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ABSTRACT 

 

Rastrineobola argentea, (R. argentea) is a commercially important fish species in Lake Victoria, 

with a characteristically smaller size compared to the other fish and high surface moisture 

content. However the prevalent preservation method of the fish is open sun drying, in which the 

fish is laid uncovered on the ground for a prolonged period exposed to; contamination, attack by 

bacteria, molds, rodents, birds and adverse weather conditions. Often huge losses estimated at 

between 20 % and 50 % occur especially during the rainy season, because of the slow drying 

process that lasts several hours or even days depending on the prevailing weather. Although 

studies have been conducted on solar drying of R. argentea fish, none has been reported on 

modeling of its drying process. Moreover existing drying models of food products have been 

formulated based on internal moisture diffusion as the sole mass transfer mechanism, which is a 

falling rate period phenomenon. Studies have however shown that high moisture products exhibit 

both constant and falling rate drying periods, and therefore a linear section in their drying curves, 

that is not accounted for by the diffusion models. Thus in the present study, a drying model 

based on evaporation was formulated for R. argentea fish in an indirect forced convection solar 

dryer. The model results were compared with experimental data obtained from a prototype solar 

dryer and the tests revealed a reduction in moisture content of the fish from 73 % (w. b.) to 

between 8 % and 10 % (w. b.) after a period of 11 hours in the solar dryer whereas the open sun 

samples took 18 hours to reach the same moisture levels. Effective moisture diffusivities of 

sm /10)02.065.1( 23 and sm /10)05.091.0( 23  were obtained for the fish in the solar 

dryer and open sun, respectively. The activation energy of the drying process of R. argentea fish 

was also found to be: molkJ /954.15 , a much lower value than for other similar high moisture 

food products thus indicating that the energy threshold for drying the product that can be 

provided by the available solar energy. Statistical analysis carried out based on the moisture ratio 

of the fish in the solar dryer gave: ,946.02 R ,0383.0RMSE and ,839.02 R  

,0533.0RMSE for the top and bottom trays, thus confirming the prediction reliability of the 

model. The simulations of the model further revealed that the drying time of this product can be 

reduced to 5 hours (the period after which deterioration of the product occurs if adequate drying 

has not occurred) in the solar dryer by increasing the air mass flow rate to 06.0 skg / . 
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CHAPTER ONE: INTRODUCTION 

1.1 Background of the Problem 

Although fish is a major source of animal protein and an important food item in many countries, 

its high levels of moisture and unsaturated fatty acid makes it highly perishable during 

processing and preservation (Davies, 2009). It is estimated that 10 % or about 13 million tons of 

the world’s total fish production is lost through spoilage, in spite of the existing high global 

demand (Abila, 2003). However when dried to moisture contents of less than 15 % (w. b.), fish 

products have a longer shelf life, better marketability and maintain a steady price (Morris, 1981). 

In order to achieve continuous availability of fish to the population all year round in developing 

countries, where dried fish is more popular, up to 40 % of the fish landings could be preserved 

by solar drying technologies rather than by open sun drying  (Abila, 2003; Mustapha et al, 2014).  

The fishing sector is particularly important in Kenya as it provides lively-hood, income and 

employment to more than 2 million people, with Lake Victoria providing 95 % of the total fish 

landings. The fishing is carried out by artisan fishermen who operate small boats in inland lakes 

and marine waters. A fraction of the fish harvested is sold fresh, while a significant portion is 

processed for later consumption. The main fish landed in Lake Victoria are: Rastrineobola 

argentea/ Dagaa (62.9 %), Nile perch/ Lates niloticus (29.9 %), Tilapia/ Oreochromis niloticus 

(5.3 %) Halplochromines/ Fulu (1 %) and others (0.8 %) (Nyeko, 2008). 

Rastrineobola argentea (R. argentea), is a popular fish food for the low-income households in 

Eastern and Central Africa and is readily available at affordable price. It is the second 

commercially important among the fish species in Lake Victoria, owing to its high landings and 

wide use. But despite its higher landings, the value of the catch is often very low due to the huge 
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post harvest losses arising from poor transport systems and inadequate preservation facilities. 

Many artisan fish farmers resort to indigenous preservation methods such as smoking, salting 

and open sun drying (Owaga et al, 2011). However, open sun drying which involves spreading of 

the fish on the open ground over a large land space, is the most widely applied method. But the 

major limitation of this method is the lack of mechanisms for controlling the drying process, 

which is often slow and wholly dependent on the availability of sunshine. The method is also 

laborious as the fish layers have to be turned over periodically in order to achieve uniform 

drying. Moreover the duration of drying is often prolonged which exposes the fish to 

contamination, infestation by insects, rodents, birds and adverse weather conditions, leading to 

loss of quality and huge economic post-harvest losses, estimated at between 20 % and 50 %, 

especially during the rainy seasons (Owaga et al, 2011). At times the fish also loses some of the 

more fragile vitamins during the exposure to direct sunlight (Madhlopa et al, 2002) as per a 

survey that has revealed that most of the open sun dried R. argentea fish currently available in 

the market do not meet the quality requirements articulated in the KS 05-1470 standards (KIRDI, 

2008). 

Solar drying is a better preservation option for food products since it utilizes the solar energy 

more efficiently with the drying taking place in enclosed units under controlled conditions of 

temperature and air flow. The drying times are also shortened by up to 35 % of time taken by 

open sun drying.  Solar dryers perform in humid as well as arid climates, and are operated in 

direct, indirect or mixed modes. In direct mode dryers, the food is placed in a chamber covered 

with a transparent plastic or glass and is exposed to direct sunlight; heat is thus trapped inside the 

dryer creating a “green house effect”. Indirect mode dryers, on the other hand consists of 

separate solar heating units where air is preheated before being passed over the food products 
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stacked in trays, inside a drying chamber. Mixed mode dryers combine the use of the direct solar 

radiation with the preheated air from the solar collectors (Tripathy and Kumar, 2009). Solar 

dryers are further classified according to their mode of air flow as being either natural or forced 

convection. While natural convection dryers make use of the air buoyancy to maintain the air 

flow (do not require a fan) and are suited for rural areas, where there is no grid electricity, forced 

convection solar dryers require electricity to operate the incorporated fans.  

When properly designed, solar dryers can solve the problems associated with open sun drying 

(Mohammed et al, 2005) since they have mechanisms for controlling and optimizing the drying 

process (Amer et al, 2010). However the design of an efficient drying technology for any product 

must involve mathematical modeling and simulation of the drying process of the product. The 

modeling entails formulating a set of equations that adequately characterize the drying system 

and whose solution allows the prediction of the process parameters as a function of time at any 

point in the dryer, based only on a set of initial conditions (Jindal and Gunasekaran, 1982). The 

main object of modeling and simulation is usually to obtain optimum dryer design and operating 

parameters for a particular set of conditions (Zomorodian and Moradi, 2010), that can be used in 

designing new drying systems or improving existing ones.  

The most common modeling technique involves the subdivision of the drying system into 

equipment and material model components. The equipment component is formulated based on 

external heat transfer factors; which are a function of the dryer design (physical size and mode) 

and operating parameters (temperature, air relative humidity, air flow rate and the incident solar 

radiation) as well as the product thickness, quantity and moisture content (Kemp and Oakley, 

2002). The material component on the other hand is based on the nature and internal thermal 

characteristics of the product to be dried. It therefore describes the heat and mass transfer 
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phenomena during thin layer drying processes of products, the fundamental mechanisms and 

distribution of moisture and temperature within the product. They are evolutions of density as a 

function of moisture content, since density is directly linked to quality, depends on moisture 

content and thus affects most of the thermo-physical and transport properties of a material 

(Giner, 2009).  

A majority of the existing drying models are semi-theoretical/ thin layer, in which the drying 

time is related to measured moisture content of the product (Kemp and Oakley, 2002). While 

these models have capabilities of predicting the drying times and the drying characteristics of 

food / agricultural products, as a function temperature, air velocity and material characteristics 

(Afzel and Abe, 2000), they are formulated based on the assumption that drying processes of 

food products occurs solely by diffusion, starting with a decreasing drying rate while neglecting 

the effects of surface moisture evaporation. Although diffusion models can provide fairly 

accurate predictions of drying time, studies have shown that they cannot predict moisture 

distribution within the material, under non-uniform drying conditions (Srikiatden, 2007).  

Moreover while diffusion-based models are based on the assumption that the drying of 

agricultural and food products occurs only during the falling rate period, it has been observed 

that drying of high moisture content foods occurs in both the constant and falling rate periods, 

where externally controlled surface evaporation rather than diffusion is the major moisture 

transport mechanism (Giner, 2009). Furthermore other studies have also shown that in rigid and 

highly porous products, where liquid water is located in large pores and channels, only heat 

transport rather than diffusion of liquid within the material is permitted (Srikiatden, 2007). The 

drying of high moisture content products cannot therefore be adequately described by diffusion 

models which are based solely on falling rate drying phenomena.  
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Notwithstanding their shortcomings, diffusion models have been used to simulate thin layer 

drying of many food and agricultural products including: Tilapia fish, green Beans, Tomato 

slices, Pistachio, red Pepper, Mint leaves, tarragon, Potato, Chilli pepper, Carrot, Citrus, 

Aurantium leaves, Vegetable by-product, Tropical fruits, surgical Cotton, Wood, Herbal and 

medicinal plants, Sardine fish, Cocoa beans, Herbs and spices and Strawberry. It is thus observed 

that the diffusion models adequately describe the drying characteristics of food products whose 

initial moisture contents are less than the critical moisture content, but are inadequate for 

products which exhibit both constant and falling rate periods of drying, and whose initial 

moisture contents are higher than the critical moisture content.  

Like other fish, R. argentea is a high moisture content product with an initial moisture content of 

73 % (w. b.) greater than the critical moisture content of 30 % (w. b.). Studies have thus reported 

its drying characteristics as exhibiting both constant and falling rate drying periods (Odour-

Odote et al, 2010), which suggests that its drying cannot be adequately be described by a 

diffusion based model. Even though evaporation-based drying models are still largely scarce in 

literature, a study by Giner, (2009) has proposed a drying model for high moisture foods by 

adopting an analytical solution of the unsteady state diffusion equation for a plane sheet, by 

taking into account both internal and external resistances while neglecting the internal moisture 

gradients. Whereas the model provides a prediction of the linear behavior of the average 

moisture content, as a function of time for the surface and several positions within the plane 

sheet, at early stages in the drying curve, under certain conditions the curves are found to differ 

from one another and none is linear, thus suggesting that the linear drying behavior is restricted 

to the average moisture content for only a limited period. The study therefore failed to establish 

whether or not the constant rate period of drying in high moisture content foods, is a purely 
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convective and externally controlled process. Moreover it also fell short of establishing the 

dominance of the surface evaporation over diffusion as a moisture transport mechanism in high 

moisture content foods. The present study was carried out with the aim of formulating an 

evaporation-based model that would adequately describe the drying of R. argentea fish in an 

indirect solar dryer, and then not only compare the theoretical and experimental data but also 

determine through experiment the thermal properties of the product such as; effective moisture 

diffusivity coefficient and activation energy, that cannot be predicted theoretically and are also 

unavailable in physical property data banks.  

1.2 Statement of the Problem 

The majority of existing material models are thin layer based, for which the drying time is 

related to measured moisture content of the product (Afzel and Abe, 2000). Although these 

models adequately describe the drying characteristics of food products whose initial moisture 

content are lower than the critical value, they are inadequate for high moisture foods that exhibit 

both constant and falling rate periods of drying and whose initial moisture contents are much 

greater than the critical value (Kemp and Oakley, 2002).  

The major weakness of diffusion-based models being that they are based on the assumption that 

drying processes of food products occurs in the falling rate period with diffusion as sole moisture 

transfer mechanism, starting with a decreasing drying rate while neglecting completely the 

effects of surface moisture evaporation.  

 But as some authors have observed, the drying of high moisture content foods actually occurs in 

both constant and falling rate periods and where in the former period it is known that externally 

controlled surface evaporation is the main transport mechanism and not internal moisture 

diffusion. Furthermore that in rigid and highly porous products, liquid water is located in large 
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pores and channels with only heat transport rather than diffusion of liquid within the material 

being permitted. The drying of such products cannot therefore be adequately described by 

diffusion models which are based wholly on the falling rate drying phenomena.  

1.3 Objectives of the Study 

The study was undertaken with the broad objective of formulating a drying model for R. 

argentea fish in an indirect forced convection solar dryer.  

1.3.1 Specific Objectives 

1. Formulating a drying model, based on evaporation, for the drying process of R. argentea 

fish in an indirect forced convection solar dryer.  

2. Comparison of the results of the model with those of experimental tests on the prototype 

solar dryer.  

1.4 Justification of the Study 

The drying model for R. argentea fish would be a useful tool in the design process of an efficient 

solar dryer that is capable of drying this product in a much shorter drying time. Its application in 

the solar drying process of the fish product could therefore lead to improvement of the 

preservation and reduce the risks of attack by bacteria, molds, insects, rodents and 

contamination. Overall the implementation of the recommendations of this study would lead to a 

significant reduction in the economic losses currently encountered by the fish farmers, estimated 

at 50 % of the catch (Owaga et al 2011) as well as the improvement of quality of the dried fish 

product and hence the need for the study.  
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1.5 Limitations of the Study 

One limitation of the study was the relatively short time span of the experimental tests, where a 

prolonged period would have captured the seasonal variation of the operating parameters but 

which was not possible in the present study due to budget and time constraints. The other 

limitation was the lack of appropriate instrument for measuring the moisture content of the fish 

directly, where instead indirect measurements were carried out through weighing at regular 

intervals of time.  
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CHAPTER TWO: LITERATURE REVIEW 

2.1 Understanding the Drying Process  

Drying is a heat and mass transfer process involving the migration of moisture from the interior 

of the individual material to the surface and subsequent evaporation to the surrounding air. The 

material absorbs heat increasing its vapor pressure above that of the surrounding air, creating 

thermal and pressure gradients that causes the liquid and vapor to move to the surface where the 

evaporation takes place (Ghaba et al, 2007). Drying requires heat to draw out the moisture from 

the material and dry air with adequate circulation to absorb and carry away the released moisture. 

The energy consumed by the drying process depends on the drying rate and the moisture content 

distribution within the thin layer of the material. The internal liquid flow within the product 

occurs by diffusion in continuous/ homogenous solids, where the liquid diffusion coefficient is a 

function of moisture content and by capillarity for granular/ porous solids.  

Drying occurs in two phases; constant and falling rate periods. During constant rate drying, the 

moisture movement within the solid is rapid enough to maintain a saturation condition at the 

surface and so the drying rate is controlled by the rate at which heat is transferred to the 

evaporating surface (Chandrakumar and Jiwanlal, 2013). During this phase the mass transfer 

occurs by diffusion of vapor from the stagnant air film into the surrounding atmosphere while the 

temperature of the surface remains constant. Constant rate drying therefore depends on the heat 

and mass transfer coefficients, the area of material exposed to the drying medium and the 

difference in temperature and humidity between the gas stream and the wet surface of the solid 

material (Murthy, 2009). The falling rate drying phase on the other hand begins at the critical 

moisture content and occurs in two sectors; unsaturated surface drying and internal moisture 

controlled drying. In the first sector, the entire evaporating surface cannot be maintained at 
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saturation by moisture movement within the solid so the drying rate decreases (Saleh and 

Badran, 2009). Here the drying rate is affected by factors that govern diffusion and moisture 

movement away from the evaporating surface. The second sector which determines the overall 

drying time, occurs when the evaporating surface is unsaturated and the point of evaporation 

moves inside the solid, hence the drying rate is controlled by the rate of internal moisture 

movement and not the external variables (Raju et al, 2013) and thus the total drying time is the 

sum of the constant and falling rate periods.  

2.1.1 Modeling the Drying Process of Food Products 

Mathematical modeling of drying characteristics is based on the physical mechanisms of heat 

/mass transfer conditions that are external as well as those inside the material, in which 

thermodynamic relationships involving the drying air and product moisture are applied in solving 

the heat and mass balance equations (Saleh and Badran, 2009). Some of the physical 

mechanisms that describe the moisture transport within the capillary porous product include: 

diffusion (liquid movement due to moisture concentration difference), capillarity (liquid 

movement due surface forces), surface tension (liquid movement due to diffusion of moisture on 

the pore surfaces), thermal diffusion (vapor movement due to temperature difference), vapor 

diffusion (vapor movement due to moisture concentration difference),  hydrodynamic flow 

(water and vapor movement due total pressure difference) (Sagagi and Enaburekhan, 2007). 

Based on these physical mechanisms, models are constituted consisting of a set of partial 

differential equations, that describe the moisture transfer in capillary porous materials /cereals 

grains (Brooker et al, 1978) 
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Drying is a complex process in which more than one mechanism (which may also vary during 

the drying process), contributes to the total mass transfer rate (Ghaba et al, 2007). The inlet 

conditions are dependent on metrological factors and are strong functions of time, although most 

of the simulation models consider them as being constant. Some of the parameters involved in 

simulation models and prediction of dryer performance include: equilibrium moisture content, 

drying rate constant, physical properties of agriculture products / moist air and psychometric 

parameters.  

Materials are classified as belong to either type A (fast drying) or type B (slow drying) where in 

the former the drying rate is dependent on gas velocity (air flow rate) and is accelerated by 

higher gas velocities and gas inlet temperatures but reduced by bed depth. On the other hand for 

class B materials their drying rate is independent of gas velocity and bed depth but is affected by 

gas temperature, except wheat most materials exhibit a mixture of type A and B characteristics 

(Kemp and Oakley, 2002).  

There are three types of models for describing the drying characteristics of agricultural products; 

theoretical, semi-theoretical and empirical models; theoretical models consist of diffusion/ 

simultaneous heat and mass transfer equations, semi-theoretical models consist of approximated 

theoretical equations while empirical models are based on simulations of experimental data. For 

theoretical and semi-theoretical models  the assumption is that the ratio of the volumes of air and 

the product are infinitely large, so that the drying rate depends only on the properties of the 

material to be dried; the size, drying temperature and moisture content. While theoretical models 

take into account the internal resistance to moisture transfer, semi-theoretical models account 

only for the external resistance to moisture transfer between the air and product. Semi-

theoretical/ thin layer model equations, analogous to Newton’s law of cooling are however more 
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popular than theoretical model equations, which are more complex and involve heavy 

computations.  

2.1.2 Semi-theoretical/ Thin Layer Drying Models 

Semi-theoretical or thin layer drying models are formulated based on Fick’s second law of 

diffusion given by (Christie, 2008):  
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                                                                                     (2.1) 

for an infinite slab, assuming one-dimensional moisture transfer, no shrinkage, constant 

temperature and diffusivity coefficients and negligible external resistance. These models                                         

describe the drying process of most biological/ food materials that occur in the falling rate 

period, where the moisture transfer process is controlled by internal diffusion and influenced by 

moisture content and temperature of the product (Youcef et al, 2001).  

 

Thus thin layer drying models assume that all resistance to moisture flow is concentrated on a 

thin layer at the surface of the material, with the drying rate being directly proportional to the 

difference between the instantaneous and equilibrium moisture content with the surrounding air. 

The rate of moisture loss during thin layer drying of agricultural / food products is thus given by:  
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For the drying characteristics of biological products, the solution of the Fick’s diffusion equation 

is the moisture ratio )(MR  equation given by (Sagagi and Enaburekhan, 2007): 
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where eX is the equilibrium moisture content  (%) dry basis (d. b.), oX  is the initial moisture 

content (%) d. b. and )(tX   is the moisture content (%) d. b., at any time, effD  is the effective 

moisture diffusivity, t  is time and L  is the characteristic diameter of the product and  where the 

drying rate constant
 
k

 
is given by (Babalis and Belessiotis, 2004): 
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Equation 2.3 is therefore the most basic drying equation known as the logarithmic or exponential 

model. The presence of the exponential term in model indicates the contribution of the diffusion 

mechanism in thin layer drying; which involves the moisture removal from the porous media 

through evaporation by passing excess drying air over a thin layer of the material, until the 

equilibrium moisture content is reached.  

 

Thin layer drying models have thus been more widely applied in the design process and 

optimization of food/ crop dryers in the food industry because the final dried products usually 

record minimal loss of their native nutritional, chemical and physical qualities with the extension 

of shelf life and onset of microbial spoilage (Akpinar and Bicer, 2008). A number of these 

models have been developed for the drying characteristics of various agricultural products, some 

of which are given in Appendix, Table A2.  

2.2 Some Existing Drying Models 

2.2.1 Model for the Drying of Tilapia Fish, (Oreochromis niloticus) in a Solar Tunnel  

         Dryer  

The formulation of this model was based on thin layer drying assumptions of: unidirectional 

moisture movement by diffusion and negligible effect of air velocity on drying (Kituu et al, 
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2010). A drying rate equation in the form of Fick’s diffusion model (Equation 2.1) was applied 

based on the following boundary conditions: 

oXytX  ),0( , eXyttX   ),(  and  0),0( 
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The solution of the model equation for thin layer drying of fish in trays with planar geometry 

representing the moisture ratio was thus obtained as: 
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For large values of time, the solution was taken as the first term of the series ( 0n ) and given 

by: 
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A shrinkage-dependent drying rate constant k  was also developed through analysis of the 

structural properties, as a function of moisture content and temperature and given by:  
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where sd  shrinkage thickness of drying fish at any time was defined in terms of the shrinkage 

coefficient and moisture content as:  
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where od  initial thickness of drying fish and 's  the linear shrinkage coefficient, was given by: 
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where s  solid density of fish w  density of water oX  initial moisture content.    

  . 

The effect of shrinkage (reduction in the dimensions of the product) on the drying kinetics of the 

drying fish as represented by the shrinkage dependent effective diffusivity sfD was thus given 

by: 
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where effD  is the effective moisture diffusivity of the drying fish.  

The effective diffusivity dependency on drying temperature deduced from the Arrhenius relation, 

(Equation 3.35) with the values of oD and E   was defined by the relations: 
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where xa   and  xb  are exponential factors, pT  the drying temperature. The model was thus 

simulated using Visual Basic program with an input parameter cI  dependent on solar energy 

reception.  

2.2.2 Modeling of Wood Solar Drying under the Moroccan Climate 

The main assumptions of the model were: uniform temperatures of the wood, dryer and the 

moisture, unidirectional air flow and constant values of transfer coefficients (Bentayab et al, 

2011). The model is based on global balance that takes into account the transfer exchange 
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between the wood, drying air, walls of the dryer and ambient medium and was used for 

determining the temperature, moisture content distribution of the timber and air moisture content 

inside the drying room. The moisture rate in the drying air was given by: 
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where Q  volumetric flow rate of air through the dryer, V  volume of the dryer   iY  and     eY  are 

the absolute values of air humidity inside and outside the dryer. 

The drying rate was of the form of Fick’s law equation for moisture transport in solids that 

considers the in-homogeneity of the wood and multitude of moisture transport mechanisms in the 

drying of wood, and was given by:    

                 eo XXSK
dt

dX
m  0                                (2.15) 

where K moisture transfer coefficient in the timber eX and X are equilibrium and absolute 

humidity of the timber respectively and  which on applying Taylor’s relation was given by:  
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where  d  is thickness of the wood while f is the saturation coefficient given by:     
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 where  Y  and sY  are the absolute and saturated humidity, while Y  and sY are their average 

values during the drying period. The solar energy input to the dryer was thus deduced from a 

thermal balance about the solar radiation through the glass walls, the ground and the north facing 

wall.  



 

 

17 

 

2.2.3 Modeling of a Mixed Mode Natural Convection Solar Crop Dryer  

The drying phenomena was modeled by taking a thin layer of a slab shaped crop bed of thickness 

dz and then combining many of these thin layers to form a deep bed thickness of  oz  (Forson et 

al, 2007). By consecutively calculating the air and moisture changes occurring during short 

intervals of time, as drying air passes from one layer to another, the continuous drying process 

was simulated assuming that each layer is dried for a short time interval dt using air leaving the 

preceding layer. The process was repeated with consecutive short increments of time until the 

desired final moisture content was achieved. The four independent partial differential equations 

used to predict changes in crop temperature, moisture content, air temperature and relative 

humidity were: 

1. Drying rate of crop 

2. Mass balance on the drying air 

3. Heat balance on the drying air 

4. Heat balance on the crop 

This model considered the drying chamber walls to be dia-thermic thus requiring a fifth equation 

for the energy balance on the chamber walls, an expression for determining the steady state 

operating temperature of the drying chamber wall. The rate of moisture removal from the bed 

was modeled using the diffusion model for slab shaped bed, (Equation 2.32) in which the 

diffusion coefficient is a function of moisture content, drying air temperature and drying air 

relative humidity. The diffusion coefficient, modified based on preliminary experimental results 

was given by: 
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where    is a multiplying factor whose value depends on the range of moisture content of the 

product. The equilibrium moisture content of hygroscopic materials was thus computed from the 

generalized relation below: 
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where  iP   and  iq  are product dependent constants, while RH  and T  are the relative humidity 

and temperature respectively. 

2.2.4 Model of the Drying Process of Vegetable Wastes from a Wholesale Market 

         in a Rotary Dryer  

The model was derived based on the following assumptions that: the products have a rectangular 

geometry whose dimensions remain unchanged during the drying process, the drying process 

consists only of the falling rate phase, the air mass flow rate being constant throughout the dryer, 

which works in optimal load conditions (3 % to 7 % of the total dryer volume) and with each 

control volume the inlet flow rate of product being equal to the outflow rate of product from 

previous control volume (Iguaz et al, 2003). 

Thus the model equations were: 

1. Mass balance of the product 
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p
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where pM mass of product in the control volume, 
inPG inlet mass flow of product and 

outPG  is the 

outlet mass flow of the product is given by  
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where tt  is the residence time in the dryer.                                            

 

2. Moisture balance in the product: 

[Change in amount of water in product] = [water entering into dryer with product] – [water 

leaving dryer with product] – [water evaporated from product] 
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giving the mass balance for the product as 
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where X  is the instantaneous moisture content, inX moisture content of product entering the 

dryer, wR is the drying rate. 

3. Moisture balance in the air 

[Change in amount of water in inlet air] = [water entering into dryer with air] – [water leaving 

dryer with air] + [water evaporated from product] 
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4. Heat balance for product 

 

[Enthalpy change of product] = [enthalpy of product entering dryer] – [enthalpy of 

product leaving dryer] + [heat transferred from air to product] – [heat required to 

vaporize moisture from the product] - [heat needed to heat water vapor to air 

temperature] – [heat lost through walls of the dryer] 
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where the expansion of the left hand was given by: 
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The heat balance for the product was thus given by: 
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5. Heat balance for the air  

[Enthalpy change of the air] = [enthalpy of air entering dryer] – [enthalpy of air leaving dryer] – 

[heat transferred from air to product] + [enthalpy of water evaporated from product] 
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where the expansion of the left hand side was given by: 
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By assuming constant conditions of aM  and paC , the heat balance for air was thus given by: 
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6. The drying rate equation was given by 
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The drying constant k was related to the temperature through the equation: 
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where paC  is specific heat of humid air, pasC  specific heat of dry air, ppC  specific heat of wet 

product, pvC  specific heat of water vapor, aG  mass flow of air in the control volume, aT  ambient 

temperature, pT is the temperature of the product, pG  is the mass flow of product in a control 

volume, latq  latent heat of vaporization of water in the product, pQ heat loss through dryer walls 

in the control volume, eX  is equilibrium moisture content, lmT logarithmic mean temperature 

difference, vaU is the volumetric heat transfer coefficient between air and product, Y , absolute 

humidity of air and inY  relative humidity of air entering dryer.  

2.2.5 Model of Walk-in-type Solar Tunnel Dryer for the Drying of Surgical Cotton    

The assumptions made in the model development were: non-stratification of air in the dryer, thin 

layer based computations, constant values of specific heats for the air, cover and product, 

negligible absorptivity of air and radiative transfer from floor to the product (Panwar et al, 2013): 

The components of the model were: 

1. Energy balance for cover 
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 [Heat energy accumulation on tunnel cover] = [convective heat transfer between air inside 

tunnel and cover] + [radiative heat transfer between cover and ambient air] + [radiative heat 

transfer between product and cover] + [solar radiation absorbed by cover] 
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2. Energy balance in the air inside tunnel 

The air inside the tunnel dyer was heated through convective transfer among the floor, product 

and air hence:  

[Thermal energy accumulation of air inside dryer] = [convective heat transfer between floor and 

air] + [thermal energy gain of air from product due to sensible heat transfer] + [thermal energy 

gain by air inside dryer due to inflow and outflow of the air in drying chamber] + [overall heat 

loss from the air inside the dryer to ambient air] + [solar energy absorbed by the air inside the 

dryer] 
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       3. Energy balance on the product 

Convection and radiation being the main heat transfer modes that contribute to the energy 

balance of the product inside the solar dryer, hence: 

[Thermal energy accumulation in the product] + [convective heat transfer between product and 

air] + [radiative heat transfer between product and cover] + [thermal energy lost from product 

due to sensible heat and latent heat transfer] + [thermal energy gained by product] 
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        4. Energy balance on the concrete floor 

 

                                          cfsfp
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       5. Mass balance equations 

The air inside the dryer has an increased moisture picking capacity since temperature is higher 

than the corresponding ambient air, thus: 

[Moisture accumulation rate in the air inside the dryer] = [moisture inflow into the dryer carried 

by entering] + [moisture in the air flowing out of the dryer] + [moisture removed from product 

inside the dryer] 
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The heat transfer and loss coefficient are calculated as follows: 

 

Radiative heat transfer coefficient from cover to the sky, (Duffie and Beckman, 1991): 

 

                                  scsccscr TTTTh 

22

,                                                                   (2.42) 

 

Radiative heat transfer coefficient between the product and cover to the sky 

 

                                  cpcppcpr TTTTh 
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where the correlation between sky and the ambient temperatures is given by: 

 

                                   
5.1

0552.0 as TT                                                                                       (2.44) 

The convective heat transfer coefficient from cover to ambient due to wind is given by: 

 

                                    ww Vh 0.38.2                                                                                     (2.45) 
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The convective heat transfer coefficients inside the solar greenhouse dryer, for the cover, product 

and floor were computed from the relationship: 

  

                                     
h

capcaccscr
D

Nuk
hhhh   ,,,                                                        (2.46) 

Since the wind speed outside the dryer and the speed of drying were very low, it was assumed 

that the overall heat loss coefficient of heat transfer from air inside the dryer to ambient air was 

approximately equal to the conductive heat transfer coefficient of the cover given by: 
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1. The drying rate equation 

Thin layer drying equation for agricultural products under greenhouse type solar dryer similar to 

tunnel dryer was used to estimate the moisture as  
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 exp                                                              (2.48) 

 

where A  is the drying rate constant and n  the drying coefficient   

 

2.2.6 A Model for the Drying of Fruit and Vegetable Material undergoing Shrinkage.  

The drying material was considered as a thin slab of thickness bL 2 at a uniform temperature 

oT  and moisture content oX  exposed to an air flow of temperature aT  

and relative humidity RH .  

The following simplifying assumptions were: one-dimensional moisture movement and heat 

transfer, no chemical reactions occurring during drying, shrinkage of the material during the 

drying process and uniform air distribution inside the dryer. 
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The modeling was done from principles, involving mass conservation, using Fick’s second law 

as follows (Afolabi, 2004): 

1. Moisture transport 

 

Input – Output = Accumulation 
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thus yielding  
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where the mass transfer flux was given by: 

 

                                      
x

C
DJ



                                                                                          (2.51) 

where C is the concentration and X  is moisture content.  

 

hence                              
2

2

x

X
D

t

X

x

X
u














                                                                        (2.52) 

 

2. The mass transfer equation  

The medium was considered to be the superposition of two continuous interactive media, and 

hence mass of the medium during a transformation between two phases were considered. The 

liquid phase was characterized by the velocity of liquid diffusion ev  while the solid phase was 

characterized by the velocity of the diffusion of the solid is sv .  

In the liquid phase 
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while in the solid phase 
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The mass transfer in the liquid and solid phases was thus given by: 
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where Dis diffusion coefficient, t  change in time, x  change in distance and X is defined as 

e

  while 
t


is the time derivative  following the movement of the solid. 

Since for materials that undergo shrinkage, the diffusion coefficient is not constant but varies 

moisture content. The shrinkage effect was taken into account by incorporating the volume 

change into the diffusion coefficient and introducing an effective diffusion coefficient effD  
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and                          
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the functional dependence of effD on moisture content was given by:       

     

2











b

b

D

D
o

eff

ref
                                                                                      (2.58) 

 

where b is the thickness of material (half of the length). 

The thickness ratio was obtained according to the relation:  
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By assuming a linear distribution of shrinkage velocity was given by: 
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where oldb  is half thickness of sample at the previous time step. 
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At the beginning of drying, the density of the specimen was assumed to be uniform while in the 

middle, the density gradient is considered to be zero  0x  thus the boundary conditions were 

given by: 
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At bx   the liquid density balance was given by: 
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while the solid phase density balance was given by: 
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where h  mass transfer coefficient was determined from the relationship for laminar and 

turbulent flow respectively given by Eqns. 2.64 (a) and 2.64 (b) below (Karim et al, 2005): 
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3. The heat transfer equation was derived as: 

 

[Heat gained in control vol - heat out of control vol] + [generation] = [heat storage] 
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The applicable boundary conditions were: 
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The heat balance at boundary bx   was given by: 
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where the heat transfer coefficient are estimated from the relationships for laminar and turbulent 

flows respectively 
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2.3 A Review of the Existing Drying Models 

There are various techniques that have been applied in mathematical modeling of solar dryers, 

while some treat the dryer as one complete unit, others subdivide the system into equipment and 

material components. Most of the techniques apply one-dimensional treatment except the 

Computational Fluid Dynamics (CFD) which involves 3-D effects and swirl, suited for systems 

where localized flow patterns have a major effect on the overall performance of the dryer, but 

not appropriate for well-mixed systems dominated by the falling rate kinetics, in which local 

conditions have minimal effect on dryer performance (Kemp and Oakley, 2002). 

The most widely applied however has been the modeling technique of drying systems involving 

the subdivision into equipment and material model components. The equipment component 

involves parameters that depend on the dryer type, particle transport through the dryer, external 

heat transfer from hot gas to the solids and vapor-phase mass transfers, external to the solid and 

can be modeled theoretically for different dryers (Kemp and Oakley, 2002).  The material 

component on the other hand incorporates parameters dependent on the nature of the solid being 

dried, the product kinetics and equilibrium moisture content relationships, product quality and 

materials handling. Although some of the material parameters can be obtained from data banks, 
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others are highly dependent on the nature and structure of the solid and must be measured 

experimentally. 

Mathematical modeling studies on solar dryers tend to either focus on the behavior of the 

product during the drying process, leading to the determination of the product parameters 

(coefficient of diffusion, heat and mass transfer coefficients, and drying constants) or on the 

general behavior of the dryer, by applying heat and mass balances with variations in the 

operating and dryer design parameters, as the drying efficiency of the system is monitored. 

Studies that have been conducted on modeling of drying of products in direct tunnel solar dryers 

include: a model for the drying of chilli, encompassing an economic component (Hossain et al, 

2005), for which the application of the adaptive search pattern technique gave optimum dryer 

design parameters and a cost saving of 15.9 %, a walk-in-type model of tunnel dryer, described 

in section 2.2.5 (Panwar et al, 2013) developed for the drying of surgical cotton. Unlike previous 

models, this model incorporated heat losses within the components of the drying system. Other 

models of tunnel dryers have been formulated for simulating the drying of food / agricultural 

products including: tropical fruits (Karim and Hawlader, 2005), tilapia fish; described in section 

2.2.1 (Kituu et al, 2010) where for the models, their drying rate equations accounted for 

shrinkage during drying, through a shrinkage dependent effective moisture diffusivity based on 

the Fick’s diffusion law, that assumes drying occurs in the falling rate period. In case of the 

drying model by Kituu et. al. (2010) a computer program was developed for simulating the 

drying process of the tilapia fish. Other studies have also been conducted involving the 

performance testing of various types of dryers including: testing of a new convective flow dryer 

(Pangevahane et al, 2002), testing of a fruit and vegetable solar drying system (Al-Juamily et al, 

2007), testing of a natural convection solar dryer (Ghaba et al, 2007) testing of a solar tunnel 
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dryer for drying surgical cotton (Panwar et al, 2013), testing of mixed mode and indirect mode 

natural convection solar dryer (Simante, 2003), testing of a forced convection solar dryer for 

Moringa leaves (Amedorme et al, 2013), testing of mixed mode forced convection dryers 

(Chandrakumar and Jiwanlal, 2013), testing of a domestic solar dryer (Saleh and Badran, 2009), 

testing of a chimney dependent solar crop dryer (Afriyie et al, 2009) and testing of a hybrid solar 

dryer for banana (Amer et al, 2010). 

Some of these past studies have led to the formulation of models for the solar drying process of 

various food and agricultural products that include: a model for drying of cassava chips in a 

mixed mode natural convection solar dryer (Forson et al, 2007), model for drying herbs and 

spices in a roof-integrated solar dryer (Janjai et al, 2008), a model for the drying process in a 

chimney dependent solar crop dryer (Afriyie et al, 2013), model for drying of wood in Morocco 

in a green house type solar dryer (Bekkioui et al, 2011), model for drying of vegetable wholesale 

by-products in a rotary dryer (Iguaz et al, 2003).  

It is noted that the model for the drying process of species and medicinal plants in a solar tunnel 

dryer (Hossain et al, 2005) predicted moisture loss from the product over a wider range of 

temperatures and air recirculation percentages in comparison with the model for drying of herbs 

and spices in the roof-integrated (Bahnasawy et al, 2011). It is also noted that the models cited 

above were formulated alongside experimental tests with the effects of various parameters on the 

drying rate being investigated. It is also observed that in some cases (Bekkioui et al, 2011) the 

simulations were applied to experimental data from previous studies where the models were used 

as refining tools in the design process of dryers with optimum performance. Although the models 

by Smitabhindu et. al. (2008) and Kituu et. al. (2010), even incorporated economic components 

for optimization and computer programs for aiding the simulations the drying process, the main 
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weakness is that their simulations make use of drying rate equations that almost invariably apply 

to the falling rate drying period where drying process is wholly controlled by internal mass 

transfer factors. Further, although the formulation of these models is based only on internal mass 

transfer factors, they are used to predict externally controlled conditions such as temperature, gas 

velocity and bed width by making use of a driving force associated with externally controlled 

factors.  

The major flaw of the models being that they are wholly based on type B material characteristics 

in which air flow rates are considered to have little effect on the drying process, but where in 

reality most materials are found to exhibit a mixture of type A and B material rules, where the 

drying times being accelerated by both higher air flow velocities and temperature (Kemp and 

Oakley, 2002).  

Further some of the drying models (section 2.2.1 - 2.2.6) make use of distributed parameters 

which are very sensitive to errors in basic parameters such as those encountered in real dryers, 

(wide range particle sizes and shapes occur with errors in measurement of particle sizes 

exceeding 10%) in modeling the material drying characteristics in the falling rate period. Even 

though distributed parameter based models are constituted from fundamental physical equations 

and quantities, they can only work well when all the parameters required can be measured for a 

given material, within limits of experimental error. But drying processes are characterized by 

non-linear simultaneous equations containing many quantities, some of which are difficult to 

measure and hence the limited use of these models only to solid products for which needed 

parameters in the governing equations have been measured. In contrast lumped parameter based 

models are most preferred since they involve a smaller number of equations, where the material 

being dried is characterized by a few parameters that combine several aspects of physical 
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phenomena, e.g. the various transport processes in a solid can be modeled using a pseudo 

diffusion coefficient, in a system controlled by gas or liquid phase diffusion.  

 

The most widely applied in studies involving mathematical modeling of solar dryers has been the 

drying characteristics curve, a lumped parameter based model in which the moisture content is 

related to the drying time.  However in spite of the perceived advantage, lumped parameter based 

models unlike distributed parameter based models suffer the weaknesses of limited theoretical 

basis (Kemp and Oakley, 2002).  

The drying characteristics curve has thus been used in the formulation of thin layer solar drying 

processes of many agricultural and food products that include: green beans (Doymaz, 2005), 

tomato slices (Baghari et al, 2013), Pistachio (Midilli and Kuculk, 2003), red pepper (Akpinar et 

al, 2003), mint leaves (Akpinar, 2010), tarragon (Arabhosseni et al, 2008), potato (Aghbasho et 

al, 2009), chilli pepper (Tunde-Akirtunde, 2011), carrot (Berufi et al, 2009), citrus aurantium 

leaves (Mohamed et al, 2005), Vegetable by-product (Iguaz et al, 2003), tropical fruits (Afolabi, 

2014), surgical cotton (Panwar et al, 2013), wood (Awadalla et al, 2004 and Bentayab et al, 

2008), talipia (Kituu et al, 2010), herbal and medicinal plants (Ali and Bahnasawy, 2011), 

sardine fish (Darvishi et al, 2013), cocoa beans (Forson et al, 2007), herbs and spices (Janjai, 

2008) and strawberry (El-Beltaji et al, 2007). 

 

Because if the fact that the simulations of these models make use of drying rate equations that 

are wholly a falling rate drying phenomena based on diffusion as the sole moisture transport 

mechanism and ignores the effects of surface evaporation of moisture, the effective moisture 

diffusivity coefficient derived from the experimental moisture curves using from Fick’s second 

law does not account for the constant rate drying phase, which is dominated by external heat and 
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mass transfer factors. Diffusion based models can only therefore be applied for drying of food 

products that occurs predominantly in falling rate period but not those that exhibit both constant 

and falling rates periods of drying for which the initial moisture contents are much greater than 

the critical moisture content.  

Despite the vast literature available on mathematical modeling of thin layer drying of various 

agricultural/ food products in solar dryers, the models developed tend to relate to specific 

equipment and products and there is no one general theory for describing the drying 

characteristics of all products and mechanism of solar dryers.  

There is so far no reported study on modeling of the drying process of R. argentea fish in a solar 

dryer, although some experimental investigations have been conducted on the drying of various 

products including R. argentea fish in solar dryers some of which include: drying of crops in a 

mixed mode solar dryer (Forson et al, 2007), drying of Amaranth grains in a natural convection 

solar tent dryer (Abalone et al, 2006), drying of Chilli in an indirect forced convection dryer 

(Ahmed, 2011), drying of R. argentea fish in a direct solar tunnel dryer (Oduor-Odote et al, 

2010), drying of Okra in an indirect, direct and natural convection dryers (Sobukola, 2009), 

drying of Jameed in a natural convection solar dryer (Ghassan et al, 2014), drying of Cuminium 

Cyminium in a forced convection solar dryer (Zomorodian and Moradi, 2011), drying of Tilapia 

fish in a solar tunnel dryer (Kituu et al, 2010), drying of Kales in a natural convection solar dryer 

(Onyinge et al, 2014), drying of Tomato in a solar tunnel dryer (Goken et al, 2009), drying of 

Sardine fish in a microwave heater (Darvishi et al, 2013), drying of tropical fruits (Karim and 

Hawlader, 2005),  drying of herbs and spices in a roof integrated solar dryer (Janjai et al, 2008), 

walk-in-type hemi-cylindrical solar tunnel dryer for industrial use (Saveda. 2012).  
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These experimental studies on drying of most food products have revealed that the process is 

dominated by the falling rate period where internal moisture transport, a complex combination of 

several processes that include: convection, diffusion in both liquid and vapor phases, capillary 

action in pores, adsorption and chemisorptions all play role. However the studies have also 

revealed that the internal moisture transport within the material is dependent on the structure and 

the drying parameters within the solid and which cannot be predicted by theory only so that the 

main purpose of the experimental investigations is not only to validate the models but also 

measure the parameters; diffusion coefficient, activation energy and equilibrium moisture 

content that are often difficult to obtain from physical data banks.  

Like other high moisture food products, experimental studies on the drying of R. argentea fish in 

solar dryers  have revealed that the product exhibits both constant and falling rate drying periods, 

in a drying time of about 14 hours (Oduor-Odote et al, 2010). Other studies have also revealed 

the physical nature and characteristics of the product as being; highly perishable, with high 

surface moisture content and a relatively small diameter. Surface evaporation rather than 

diffusion is therefore likely to be an important factor in its drying process (KIRDI, 2008). Thus 

with prolonged drying times, the product is likely to be exposed to spoilage. Despite the fact that 

studies have been done on drying of this product, some of the drying parameters such as 

effective moisture diffusivity and activation energy, that are useful in designing and optimizing 

the drying processes are still unavailable in physical property data banks.  

The objective of the present study therefore was to develop a drying model of R. argentea fish in 

an indirect forced convection solar dryer and simulate it based on an evaporation drying rate 

equation rather than Fick’s diffusion model, so as to obtain vital information that could be useful 

in developing an efficient commercial solar drying technology for the product. The evaporation 
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based drying rate equation was developed from thermodynamic principles of energy exchanges, 

assuming adiabatic conditions during the drying process.  
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CHAPTER THREE: METHODOLOGY 

3.1 General Procedures 

The procedure adopted for developing the mathematical model of the drying process of R. 

argentea fish in an indirect forced convection solar dryer involved the formulation of heat and 

mass balance equations for the drying air and the product in the drying chamber based on the 

following assumptions: 

1) Non-stratification of the air in the dryer,  

2) Constant values of the specific heats of air, cover and product, 

3) Negligible absorptivity of the air  

4) Thin layer model drying based computations.   

Consequently simulations of the model were carried out by varying the design and operating 

parameters, computed according to the relations outlined in section 3.4 below, in order to 

optimize the drying process. The information obtained from the model was used to construct a 

prototype solar dryer and theoretical drying data generated by the simulations validated by 

conducting experimental drying tests of R. argentea fish on the dryer. Statistical analysis was 

applied to determine the model prediction reliability and the goodness of fit between the 

theoretical and experimental data.  

3.2 Procedure for Formulating the Drying Model of the Product 

From Thermodynamics, the change in enthalpy of air is equal to the heat transferred 

convectively to the product and the heat supplied by air to evaporate the moisture, thus the 

energy required to dry a given product is given by (Youcef-Ali et al, 2001):  

                                  
)( eipaavw TTCmLm 

                                                                           (3.1)
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where   wm  is the mass of water evaporated, iT  is the temperature of air entering product, eT is 

the temperature of air leaving product, paC is the specific heat capacity of air, am  is the mass of 

air and vL  is latent heat of evaporation from product. 

The total mass of water evaporated in the drying process of a product is given by (Raju et al 

2013): 
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where sm  is the mass of wet product, iX  is the initial moisture content and fX is the initial 

moisture content.  

In a time interval, dt  during which moisture content of product decreases by
'dX , 

the energy required is given by:  
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100
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vdw 
                                                                        (3.3)    

where dx   is the thickness of the product,
  dX  is moisture content (d. b.), d  

is the product 

matter density and A  is the area of the product exposed to the air  

The energy lost by heated air is given by: 

                                          
.

dtdTACmE apaaa                                                                           (3.4)
 

where aT
 
is temperature of the air, by assuming an adiabatic process in which no heat is lost or 

gained, the energy lost by the air is equal to that gained by the product hence: 

                                           aw EE                                                                                             (3.5) 

which leads to  
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Equation 3.7 is the drying rate equation that can be written in the form: 
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 where fD  is the drying factor and is given by: 
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and is constant for a set of drying conditions. 

If the time is converted into hours (from seconds) then we have that:  
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The drying rate equation (Eqn. 3.7) satisfies the boundary conditions:  
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The drying constant k  and the constant care related according to the equation: 
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The nature of the model equation, unlike the diffusion model Equation 2.1, suggests it has two 

interdependent solutions obtained through the separation procedure below: 
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where B is a constant 

by applying the equilibrium approximation conditions (Zomorodian and Dadashzadeh, 2009); 

0aeqT o
 C and 0deqX  % (w. b.), and where the interdependence of the moisture content and 

temperature during the drying process is represented by the function gf , it is shown that the 

solutions that satisfy the model Equation 3.8 are:  
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if we differentiate Equations 3.14 and 3.15 to obtain 
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respectively. 

where by multiplying Equation 3.17 by the factor fD from the relation given in Equation 3.12, 

we obtain the function gf  and constant B as: 
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and                                                          aicTB                                                                    (3.19) 

respectively. 
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3.3 Procedure for Obtaining the Equation for the Drying Time  

Assuming a constant temperature with time during the drying process as applied to Equation 

3.17, the temperature gradient function across the material reduces to: 
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The differential equation can be thus modified to a simple O.D.E solvable by separation of 

variables:  
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The solution of equation 3.21 which gives the change in moisture content of the product as a 

function of time was obtained through the integration procedure below given below:  
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from which the drying time was obtained as:   
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3.4 Computation of Parameters for the Prototype Solar Dryer and the Product  

1. The collector tilt angle is linked to the geographical latitude of the site location,  

    and for maximum incident solar radiation it obtained from relation (Forson et al,  

    2007):  

                                                lato 10                                                                            (3.25)       

    where for the present site location (Maseno, Kenya), olat 0  and therefore a value of  
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    o10  was adopted to allow for the drainage of rain water.   

2. The quantity of water to be evaporated from the product was computed from  

    Equation 3.2 as follows: 

                                              













15.01

15.073.0
0.10wm       

                                                      =      6.8 kg                                            

   by assigning the values; 73.0iX , 15.0iX
 
and kgms 0.10 .  

3. The Equilibrium Moisture Content (EMC) for R. argentea fish was computed from the  

    relation (Chukwuka et al, 2009): 
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 89.38265.1739.270

89.3865.1739.270
2






 

                                              = 15.5 % (d. b.) or  13.42 % (w. b.) 

    where initial moisture content at 0t  , %73iM  (w. b.) = 270.39 % (d. b.), final  

   moisture content %15fM  (w. b.) = 17.65 % (d. b.) and moisture content at half time  

                                            89.38mM  % (d. b.)    or  28.0 % (w. b.).  

 4. The heat needed for drying a given quantity of food product is given by: 

                                                vwLmQ                                                                                   (3.27)           

                                             = 22600008.6   

                    = kJ15370  

     where wm is mass of water evaporated from the product, vL latent heat of vaporization  

     of water.  
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5. The total mass of air needed for drying was computed from Equation 3.1 as follows: 

                                             am   = 
 5.3013111007

15370



kJ
  =  kg3.1526  

 

   with the values of specific heat capacity of air
 paC , the final and initial    temperatures

   

   oT  and iT   respectively being substituted from Table A1.  

    

6. The volume flow rate of air was then computed as follows: 

                                                        
d

a

t

V
v 
.

                                                                              (3.28) 

                                                            = 
hrsmkg

kg

14/17.1

3.1526
3 

  

                                                            = 93.18 m
3
/hr 

     where the values of total volume of air used in drying aV  and total drying time were  

     substituted from Table A1. 

7. The average drying rate was evaluated according to the relation: 

                                                
d

w
dr

t

m
M                                                                             (3.29)        

                                                         = 
14

8.6 kg
      

                                                         = 0.486 kg/ hr 

where the values of total drying time dt  and mass of water evaporated were substituted from 

Table A1.     

8. The collector area cA  was computed from the relation (Bolaji and Olalusi, 2008): 
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                                             100
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mc

iopaa

c
IA

TTCm
                                                          (3.30) 

    where c  thermal efficiency of the collectors, am
.

 is air mass flow rate, paC specific  

   heat capacity of air,  iT  collector inlet air temperature,  oT outlet air temperature and mI   

   the predicted incident solar radiation, were assigned theoretical values given in Table  

   A2, (Appendices). A value of 5.0 m
2
 was thus obtained for the collector area.  

9. With the ratio of length to width of the air collectors taken as being greater than 1.5,  

     the length of the drying chamber was given by (Forson et al, 2007):  

                                                            
w

A
L c

s                                                                          (3.31)    

                                                                 = 
29.1

5.2 2m
  = 1.9 m 

     where cA is taken to half of the total surface area of the collectors while w  is width of  

     the collector substituted from Table A1. 

10. The electric power (Pf) of the fan was computed from the equation (Bolaji and  

      Olalusi, 2008): 

                                                    
fc

vw
p

PIA

Lm


                                                                       (3.32)         

                                                  Pf     
 

)5496(
121.0360014

15370





kJ

 

                                                           = 40.33 W 

 

     with the values of mass of water evaporated from the product wm , latent heat of  

     vaporization of water
 vL  , theoretical value of solar radiation intensity mI and total  
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     collector area cA being substituted from Table A1. 

11. The chimney length taken as greater than 
15

1  of the collector length, e.g. 30 cm  

12. The aggregate thin layer drying thickness, mmhL 200 , was assumed for the R.  

      argentea fish (Forson et al, 2007).  

13. For the diffusion model, the drying rate constants were computed as the gradients of  

      the graph of In MR versus time according to the equation: 

                                                      ktMR  exp                                                                    (3.33)       

14. The effective moisture diffusivity effD  representing the overall mass transport  

      property of moisture in the material including liquid, vapor diffusion and other  

      transport mechanism was estimated from the drying rate constant according to the  

       relation (Simante, 2003):             

                                                      
L

D
k

eff

4

2
                                                                          (3.34) 

       where L  is the characteristic length of the product. 

15. The activation energy of food product was calculated according to the Arrhenius  

      Equation (Akipnar et al, 2003):  

                                     
RT

EDD oeff
 exp                                                                (3.35)                                                                                                

     where T (K) plenum chamber temperature E ( molJ / ) activation energy, R   

     universal gas constant KmolJ // and oD  ( sm /2 ) is the pre-exponential factor for the  

     Arrhenius equation                                                  



 

 

45 

 

3.5 Model Simulation Procedure 

The model equations were simulated based on theoretical parameters whose values were 

obtained from the design calculations using the relations outlined in Section 3.4 and given in 

Table A2 and other information obtained in literature. The drying model equation representing 

drying process was solved and simulated to predict the drying time, moisture ratios and drying 

rates among other parameters.  

3.6 Description of the Prototype Solar Dryer  

The materials used in the construction of the proto-type indirect forced convection cabinet solar 

dryer were: well-seasoned cedar timber, galvanized iron sheets, transparent glass (5.0 mm 

thickness), white polythene sheets, PVC waste pipes (diameter 8.5 cm), electric fan and a solar 

photovoltaic module. The drying system consists of a drying chamber, two solar air heaters with 

a total glazing area of 5.0 m
2
 made from wooden frames and transparent glass (5.0 mm 

thickness), the two collectors arranged perpendicular to each other, were connected to the drying 

chamber by an air duct system made using PVC waste pipes. The two solar collectors each had a 

tilt angle of 10 
o
 based on design calculations to allow for rain water drain. 

The drying chamber measuring 2.1 m by 1.2 m by 1.8 m, had a mounted door and was divided 

into two sections, left and right each consisting of 10 trays, made of wooden frames and 

aluminum gauzing, spaced 0.20 m apart, each with a drying area of 1.0 m
2
. The drying chamber 

had an inner lagging of foam material, a 30.0 cm tall chimney, an exhaust fan mounted on the 

dome of the chamber and a 50-W solar photovoltaic module, Figure 3.1. The dome of the drying 

chamber was made of un-insulated galvanized iron sheet. The bottom of the chamber was 

connected to the solar collectors using PVC waste pipes, with an air inlet on each of its four 
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sides. The exhaust fan was connected to the solar photovoltaic module via insulated electric 

power cables with internal diameter of 2.5 mm.  

The design details of the prototype indirect forced convection solar dryer and photographic view 

are presented in Figures 3.1 and 3.2 respectively below; 
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Figure 3.1: The design drawings of the proto-type indirect, forced convection cabinet  

                  solar dryer.  
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Figure 3.2: Pictorial view of the prototype indirect cabinet forced convection solar dryer,  

                   developed at Maseno University, Kenya. 

3.7 Experimental Methods and Procedures 

3.7.1 Full Load Tests 

The indirect forced convection solar dryer shown in figure 3.1, was used to conduct a series of 

five drying tests for R. argentea fish during the periods; May - June 2014 and January - March 

2015 during which fish samples were dried and the performance evaluated. During the 

experimental tests the air temperature at the collector outlets, at various locations in the drying 
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chamber and ambient temperatures were measured by the use of type “J” thermocouples 

connected to a data logging system at regular intervals of 1 hour between the hours of 09:00 

hours and 16:00 hours local time. The solar radiation intensity was measured during the hours of 

drying by means of a portable solarimeter placed horizontally. The dryer was loaded with 1 kg R. 

argentea fish with initial moisture content 73% w. b. laid in thin layers onto each tray. The food 

samples were removed from the dryer, the weights measured at the start and at two-hourly 

intervals thereafter using an electronic balance. 

 Measurements of relative humidity of air in the ambient and drying chamber were taken at 

hourly intervals using a Psychrometer. The initial weight and the final weight of the fish up to 

the stage when no further weight loss occurred were recorded, drying was only stopped when 

there was no significant differences in the weight of the samples after three consecutive 

weighing. Weight measurements were also taken from control samples dried to approximately 

the same moisture content using open sun method. The fish was left in the solar dryer overnight 

and before beginning drying on the second day, weight measurements were taken in the morning   

3.7.2 Measurement of Temperature  

Temperatures readings were taken at intervals of 10 minutes for the ambient air and at various 

locations in the collectors and drying chamber using thermocouples connected to a data logging 

system, Fluke model 2286A (Everett WA, USA), consisting of type J (Iron - Constantan), K 

(Chromel - Alumel) and E (Chromel - Constantan) thermocouples with measurement ranges - 

200 to 760 ° C, - 225 to 1350 ° C and - 250 to 1000 ° C, respectively.  
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3.7.3 Measurement of the Incident Solar Radiation  

The instantaneous incident solar radiation was measured at intervals of 1 minute using a 

solariometer model SL 200, (e-instruments, France), with measurement range of 1 - 1300 W/ m
2
, 

accuracy ± 5 %, measurement frequency: 2 Measurement per second.  

3.7.4 Measurement of Relative Humidity  

The relative humidity of air inside and outside the chamber was measured at 1-hourly intervals 

using two digital Pyschrometer: model 5105 (JENWAY, U.K.) with one being placed inside the 

drying chamber and the other outside.  

3.7.5 Measurement of Air Flow Rates  

The air speed and volume flow rates were measured at the collector outlets and chimney at 

hourly intervals using an anemometer: VELOCICAL model 8357 (T.S.I., USA), with measuring 

ranges: 0424.0  - sm /1017.1 38  for volume flow rates and accuracy ranges: ± 0.05 for 2.5 - 10 

m/s, ± 0.025 m/s for 10 - 30 m/s and ± 0.5 for 30 - 50 m/s air velocities.  

The following is a pictorial view of the prototype solar dryer showing the various trays loaded 

with R. argentea fish during the experimental tests 
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  Figure 3.3: Pictorial view of the indirect cabinet solar dryer loaded with R.       

                    argentea fish 

3.8 Model Testing Procedure  

The mathematical model of the solar drying process of R. argentea fish was validated through 

the application of statistical methods of regression and correlation analysis to test the fitting of 

the model. The coefficient of determination (R
2
), reduced chi-square (χ

2
) and root mean square 

error (RMSE) were computed in order to determine the quality of fit, where the value of reduced 

chi-square was computed from the equation given below: 
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The coefficient of determination ( 2R ) was also obtained from the following relation: 
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while the root mean square error ( RMSE) was computed from the relation: 
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N

i
preii MRMR

N
RMSE                                                                  (3.38) 

where iMRexp   is the 
thi   experimentally observed moisture ratio,  preiMR  is the 

thi  predicted 

moisture ratio, iRM exp  is the mean value the experimental moisture ratio,  n   is the number of 

constants and N is the number of observations (Bentayab et al, 2008). 
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CHAPTER FOUR: RESULTS AND DISCUSSION 

 

4.1 The Mathematical Drying Model   

The mathematical drying model of R. argentea fish consists of four equations formulated using 

the procedures described in Chapter three, section 3.2. These are the drying rate equation which 

is a first order Ordinary Differential Equation (O.D.E), the moisture and temperature ratios 

respectively, which are the two solutions of the drying rate equation and a drying time equation, 

which is a special solution of the drying rate equation, when equilibrium conditions are assumed 

to occur very close to zero.  

4.1.1 The Drying Rate Equation 

The Equation 3.8, derived in section 3.2 represents the drying rate of the product and is the basic 

model equation from which other equations were derived. This equation is 

 
analogous to the Fick’s diffusion model, Equation 2.1 with the drying factor Df  corresponding 

to the effective moisture diffusivity Deff . However, whereas in the diffusion model, the effective 

moisture diffusivity (Deff) cannot be predicted theoretically and is determined through 

experimental measurements, the drying factor Df  in the present model can be computed since the 

constituting parameters; air flow rate, specific heat capacity of air, material density and latent 

heat of vaporization of water are easily obtainable. Furthermore in contrast with the Fick’s 

diffusion model which provides no information on dryer design parameters, the present model 

contains a parameter Df (drying factor) whose main variable is the air flow rate, which is an 

important design parameter of solar dryers. 
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4.1.2 Moisture Ratio and Temperature Ratio Equations 

The moisture and temperature ratios were obtained from the two solutions of Equation 3.8 based 

on the boundary conditions Equations 3.10 and 3.11. By assuming that equilibrium moisture and 

temperature conditions to occur close to zero, the moisture and temperatures ratio  were obtained 

as  

                                                   
1







ktcx

cx

deqdi

deqd

ee

e

XX

XX
MR                                              (4.1) 

and                                               1







ktcx

kt

aeqai

aia

ee

e

TT

TT
                                                  (4.2)

 

respectively: 

Equation 4.1 is the ratio of instantaneous to initial moisture contents of the R. argentea fish, 

representing the rate of moisture removal from the product. The two drying constants c and k 

related according to Equation 3.12 depend on the product characteristics and drying conditions, k 

is the drying rate constant representing the heat and mass transfer mechanism while c is a 

constant representing the physical characteristics of the product, both constants therefore have 

physical significance. Equation 4.2 provides a prediction of the instantaneous temperature of the 

product as function of product thickness x, constant c and the drying time t. 
 

4.1.3 The Drying Time Equation 

The drying time equation was obtained from the solution of the simplified form of the drying rate 

equation, Equation 3.21,  

The integration procedures outlined in section 3.3, therefore gave rise to the drying time 

Equation 3.22, but where the constant c defined according to Equation 3.12 was simplified by 

assuming that equilibrium conditions occur very close to zero;  
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0aeqT  K,  0deqX  % (w. b.) to:

                                 

                                         aif

di

TD

kX
c                                                                                            (4.3)

 

It is observed that the present drying time model equation is similar to that of an evaporation 

based model in a past study by Chukwuka et. al. (2009) although with the constituting

 

parameters in the models being different. It is further noted that while in the earlier model the 

driving force was the difference in vapor pressure of the water at the surface and in the 

surrounding atmosphere, in the present model it is the air flow rate.

         

4.2 Model Results 
 

4.2.1 Variation of Drying Time with Temperature 

The variation of drying time with temperature as derived from the model Equation 3.22 for the 

air mass flow rates; 0.022 kg/s, 0.03kg/s 0.04 kg/s, 0.05kg/s and 0.06 kg/s have been presented in 

the following table: 

 

Table 4.1: Model simulations of drying times with air mass flow rate and temperature 

 

Temperature 

)(KTa  

Drying time 

at  

skg /022.0  

Drying time 

at  

skg /03.0  

Drying time 

at  

skg /04.0  

Drying time 

at  

skg /05.0  

Drying time 

at  

skg /06.0  

308 12.1 8.9 6.7 5.3 4.4 

318 11.7 8.6 6.4 5.2 4.3 

328 11.4 8.3 6.2 5.0 4.2 

338 11.0 8.1 6.1 4.9 4.0 

348 10.7 7.9 5.9 4.7 3.9 

358 10.4 7.6 5.7 4.6 3.8 
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As can be observed from the table, there is a decreasing trend of drying time with increasing 

temperature. It is further observed that increasing the air mass flow rate from 0.022 kg/s to 0.06 

kg/s causes an average reduction of 7 hours in the drying time whereas an increase in 

temperature from 308 K to 358 K causes an average reduction in the drying time of less than 2 

hours. The least drying times predicted by the model occur at 0.06 kg/s for which the minimum 

drying was 3.8 hours at a temperature of about 360 K. However since drying food products is 

recommended at temperatures below 343 K, the optimum set of drying parameters would be: 340 

K, 0.06 kg/s and 4.0 hours being temperature, air mass flow rate and drying time respectively.  

 

Further from the table a comparative graphical variation of the drying time with temperature for 

different air mass flow rates have been presented in Figure 4.1 below:  
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Figure 4.1: Variation of drying time with temperature at various air mass flow rates. 

 

As can be observed from the figure, the drying time decreases linearly with increasing 

temperature. The longest drying times predicted by the model are for air mass flow rate of 0.022 

kg/s and range from 10.4 to 12.4 hours for the different temperatures. The shortest drying times 

are predicted for 0.06 kg/s air mass flow rates and range between 3.8 and 4.4 hours. At the 

simulated experimental drying temperature of 320 K, and air mass flow rate of 0.022kg/s the 

model predicts a drying time of 11.7 hours. Although the least predicted drying time is 3.8 hours 

for 0.06 kg/s air flow rate at the drying temperature 358 K (Table 4.1) the recommended 

maximum temperature for drying of food products should not exceed 343 K. But within the 
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experimental drying temperature of 320 K, the model predicted that the drying time could be 

reduced by 7 hours just by enhancing the air mass flow rates to 0.06 kg/s. The shortest drying 

time of 3.8 hours predicted by the model is observed to be much shorter than 14 hours which has 

been obtained by a past study on R. argentea fish, (Oduor-Odote et al, 2010).  Thus the set of 

optimum drying parameters for this product would be 0.06 kg/s air flow rate and 340 K 

temperature for which the model predicts a drying time of about 4 hours. 

4.2.2 Variation of Drying Time with Air Mass Flow Rate  

The variation of drying time with air mass flow rate for various temperatures as derived from the 

simulations of the model, Table 4.1, have been presented in Figure 4.2 below; 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

59 

 

0.020 0.025 0.030 0.035 0.040 0.045 0.050 0.055 0.060 0.065

4

6

8

10

12

D
ry

in
g

 t
im

e
 (

h
rs

)

Air mass flow rate (kg/s)

 T= 310 K

 T= 320 K

 T= 330 K

 T= 340 K

 T= 350 K

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

          

Figure 4.2: Variation of drying time with air mass flow rate at various temperatures  

 

From the figure above, it is observed that there is an exponential decrease of drying time with 

increasing air mass flow rate. However there is an apparent critical air mass flow rate above 

which no further decrease in the drying time can be achieved, suggesting that the minimum 

drying time of about four hours for the R. argentea fish product. The model thus predicts a 

reduction of about 7 hours in the drying time of this product, when air the mass flow rate is 

enhanced to 0.06 kg/s. However there was no significant variation observed between the drying 

time and temperature, suggesting that the air mass flow rate is a more influential parameter than 

temperature in determining the drying time, this has also been observed by past studies involving 
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evaporation models (Babalis and Belessiotis, 2004) who have also observed the strong influence 

of air temperature and velocity of air at early stages of drying, however the authors observed that 

the influence of air flow rate vanished after a period of between 4 to 5 hours. 

4.2.3 Variation of the Moisture Ratio with Time  

The model simulations of the moisture ratio of the fish with time derived from Equation 3.14, for 

the product thickness mx 004.0  , at various k (drying rate constant) and c (the product constant) 

are presented in the table below:  

 

Table 4.2: Model predictions of the moisture ratio of fish in the solar dryer 

 

Time 

(hrs) 

MR for 

(k = 

0.202hr
-1

 

c = 9.92) 

MR 

(k = 

0.205hr
-1

 

c = 9.92) 

MR 

(k = 

0.215hr
-1

 

c = 9.92) 

MR 

(k = 

0.296hr
-1

 

c = 9.29) 

MR 

(k = 

0.392hr
-1

 

c = 9.89) 

MR 

(k = 

0.569hr
-1

 

c = 

11.49) 

MR 

(k = 

0.589hr
-1

 

c = 9.93) 

0 0.73 0.73 0.73 0.73 0.73 0.73 0.73 

2 0.68 0.67 0.66 0.56 0.47 0.33 0.32 

4 0.46 0.45 0.44 0.31 0.22 0.11 0.10 

6 0.30 0.30 0.28 0.18 0.10 0.03 0.03 

8 0.20 0.20 0.19 0.10 0.05 0.01 0.00 

10 0.14 0.13 0.12 0.05 0.02 0.00 0.00 

12 0.09 0.09 0.08 0.03 0.01 0.00 0.00 

14 0.06 0.06 0.05 0.02 0.00 0.00 0.00 

16 0.04 0.04 0.03 0.01 0.00 0.00 0.00 

 

As can be seen from Table 4.2, the moisture ratios of the fish decrease with the drying time, but 

the decrease is comparatively more rapid for larger values of the drying rate constants. It is 

observed that moisture ratios of the fish for the drying rate constants; 0.202 hr
-1

, 0.205 hr
-1

 and 

0.215 hr
-1

 are almost identical, which can be explained by the fact they have the same value of 

drying factor, Ksm //1076.1 33 . The model predicts that moisture ratio lower than 0.15 or 15 

% (w. b.) moisture content, the recommended safe value for food products, can be attained by the 
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fish in less than 6 hours for the drying rate constants; 0.392 hr
-1

, 0.569 hr
-1

 and 0.589 hr
-1

. 

However near the simulated experimental conditions corresponding to drying rate constants; 

0.202 hr
-1

, 0.205 hr
-1

 and 0.215 hr
-1

 the model predicts that the safe moisture content / ratios is 

only attained after more than 8 hours of drying.  

Further, variations of the model moisture ratio of the fish with time derived from Table 4.2 have 

been presented in the Figure 4.3 below: 
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 Figure 4.3: Variation of the model moisture ratio of the fish with time for various  

                    drying rate constants 

 

It is observed from Figure 4.3, that the moisture ratio for the fish for the various drying factors; 

(
31076.1 fD Ksm //3  for k = 0.202 hr

-1
, 0.205 hr

-1
 and 0.215 hr

-1
,  

31056.2 fD  

Ksm //3  for k = 0.296 hr
-1

, 
31021.3 fD Ksm //3  for k = 0.392  hr

-1
, 

31001.4 fD Ksm //3  for k = 0.569 hr
-1

 and 
31081.4 fD Ksm //3  for k = 0.589 hr

-1
) 

show an approximately linear section at the beginning of drying (time interval 0 - 4 hours) before 

an exponential decay with increasing drying time. In the linear region the graphs have slopes 
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indicating higher drying rates as unlike in the exponential section. It is observed that the moisture 

curves denoting the drying rate constants; k = 0.202 hr
-1

, 0.205 hr
-1 

and 0.215 hr
-1 

are almost 

coincident which is attributable to the fact that they have the value of drying factor, 

31076.1 fD Ksm //3 . A similar trend was observed for the drying curves representing; k = 

0.569 hr
-1

 and k = 0.589 hr
-1

, with drying factors 31001.4 fD Ksm //3 and 

31081.4 fD Ksm //3 respectively. This observation suggests that there is a diminishing 

effect of the drying factor on the drying rates beyond some critical value. Since the drying factor 

is proportional to the air mass flow rate it affects the heat and mass transfer rates between the 

product and drying medium (heated air) this observation therefore suggests that beyond certain 

air flow rates, other parameters such as temperature have a greater effect on the drying rates than 

air flow rate. It is also observed that for air mass flow rates of 0.05 kg/s and 0.06 kg/s, the 

moisture ratio of the fish is decreased to safe moisture content;  10 % (w. b.) in a drying time of 

less than 5 hours, suggesting that larger moisture losses occur for higher values of drying factors. 

This result implies that the fish could be dried in a period of 5 hours attaining the safe moisture 

content; 25 % (w. b.) at which bacterial activity is inhibited in the first 3 hours and then to 15 % 

(w. b.), at which mould activity is halted (Basunia et al, 2011) in a further 2 hours at an enhanced 

air mass flow rate of 0.05 kg/ s.  

4.2.4 Variation of Drying Rate Constant with Air Mass Flow Rate  

By assigning values to;   c  , diX and aiT based on the product characteristics and operating 

conditions, the variations of drying rate constant k  (hr
-1

) with the air mass flow rate for various 

temperatures by the model were obtained and have been presented in the table below:       
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Table 4.3: Variations of the drying rate constant with temperature and air mass  

                  flow rates. 

 

Temperature 

(K) 

Drying rate 

constant  

 k (hr
-1

) at 

0.022 kg/s 

 

 

k (hr
-1

) at 

0.03 kg/s 

 

 

k (hr
-1

) at 

0.04 kg/s 

 

 

k (hr
-1

) at 

0.05 kg/s 

 

 

k (hr
-1

) at 

0.06 kg/s 

310 0.199 0.290 0.362 0.526 0.545 

320 0.205 0.280 0.374 0.543 0.562 

330 0.212 0.289 0.386 0.560 0.580 

340 0.219 0.298 0.397 0.577 0.598 

350 0.225 0.306 0.409 0.594 0.615 

360 0.232 0.315 0.421 0.611 0.633 

 

From the table, it is observed that for a particular temperature, the drying rate constants increase 

with the air flow rates and a similar trend is seen where at particular air flow rate the drying rate 

constants increase with rising temperature. It is however noted that greater changes in drying rate 

constants result from variations in the air flow rates produces as compared to temperature, where 

for example at 320 K, (temperature) enhancing the air flow rate from 0.022 kg/s to 0.06 kg/s 

results in change of 0.367 hr
-1

 in the drying constant but while increasing the temperature to 360 

K results in a change of only 0.033 hr
-1

 in the drying rate constant. This observation in the 

present model would appear to suggest that although both temperature and air flow rates affect 

the rate of drying of a product, air flow rate is a more influential factor than temperature.  

Further, graphical variation of the drying rate constants with air mass flow rate, at various 

temperatures have also been presented in the figure below: 
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 Figure 4.4: Variation of drying rate constant with air mass flow rate for various  

                    temperatures  

                    

 

From Figure 4.4 above, it is observed that there is an almost linear relationship between the 

drying rate constants and the air mass flow rate at lower air mass flow rates but a non-linear 

trend for higher flows. It is also apparent that at higher flows the curves each approach a 

maximum value of drying rate constant with further increases in air flow rates.  
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However the figure shows that a minimal influence of temperature, especially at lower air mass 

flow rates, thus suggesting that air mass flow rate is a more influential factor on the drying rate 

as compared to temperature.  This observation is consistent with results of past studies on 

constant rate drying (Srikiatden, 2007) whose authors have also observed that the drying rate in 

this phase of drying is largely controlled by the rate of air flow over the product rather than 

internal diffusion factors. The model therefore predicts; 0.06 kg/s as the value for which there is 

a maximum drying rate constant; 0.640 hr
-1

 but beyond which there is a diminishing effect of air 

mass flow rate on the drying rate constant. This observation is consistent with findings of the 

study by Babalis and Belesiotis (2004) who have also reported the strong influence of air 

velocity on drying rates during the early stages of drying, but which influence diminishes after 

approximately 4 to 5 hours. 

4.2.5 Variation of Drying Rate Constant with Temperature  

The influence of temperature on the drying rate constant was also investigated using the model 

and the results have been summarized in the table below: 
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Table 4.4: Influence of temperature on the model drying rate constant for different  

                 air mass flow rates 

 

 

          

Temp 

(K) 

k  (hr
-1

) 

at

skg
am /022.0

.



 

k (hr
-1

) 

at

skg
am /03.0

.



 

k (hr
-1

) 

at 

skg
am /04.0

.



 

k (hr
-1

) 

at

skg
am /05.0

.



 

k (hr
-1

) 

at

skg
am /06.0

.



 

310 0.199 0.290 0.362 0.526 0.545 

320 0.205 0.280 0.374 0.543 0.562 

330 0.212 0.289 0.386 0.560 0.580 

340 0.219 0.298 0.397 0.577 0.598 

350 0.225 0.306 0.409 0.594 0.615 

360 0.232 0.315 0.421 0.611 0.633 

mean 

k (hr
-1

)  

 

0.215 + 0.00015 0.296 + 

0.00016 

0.392 + 

0.00048 

0.569 + 0.0010 

 

0.589 + 

0.0011 

  

 

From the table, it is observed that there is an increasing trend in the drying rate constant with 

increase in temperature, for the air flow rates under consideration. However at particular air flow 

rates the ranges of the drying rate constants caused by temperature variation is much smaller 

compared to the ranges produced by variation in air flow rates. For example at 0.022 kg/s air 

flow rate and 310 K, increasing the temperature by 50 K (15 %) results in only a change of 0.016 

hr
-1

 (10 %) while enhancing the air flow rate by 0.008 kg/s (36 %) results in a comparatively 

greater change of 0.081 hr
-1

 (40 %) in the drying rate constant.  

Further, the variation of drying rate constants with air mass flow rate has been presented in 

Figure 4.5 below; 
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Figure 4.5: Variation of drying rate constants k  with temperature for the different air  

                   mass flow rates 

           

From the figure above, it is observed that there is a direct linear proportionality between the 

drying rate constants and temperature and that the drying rate constants are generally larger for 

higher air flow rates. The fact is that increasing the temperature raises the absolute humidity of 

air but lowers its relative humidity hence increasing the drying rates.  There is therefore 

agreement between the present model and the Fick’s diffusion model as far as the prediction of 

the drying rate constant with temperature is concerned and Akoy (2007) has also observed the 

same trend. However there is an apparent convergence in the drying rate constants at higher air 



 

 

69 

 

flow rates as observed in the overlapping of the drying constants for air mass flow rates; 

skg /05.0  and skg /06.0  and confirmed by statistical analysis using Student-“t’ and one-way 

Anova tests whose results; 1054.1t and 949.2p : 222.1F and 2949.0P  respectively 

indicated no significant differences of the means of the drying rate constants at 5 % significance 

levels. This observation therefore implies that there is a limit to which increasing the air flow 

rate contributes to increasing the drying rate. 

 

It is also observed that the values of drying rate constants are larger at higher temperatures, 

where at the simulated experimental conditions; 0.022 kg/s and 310 K for air mass flow rate and 

drying temperature respectively, the model predicted a drying rate constant of between 0.200 hr
-1

 

and 0.230 hr
-1

 at 310 K and 360 K temperatures respectively. These values are within the range 

of 0.22 hr
-1

 and 0.23 hr
-1

 for R. argentea fish obtained in direct tunnel solar dryer by a past study 

(Odote et al, 2010). However larger drying rate constants than these values for the product have 

been predicted by the model as are obtainable at air mass flow rates of between 0.03 kg/s and 

0.06 kg/s for the temperature range 310 K to 360 K. 

In conclusion the drying rate constant is a function of both air and material properties, it 

describes the heat and mass transport mechanism and is therefore a useful design and 

optimization tool since it embodies all the transport properties into a simple exponential function 

(Akoy, 2007). 

4.2.6 Variation of Drying Rates with Time  

The variation of drying rates with time as predicted by the model were computed from the 

moisture ratios using Equation 3.29 and the results have been presented in Figure 4.6  

below: 
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 Figure 4.6: Variation of the model drying rates with time 

It is observed from the figure that the drying rates initially increase to a maximum value but 

begin to decrease after about 2 hours of drying. The falling rate drying period during which the 

drying rate decreases is observed to be much longer than the constant rate drying period. At the 

simulated experimental value of the drying rate constant 0.205 hr
-1

, the model predicts that the 

drying rates begins to decrease after about 3 hours of drying, with the falling rate period lasting 

about 6 hours.  
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4.2.7 Variation of Drying Rate Constant with Drying Factor  

The influence of the drying factor fD on the drying rate constant k  at various                   

temperatures was investigated by the model and the results have been presented in Figure 4.7 

below:    

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

           

Figure 4.7: Variation of the drying rate constant k  with drying factor fD at various  

                   temperatures 

                              

It is observed that there is a similarity between the variations of drying rate constant with air 

mass flow rate and drying factor, as seen in the similarities of Figures 4.4 and 4.7. The 

observation confirms that the drying factor, Equation 3.9, contains only one variable; air mass 

flow rate. There is an apparent similarity between the present model and the diffusion model, 
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with the drying factor fD in the former and moisture diffusivity coefficient effD in the latter both 

having a linear relationship with the drying rate constants, Equations 3.34 and 4.6. However the 

advantage for the present model is that fD  is easily computable from Equation 3.9, where the 

only variable is the air flow rate unlike in the Fick’s diffusion model where coefficient of 

moisture diffusivity effD  is measured through experimental tests.  

4.2.8 Variation of Drying Factor with Drying Time 

The influence of the drying factor fD  on the drying times at various temperatures as predicted 

by the model, have been presented in Table 4.5 below: 

 

Table 4.5: Influence of drying factor fD on the drying time at different temperature 

fD  310  

( )//3 Ksm  

Drying 

time 

(hrs) 

t-310K  

 

 

t-320K 

 

 

t-330K 

 

 

t-340K 

 

 

t-350K 

 

 

t-360K 

Mean 

drying 

time td 

(hrs) 

1.76 12.1 11.7  11.4 11.0 10.4 11.22 

2.56   8.9   8.6    8.3   8.1   7.6 8.23 

3.21   6.7   6.4    6.2   6.1   5.7 6.17 

4.01   5.3   5.2    5.0   4.9   4.6 4.95 

4.81   4.4   4.3    4.2   4.0   3.8 4.10 

td   7.6   7.3    7.1   7.0   6.7  

 

It is observed that the drying times are much shorter for larger values of the drying factor, 

whereas an increase in fD from Ksm //1076.1 33  to Ksm //1081.4 33  results in the 

reduction of drying time by about 7 hours, a temperature change from 310 K to 360 K causes a 

reduction of less than 2 hours in the drying time. It is apparent that the drying factor whose main 

constituting variable is air flow rate affects the drying rates more than temperature. Further the 
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graphical variation of the drying time with the drying factor has also been presented in the figure 

below:                     

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

           

 

 

 

 

 

 

              

 

 

 Figure 4.8: Variation of the mean drying time dt  with the drying factor fD  

  

The figure shows an exponential decrease in the drying time with drying factor. Increasing the 

drying factor drastically reduces the drying time from about 12 hours to 4 hours. This 

observation suggests a strong influence of the drying factor on the drying time and since drying 

factor is a lumped parameter containing air mass flow rate as the main variable, its variation with 

time must therefore reflect that of the air flow rate.  
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From Figure 4.8, it is also apparent that there is a critical value of drying factor beyond which no 

further reduction in the drying time can be achieved. The model thus suggests a minimum drying 

time of about 4 hours for the R. argentea fish product.   

4.3 Experimental Results 

4.3.1 Variation of Ambient and Drying Chamber Air Relative Humidity with Time 

The variations of the mean relative humidity of ambient and chamber air against time experiment 

during the first phase of drying has been presented in Figure 4.9 below:      

           

    

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: Variation of the mean relative humidity of ambient and chamber  

                    during the first phase of drying. 
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It is observed from the figure that the values of relative humidity of air in the drying chamber 

obtained by the experimental tests ranges from 66.5 % to 77.9 %, while for the ambient air the 

range was from 52.6 % and 67.4 %, during the first phase of drying ( the first 5 hours). During 

this phase, the relative humidity of air is greater for the drying chamber than the ambient, even 

though both decrease with increasing time of the day. The comparatively higher relative 

humidity of air in drying chamber is attributed to the fact that at the beginning of the drying, the 

fish was heavily laden with moisture which increased moisture of air in the drying chamber. 

However, the decrease in the relative humidity of air in the drying chamber appears to be more 

uniform and steady as compared to that of the ambient.  

At about 15:00 hrs, there is shift in the trend where an increase is observed; with the rise in 

ambient value being sharper than the value for the drying chamber. This observation can be 

attributed to the marked decrease in the solar radiation intensity after 14:00 hours, which in turn 

causes a drop in the temperature of both the ambient and drying chamber. In general the relative 

humidity of air in the ambient and drying chamber is observed to be higher at beginning of 

drying 10:00 hours but decrease to a minimum value at about the instant when there marked 

decreasing trend in the solar radiation intensity.  

The figure also shows that while the values of relative humidity of air in both ambient and drying 

chamber decreases with the drying time, the solar radiation intensity increases with a peak value 

occurring at about 14:00 hours. This observation suggests an inverse relationship between 

relative humidity of the air and solar radiation intensity, which is accounted for by the fact that 

increase in solar radiation intensity causes an increase in temperature in the ambient air entering 

the collectors, the fact is that although the absolute humidity of the air is constant at a particular 

temperature, it can be increased by raising the temperature of air thus lowering the relative 
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humidity of the air. The above explanation therefore leads to the observation that relative 

humidity in ambient air reduces with increasing solar radiation.  

Further the variation of the mean relative humidity of ambient and chamber during the second 

phase of drying (last 6 hours) is presented in Figure 4.10 below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: Variation of the mean relative humidity in the ambient and  

                     chamber during the second phase of drying  

 

From Figure 4.14, it is observed that during the second phase of the drying tests, the mean 

relative humidity of the chamber air ranged from 47.2 % to 69.2 % while that of ambient air 
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varied from 51.0 % to 68.0 %. It is therefore apparent that the relative humidity of the chamber 

air was lower than that of ambient. But as can be been observed from the Figures 4.13 and 4.14, 

both the relative humidity in the ambient and chamber air showed a general decreasing trend 

with increasing time of the day. It is also further observed that whereas there were fluctuations in 

mean relative humidity of the ambient air, a decreasing trend in the relative humidity of the 

chamber air to an almost constant value was observed. There was therefore an overall reduction 

in relative humidity of air in the drying chamber by 23.4 % below the ambient value during the 

days of drying. In addition, it was observed that between 10:00 hours and 16:00 hours, the solar 

radiation intensity and therefore temperatures were relatively higher while the relative humidity 

of air during this period was lower, a condition that tended to enhance the drying process.  

The observed decrease in relative humidity of air in the chamber and ambient with time of the 

day was caused by increased temperature of the ambient air, through heating by the incident 

solar radiation, with the absolute humidity of the air increasing with temperature but the relative 

humidity is lowered due to expansion of the air. This decreasing trend of air relative humidity 

with solar radiation intensity has the effect of increasing drying rates during solar drying, as has 

been observed by past studies (Aghbasho et al, 2008; Kaplanis, 2006).  

The properties of the air flowing around the product are therefore major factors that determine 

the rate of removal of moisture, with the capacity of air to remove moisture principally 

depending on its initial temperature and humidity. This has been observed by by past studies 

which have reported that higher temperatures coupled with lower humidity tends to enhance 

moisture removal capacity of the air, (Raju et al, 2013)  
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4.3.2 Variation of Temperature and Solar Radiation Intensity with Time  

The variations of temperature and incident solar radiation intensity with time for various 

locations in the drying system under load are presented in Figure 4.11 below;  

 

 

 

 

 

 

 

 

 

 

       

 

 

 

      

 Figure 4.11: Variation of mean temperatures at various locations in the collectors 

                      and drying chamber with time during drying. 

        

It is noted that there is a fluctuating pattern of temperature of the components of the drying 

system with time of the day. The chamber temperature increases from relatively lower values in 

the morning and attains maximum values between 12 noon and 13:00 hrs, with the peaks of 

temperature corresponding to the period when the global solar radiation is maximum an 

observation which agrees with findings of other studies, (Kaplanis, 2006).  

 



 

 

79 

 

It is observed further that the mean outlet temperatures of the collector system was 44.85 + 15.89 

o 
C, which was higher than 32.0 + 9.71 

o 
C and 28.7 + 3.23 

o 
C, the mean values for bottom 

chamber and ambient air temperatures respectively, although the mean bottom chamber 

temperature was observed to be higher than the ambient value. This is explained by the fact that 

as the solar radiation falls on the glass cover of the collectors, a part of this energy is absorbed by 

the glass but the portion transmitted by the glass is exchanged through radiation and convection 

between the absorber and air in the collectors, causing heating of the air as it flows in the 

collectors hence the higher temperature of air in the collectors as compared to the ambient. There 

are therefore convection and conduction thermal losses between the collector walls, metal 

absorber, collector walls and the glass leading to attenuation of heat energy transmitted to the 

drying chamber by the flowing air and hence the observation that temperatures are lower in the 

drying chamber than at the collectors. 

It was also observed that as the solar radiation intensity increased, so did the outlet temperature 

of the collectors and hence the difference in temperature between the collector outlet and the 

ambient air. The maximum values of outlet temperatures of the collector system and solar 

radiation intensity occurred at about the same time (s) of the day, Figure 4.11. The mean 

temperatures at the bottom, middle, top trays and the chimney were found to be; 29.1 + 3.00 
o 

C, 

27.0 + 3.46 
o 
C, 26.1 + 2.79 

o 
C and 26.6 + 4.23 

o
 C respectively. Although there was an observed 

general decreasing trend in temperature from the bottom chamber to the top tray of the dryer, the 

temperature of the chimney was found to be slightly higher than that of the top tray. The higher 

temperature of the chimney is attributed to the good thermal absorption properties of the metallic 

material used in its construction. 
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The variation of the solar radiation intensity assumed a parabolic shape, (though not perfectly), 

with the peak occurring at about 13:00 hrs, with increase and decrease before and after the peak 

respectively. The variation of solar radiation intensity with the time of the day was not perfectly 

parabolic as expected but fluctuated near the peak, an observation that was attributed to the 

movements and intensity of the clouds. It was also observed that the temperature of the air in the 

drying chamber was higher than the ambient for most hours of the drying day. The graph of the 

temperature profiles of the various components in the drying system followed the pattern of the 

incident solar radiation with their maxima and minima occurring at about the same times with 

that of the incident solar radiation, an observation which suggests that temperature is an 

evolution of the instantaneous incident solar radiation, and which has been observed by previous 

studies (Ghaba et al, 2007).  

4.3.3 Variation of Air Volume Flow Rate and Solar Radiation Intensity with Time 

The variations of the air inlet and outlet flow rates through the drying chamber and the solar 

radiation intensity have been presented in Figure 4.12 below: 
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Figure 4.12: Variation of the mean inlet and out let air volume flow rates with time  

                      during drying.   

 

 

From the figure, it is observed that the mean air mass flow rate from the combination of 

collectors into the drying chamber was 0.0190 ± 0.0048 kg/s while the air flow rate out of the 

chimney was 0.051 ± 0.0153 kg/s, during the drying period. The flow rate of air into the drying 

chamber was observed to be much lower than the flow rate out of the chimney.  Greater 

fluctuations were also observed in air flow rate out of the chimney than in the inlet air entering 
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the chamber. There was an initial period of increase in the air inflow rates followed by an almost 

constant phase and then a decrease at about 13:00 hrs.  

There was no observed relationship between the variation of the intensity of the solar radiation 

and the air flow rates with time. The air inflow rate into the drying system was observed to be 

nearly constant for most hours of the day, an observation that can be attributed to the exhaust fan 

incorporated within the dome of the dryer which maintained a steady air flow rate in the 

collectors and drying chamber. The relatively higher flow rate of the air at the chimney can be 

attributed to the positioning of the suction fan at the dome of the drying chamber, where the air 

nearest to it is sucked out faster than air at farther locations in the drying system. On the other 

hand, the inflow rate of air upward through the drying chamber is lower since the fish stacked in 

the trays reduces suction power of the electric fan.  

It is observed that the inlet air mass flow rates of 0.0190 ± 0.0048 kg/s obtained in the 

experiments based on the specifications of the fan were lower than lower than 0.022 kg/s,  the 

least value predicted by the model. The observed flow rates were similarly lower than 0.0401 

kg/s, that have been obtained by a past study involving a similar type of dryer (Ahmed, 2011) but 

where this difference could be attributed to the lower power ratings of the electric fan employed 

in the present study. 

4.3.4 Variation of Thermal Efficiency and Solar Radiation Intensity with Time 

The thermal efficiencies of the collectors were computed according to Equations 3.30, for which 

variations of the mean efficiency for the collectors, the instantaneous solar radiation intensities 

with time during the days of drying have been presented in the figure below: 
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 Figure 4.13: Variation of mean thermal efficiency of the collectors with time during drying  
 

The efficiency of the collector system was observed to increase with the incident solar radiation 

intensity with the peaks occurring between 11:00 hrs and 12:45 hrs. There is observed a time lag 

interval of about 1 hour 45 minutes between the peaks of efficiencies and the solar radiation 

intensity. This lag in time between the peaks can be explained by the fact that when there is an 

increase in solar radiation intensity this is first detected as an increase in the air temperature at 

collector inlets and then after an interval of time has lapsed the same temperature change is 

realized at the collector outlets.  
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The mean thermal efficiency of the collector system, as computed according to Equation 3.30, 

was found to have maximum and minimum values of 15.96 % at about 11:30 hrs and 5.30 % at 

16:00 hrs respectively during the drying period. The mean thermal efficiency of the collector 

system was thus found to be: 9.93 ± 3.45 %, although this value was lower than the predicted 

value of 43.5 %, Table A1, (Appendices) it was closer to 21.0 %, the value obtained by a 

previous study involving a similar type of dryer (Bala and Janjai, 2009). The differences in the 

values can be attributable to the differences in optical transmittance of the glass material used 

which determines the fraction of the incident solar radiation on the collectors that is (visible 

spectrum) transmitted by the glass material and converted to useful thermal energy absorbed by 

the air in the collectors. There are also probable convection, conduction and radiation thermal 

losses within the collectors and air duct system which tends to lower the mean thermal 

efficiency. 

The overall drying system efficiency, computed according to Equation 3.32, was found to be: 

11.0 %, and although this value was lower than the expected values of between  

20 % and 30 % for forced convection drying systems (Forson et al, 2007), it was however 

comparable to typical values of 18.41 % obtained by a past study involving a similar dryer 

(Ahmed, 2011). The difference between the expected and the experimental values can be 

attributed to the relatively low heat transfer coefficients between the air and glass cover of the 

collectors and between air and the fish product, which leads to only a relatively small fraction of 

the incident solar radiation on the collectors being converted to useful energy transferred to the 

product for the evaporation of moisture.  

 

 



 

 

85 

 

4.3.5 Variation of the Moisture Ratio for R. argentea Fish  

The experimental moisture curves of R. argentea fish samples in open sun and fish in the bottom, 

middle and top trays of the solar dryer, for the five experimental tests conducted in the wetter 

season May –June 2014 denoted by: WS-1, WS-2 and WS-3 and drier season Jan- March 2015 

denoted by DS-4 and DS-5 have been presented in figures 4.14 - 4.18.  

 

 

 

 

 

 

 

 

 

 

 

         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    Figure 4.14: Variation of moisture ratios of the fish with time, WS-1 
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 Figure 4.15: Variation of moisture ratios of the fish with time, WS-2  
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Figure 4.16: Variation of moisture ratios of fish with time, WS-3 
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Figure 4.17: Variation of moisture ratios of fish with time, DS-4 
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 Figure 4.18: Variation of moisture ratios of the fish with time, DS-5 

  

As can be observed for all the open sun ( mOS) and solar dried fish samples tested, Figures 4.14 

-4.18, the moisture ratios of the fish reduces exponentially with increasing drying time, which is 

consistent with results of previous studies for the drying of most biological materials (Afolabi, 

2014). It is further observed that for the three tests that were conducted in the relatively wet 

season: May- June; WS-1, WS-2 and WS-3, the fish in the solar dryer attained a lower moisture 

ratio of less than 10 % (w. b) for the majority of the samples in a time of 11 hours, which is in 
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contrast with the open samples that attained 25 % (w. b.) a much higher moisture in the same 

duration. The majority of the fish samples in solar dryer similarly attained 15 % (w. b.) the safe 

moisture content, for food products in a comparatively shorter time (between 5 to 9 hours) than 

the open sun samples. The fish in the solar dryer indicated a greater decrease in their moisture 

ratio as compared to those in the open sun, in the time interval 0 hours and 7.5 hours for the 

majority of the tests conducted; WS-1, WS-2, WS-3, DS-4 and DS-5.  

However in the case of the experimental tests done in the characteristically dryer season between 

January and March; DS-4 and DS-5, the lowest moisture ratio of the fish obtained in the solar 

dryer was about 15 % for the bottom trays in a period of about 14 hours, with the fish in the other 

trays gradually attaining final moisture ratios of between 15 % and 22 % at the end of the drying 

period. In contrast the open sun samples attained much lower moisture ratios below 10 % (w. b.) 

within a period of 8 hours during this drying season.  

It was also observed that for all the tests conducted in both seasons, there was a greater decrease 

in the mean moisture ratio for the fish in the first 8 hours of drying. The mean moisture content 

of the fish in the solar dryer was reduced from 73 % to 55 %, 47 %, 45 %, 46 %, 37 % and 23 % 

(w. b.) for the middle trays, top right, top left bottom left, and bottom right trays respectively 

after the first 6 hrs on a typical day of drying and then to final values of: 8% (w. b.) for the 

middle right tray and bottom right trays, the bottom left and top right and middle right trays and 

9 % (w. b.) for the top left tray and 10% for the middle left tray after another 5 hrs on a 

continued day of drying.  The mean moisture content of the fish was thus reduced from an initial 

value of 73 % (w. b.) to between 8 and 10 % (w. b.) in the solar dryer in period of about 11 hours 

where for the final values of moisture content open sun drying took up to 18 hrs. Except in the 

case of tests conducted in the dryer seasons; DS-4 and DS-5, the drying times were shorter in the 
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solar dryer than in the open sun because useful solar energy was transferred to air in the 

collectors raising the temperature which increases the energy available to evaporate moisture 

from the fish in the drying chambers and hence the higher drying rates in the solar dryer.  Further 

lower moisture contents were obtained for fish in the top and bottom trays compared to the 

middle, a fact attributed to the increasing humidity profile in drying air from the bottom to top of 

the chamber so that air at the bottom of the drying chamber has the greater affinity for moisture 

than that at the top. However the proximity of the top trays to the chimney and the exhaust fan 

caused higher temperatures and enhanced air flow rates for the top trays which increased their 

drying rate. 

Except for tests conducted in dryer season, (January – March 2015); DS-4 and DS-5, the fish in 

the solar dryer fish attained a relatively lower final moisture ratio than the open sun samples. The 

exception is attributable to the operating parameters occurring during this drying season 

(between January and March 2015) where due to the higher solar radiation intensities the ground 

and ambient air attained higher temperatures so that increased thermal heat from the ground also 

enhanced the drying rates. Another factor was the mean the relative humidity of air which was 

much lower during this particular season of experimental tests. However notable was the fact 

that for both seasons the fish which was left overnight in the solar dryer at the close of the drying 

day continued to dry due to the inertia of the drying system. This was detected in the weight 

measurements of fish in the morning before beginning the second phase of drying day. 

The initial phase of drying, where the fish moisture ratio dropped more rapidly at almost constant 

rate represented the constant rate drying period while the next phase where the rate of moisture 

loss decreased to almost zero represents the falling rate drying period. The rapid loss in moisture 

of the fish at the beginning of drying is attributed to the evaporation of moisture on surface of the 
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fish occurring in both the solar and open sun dried samples. The falling rate drying period 

represented the stage when all the surface moisture had been evaporated and the rate of moisture 

loss reduced since the moisture is diffused at a slower rate from the interior of the product first 

before being evaporated to the surrounding air. Although there was a greater loss in moisture for 

fish in the top trays as compared to other trays during the first 8 hours, at the end of the drying 

period, there was no significant difference in the moisture ratio of the fish in the solar dryer as 

confirmed by the statistical analysis, with the fish in the various trays attaining moisture contents 

of less than 10 %, a safe value for food products (Ghaba et al, 2007).  

The drying of R. argentea fish thus occurred in a much shorter time and at lower temperatures 

than those reported by other studies on drying of fish in solar dryers (Oduor-Odote et al, 2010; 

Bala and Mondol 2006; Reza et al 2009; Basunia et al, 2011; Sengar et al, 2009). The shorter 

drying times could be attributed to the fact that smaller fish like R. argentea have a high surface 

area to volume ratio giving rise to higher drying rates even at lower temperatures (Mujaffar and 

Sankat, 2005).  

 

4.3.6 Variation of the Drying Rates for R. argentea Fish 

The graphs of the drying rates of R. argentea fish against moisture ratio of fish in the solar dryer 

and open sun have been presented in Figure 4.19 below,  
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Figure 4.19: Variation of the mean drying rates with moisture ratio of the fish  

The variation of the mean drying rate with the moisture ratio of the fish, Figure 4.19, show that 

the mean drying rates fluctuate with moisture ratio of the fish but are generally higher in the 

solar dryer than in the open sun. The maximum drying rates occur at about 0.30, the critical 

moisture content for the fish in the solar dryer as opposed to 0.47 in the case of open sun 

samples. As the equilibrium moisture content is approached the drying rates decrease. There are 

three sections in the graph; the left and right knees and a middle section, the right knee (between 

0.60 and 0.73 moisture ratios) represents the warming period when the fish is slowly warmed by 
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the circulating air and water begins to evaporate and then reaches a steady state. This phase is 

governed by the rate of heat transfer from the surrounding to the fish. The middle section 

(between 0.30 and 0.60 moisture ratios) represents the constant rate drying in which heat 

transport to the body of material and evaporation of water from it takes place at steady state, as 

the temperature of surface of the material remains constant. In this phase there is no internal 

resistance to mass transfer and the larger cavities within the material are filled with liquid water. 

However when most of the easily accessible water has evaporated, to below the critical moisture 

ratio (approx., 0.30) the drying rate decreases hence the falling rate drying period represented by 

the left knee of the graph (Gullman, 2010).  

Below the critical moisture content there is insufficient free moisture to maintain the maximum 

drying rate since the remaining moisture in the fish is held within its cell structure and more 

energy is required to break the bonds before evaporating (Ekechukwu, 1999). Therefore as the 

moisture content of the fish approaches the equilibrium moisture content (E.M.C), the remaining 

bound moisture cannot therefore move freely through the product to the surface and hence the 

decrease in the drying rates. 

As observed the drying rates in the open sun begin to decrease at higher moisture ratio (approx.., 

0.47), this early onset of the falling rate drying period is attributable to the relatively smaller area 

of the fish exposed to air flow as opposed to the solar dryer in which a larger surface area of the 

fish is exposed to air to flow leading to longer period of constant rate drying period. The 

observed fluctuations in the drying rate during the constant rate period (middle section) can be 

accounted for in terms of the turbulent patterns in the air flow that leads to changes in the rate of 

heat transfer between the air and the fish product, and changes in porosity and density due 

shrinkage effects in the fish during drying. This observation has also been made by previous 
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studies on drying of thick and relatively porous material such as fish, for example a study on the 

drying process of Sardine fish in a microwave oven (Darvishi et al, 2013). The drying rate being 

a function of air humidity, temperature, product surface area and convective heat transferred 

between air and the product per unit area, in the constant rate drying phase is represented by the 

middle section of the graph, during which the evaporating heat and airflow are the most 

influential factors. The fluctuations observed in the drying rates in the middle section of the 

graphs, where linearity is expected (constant rate drying period), are attributed to the non- 

uniform pattern of distribution in the air flow inside the solar dryer and the ambient, which 

causes variation in the rate of the convective heat transfer between the product and the hot air.  

The decreasing drying rate observed at lower moisture ratios of the fish observed above, is 

associated with the falling rate drying period of food products in which water is being transferred 

from the muscle interior of the product to the surface by diffusion which is a function of product 

structure, temperature and diffusion path length, before being evaporated.  

At lower moisture contents the product gets drier the evaporation zone of the moisture shifts to 

the interior of the material, it therefore takes longer to diffuse moisture to the surface before 

evaporating to the surrounding air and the heat required for this process has to be conducted 

through the drier surface and the pore regions both of which are poor thermal conductors. The 

heat flux from the hot air to sample is thus very low leading to a reduction in the drying rates 

during this phase.  

 

Further the variations in the drying rates of the fish with time for the solar and open sun dried 

samples during the five series of experimental tests have been presented in Figures 4.20 - 4.24 

below: 
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Figure 4.20: Variation of the mean drying rates with time for the top, middle and bottom  

                      trays for fish, WS-1 
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Figure 4.21: Variation of the mean drying rates with time for the top, bottom and middle  

                      trays for fish, WS-2 
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Figure 4.22: Variation of the mean drying rates with time for the top, middle and bottom  

                     trays for fish, WS-3  
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 Figure 4.23: Variation of the mean drying rates with time for the top, middle and  

                      bottom trays for fish, DS-4  
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 Figure 4.24: Variation of the mean drying rates with time for the top, middle and  

                      bottom trays for fish, DS-5  

 

As can be observed in the figures presented above, the drying rates fluctuate with time, are 

higher at the beginning of drying but gradually approach zero towards the end of drying when 

the equilibrium moisture content (the lowest amount of moisture that can remain in the solid at 

the given conditions of the drying process), is reached (Xanthopoulos et al, 2007). It is observed 

that the highest drying rates are observed in the top trays as compared to the other trays during 
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the first four hours of drying. At the beginning of drying there is first an increase in the drying 

rates during the first two hours, followed by a fluctuating rate then finally a decrease towards the 

end of the drying, when equilibrium moisture content of the fish is finally attained.  

The higher drying rates in the top tray of the solar dryer can be associated with the higher air 

flow rates in this location arising out of their proximity to the exhaust fan which has the effect of 

enhancing the drying process. The fluctuations in the drying rates of the fish can be attributed to 

variations in the rate of heat transfer between the hot air and the fish product caused by 

intermittencies in the air flow rates and temperatures; where the local values of the flow 

characteristics, air relative humidity and temperatures at different locations in the solar dryer are 

not homogenous due to the variable speed of the electric fan and in the case of open sun drying, 

the variations arise from changes in the wind speed and in ambient air temperature and 

humidities.  

As observed the drying rates of the fish samples in the solar dryer and open sun are highest at the 

beginning of the drying at high moisture contents when the surface is highly saturated with 

moisture. The drying rate here depends on the rate of evaporation of moisture from the fish 

surface and is controlled largely by the external heat and mass transfer factors; temperature and 

air flow rate, and is therefore constant since all the energy received by the product is entirely 

used to evaporate the moisture. But when all the surface moisture has been evaporated, at later 

stages of the drying, the rate of transfer of the moisture from the interior of the fish to the surface 

decreases and hence the observed reduction in drying rates, which also agrees with results of 

other previous studies (Oduor-Odote et al, 2010). 

From the plot of the mean drying rates against moisture ratio of the fish, Figure 4.23, it is 

observed that the drying rate is higher at larger moisture ratios and decreases at lower moisture 
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ratios which is in agreement with theoretical expectation since at lower moisture contents the 

moisture has to be diffused from the interior of the fish before being evaporated, a process which 

is much slower than the surface moisture evaporation that occurs at higher moisture contents or 

at beginning of drying. The drying rates at the later stages is much lower and depends on the rate 

of the diffusion of moisture from the interior of the product to the surface rather than the external 

parameters, since the evaporation zone moves inside the product (Alonge and Hammed, 2007). 

As observed in the study, the rate of diffusion decreased at lower moisture content values since it 

has to be diffused through a longer distance from the interior of the product to the surface before 

being evaporated to the surrounding, figure 4.23. The moisture thus migrates by both capillarity 

and diffusion at a constant but lower rate from the interior of product to the surface leading to a 

reduction in the drying rate.  

At the final stages of drying, the surface of the material can be regarded as being effectively free 

of moisture with all the remaining being contained within the interior. This drying phase is 

therefore controlled by the temperature gradient from the interior to the surface, which in turn 

depends on the temperature of the surrounding air or radiation incident upon the surface. But 

since the rate of moisture removal is now less than in initial stages of drying, the degree of air 

movement across the surface is of less importance. The higher drying rates for open sun drying 

in the initial stages can be attributed to the fact that the air movement provided by the natural 

breezes around the spread fish on the ground is more effective than the air flow within the solar 

dryer, but where the higher temperatures within the solar dryer have less effect on the drying 

rates.  
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It is further observed that although the drying rates were similarly higher for open sun drying 

during the first phase (first 5 hours) of drying, they are lower in the next phase (next 6 hours) 

leading to relatively higher final moisture contents in the fish as compared to those of the solar 

dried samples.  

The variation in the drying rates of the open sun dried and solar dried fish in the right and left 

hand side trays of the solar dryer have been presented in the Figures 4.25 and 4.26 below; 

 

 

 

 

 

 

 

 

 

 

         

 

 

 

 

 

 

 

 

 

 

 

 

 

      

 

 

 

 

 

Figure 4.25: Variation of mean drying rates with time for the fish in the right bottom, 

                      middle and top trays 
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The comparative plots of the mean drying rates between the right trays in the solar dryer and 

open sun drying, Figure 4.25, shows that the top and middle trays are higher than open sun 

drying. 

 

 

 

 

 

 

 

 

 

 

 

 

        

       

 

 

 

 

 

 

 

          

Figure 4.26: Variation of the mean drying rates of the fish in the left bottom, middle 

                     and top trays 
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A similar plot of the mean drying rates of the left trays in the solar dryer and open sun drying, 

Figure 4.26, shows the middle and bottom left trays are greater than for open sun drying. From 

these two plots it is observed that the mean drying rates of fish in most of the trays of the solar 

dryer are higher than for the open sun samples. It is also observed that the drying rates begin to 

decrease after 8 hours and 6 hours in the solar dryer and open sun respectively. This implies that 

the constant rate period lasts longer in the solar dryer than in the open sun, which can be 

attributed to the fact that the fish in the trays of the solar dryer has a larger surface area exposed 

to the air flow than the fish laid on the ground. 

4.3.7 Drying Rate Constant ( k ) for the R. argentea Fish 

The experimental drying rate constants for the open sun and solar dried fish samples were 

computed based on Equation 3.33, as the gradients of the graphs of InMR (natural logarithms 

of the moisture ratios of the fish) against time, for the five experimental test series, have been 

presented in the Figures 4.27 – 4.31 below: 
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 Figure 4.27: Variation of InMR against time for the open sun and solar dried fish, WS-1 
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Figure 4.28: Variation of InMR against time for the open sun and solar dried fish, WS-2 
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 Figure 4.29: Variation of InMR  against time for the open sun and solar dried fish, WS-3 
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Figure 4.30: Variation of InMR against time for the open sun and solar dried fish, DS-4  
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Figure 4.31: Variation of InMR against time for the open sun and solar dried fish, DS-5 
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The experimental drying rate constants computed from the graphs above for the fish samples in 

the various trays of the solar dryer and open sun have been summarized in in the table below:  

 

Table 4.6: Experimental drying rate constants for fish samples in the various trays in  

                  the solar dryer and in the open sun.  

 

Tray k  (WS-

1) 

k  (WS-

2) 

k (WS-

3) 

k (DS-

4) 

k (DS-

5) 

 mean k  

1R (top right) 0.109 0.369 0.369 0.0913 0.0847 0.205 

1L (top left) 0.0984 0.365 0.365 0.0882 0.0918 0.202 

6R (middle right) 0.1092 0.380 0.380 0.102 0.1034 0.215 

6L (middle left) 0.0864 0.365 0.362 0.0995 0.0802 0.199 

10R ( bottom 

right) 

0.104 0.280 0.362 0.113 0.105 0.194 

10L ( bottom left) 0.096 0.365 0.354 0.109 0.122 0.209 

OS (open sun) 0.0746 0.131 0.173 0.0868 0.0935 0.112 

 

        

From the table, it is observed that the mean drying rate constants were obtained as follows: 0.203 

+ 0.141 1hr  for the top trays, 0.207 + 0.142 for the middle trays 0.202 + 0.123 1hr  for the 

bottom trays and 0.112 + 0.040 1hr for open sun drying. It is observed that the mean drying rate 

constants of fish in the solar dryer were higher than in open sun, suggesting that in general the 

fish was dried more rapidly in the solar dryer than in the open sun. Further a higher mean drying 

rate constant was obtained for the top trays of the solar dryer as compared to the middle and 

bottom trays. The experimental values obtained are closer to those predicted by the model at 

0.022 kg/s air flow rate, but are lower than 0.220 + 0.001 1hr , obtained by a previous study for 

the drying of R. argentea fish in a direct tunnel solar dryer (Oduor-Odote et al, 2010). This 

difference can be attributed to the difference in the modes of the solar dryers, where the although 
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the present study involved an indirect mode model, in the previous study a direct mode dryer was 

used, moreover it is known that direct mode dryers exhibit higher drying rates than indirect 

dryers due to the fact that heat energy is absorbed by the product from both the preheated air and 

the incident direct solar radiation.  

4.3.8 Effective Moisture Diffusivities ( effD ) for the R. argentea Fish 

The mean effective moisture diffusivities for the R. argentea fish samples were computed from 

the drying constants according to equation 2.4, for the various trays in the solar dryer and open 

sun samples and a summary of the results have been presented in the table below:  

    

Table 4.7: Summary of the experimental effective moisture diffusivities for the open  

                  sun and solar dried fish samples  

 

 

Tray 
effD  (WS-1) 

2m /s 

effD  (WS-2) 

2m /s 

effD  (WS-3) 

2m /s 

effD (DS-4) 

2m /s 

effD (DS-5) 

2m /s 

 effmD  

2m /s 

1R 41084.8   
31099.2   

31099.2   
41040.7   

41087.6   
31066.1   

1L 41098.7   
31096.2   

31096.2   
41015.7   

41044.7   
31064.1   

6R 41001.7   
31008.3   

31008.3   
41027.8   

41038.8   
31074.1   

6L 41086.8   
31094.2   

31096.2   
41007.8   

41050.6   
31061.1   

10R 41079.7   
31094.2   

31032.2   
41016.9   

41051.8   
31057.1   

10L 41043.8   
31087.2   

31096.2   
41084.8   

41089.9   
31069.1   

OS 41005.6   
31006.1   

31040.1   
41004.7   

41058.7   
41008.9   
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From the table, it is observed, that the mean effective moisture diffusivities of the fish in the top, 

middle, bottom trays were: sm /1065.1 23 , sm /1068.1 23  and sm /1063.1 23  respectively 

while that for open sun samples were sm /1008.9 24 .  

The value of mean effective moisture diffusivity for all the trays in the solar dryer were observed 

to be slightly higher than that for open sun drying, this observation can be attributed to the higher 

temperatures, lower relative humidity and increased flow rates of air in the solar dryer, that 

makes the rate of moisture diffusion from the fish in the solar dryer to be higher than in the open 

sun samples. No significant difference was observed in the values of effective moisture 

diffusivities in the solar dryer, an observation which suggests that there is uniform drying in the 

various trays of the solar dryer. The observed values of effective moisture diffusivity for R. 

argentea fish in this study were much higher than those observed for other food / agricultural 

products (Hadrich and Kechaou, 2004). 

 This difference is attributable to the characteristic nature of R. argentea fish; namely its small 

dimensions (0.02 m by 0.002 m) with a larger proportion of unbound surface moisture, so that it 

has a prolonged duration of constant rate drying by surface evaporation as compared to diffusion 

of moisture from the interior muscle structure which occurs during the falling rate period. 

Moreover because of the small diameter, the diffusion path length of the product is much shorter 

than for other food products. The large values of moisture diffusivities for the fish observed 

contributed to the relatively shorter overall drying times obtained in the present study.  
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4.3.9 Activation Energy  

The variation of the natural logarithm of effective moisture diffusivity ( effInD ) against   the 

reciprocal of the absolute temperature of the drying air (
T

1 ) have been presented in Figure 4.32 

below:  

 

 

 

 

 

 

 

 

 

 

 

 

 

               

 

         Figure 4.32: Variation of effInD  against  
T

1               
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From the figure, it was observed that there is an inverse linear relationship between  

effInD and 
T

1 , this phenomena has also been observed by other previous researchers (Karim 

and Hawlader, 2005).  

Based on equation 3.35, the slope representing 
R

Ea  was computed as – 656.64 and from which 

the value of the activation energy ( aE ) for the drying process of R. argentea fish was thus 

derived as -15.954 kJ /mol., similarly the pre-exponential factor in the Arrhenius equation 3.35, 

represented by the y -intercept of the graph, oInD  was found to be 6.418 and from which the 

value   smDo /10632.1 23  was derived.    

The activation energy which represents the minimum energy required to initiate the drying 

process of R. argentea fish obtained in the present study, though comparable to those obtained 

by past studies for the drying of other food products; - 14.138 kJ/ mol for Sardine fish (Darvishi 

et al, 2013). But this value of aE  for R. argentea fish, was observed to be less than the range of 

between - 25.26 and - 46.46 k J/ mol reported for water Yams (Falade et al, 2007). The relatively 

lower value of activation energy for R. argentea fish implies that a smaller amount of energy in 

comparison with other food product is required to initiate its drying process. Thus the activation 

energy required for drying this fish product can be adequately supplied by the available solar 

energy. 
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4.4 Comparison of Model and Experimental Results 

4.4.1 The Model versus Experimental Moisture Ratios for the R. argentea Fish 

The comparison between the mean moisture ratios of R. argentea fish as predicted by the model 

and the experimental tests on the solar dryer and open sun have been presented in Figure 4.33 

below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.33: Variation of moisture ratio of the model, experimental and open sun 

                     fish samples 

The figure indicates that there is an initial linear part of the drying curves for the model, solar 

dried and open sun samples, where in the case of the model and solar dried fish samples it occurs 

during the first 5 hours while for open sun drying the linearity occurs 2 hours after the start of the 

drying process. Both the model and solar drying tests reveal that the fish reaches the critical 



 

 

117 

 

moisture ratio of 0.30 after about 6 hours. A better correlation was observed between the 

moisture ratios of the model and solar dried samples as compared to open sun dried fish samples. 

Further although the open sun samples had a greater moisture loss during the initial hours of 

drying than the model and solar dried samples, the model and solar dried samples attained lower 

final moisture content than the open sun samples at the end of drying. 

The final moisture ratios of between 8 % and 10 % for the fish in the solar dryer in a time of 11 

hours obtained in this study was much lower than between 12.0 % and 12.7 %, in a longer drying 

time of 14 hours, the values obtained by a previous study on drying of the fish product in a direct 

solar tunnel dryer (Oduor-Odote et al, 2010). Given that the present dryer was operated in the 

indirect rather than direct mode it can be postulated that were the present dryer to be operated in 

direct mode, lower final moisture ratios of fish could be achieved in a much shorter time than 

observed in the study.  

The results of statistical analysis based on moisture ratios for the model and experiments for 

various trays of the solar dryer, have been presented in the table below:   

  Table 4.8: The model fitting parameters based on moisture ratio of R. argentea fish 

Moisture Ratio 

 

  mean 2  mean 2R  

 

mean RMSE 

Top trays 

 
      0.0028 0.946 0.0383 

Middle trays 

 

 

         

      0.0021 

 

0.752 
 

        0.0460 

Bottom trays 
       0.0015 0.839 0.0533 

  

   



 

 

118 

 

As can be observed from Table 4.8, comparatively a higher coefficient of determination 

(R
2
 = 0.946) was obtained for the fish in the top tray of the solar dryer, indicating a strong 

correlation between simulated and experimental moisture ratios especially for fish in the top tray 

of the solar dryer. The least value of root mean square error (RMSE) was also obtained for the 

fish in top tray followed by the middle tray and bottom trays, indicating a higher prediction 

accuracy of the model especially for the moisture ratio of fish in the top tray. Additionally, the 

results of the “Student t “ and one way Anova tests at 0.01 % and 0.05 % levels of significance, 

(Table A3, Appendix), also indicated that there were no significant differences between the 

simulated and experimental moisture ratios of the fish in most of the trays in the solar dryer. 

Thus the model was found to be capable of accurately predicting the moisture ratio of R. 

argentea fish in the solar dryer. 

4.4.2 Drying Factor versus Effective Moisture Diffusivity  

The drying factor fD ( )//3 Ksm in the developed model is analogous to the effective moisture 

diffusivity coefficient effD ( )/2 sm  in the diffusion model, both of their magnitudes were of the 

order; 310 . Whereas in the diffusion model the drying rate depends on the rate of moisture 

diffused per unit surface area of the material, in the present evaporation model, it depends on the 

rate of volume flow of air per unit time and temperature, hence the SI units of the two 

coefficients are not the same. It is also observed that although effD  in the diffusion model cannot 

be predicted theoretically, as it depends on the geometry and internal structural properties of the 

material, fD was easily computed from Equation 3.9 in which the only variable was the air mass 

flow rate.  
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4.4.3 Model and Experimental Drying Rate Constants 

It is observed that in the diffusion model, the drying rate constants are derived from experimental 

moisture curves by plotting graphs of - In MR against time according to Equation 4.3, where the 

drying rate constants are obtained as the gradients of the linear graphs. In contrast, for the present 

evaporation model the drying rate constants were derived from the relation Equation 3.13, and it 

was possible to predict the drying rate constants given that all the quantities stated in the 

equation were known, unlike the case for diffusion models which requires knowledge of the 

effective moisture diffusivity of the product, which is determinable by experiment.   

 

4.4.4 Model versus Experimental Drying Rates for the R. argentea Fish 

The comparison between the model predicted and experimental drying rates have been presented 

in Figure 4.34 below:  
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Figure 4.34: Variation of model and experimental drying rates with drying time 

 

It was observed that both the experimental and model predicted drying rates indicated a 

fluctuating trend with increase in drying time. Although the experimental values were initially 

higher than those of the model, both had an initial increase at the beginning of drying followed 

by a decrease and then an almost constant value tending towards zero towards the end of drying.  

Despite the apparent differences observed in the experimental and model predicted drying rates 

of the fish, statistical analysis conducted on the model and experimental drying rates, using t-test 

and one-way Anova at 0.05 % levels of significance, gave the results: 1652.0t ; 1652.0p  
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and 0273.0F ; 8712.0P  respectively indicating no significant difference between drying 

rates of the fish samples in the model and experimental tests. Further, although from the Figures 

4.21- 4.27, there are apparent differences in the drying rates of the various trays in the solar dryer 

for the experimental results, statistical analysis based on 2 and one- way Anova tests, 

conducted at 1 % significance level, revealed chi-square values of 155.02   between the 

drying rates of top and middle trays, 606.02   between the drying rates of the top and bottom 

trays and 135.02   between the bottom and middle trays, the fact that all the values of 2  

between the drying rates of the various trays were less than the limit (+ 2.33), suggests that there 

were no significant differences in the drying rates for the different trays in the solar dryer.  

The lack of significant differences in the drying rates of the fish in various trays of the solar 

dryer suggests an almost uniform pattern of distribution of air flow in the solar dryer chamber 

resulting which resulted in the uniform drying of fish, which is a salient design feature of the 

present model.    

4.4.5 Ambient versus Solar Dryer Chamber Conditions  

Further the statistical analysis for the ambient versus drying chamber conditions based on 2  

test carried out on the measured chamber and ambient parameters, tested at 1 % significance 

levels, gave 770.12   ; for the differences between the relative humidity of air in chamber and 

the ambient, and 901.32   ; for the difference between ambient and bottom chamber 

temperatures.  

The fact that the value of 2  obtained for temperature exceeded the limit, + 2.33, indicates that 

there was a significant difference between the ambient and chamber air temperatures. However 
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the value of 2  obtained for the relative humidity of air was slightly less than the limit, which 

suggests that the difference between the mean values of the chamber and ambient air relative 

humidity was not very significant at 1 % significance level.  
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CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions  

1. The drying model in the study was formulated based on external rather than internal heat and 

mass transfer factors within the product. Further is was observed that although temperature 

and air mass flow rates were varied the results revealed that air mass flow rather than 

temperature was the major parameter which influenced the drying time of R. argentea fish. 

This observation was found to be consistent with findings of other studies conducted on other 

evaporation models. Further the model results also revealed that when the air mass flow rate 

was increased to 0.06 kg/s, the drying time of the product was reduced by up to 7 hours with 

the moisture ratio of the fish being reduced to safe levels of 15 % (w. b.) within a period of 

about 2.5 hours. 

The model was further used to predict the moisture ratio and drying rates of R. argentea fish, 

where it was found that both the simulated and measured moisture ratios of the fish exhibited 

a trend of exponential reduction with the drying time, an observation which agrees with those 

of a previous study (Afolabi, 2014). Additionally, regression analysis showed a strong linear 

correlation between the simulated and the mean experimental moisture ratio with the model 

fitting paramaters:  R
2
 = 0.995, 2 = 0.057 and RMSE = 0.6196 ). The results of Student- t 

and one-way Anova tests also indicated that there was no significant difference between the 

simulated and experimental moisture ratios of the fish at 0.05 % and 0.01 % confidence 

levels, Table A3 (Appendices). 
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2. The experimental tests revealed a much shorter drying time for the product at much lower 

temperatures than for a previous study (Oduor- Odote et al, 2010) but at higher air mass flow 

rates.  

The collector system had a mean thermal efficiency of 12.3 + 3.53 % while the overall drying 

efficiency of the system was found to be 9.93 ± 3.45 %, at average mass air flow rate of 

0.0190 ± 0.0048 kg/s for an average incident solar radiation intensity of 571.2 + 223.5 W/m
2
. 

Solar energy was used in drying R. argentea fish in the prototype indirect forced convection 

solar cabinet dryer consisting of two solar collectors with a total glazing area of 5.0 m
2
. The 

drying was carried out between 09:00 hrs and 16:00 hrs on each day at mean ambient and 

drying chamber temperatures of 28.7 + 3.23 
o 

C and 32.0 + 9.71 
o 

C respectively, while the 

relative humidity of air in the drying chamber was reduced by an average value of 23.4 % 

below the ambient value on the days of drying. With full load tests conducted with 10 kg 

batches of R. argentea fish, the results revealed that the moisture content of fish in the solar 

dryer was reduced from an initial value of 73 % w. b. to between 8 % and 10 % (w. b.) in 

about 11 hrs where open sun drying took 18 hours to attain the same moisture contents. The 

solar dried fish were also found to have a better appearance as compared to the sun dried 

samples.  

The mean drying rate constants for R. argentea fish was found to be: 0.204 + 0.135 1hr  in 

the solar dryer and 0.112 + 0.040 1hr in the open sun, which indicated higher drying rates in 

the solar dryer as compared to open sun. The mean effective moisture diffusivities of the fish 

in the in the solar dryer was: sm /1002.065.1 23 , while that for open sun was:  

sm /10052.0908.0 23 which also indicated that the moisture diffusivity rate in the fish 

was higher in the solar dryer than in the open sun. The mean activation energy for the drying 
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process of R. argentea fish was obtained as; - 15.953 k J/ mol, which was within the expected 

range of - 12 kJ/ mol and - 110 kJ/ mol for agricultural and food products (Falade et al, 

2007). 

Although the drying rates and effective moisture diffusivities obtained for R. argentea fish in the 

study were observed to be much greater than for other food products, the activation energy 

needed to start the drying process of the product was observed to be comparatively lower than 

for other high moisture products.  

Over all the study achieved its objectives yielding critical parameters for the design of solar 

dryer, the product (R. argentea fish) as well as the operating parameters required for optimizing 

the solar drying process. The drying parameters of R. argentea fish product obtained were: mean 

drying rate constant; 0.204 + 0.135 1hr , the critical moisture contents; 30 % or 0.30 moisture 

ratio, mean effective moisture diffusivity; sm /10)02.065.1( 23  and activation energy; -

15.954 kJ /mol.  

Through mathematical modeling and simulation of the solar drying process of the fish in the 

solar dryer, the study also predicted the mean drying temperature and air mass flow rate of; 340 

K and 0.06 kg/ s, respectively and relative humidity of ambient air range of between 25 % and 65 

% as the conditions required to optimize the thin layer drying of R. argentea fish. Thus the 

information obtained in this study would thus be useful in the development process of an 

optimized commercial scale solar dryer for R. argentea fish. The experimental results revealed 

that drying of R. argentea fish occurred in the constant and falling rate periods with the former 

period lasting longer than the latter in contrast with other food products which have been found 

to exhibit falling drying rate periods and shorter or no constant drying rate periods. This 
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observation therefore suggests that the drying of R. argentea fish may be adequately described 

by an evaporation based rather than diffusion based model. 

5.2 Recommendations of the Study 

1. With the experimental results having revealed that a lower and safe moisture level could 

be achieved by drying R. argentea fish in a solar dryer rather than in open sun, in a 

significantly reduced drying time of less than 5 hours, the study recommends that the 

stakeholders in the fishing sector adopt the use of the solar dryers rather than traditional 

preservation methods as this would lead to significant improvement in quality and 

reduction of post harvest losses that currently occur due to prolonged drying periods 

associated with open sun drying, the main preservation method applied by the fish 

farmers in Lake Victoria. 

 

2. Since results of the study have revealed that the model developed for the drying process 

of R. argentea fish, in an indirect solar dryer can be used to accurately predict the 

moisture ratio and drying times of the product, as confirmed by the statistical analysis, 

the study recommends the adoption of the drying model for R. argentea fish by the 

stakeholders and its use in the scaling up to a commercial solar dryer with the capability 

of drying the fish product in a period of less than five hours.  

5.3 Recommendations for Further Work 

1. Arising from the limitation of the short time span of the experimental tests in the present 

study it is suggested that further work on experimental drying tests on R. argentea fish 

could be carried over a much longer cycle to capture the seasonal variation in the 

operating parameters.  
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2. Further work could also be conducted on the effect of adopting the present drying model 

of R. argentea fish on drying time for a mixed or direct mode solar dryer.  
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APPENDICES 

Table A1: The theoretical values used in the mathematical model of the solar dryer 

 Quantity  Description      Value 

sM   Mass of product to be dried                       10.0 kg  

im  Initial moisture content of product                       73%  

fm  Final moisture content of product                       15%  

t   Total time of drying                      14 hours  

wm  Mass of water evaporated                      6.8 kg  

aV  Volume of air needed to evaporate moisture                     1526.3 m
3
  

av
.

  
Volume air flow rate                     0.022 m

3
 /s  

c  Collector system efficiency                      43.5 %  

d  Drying efficiency                      12.1 %  

eX  Equilibrium moisture content                      13.42 %  

 a                             Density of air                     1.17 kg/ m
3
 

aP  Partial pressure of air in atmosphere                    101 k Pa  

paC  Specific heat capacity of air                    1007 J/ kg K  

tL  Latent heat of vaporization of water                     2260 kJ/ K  

2aT   Temperature of air leaving dryer                    301.5 K  

 

1aT  Temperature of air leaving collectors                   311 K  

aT

  Ambient air temperature                    298 K  

mI  predicted mean value of solar radiation 

incident on collectors  

                  496 W/m
2
  

cA   Total surface area of collectors                   5.0 m
2
  

sl  Length of chamber                   1.9 m  

w   Width of collector                   1.29 m  

l  Characteristic length                   2.0 cm  

fP   Power used to operate fan                   40.3 W  
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Table A2: The mathematical drying models of various agricultural products 

 

 

 Model Name Model Equation Reference 

1. Newton )exp( ktMR   (Westerman and White, 

1973) 

2. Page )exp( nktMR   (Guarte, 1996) 

3. Modified Page nktMR )exp(  (Yagcioglu et al, 1999) 

4. Henderson and Pabis )exp(. ktaMR   (Yaldiz and Erteken, 

2001) 

5. Logarithmic CktaMR  )exp(.  (Yagcioglu et al, 1999) 

6. Two term 

)exp(.

)exp(.

1tkb

ktaMR




 

(Akipnar et al, 2003) 

7. Exponential two 

term )exp()1(

)exp(.

kata

ktaMR




 

(Rahman, 1998) 

 

8. Wang and Singh 21 btatMR   (Yaldiz et al, 2001) 

 

9. Thompson  2InMRbaInMRt   (Guarte, 1996) 

10.  Approximation of 

diffusion )()1(

)exp(.

kbtExpa

ktaMR




 

(Rahman, 1998) 

 

11. Midilli et al btktaMR n  )exp(.  (Ozdemir and Devres, 

1999) 

12. Verma et al 

)()1(

)exp(.

gtExpa

ktaMR




 

(Sacilik and Elicin, 2006) 

 

13.  Gokan et al 123  ctbtatMR  

 

(Gokan et al, 2009)   

 

    where  a , c  and  n  are drying coefficients and k  is the drying constant. 
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Table A3: Statistical tests based on Moisture ratios of the fish in the top, middle and   

                 bottom trays   

 

 Student “ t ”  One way  Anova 

test 

   

 t  p  t  p   

Top left 

 tray  /   

 model 

 

0.327 0.7481 0.1068 0.7481 Not 

significant 

 Top right    

 tray /    

 model 

- 0.4236 0.6775 0.1794 0.678 Not 

significant 

Middle left 

tray/ 

model 

0.0483 0.9621 0.00233 0.9621 Not 

significant 

Middle right 

tray/  

model 

0.02857 0.9776 0.000816 0.9776 Not 

significant 

Bottom right 

tray/ 

model 

- 0.1622 0.8732 0.02629 0.8732 Not 

significant 

Bottom left 

tray/  

model 

0.1465 0.8853 0.02147 0.8853 Not 

significant 

 


