 2001). Research and performance studies by 

Cole and Greenwood (1965) on fish smoking confirmed that burning of wood or 

sawdust to produce smoke was the result of incomplete combustion and this according 

to their report will vary with the source of the fuel and the ventilation of the fire. A 

slow burning fire will produce much more smoke than a small intense fire (Clucas, et 

al, 1982). Wood was said to be a mixture of gases, vapours and droplets. Droplets from 

the visible part of the smoke although the invisible vapours have been noted to 

contribute to the characteristic smell. It has been shown that it was mainly the vapours 

that were taken up by fish during smoking (Eye, 2001; Clucas, et al, 1982; Akande, 

1997). The substances in the vapours dissolve in the liquid on the surface of the fish 
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and the rate of uptake depends on the moisture on the surface of the fish and the rate of 

flow of the smoke. Other empirical results suggested during smoking process, sensory 

features such as colour and flavour undergo changes. The colour of properly smoked 

fish was said to be a function of the quantity and composition of the smoke 

components absorbed through the fish surface; the higher the smoke density, the darker 

the colour of the fish.     

 Studies have also shown that wood for smoking contains compounds such as 

cellulose, hemicelluloses and lignin in varying percentages in both soft and hardwoods. 

It was noted that hemicelluloses are the least heat-stable of the wood components and 

readily decompose yielding a lot of aliphatic carboxylic acids; hardwood is said to 

yield more acids as a result of their higher hemicelluloses content which produce lower 

pH. This, according to Eye (2001), might provide hardwood smoke with greater 

preservative power and a more stable product, hence the traditional preference for 

hardwood for smoking. 

 Several researchers reported that there are two methods of making smoked fish: 

cold smoking and hot smoking. On the contrary, the Technical Memorandum of the 

International Labour Office (1982) distinguished three smoking processes of fish: cold 

smoking, hot smoking and smoke drying. In cold smoking, the fish is only exposed to 

smoke generated by fire which is not sufficiently close and hot to cook and dry the 

fish, and thereby denaturing the protein content. Experiments show that fish smoked in 

this way gets spoilt quickly unless it is immediately frozen. Therefore, Clucas et al 

(1982) demonstrated that in practice, a maximum temperature of approximately 30 – 

40oC is only really possible in temperate climates. Hot smoking, on the other hand, is a 

process of fish curing by smoking at a temperature of 70 - 80 oC at some stage in the 

process in order to cook the flesh (FAO publication, 2001). Fish cured in this way do 

not require further cooking before consumption. Hot smoking, according to ILO 

Technical Memorandum, 1982 is a process that prevents spoilage for only a day or two 

if the product is not dried.  Many researchers like Burgess, et al (2007) and Deng, et al 

(2009) have confirmed that during hot-smoking, brining is carried out to ensure 
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penetration of about 2% of salt into the fish tissue. The salt according to them gives the 

desired taste to the product. It was stated that brining can be a source of 

microbiological reinfection. 

 Costa (2003), however, suggested that in many traditional processing 

techniques, there is little distinction between hot smoking and smoke drying which can 

lead to cooked dried products which tend to break up on handling. Youdeowei, et al 

(1996) who worked on fish smoking reported that as heat from the fire is sufficiently 

high enough to cook the fish, the smoke permeates the flesh. This heat is then 

maintained fairly uniformly for a number of days for the fish to dry. It was found that 

the keeping quality of such smoked fish depends on the degree of drying, that is, on the 

percentage of water that has been driven out. 

On the contrary, Axtell (2002) reported that the optimal safe drying temperature 

of fish using biomass burner is between 40 to 65OC. This, according to him is a 

function of the fish size and specie. This dryer temperature is maintained in order to 

avoid case hardening phenomenon in fish. On the other hand, FAO (1994) added that 

for meat, fruits and vegetables, herbs and flowers the dryer temperature should be 

maintained at 65 OC, 55 - 60 OC, and 37.8 – 43.3 OC respectively. 

 According to FAO report (1981), various antimicrobial agents are found in 

smoke which may have an additional preserving effect on the products, but these are 

said to be of relatively minor importance when the longer term storage properties of 

smoked fish are considered. Hot smoking was reported to reduce microbiological 

growth due to its high temperature and the antiseptic components of smoke. It has been 

experimentally observed that after hot-smoking fish products contain only 

mesophilous and thermophilous micro-organisms, resulting from heating the product 

and not the antiseptic action of smoke components and salt content; while cold 

smoking was said to enable preservation of the product by smoke components. In 

general, it was observed that almost all traditional smoked products are heavily 

smoked and dried; often the fish are salted before smoking. Since the advent of rapid 

communication means and the use of chilling or freezing to hold perishable 
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commodities like fish, a change towards lighter cured products has occurred in most 

urban areas. In such products, the amount of salt, smoke and drying will not give a 

long storage life at ambient temperatures and they must be treated as fresh fish in order 

to retard spoilage.  

In most rural localities, the fish are heavily smoked and dried so that they can be 

distributed and stored without specialized facilities, and also various traditional 

methods of smoking ranging from smoke house, pit oven to earthen pot-type smoking 

kiln  abound, which do not ensure the same result but the traditional process carried 

out in smoking chambers is much cheaper. Wood is a source of smoke and energy 

necessary for this process. The effectiveness of traditional method depends on the 

experience of the operator.  

 

2.3 CHARCOAL 

Charcoal is a processed biomass that can be burnt for heat energy. It is also 

referred to as the black solid remaining after carbonization or pyrolysis of organic 

matter. It is made from virtually any organic material like wood straw. Studies on 

charcoal show that various resources are used to produce charcoal such as wood, 

agricultural and forest residues, municipal solid waste and fossil-type matter, like peat. 

During the carbonization process, part of the organic matter or solid biomass is burnt 

to provide the necessary heat. During this process where solid biomass is heated in the 

absence of air, the greater part of the volatiles is removed. Resources other than wood 

used for charcoal production require pretreatment like briquetting or drying and 

molding before or after being charred. This kind of non-forest wood charcoal is 

generally produced in order to substitute it. It is noted that briquettes converted to 

charcoal have seen meal success in Thailand, Sudan and Malaysia (Hyde and Seve, 

1993). Despite the efforts to introduce and promote charcoal briquettes (from non-

wood biomass) as an alternative to the production of wood charcoal from ligneous 

formation, this remains more important. 
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 Researchers like Eye (2001); Clucas, et al (1982); Akande (1997)  observed that 

charcoal made from hard wood is more preferred by local fish processors not only 

because it is cleaner, easier, and less smoky than other biomass fuels, but due to the 

fact that hardwood contains higher hemi-cellulose content which produces lower pH 

and hence provides hardwood derivative (charcoal smoke) with greater preservative 

power and a more stable product, hence the traditional preference for hardwood for 

smoking which can also be used in smaller quantity quantities with cheap burning 

devices for domestic and on-farm applications, which is part of the focus of this work.  

Experimental studies however, indicate that the calorific value (or heating value) 

of charcoal which is the quantity of heat produced by its combustion at constant 

pressure under normal conditions of 0oC temperature and 1013mbar (density: 0.23 – 

0.73kg/m3) is between 27900 – 30240KJ/dry products depending on the content of 

cellulose, also the energy equivalent of 1x 1015 BTU is given out for 30 x 1012 kg of 

charcoal. This implies that 1kg crumb of charcoal oozes out 33.33BTU (33,000kJ) and 

0.014kg of water per hour (Hall et al, 1979). In other words, the calorific value of 

charcoal is averagely 29600kJ/kg.   

         

2.3.1 Characteristics of Charcoal    

Table 1 below presents the characteristics of various charcoals and raw wood 

calorific value, density, volatile matter content other water, fixed carbon, ash content, 

and burning time present the key elements used to appreciate the different types of 

charcoal. 
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Source 
Calorific value 

(kcal/kg) 
Density 

Volatile 

matter (%) 

Fixed carbon 

(%) 

Ash content 

(%) 

Burning 

time (min) 

Charcoal 

from wood 
7400 – 8000 0.23– 0.73 17.7- 19.1 77.6 – 79.5 2.7 – 3.6 30 - 45 

Charcoal 

from fossil 

wood 

7300 0.6 18.8 76.5 4.65 ---- 

       

Charcoal 

briquette 

from 

biogases 

8691 0.8 32.46 ----- ------ ------- 

 60 – 75 1     

Charcoal 

briquette 

from crop 

residues 

7500 – 7800 1.4 7 ----- ---- ----- 

 60 – 90 2, 3 ------- -------- -------- ------ 

Char peat 4780 1 5, 6 45.9 48.5 ------- 

       

Raw wood 4000 – 5000 
0.31 – 

0.88 
75 – 80 18 – 24 1.6 – 4.6 ------- 

Table 1.0: Characteristics of Charcoal 
Source: http//:www.google.com/charcoal 
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2.4      SOLAR ENERGY/RADIATION 

The solar energy radiates from the sun in a somewhat scattered and reflected 

manner, and absorbed by the atmospheric particles so that only a small portion gets to 

the earth’s surface. The sun’s radiation to earth whose diameter is about 1.39 x 106 km, 

with an average distance of 1.5 x 108km from the earth may be regarded as a beam of 

uniform intensity. This intensity of the sun according to Szulmzyer (1971) was about 

1.3 – 1.4 kw/m2 depending on the distance between the sun and the earth. This amount 

or intensity of radiation is in fact said to be reduced to values of less than 1kw/m2 at 

the earth’s surface by the presence of clouds, dust particles and gases; having a 

peripheral effective temperature of about 5762OK, central region temperature ranging 

between 8 x 106 to 40 x 106 OK. Global irradiance varies throughout the day as the path 

of solar radiation through the atmosphere lengthens and shortens. When the sun is at 

low altitude angle, the intensity is less. With a zenith position the intensity measured 

on a horizontal plane may approach 1kw/m2 (at sea level). 

 For the same reason, according to Desai (1990), seasonal and longitudinal 

variations can cause the total solar energy received (i.e. insolation or solar radiation) to 

range from an average of 2MJ/m2/day (0.55Kwh/m2/day) in a northern cold weather to 

an average of 20MJ/m2/day (5.55Kwh/m2/day) in the tropical regions of the world. 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Diagram of Sun- Earth relative distance, D and θ =32O. 
(From: Talwalker and Duffie, 1961) 
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Earth receives energy from the sun at the rate of 173 x 105W (Szokolay, 1975). 

(for comparison, taking the annual energy consumption of humanity as 61 x 1015Wh 

and dividing this by number of hours in a year, 24 x 365 = 8760, we get a rate of 

consumption of 7 x 1012W). Research has shown that earth also emits an identical 

amount of heat. This is said to be a condition of equilibrium, whereby the temperature 

of the earth (input temperature) equals the emission temperature. This, therefore, 

implies that should the input change for some reason, the equilibrium temperature 

would also change.  

Figure 2.2 below shows that 30% of the incoming radiation is reflected without 

change in wavelength. About 47% is absorbed by the atmosphere and the earth’s 

surface, causes a temperature increase and is subsequently reradiated to space. Only 

the incoming 23% enters the terrestrial system and becomes the motive force of winds, 

currents, and waves. It also shapes the climate and causes the hydrological cycle. 

Ultimately, this will also be re-radiated to space. 

A mere 0.02% of the total, or 40 x 1012 W, enters the biological system through 

photosynthesis in plant and other producer organism. A small proportion of the energy 

stored as chemical in plant and animal body tissue has over millions of years 

accumulated under favourable geological conditions as coal and mineral oil, forming 

our stock of fossil fuel (if any at all) is negligible compared with the rate of 

consumption.  

However, Szokolay (1975) reported that if further depletion of our fossil fuel 

stocks is to be avoided, we ought to tap the flow of these huge quantities of energy and 

re-route it to do some work, before being dissipated and eventually re-radiated to 

space.    
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In Nigeria, the annual available total horizontal solar radiation determined from 

mean annual sunshine hours (Arinze and Obi, 1984), varies from 5000MJ/m2, or 45% 

of the maximum possible value outside the earth’s atmosphere, in the humid Niger 

Delta to over 9400MJ/m2 or 70%, in the extreme north-east of Nigeria. Generally, 

January to April is the months with greatest solar energy availability and July to 

September have the lowest availability; this period is also the wettest.  

Reflected shortwave 
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Storage in water 
and ice 
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Fig 2.2: Flow of energy through terrestrial system. 
             Source: S.V. Szokolay, 1975. 
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Nigeria is within the tropics, and it experiences high temperatures all the year 

round. It receives plenty amount of sunshine all year round. 1m2 receives as much as 

490W/m2 per day (Bamiro et al, 1982). There is thus a great potential for the use of 

solar energy in drying. This total available radiation reaching the earth’s surface is 

intermittent and seasonal in nature. Generally, sloping the collector surface toward the 

south at the latitude angle will reduce the seasonal variation and maximize the total 

annual collection (Arinze, 1986). Reports have shown that for most stations in Nigeria 

it is about 27OC. As with solar radiation, seasonal and latitudinal variations affect the 

extremes and the diurnal and seasonal ranges of temperature. The highest air 

temperatures are normally in March and April with minimum temperatures in the north 

usually in December and January, during harmattan weather, and during the rainy 

season in July and August in the south. Also, according to Bassey and Schmidt (1986), 

mean maximum temperatures increase from 32.2OC at the coast in the south to 40.6OC 

in the extreme north. Mean minimum temperatures, by contrast, decrease northward 

with a lowest mean of 21.1OC on the coast to less than 12.8OC in the north due to the 

effects of continentality. 

Relative humidity varies considerably both in space and between seasons. In the 

southern, coastal, region, June to October have monthly means over 90% but, in the 

north during January to April, it was reported that mean values vary from 30% at dawn 

to 10% in the afternoon. This, according to research findings was characteristics of 

harmattan season when the dry and dust-laden north-east trade winds blowing from the 

Sahara into the country producing cloudy and dusty environment. Generally, the 

rainfall was said to decrease both in duration and amount from the south coast to the 

interior. The costal areas according to Arinze and Obi (1984), receive over 4000mm of 

rain spread over 8-10 months whereas the extreme north receives less than 250mm of 

rain spread over 3 to 4 months. 

The climate of Nigeria according to researchers represents a microcosm of the 

climate of West Africa. The climate fluctuations in Nigeria and the rest of West Africa 
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were referred not to be local occurrences; rather they form part of the global climatic 

patterns. 

On the other hand, the amount of solar radiation reaching any particular locality 

is dependent upon: the composition of the atmosphere, depth of the atmosphere (air 

mass) that the radiation must pass through before reaching the surface; time of year 

and day or solar hour angle (maximum collection occurs at solar noon).; latitude of the 

location; earth’s tilt and rotation; and tilt angle of the surface to the horizontal (Arinze, 

1986). This, in addition, according to Lindley and Whitaker (1996), also depends on 

collector tilt angle and the weather of that location. Their studies also show that the 

magnitude of available insolation absorbed at any given point in time varies directly 

with the collector surface area. Whilst Szokolay (1975) agreed that the amount of solar 

radiation received is a function of climatic factors. The solar radiation map of the earth 

gives a rough indication of what can be expected at various locations. 

It is, therefore, important to point out that one element of solar energy research 

is the determination of the input parameters, particularly the quantity of solar radiation 

available for collection either directly (Ezeilo, 1979; Bamiro and Ideriah, 1982; Doyle, 

1982) or through mathematical models (Ezekwe and Ezeilo, 1981; Ideriah, 1981; 

Arinze, 1982; Bamiro, 1983). These researchers were much more interested in the 

collector performance than in the application of the collected energy.  

The radiation emitted by the sun was reported to be in the wavelength range of 

0.3 to 3.0µ; this portion of the wave spectrum was said to comprise the energy of solar 

radiation or shortwave radiation, while long wave radiation are emitted at temperatures 

close to ambient temperatures. This implies that radiancy energy flux is a function of 

wavelength since radiation comes in form of a wave.  

 

 

 

 

 



26 
 

 

 

 

 

 

 

 

 

 

 

 

 

Results obtained from radiation calculation tables show that engineering 

calculations of radiative heat transfer are facilitated; they also present the result of 

Plank’s law in a more convenient form showing the energy density at a given 

wavelength in relation to the monochromatic radiation emitted by a perfect radiator (or 

blackbody) by differentiating Plank’s distribution law and equating to zero. Figure 2, 

therefore, empirically shows that the wavelength corresponding to the maximum value 

of energy emitted occurred when maxT = 2897.8µmOK (Kreith and Kreider, 1978).   

Studies have proven that the effect of absorption, mainly by ozone, water and 

carbon dioxide molecules, and scattering by dust particles, air molecules and also 

water vapour is to both lessen the total amount of radiation per unit area and also to 

alter the proportion of the different wavelengths present in the radiation. The result of 

this is to decrease greatly the amount of infra-red radiation reaching the earth’s 

surface. 

A measurable amount of solar heat energy radiating from the sun (energy flux) 

can be expressed using the solar constant, KS, which is the energy intersecting a point 

perpendicularly on the earth’s surface; numerically given as 1.353Kw/m2 or 4.6MJ/m2-

h. This radiant heat energy from the perfect or “blackbody” radiator (at temperature 
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Figure 2.3: Radiancy function for a blackbody radiator at 6000OK, indicating   
                  the relative amount of energy at each wavelength at a temperature   
                  as may be indicated 
(Source: Kreith and Kreider, 1978).   
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600OK), according to Kreith and Kreider (1978), travels with a velocity of 3 x 108m/s 

taking approximately 8 minutes to reach the earth’s surface. The total flux evolved or 

emitted by this blackbody radiator is expressed by the Stefan-Boltzmann equation as: 

 

R =T4 = (25K)    

                          (15C2h3)      --------------------------------------------------------- (1) 

Where: R = Total radiant energy flux. 

    = K = Stefan-Boltzmann constant (1.32 x 10-12cal/cm2-secOK or  

                  5.6697 x 10-8W/m2OK-4). 

T = Absolute temperature (OK). 

 = 3.142 

Also,  

 C = Speed of light (3 x 108cm/s). 

 h = plank’s constant (1.585 x 10-34cal-sec or 6.62617 x 10-34J.sec).  

Therefore, during the year, the solar constant, KS varies by ±3.4%, partially due 

to variations in the earth-sun distance. Lindley and Whitaker (1996) in their work 

observed that the available solar energy (about 3.4MJ/m2) will be perpendicular to the 

earth’s surface at given point or location.   

Since the energy transmitted by electromagnetic radiation is independent of the 

amplitude or frequency of the wave, it is obvious that all frequencies and amplitudes in 

theory can be emitted from a body given off electromagnetic radiation. The theoretical 

energy flux being emitted can be determined by summing the radiancy (i.e. the number 

of quanta of energy passing through or imp-inching on a unit area in a unit time for a 

given wavelength) over all wavelengths. Although the energy is emitted in the form of 

discrete bundles, the total quanta of energy emitted is so large that the radiancy can be 

approximated by integration of wavelengths, which yields the Stefan –Boltzmann law 

expressed in equation (1).     

Since the sun has a surface temperature approximately 5762OK, and area of 

blackbody; area of the earth A = (d2)/4 and substituting into the Stefan-Boltzmann 

expression gave the energy from the sun imp-inching the earth surface as: 

T4 
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 R = T4 = 5.6697 x 10-8 x (5762)4 x 4 x 3.142 x (2 x 6.95 x 105)/4  

      = 3.7934 X1023 kW. 

It has been observed that radiation scattered in the atmosphere is not entirely lost 

to the earth; about one-half of it reaches the earth surface in a diffuse scattered form 

(Budyko, 1958). Solar radiation can therefore, be seen to consist of two components: 

diffuse and beam radiation. Each of these components was said have different 

characteristics which affect solar drying. The beam direction was said to have equal 

angle of incidence and reflection, whereas diffuse beam is referred to when the 

reflected radiation is uniformly distributed into all directions.  

Kreith and Kreider (1978) illustrated the concept of black body radiation 

properties using a simple experiment showing that when radiation strikes a body, a part 

of it is reflected, a part is absorbed, and if the material is transparent, a part is 

transmitted.  

 

 

 

 

 

 

 

 

  

 

 

According to the first law of thermodynamics, these three components must add up to 

unity: 

  α + r + ρ = 1 --------------------------------------------------------------------- (2) 

  It was however, noted that depending on the degree of translucency of the 

absorbed material, some part of the radiation incident on the body will be absorbed by 

Figure 2.4: Schematic representation of transmittance r, 
absorptance, α and reflectance, ρ. 

r α 

ρ. 
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the body and can be converted to sensible heat energy. The magnitudes of the 

reflectivity, absorbtivity and transmissivity depend on the wavelength, and its values 

can change with changing wavelength of radiation.   

Also it was recommended that for the purpose of solar drying the positioning of 

the collector should be horizontal to optimize absorption of diffuse insolation. 

However, to minimize the effect of beam or directional radiation, the collector surface 

should be tilted at right angles to the incident beam. 

Researchers, Duffie and Beckman (1980) observed that solar radiation, Go imp-

inching on a horizontal surface or plane is given by: 

Go = GSC [1 + 0.33 cos (2n/365 days) cos θ] --------------------------------(3)     

Where:        

 GSC = solar constant (1.353kW/m2)  

 n = day of the year (January 1 = 1) 

 θ = angle of incidence. 

The angle of incidence, θ is obtained using the relationship between the declination of 

the angle of the sun at solar noon, angle of tilt, latitude of the locality, hour angle and 

Azimuth angle to yield: 

Cos θ = sinδ cosФ cosβ – sinδ cosФ sinβ cosγ + cosδ cosФ sinβ cosγ cosw + 

cosδ sinβ sinγ sinw -----------------------------------------------------(4)  

Where:  

 Ф = latitude of locality. Generally, Nigeria falls in a solar belt of latitude 

5ON to 14ON of the equator (Mean Annual Solar Map of Nigeria). Whereas, FUTO lies 

at the latitude of 5O 27/N, longitude 7O2/E. This advantageously positioned FUTO to 

harness reasonable quantity of solar insolation from the sun during sunny weather.    

    γ = surface Azimuth angle. It is the deviation of the projection  

                   perpendicular to the surface on a horizontal plane from the  

                   local meridian. 

            β = angle of tilt – angle between the absorber or plane surface and  

                  the horizontal.  
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The change of climate with the seasons is as a result of the tilt of the earth’s axis 

and its orbit about the sun. A year, therefore, is the period taken to complete one orbit. 

The angle of tilt of the axis to the plane of the orbit is approximately 23.5O. FAO 

(1986) reports that the hemisphere (north and south) which is angled towards the sun at 

particular time during the orbit around the sun will be receiving sunlight more directly 

and for a greater time each day than other hemisphere. 

 δ = declination of angular position of the sun at solar noon. The angle ranges 

from -23.45O to 23.45O. Its absolute value is measured thus:  

δ = 23.45 sin [360 (284 + n)/ 365days] --------------------------------------- (5) 

            w = hour angle. It is the angular displacement of the sun east of the local 

meridian due to rotation of the earth on its axis at 15O per hour. 

It is noted that surface Azimuth angle, γ = 0 or 180O for fixed surface sloped 

toward north or south.  

Therefore, substituting γ in equation 4 for cosθ yielded: 

Cos θ = sin δ sin (Ф – β) + cos δ cos w cos (Ф – β) -------------------------------- (6)   

Conversely, solar radiation records may be given in hourly totals or hourly 

average intensities (Wh/m2h or W/m2) measured on a horizontal plane. It has been 

observed that some meteorological stations measuring and publishing hourly data are 

rather few and far between. Therefore, the daily total radiation can be estimated in the 

absence of radiation data available using the expression given by Glover and 

McCulloch (1956):  

 Q = Qsc (0.29 x cos Ф + 0.52n/N) --------------------------------------------- (7) 

Where: Q = daily total radiation on a horizontal plane (wh/m2day). 

  Qsc = solar constant per day 

            Ф = geographical latitude 

           n = possible sunshine hours per day. 

 N = actual sunshine hours per day.   
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2.5 SOLAR DRYERS  

Solar dryers involve the arrangement of simple contraptions to more efficiently 

harness the heat from the sun. For instance, in sun drying, they rely solely on the 

availability of sunlight and are therefore, only appropriate in areas with a suitable 

climate (high levels of sunshine and low relative humidity). 

Most of the researches on solar energy application in Nigeria have been done in 

the department of physics, mechanical engineering, and agricultural engineering of 

Nigerian universities and in some research institutions. Unfortunately, most of these 

researches are not yet published but only documented as project reports in the various 

institutions. Therefore, it has been very difficult to review all the efforts made in solar 

energy applications.  

However, in recent times, although sun drying is still practiced by local fish 

farmers and fish processors in most part of Nigeria, mechanical drying has been 

introduced, which speeds up the drying process considerably producing products of 

acceptable quality and extended shelf life. Equipment for fish drying varies from 

simple solar dryer to the sophisticated freeze dryers, but their performance evaluation 

according to Oje and Osunde (1995) has been impaired due to inadequate 

mathematical investigation and analysis during the design of most of these dryers. It is 

not surprising, therefore, that one observes that most of the solar dryers that have been 

developed either do not perform well or are not accepted by the intended users. The 

poor performance is mainly because the working air temperature and the airflow 

through the dryers are poorly matched; the poor acceptance of the farmers is generally 

related to the cost of the drying system and social barriers that were not considered 

during the technical design stages. Several constraints according to CSC (1985) have 

the task of solar dryer researchers more difficult. They include:  

i. Solar dryers, for most rural applications, must operate without a fan or 

blower to circulate the air; thus airflows are inadequate. 

ii. Each commodity has unique drying requirements and it is often 

inappropriate to use a dryer to dry several crops. 
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iii. Potential users cannot afford to pay for the dryers. 

iv. The work reported in the literature usually consist of only construction 

and test results and often lacks information needed to improve on the 

design or adapt it to another location or crop. 

v. Fundamental knowledge on how natural flow solar crop dryers behave 

under operation is generally lacking and good design procedures are 

absent. 

In addition to that, Minka (1986) also succinctly outlined the major technical 

obstacles that affect the design and operation of solar dryers which include: the 

necessity to limit oneself to natural ventilation, this he considered a serious constraint 

if high drying rate is intended to be obtained; Lack of knowledge of pertinent physical 

and chemical properties of the commodity being dried; Lack of data on the effects of 

the various design parameters on the behaviour of the dryers. As against this back 

drop, Bassey and Schmidt (1986), in their critical examination of the research literature 

in solar drying propounded a hypothesis that some works reported in the past lack a 

direct linkage to theoretical analysis. This, they said led to abandonment of a particular 

design on the basis of limited (and often disappointing) performance results, in favour 

of a new design, but in the absence of a clearly documented analysis of the reasons for 

the abandonment.    

On the contrary, some researchers have investigated the functionality and 

efficiencies of solar dryers as evidenced by the work of Goodman (1967), Lof (1964), 

Kreider and Kreith (1997), Pericles (1986), Akyure and Selcuk (1973), Duffie and 

William (1974). In Nigeria, some works have been done in the areas of cereal drying, 

such as in the developments of Mkpamdi et al (1996), and Onyeledo et al(1997) which 

compared favourably with those by other foreign researchers such as Othieno et al 

(1992) and Exell (1980). Numerous designs of solar dryers with or without thermal 

storage systems are reported in (Chirarattananon et al. 1998; Goyal and Tiwari, 1997; 

Ayensu, 1997; Aboul-Enien et al., 2000; Itodo et al., 2002, Madhlopa et al., 2002 and 

others).  
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As a result of the search for improved drying techniques, the use of solar 

powered dryers has been investigated as an alternative to sun drying in recent years. In 

these, the energy of the sun is collected and concentrated to produce elevated 

temperatures and, in turn, lower relative humidities are achieved for an increased rate 

of drying. Experimental results obtained using solar dryers however, show that the 

drying rate can be increased, lower moisture contents can be attained, and product 

quality is higher (Boshof, 1988; Anon, 1995; Bolin and Salunke, 1982; Buelow, 2008). 

The dryers were said to be less susceptible to variations in weather, although drying is 

obviously slower during inclement weather, and they do not provide shelter from the 

rain. The high internal temperatures according to ILO (1985) discourage the entry of 

pests into the dryer and can be lethal to any which does enter. It also reported that in 

fine weather conditions, fish can be dried within three (3) days, compared with five (5) 

days for sun drying. The quality of the solar dried fish is said to be higher. During the 

initial constant rate period of drying (which is largely dependent on air movement), 

drying rates in the solar tent and on sun drying racks are broadly similar. It suggested 

that a suitable method for fish drying which might be to use racks, in the first instant, 

and complete the process inside the solar tent. This, according to the report, would 

have the advantage of reducing the time spent by a batch of fish inside the dryer, 

allowing a greater throughput. 

Doe (1990) classified solar dryers as direct and indirect dryers. The former 

makes use of convective air flow through perforated openings at the base and top of 

the dryer. Examples are: tent dryer, cabinet dryer, brace dryer, etc. these dryers, 

according to Begum (1986) are susceptible to rain and wind damage as well as insects 

infestation. Whereas the later makes use of a flat plate collector to heat the air, 

connected to a cabinet containing trays of dried foods and a means of improving the 

airflow (in some cases). 

In addition to these, FAO (1994) reports that solar dryers can be classified based 

on whether or not the drying commodity is exposed directly to insolation; the means of 

air flow through the dryer; and the temperature of the air circulated to the drying 
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chamber. Several researchers have conducted research on the application of solar 

drying to fish processing. Harigopal and Tonapi (1980) and McDowell (1973) studied 

on solar drying of agricultural products in humid and tropical regions respectively by 

the use of solar collectors. They noted that quantity of heat delivered by the solar 

system varies directly with the amount of evaporated moisture from the dried products.  

Few studies have been conducted to overcome the limitation of the exclusive use 

of solar energy in natural convection solar dryers. Bassey et al. (1987) used a sawdust 

burner to provide heat during bad weather and at night. In their study, the burner was 

integrated to the dryer but used steam as a heat transfer medium. Bena and Fuller 

(2002) designed a direct solar with an integrated biomass backup heater. Their biomass 

performed well when operated on large pieces of hard wood.  

This dryer reported by Bena and Fuller (2000) does not have a thermal storage 

system for capturing solar radiation. In view of this, their system requires backup 

thermal energy from the burner for over-night dehydration of the fresh food even when 

solar radiation is abundant during the day. The air temperature in the drying chamber 

would fall to ambient level immediately after sunset and re-loaded into the system in 

the morning, to avert moisture re-absorption by the drying food product at night. This 

is inconvenient for a commercial producer of dried foods.    

In Malawi, open-air drying is the traditional method for preserving fruits and 

fresh food products. However, industrial type solar dryers have been applied to the 

drying of tobacco, coffee, tea and fish but with limited success largely due to financial 

constraints and insufficient solar data for designing appropriate crop dryers (Kafumba, 

1994). Mumba (1995) designed a photovoltaic forced-convection solar dryer for drying 

grains in rural areas where grid electricity and fossil fuels are generally not available. 

He found that it was possible to construct a cost-effective solar grain dryer by using 

locally available materials in Malawi. More recently Madhlopa et al. (2002) developed 

a solar dryer with composite absorber systems for dehydration of food. The solar 

collector of this dryer had a removable and metallic absorber plate and a fixed wooden 

bottom. This design provided novel flexibility in the adjustment of the thermal 
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characteristics of the dryer. It was found that the dryer was suitable for preservation of 

mangoes and other fresh foods. However, both of the dryers reported by Mumba 

(1995) and Madhlopa et al. (2002) did not have thermal storage and backup heating 

systems. This would limit their application in poor weather.      

 

2.4.1 Natural Convection Solar Dryers 

Natural convection solar dryers can significantly reduce the relative humidity of 

air through heating, but many of them cannot achieve high airflow. Low airflow has 

been the main cause of their failure. However, analysis of buoyancy-induced flow in 

the chimney of such dryers has been indicated as a way of enhancing the airflow. 

Othieno (1992) observed that the air passing through the wet product is at ambient 

temperature and, therefore, does not heat the product. Its role is to pick up the moisture 

removed from the product through direct heating. Generally, the airflow through the 

product is very slow and, therefore, the air above the drying rack is usually saturated. 

This causes condensation of water vapour on the inside surface of the drying chamber. 

This process, which naturally reduces the amount of solar flux transmitted into the 

chamber, has been observed experimentally and occurs despite the ventilation. 

McDowell (1993) improved this type of dryer designed for a variety of tropical 

crops, considerably. Some food stuffs deteriorate by losing vitamins and nutrients 

when dried in direct sunlight. Therefore, the first improvement was made by 

introducing a black cover under the clear cover to shade the product from direct 

sunlight. The improvement was an attempt to store heat, by using blackened stones at 

the bottom of the dryer, and so to increase the drying time. These improvements did 

not significantly improve the drying efficiency of the dryer; the mass flow of air still 

remained low. 

As trials to improve the performance of natural-convection dryers continued, 

Othieno et al (1992), following the success of a solar crop dryer with a chimney and 

proper orientation to enhance convective airflow through the unit. The dryer was 

studied, both theoretically and experimentally, and field-tested. The researchers 

analyzed the buoyancy-induced airflow and the pressure head created above 
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atmospheric pressure and found that the buoyancy-induced pressure that initiates the 

motion of the air through the dryer is: 

dp = (o - r)gH ………………………………………………………………... (8) 

Where: o  = density of ambient air (kg/m3). 

             r = average density of air inside the air heater (kg/m3). 

   g = gravitational acceleration – 9.81m/s2. 

     H = vertical height of the air heater (m). 

Researchers have experimentally observed that from equation (8), natural 

convection solar dryers must have a large head, H if significant pressure difference is 

to be achieved by the air heater (solar collector). This requires that the air heater 

should not only be inclined to the horizontal but should also be long enough to have a 

large H. this analysis therefore, indicates that one should not expect horizontal or near-

horizontal dryers without chimneys to perform well.  

Igbeka (1986) analyzed the drying mechanics of a natural convective dryer. He 

observed that the only way to influence the temperature-air speed relationship in a 

natural convection dryer is to create an additional pressure in the system by varying the 

cross section at the heater inlet. When the heater inlet is partially closed, air speed 

decreases and the temperature of the heater outlet increases. In the rainy season, by 

partially closing the inlet section of the heater, the relative humidity at the heater outlet 

can be lowered to below its normal high value (75%). Experiments conducted indicate 

that the inlet section has a stronger influence on air speed than on temperature and 

therefore, reduces the drying power, D. 

Where the relative humidity at the heater outlet is low, say between 5 and 30%, 

two possibilities arise: one applicable to the first phase of drying, when free water is 

being extracted from the product, the flow rate exerts an important influence on drying 

(Fournier and Themelin, 1983). The drying power of the air flow is a function of both 

air speed and temperature. They, however, observed that the problem is to know 

whether reducing the inlet section can increase the drying power of the air, regardless 

of the fact that the air speed affects the kinetics of drying. 
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During the second phase of drying, the bound water is evaporated.  The 

evaporation rate according to Fournier and Themelin (1983) is much lower than drying 

in the first phase. Moreover, the airspeed has practically no influence on the kinetics, 

provided it is sufficient to extract water, because the transfer boundary has migrated 

inside the product. On the other hand, temperature has a very great influence. 

Increasing the temperature reduces the partial pressure of the water in the air, and 

increases the saturation pressure at the interface. It was therefore concluded that in this 

particular case, during the first phase drying, it is important to limit the pressure drop 

as much as possible.    

 

2.6 SOLAR FLAT PLATE COLLECTORS  

 Solar collectors are employed to attract useful heat energy from the sun’s 

radiation. They are almost invariably used to heat either air or water. For the purpose 

of food drying, simple flat plate air-heating collectors can provide the desired 

temperature increase (ILO Publication 1986). These consist of an absorbing surface 

which heats up and warms the ambient air nearest to the surface. Experiments have 

proven that clear covers may be placed above the absorber to reduce heat loss, and the 

collector unit may be insulated. Where a relatively high air flow is required a fan can 

be used to blow air through the collector. However, some researchers (Bolin and 

Salunke, 1982; Harigopal and Tonapi, 1980) have recommended that natural 

convention systems are widely used and may be more appropriate to the needs of the 

small-scale farmers. Studies on solar energy confirm that there are two stages of 

transforming solar energy into thermal energy in the drying air: by the use of the 

absorber surface to absorb the sun’s radiation, thus heating the absorbing plate. Then 

the heat is transferred to the air by contact between air and the absorber plate.   

Oje and Osunde (1995) however, worked out a mathematical approach for the 

optimum flat plate collector angle of solar dryers. Their experimental findings show 

that the optimum collector angle was dependent on the month of the year, the locality 

and time of day. They recommended that the tilt angle should be adjustable for 
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maximum insolation for different months. According to FAO publication on solar 

drying, the slope of the collector (declination angle) should be determined by 

considering the position of the sun at the peak harvest time. It however, stated that the 

correct slope for the collector angle of declination at peak harvest time should be 

added or subtracted (depending on the harvest season) from the latitude of the dryer in 

a given location by consulting an atlas. 

On the other hand, heat loss by solar radiation depends on the emission of solar 

radiation, the movement of the surrounding air, and the thermal conductivity of the 

materials in contact with it. While heat gains, depend on the intensity and absorbtivity 

of the solar radiation by its surface (Daniels, 1964). Generally solar flat plate collectors 

rise in temperature as they absorb insolation and transfer heat to a fluid, usually air or 

water, flowing on the back side of the collector.   

 According to Ekechukwu (1987), flat plate collectors are sub-divided into active 

and passive systems base on their mode of heating and the way in which solar 

insolation is used. The system is called passive so as to differentiate it from other 

systems that make use of air-suction mechanisms like fan-blower unit, etc. to force in 

air to the drying chamber through the drying products. Passive system includes natural 

convention/circulation solar energy and the open-to-sun drying methods. Active solar 

systems utilize the sun’s heat and/or electrical or fossil fuel based heating systems such 

as biomass, gas burner, charcoal, wood shavings, etc. and motor-driven fans and/or 

pumps for circulation of air. The researcher also noted that all active solar dryers are 

by their application forced convention dryers since they depend largely on solar energy 

as the source of heat as they make use of fans, mechanically or electrically driven 

and/or pumps for forced circulation of the drying air.  

 He further classified active solar systems into combined, distributed and mixed 

mode solar systems; where the combined system is designed so that the solar energy 

collector is an integral part of the entire dryer system requiring no special ducts to 

channel both the drying air and the exhausted drying air to the drying chamber and for 

recirculation respectively. Whilst in the distributed active system, the solar collecting 
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unit and the drying chamber are designed to be of separate units. The design mainly 

consists of the solar air heater, the drying chamber, fan/blower unit and the duct. Also 

for mixed active system, it comprises the solar air heater, an air duct, a separate drying 

chamber and a fan/blower unit just as in the distributed dryer type. The mixed active 

solar dryer, according to Selcuk et al (1974), is designed to have a glazing surface 

above the drying chamber in order to allow the products absorb direct insolation just as 

in the combined system designs.  

Most of the works on selective surfaces are still experimental. Baum, et al 

(1994) reports the development of an absorber (Ni + SiO + MbF2) achieving an 

absorption coefficient of 0.09 and emission of 0.05, i.e. a/e ratio of 1.8. Seraphim and 

Wells (1975) produced a surface by chemical vapour deposition producing a/e ratio up 

to 2.8. 

The most generally used selective surfaces are oxidized copper or particulate 

copper oxide deposition on some other material. Generally, the use of these rather 

expensive surfaces is justified only in the case of high temperature collection cover 

about 60OC (Blum, et al; 1994).  

A researcher, Haywood (1994) reported that if air is used as a heat transfer or 

collector fluid, the construction of the collector will necessarily be different. Firstly, a 

far larger volume flow rate will be necessary. The specific heat of 1m3 of air is 

approximately 0.36wh/OC whilst that of 1m3 of water is equal to 1160wh/OC. 

Secondly, the coefficient of heat transfer from a surface to air is much less that to a 

liquid. Therefore, the collector will have to be much bulkier and must, incorporate a 

large heat transfer area. 

Several systems have been developed, but the possibilities are not nearly as well 

explored as with waterborne collection system. 

 Baum, et al (1994) therefore, states the efficiency of a solar collector to be 

dependent on a number of factors and will be greater if: 

 glass transmission coefficient is maximized; 

 transmittance for outgoing heat flow is maximized; 
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 absorption coefficient of plate is maximized; 

 emission coefficient for long wave is minimized; 

 plate temperature is kept to the minimum useable level, as this will 

minimize the heat loss. 

However, the dimensional configuration of a free convective solar dryer was 

given by Omojiba (2005). He stated that the chosen area, A, of a solar collector surface 

is expressed as: 

A = (x) (0.733x) ----------------------------------------------------------------- (9) 

or A = 0.733x2. 

Where the length and width of the dryer is x and 0.733x respectively.    

However, Hottel and Woertz (1958), stated that at steady state, due to heat loss 

as a result of rise in temperature of collector surface, the rate of heat loss and useful 

recovery are equal to the rate of heat gain; given as 

HArα = qoA = qµA + (qr + qα + qc ) A --------------------------------------- (10) 

Where: 

H = rate of total solar energy received by unit area (Kw). Its value can be 

determined experimentally using a calibrated radiation meter (pyranometer), tilted at 

the same angle as the flat-plate collector. 

r = transmissivity of the covering plates or glazing material. It depends  

     on the angle of incidence (if markedly oblique). 

α = absorbtivity of the receiving surface. It also depends somewhat on  

      the angle of incidence (if the angle is oblique). 

qo = rate of absorption of  insolation per unit surface area of a collector. 

qoA = rate of absorption of solar energy on the total area of the  

          collector. 

qµA = rate of useful collected heat energy transferred from the collector  

           to the heating stream of air or water. 

qrA = rate of the collector radiant heat loss. 

qαA = rate of collector heat loss by convention and conduction to the  
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            surrounding air. 

qcA = rate of heat loss from the collector to colder parts of the collecting system 

by conduction through the insulation and materials of construction. 

Similarly, Duffie and Beckman (1980) confirmed that in steady-state, the 

performance of a solar collector is described by an energy balance that indicates the 

distribution of incident solar energy into useful energy gain, thermal losses, and optical 

losses. The thermal energy lost from the collector to the surroundings by conduction, 

convention, and infrared radiation is expressed as:  

Qu = UL (Tpm- Ta) --------------------------------------------------------- ----- (11) 

Where: UL = heat transfer coefficient (W/m2K). 

    Tpm = mean absorber temperature (OK) 

    Ta = ambient temperature (OK). 

In steady-state, the useful energy is the difference between the absorber solar 

radiation and the thermal loss given as: 

Qu = AC [S - UL (Tpm- Ta)] ---------------------------------------------------- (12)   

Where: AC = collector area (m2). 

    S = absorbed solar radiation (W/m2). 

 

2.7   OREINTATION OF SOLAR FLAT-PLATE COLLECTORS 

Solar collectors have been recommended by many researchers to be oriented 

geographically (i.e. horizontal, vertical or tilted) for maximized absorbed daily and 

seasonal solar energy. The orientation of solar collectors depends on the size and 

weight of the collector units, the cost, the latitude and season, and the architectural 

requirements (Daniels, 2004). Oje and Osunde (1995) confirmed that the optimal tilt 

angle for a solar collector is a function of the latitude of the locality. Collectors tilted 

towards the equator collect a greater fraction of the solar heat. 

Sukhatme (1981), expressed the total incident radiation flux, IT on a tilted 

surface as: IT = IbRb + IdRd + (Ib + Id)Rr --------------------------------------------  (13) 
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Where: 

  Ib = hourly beam radiation. 

 Id = hourly diffuse radiation. 

 Rb = tilted factor for beam radiation. 

 Rd = tilted factor for diffuse radiation. 

 Rr = tilted factor for reflected radiation. 

In the northern hemisphere, they are faced south and tilted at an angle with the 

horizontal equal to the latitude (Daniels and Breihan, 2001).   

Gbaha et al (2007) added that the solar energy received by a flat plate collector 

is at maximum if the inclination angle of the collector to the horizontal is such as: 

(Ф – 10o) ≤ β (Ф +10o) -------------------------------------------------------- (14) 

Where: β = angle of inclination. 

            Ф = latitude of the location. The latitude of FUTO is 5O 27/ E.  

Lindley and Whitaker (1996) in their work stated that the azimuth and the 

altitude angles are the two angles that show the sun’s position relative to the earth. 

They are affected by the latitude of the locality, date and hour of the day. The azimuth 

angle of the sun, Z is given as: 

Sin z = (cos α sin δ)/ cos α ---------------------------------------------------- (15) 

Where: α = altitude angle. 

The cosine of the incident angle, k can be determined from: 

 K = cos α cos (z – Uc) sin β +sin α cos β ----------------------------------- (16) 

 Where: Uc = plate orientation with respect to south. 

 Lindley and Whitaker (1996), however, suggested that an ideal flat-plate 

collector should always be placed perpendicular to the incident radiation of the sun, in 

other words, positioned perpendicular to the azimuth and altitude angles. This can be 

achieved by inclining and turning the collector to match the azimuth and altitude 

throughout the day. They also suggested that the collectors should  
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face within 5O of the south and tilted at an inclined angle (β) equal to ± 10O latitude of 

the locality. 

  In order to avoid the high intense cost of building and maintenance of the 

collector, Duffie and Beckman (1980) suggested that the collector could be oriented at 

an angle in the North-South direction and tilted at a given inclination angle (β) to the 

horizontal, and thus gave an expression for the optimum value of the angle inclination, 

β for a collector facing the South pole as: 

 tan β = tan (Ф  - δ) ------------------------------------------------------------- (17)    

It is noted that the azimuth angle is the horizontal angle of the sun with respect 

to true north meridian. i.e., it is measured from the North. Whilst the altitude angle is 

the vertical angle of the sun with the horizontal plane at the surface of the earth. The 

two angles according to Glover and McCulloch (1986) can be found from various 

almanacs, may be estimated from various solar charts or sun-path diagram or can be 

calculated from the two astronomical equations: 

Sin y = sind x sin Ф – cosd x cos Ф x cost --------------------------------- (18) 

sin α x cosy = cosd sint -------------------------------------------------------- (19) 

or applying the expressions given by Duffie and Beckman (1980) in equations 

(4), (5) and (6) above. 

Where: y and α = altitude angle and azimuth angle respectively. 

   d = declination (varying from 0O at the equinoxes to +23.5O on June 21 

and -23.5 on December 21). 

   Ф and t = geographical latitude and hour angle (15O for each hour) 

respectively. 
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2.8    THERMAL CONVERSION 

When radiant energy falls on a black surface material, much of it is absorbed. 

This may be a complex process, which varies with the type of absorber material. It 

involves scattering, photon absorption, acceleration of electrons, multiple collisions, 

but the end effect is that the radiant energy of all grades (all wavelengths) is degraded 

to heat. Molecules of the surface have been experimentally observed to be exited, a 

temperature increase is caused.  

Glover and McCulloch (1986), experimentally found that the absorption 

coefficient of various types of black absorbers vary from 0.8 to 0.98 (the remaining 0.2 

or 0.02 is reflected). 

Researches on radiancy show that some of this molecular movement (i.e. heat) is 

transmitted to other parts of the body by conduction and some of it is re-emitted to the 

environment by convective and radiant processes. This emission of heat (heat loss) 

depends on the difference in temperature between the surface and the environment. 

Thus, as the surface is heated, the heat loss is increasing. When the rate of radiant heat 

input is equaled by the heat loss, an equilibrium temperature is reached. 

When Qi = Ql ------------------------------------------------------------------- (20) 

i.e. I x a = f x ∆t ---------------------------------------------------------------- (21) 

 

Θ = 90 – α 
K = cos Θ 
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Figure 2.5: Azimuth and Altitude angles 
diagrammatic. 
Lindley and Whitaker, 1996. 

 



45 
 

The equilibrium temperature is: ∆t = (l x a)/ f ----------------------------- (22) 

Where: Qi = heat input rate (w/m2). 

    Ql = heat loss rate (w/m2). 

     I = incident intensity (w/m2). 

     a = absorption coefficient 

     f = film or surface conductance for emission (w/m2 OC). 

     ∆t = temperature increase over ambient. 

The value of f depends on the material, on its surface texture, on air velocity 

passing the surface and on the temperature of surfaces opposite the absorber (at any 

distance); thus it allows for both convective and radiant heat transfer processes.     
 

2.9  INCIDENT RADIATION THROUGH TRANSPARENT  

MATERIALS 

Transparent covers in various shapes are used for reduction of heat losses from 

the radiation-absorbing surfaces of most solar collectors. For transparent materials, the 

sum of the absorptance, reflectance, and transmittance must equal unity (Kreith, 1978). 

The mechanism of transmission of radiation through a transparent material, such as 

glass, is a rather complex process which depends on the wavelength of the radiation, 

the angle of incidence, the refractive index, n and the extinction coefficient, k.  

However, a solar collector usually consists of a glazing material like glass or 

transparent material placed over an absorbed plate. The glazing material could be in a 

single or double form. Due to certain desirable economic and engineering properties of 

plane glass, researchers (Kreith, 1978; Duffie and Beckman, 1980; and Lindley and 

Whitaker, 1996) give preference to it over other glazing materials for construction of a 

solar collector. Such properties include: larger capacity of transmitting about 90% or 

more of the solar radiation at all angles of incidence; have dimensional stability; plane 

glass serves as one-way trap, in that it allows sun rays to enter or pass through it but 

does not allow long wave radiant heat to leave; plane glass has long term durability 

than polyethylene materials that deteriorates on exposure to the sun, rain and hail. 
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Other desirable properties include low weight, low infrared transmittance, and low 

cost. 

The optical behaviour of a substance can be characterized by two wavelength-

dependent physical properties - the index of refraction, n and the coefficient of 

extinction, k. The index of refraction which determines the speed of light in a glazing 

material also determines the amount of reflected radiation from a single surface, whilst 

the extinction coefficient determines the amount of light absorbed in a substance in a 

single pass of radiation (Kreith, 1978). However, the calculation of transmission of 

light through a transparent medium is governed by principles laid down long ago by 

Fresel, Snell, and Strokes as stated in equations (24) and (25). 

Figure 2.6 below defines the angles used in analyzing reflection and 

transmission of light. The incidence and refraction angles are related by Snell’s law as 

shown in equation (23):   

sini/ sinθr = nr / ni = nr = 1.52 ------------------------------------------------ (23)  

(Since for grazing incidence or refractive index of air, i = 90O, and sin  

90O = 1). 

Where: i = angle of incidence; 

   θr = angle of refraction; 

    ni and nr = refractive index of glass and refractive index of air  

             respectively. 
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Incidence beam 

ir 

Reflected beam 
               i    i 

Refracted beam 
It 

θr 

(Air) 
ni= medium 1 

 

nr = medium 2 
(Glass) 

Fig. 2.6: diagram showing incident, reflected, and refracted beams of       
              light and incidence and refracted angles for a transparent medium.  
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Duffie and Beckman (1980) developed the following relationships for designing 

a solar dryer: 

Surface reflectance, ρ = [(µ1 - µ2) / (µ1 + µ2)]
2 ----------------------------- (24) 

Where: µ1 and µ2 = refractive index of air and glass respectively. 

For an air-glass medium, µ1 = 1, then the reflectance is given as: 

 ρ = [(µ - 1) / (µ + 1)]2 --------------------------------------------------------- (25) 

µ = refractive index of glass (1.50 – 1.52), [Kreith, 1978]. 

For a glass of µ = 1.51, reflectance, ρ = [(1.51 – 1) / (1.51 + 1)]2 = 0.0413. 

 It is noted that the reflectance of an air-glass interface common to solar 

collectors may be reduced by an etching process: if the glass is immersed in a silica-

supersaturated fluosilic acid solution, the acid attacks the glass and leaves a porous 

silica surface layer. This layer, according to Kreith (1978) has a refractive index 

intermediate between glass and air. By gradually changing the refractive index, 

reflectance losses are significantly reduced.  

 

Table 2.2: Refractive index of Various Substances in the Visible Range Base    
      on Air. 

   

 

 

   

 
 
 
 
 
 
 

Materials                                                               Index of refraction 
Air         1.00 
Clean polycarbonate (PCO)    1.59 
Diamond       2.42 
Glass (solar collector)     1.50 – 1.52 
Plexiglass (polymethyl methacrylate, PMMA) 1.49 
Mylar (polyethylene terephthalate, PET)  1.64 
Quartz        1.54 
Tedlar (polyvinyl fluoride, PVF)   1.45 
Teflon (polyfluoroethylenepropylene, FEP)  1.34 
Water-liquid       1.33 
Solid         1.31 
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  Source: Kreith, 1978.  
 
 

The transmittance of a solar radiation is expressed as: 

ζ r ,n = (1 -  ρ) / [1 + (2n – 1)] -------------------------------------------------- (26) 

Where: n = number of pane of glass, ρ = reflectance. 

For solar dryer with one pane of glass, n = 1, we have: 

   ζ r = (1 -  ρ) / (1 + ρ) ----------------------------------------------------------- (27) 

This type of glass with reflectance, ρ = 0.0413 will, therefore, have transmittance, ζ r = 

(1 - 0.0413) / (1 + 0.0413) = 0.921. 

 Generally, in solar dryers, the heat or radiation transmitted by the glass is 

absorbed by the absorber plate embedded inside the collector and converted to thermal 

energy, eventually used for drying operation. Therefore, the justification of the solar 

dryer lies on the efficiency of the absorbing material to trap sufficient amount of 

transmitted radiation for drying operation.  

Table 2.3: Solar Absorptance of Various Absorbing materials. 
  

 

      

        

            

   

 

 

 

 

 

 

 

Material     Absorptance 
 
Aluminum (pure)    0.09 – 0.10 
Aluminum (anodized)   0.12 – 0.16 
Aluminum (with SiO2 coating)  0.11 
Carbon black    0.94 
Chromium     0.415 
Copper (polished)    0.35 
Iron      0.44 
Lampblack (in epoxy)   0.96 
Parsons black    0.98 
Nickel     0.36 – 0.43 

Source: Duffie and Beckman, 1974. 
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2.10 DRYING THEORY 

Drying is a process  of moisture removal in which the internal water of a 

hygroscopic substance moves, in the form of liquid, vapour, or both, to the surface of 

the material and is evaporated or transferred by convection to air passing over the 

material, with or without the supplement of heat (Brooker et al, 1992). 

According to Ekechukwu (1987) and Mclean (1980), under ambient conditions, 

these processes continue until the vapour pressure held in the product equals that held 

in the atmosphere. Therefore, the moisture content at this stage is known as the 

equilibrium moisture content. Hence the process of drying usually involves 

simultaneous heat and moisture transfer. The driving force for drying is the chemical 

potential associated with the water in the material, i.e. moisture moves from inside a 

moist material where the chemical potential is high to outside the material where it is 

low. 

The basic energy balance equation for drying process is represented by the 

expression: 

Ma Cpa (TB – TC) = MwL -------------------------------------------------------(28) 

Where: Ma is the mass drying air, Cpa is the specific heat capacity of air at 

constant pressure, TB and TC are initial and final temperatures of drying air 

respectively, Mw is the mass of water to be evaporated from the sample and L is the 

latent heat of evaporation for free water from the product (fish). 
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Figure 2.7 shows the drying process on the psychometric chart. If ambient air at 

temperature TA and relative humidity WA is heated to WB then WA will reduce to WB. 

This heated air can be used to remove moisture from fish of Mo until equilibrium WC is 

reached. The temperature of drying will reduce from TB to TC and the humidity ratio, 

W, will increase with the increment of ∆WC (i.e. WCB = TB – TC). The drying paths are 

represented by A-B-C. 

The equation of the mass of water evaporated from fish Mw is given by: 

    ------------------------------------------------------------- (29) 

  

 Where: Mi is the initial mass of wet fish to be dried; Mf is the final moisture 

content; Mo is the moisture content of fish. By substituting Eq. (29) into Eq. (28) then 

the quantity of air needed for drying yields:  

 

      -------------------------------------- (30) 

Ma =         

Above all, with possible exception of grains, a complete understanding of the 

mechanism of foods has not yet been developed. The information is available has often 

Fig 2.7: Parts of the drying process on the Psychometric chart   

A 

Humidity 

Temperature  
TA TB 

ФC 

WB 
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∆WC 
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C 

TC 

ФA 

ФB 

Mw = Mi (Mo – Mf) 

    (100 - Mf) 

                 Mi (Mo – Mf) L  

          (100 – Mf ) Cp (TB – TC) 
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been obtained under isolated laboratory conditions using a single layer of the product 

as a test sample. Such sample drying behaviour has been observed by Van Loesecke 

(1957) and Yaciuk (1982) to differ from bulk drying because the drying pattern in one 

portion of the batch will be affected by that in another portion of the batch. This, 

therefore, might mean that moisture removed from one grain will be absorbed by a 

second from which it will then be released to be absorbed by a third grain and so on 

before eventually being expelled into air. 

However, it is generally accepted that there are two basic phenomena involved 

in the drying process: the evaporation of moisture from the surface, and the migration 

of moisture from the interior of a particle to the surface. 

Fish are subject to the basic principles of drying described previously, i.e. water 

is removed from the fish by evaporation in two phases. During the first phase (constant 

rate period), when only water on the surface of the fish or very close to the surface 

evaporates, the rate of drying is mainly dependent on the rate of passage of hot air over 

the fish and on the ability of that air to absorb moisture. Generally, it is a function of 

temperature, speed of air movement and the relative humidity of the air. The drying 

rate can be raised by increasing the fish surface area by splitting, scoring and so on; 

increasing the temperature of the fish and reducing the air relative humidity. According 

to Eye (2001), the drying and constant rate period can be calculated using the equation 

(31): 

e = hm A (Ps - Pa) --------------------------------------------------------------- (31) 

where: e is the drying rate (kg/s), hm is the mass transfer coefficient (kg/ms2pa), 

A is the surface area of the fish (m2), Ps is the partial pressure of water vapour in the air 

at the fresh fish surface, Pa is the partial pressure of water vapour in the air stream. 

During the second phase, or falling rate period of drying, water then begins to 

migrate from the fish flesh to the surface. Evaporation from the fish surface will be 

dependent on the rate of moisture transfer from inside the fish to the surface. As the 

rate of migration becomes slower the drying rate declines. This is known as falling 

rate. Moisture transfer rates will be lower for oily fish since the oil acts as a barrier to 
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moisture movement (ILO publication, 1986). In common with all commodities the 

second phase of fish drying will depend on piece size (i.e. distance from the surface), 

temperature and the amount of residual water. The moisture content of the point when 

the constant rate stops and the falling rate begin is known as the Critical Moisture 

Content. The falling rate can be expressed by the Fourier’s equation (32): 

                                         ------------------------------------------------------ (32) 

 

 Where: C is the moisture concentration (kg/water/m2 of fish); Dx, Dy and Dz are 

diffusivity of water vapour in fish in three directions x, y and z (m2/s); t is the time (s).  

 Fish processing documentaries noted that if fish are dried too rapidly a hard 

impermeable layer forms on the outer crust which prevents the passage of any more 

moisture. This phenomenon is known as case hardening. Externally, case hardened fish 

look well dried but the centre of the fish will still be moist and could spoil. Therefore, 

a fish which has been damaged in this way will be hard on the outside, but may feel 

soft or spongy internally when pressed.   

In the works of Jason (1958), Fourier’s expression was solved by making 

approximations for the fish shape, change in diffusivity with moisture concentration 

and effects of skin and shrinkage, etc. which yields: 

M – Me = Mc – Me e
(-t/T

1
) ------------------------------------------------------ (33) 

Where: M is the mass of the fish (kg), Mc is the mass at the end of the constant 

period, Me is the equilibrium mass of the fish corresponding to the temperature and 

humidity of the surrounding air, t is the time, T1 is the time constant related to the 

diffusivity of the water in the fish muscle.  

This equation implies that reducing the ambient air humidity can speed up the 

drying process and by increasing the drying temperature, which increases the rate at 

which water diffuses through the fish. The magnitude of the drying rate during 

constant rate and falling rate periods depends only on the heat transfer coefficient. 
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In general, the drying rate depends on the vapour pressure gradient between the 

fish and the surrounding air, the rate of heat supplied to the fish and the rate of heat 

transfer in the fish.   
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CHAPTER THREE 

 

3.0                                  MATERIALS AND METHODS 

3.1 THEORETICAL DESIGN CONSIDERATION 

In designing the fish smoke-dryer, parameters considered include: batch size, 

initial and final moisture content of the fish samples, maximum drying temperature and 

drying rate. Considerations were also made on the availability, quality, and cost of 

prospective construction materials as well as the latitude and insolation characteristics 

of the area.  

The fish smoke-dryer is of the distributed type, natural convection solar dryer 

with charcoal backup heater. It comprises essentially of the following components: a 

rotating solar collector, drying chamber, oil collector tray, charcoal container, 

chimney, door, and drying rack. All these components were mounted on a rectangular 

based angle-iron stand.  

 

3.2 DESIGN METHODOLOGY  

3.2.1 Solar Collector 

This was in the shape of a wooden box. The length and width of the solar 

collector was calculated using the equation (9) in chapter two as 98cm and 72cm 

respectively, but were approximated to 100cm and 75cm for convenience. The 

collector depth was chosen to be 20cm. the box was made with plywood and was 

lagged with fiberglass. A mild steel plate was formed in the shape of an open box of 

approximately the same size as the solar box and inserted in the solar box to act as the 

absorber plate as shown in figure 4.28. The whole unit was painted dull black (inside 

and outside) to enhance the absorptivity of the solar radiation. The collector was 

judiciously designed to obtain the dimensions that will harness and affect the necessary 

enthalpy increase of the drying air flowing through it to provide adequate drying 

temperature. A hood was formed inside the collector to direct the incoming 
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air/transmitted heat into the drying chamber so as to avoid rebounce at the collector 

outlet edge. See figure 4.26 below. 

 A plain glass of 4mm thickness with the same cross-sectional area with the 

solar collector was used to place over the solar box. The glass therefore, served as a 

glazing material that allows radiation from the sun to pass through it before it is 

absorbed by the absorber plate. However, plain glass was selected based on its 

preference to other glazing materials used in solar dryer (e.g. white plastics and white 

polythene materials) due to certain desirable economic and engineering properties of 

plain glass, and also because the other materials deteriorate on exposure to the sun, 

rain and hail (Kreith, 1978; Duffie and Beckman, 1980; Lindley and Whitaker, 1996).  

The solar collector also consisted of a circular hole of diameter 10cm located in 

front of the solar box and a 9.5cm diameter hole at the back acting as solar air inlet and 

outlet respectively. A metallic pipe of 20cm long and 9.5cm diameter was used to 

connect the solar collector box with the drying chamber to form a unit. One of the 

edges of the collector box was mounted on a pair of ball bearings and the other edge 

joined with the drying chamber connector. This was aimed at providing a novel 

flexibility on the solar collector so as to be rotated with respect to the position of the 

sun and track the sun’s radiation as shown in plate 3 and figures 4.26 and 4.27 No 22. 

 The ball bearings however, were selected in preference to journal and roller 

bearings. This is because ball bearings are known for their less noisy operation, 

reduced rate of wear, and durability. In addition, their selection was made based on the 

recommendation of the Antifriction Bearing Manufacturers Association (AFBMA). 

The bearing used had outer and inner diameters of 4cm and 1.5cm respectively. 

 

3.2.2 Batch Size/Dryer Chamber 

There is a choice of batch size. Since the dryer is a prototype and drying is to be 

done in racks, two racks were arranged, one above the other at a distance of 10cm in 

the drying chamber. The dimensions of the racks were taken as 27cm x 27cm x 10cm. 
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This is in line with the recommendation of Badger and Badero (1978) that dryer racks 

should be optimally loaded to 7-12% of their volumes. 

The drying chamber consisted of a square box of dimensions: 30cm x 30cm x 

45cm. It was constructed from a mild steel metal sheet. The capacity of the dryer 

chamber was calculated from the expression given by Omojiba (2005) as shown in 

section 3.3.6 and equation (9) of chapter two. In addition, the maximum number of fish 

per batch for optimal drying was determined by using the expression of the heat given 

out by the biomass-solar heat source as:  

H = MCPDT --------------------------------------------------------------------- (34) 

Where: H = drying heat, kJ. 

           M = mass of fish, g. 

          CP = specific heat capacity of fish (0.8kJ/kg, FAO, 2001). 

          DT = temperature difference between the drying air and ambient air. 

         T1 and T2 = average ambient air and dryer chamber temperatures   

                            respectively. 

So, 
 H = MCP (T2 – T1) ------------------------------------------------------------ (35) 

 

Hence, 
 T2 = (HMCP) + T1 --------------------------------------------------------- (36) 
 
In order to minimize heat loss by conduction to the ambient environment, it was 

lagged with a 5.08cm thick fiberglass and painted black both inside and outside to 

increase its heat absorption. The drying chamber had in addition, a “stem 

thermometer” (graduated in oF) mounted on it in order to measure the temperature of 

the drying air in the dryer chamber. The roof of the dryer chamber was given a 

trapezoidal configuration (a hood with height, 10cm) so as to serve as a guide to the 

exiting drying air in the chamber through the chimney. Above the drying chamber, was 

constructed a chimney with dimensions: 5cm x 5cm x 40cm, painted dull black to 

create an updraft of air which in turn enhances the drying rate of the dryer. See plate 2 

and figure 4.23 below. 
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The base of the drying chamber has a metal sheet (corrugated sheet) measuring 

25cm x 25cm which served as an oil collector, placed 10cm above the charcoal burner. 

4mm air holes were drilled round the edges of the dryer chamber base to allow air 

enter the dryer chamber, hence increasing airflow.  

 

3.2.3 Charcoal Burner 

 The charcoal burner was constructed with a metal sheet in the form of a 

truncated frustum, with dimensions 150cm x 30cm x 10cm. This unit contained the 

charcoal and consisted of a discharge unit made with wire mesh, through which ashes 

were dropped out from burnt charcoal crumbs; it also allows air to blow the glowing 

charcoal through it. The burner chamber also consisted of loading/unloading door 

positioned to align with the top of the burner for easy recharging of the burner. The 

charcoal chamber was also lagged to minimize heat loss. The size of the burner was 

selected based on the required quantity of charcoal to produce a certain amount of heat 

needed to remove a given amount of water from a required number of fish to be dried. 

 

3.2.4 Calorific Value of Charcoal 

 The calorific value of charcoal (29600kJ/kg) as recommended by Hall (1979) 

was used in the determination of heat input required for the combustion of charcoal. 

 

3.2.5 Distance between Charcoal Burner and the Oil Collector 

 The distance, h between the charcoal burner and the heat exchanger was 

estimated using the expression given by Baldwin (2008): 

 h = 0.4L ------------------------------------------------------------------------- (37) 

 

 Where: h = vertical distance between the charcoal burner and oil collector  

                             tray. 

                      L = length of the plate. 
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3.2.6 Airflow and Direction 

 As charcoal requires air for combustion, uniform openings were made using 

wire gauze in the burner and also 4mm diameter air holes were drilled on the floor of 

the burner chamber to allow for free movement of air from the bottom of the burner 

through the charcoal bed into the drying chamber. 

   

3.3 DESIGN CALCULATION 
 

3.3.1 Weight of Water to be removed  

The dryer was designed to dry a maximum number of 6kg fresh fishes per batch. 

Taken a batch weight of 6kg at 60 per cent moisture content after brining, thus the total 

weight of water present is: 

M1 = 6kg x (60/100) = 3.6kg 

i.e. 3.6kg of water, which means that the dry matter (with zero per cent 

moisture) will be: 

Wd = 6kg – 3.6kg = 2.4kg 

After drying, the dry matter will still be 2.4kg which will be equivalent to 82 per 

cent of its weight at 18% moisture (safe moisture content). That is, 100 – 18 = 82. So, 

2.4g  82% @ 18% m.c.   

Thus at 18% moisture content, the final weight of the product will be: 

M18% = (wd/wt) x 100 = (2.4 x 100)/82 = 2.93kg 

i.e. 2.4kg of dry matter and 0.53kg of water (i.e. 2.93 – 2.4) 

This means that the weight of water that has to be removed is: 

WH2O = M1 - M2 = 3.6 – 0.53; or 3.07kg per batch of 6kg. 

 

3.3.2  Quantity of air needed to remove the required Moisture from the Batch 

Using the following local ambient conditions as supplied by a local weather 

station: average ambient temperature and relative humidity, 28.25oC and 78% 

respectively. Therefore, using the psychometric chart, the moisture content of the air is 

0.0182kg moisture per kg of dry air. 
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The theoretical weight of moisture that the heated air can hold when heated to 

50OC using the psychometric chart gives 0.0282kg moisture per kg of air. It should be 

noted that the air, after heating, still contains the same amount of moisture but  its 

relative humidity has fallen from 78% to approximately 10 per cent. In other words, it 

has a greater capacity to absorb moisture from the product. 

The potential for the heated air to pick up moisture is given as: 

0.0282 – 0.0182 = 0.01kg moisture per kg of air = theoretical wt. of moisture 

that each kg of the heated air can remove. 

For fish drying, a pick-up factor of 0.2 was assumed reasonable (Axtell, 2002). 

Therefore, the actual loss in moisture weight per kg of air is: 

0.01 x 0.2 = 0.002kg moisture per kg air. 

The total quantity (number of kilograms) of air required to dry the 6kg batch of fish is 

given as: 

Total amt. of moisture to be removed the actual potential for air to pick up moisture. 

= 3.07kg / 0.002  

               or 1535kg of drying air. 

 

3.3.3  Converting Weight of the Air to Volume of Air 

Volume flow rate (m3/hr) = mass flow rate (kg/hr) x specific volume (m3/kg). 

For specific volume, using the psychometric chart (28oC, 78% Rh), it yields 

0.877 m3/kg. 

For a maximum drying time of 6hrs, the mass flow rate (kg/hr) gives: 

Ma = 1535kg  6hrs. = 255kg/hr. 

Therefore, volume flow rate = 255kg/hr x 0.877m3/kg; or 224m3/hr. 

Therefore, it behooves the use of a-10cm diameter inlet hole for the ambient 

drying air (Othieno, 1996).  

 

3.3.4 Estimating the Energy required from Charcoal to Heat the Air 

The heat needed to dry the product is given by Brooker et al, 1992 as: 

Q = Ma x (h2 – h1) ---------------------------------------------------------------------- (38) 
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Where: 

Q = heat required (kW) 

Ma = air mass flow rate (kg/sec) 

h2 and h1 = specific enthalpy of air at drying and inlet temperatures respectively.              

From the psychometric chart, h1 = 75kJ per kg of dry air; h2 = 98.7kJ per kg of dry air. 

Therefore, Q = 0.0708kg/sec x (97.8 – 75)  

  = 0.0708 x 22.8 = 1.61kJ/s or 1.614kW. 

Assuming a calorific value of charcoal to be 2900kJ/kg (Obi et al, 2001), then: 

1.614kJ/s  2900kJ/kg = 0.00056kg/sec or 0.001kg/sec. 

This is equivalent to burning 2kg of charcoal per hour or 12kg of charcoal per    6-hour 

drying cycle. 

 

3.4 Charcoal Burner Capacity 

The size of the charcoal burner is selected as to match the capacity of the drying 

chamber. For optimal drying efficiency of a natural convection dryer, a biomass burner 

capacity range of 0.15m3 to 0.5m3 matches a dryer chamber of 0.02m3 to 0.1m3 (Bena 

and Fuller, 2007). 
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From the figure above,  

Volume of burner = vol. of truncated frustum. 

X 

Figure 3.0: charcoal burner design. 
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i.e. V = 1/3 base area x height. 

But V = bigger vol. – smaller vol. = 1/3A2H – 1/3A1h 

Where: x and y are centers of the bottom and top of the frustum respectively.  

To determine the diagonals of the top and bottom: 

(AC) 2 = (AD) 2 + (DC) 2  

 = (150)2 + (150)2 = 45000 

AC = 212.12cm 

Then, CY = AY = (212.13)2 = 106.07cm. 

For diagonal PR: 

(PR) 2 = (PQ) 2 + (QR) 2 

 = 102 + 102 = 200 

PR = 14.14cm 

RX = PX = 14.142 = 7.07cm 

 

3.4.1 Burner Height:   

 From figure 3.0, using similar triangles, 

We have: 

             h7.07 = 14.14106.07 

         7.07(h +25) = 106.07h 

        176.75 = 99h 

          h = 1.785 or 1.8cm 

Therefore, height of bigger pyramid H = 1.8 +25 = 26.8cm 

Volume, V = bigger vol. – smaller vol. 

        = 1/3A2H – 1/3A1h 

        = 1/3 (150 x 150 x 26.8) – (10 x 10 x 1.8) 

        = 201000 – 60  

   V = 200940cm3 or 0.20094m3.  

Therefore, the choice of 20cm3 for the charcoal burner volume was apt and 

matches the size of the drying chamber. 
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3.5   Solar Collector Design 

Collector useful heat energy required is given by: 

E = E1 + E2 ------------------------------------------------- (39) (Omojiba, 2005)  

   = WmCp (T2 – T1) + LvWt --------------------------------------------------- (40) 

In which,  

E1 = WmCp (T2 – T1) and, ---------------------------------------------------- (40a) 

E2 = LvWt ---------------------------------------------------------------------- (40b) 

Where: E = collector useful heat energy gain, kJ. 

 E1 = sensible heat added to the material (fish) 

 Wm = weight of fish, kg 

Cp = specific heat of fish, kJ/kgoC. 

T2 = temperature of air outside the dryer, oC. 

T1 = collector inlet temperature, oC. 

Wt = weight of water to be removed, kg. 

If T2 is assumed to be 50oC, then heat of vaporization, Lv at 50 oC is given a 

43.016kJ/mol = 2387.7751kJ/kg (Hall et al, 1979). 

Specific heat of fresh fish is given as 0.8kJ/kg (FAO, 2001). 

From equation (40a), 

E1 = 6kg x 0.8 (50 – 28.25) = 4.8 x 21.75; or 104.4kJ 

And, E2 = LvWt = 2387.7751 x 3.07kg = 7330.470kJ; or 7330.5kJ 

From (39),   

E = E1 + E2 = 104.4 + 7330.5 = 7434.9kJ 

Assuming 5hrs of sunshine, the required heat energy per hour would be: 

7434.9kJ  5hrs. = 1486.98kJ/hr,  

or 0.41305kJ/s = 0.413kW = 413W. 

 

3.5.1 Area of Collector 

 The area of the solar collector is calculated as: 

 Qu = ACFRTIH -----------------------   (41) (Komolafe and Osunde, 2005).    

Where: Qu = rate of useful heat gained, J/s or kW. 
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    Ac = Area of collector, m2. 

    FR = heat removal factor (0.7 - Komolafe and Osunde, 2005) 

    T = effective transmittance-absorption of product of product (0.79 –  

                        Komolafe and Osunde, 2005). 

     IH = average horizontal solar radiation, kW/m2. 

From a local weather station, average daily ambient radiation of Owerri West for the 

month of June is 1.02kW/m2 (Kate, 2011). 

Therefore, IH = 1.02kW/m2. 

Area of collector, AC = Qu  FRTIH becomes: 

 AC = 0.413kW  (0.7 x 0.79 x 102kW/m2)  

        = 0.732m2 or 732cm2. 

 

3.5.2 Collector/Drying Chamber Dimension 

The configuration of a free convective solar dryer has been worked out in 

equation (9) of chapter two. 

i.e. A = 0.733x2  

                A = 0.732m2 = 0.733x2 

       x2 = 0.73  0.733 = 0.955   

       x = {0.955}1/2 = 0.977 or 98cm. 

Hence, length of the solar collector, x = 0.98m; width of the collector, 

 w = 0.733x = 0.733 * 0.977 = 0.72m or 72cm. 

 

3.5 .3 Optimum Collector Slope 

For maximum solar energy received by the flat plate collector, the inclination 

angle of the collector to the horizontal was determined using equation (14) of chapter 

two: 

(Ф – 10o) ≤ β (Ф +10o) ---------------------------- (42)   (Gbaha et al, 2007).  

This implies -5o, 0o, 5o, 10o and 15o, with reference to FUTO geographical latitude 

angle = 5o7 = 5.45o. 
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3.6 Velocity of Air through the Solar Collector 

The air velocity through the collector is determined as given by Hollet and Woertz 

(1942) and Goodman (1977) as:  

Vc = Ma  (AcS) --------------------------------------------------------------------- (43) 

Where: Ma = mass flow rate of the ambient air, 0.0780kg/sec. 

              = air density 

             Ac = area of collector flow channel = r2 

    S = local latitude = 5.45o 

But diameter of inlet air hole = 10cm; air density is determined using the 

relationship between density and temperature as: 

 = (1.293kg/m3 x 273oK)  (273 + t) --------------------------------------------- (44) 

Where:  

t = average ambient temperature = 34.8oC. 

Substituting these given data into equation (43) yields, 

 Vc = 1.15m/s which is the velocity of the fluid flow.  

 

3.6.1 Determination of the Velocity of Air in the Drying Chamber 

Assuming no heat exchange between the collector and the drying chamber, the 

mass flow rate of air in the collector equals the mass flow rate of the air in the drying 

chamber. 

i.e. Mac = Mad = 0.0708kg/sec 

Vd = Ma Ad ---------------------------------------------- (45) Othieno (1992) 

Where: Ma = mass flow rate of air in the drying chamber. 

               = air density at Tin = 1.054kg/m3. 

   Tin = temperature of air at inlet of the drying chamber. 

But the cross-sectional area of the drying chamber, Ad = L x w =0.9m2. 

Substituting the given parameters into equation (45), the velocity of air in the chamber 

becomes 0.0746m/s.  
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3.7 Drying Chamber Volume and Chimney Sizing 

 The volume of the drying chamber is determined by: 

Vol. of the product to be dried per batch = (wt. of fish per batch)  (bulk   

                                                                      density). 

But volume of the product to be dried = l x w x hc -------- (46) (Leon et al, 2002). 

Where: l = length of the drying chamber, m 

              w = width of the drying chamber, m 

             hc = height of the drying chamber, m. 

Vol. = 6kg  148.15kg/m3; or 0.0405m3. 

Thus, the dryer dimension, l x w x hc yields: 30 x 30 x 45cm3 or 40500cm3. 

Determination of the thickness of insulation was based on the recommendation 

of Holman, 1981 and Eastop and MCconkey, 1993. Thus, fiberglass of 2 inches (5.08 

cm) thickness was used to lag the dryer chamber. 

The design of a chimney requires determination of the height and diameter to 

match the size and specification of the burner and drying chamber and its function. The 

height is determined from the need to terminate the chimney height and control wind 

effect (Obi et al, 1996). A minimum height of 300cm and 30cm for large and small 

heaters respectively is required (Ali, 1988). 

The biomass burner/heater is of a small type and qualifies for a chosen chimney 

height of 40cm which is in line with the recommendation of Othieno, 1992. The 

diameter is a more decisive variable than the height. The capacity of a chimney 

depends on the potential chimney draft – the pressure difference created by the inside 

and outside air temperature difference, chimney height and chimney area. 

For effective air and gas flue draft from the chimney, Othieno (1992) 

recommended a maximum chimney height of 0.8m for a dryer chamber volume 

between 0.02m3 to 0.09m3. The pressure difference or chimney draft can be expressed 

as:  

dpch
 = h (o - i) g -------------------------------------------------------------- (47) 

(http//www.engineeringtoolbox.com)     
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Where:  dpch = pressure difference in the chimney, N/m2. 

    h = height of the chimney, m. 

    o and i = densities of outside and inside air respectively, kg/m3. 

    g = acceleration due to gravity – 9.81m/s2.   

Alternatively, equation (47) can be expressed thus: 

dpch = 0.0465dt h ------------------------------------------------------------- (48) 

Where: dt = temperature difference between outside and inside air, oC. 

 Therefore, chimney height h = dpch 0.0465dt. 

The relationship between the volume of a dryer chamber and chimney is 

expressed according to Leon et al (2002) as: 

Q = VT ------------------------------------------------------------------------- (49) 

And, Q = CA {2gH (Ti
 - Te)  Te}

 1/2 ------------------------------------ (50)   

Then, 

 H = Q2 Te  C2A22g (Ti
 - Te) --------------------------------------------- (51) 

Where: Q = chimney draft or flow rate, m3/s. 

   V = volume of dryer chamber, m3. 

   T = time of drying, hrs. 

   A =cross sectional area of the chimney, m2. 

   C = discharge coefficient (usually taken to be 0.65 – 0.7) 

   g = gravitational acceleration, 9.807m/s2. 

   Ti
 = average temperature inside the chimney, oK. 

    Te = external air temperature, oK.  

The required chimney area is given as:  

A = Q  V ----------------------------------------------------------------------------- (52)  

Where: A = cross sectional area of the chimney, m2. 

  Q = chimney draft = 0.0465dt h m3/s. 
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            V = velocity of air in the dryer chamber = 0.075m/s. 

Hence, the chimney total area = 850cm2. 

 

3.8  EXPERIMENTAL DESIGN  

The experiment was designed by using the Randomized Complete Block Design 

(RCBD). The two heat sources – charcoal and charcoal & solar, two different fish 

species of the same weight formed the major treatments. Different weights of 

charcoal, ambient air condition, drying rate and percentage weight loss were varied 

as treatments with days and time of drying as replications or block by using the 

treatment design Factorial experiment in the form of RCBD as shown in tables 3.0 

and 3.1. 

 

Table 3.0: Experimental Layout of a Factorial experiment in RCBD showing   
                 randomization of average ambient air condition and charcoal  
                 weights. 

 

 Ambient Air Condition 
Charcoal Wt. Rep TDB TWB Rh Total 

W-600 
I W1TDB1 W1TWB1 W1Rh1  
II W1TDB2 W1TWB2 W1Rh2  
III W1TDB3 W1TWB3 W1Rh3  

 Sub-total     

W-450 
I W2TDB1 W2TWB1 W2Rh1  
II W2TDB2 W2TWB2 W2Rh2  

IIII W2TDB3 W2TWB3 W2Rh3  
 Sub-total     

W-300 
I W3TDB1 W3TWB1 W3Rh1  
II W3TDB2 W3TWB2 W3Rh2  
III W3TDB3 W3TWB3 W3Rh3  

 Sub-total     
 Grand Total     

 

 Table 3.1: Experimental Layout of a Factorial experiment in RCBD showing  
                  randomization of the treatment factors. 



68 
 

 

Factor B  
(Energy Source) 

Reps 
Factor A (fish spp) 

 
F1 F2 Total 

HC 
I HCF11 HCF21  
II HCF12 HCF22  
III HCF13 HCF23  

 Sub-total   HCFiN 

HSC 
I HSCF11 HSCF21  
II HSCF12 HSCF22  
III HSCF13 HSCF23  

    HSCFiN 
 Grand Total    

 

Where: Fi = F1 and F2. 

And N = 1, 2, 3. 

 

 

3.9  EXPERIMENTAL PROCEDURE   

The tests were conducted between the periods of 10th of June, 2011 and 29th of 

July, 2011.  

A preliminary test (or no-load test) was first conducted for seven bright days to 

evaluate the thermal profile of the solar collector. The ambient air conditions were 

noted and recorded by the use of a hygrometer, as well as their corresponding drying 

chamber temperature.  

Thereafter, the dryer was allowed to run on charcoal only to evaluate its (i.e. 

charcoal) heat output. The charcoal bought from a village market within Owerri 

metropolis was first sorted and graded according to their sizes/weights in the range of 

10g – 20g, 25g – 35g, 40g – 50g. An average weight of 35g crumbs were selected and 

filled to the brim of the charcoal burner (by a total charcoal weight of 600g) through 

the burner door. The charcoal was ignited and the solar collector outlet gate was locked 

to avoid heat escaping though it. The temperature of the drying chamber was measured 

and recorded with an industrial stem thermometer (Ashcroft) mounted on top of it as 

shown in plates 2 and 4. The maximum and minimum temperatures were also recorded 
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as well as the time taken for the charcoal to burn. The no-load test was repeated by 

filling the burner a half of its capacity (i.e. with 300g charcoal) and later with 450g 

charcoal weights to evaluate their respective heat output.  

The dryer was also operated on both energy sources running concurrently during 

bright days from 7:00am to 6:00pm. The dryer chamber temperature and the ambient 

air conditions were also measured and recorded. Some fishes of the same weight (two 

different species: Scumbia and sardine) bought from a nearby village market (Ihiagwa 

market) were used to determine the maximum number of fish that can be handled per 

batch for optimal drying base on the quantity of heat produced as well as the drying 

time. A maximum of six fishes were sufficiently dried.  

At the start of the smoke drying test, the fabricated smoke dryer was positioned 

at a distance reasonable enough from trees and buildings in order to prevent shading 

effect. The dryer was positioned to align with the North-South axis and with the solar 

collector tilted to face the South Pole. The desired treatment combinations were used 

in each test. The moisture content of the two fish species was determined by weighing 

the fresh fishes and drying them until no significant weight loss was observed. The 

weight was measured and recorded in hourly intervals with the use of an electronic 

weighing balance (0.002% error). The fresh fishes were then soaked in a brine 

solution (salt to water ratio – 0.7: 5litres) for 45 minutes (Crapo, 2007) in order to 

reduce the initial moisture content, improve their flavour and enhance their shelf life as 

well as reducing their drying time. They were then drained for about 25minutes before 

starting the experiment.  

Before the commencement of each smoke drying test, three fishes from the two 

species were selected at random, tagged with masking tape at their tails and weighed 

on an electronic weighing balance. Their respective masses were recorded. Then the 

weighed tagged fishes were put into the drying chamber while the charcoal had already 

been glowing, the starting time was recorded. The temperature in the solar collector 

chamber and the ambient air temperature were measured with a mercury-in glass 
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thermometer and hygrometer respectively. While the mass of the fishes were taken at 

hourly intervals using an electronic weighing balance.   

At the end of each test, which lasted for 5 - 6 hours, the moisture content was 

calculated as a percentage of the initial dried mass of the fish; and the difference 

between the initial mass and the hourly measured masses was used to calculate the 

percentage weight loss for each fish species. The quantity of charcoal used as well as 

the quantity left after the experiment was measured and recorded by weighing a load of 

charcoal that filled the burner at the start of the experiment and other subsequent 

crumbs. These tests were carried out in 12, 24 and 27 replications with the various 

treatment combinations of the fish species (F1 and F2), energy source (HC and HSC), and 

ambient conditions (Tdb, Twb, & Rh). See tables 3.0 and 3.1. 

 

3.10 PERFORMANCE EVALUATION 

The performance evaluation of the fish smoke-dryer was evaluated in terms of 

the throughput capacity of the dryer, i.e. the maximum number of fish samples that can 

be dried per batch; sensory evaluation (i.e. product moisture content, colour and taste), 

drying rate, drying efficiency, fuel efficiency, rate of fuel consumption, drying time, 

solar collection efficiency and heat calculations/kinetics.  

 

3.11 Physico-chemical Analysis 

The required moisture contents of the dried fish samples after every hour were 

determined by smoking and accurately weighing each of the 1kg fish sample and 

subtracting the weight of the bone-dry sample from each of the hourly measured 

weight, divided by the hourly measured weight of the sample and multiplying by 

100%. The uniformity of drying at each rack was determined by weighing all fish 

samples from each drying rack as shown in plate 5. 

However, the proximate composition of the smoked fish was determined in 

Food Science laboratory of FUTO. The crude protein was determined by the Kjeldahi 

procedure (factor 6.25; Pearson, 1981), total lipid by the Bligh and Dyer (1999) 

method, and ash content by incineration at 525OC. Visual examinations of the samples 
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were carried out regularly to check for mould growth or insect infestation. Taste panels 

of five (5) members already familiar with scoring smoked fish were given the products 

to score after comparing them with those smoked traditionally with firewood and sold 

in the market. The product qualities were ranked and scored on a scale of 5 = excellent, 

4 = very good, 3 = good, 2 = poor, 1 = very poor and presented in table 3.2. 
 

 

Table 3.2: Average Panel scores of smoke-dried fish characteristics  
 

Sample Colour Taste Texture Average 
Smoke-dried 

fish 
4 3 5 4 

Conventional 
smoked fish 

3 4 2 3 

 
 
                        Key 
 

Colour:  Dark golden lustre = 5 
               Golden lustre      = 4 
               Normal brown      = 3 
               Slightly brown      = 2 
               Silvery        = 1 
 
Taste:    Excellent        = 5 
     Very good      = 4 
     Good       = 3 
      Fair                = 2 
      Poor       = 1 
 
Texture: Very dry       = 5 
       Dry       = 4 
       Fairly dry       = 3 
       Spongy       = 2 
       Wet       = 1   
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3.12 Quantity of Fish to be contained in the Drying Chamber for Optimal 

Drying 

The maximum number of fish contained on both racks of the drying chamber 

was computed using equation (34) as: 

H = MCPDT ---------------------------------------------------------------------------- (54) 

Where: H = drying heat, kJ; M = mass of fish, g. 

CP = specific heat capacity of fish (0.8kJ/kg, FAO, 2001). 

DT = temperature difference between the drying air and ambient air. 

T1 and T2 = average ambient air and dryer chamber temperatures respectively. 

So, H = MCP (T2 – T1) ---------------------------------------------------------------- (55) 
 

Hence, T2 = (HMCP) + T1 --------------------------------------------------------- (56) 

Parameters: Fish species: Scumbia and Sardine; wt. of one fish = 1000g, No. of fish 

samples dried/smoked = 3 per specie.   

T2 = 153.5OC = max. temp., T1 = 35.23OC = average ambient air temperature. 

M1 = 1kg, CP = 0.8kJ/kg. 

Therefore, applying equation (55), heat given out yields:  H = 94.62kJ 

Substituting the values into equation (56) gives that: 

For 5kg fish, temp required: T2 = 58.8OC. 

For 6kg, T2 = 54.94OC. 

For 7kg, T2 = 52.13OC, hence the maximum number of fish to be handle per batch 

using the smoke-dryer. 

 

3.13 Quantification of Charcoal Crumbs (using weight basis) 

10g – 20g, 25g – 35g, 40g – 50g. 

Bulk density of charcoal, b (kg/m3) = (mass of charcoal sample)  (vol. of  

                                                              container). 

Bulk density of charcoal burner, b = mass  vol.  

But volume burner = 0.20094m3 (from design calculation). 

Mass of burner = 1.025kg 
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Therefore, the bulk density was calculated as 5.1kg/m3 

1 crumb of charcoal = 35g 

But 600g crumbs of charcoal fills the burner. 

Therefore, quantity of charcoal crumbs required to fill the burner becomes:  

600g 35g =17crumbs of charcoal of same size. 

 

3.14 Moisture Content 

The percentage required drying moisture content was determined by using the 

expression given by Ohanwe. (2001): 

M.C (wb) % = {(W1 - W2)  W1} x 100 ----------------------------------- (57) 

Where: W1 = weight of fresh fish sample, gram; W2 = weight of bone-dry sample, 

gram. 

Substituting the values for W1 and W2 in the above expression for Scumbia and 

Sardine fish species, the final moisture content yields 18.6% (wb) and 18.4% (wb) for 

smoke-dryer heat condition; 19.33% (wb) and 19.0% (wb) for only charcoal indicating 

an increase of 0.7% and 0.5% for both species respectively. 

   
3.15 Drying Rate  

The drying rate (g/hr per 1kg of bone-dry weight) of fish sample during the 

period of drying was determined as follows: 

Drying rate (D.R) = w t ------------------------------------------------ (58) 

Where: w = weight loss in one hour interval, gram. 

   t = difference in time reading (hr). 

 

3.16 Energy for Smoking 

The energy required to remove gram of moisture from fish in the solar-assisted 

biomass dryer is given by (Brenidorfer et al, 1995): 

E = (M x S x t) + M1LV ------------------------------------------------------------- (59) 

Where: M1 = mass of fish with moisture, g 

  S = specific heat capacity of fish (0.8kJ/kg)   
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            t = temperature difference (63OC) 

            LV = latent heat of vaporization (2462.32kJ/kg) 

            M1 = mass of dried fish, gram. 

  E = (6 x 0.8 x 60) + (0.48335 x 2462.32) 

            E = 1478.2kJ 

 

3.17 Energy Developed by the Solar Collector  

 The maximum energy developed by the solar collector can be evaluated by 

using the Stefan-Boltzmann expression in equation (1). The average solar collector 

temperature for the experiment is 45OC. 

In absolute temperature, T = 45 + 273 = 318OK. 

From equation (1), total radiant energy flux or heat emitted by a black body is given 

as:  

σb= T4  

Substituting for the value of T = 318OK, = 5.6697 x 10-8 W/m2 K-4 into the equation 

above yields the maximum heat energy as:  

σb = 5.6697 x 10-8 W/m2 OK-4 x (318OK)4 x 0.732m2 

     = 424.40 Watts or 424.4 J/sec 

The smoking experiment lasted for 5 hours. Therefore time t = 5hours. 

= 5hrs x 60min/hr x 60sec/min 

= 18000 seconds. 

Energy, E = 424.4 J/sec x 18000 sec 

E = 7639200 Joules or 7639.2 kJ  

 

3.18 Drying/ Smoking Efficiency 

Drying efficiency varies with the nature and moisture content of the fresh fish 

product. It involves the efficiency of the solar collector and the fuel efficiency. 

Unfortunately, there is lack of standard methods for testing solar dryers which 

adversely affect their evaluation (Sodha et al, 1987). But Komolafe and Osunde (2005) 

computed the solar collector efficiency as given by the expression: 
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 = ma cpa (T2 – T1)  A Gsc --------------------------------------------------------- (60) 

Where:  = solar collector efficiency, % 

  ma = air mass flow rate, kg/sec. 

 Cpa = specific heat of air (10.04 J/kgOC) 

  T2 = average dryer chamber temperature (collector outlet temp.) 

  T1 = collector inlet temperature, OC. 

  A = cross sectional area of the collector plate, m2. 

  Gsc = average daily insolation (3700W/m2; Chendo, 2002). 

But ma = AVET2 T1     

Where: A, T2 and T1 are as defined in equation (60) above. 

V =velocity of drying air. 

E = effectiveness of openings (given as 0.5 – 0.6 for perpendicular winds). 

 = density of air. 

Since A = 0.732m2, T2 = 98.3OC, T1 = 34.8OC, V = 1.15m/s,  = 1.054kg/m3= density 

of air at 35OC, E = 0.6. 

Then, ma = 0.082kg/sec. 

Therefore, substituting these values into equation (60) yields: 

 = 0.082 x 10.04 (98.3 – 34.8) 0.732 x 3700 = 52.7% 

Thus the value of the solar collector efficiency is 53%. 

 

3.19 Smoking Efficiency 

Smoking efficiency was determined by the expression given by Ndirika (1996) 

as: 

s = Mw hL  Mf Cf ----------------------------------------------------------------- (61) 

Where: s = smoking efficiency, %  

            Mw = mass of water evaporated from fish per hour, g/hr 

   hL = heat of evaporation of water at atmospheric pressure    

                     (2260kJ/kg). 

   Mf = fuel consumption rate, g/hr. 
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            Cf = heat value of fuel (2900kJ/kg). 

But fuel consumption rate FCR = (Wi – Wf) t -------------------------------- (62) 

Where: FCR = Fuel Consumption Rate, g/hr 

  Wi = initial weight of fuel before smoking, g 

   Wf = final weight of fuel after smoking, g 

            t =    total time for smoking operation, hour. 

 For charcoal smoking alone: 

Wi = 775g (i.e. 600g + 175g = 40 crumbs), Wf = 15g, t =5hrs and Mw = 91.74g/hr. 

Substituting into equation (62), FCR = Mf =152g/hr. 

For charcoal & solar: 

Wi = 600g, Wf = 28.7g, t = 4hrs, Mw = 108.62g/hr. Then, substituting into equation 

(62) yields that FCR = Mf =142.83g/hr 

Applying equation (61) above and substituting the values, smoking efficiency, s 

of the dryer becomes 59% and 47% for charcoal-solar and charcoal respectively.  

Plate 1 shows the picture of the preliminary testing of the solar-assisted charcoal 

dryer. Plate 2 shows the process of reading and recording the drying chamber 

temperature. Plate 3 shows the side view of the dryer system indicating the solar 

collector and its tilting base. Plate 4 shows the dryer chamber interior with some dried 

fish. Plate 5 shows the dried fish on drying racks.  
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Plate 1: Preliminary Testing of the Solar-Assisted Charcoal Dryer 
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Plate 2: The process of reading and recording the drying chamber   
             temperature 



79 
 

Plate 3: Side view of the dryer system showing the solar collector and   
             its tilting base  
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Plate 4: Dryer chamber interior showing some dried fish 
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Plate 5: Dried fish on drying racks 
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CHAPTER FOUR 

 

4.0                                  RESULTS AND DISCUSSIONS 

 

4.1 EXPERIMENTAL RESULTS  

The results of daily no-load tests on heat output conducted using only the solar 

collector is summarized in Appendix A1 and table 4.1. 

 

Table 4.1: Means of Hourly Solar Collector Heat Output 

Operating Time (hr) Dryer chamber Temp. (OC) 
7:00 
8:00 
9:00 

10:00 
11:00 
12:00 
13:00 
14:00 
15:00 
16:00 
17:00 
18:00 

28.3 
32.7 
35.4 
39.7 
43.5 
51.6 
63.1 
59.5 
52.1 
50.3 
44.0 
38.8 

 
 
 

Table 4.3: Analysis of Variance (ANOVA) table 
 
 

SOURCE OF 
VARIATION 

D.F 
SUM OF 
SQUARE 

MEAN 
SQUARE 

F-CAL 
F-TAB 

   5%        1% 
Block (days) 6 102.27 17.05 15.93** 2.25 3.12 

Treatment 
(time) 

11 289.60 26.33 24.61** 1.92 2.50 

Error 66 70.69 1.07 ----- ---- ---- 
Total 83 462.56 ----    

 
** = highly significant 
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Inference/ Decision Rule 

Since F-cal > F-tab for days and time, the Null hypothesis is rejected. This 

implies that at least one of the treatment (time) means is greater than the other or one 

of the days means performed differently. However, this illustrates that there is a 

highly significant day and time effects at both levels of probability on the amount of 

heat given out by the solar collector.   

Therefore, using the Least Significant Difference (LSD) or mean separation 

method to know which of the days or time (or hours) is significantly smaller than the 

other. 

So, 

 LSD(5%) = (t5/2, error d.f) [(2EMSr)]1/2  

  = 2.01 x [(2 x 1.07)  7]1/2   

         LSD    = 1.21 

Table 4.4: Table of Mean Difference for drying time, T 
 

 T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 

T12 10.48 6.1 3.4 
0.9 

NS 4.74 12.82 24.37 20.72 13.3 11.57 5.26 --- 

T11 15.74 11.36 8.66 4.36 
0.52 

NS 7.56 19.11 15.46 8.04 6.31 ---  

T10 22.05 17.67 14.97 10.67 6.83 1.25 12.8 9.15 1.73 ---   
T9 23.78 19.4 16.7 12.4 8.56 0.48 11.07 7.42 ---    
T8 31.2 26.82 24.12 19.82 15.98 7.9 3.65 ---     
T7 34.85 30.47 27.77 23.47 19.63 11.55 ---      
T6 23.3 18.92 16.22 11.92 8.08 ---       
T5 15.22 10.84 8.14 3.84 ----        
T4 11.38 7.0 4.3 ----         
T3 7.08 2.7 ----          
T2 4.38 ----           
T1 ----            

 
 NS = Non Significant. 
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4.2.1 Effects of Different Weights of Charcoal and Ambient  

       Air Conditions on the Drying Chamber Temperature  

 

A 3 x 3 factorial experiment in RCBD with 2 factors: Factor A (Ambient Air 

Conditions) with levels = Tdb, Twb and Rh; Factor B (weights of charcoal) with levels = 

W600, W450 and W300. 

 Replication, r of each treatment combinations = 3. 

Therefore,  

t =ab; where: a = 3, b = 3 or 9 

Also, tr = abr = 3x3x3 = 27 observational units. 

 
Table 4.5: The Factorial Experimental Layout/ Design.  

 

 Average Ambient Air Condition 
Charcoal Wt. Rep TDB TWB Rh Total 

W-600 
I 35.23 32.20 67.00 134.43 
II 38.41 35.60 68.00 142.01 
III 39.82 37.10 70.50 147.42 

 Sub-total 113.46 104.90 205.50 423.86 

W-450 
I 30.05 27.43 70.90 128.38 
II 35.00 31.40 71.00 137.40 

IIII 38.36 33.70 70.00 142.06 
 Sub-total 103.41 92.53 211.90 407.84 

W-300 
I 35.29 30.70 74.20 140.19 
II 38.42 34.60 73.10 146.12 
III 40.20 36.90 73.50 150.60 

 Sub-total 113.91 102.20 220.80 436.91 
 Grand Total 330.78 299.63 638.20 1268.61 
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Table 4.6: Analysis of Variance (ANOVA) table 
 

  SOURCE OF   
  VARIATION 

D.F 
SUM OF 
SQUARE 

MEAN 
SQUARE 

F-CAL 
F-TAB 

   5%        1% 
Block  2 77.56 38.78 17.24 3.63 6.23 

Treatment 
comb. 

8 7872.80 984.1 437.38** 2.59 3.89 

Ambient Air (2) 7781.74 3890.87 1729.28** 3.63 6.23 
Charcoal wts. (2) 47.11 23.56 10.47** 3.63 6.23 
Air-Char. Int (4) 43.95 10.99 4.88* 3.01 4.77 

Error 16 35.97 2.25 --- --- --- 
Total 26 15859.13 ---    

** = highly significant 
 
 
Inference: 

Since F-cal is greater than F-tab, the Null hypothesis of equal treatment means is 

therefore rejected. This implies that at least, one of the treatment means performs 

differently or is greater than the other. The 600g charcoal weight generated a highly 

significant heat effect on the dryer chamber as well as its interaction with the ambient 

air is greater than other charcoal weights. Therefore, the two treatments: Ambient air 

condition and Weights of charcoal and their interactions are highly significant at both 

levels of probability and thus contributed meaningfully to the drying chamber 

temperature. 

The two treatments – Ambient Air condition and Weights of charcoal and their 

interactions are highly significant at both levels of probability and thus contributed 

meaningfully to the drying chamber temperature. 

 

4.2.2 Results of Load Tests 

         Table 4.7 (a) illustrates the drying rate of Scumbia and Sardine fish species, 

drying  chamber temperature, drying time and ambient air conditions for the smoke-

dryer heat output. 
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Time 
Drying rate (g/hr) 

Scumbia     Sardine 
Tdb (OC) Twb (OC) Rh (%) 

Dryer cham. 
Temp (OC) 

1 89.5 165.42 39.2 35.2 88.3 107.9 
2 82.7 146.79 40.6 32.0 86.2 90.4 
3 227.2 170.50 44.7 40.5 84.5 78.3 
4 114.2 93.63 55.7 44.2 81.8 62.8 
5 2.00 1.36 46.9 42.5 79.2 51.4 
6 ---- ---- 45.6 39.6 76.8 49.8 

 
 
 
Table 4.7 (b): Charcoal Heat Output alone. 
 
 

Time 
(hr) 

Drying rate (g/hr) 
Scumbia   Sardine   

Tdb (OC) Twb (OC) Rh (%) 
Dryer cham. 
Temp (OC) 

1 86.6 138.52 39.2 35.2 88.3 80 
2 100.13 153.74 40.6 32.0 86.2 120 
3 287.59 100.23 44.7 40.5 84.5 95 
4 119.9 86.57 55.7 44.2 81.8 64 
5 106.71 99.57 46.9 42.5 79.2 50.4 
6 3.50 1.18 45.6 39.6 76.8 38.9 

 
 
 

Table 4.8 (a): Technical Performance of the Smoke-dryer heat on the Smoked  

                       Fish                 

 SCUMBIA    SARDINE 

Time 
(hrs) 

Wt. of 
fish (g) 

Moisture 
content 
(% wb) 

% wt. loss 
Chamber 

Temp. 
(oC) 

Wt. of 
fish (g) 

Moisture 
content 
(% wb) 

% wt. 
loss 

1 1000 52.0 --- 107.9 1000 58.0 --- 
2 910.5 46.8 8.95 90.4 834.58 49.4 16.54 
3 827.8 41.5 17.22 78.3 687.79 38.6 31.22 
4 600.6 19.3* 39.94 62.8 517.29 18.4* 48.27 
5 486.4 0.41 51.36 51.4 423.66 0.32 57.63 
6 484.4 0.00 51.56 49.8 422.30 0.00 57.77 
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Table 4.8 (b): Technical Performance of the dryer on the Smoked Fish using  

                         Charcoal source alone  
 

 SCUMBIA  SARDINE 

Time 
(hrs) 

Wt. of 
fish (g) 

Moisture 
content 
(% wb) 

% Wt 
loss 

Chamber 
Temp. 

(oC) 

Wt. of 
fish 
(g) 

Moisture 
content 
(% wb) 

% 
Wt. 
loss 

1 1000 52.0 --- 80 1000 58.0 --- 
2 913.45 47.2 8.66 120 861.48 51.2 13.85 
3 813.32 40.7 18.67 95 707.74 40.6 29.23 
4 712.41 32.3 28.76 64 607.51 30.8 39.25 
5 592.51 18.6* 40.75 50.4 520.94 19.3* 47.91 
6 485.80 0.72 51.42 38.9 421.58 0.28 57.84 
7 482.30 0.00 51.77 29.3 420.40 0.00 57.96 

 
 

4.2.3 Effect of Energy Source and Fish Species on Percentage Weight Loss 

A 2 x 2 RCBD experiment with Factor A = Fish Spp; levels: F1 = Scumbia, F2 = 

Sardine (of equal weight = 1kg).  

Factor B = Heat Source; levels: HC = charcoal heat, HSC =solar+charcoal heat. 

Replications/blocks, r = average of 2 hourly weight loss readings. 

Therefore, t = ab = 2 x 2 = 4 treatment combinations and 12 observational units (i.e. tr 

= abr = 2x2x3). 

Table 4.9: Experimental layout showing 12 observational units 
 

Factor B  
(Heat Source) 

Reps 
Factor A (fish spp) 

 
F1 F2  

HC 
I 25.08 30.51 55.59 
II 38.80 55.70 94.50 
III 51.31 57.78 109.09 

  115.19 143.99 259.18 

HSC 
I 28.74 31.20 59.94 
II 49.91 57.70 107.61 
III 51.56 57.87 109.43 

  130.21 146.77 276.98 
 G.Total 245.40 290.76 536.16 
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Table 4.10:   Factorial RCBD ANOVA Table 
 

SOURCE OF 
VARIATION 

D.F 
SUM OF 
SQUARE 

MEAN 
SQUARE 

F-CAL 
F-TAB 

   5%        1% 
Block  2 1531.03 765.52 66.45 5.14 10.92 

Treatment 
comb. 

3 210.35 70.12 6.09* 4.76 9.78 

Fish spp. (1) 171.46 171.46 14.88** 5.99 13.74 
Heat source (1 ) 26.40 26.40 2.29ns 5.99 13.74 

Fish-Heat Int. (1) 12.49 12.49 1.08 5.99 13.74 
Error 6 69.13 11.52 --- --- --- 
Total 12 2020.86 ---    

 
** = Highly significant 

 

Inference 

 Fish Spp:  Since F-cal > F-tab at both probability levels, the Null hypothesis is 

rejected. Therefore, it shows that the fish species have significant effect on the weight 

loss during the drying/smoking process. This is attributed to the differences in their 

physico-chemical characteristics. This also infers that one of the treatment (fish spp.) 

means performed differently from the other. As evidenced in tables 4.7a and 4.7b, the 

sardine fish has a greater percentage weight loss than the scumbia.  

 The heat sources have no significant effect on the % weight loss, rather on the 

drying time. From the ANOVA table, it implies that the means are equal. Hence, 

acceptance of the Null hypothesis. 

  It is evident that there is no significant interaction effect between the two factors 

on the % weight loss. Conversely, there is also a highly significant blocking effect 

which shows that there is an appreciable amount of water loss (% weight loss) in every 

hour during the smoking process. 

 Using the table of mean differences to show the treatment that is significantly 

smaller than the other. 
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Table 4.11: Table of Treatment Mean Difference 
 F1 F2  HC HSC 

F2 7.56* --- H2 2.96 n.s --- 
F1 ---  H1 ---  
* = significant effect. 
n.s = not significant. 
 

4.2.4   Effect of Energy Source and Fish Species on drying rate 
 

A 2 x 2 RCBD experiment with 6 replications (hourly reading of drying rate) of 

each treatment combination, with Factor A = Fish Spp; levels: F1 = Scumbia, F2 = 

Sardine (of equal weight = 1kg).  

Factor B = Heat Source; levels: HC = charcoal heat, HSC =solar+charcoal heat. 

Replications/blocks, r = average of 2 hourly weight loss readings. 

Therefore, t = ab = 2x2 = 4 treatment combinations 

tr = abr = 2x2x6 or 24 observational units 

 
Table 4.12: A 2 x 2 Factorial Experimental Layout showing 24 observational  
                   units. 
 

  Factor A (Fish spp) 
Factor B 

(Heat source) 
Reps F1 F2 Total 

HC 

I 1000 1000 2000 
II 412.60 410.0 822.60 
III 224.47 189.77 414.24 
IV 137.68 112.18 249.86 
V 98.02 87.46 185.48 
VI 81.30 70.68 151.98 

  1954.07 1870.09 3824.16 

HSC 

I 1000 1000 2000 
II 410.25 407.65 817.90 
III 201.60 186.93 388.53 
IV 128.83 105.90 234.73 
V 97.32 84.48 181.80 
VI 80.73 70.38 151.11 

  1918.73 1855.34 3774.07 
 G. Total 3872.80 3725.43 7598.43 
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Table 4.13: ANOVA Table 
 

   SOURCE OF    
   VARIATION 

D.F 
SUM OF 

SQUARES 
MEAN 

SQUARE 
F-CAL 

F-TAB 
   5%        1% 

Block  5 266 133 10.8** 4.56 5.56 
Treatment 

comb. 
3 252.6 84.2 6.85* 3.29 5.42 

Fish spp. (1) 118.4 90.4 9.63* 8.68 8.68 
Heat source (1 ) 240 240 19.5** 8.68 8.68 

Fish-Heat Int. (1) 1649.4 109.96 8.94 8.68 8.68 
Error 15 184.5     
Total 23  ---    

 
* = significant. 

        ** = highly significant. 
 

Inference 

From the ANOVA table, F-cal >F-tab. The interaction is highly significant at 

5% and 1% levels of probability. 

There is also a significant blocking effect which indicates that there is a 

reasonable weight loss per hour. The heat sources also have a highly significant effect 

on the drying rate. This illustrates that at least, one level (charcoal heat) of the heat 

sources performed differently higher than the other, which affects the drying rate 

positively. 

The fish species have significant effect on the drying rate. In other words, one of 

the levels of the fish factors (species) lost a greater quantity of water than the other at a 

shorter time.   

 

4.3    EFFECT OF DIFFERENT HEAT SOURCES ON THE DRYING    
           KINETICS OF FISH 

 
Figures 4.1 and 4.2 illustrate graphs of moisture content, drying rate, ambient air 

condition and drying chamber temperature against drying time for scumbia and sardine 

fish species with smoke-dryer and charcoal source alone. The shape of the curves 

could be described as relatively quadratic. From figures 4.1a and 4.1b; it is evident that 
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the sardine fish has a higher drying rate at the first two hours of drying than the 

scumbia in the both heat sources. This is as a result of the functional characteristics of 

scumbia fish which tend to radiate heat and resist the rate of heat penetration and 

consequent loss of water to and from the body of the fish.  

Generally, the drying rate of the two species is dependent upon the drying 

chamber temperature and ambient air conditions as seen in tables 4.6 and 4.8. The 

sardine fish on the contrary, has a softer skin which allows for easy penetration of heat 

and consequent loss of internal water. This accounts for sardine’s higher percentage 

weight loss than the scumbia species. 

The moisture content of the fish decreases with the drying time. This was found 

to be 19.33%wb and 19%wb for the scumbia and sardine fish respectively using the 

charcoal source alone. While for smoke-dryer, the moisture was found to be 18.6%wb 

and 18.4%wb for scumbia and sardine respectively. This indicates an increase of 0.7% 

and 0.5% for both fish species respectively.  

 

4.4 SENSORY EVALUATION RESULTS 

Sensory evaluation of the smoke-dried fish was carried out in order to determine 

the acceptable taste, colour and general appearance of the fish products. Early studies 

in food science indicated that vitamin C is particularly vulnerable to destruction under 

different conditions (air, light and heat) and during processing (Drew and Ree, 1980; 

Fellows and Hampton, 1992). So, retention of vitamin C was used as a good indicator 

for the preservation of other nutrients (Maeda and Salunke, 1981). Based on this, a 

proximate analysis was conducted on two samples from each of the fish species to 

ascertain basically the level of crude protein, crude fats and crude ash contents of the 

fish smoked by smoke-dryer and charcoal kiln.  The percentage retention (r) of vitamin 

C can be computed by: 

R = 100Cd Cf -------------------------- (53) (Madhlopa and Ngwalo, 2007) 

Where: Cd = concentration of vitamin c in dried fish samples on dry  

           basis (mg/1000g). 

            Cf = concentration of vitamin c in fresh fish samples on dry    
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                     basis (mg/1000g). 

 Fish smoked using the charcoal or charcoal-solar heat were found to be better in 

terms of appearance with scores of between 4 and 5 (very good and excellent) the 

appearance of smoked fish was judged based on the black golden lustre, which the 

charcoal smoke may have conferred on the product as opposed to those with traditional 

smoking kiln.  

The panelists judged the smoke-dried fish slightly drier/firmer in texture 

compared to the firewood smoked fish. This may also be explained from the fact that 

the low fire characteristic of burning charcoal as opposed to the initial high heat 

generated from firewood may have prevented case hardening of the fish products and 

thereby making the texture more acceptable to the taste panelists. Clifford et el (1980) 

observed that the extent of smoked fish texture, toughness and dryness is greatly 

influenced by rate of loss of moisture during smoking and also protein denaturation 

effect. In terms of taste and aroma, the panelists scored the smoke-dryer fish slightly 

same as those traditionally smoked.  

In general, from table 3.2, the average score (4) of the smoke-dried fish indicates 

golden lustre in terms of colour quality, very good in terms of taste, and very dry in 

terms of texture as opposed to the average score (3) of the conventional smoked fish tat 

shows normal brown, good and fairly dry. This generally infers better performance and 

higher acceptability of the smoke-dryer.   

The average proximate composition of the smoked two fish species was found to 

be 18.95% moisture and 18.45% moisture for scumbia and sardine respectively, 58.7% 

crude protein, 7.2% lipid and 4.1% ash contents of the two smoked products. This 

simply implies that the crude protein was reduced by 17.7% as against 65 – 75% 

protein value, while 27.69% of 16 – 34% lipids were reduced and 4.1% ash content 

was found as against a maximum value of 10%.  

Development of moulds and insect infestation as a measure of the rate of 

spoilage were insignificantly noticed in the smoked fish products. This is expected 

because of the low storage moisture level of the fish together with the smoke deposit 
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on the fish surface which made it difficult for moulds to thrive. This aromatic 

hydrocarbon components of the smoked deposit, having an effect on micro-organisms 

may have protected the fish smoked with charcoal more so than those traditionally 

smoked with firewood.   

Figures 4.19 and 4.20 on the other hand show the moisture content of the fish 

products smoked both with the charcoal and charcoal-solar heat. It was evident in these 

graphs that moisture content of the fish decreased rapidly at the beginning of the 

smoking test. It was evident also from the curves of figures 4.20a and 4.20b that that 

the drying rate was very high initially and this gradually reduced with time. This 

behaviour agrees with the three stages of drying process: the initial drying stage, 

intermediate and the final drying stage.  

The initial drying stage is the drying period during which the maximum drying 

rate (or weight loss per hour) occurs in the drying process. It is usually characterized 

by a sharp drop in moisture content of the fish products being smoked. The curve that 

illustrates the initial drying stage has the highest slope of all the other stages of drying. 

In the intermediate stage of the drying process, the drying rate is reduced and the 

drying rate is further reduced in the final drying stage. These curves (figures 4.19a and 

4.19b) are similar to the graphs of moisture content (%wb) against time (hours) 

developed by Sengar et al (2009) for gutted fish dying, Igbeka (1986) for plantain 

fruits; and Fleming et al (1986).  

The required moisture content was first attained at the 4th hour of drying by 

using the smoke-dryer heat combination. This accounts for the effect of the solar 

collector heat on the drying rate of the fish as well as improving the overall smoke 

drying efficiency of the dryer. 

Figures 4.20a and 4.20b also present the fish drying variables in relation to the 

drying time. The dry bulb and wet bulb temperature of the ambient air are proportional 

to the drying chamber temperature and are inversely proportional to the drying time 

(for only the charcoal-solar combination).     

Based on this experimental result, it is clear that two more different fish species 
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of the same weight may have different drying rates when subjected under the same 

heat condition. Also the time to achieve a desired moisture level may vary depending 

on the heat source used. However, from the functional properties of the scumbia fish 

such as thicker skin, higher percentage of fats and lipids, it will be desirable to have a 

drying rate lower than the maximum obtained during the charcoal-solar combination in 

order to reduce the risk of case hardening phenomenon and burning off all the protein 

and fats contents of the fish product. Thus, the number of glowing charcoal crumbs 

should be reduced by the use of prongs as to lower the dryer temperature. 

Figure 4.21a&b and 4.22a&b indicate the relationships between drying rate and 

weight loss of the fish species under charcoal-solar and charcoal heat. It was evident 

that the drying rate increased with increasing dryer chamber temperature. This increase 

was observed to be higher using solar-charcoal heat than charcoal alone. A non-liner 

regression analysis was conducted on the basis of the resulting curve. Generally, the 

curve yielded an exponential function of the drying rate and other heat kinetics as:  

DR = AeBX
 ---------------------------------------------------------------------- (63) 

Where: DR = drying rate 

A and B = constants that depend upon the quantity heat energy produced  

by the heat source per hour.   

X = drying variable: relative humidity, dry bulb temperature, wt bulb 

temperature and dryer chamber temperature weight loss. 

Appendix A7 to A13 illustrates the non-linear regression analysis of the 

relationship between the drying rate of the two fish species and the physical parameters 

such as ambient temperature (dry bulb and wet bulb temperature), dryer chamber 

temperature and weight loss for the two different heat sources. 
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Figure 4.19a: Effect of drying time and energy source on the moisture  
                      content and drying rate of scumbia and sardine. 
 

Figure 4.19b: Effect of drying time and energy source on the moisture  
                      content and drying rate of scumbia and sardine. 
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Figure 4.20b: Effect of drying time and energy source on weight  
                      loss and drying rate 

Figure 4.20a: Effect of drying time and energy source on weight  
                      loss and drying rate 
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Figure 4.21b: Non-linear regression function of drying rate and weight loss with  
                      charcoal alone for scumbia and sardine species. 
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Figure 4.21a: Non-linear regression function of drying rate and weight loss 
                      with charcoal alone for scumbia and sardine species. 
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Figure 4.22b: Non-linear regression function of the drying rate and weight loss   
                      with the smoke-dryer heat for scumbia and sardine species. 
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Figure 4.22a: Non-linear regression function of drying rate and weight   
                      loss with the smoke-dryer heat for scumbia and sardine species. 
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CHAPTER FIVE 

 

5.0              CONCLUSION AND RECOMMENDATION 

 

5.1 CONCLUSION 

 A convective hybrid solar/charcoal smoke-dryer has been designed and 

constructed. The system was tested in two different modes of operation: charcoal and 

charcoal-solar, using fresh scumbia and sardine fish species. The fish smoker could 

serve as a prototype model of a commercial fish smoking kiln used in fish processing 

firms, and could also be employed as laboratory demonstration equipment in 

agricultural engineering workshop. 

 However, results obtained show that under favourable weather condition, it was 

possible to smoke dry a 6kg fish effectively using the smoke dryer in order to conserve 

the charcoal fuel. Statistical analyses show that there is a significant heat contribution 

by the solar collector to the drying chamber. The charcoal source yielded an efficiency 

of 47% while the charcoal/solar source/mode gave an efficiency of 57%, implying that 

the solar collector contributed 10% of the overall smoking heat. Energy/heat source 

and fish species were shown to have a significant effect on the drying rate as well as 

the Percentage weight loss of the fish samples. Generally, the daily ambient air 

conditions contributed significantly to the drying chamber temperature and as such, 

regarded as the pivot of natural convection solar dryer.    

This study, therefore, revealed that sardine fish dried faster than the scumbia fish 

owing to its functional state. Irrespective of the heat source, it was indicated that the 

taste, texture and crude protein content of the fish samples were the same, and the 

nutritive value of the fish was generally unabated (except vitamin c). On the other 

hand, the smoke-dryer was observed to have reduced the drying time by one hour as 

compared to when using only the charcoal source.   

The drying rate of the two fish samples increased as the dryer chamber 

temperature and drying time increased, until a point (after the 2nd and 3rd hours for 
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sardine and scumbia fish respectively) of inflexion was reached. Beyond this point, the 

drying rate of the fish samples reduced with the dryer chamber temperature and further 

increase in the drying time.  

 

5.2 RECOMMENDATION 

Based on the above stated observations, the following recommendations were 

made concerning a hybrid solar/charcoal smoke-dryer in Owerri, Imo State: 

1. In designing a hybrid solar/charcoal smoke drying system for rural dwellers, the 

financial resources of most of the fish processing farmers should always be kept 

in mind. A reduction in the drying time is not necessarily paramount. 

Improvement on the quality of the smoked/dried products and labour reduction 

may be of more importance. 

2. In the design of the solar collector component of the dryer system, a large 

possible cross sectional area of the absorber plate should be used to increase the 

insolation on the surface, since the heat generated by the solar collector is 

dependent upon the area used. Also for optimum solar collection, the solar 

collector should be tilted at angle equal to the latitude (5O) of the locality. 

3. For any designed dryer chamber capacity, the recommended average biomass 

burner volume should be used as well as the average chimney height for 

optimum smoking efficiency. Most importantly, the maximum of heat produced 

should be determined in order to know the optimum batch size for effective 

drying. 

4. The fish smoker tested at FUTO seems promising, although the need for 

improvement is clear on the basis of the field tests. Only in the case of large or 

commercial scales with high throughputs should indirect solar dryers with 

forced convection be considered.   

5. The following are therefore recommended for future research work in this field: 

performance of the dryer using different fish species of various sizes and 

weights; different meat sizes, sliced root and tuber crops; experimental study of 
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the effect of various design parameters on the technical performance of a hybrid 

solar/charcoal fish smoke-dryer; development of procedures to evaluate the 

technical performance of hybrid solar/charcoal smoke-dryers.  

 

5.3 MAINTENANCE OF THE FISH DRYER 

 For desired performance and longevity of the fish dryer, the following 

maintenance practices should be kept: 

1. The drying chamber should be properly washed with detergents after use. 

2. The bearings should be adequately lubricated with good quality grease for 

proper tilting. 

3. The dryer should not be kept in the rain regularly to avoid damage on the 

wooden solar box and rusting of the bolts and nuts. 

4. Always close every loading and unloading door of the dryer as well as the solar 

collector outlet gate to prevent insects’ inhabitation in the dryer.     
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APPENDIX  
 
 

TABLE A1: No-load Test of Solar Collector Ambient Air Temperature  
 
 

Day 1:  15/6/2011  

Time (hr) 
Inlet Temp. (OC) 

Rel. 
Hum (%) 

Chamber 
Temp (OC) 

 Dry bulb Wet bulb (%)  
7:00am 25.5 22.6 76 28.2 
8:00am 29.6 25.3 71 33.8 
9:00am 32.7 29 70 39.2 
10:00am 35 31.2 70 45.2 
11:00am 37.3 35 68 48.3 
12:00pm 40 36.2 68 56.8 
1:00pm 42.1 38 64 65.6 
2:00pm 43.5 40.5 63 67.4 
3:00pm 40.1 37 63 59.3 
4:00pm 38.1 33.2 63 53.2 
5:00pm 32.2 29.5 62 46.1 
6:00pm 30.5 27.6 62 40.3 

Avg. ambient relative humidity = 67% 
Avg. ambient air temp. = 36 

Avg. outlet temp = 48.6 
     
     
Day 2:  20/6/2011  

Time (hr) 
Inlet Temp. (OC) 

Rel. 
Hum (%) 

Chamber 
Temp (OC) 

 Dry bulb Wet bulb (%)  
7:00am 26.1 24.2 75 29.1 
8:00am 29.4 26.3 75 34.2 
9:00am 33.7 29.1 73 36 
10:00am 36.7 32.2 73 39 
11:00am 37 35 70 39.2 
12:00pm 42.6 38.4 68 48.6 
1:00pm 45.6 40.5 65 57.6 
2:00pm 40.3 38 63 59.3 
3:00pm 41.2 38.3 62 50.6 
4:00pm 37.2 33 60 48.2 
5:00pm 30.5 28 60 43.8 
6:00pm 29.5 26.2 60 39 

Avg. ambient relative humidity = 67% 
Avg. ambient air temp. = 35.8 
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Avg. outlet temp = 43.7 
     
     
Day 3: 24/6/2011  

Time (hr) 
Inlet Temp. (OC) 

Rel. 
Hum (%) 

Chamber 
Temp (OC) 

 Dry bulb Wet bulb (%)  
7:00am 26.4 24.3 84 27.3 
8:00am 30.8 28.6 84 32.3 
9:00am 32.1 29 82 35.6 
10:00am 33 30 82 42.1 
11:00am 35.2 31.2 81 48.7 
12:00pm 35.9 31.6 81 56.2 
1:00pm 36 32.4 81 67.2 
2:00pm 36.2 32.1 78 59.8 
3:00pm 40 37.5 76 44 
4:00pm 38.2 34.8 76 42 
5:00pm 37 33.1 75 40.5 
6:00pm 30 26.8 75 33.1 

Avg. ambient relative humidity = 79.5% 
Avg. ambient air temp. = 34.2 

Avg. outlet temp = 44.1 
     
     
Day 4: 29/6/2011  

Time (hr) 
Inlet Temp. (OC) 

Rel. 
Hum (%)  

Chamber 
Temp (OC) 

 Dry bulb Wet bulb (%)  
7:00am 25.8 22.3 76 27.5 
8:00am 30 28.6 76 34 
9:00am 32.1 29.3 75 35.6 
10:00am 33.1 30.5 75 44.6 
11:00am 34.1 32.2 74 48.2 
12:00pm 35.9 33.4 73 55.7 
1:00pm 36.8 34.6 70 64.3 
2:00pm 36.2 31.5 68 64.8 
3:00pm 32.5 29.4 66 60 
4:00pm 31.5 28.5 66 63 
5:00pm 29.7 25.6 66 42 
6:00pm 28.4 24.6 66 39.8 

Avg. ambient relative humidity = 70.9% 
Avg. ambient air temp. = 32.2 

Avg. outlet temp = 48.3 
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Day 5: 1/7/2011 

Time (hr) 
Inlet Temp. (OC) 

Rel. 
Hum (%)  

Chamber 
Temp (OC) 

 Dry bulb Wet bulb (%)  
7:00am 26.2 22.3 76 28.3 
8:00am 28.6 28.6 76 33.4 
9:00am 32.7 29.3 75 37 
10:00am 34.4 30.5 75 38 
11:00am 35 32.2 74 40.2 
12:00pm 39.5 33.4 73 49.2 
1:00pm 42.3 34.6 70 58.9 
2:00pm 38.2 31.5 68 47.4 
3:00pm 37.1 29.4 66 45.6 
4:00pm 35.1 28.5 66 44.7 
5:00pm 32.3 25.6 66 42.1 
6:00pm 29 24.6 66 34.2 

 
 
Day 6: 2/7/2011 

Avg. ambient relative humidity = 71% 
Avg. ambient air temp. = 34.2 

Avg. outlet temp = 41.6 

  

Time (hr) 
Inlet Temp. (OC) 

Rel. 
Hum (%) 

Outlet 
Temp (OC) 

 Dry bulb Wet bulb   
7:00am 27.3 25 80 29 
8:00am 29.1 26.3 78 32 
9:00am 30 28.3 77 34 
10:00am 31.5 28 77 36.8 
11:00am 31.8 27.2 73 40.2 
12:00pm 38.2 35.3 70 49.2 
1:00pm 42.6 40.1 67 58.9 
2:00pm 43.2 29.4 67 59.3 
3:00pm 42.5 28 63 57.4 
4:00pm 40.1 27.4 63 50.6 
5:00pm 36 27.1 63 45.6 
6:00pm 30 26.3 63 42.7 

Avg. ambient relative humidity = 70% 
Avg. ambient air temp. = 35.2 

Avg. outlet temp = 44.6 
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Day 7- 5/7/2011  

Time (hr) 
Inlet Temp. (OC) 

Rel. 
Hum (%)  

Outlet 
Temp (OC) 

 Dry bulb Wet bulb   
7:00am 26 24 84 28.6 
8:00am 27.1 23.5 82 29 
9:00am 28.9 26.4 81 30.2 
10:00am 31.2 30 78 32 
11:00am 33 29.2 77 39.8 
12:00pm 36.2 34.5 74 45.4 
1:00pm 48 45.1 66 69.5 
2:00pm 44 41.6 68 58.4 
3:00pm 40 37.8 65 47.6 
4:00pm 42.8 40 63 50.7 
5:00pm 40.6 38.2 65 48.1 
6:00pm 36 33.5 74 42.3 

Avg. ambient relative humidity = 74% 
Avg. ambient air temp. = 36.0 

Avg. outlet temp = 43.5 
 
 
TABLE A2: Combined Effect of Ambient Air Condition and 600g of Charcoal  
                     weight on Drying Chamber Temperature. 

 

Time (hr) 
Ambient Temp (OC) 

Tdb             Twb 

Dryer cham. Temp 

(OC) 

7:00am 26 23 108.2 

8:00am 29.5 25.2 153.5 

9:00am 32.3 29.4 134.2 

10:00am 33.4 30.2 107.5 

11:00am 38.2 35.1 99.4 

12:00 42.3 39.0 96.9 

13:00 43.5 40.3 92.4 

14:00 42.1 38.7 87.6 

15:00 39.3 36.6 80.8 

16:00 37.5 35.1 77.6 

17:00 30.4 28.7 72.4 

18:00 28.2 25.5 69.5 

Average 35.23 32.23 98.33 
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TABLE A3: Combined Effect of Ambient Air Condition and 450g charcoal  
                     weight on Drying Chamber Temperature 

 

Time (hr) 
Ambient Temp (OC) 

Tdb             Twb 

Dryer cham. 

Temp (OC) 

7:00am 25.8 22.3 92.8 

8:00am 30.1 28.6 114.8 

9:00am 32.3 29.4 111.2 

10:00am 33.2 30.6 95.4 

11:00am 34.2 32.3 90.7 

12:00 35.8 33.4 82.4 

13:00 36.8 34.6 69.7 

14:00 37.2 32.4 63.8 

15:00 32.5 28.6 60.1 

16:00 30.9 28.9 58.7 

17:00 28.3 26.2 50.3 

18:00 27.5 25.8 46.8 

Average 30.05 29.43 78.06 

 
TABLE A4: Combined Effects of Ambient Air Condition and 300g of Charcoal   
                     weight on the Drying Chamber Temperature 

 

Time (hr) 
Ambient Temp (OC) 

Tdb             Twb 

Dryer cham. Temp 

(OC) 

7:00am 22.0 25.0 72.2 

8:00am 29.4 26.1 97.4 

9:00am 30.5 28.1 89.3 

10:00am 32.6 28.5 77.7 

11:00am 33.2 27.3 69.6 

12:00 38.8 35.0 63.6 

13:00 43.5 41.2 58.1 

14:00 42.6 39.7 52.0 

15:00 40.3 37.1 48.3 

16:00 38.8 26.4 45.2 

17:00 36.7 27.8 42.7 

18:00 30.1 25.2 42.0 

Average 35.29 30.7 63.18 
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TABLE A5: Means Hourly Solar Collector Heat Output 
 

Operating 
Time (hr) 

Dryer chamber 
Temp. (OC) 

7:00 
8:00 
9:00 

10:00 
11:00 
12:00 
13:00 
14:00 
15:00 
16:00 
17:00 
18:00 

28.3 
32.7 
35.4 
39.7 
43.5 
51.6 
63.1 
59.5 
52.1 
50.3 
44.0 
38.8 

 
 

 
 
TABLE A6: Mean Temperature and Hourly Drying time Values for Charcoal-  
Solar Heat Output  
 

Time (hr) 
Dryer chamber 

Temp. (OC) 
7:00 
8:00 
9:00 

10:00 
11:00 
12:00 
13:00 
14:00 
15:00 
16:00 
17:00 
18:00 

91.1 
121.9* 
111.6 
93.5 
86.6 
81.0 
73.4 
67.8 
63.1 
60.5 
55.1 
52.8 
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Charcoal Heat 
 

 TABLE A7: Non-linear regression function of drying rate and relative humidity 
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R-square: 0.8647 

R-square: 0. 6048 

Drying Rate = 0.02243 *exp (0.1003*Rh) 
 

Drying Rate = 1.895*exp (0.0497 *Rh) 

Sardine 

Scumbia 
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TABLE A8: Non-linear regression function of drying rate ambient air   

   temperature 
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R-square: 0.4518 

R-square: 0.49018 

Drying Rate = 89.48*exp 0.005955*Ta) 
 

Scumbia 

Drying Rate = 2165*exp (-0.06997*Ta) 
 

Sardine 
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TABLE A9: Non-linear regression function of drying rate and dryer chamber 

temperature 
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R-square: 0.8532 

R-square: 0.7820 

Sardine 
 

Drying Rate = 36.91*exp (0.01223 *Tcd) 
 

Scumbia 
 

Drying Rate = 58.19 *exp (0.009131 *Tcd) 
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Charcoal-Solar 
 

TABLE A10: Non-linear regression function of drying rate relative humidity 
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R-square: 0.4532 
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Scumbia 
 

Sardine 
 

R-square: 0.7279 

Drying Rate = 0.05483*exp (0.08847*Rh) 
 

Drying Rate = 0.0004124 *exp (0.1478 *Rh) 
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TABLE A11: Non-linear regression function of drying rate and ambient air   

   temperature 
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R-square= 0.004204 

R-square= 0.4834 

Drying Rate = 350000 *exp (-0.1351 *Ta)  
 

Drying Rate = 72.13*exp (0.003839*Ta) 
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TABLE 12: Non-linear regression function of drying rate and dryer chamber  

         temperature 
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R-square = 0.6453 

R-square=0.7214 

Drying Rate = 17.68*exp (0.02216 *Tcd)  
 

Drying Rate = 34.55 *exp (0.01226*Tcd)  
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