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NOMENCLATURE 
Abbreviations: 

KGPB    =       Kolaborasyon Gwoupman Peyizan O’Boy 

RIT = Rochester Institute of Technology  

 

Variables: 

a  = Thermal diffusivity (m2/s) 

A = Area (m2) 

b = Half the total thickness of banana slice for Karim model (m) 

c     =  Constant in Van Decker Model 

C = Concentration of diffusing substance (kg/kg) 

Cb = Constant for GAB Equation, relates to sorption enthalpy 

CL = Langmuir’s Constant 

Cp = Specific heat (J/kg-K) 

d = Diameter (m) 

D = Diffusion Coefficient (m2/s) 

Dban =  Diameter of banana slice (m) 

Deff = Effective Diffusion Coefficient (m2/s) 

ERH = Relative Humidity for Henderson Model (decimal) 

f = Friction coefficient  

FR = Collector heat removal factor 

g = Gravitational constant (9.81 m/s2) 

h  = Height of banana slice (m) 

hcpf = Convective heat transfer coefficient (W/m2K) 

hin = Enthalpy entering the control volume (J/kg) 

hm = Mass transfer coefficient (m/s) 

hout = Enthalpy leaving the control volume (J/kg) 

hr = Radiative heat loss Coefficient 

H = Height of chimney (m) 

i  = Time iteration 

Ic = Solar flux or Insolation (W/m2) 

j = Space iteration 

J  = Mass flux (kg/s) 

k = Page model constant or mass transfer coefficient multiplied by air density 

K = Constant in Henderson Model 

KGAB = Constant for GAB Equation, relates to sorption enthalpy 

l  = Gap in mesh (m) 

L = Total thickness of banana slice (m) 

m = Mass (kg) 

𝑚̇  = Mass flow rate (kg/s) 
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M = Moisture Content, dry basis (kg/kg) 

Mwb = Moisture Content, wet basis (kg/kg) 

MC = Moisture Content (kg/kg) 

n = Page Model Constant 

p = Partial Pressure (Pa) 

𝑝𝑤
∗   = Partial Pressure of pure water (Pa) 

P = Pressure (Pa) 

Pr = Prandlt Number 

q = Heat energy (W)  

qloss = Heat lost in drying chamber zones (W) 

Qu = Useful heat gain by collector (J) 

R = Thermal resistance (K/W) 

Re = Reynolds number (s = suction, w = wind, h = hole, b = back) 

RH = Relative Humidity (%) 

S = Shape Factor 

Sc = Schmitt Number 

Sh = Sherwood Number 

t = Time (s) 

T = Temperature (oC) 

u = Shrinkage velocity (m/s) 

UL = Overall heat loss coefficient for collector (W/m2K) 

v = Mean velocity (m/s) 

𝑉̂ = Specific volume (m3/kg) 

𝑉̇  = Volumetric flow rate (m3/s) 

Vs = Suction velocity (m/s) 

w = Wet basis air moisture content (kg/kg) 

x = Direction of moisture flow within banana slice 

X =  Humidity Ratio (kgwater/kgair) 

z = Direction of moisture flow within fruit slice for Weinstein model 

 

Greek Letters: 

αs = thermal diffusivity (m2/s) 

αw = water activity (dimensionless) 

β = coefficient for cubical expansion (K-1) 

𝜖  = effectiveness 

𝜀  = emissivity 

η = collector efficiency 

𝜎  = Stefan-Bolztmann Constant (W/m2K4) 

𝜎𝑝  = porosity (m2/m2) 

 = density (kg/m3) 
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𝜌̅𝑐ℎ  = average air density in chimney (kg/m3) 

𝜔  = moisture content on a wet basis for Weinstein model 

∞  = infinity (surrounding environment) 

(𝜏𝛼)𝑒  = effective transmittance-absorptance product for collector 

 

Subscripts: 

a or air = air 

amb = ambient 

ban = banana 

banana = refers to banana slices 

c =  collector 

ch = chimney 

cham = dryer chamber 

chim = chimney 

ci = collector inlet 

co = collector outlet 

coll = collector 

d = dry content 

db = dry basis 

dc = drying chamber 

eff = effective 

eq = equilibrium 

exposed  = exposed area 

i = initial or time iteration 

j = space iteration 

mon = mono-layer 

p =  plate 

ref = reference 

sc = solar collector 

sys = system 

t = tray 

tb =  tray with bananas 

total = sum or all of a specific unit 

tray = references the tray that holds the specimen in the drying chamber 

w = water 

wa = water in air 

wb = wet basis or weight of bananas
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Chapter 1: Introduction to Food Drying 

1.1 Solar Drying as Food Preservation 

Solar drying of food is an effective means of food preservation and is especially useful in 

developing areas where fuel resources are scarce. Food drying preserves food by slowing down 

the action of enzymes, bacteria, yeasts, and molds [1]. Solar drying has been used since 

prehistoric times to dry foods such as vegetables, fruits, fish, and meat as well as other items like 

animal skins and soil bricks to build homes [1]. Conventional drying methods were developed 

around the 18th century and are still utilized in industry today [1]. Today, crop drying is mainly 

done at industrial levels in large food driers for mass markets. Common dried food items include 

cereal grains, fruits, and grapes. Drying can also help prevent waste by drying the parts of the 

plant thrown out during cooking and turning them into animal feed [2].  

Tropical fruits can be preserved through solar drying in areas like Haiti, where sun is abundant 

but conventional fuel resources are scarce [3]. Breadfruit, a large starchy fruit that grows in these 

areas, is a particular food of interest. It is a nutrient dense food that is cited as a food source with 

great potential to end hunger in the areas it grows. However, breadfruit is one of the most wasted 

foods in Borgne, Haiti according to the KGPB farmers group. Once harvested, it only lasts 1-3 

days before spoilage. During the harvest season, the markets are flooded with breadfruit which 

drives down prices and leads to a lot of wasted breadfruit. One way to solve this problem is to 

preserve the breadfruit by turning it into flour. This will increase the shelf life and make 

transportation easier. In order to turn the breadfruit into flour, the fruit needs to be dried which 

increases shelf life and makes it easier to grind into small particles [4]. The farmers group also 

cited other tropical fruits, such as bananas and mangoes, as a source of food waste. Drying can 

also help preserve these fruits for farmers in the area. 

 

1.2 Dryer Classification 

Basic drying physics is the same for all types of dryers, conventional or solar. Figure 1 is a 

schematic showing a typical breakdown of dryer classification. Figure 2 shows an example of 
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each type of solar dryer described. Some terminology varies from author to author, but the 

general concepts are the same. 

 

Figure 1: Dryer Classification 

Types of conventional dryers, those that use electricity or fuel to power heaters and fans, include 

both high temperature, fast drying methods and low temperature, bulk storage methods. High 

temperature dryers need controls to monitor the timing and temperature, because temperatures 

can easily over dry products if left in contact with the food until the equilibrium moisture content 

is reached [5]. Also, if high temperatures are used too early in the drying process, some foods 

will harden/cook on the outside and trap the remaining moisture on the inside [6]. Low 

temperature methods are used for bulk storage, often with grains, and when the color and certain 

nutrients need to be preserved in the food. [5] 

Solar drying can be broken down into three sub categories: open (or natural), active, and passive. 

Open drying involves exposing the crop to the natural environment and sun exposure with no 

cover or protection from the elements. Open drying can be done on the branch (like grapes) or 

after harvest on open ground, mats, or cement. This is a very common method of drying in 

tropical areas [7]. According to Murthy, 80% of food produced by small farmers in developing 

countries is dried by open sun drying [8]. In Haiti, it is very common to see cocoa or coffee 

beans lying out on sheets to dry in the sun. Open sun drying is the cheapest method of drying, 



3 
 

having almost no capital cost and very low running costs (labor to move the sheets in and out 

each day). Most importantly, solar drying does not involve the use of fuels which can be very 

expensive in developing areas and in Haiti, where deforestation is a major issue [4]. 

 

Figure 2: Schematics of solar dryers [9] 

Active and passive dryers require the use of a drying structure with multiple components. Figure 

2 shows schematics of typical types of both active and passive dryers. Active solar dryers utilize 

fans to induce convection across the product. These fans (or blowers) require electricity to be 

powered. Active solar dryers are more common in developed areas where electricity is easily 

accessed. Passive dryers use natural convection, using wind pressure and buoyancy forces from 

solar-heated air to drive air flow [9]. This is the method of interest because the low cost and lack 
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of moving parts makes the drying system more robust. Chimneys are often used to improve 

natural-convection in the dryer [1], [8], [9]. Both active and passive dryers can be described 

further based on the how solar energy is captured. 

The first solar category, direct (integral) sunlight occurs when solar radiation passes through a 

transparent surface and is directly absorbed at the surface of the fruit. For some crops, direct 

sunlight is considered key to developing flavors and allow color enhancement in fruits that need 

further ripening. However, in some cases direct drying can cause discoloration and be harmful to 

the product depending on the type of fruit and amount of sun exposure [6], [9]. Ideal materials 

include glass and acrylic because of their ability to allow light to pass through but trap infrared 

radiation. These transparent materials can be difficult to find in developing countries, as 

witnessed during a Haiti trip in January 2015 [3]. In areas that have materials available, the 

simple design makes these driers easier and cheaper to build than their indirect counterparts. 

When comparing drying rates between direct and indirect, direct can be slower because of poor 

ventilation [9].  

For indirect (distributed) type solar dryers, thermal energy is collected in a solar collector and 

then the heated air is moved past the fruit. Indirect dryers are a relatively new technique for 

drying crops and have not been widely commercialized [1]. Some advantages over direct-type 

solar dryers include: larger crop capacity per surface area, no caramelization or heat damage due 

to radiation, preservation of nutritional value and color of sensitive crops, and flexibility of crop  

type that can be dried [1], [9]. However, due to complexity in design, indirect dryers can have a 

higher capital cost. There may also be a need for semi-skilled workers to load and shift product 

in dryer [1], [9].  

The final solar dryer category, mixed-mode, utilizes both direct and indirect sunlight [9]. A solar 

collector is used to heat drying air that flows through the drying system while the drying 

chamber, the area housing the crop of interest, is made of transparent material to allow for direct 

sunlight to come in contact with the material. The crop material is then heated from the top by 

the direct radiation as well as from the bottom by the heated air through convection. Mixed-mode 

dryers are common because of their fast drying rates but have the same draw backs as direct 

solar dryers mentioned above [9], [10].  
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Figure 3 shows the typical layout for an indirect passive solar dryer. The three main components 

are the solar collector, drying chamber (drying bin), and a chimney. This type of dryer was 

chosen for research due to its many benefits and potential to aid the KGPB farmers in Borgne, 

Haiti.  

 

 

 

1.3 Solar Collector Review 

Traditional solar collectors consist of an absorber plate/surface that absorbs the solar radiation 

and radiates infrared energy back into the drying air. The change in density of the heated air 

causes the air to flow up into the drying system often guided by a casing to contain the heated 

air. Bare-plate collectors, shown in Figure 4, are the most basic of commonly used collectors. 

Bare-plate collectors have high thermal losses through the exposed surface and are generally low 

in thermal efficiency at high temperature differences and increase in efficiency as the 

temperature difference decreases [11]. 

Figure 3: Indirect passive solar dryer. This design was used for corn drying. [9] 
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Figure 4: Bare-plate solar collector. [11] 

Covered plate solar collectors utilize a transparent cover above and parallel to the absorber plate 

and therefore, increase efficiency. The cover reduces convective and radiative heat losses and 

protects the absorber plate from the environment. Cover materials should allow for a high 

transmittance of visible light and low transmittance of infrared radiation. Glass is often thought 

of as a good cover material. Another appropriate material is acrylic (Plexiglass) [11]. Covered-

plate solar collectors have many configurations including front-pass, back-pass, suspended-plate, 

and perforated-plate covered solar collectors. 

These traditional solar collectors can be costly in developing areas. Fortunately an alternative 

approach to the bare-plate and covered collectors is to use an unglazed transpired collector. 

Figure 5 shows a typical unglazed transpired solar collector. This collector is oriented vertically, 

as it would be on the outside wall of a building, to preheat ventilation air going into the building 

[12].  

Transpired collectors have negligible convective losses to the atmosphere, due to the suction 

created by the system [12]. Therefore, convective heat transfer will be modeled differently in the 

model than for a traditional collector, though some of the traditional theory still applies. The 

theory will be explored further in Chapter 2 and 4.  

 



7 
 

 

Figure 5: Unglazed transpired solar collector, vertical orientation, for preheating ventilation air. [12] 

 

1.4 Background and Theory of Drying 

In general, food drying is defined as the process of removing moisture from an agricultural 

product until a desired amount of moisture is left in the product [1]. The desired moisture content 

varies depending on the fruit properties, initial moisture content, and the final use of the product, 

i.e. replanting of grains or drying fruit for consumption [5].  

There are four different types of drying methods: convection, conduction, radiation, and 

excitation. These different methods are based on the type of energy used to do the drying. 

Convection uses warm air to transfer heat to the material and evaporate moisture and is the most 

common method. Conduction uses a heated surface to conduct heat to the material and induce 

evaporation of the moisture. Radiation uses infrared energy to heat the material and is most 

commonly used in vacuum dryers and, in the case of solar radiation, direct solar dryers. 

Excitation uses polarized molecules to absorb the energy and heat the material. Excitation can be 

used to quickly dry liquids, pastes, or milled material without degrading the material [6]. 

Indirect solar drying uses a convective drying method where heated, low moisture air is used to 

transfer heat to the product and evaporation takes place at the product surface [1], [6]. Moisture 



8 
 

Figure 6: Convective drying of a fruit sample. The red, solid arrows 

indicate heat transfer and the green, dotted arrows indicate mass transfer. 

within the material moves through diffusion to the surface as the fruit continues to dry (see 

Figure 6).  

 

 

 

Although there are different methods for drying, the basic principles remain the same. The 

moisture needs to move through the material and evaporate at the surface [6].  Moisture content 

is a way to measure the dryness of the material. Moisture content can be described on a wet basis 

or a dry basis. Wet basis moisture content is defined as: 

 𝑀𝑤𝑏 =
𝑚𝑤

𝑚𝑤 + 𝑚𝑑
 (1)  

    

where mw is the mass of the water in the material and md is the mass of the dry material. Wet 

basis moisture content is commonly used in agriculture and described as a percentage. Because 

the total mass of the crop changes as drying continues due to the mass of the water changing, dry 

basis moisture content is more common in the engineering calculations [1]. Dry basis moisture 

content is defined as: 

 𝑀𝑑𝑏 =
𝑚𝑤

𝑚𝑑
 (2)  

 

In drying, the final moisture content occurs when drying can no longer take place in the existing 

environmental conditions. This final moisture content is known as the equilibrium moisture 

content. Equilibrium moisture content is defined as the point where the vapor pressure on the 

surface of the product is equal to the vapor pressure of the surrounding air and no absorption or 
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desorption is taking place. The equilibrium point can also be described as the moisture content of 

a fruit after it has been exposed to a certain environment for an extended period of time [1], [5].  

The equilibrium point can also be defined by the water activity of the product. The water activity 

is the ratio of the partial pressure of water within the crop to the partial pressure of pure water at 

the same temperature, such that: 

 𝛼𝑤 =
𝑝𝑤

𝑝𝑤
∗

|𝑇 (3)  

 

where pw is the partial pressure of the water solution of the product and 𝑝𝑤
∗  is the partial pressure 

of pure water, at the same temperature. The water activity is approximately equivalent to the 

relative humidity of the surrounding air of the material at a specific temperature when the 

product is at thermodynamic equilibrium [1], [6], [13]. The activity limit describes the point that 

microorganisms stop growing, therefore, is used in industry when drying food. In terms of 

moisture content, food products typically need to be dried to 5%-25% (wet basis) to reach the 

desired activity limit [14]. The activity limit varies depending on the food.  

Many empirical and some theoretical models for determining the drying rate of fruits rely on the 

equilibrium moisture content as a known variable [15], [16]. Sorption isotherms are used to find 

the equilibrium moisture content. These isotherms show the relationship between moisture 

content and water activity at a constant temperature [1], [6]. Figure 7 shows a sample of a 

sorption isotherm, specifically for carrots used by A. Kaya to complete a theoretical model for 

drying carrots [17]. 

There are two widely accepted equations for finding the sorption isotherms of crops. These 

include the BET and GAB equations, both which are based off of the theory of Langmuir’s 

multi-layer absorption [1]. The BET equation is described as [1]: 

 

 𝛼𝑤

(1 − 𝛼𝑤)𝑀𝑒𝑞
=

1

𝑀𝑚𝑜𝑛𝐶𝐿
+

𝐶𝐿 − 1

𝑀𝑚𝑜𝑛𝐶𝐿
∗ 𝛼𝑤 (4)  

 

where Mmon is the mono-layer moisture content and CL is the Langmuir’s constant. The GAB 

equation is expressed as: 
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 𝑀𝑒𝑞

𝑀𝑚𝑜𝑛
=

𝐶𝑏𝐾𝐺𝐴𝐵𝛼𝑤

(1 − 𝐾𝐺𝐴𝐵𝛼𝑤) ∗ (1 − 𝐾𝐺𝐴𝐵𝛼𝑤 + 𝐶𝑏𝐾𝐺𝐴𝐵𝛼𝑤) 
  (5)  

 

where Cb and KGAB are constants related to the sorption enthalpies.  

 

Figure 7: Sorption Isotherms for carrots. [17] 

Finding the drying rate of a specific crop and dryer is desirable when designing and 

implementing a system. It is important to know how long it will take to dry a product for 

practicality and economic reasons. The drying rate is represented as the moisture content over 

time. The rate is determined by the product properties such as temperature and initial moisture 

content as well as the properties of the drying air, specifically temperature, relative humidity, and 

air flow/velocity. Drying rates also vary by fruit type and fruit specimen, even under the same 

initial and drying conditions. Drying rates have two distinct periods for hygroscopic materials: 

the constant drying rate period and the falling drying rate period, see Figure 8. Hygroscopic 

materials have bound moisture within the product, such as fruit and other food items, while non-

hygroscopic materials only have unbound moisture, such as wet paper or cloth. 

The constant drying rate period occurs when the moisture evaporating from the surface of the 

product is the limiting factor driving the drying process and not the mass transport in the fruit. 

This is shown as Phase I in Figure 8. The amount of energy needed to enter this phase is 

determined by the latent heat of vaporization which is defined as the amount of energy required 

to be absorbed by the product in order to vaporize moisture from it [5]. 

The falling drying rate period can be broken down into two separate stages. The first, represented 

as Phase II in Figure 8, occurs when the surface of the fruit is no longer saturated and is limited 
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by moisture evaporating from the unsaturated surface. The drying rate decreases as less and less 

moisture is available at the surface to evaporate. The second stage, represented as Phase III in 

Figure 8, occurs when the moisture diffusing from within the fruit to the surface is the limiting 

factor driving the drying process. This phase continues until the fruit reaches equilibrium with 

the surrounding environment. 

 

Figure 8: Drying rate vs. time. Phase I = constant drying rate period. Phase II and III = Falling drying rate 

period. Point C is the critical moisture content. [1] 

The critical moisture content, indicated by point “C” in Figure 8, is the point when crop drying 

transitions from the constant drying rate period to the falling drying rate period. This point is 

where the moisture being evaporated is equal to the rate moisture migrates to the surface. Some 

mathematical models for fruit drying begin at this point since the first phase is nonexistent or 

negligible, depending on the fruit [1], [16].  

  

Chapter 2: Mathematical Modeling and Experimentation Theory Review 

2.1 Mass Transfer Through Food Material 

There is an enormous amount of research about the drying kinetics of different types of food 

products. Models have been generated to predict drying curves for food material. These models 

focus mainly on the falling drying rate period where the diffusion of moisture in the material is 
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the governing process instead of the constant rate period where moisture evaporation at the 

surface is driving the system. Models include characterization of grains, fruits, and vegetables.  

Early models mainly focused on cereal grains [5]. O.V. Ekechukwu summarizes these early 

models in his review of solar-energy drying systems. The Kelvin model (1871) focuses on 

capillary condensation within pores of a material. This model is limited by the relative humidity 

range where capillary condensation occurs (>95%) and relies on a lot of information to be known 

about the capillary action in the food, such as the capillary radius and the angle of contact of 

moisture and the capillary wall [5].  

 In 1949, the Page model was developed for the drying of shelled corn in thin layers [15]. This 

model is the basis for many empirical thin layer models currently used. The Page model is:  

 

 𝑀 − 𝑀𝑒𝑞

𝑀𝑖 − 𝑀𝑒𝑞
= 𝑒(−𝑘𝑡𝑛) (6)  

 

where M is the moisture content at any given time, Meq is the equilibrium moisture content, Mi is 

the initial moisture content, k and n are measured constants, and t is time. Many researchers have 

characterized foods using the Page model by conducting experiments to find the k and n 

constants of specific food materials [18]–[21]. 

There are several other more complex and empirically based models used that are derivatives of 

the Page model. Togrul et al. analyzed fourteen different models to find the best fit for apricots, a 

fruit that previously had not been widely explored [20].  

Not all models are empirically based. Many theoretical models exists; the most common utilize 

Fick’s Second Law of Diffusion. There have been adaptations to the basic diffusion model, 

normally to account for shrinkage of the material [16], [18], [22]. Fick’s Second Law is 

expressed as [23]: 

 

 𝜕𝐶

𝜕𝑡
= 𝐷 (

𝜕2𝐶

𝜕𝑥2
) (7)  

 

where C is the concentration of water within the material and D is the diffusion coefficient of the 



13 
 

material and is typically empirically determined. D is often not constant and can be dependent on 

temperature and moisture content. Porciuncula (2013) and Baini (2008) review several different 

forms of diffusivity models [24] [25].  

Karim’s theoretical model adapts Fick’s Law and corrects for shrinkage [16]. Karim’s model is 

expressed as [16]: 

 𝜕𝑀

𝜕𝑡
= 𝐷 (

𝜕2𝑀

𝜕𝑥2
) − 𝑢 (

𝜕𝑀

𝜕𝑥
) (8)  

 

where u is the shrinkage velocity. Figure 9 shows the entire banana slice being modeled and 

Figure 10 shows the control volume used for Eq. (8) in Karim’s model. Note that the moisture 

generation term does not show up in Eq. (8) because it is assumed there are no chemical 

reactions happening during the drying process. This assumption is consistent with other research 

[26], [27].  

 
Figure 9: Fruit slice in dryer for Karim Model. 

 

Figure 10: Control Volume for Karim model on moisture transfer in a fruit slice 
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Other models that use Fick’s law include 2D rectangular models (for more accurate predictions 

on rectangular slices) and 2D cylindrical models (for foods like carrots) [17], [26]. 

Assumptions for the Karim model include: no chemical reaction takes place, drying air is 

distributed uniformly through the dryer [16]. Assumptions made for a similar model include: 

constant thermophysical properties of the specimen (thermal conductivity, density, and specific 

heat), negligible radiation effects, and moisture evaporation only at the upper surface and 

diffusion only inside the specimen [26]. The difference in assumptions results in slightly 

different boundary and initial conditions. 

Equation 9 shows the boundary condition at the line of symmetry of the Karim setup, or when 

𝑥 = 0: 

 
 
𝜕𝑀

𝜕𝑥
|

𝑥=0
= 0 (9)  

 

Equation 10 shows the boundary condition at the surface of the banana for the Karim model. 

This applies at 𝑥 = 𝑏 and 𝑥 = −𝑏, both the top and bottom surfaces: 

 

 
 −𝐷𝑒𝑓𝑓

𝜕𝑀

𝜕𝑥
|

𝑥=𝑏
+ 𝑢𝑀|𝑥=𝑏 = ℎ𝑚(𝑀 − 𝑀𝑒𝑞)|

𝑥=𝑏
 (10)  

 

where Deff is the diffusion coefficient of the banana and hm is the mass transfer coefficient. The 

diffusion coefficient is not constant; it varies with moisture content. Karim accounts for this by 

accounting for shrinkage of the banana material. Equation 11 shows the relationship between 

shrinkage and the diffusion coefficient:  

 𝐷𝑟𝑒𝑓

𝐷𝑒𝑓𝑓
= (

𝑏0

𝑏
)

2

 (11)  

 

Deff is the variable being solved for and represents the diffusion coefficient at a specific point in 

time where the banana surface is at point b. Dref is a constant and is determined through analysis 

of experimental data. To extract 𝐷𝑟𝑒𝑓 from the data, Karim utilizes a widely used expression 

derived from Fick’s Law [28], [29]: 











84 
 

Appendix A 

Remaining Experimental Data for Testing Period 9/18 and 9/22 
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