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Abstract  

The main goal of this work was to experimentally characterize the hot air-drying process of 

agricultural products (Potato, Carrot, Tomato) and verify it with numerical solutions at single 

layer and industrial scale dryer using Comsol Multiphysics® 5.3. 

Input parameters at single layer dryer effects on quality attributes were examined. Two 

strategies of drying were applied on batch dryer to examine the input effects on quality 

attributes. Constant input parameters strategy was designed by using central composite design 

formulation and optimized by Response Surface Methodology (RSM). The second strategy 

was applied for further optimization of the selected region by using square wave profile of the 

air temperature and relative humidity. Similarly, numerical method for single layer dryer, 

unsteady-state partial differential equations have been solved by means of the Finite Elements 

Method coupled to the Arbitrary Lagrangian-Eulerian (ALE). Also, for batch dryer, the 

mechanistic mathematical models of coupled heat and mass transfer were developed and solved 

as solid porous moist material.  

The results based on importance (1 to 5) and desirability (0 to 1) concept, 67ºC of air 

temperature, 1.25m/s of air velocity and 10% of relative humidity were found the optimal input 

factor for potato products. Similarly, 49ºC of air temperature, 0.95m/s of air velocity and 20% 

of relative humidity and 55ºC of air temperature, 55ºC of air temperature, 1.25m/s of air 

velocity and 10% of relative humidity were found the optimal input factor for carrot and tomato 

products respectively. These optimum combination input factors were returned 6.22 total color 

difference and 35.5% surface area shrinkage for dried potato product; 7.32 total color 

difference and 77.45% surface area shrinkage for carrot, and total color difference of 6.12 for 

tomato dried product. Additionally, the constant input parameters had retained 72.43% of 

ascorbic acid.  Further optimization strategy (the second strategy), shows significant effects on 

the quality of dried potato and have improved the total color difference by 29%. Similarly, 

72.17% of ascorbic acid were retained. Finally, experimentally found results were verified 

using numerically obtained results. 

The coefficient of determination (R2) of experimentally found results at single layer with 

numerically obtained were 99.40 for moisture removal, 89.10 for surface area shrinkage and 

82.28 for surface temperature. Besides, for batch dryer, the experimentally found results were 

agreed well with numerically obtained results. The coefficient of determination (R2) of drying 



 

 

 

 

curves were between 97.49 and 99.95; the product surface temperature agreed 91.5, 82.76, 

93.36 for potato, carrot and tomato respectively.  

With this work, the process of convective drying of agricultural products could be optimized. 

Furthermore, important knowledge about the basic mechanisms of the drying process was 

found and implemented in the numerical models.  



 

 

 

Zusammenfassung 

Das Hauptziel dieser Arbeit war es, die Konvektionstrocknung von landwirtschaftlichen 

Produkten (Kartoffel, Möhre, Tomate) experimentell zu untersuchen und die Ergebnisse mit 

numerischen Lösungen zu vergleichen, die unter Verwendung von Comsol Multiphysics® 5.3 

erzeugt wurden. Dabei sollte sowohl der Trocknungsprozess in dünnen Schichten als auch der 

in einem Trockner in industriellem Maßstab berücksichtigt werden. 

Beim Einzelschichttrockner wurde der Einfluss der Trocknungsbedingungen, also der 

Eingangspara¬meter des Trocknungsprozesses, auf die Qualitätsmerkmale ‚Farbe‘ und 

‚Schrumpfung‘ sowie ‚Gehalt an Vitamin C‘ bestimmt. Beim Trockner im industriellen 

Maßstab wurden die Veränderung der Qualitätsmerkmale bei zwei unterschiedlichen 

Trocknungsstrategien untersucht: Zum einen kam ein Trocknungsprozess mit konstanten 

Eingangsgrößen zur Anwendung. Ziel war hier eine Optimierung dieser Werte hinsichtlich der 

Veränderung der Qualitätsmerkmale mit Hilfe der „Response Surface Technology” (RSM). 

Zum anderen wurde der zeitliche Verlauf der Trocknungsparameter ‚Temperatur‘ und 

‚Feuchte‘ abschnittsweise so verändert, dass sich Profile in Form eines Rechteckes ergaben. 

Das numerische Modell des Trocknungsvorganges in dünner Schicht bestand darin, dass die 

instationären partiellen Differentialgleichungen mit Hilfe der Finite-Elemente-Methode in 

Verbindung mit dem Arbitrary-Lagrangian-Eulerian-Verfahren (ALE) gelöst wurden. Das 

Modell des Trocknungsvorgangs im Chargentrockner bestand aus den mechanistischen 

mathematischen Modellen des gekoppelten Wärme- und Stofftransfers für festes, poröses 

Material entsprechenden Feuchtegehaltes.  

Die Ergebnisse der Optimierung hinsichtlich der Qualität nach dem Konzept der „importance” 

(1 bis 5) und der „desirability” (0 bis 1) sind, dass eine Lufttemperatur von 67 °C, eine 

Luftgeschwindigkeit von 1,25 m/s und eine relative Luftfeuchtigkeit von 10 % die optimalen 

Inputfaktoren für Kartoffelprodukte sind. In ähnlicher Weise wurden 49 °C Lufttemperatur, 

0,95 m/s Luftgeschwindigkeit und 20 % relative Luftfeuchtigkeit und 55 ºC Lufttemperatur,  

1,25 m/s Luftgeschwindigkeit und 10 % relative Luftfeuchtigkeit als optimale Inputfaktoren 

für Karotten- bzw. Tomatenprodukte ermittelt. Diese optimale Kombination von 

Eingangsfaktoren ergab einen Gesamtfarbunterschied von 6,22 und eine Schrumpfung der 

Oberfläche von 35,5 % für das Kartoffeltrockenprodukt, einen Gesamtfarbunterschied von 

7,32 und eine Schrumpfung der Oberfläche von 77,45 % für Karotten, und einen 



 

 

 

 

Gesamtfarbunterschied von 6,12 für das Tomatentrockenprodukt. Außerdem blieben bei 

konstanten Eingangsparametern 72,43 % der Ascorbinsäure erhalten.   

Die zweite Optimierungsstrategie zeigte signifikante Auswirkungen auf die Qualität der 

getrockneten Kartoffel und verbesserte den Gesamtfarbunterschied um 29 %. In ähnlicher 

Weise wurden 72,17 % der Ascorbinsäure beibehalten.  

Schließlich wurden die experimentell ermittelten Ergebnisse anhand der numerisch ermittelten 

Ergebnisse überprüft: Der Bestimmungskoeffizient (R2) der experimentell ermittelten 

Ergebnisse bei einlagiger Trocknung mit den numerisch ermittelten Werten betrug 99,40 für 

den Feuchtigkeitsentzug, 89,10 für die Oberflächenschrumpfung und 82,28 für die 

Oberflächentemperatur. Außerdem stimmten die experimentell ermittelten Ergebnisse für den 

Chargentrockner gut mit den numerisch ermittelten Ergebnissen überein. Das 

Bestimmtheitsmaß (R2) der Trocknungskurven lag zwischen 97,49 und 99,95; die 

Oberflächentemperatur des Produkts stimmte mit 91,5, 82,76 und 93,36 für Kartoffeln, 

Karotten bzw. Tomaten überein. 

Mit dieser Arbeit konnte der Prozess der konvektiven Trocknung von landwirtschaftlichen 

Produkten optimiert werden. Darüber hinaus wurden wichtige Erkenntnisse über die 

grundlegenden Mechanismen des Trocknungsprozesses gefunden und in den numerischen 

Modellen umgesetzt. 
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Nomenclature  

Symbols or Abbreviations     Unit with Remarks  

A constant 

aw  water activity, dimensionless 

c  mass concentration, kg/m3 

C  molar concentration, mol/m3, drying constant 

Cp  specific heat, J/kg K 

D  mass diffusivity, m2/s 

Dc  capillary diffusivity due to concentration gradient, 

DT  capillary diffusivity due to temperature gradient, 

h  heat transfer coefficient, W/m2 K 

hm  mass transfer coefficient, m/s 

I                                 rate of evaporation, kg/m3 s 

k   permeability, m2 

k   thermal conductivity, W/m K 

M                               molecular weight, kg 

M                               moisture content, kg of water/m3 

Md                           moisture content, dry basis, kg of water/kg of dry solids 

n                          number of variables, unit vector normal to product surface, mass flux, kg/m2 s 

Nu Nusselt number 

P pressure, Pa 

p     pressure, partial pressure, Pa 

Pr Prandtl number 

R  gas constant, 8.315 kJ/kmol K, mass of moisture vaporization (mol/m3) 

R, r coordinate  

Re Reynolds number 

Sc Schmidt number 

Sg  gas saturation = DVg//DV, dimensionless 

Sw  water saturation = DVw//DV, dimensionless 

t  time, s 

T  temperature, K 

V shrinkage velocity in y direction 
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V  total volume, m3 

X  location of interface, m 

Y, y coordinates 

Greek letters 

α thermal diffusivity,  

Θ temperature (°C) 

μ-+ viscosity  

λ latent heat, kJ/kg 

ε Porosity 

κ Permeability, m2 

Subscript 

0 initial condition 

a Air 

E equilibrium  

Eff Effective 

M Mass, Moisture 
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1. Introduction  

Drying has remained for many years one of the most popular methods for preserving food. 

Besides the post-harvest loss prevention through preserving the agricultural products by 

reducing the moisture content to a safe level, drying is also very important to retain the quality 

of the agricultural food products.  In order to remove the water out of the product, the required 

liquid’s latent heat of vaporization must be supplied. Moreover, airflow aids through the 

process of removal of the vapor from the surface of the product. The lower the humidity of the 

hot air supplied to the drying chamber, the higher the drying rate. This is because air with a 

lower percentage of humidity can carry more moisture from the product surface than air with 

a higher moisture ratio. In addition, increasing the air temperature while drying food and 

pharmaceutical products decreases the product's quality. Additionally, foods such as green 

leafy vegetables has to be dried at low temperature to keep its original color and texture (Attkan 

et al., 2014). 

In addition, drying is one of the most important unit operations in the food process engineering. 

It represents a feasible way in order to extend the shelf life of food products with high moisture 

contents, especially fruits and vegetables, by reducing their water content to an extension at 

which the microbial spoilage and undesirable reactions are minimized (Herman-Lara et al., 

2005). Conventional air-drying is the most frequently used method of drying in the food 

industry. In this process, mass and heat transfer play an important role during vegetable drying. 

Understanding and formulation of well-verified mathematical drying models can be enabled to 

control the process to produce stable products of a better quality. During the drying process, a 

change in the color of the sample as well as shrinkage of the sample can take place. This has a 

high effect on the quality of the product. The retention of the freshly harvested sample's 

nutrients, taste and color remains yet a problem to be dealt with. During the drying process of 

vegetables and fruits, the volume of shrinkage is very close to the volume of water lost by 

dehydration or evaporation.  

The strategy of process control (air temperature, air velocity and relative humidity) allows for 

the retention of the quality and energy efficiency of the drying process (Sturm et al., 2014). For 

instance, the color change in food material during thermal processing is caused by the reactions 

taking place inside the product. Browning of agricultural product is caused by ‘Maillard’ 
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reactions because of condensation of hexoses and amino components and oxidation of ascorbic 

acid (Lee and Coates, 1999); (López et al., 1997). 

The final values of color parameters can be used as quality indicators to evaluate deterioration 

due to thermal processing (Shin and Bhowmik, 1995). The imaging technique could be used 

for studying Millard browning. The whiteness index was also used as an indicator for enzyme-

stimulated reaction (Rocha et al., 2007). Luminosity (L*) has been used as an indicator of 

vegetable quality deterioration (Hilaire et al., 2011). Hilaire et al., 2011 had been reported that 

the storage and slicing method could also affect the lightness of the carrot. 

Most mathematical models of drying involve heat and mass transfer equations with suitable 

initial and processes boundary conditions. In most of the models, shrinkage was assumed to 

remain negligible. This simplifies the equation models, but cannot be applied for all substances 

and all moisture ranges.  

Physics-based models have several advantages  observation-based models: (1) they can be 

exact analogs of the physical process; (2) they allow in-depth understanding of the physical 

process as opposed to treating it as a black box; (3) they allow us to see the effect of changing 

parameters (Sablani, 2006b). Models are the essential components of modern process systems 

engineering methods (i.e. simulation, optimization and control) (Banga, 2003). 

Nowadays physics-based continuum models have really picked up because of the available 

powerful and user-friendly software. These software programs do have limitations, however, 

that apply to food related problems because of complexities in the process and significant 

changes in the material due to processing. In addition, availability of high processing capacity 

computers plays a major role. Furthermore, as drying is a complex process, it is helpful to 

numerically model such processes, thereby representing the process of a system in a set of 

mathematical equations which can effectively characterize the overall process. Those 

developed set of equations should predict coupled heat and mass transfer of the overall process 

where modeling and simulation could allow an opportunity to have insight into the process at 

each specified time.  

Therefore, numerical modeling of drying process of agricultural products and verification of 

experimental work has to be conducted as they have huge impact in the food industry.   
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 Motivations for the Research 

This section discusses the main reasons that motivate the research undertaken in this Ph.D. 

study. The first main reason is the postharvest loss happening in the developing countries like 

Ethiopia that accounted 30%-50% losses. Secondly, the quality of convective drying of 

agricultural products has still to be improved. Also, a bulky experimental work that could be 

replaced by numerical modeling are the main reasons. This could be possible thorough the 

understanding of the drying process. The increase of consumer's demand for high-quality dried 

products has recently led to a shift in focus from a purely energetic process optimization 

towards a stronger focus on the quality of the dried product. Additionally, the process 

optimization of the drying system for the preparation of quality-dehydrated products is cost 

effective as it shortens the drying time and causes minimum damage to the product.  

A number of studies have addressed the problems associated with convective drying of fruits 

and vegetables. Some important physical properties of the products have changed; for instance, 

loss of color (Chua et al., 2000b), change of texture, chemical changes affecting flavor and 

nutrients and shrinkage (Mayor and Sereno, 2004). The food industry involves a variety of 

preservation, or processing methods aimed to extend the shelf life of fruits and vegetables. In 

such a manner, the food products can be consumed all year round and maybe transported safely 

not only to areas located near the growing regions but also to consumers all over the world. 

Food preservation aims primarily to create a microbiologically safe product. Moreover, food 

processors strive to produce the highest quality of dried products. Depending on how 

processing is carried out, processing may result in a change in color, texture, flavor and 

nutritional quality (Barrett and Lloyd, 2012). 

In the past, research and development in the field of drying techniques have focused on the 

process and technology applied in this field. Food drying was mainly performed to extend the 

shelf life without much importance on retaining the quality attributes of the dried product. 

Recently, however, efforts have been made to develop high-quality dried food products. This 

is achieved by utilizing novel drying technologies, by improving and optimizing existing 

drying methods, and by maximizing quality attributes such as structure, color, flavor, nutrition, 

etc. (Sablani, 2006a). 



Introduction                                                                                                                                        4 

 

 

Generally, hot air-drying process optimizations and post-harvest losses minimization as result 

are the main motivations of this Ph.D. study. 

 Objective 

The main goal of this work was to experimentally characterize the hot air-drying process of 

agricultural products and verify it with numerical solutions at single layer and industrial scale 

dryer. 

The specific objectives of this work are to:  

1. Determine the influence of constant input drying parameters of hot air drying on the 

single layer. 

2. Determine the thermo-physical properties (𝐷𝑒𝑓𝑓, ℎ 𝑎𝑛𝑑 ℎ𝑚) of produce using 

experimental data from single layer dryer. 

3.  Scale-up the process from single layer dryer to industry scale dryer and check the 

traceability of the input and quality parameters.  

4. Optimize input drying parameters for better quality criteria at the batch dryer. 

5. Characterize the influence of square-wave (continuous) input drying factors on the 

quality criteria of dried agricultural products on the industry scale.  

6. Develop a mathematical model and numerical solution for single layer and industry 

scale drying process using Comsol Multiphysics Software.  

7. Verify experimental value obtained with numerical solution results and vice versa. 

 Basic Research Questions 

1. Do input drying parameters affect the quality of dried agricultural products at single 

layer and industrial scale dryer?  

2. Does single layer dryer quality parameters traceable to industry scale dryer? 

3. What are the possible ways to minimize large number of experimental set-up and 

process optimization to obtain quality of the dried agricultural products?  

4. Do numerical models replace constructing and conducting of large-scale industrial 

experiments in drying process of agricultural products? 

a. How numerical modeling replace experimental work? 
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b. Can numerical modeling method provide quality parameters during drying of 

agricultural products?  

c. Are there any limitations with numerical modeling? 

 Overview of the Research 

The objective of this work is addressed in eight chapters: Introduction (Chapter 1), Literature 

Review (Chapter 2), Material and Methods (Chapter 3), Experimental Results (Chapter 4), 

Process Optimization (Chapter 5), Mathematical Formulation and Numerical Solution (Chapter 

6), Experimental Results Verifications with Numerical Solutions (Chapter 7), General 

Discussions and Outlook (Chapter 8) and Summary (Chapter 9). 

In Chapter 1, a general introduction to this work, statement of the problem, drying evaluation 

and objectives are presented. 

In Chapter 2, the related literature to the problem identified in chapter one is reviewed.  Mainly 

the food security contribution of potato, carrot and tomato in the world and in particular that of 

the Ethiopian case is presented. The effect of food drying with quality aspect of color and 

nutrition is also reviewed. Moreover, the mechanisms of heat and mass transfer that take place 

in food products during drying are reviewed. In addition to that, the thermo-physical properties 

and heat transfer coefficient are briefly presented. 

Chapter 3 explains the material and methods used to solve listed problem and achieve the 

planned objectives.  

In Chapter 4 the design of experimental works and quality criteria quantification and results 

are examined both at single layer and air recirculation batch drying measurements. Measured 

variables, like moisture loss, product surface temperature, and air temperature, together with 

suitable measuring techniques like image capturing are briefly presented. Comparison of 

drying kinetics and quality attributes that were found from single layer and air recirculating 

batch drying of potato slices are also discussed.  

Chapter 5 examines quality attribute optimization by applying continuous drying processes at 

air recirculating batch dryer further based on the parameters that returned the best quality for 

the dried products. 
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In Chapter 6, mathematical formulation of drying processes as a heat and mass transfer are 

formulated. Problem formulation and the governing equations of heat and mass transfer and all 

the constitutive equations are presented. These governing equations are developed based on the 

laws of conservation of mass and energy. The problem formulation and the model assumptions 

were done for the two representative case studies: single layer drying and batch drying of 

agricultural products. The FEM in the framework of COMSOL Multiphysics® version 5.3 is 

outlined in more details. The numerical solutions to the model equations using the COMSOL 

software and the implementations of the equations are thereby illustrated.  

The obtained results are experimentally verified with the results of the numerical solution 

obtained in Chapter 7. The level agreement results were presented throughout a regression 

analysis. 

In Chapter 8, the overall experimental work and physical modeling approach along with the 

results are obtained were discussed in detail. A general discussion and remarks on the 

experimental work as well as a physical model of heat and mass transfer are developed. 

Additionally, the views out of this work and the future work were presented. 

Finally, in Chapter 9, the summary of the experimental and numerical modeling based on 

mechanistic models of single layer and industrial level drying of agricultural products were 

presented. 
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2. Literature Review  

This chapter presents the review of related literature on typical fruit and vegetable production, 

drying of agricultural products and quality aspect dried of food products, the importance of 

single layer and batch food dryers and associated problems, efforts made to overcome these 

problems, applications of physical modeling of drying process approach in food drying and 

identification thermo-physical properties. 

 Potato, Carrot and Tomato 

Potato (Solanum tuberosum), carrot (Daucus carota) and tomato (Solanum lycopersicum) are 

the most consumed vegetables in the world (Yemane Salih, 2016). Potato tubers are within the 

top five list of food crop production and are considered as one of the most important food 

sources of human consumption on the global list (FAo, 2015). It is one of the high potential 

food security because of its advantage of yield from a small area and fastest growing stable 

food crops  (Adane Tufa et al; Beliyu and ederose, 2014). It provides important nutritional 

value such as protein, vitamins, macro-and micronutrients, polyphenols, carotenoids and 

tocopherols (Brown, 2005). In Ethiopia, the potato is a high potential food security crop due to 

its high yield potential per hectare and nutritious content tubers. 

Since the 1970’s, the Ethiopian Institute of Agricultural Research has generated a number of 

improved potato production technologies such as improved varieties with accompanying 

agronomic practices, crop protection measures, postharvest handling techniques and other 

utilization options. By using improved varieties, the current production of potato in Ethiopia is 

in the range of 26-34 t ha-1 while about 8 t ha-1 for local seed tubers (Chindi et al., 2017). The 

most actors in the production of potato are mostly smallholder farmers.  

With production, the technique of storage plays a vital role in determining the quality of the 

vegetable product. The main objectives of storage are future consumption, future processing, 

and maintenance of seed reserve. It allows for a better use of processing capacity, better tuning 

of production and consumption, and better quality of seed potatoes. Arable products such as 

potatoes belong to the group of semi-perishable goods, that is, products with a high natural 

moisture content (F. W. Bakker-Arkema et al., 1999). The harvested potato tubers must be 

stored at high relative humidity and at low temperature. Maintaining high relative humidity in 

potato storage prevents some of the early season tuber dehydration and helps control the total 
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shrinkage loss during the season. The potato tubers supplied to market may be stored between 

temperatures of 4°C to 10 °C while for seed are usually from 3°C to 4°C. However, in Ethiopia, 

farmers use different methods for storage of potato tubers. For instance, late harvesting 

techniques or leaving the tubers in the farm are used by farmers as a storage mechanism. 

Because of the lack of appropriate storage technology, most producers are forced to sell their 

products at a cheaper price at peak production times.  

Carrots are not a traditional crop in Ethiopia but are now grown throughout the country, 

although sparsely in most areas. They are predominantly cultivated as a cash crop for sale to 

urban markets, including hotels and restaurants. Farmers and their families consume some 

carrots, but the high levels of vitamin-A deficiency recorded throughout Ethiopia indicate that 

many people even in rural areas are not eating enough carrots or other Vitamin-A rich 

vegetables (Phil Clarke and Knud Vilby, 2011). 

Carrots are used as a major source of human nutrition due to their high content of vitamins and 

fibers. They contains one of the highest levels of β-carotene, which is the major precursor of 

the Vitamin A. The production rate of carrots in Ethiopia in the year of 2014/2015 recorded 

about 12,345.8 tons on 2,215 ha of land. This production trend varies however from one year 

to another. Harvesting carrots in cool weather will extend their shelf life and maintain post-

harvest quality. Freshly harvested carrots need to be sorted out to remove defective roots. 

Undersized, broken, diseased, green core, split/cracked and sunburnt carrots should be 

discarded. Careful handling is necessary to avoid bruising and tip breakage during these 

grading steps. 

Tomato is the second worldwide mostly consumed vegetable crop after potato (ABANO et al., 

2012). In many developing countries, the inadequate processing of the products and the badly-

equipped storage facilities lead to enormous challenges. The situation is exasperating with 

losses mounting up to more than 35%. Oftentimes, tomatoes produced in the peak seasons are 

either consumed fresh, sold at relatively cheap prices or are allowed to go waste. 

The tomato is a widely grown vegetable crop in Ethiopia. The first commercialization of tomato 

cultivation dates back to 1980 with a production area of 80 ha in the Upper Awash by Merti 

Agro-industry. Most researchers indicate that the total production of tomato in Ethiopia has 

shown a significant increase. However, the average yield of production is still low ranging 

from 6.5-24 Mg ha-1 as compared to the world production rate in America, Europe, Asia with 

an entire production yield of 51, 41, 36 and 34, respectively (FAOSTAT, 2010) 
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  Drying of Food Products 

Drying is the removal of unbounded water molecules in the liquid and/or vapor phases caused 

by a partial pressure difference of water vapor between the surface of the product to be dried 

and the air surrounding. "Drying is the process most often used for quality assurance and 

stability during storage of biological products such as fruits, vegetables and grains, considering 

that reduced amount of water in the material reduces both biological activity and deterioration 

caused by microorganisms including chemical and physical changes that occur during storage"  

(Barbosa de Lima et al., 2014).  

Drying is a complicated process with simultaneous heat and mass transfer interactions. The 

complexity of this process is due to the differential structure of the products. In practice, food 

drying is considerably more complex than a method that merely removes moisture. Moreover, 

other rate processes, physical changes and chemical transformation may cause changes in 

quality as well as the mechanism of heat and mass transfer. This makes it very difficult to study 

such processes and affects the way calculations are to be analyzed. Furthermore, the drying 

process of fruits and vegetables can increase the shelf life of the dried product and reduce the 

post-harvest loss of perishable products by removing the water to a level at which microbial 

spoilage and chemical reactions are minimized (Arun and Sakamon; Rossello et al., 1992). 

During drying, various physical processes take place, which contributes to the final quality 

attributes of the dried product. Such physical processes include convective mass transfer, 

conductive heat transfer in the product, internal convective or transport of water moisture, 

moisture removal from the surface and shrinkage due to the removed moisture. Therefore, it is 

very important to investigate the effect of those processes to produce stable products with a 

good quality. 

Developing an efficient drying system with combined novel thermal and conventional hot air 

drying of agricultural crops has become potentially a viable substitute for conventional drying 

techniques. Due to the synergistic effect, the total energy and time required can be drastically 

reduced and the final quality of agricultural crops can be preserved. The growing interest and 

research in recent years have already shown that novel thermal with hot-air drying technology 

can adequately be used in the drying of agricultural crops (Daniel Maisnam et al., 2017). 
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Drying is an indispensable process in many food industries. The drive towards improved drying 

technologies is spurred by the needs to produce better quality products. Improvement in quality 

of most food products translates into a significant increase in their market value. 

Fruits and vegetables have a high moisture content of more than 80%, which makes them 

highly susceptible to spoilage-causing bacteria. Drying of fruit and vegetables needs attention, 

as the process parameters and controlling strategy determine the end quality of the dried 

products. They are characterized by high amount of initial moisture content and are sensitive 

to a high temperature. Hot air drying and drying parameters control strategy have a significant 

influence not only on the development and on the duration of the drying process, but also on 

the development of color changes and shrinkage. Controlling product surface temperature led 

to shorter drying times whereby lower color changes for apple product was noticed (Sturm et 

al., 2014). 

Nowadays convective method of drying is being employed to remove water from the food 

substances through the application of heat in equipment meant for drying. Hot air is allowed to 

pass through the product in a manner to transfer the heat to the food while moisture gets 

absorbed (Brennan, 2006; Daniel Maisnam et al., 2017). In conventional air-drying, the drying 

kinetics are greatly affected by the air temperature and material characteristic dimensions, 

while all other process factors exert practically negligible influence (Krokida et al., 2003a). 

The quality of dried products is generally measured in terms of the color, the texture, the taste, 

the porosity and other physical properties, such as the density and the volume (Krokida and 

Maroulis, 1997). In the optimization of the drying process, many parameters are considered in 

order to reach the following objectives: an increase in the stability of the dried product, a 

reduction of storage and transport costs, energy savings and, of course, a high-quality product. 

The total cost of a drying process and the quality of the final food product are often competing 

for parameters, especially for low cost processed food as reviewed by (Raponi et al., 2017).  

 Single Layer Drying Process 

Single layer convection dryer is one of the widely spread means of drying of agricultural 

products by which air passes over or through a single tray of product arrangements. Most 

research works are conducted on single layer dryer to study the quality parameters 

improvement by controlling input factors such as air temperature, air velocity and relative 

humidity (Sturm et al., 2012b; Sturm et al., 2014; Taye and Hofacker, 2017).  
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During drying, a continuous change of quality (color and shrinkage) as well as a change in the 

nutrients' content takes place. Many researchers have investigated the degradation of quality 

during drying. The methods for controlling and determining the degradation of quality while 

drying with corresponding to moisture content, temperature and quality data were reported 

(Sturm Barbara. & Hofacker Werner; Amjad et al., 2015; Chua et al., 2000a; Piotrowski and 

Lenart, 1998; Sturm and Hofacker, 2009).  

An increase in air velocity also resulted in a shorter drying time because the heat transfer, as 

well as mass transfer rate, increased. As shown in Figure 4-2, as the air velocity increased, the 

drying process was completed in a shorter time. This effect was; however, less significant than 

the one obtained by changing the temperature. Similar findings by (Naderinezhad et al., 2016) 

have shown that drying temperature was the most effective parameter in the drying rate when 

using a tunnel dryer. Moreover, the influence of air velocity was more profound at low 

temperatures. 

  Industrial scale Drying Process 

Different types of dryers have been used in the domestic and industrial sector batch dryers. 

These included; for instance, the fluidized bed dryers, drum dryers, tunnel dryers, spray dryers, 

flash dryers, rotary dryers and freeze dryers. Among these, cabinet batch type dryers are a 

widely spread equipment used for food dehydration. 

Batch drying is a mostly used process in the drying food industry especially for high-value 

products and presents very important means of preserving agricultural products by reducing 

the amount of the water available in the food products. The unique construction of batch dryers 

could result in shorter drying time, because maximum airflow and relatively higher air 

temperature can be used without affecting the quality of the product. Nowadays, the 

preservation of agricultural products, like fruits, vegetables and grains, requires an efficient 

drying process. (Jokiniemi and Ahokas, 2014), suggest that controlling the airflow rate and 

drying air temperature during the drying process has a potential to improve both the energy 

efficiency and the performance of the dryer. Generated energy can be fully utilized by 

circulating air in the dryer until the capacity of water taking of air from food products is 

reached.  
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It is quite easy to handle the issue of drying heterogeneity in small size dryers (i.e. mostly solar 

cabinet dryers). However, challenges arise when dealing with dryers of a large capacity. 

Therefore, the use of baffle plates/air straighteners is a common practice to overcome this 

problem in the large drying chambers (Román et al., 2012).  

 Quality Aspects of Dried Food Products 

The industrial product quality aspects are usually considered to control product moisture 

content at the dryer outlet, to minimize chemical degradation reactions, maintain product 

structure and texture, obtain the desired color and to control product density and porosity. 

The quality of the product refers mainly to its nutritional safety. Sensory and nutritional 

properties are other determining factors of the product's quality. However, in many cases, the 

severity of processing is differently related to safety and to sensory or nutritional quality. 

Severe processing generally results in higher nutritional loss and in poorer quality, whereas it 

increases food safety [Figure 2-1]. An optimal drying time and the right level of severity of 

processing must; therefore, be designed in order to obtain the desired food characteristics 

(Tsotsas and Mujumdar, 2011).  

Quality changes were commonly investigated in order to improve the sensory properties (i.e., 

appearance, texture, flavor and aroma), nutritive values, chemical constituents and mechanical 

properties of drying products (Raponi et al., 2017). 

 

 

Figure 2-1: Effect of process severity on the quality index (Rahman, 2007) 
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 Optical Properties 

The superficial appearance and color of food are the first parameters of quality evaluated by 

consumers and are thus critical factors for acceptance of the food item by the consumer. 

Although there are different color spaces, the most used of these in the measuring of color in 

food is the L*a*b color space due to the uniform distribution of colors, and because it is very 

close to human perception of color (Pathare et al., 2013; Katherin León et al., 2005). 

Color is an important quality attribute in the food and bioprocess industries, and it influences 

consumer’s choice and preferences. Food color is governed by the chemical, biochemical, 

microbial and physical changes which occur during growth, maturation, postharvest handling 

and processing. Color measurement of food products has been used as an indirect measure of 

other quality attributes such as flavor and contents of pigments because it is simpler, faster and 

correlates well with other physicochemical properties (Pathare et al., 2013). 

Color and appearance are important determining criteria of the quality of food products. It does 

not only influence its subjective appreciation by the consumer, but can also be used for the 

determination of quantitative quality criteria which depend on the drying process (Sturm and 

Hofacker, 2009). The color of a dried product is directly related to the drying time, the drying 

process and the temperature of the drying medium together. The characteristics defining the 

quality of dried products are primarily governed by the drying conditions (i.e. the temperature 

and duration of drying). It is vital to ensure that heat-sensitive product such as fruits, vegetables 

or spices do not get exposed to temperatures exceeding certain critical values as this may lead 

to the degradation of the product (Sturm, 2010). 

Color preservation is crucial to make processed fruit and vegetables eye-catching and 

acceptable. Thus, it is the first attribute considered by the consumer to make a buying decision. 

For this reason, several types of research have, as a matter of study, considered color 

conservation during post-harvest handling and processing of fruits and vegetables (R.L. 

Shewfelt, 1999; Raponi et al., 2017). During drying, many factors are responsible for the 

change of the product's color. The most common ones are pigment degradation (e.g. 

chlorophylls and carotenoids)  and the occurrence of browning due to both enzymatic and non-

enzymatic reactions (Raponi et al., 2017). 
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 Nutritional Characteristics 

Many biochemical reactions can be induced by temperature increase in food: Maillard 

reactions, vitamin degradation, fat oxidation, denaturation of thermally unstable proteins 

(resulting in variation of solubility or of the germinating power of grains), enzymatic reactions 

(which can be either promoted or inhibited).  

Ascorbic acid, also known as Vitamin C, is an antioxidant, heat labile and water-soluble 

compound and is able to regenerate tocopherols (Vitamin E) from the oxidized form (Raponi 

et al., 2017). 

Vitamin C is an important nutrient that is often taken as an index of the nutrient quality of 

processes. Ascorbic acid can be oxidized to dehydroascorbic acid under aerobic conditions, 

followed by hydrolysis and further oxidation. This degradation is influenced by water activity 

and temperature. In general, Vitamin C retention after drying is relatively low, even if quite 

high contents (in g (kg of product)-1) can be reported for dry products, due to the evaporation 

of water and the concentration effect (Tsotsas and Mujumdar, 2011). 

Vitamins are heat-sensitive ingredients available in food. The vitamin degradation during the 

heat treatment is not a simple process and strongly depends on the presence of other agents 

such as light, oxygen and their water content. (Goula and Adamopoulos, 2006) found that the 

kinetics of ascorbic acid degradation of tomato followed a first-order reaction with a reaction 

rate constant dependent on product moisture content as well as on temperature.  

 Shrinkage  

Shrinkage is one of the most important physical changes that occur during the dehydration of 

food products. For the considered drying conditions, temperature and air velocity have no 

influence on the shrinkage of the potato cube samples. A linear relationship between shrinkage 

(V/V0) and the mean moisture content was obtained in every experiment. The volume lost by 

cubic samples (symmetrical in all space directions) after the drying process was similar to the 

volume of water lost during the dehydration process (Frías et al., 2010).  

Shrinkage of biological materials during drying takes place simultaneously with moisture 

diffusion and thus may affect the moisture removal rate. The degree of shrinkage of potato 

during low-temperature drying is higher than that at a high temperature. Shrinkage also affects 
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the physical properties of materials, such as the density and porosity. In the early stage of 

drying, the density increased as the moisture content decreased, reaching a peak and then 

decreased with a further decrease in moisture content. The density at a given moisture content 

decreased with increasing drying temperature (Wang and Brennan, 1995b). 

 Utilizations of Dehydrated Products 

Fruits and vegetables are reported to be the main contributors of Vitamin C in the diet, with the 

percent contribution amounting to as high as 90%. Potato tubers can be consumed as potato 

chips, or better known as French-fries. The dehydrated products of potato tubers can also be 

used to produce potato flour, potato flakes, etc. (Lee and Kader, 2000). 

Carrots are rich sources of carotene, ascorbic acid and are known as vitaminized food with 

moisture, protein, fat, carbohydrates, sugars and fiber in the range of 84 to 95%, 0.6 to 2.0%, 

0.2 to 0.7%, 9.58 to 10.6%, 5.4 to 7.5% and 0.6 to 2.9%, respectively. Carrots are consumed 

either raw or cooked and processed into value-added products: canned carrots, chips, candy, 

kheer, halwa, powder, juice, beverages, preserve and intermediate moisture products. Carrots 

have been already used for the preparation of soups, beverages, wine, stews, curries, pies and 

jams as blending agents. Dehydrated carrots are used in instant soups or meals and developing 

oil-free, healthy snack food as reviewed by (Haq Raees-ul and Prasad K, 2015). 

The fresh tomato pulp can be used to make tomato jam and ketchup. The dehydrated tomato 

product can be used as chop and toss in pasta sauce, soup or rice. 

 Mathematical Modeling and Numerical Solution of Drying of Food 

Products  

A numerical model is a mathematical analog of the physical reality, describing and predicting 

the properties and features of a real system in terms of mathematical variables and operations. 

Mathematical models can be classified somewhat loosely, depending on the starting point in 

making a model, into physics-based and observation-based models. A mathematical model of 

drying involves processes of heat and mass transfer governed by the laws of mass, momentum 

and energy conservation. Modeling of heat and mass transfer inside the food is coupled in a 

complex way and for some food, systems are not yet fully understood (Datta, 2008).  
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Modeling, in particular, physics-based modeling, can be an important tool to a food product, 

process, and equipment designers by reducing the amount of experimentation (thus reducing 

the time and expenses involved) and by providing a level of insight that is often not 

experimentally possible (Datta, 2008). In (Datta, 2008), a clear indication of the importance of 

mathematical modeling as well as the challenge in food processing is presented. The natural 

phenomena while drying can be used in numerical modeling to represent the process with a set 

of mathematical equations which can effectively characterize the overall process of the system 

(Kuma et al., 2017).  

Thus, mathematical modeling is used to represent the process of a drying system in a set of 

mathematical equations, which can effectively characterize the overall process of the system. 

Those developed sets of equations should predict the coupled heat and mass transfer of the 

overall process. During vegetable drying, mass and heat transfer reactions play an important 

role. Modeling, in particular, physics-based modeling, can be an important tool to food 

production, processing, and for equipment designers by reducing the amount of 

experimentation (thus reducing the time and expenses involved) and by providing a level of 

insight that is often not possible experimentally (Datta, 2008). The understanding and 

formulation of well-verified mathematical models for drying will make it possible to control 

the process to produce stable products of high quality. Many physical, chemical and nutritional 

changes occur in foods during the drying process. Many of these changes are functions of 

temperature, moisture content and time. Therefore, undesirable effects could be better 

controlled, if temperature and moisture distributions in foods as a function of drying time could 

be accurately predicted.  

The equations of convection drying of agricultural products are represented by partial 

differential equations with Arbitrary Lagrangian-Eulerian (ALE) to predict the drying along 

with shrinkage of the products. The greatest advantage of mathematical modeling is the ability 

to predict system behavior. Experimental data are thus only necessary for verification purposes 

of the actual work. There should not be the experimental result unless for verification we may 

interest in actual work. 

Nowadays, the development of high-capacity computers allows the use and development of 

numerical methods. The finite element method and finite volume method for instance, are 

efficiently used in CFD for modeling physical phenomena. The use of the FEM is a powerful 
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tool in research and in evaluating the physics-based models. For complex systems, the FEM is 

time-consuming and computationally intensive to allow such models to be employed as models 

for general daily use; for example, in a production environment (Aberham Hailu Feyissa, 

2011). Numerical solutions have to be considered for systems of coupled heat and mass transfer 

that cannot be solved analytically. It is possible to simplify the system into very simple 

conditions; however, such simplifications may not express the real process very well. 

Nevertheless, if the process is effectively modeled, the solution from the physical model can 

deliver a better understanding of the whole process. For verification purposes of the physically 

based modeling, the experimental work is necessary. The verification with experimental result 

could help understand the level of prediction of the process using numerical techniques or 

physical based models.  

Many researchers studied the drying kinetics of food products. One-dimensional, two-

dimensional and three-dimensional modeling and solution are based on several theoretical 

models of literature. (Vagenas et al., 1991) simulated the drying kinetics based on finite 

element modeling using three-dimensional models (volumetric changes) of agricultural 

products. In their work, they developed the finite element model based on an effective diffusion 

model by taking into consideration the shrinkage of the sample by the alternative frame of 

reference. The greatest advantage of using a finite element model is the fact that such models 

can be used for irregularly shaped models of food products. This requires, however, a solving 

system of a higher capacity. Discretizing the FEM using a large number of small-sized elements 

leads to a prohibitively large number of equations that are hard to solve even by modern 

computers (Vagenas et al., 1991). 

The application of software is very important to develop and analyze the mathematical models 

and predict the performance of different kinds of drying systems. It is also useful for predicting 

the temperature, moisture content and drying rate, drying kinetics, and color of the product. 

For example, computational fluid dynamics can be used for the analysis and investigation of 

air flow and temperature distribution pattern through appropriate simulation software (Singh, 

Chauhan, Prashant et al., 2015). In the work of (Camelia et al., 2008) dynamic mathematical 

models are based on physical and transport properties, mass and energy balance by utilizing 

water sorption isotherm equation in COMSOL Multiphysics. The work has demonstrated that 

through modern computer software, it is possible to simulate the drying process of agricultural 
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products since the results obtained by such software verify with the experimental results in a 

relatively good manner. An improved multiphase porous media model involving heat and mass 

transfer has been developed and solved numerically for frying process (Datta, 2008). The 

model was implemented in typical CFD software to express explicitly the evaporation rate in 

terms of concentration vapor and temperature. Additionally, Lumped parameter model was 

used by (A., Nuñez, Vega et al., 2012) based on experimental results. With this research, a 

constant drying process of apple slices was examined. Coupled partial differential equations 

describing simultaneous heat and mass transport within the drying material were solved by 

discretizing apple slices in nodes, representing finite elements of the problem.  A simulation-

optimization procedure based on the complex method was used by (Martin et al., 1983) to 

determine optimal drying schemes for minimizing browning during dehydration of white 

potatoes. They used browning kinetics from the literature, while the heat and mass transfer 

characteristics of the potatoes were based on experimental data. 

 Heat Transfer within Solid Foods 

Heating of solid foods involves an external (to the solid food) and an internal (within the solid 

food) heat transfer reactions (Therdthai and Zhou, 2003). The heat transfer takes place between 

the heating medium (fluid) and the solid food, whereas the latter takes place within the solid 

food itself. A solid food and a heating media exchanges heat at their boundaries by conduction, 

convection or radiation, or by a combination of those mechanisms (Therdthai and Zhou, 2003). 

The internal transfer mechanisms during convective hot air drying are heat 

conduction/convection from the surface to the center and the simultaneous transport of 

moisture as a bulk liquid or as vapor from the material to unsaturated air (Karel and Lund, 

2003).  

The heat transfer modes in agricultural food products during drying is described by Newton’s 

Law of Cooling as the heat from the hot air to the surface of the product and inside the product 

due convective represented by q=h ∙ ∆T. Furthermore, for the heat conduction part of the 

Fourier’s law of heat transfer from surface to the center can be represented by Tkq =  (John 

H. Lienhard IV and John H. Lienhard V). In order to solve these processes, the convective heat 

transfer coefficient h (W/m2K) and the thermal conductivity k (W/mK) of the materials have to 

be known.  
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Modeling of the drying food particles is a complex problem involving simultaneous mass and 

energy transport in a hygroscopic system, which shrinks during the process. Knowledge of 

temperature is very important, not only because of its strong coupling with the water content 

partial differential equation, but also as a control in dealing with heat sensitive materials. (Ratti 

and Crapiste, 1995b). 

 Mass Transfer within Solid Foods 

The mass transfer of water within solid foods is driven by a gradient water concentration. 

Moisture can transfer by mechanism of molecular diffusion, pressure driven flow, capillary 

diffusion and thermo-diffusion in intermediate and highly porous food materials during drying 

(Srikiatden and Roberts, 2007). 

During the falling-rate drying period, the surface of the material does not get saturated, and the 

rate of moisture movement from the interior towards the surface is less than the rate of 

evaporation from the surface, thus drying in the falling rate period is an internally controlled 

mechanism (VACCAREZZA et al., 1974). Only falling-rate drying behavior was reported in 

the potato drying experiments (Yusheng and Poulsen, 1988). 

In the first falling-rate period, the drying rate decreases as the moisture content decreases due 

to the additional internal resistance for moisture transfer and to the reduction of heat flux into 

the sample as the surface increases to the heat medium. In a highly porous material or when 

significant porosity is developed, mass transfer occurs mainly in the vapor phase and all 

evaporation occurs from the interior of the material (Rizvi, 2014). 

The Fick’s equation of diffusion is widely used as a model for water transport in food processes. 

The transient diffusion equation for water transport is solved using experimentally determined 

effective diffusivity (Dincer and Dost, 1995). In these models, all modes of water transport 

together are lumped as diffusion transport. This cannot always be justified; for example, when 

other phenomena such as pressure-driven flow due to intensive heating become important. 

 Thermo-Physical Properties  

Thermo-physical properties of agricultural products are the most crucial parameters during 

drying. The thermal properties such as specific heat, thermal conductivity, density, heat and 
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mass transfer coefficient are not only used to describe the kinetics of drying and interpreting 

the result from experimental work, but also to analyze the work with numerical simulation or 

solution for the drying process (L. Hassini et al., 2004). 

Due to the complexity of the drying phenomena, most authors proposed different estimating 

methods, which cannot be applied to all cases of drying. Some authors used diffusive models 

for the description of convective drying of potato and carrot (Mulet, 1994). Also, the method 

for the determination of the heat transfer coefficient was proposed for the first falling drying 

period of potato cubes by (Mulet et al., 1999b). 

  Determination of Effective Diffusion Coefficient 

Drying can be divided into a constant rate period and one or more falling rate periods (Karel 

and Lund, 2003). Constant-rate drying is defined as the period of drying where moisture 

removal occurs at the surface by evaporation and the internal moisture transfer is sufficient to 

maintain the saturated surface, thus the rate of evaporation remains constant. The drying 

processes of food products mainly took place under the falling rate condition. This condition 

strongly suggested an internal mass transfer type of drying with moisture diffusivity as 

controlling phenomena. Therefore, the experimental results can be interpreted using Fick’s 

diffusion model (CRANK, 1975; Sarsavadia et al., 1999; LUIS et al., 1974; Srikiatden and 

Roberts, 2007). 

 𝑑𝑀

𝑑𝑡
= 𝐷

𝑑2𝑀

𝑑𝑟2
 

(2.1) 

 

 Estimation of Heat and Mass Transfer Coefficient  

Dependable values of heat transfer coefficients are needed to obtain accurate predictions of the 

temperature of the solid during drying. Knowledge of temperature is very important, not only 

because of its strong coupling with the water content partial differential equation, but also 

because of its effect on heat sensitive materials (Ratti and Crapiste, 1995b).  

Depending on the behavior of fluid flow (i.e., natural or forced, laminar or turbulent) different 

dimensionless correlations are used to calculate the heat and mass transfer coefficients. In 

(FRANK P. INCROPERA et al., 2011) the heat transfer coefficient for natural and forced 
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convection is stated as (Nu = f(Re, Gr)) and (Nu = f(Re, Pr)), respectively. This is valid for all 

cases where the dimension of the solid substance is known. In addition to that, the mass transfer 

coefficient is a function of (Sh=f (Re, Sc). The sample temperature variation can be described 

satisfactorily by means of heat and mass balance equations. The overall heat transfer coefficient 

can be performed by macroscopic heat transfer balance (Mulet, 1994).   

 𝑑(𝑀𝐶𝑝𝑇𝑝)

𝑑𝑡
= ℎ𝐴(𝑇 − 𝑇𝑝) − ℎ𝑓𝑔

𝑑𝑀

𝑑𝑡
 

(2.2) 

The one-dimensional Fickian diffusion model of equation (2.1) was used to evaluate the local mass 

transfer of potato samples during a drying process. This equation was solved using a third kind 

boundary condition in the following form. 

 
−𝐷

𝑑𝑀

𝑑𝑡
⌋
𝑠
= ℎ𝑚(𝑀𝑠 − 𝑀𝑒);  𝑡 > 0 

(2.3) 

All these literature reviews are summarized in the table as below.  
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Table 2-1: Literature review summary on drying process 

Title Material used Results found Researchers 

Drying process 

optimization in a 

mixed-flow batch grain 

dryer 

• Barley  

• Oats 

• Energy savings achieved with the 

airflow control (5% for barley 

drying and 14% for oats) 

• improvements in the evaporation 

rates (5% for barley and 17% Oats) 

(Jokiniemi 

and Ahokas, 

2014)  

Influence of process 

control strategies on 

drying kinetics, color 

and shrinkage of air-

dried apples 

• Apple (thickness = 

3.8 mm ± 0.1mm, 

outer diameter = 

72mm and inner 

diameter = 20mm) 

• air temperature: 

35°C - 100°C,  

• product 

temperature: 35°C 

- 85°C 

• dew point 

temperature: 5°C - 

30°C 

• air velocity: 2 m/s 

- 4.8m/s 

• Controlling product temperature 

led to shorter drying times and 

generally lower color changes 

• Product temperature develops 

characteristically; two stages and a 

clearly visible transition period is 

detected 

(Sturm et al., 

2014) 

Simulation von 

Trocknungsprozessen 

empfind-licher 

biologischer Güter 

unter Berücksichti-gung 

instationärer 

Randbedingungen 

• Apple (thickness = 

3.8 mm ± 0.1 mm, 

outer diameter = 

72mm and inner 

diameter = 20mm) 

• Air temperature: 

45°C, 60°C, 75°C 

and 95°C 

• Air 

velocity:0.4m/s, 

0.8m/s, 1.35m/s 

and 1.7m/s 

• Dew point 

temperature: 10°C, 

17°C and 25°C 

• Constant and 

unsteady air 

temperature were 

studied 

• A high air temperature the color 

change and the surface area 

shrinkage, which is also due to a 

lower resulting cumulative thermal 

loading 

• Air velocity has positive impact on 

the color change 

• The dew point temperature has 

slight effect on the shrinkage and a 

stronger influence on the color 

change 

• Single layer experiments results 

showed a very good transferability 

to an industrial scale dryer 

(Anna-Maria 

Nuñez Vega, 

2015) 
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Title Material used Results found Researchers 

Investigations into the 

High-Temperature Air 

Drying of Tomato 

Pieces 

• Tomato Pieces 

• air 

temperatures:100 

ºC- 200  

• Dried in oven 

• overall color change of dried 

samples under intermittent drying 

are an improvement on the 

corresponding continuous drying 

runs 

• No acceptable color quality of 

the sample at the required final 

moisture content (< 15%) wet 

basis 

(Cavusoglu, 

2008) 

Optimization of Drying 

Conditions for Quality 

Dried 

Tomato Slices Using 

Response Surface 

Methodology 

• Tomato 

• Air temperature: 

40°C, 50°C, 60°C 

• Air velocity: 1m/s 

- 2 m/s) 

• Sample thickness: 

7mm to 11mm 

• best conditions of 44°C air 

temperature, 2.0 m/s air velocity 

and 7.72 mm sample thickness, 

drying time was 527 ± 76 min, 

• lycopene content: 62.7 ± 4.3 

mg/100 g dry matter,  

• ascorbic acid content: 3.07 ± 

0.14 mg/g dry matter, 

• brightness value was 62.92 ± 

2.18, 

• ratio of redness to yellowness 

was, 0.78 ± 0.05 and 

• non-enzymatic browning index: 

0.55 ± 0.06  

(E.,E., 

ABANO et 

al., 2012) 

Post-Harvest Drying of 

Tomato (Lycopersicon 

Esculentum Mill) Seeds 

to Ultra Low Moisture 

Safe for Storage Using 

Desiccant (Zeolite) 

Beads and Their Effects 

on Seed Quality 

• Tomato 

 

• zeolite desiccant beads at 1:1 

and 0.5:1 bead to seed ratio were 

more effective in tomato seed 

drying to ultra-low moisture 

level for storage in air tight 

container 

(Peter J. et 

al., 2014) 

Experimental System 

and Tests to Optimize a 

Tomato Drying Process 

• Tomato 

• Air temperature: 

70°C 

• Air velocity: 0.8 

m/s 

• Microwave: 2kW – 

4kW 

• microwave cycle "MW + Air 1" 

(2 kW) determines a minor 

variation of the surface of the 

product (57% versus 62%) 

• Higher MW power (4 kW) 

reduces the variation of product 

surface (51% versus 62%) 

(P. Catalano 

et al., 2013) 
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Title Material used Results found Researchers 

Comparison of Carrot 

(Daucus Carota) Drying 

in Microwave and in 

Vacuum Microwave 

• Carrot 

• Vacuum of 450 

mmHg 

• The deterioration of β-carotene 

increased when the power rating 

was increased in a same drying 

method 

• Lower shrinkage of the samples 

dried in the vacuum microwave 

compared to those dried only in 

microwave. 

(R. Béttega et 

al., 2014) 

Performance Evaluation 

and Process 

Optimization of Potato 

Drying using Hot Air  

 

 

 

 

 

Oven 

• Potato (Solanum 

tuberosum) 

• Midilli’s model was found to be 

best describing the drying 

characteristics of Potato cubes 

• Mean sensory scores of overall 

acceptability and found to be 

significant at 1% level of 

significance 

(Shahzad et 

al., 2013) 

Drying of shrinkable 

food products: 

Appraisal of 

deformation behavior 

and moisture diffusivity 

estimation under 

isotropic shrinkage 

• Potato 

• Air temperature: 

50°C, 60°C, 70°C 

and 80°C 

• Air velocity: 2m/s. 

• Mean water diffusivities were 

estimated in the range of 3.04–

5.36 x 10-10 m2/s 

• Cross-sectional area of samples 

decreased with moisture 

content, while the specific area 

exhibited the opposite behavior 

• Shrinking up to 17–20% of their 

original volume  

(B. et al., 

2015) 

Optimization of drying 

process for better 

quality retention 

of dried potato 

• Potato (3.5mm 

thickness) 

• Air temperature: 

60°C, 70°C, and 

80°C) 

• Air velocity: 1m/s, 

1.2m/s and 1.5m/s 

• End moisture ratio of 0.042, 

0.036 and 0.033 were 

recommended 

• Optimum condition of drying 

was found to be at a temperature 

of 80 °C, dew point temperature 

of 10°C, and an air velocity of 

1.5 m/s for short periods of time, 

minimum percentage of 

shrinkage, and total color 

difference 

(Taye, 2018) 

Effect of Drying 

Temperature on 

Lycopene Content 

of Processed Tomatoes 

• Tomato 

• Air temperature: 

45°C, 70°C and 

90°C 

• Lycopene decreased on average 

of 64.48 to 68.3% 

• Most appropriate temperature 

70°C is proposed 

• Lycopene in the product ranged 

from 12.839 mg/100g dry matter 

(Orange) to 115.9 mg/100g of 

dry matter 

(Andrea et 

al., 2013) 
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Table 2-2: Literature review summary on mathematical modeling and simulation 

Title Material used Results found Researchers 

Drying and radial 

shrinkage 

characteristics and 

changes in color and 

shape of carrot tissues 

(Daucus carota L) 

during air drying 

• Carrot tissues 

(Daucus carota L) 

• A heat pump hot air 

dryer 

• Two temperature 

levels: 60°C and 

80°C 

• Relative humidity 

30%  

• Air speed in the dryer 

were 1.5 m/s, 

• The cortex tissue of fresh and 

dried carrot samples showed 

better color than the core due to its 

higher chroma and lower 

whitening index 

• Total carotenoids were found 

higher in cortex and ranged from 

15.80 ± 0.02 to 2.27 ± 0.00 

mg/100g sample 

• Proposed as a radial shrinkage 

model  

(Hilaire et al., 

2011) 

Effective Diffusivity 

and Evaporative 

Cooling in 

Convective Drying of 

Food Material 

• ripe banana (Musa 

acuminate) 

• 4mm thick with 

diameter = 36mm 

• Ta = 40 - 60°C range 

were used 

• COMSOL 

Multiphysics for 

modeling 

• Shrinkage-dependent diffusivity 

model exhibited a faster drying 

rate in the initial stage but 

followed experimental data 

closely in the final stage of 

drying.  

• An average of those two effective 

diffusivities provided a better 

match with experimental data. 

• Three-dimensional temperature 

and moisture profiles show that 

even when the surface is dry, the 

inside of the sample may still 

contain a large amount of 

moisture 

(C.Kumar et 

al., 2014) 

Porous media 

approaches to 

studying simultaneous 

heat and mass transfer 

in food processes. I: 

Problem formulations 

 • The fundamental transport modes 

of molecular diffusion, capillary 

diffusion and pressure driven 

Darcy flow are clearly shown in 

the detailed models 

• Mechanistic models of heat and 

mass transfer equations for 

porous media have been 

developed 

(Datta, 2007a) 

Porous media 

approaches to 

studying simultaneous 

heat and mass transfer 

in food processes II: 

Property data and 

representative results 

• potato • The moisture levels drop quite 

uniformly due to the large 

capillary diffusivities at high 

initial moisture contents. 

• The interior temperature tends to 

be constant at its wet bulb 

temperature, irrespective of 

boundary temperature. 

• Large deformation was able to 

simulate bread baking process 

with volume change. 

(Datta, 2007b) 
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Title Material used Results found Researchers 

Status of Physics-

Based 

Models in the Design 

of Food 

Products, Processes, 

and Equipment 

 • The main ingredients needed for 

modeling (problem formulation, 

properties, and parameters) have 

been developed to some extent, 

but not in an organized and 

integrated manner 

• Not enough knowledge of the 

process in engineering terms;  

• Time and expenses due to lack of 

sufficient training in the modeling 

process 

• Insufficient incentive for having a 

more complete knowledge of the 

process 

(Datta, 2008) 

GBI (Galerkin-based 

integral) Method: A 

Powerful Technique 

to Study Drying of 

Complex Shape 

Solids 

• Wheat • The body shape has a direct 

influence on the drying and 

heating kinetics 

• Higher moisture and temperature 

gradients occur on the edge of the 

ellipsoid of revolution 

• The diffusion coefficient affects 

the mass transfer process 

(Barbosa de 

Lima et al., 

2014) 

Robust Modelling of 

Heat and Mass 

Transfer in Processing 

of Solid Foods 

• Meat 

• COMSOL- Matlab® 

software 

• 3D without and 2D 

with moving 

boundary 

• Inside the meat sample, the 

temperature increases with 

increase in time 

• A moving boundary (shrinkage) 

using ALE and water holding 

capacity was determined 

(Aberham 

Hailu Feyissa, 

2011) 

Modelling shrinkage 

during convective 

drying 

of food materials: a 

review 

• Apple, Carrot, Potato 

and Squid Flesh. 

• Empirical and fundamental 

models reviewed 

• Average relative deviations 

between experimental and 

predicted values of shrinkage 

found were in most cases less than 

10%. 

(Mayor and 

Sereno, 2004) 

Spatial homogeneity 

of drying in a batch 

type food dryer with 

diagonal 

air flow design 

• Potato 

• Air temperature 48°C 

• 4 mm thickness 

• ANSYS-Fluent 

• revealed a good correlation 

coefficient of 87.09% for airflow 

distribution  

• A spatial homogeneity of air 

distribution was found 

(Amjad et al., 

2015) 
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Title Material used Results found Researchers 

Mathematical 

modeling of drying of 

potato slices in a 

forced convective 

dryer based on 

important parameters 

• Potato 

• Air temperature: 

ranges 45–70°C  

• Air velocity: 1.60 and 

1.81m/s 

• Temperature was the most 

effective parameter in the drying 

rate 

• Air velocity was more profound 

in low temperature 

• Midilli–kucuk was the best to 

explain the single layer drying of 

potato slices 

(Naderinezhad 

et al., 2016) 

Improvement of air 

distribution in a fixed-

bed dryer using 

computational fluid 

dynamics 

• Woodchips 

• ANSYS-Fluent 12 

• Short, wide-angle diffusers 

equipped with air guides and 

perforated plates shows uniform 

air distribution  

(Román et al., 

2012) 

Simulation of the 

convective drying 

process with 

automatic control of 

surface temperature 

• Apple 

• Surface temperature: 

35°C, 40°C, 47.5°C°, 

55°C and 60°C  

• A lumped parameter 

model used 

• Tuning parameters were 

determined from experimental 

data  

• Moisture and temperature 

distribution as function of time 

was predicted  

• Shrinkage was predicted  

(A. Nuñez 

Vega et al., 

2012) 

Applications of 

software in solar 

drying systems: A 

review 

 • CFD (ANSYS - FLUENT), 

COMSOL Multiphysics, 

MATLAB and TRNSYS 

Simulation software are 

commonly applied for thermal 

performance analysis 

(Singh 

Chauhan et 

al., 2015) 

Heat and Mass 

Transfer in 

Convective Drying 

Processes 

• Grapes  

• COMSOL 

Multiphysics 

software  

• Drying air parameters are 

predicted at characteristic points 

of the system 

(Camelia et 

al., 2008) 

Mathematical 

Modeling of Drying 

Process of Unripe 

Banana Slices 

• Banana 

• Air temperature: 

40°C, 50°C and 60°C 

• Air velocity: 4m/s 

• COMSOL 

Multiphysics 

software 

• Thermo-physical properties were 

measured  

• Shrinkage was considered and has 

effect on the model 

• Two drying rate regions were 

found 

• Mathematically model fairly 

represent the experiment 

(Davila, 2016) 
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Table 2-3: Literature review on quality aspect of dried products  

Title Material used Results found Researchers 

Finite element 

simulation of drying 

of agricultural 

products with 

volumetric changes 

• Potato 

• Carrot 

• Currant and 

Apricot 

• Thickness: 5-

15mm 

• Laboratory tunnel 

dryer 

• Air temperature: 

range 40 - 80°C 

• Air velocity: 

range l - 2 m/s 

• Model predicts accurately the 

experimental moisture content 

• Literature values for the 

diffusion coefficient and the 

activation energy of diffusion 

agree well with those obtained 

by the Finite element model 

(Vagenas 

and Marinos-

Kouris, 

1991) 

Monitoring and 

Optimization of the 

Process of Drying 

Fruits and 

Vegetables Using 

Computer Vision: A 

Review 

 • Non-destructive techniques, 

such as computer vision (CV) 

and visible-near infrared 

spectroscopy (NIRs), can follow 

the process on-line, resulting in a 

greener solution in order to 

perform quality control for 

several industrial processes. 

(Raponi et 

al., 2017) 

Colour 

Measurement and 

Analysis in Fresh 

and 

Processed Foods: A 

Review 

•  • Color parameters are reported 

• Techniques and procedures for 

the measurement and analysis of 

color in food and other 

biomaterial materials were 

reviewed  

• Different approaches applied to 

model food color are described: 

reaction mechanisms, response 

surface methodology and non-

isothermal kinetics 

(Pathare et 

al., 2013) 
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Title Material used Results found Researchers 

Optical Monitoring 

and Control of 

Drying Processes 

• Apple  

• A digital camera 

(IC-Imaging, 

Model DFK 

31BU03.H) 

• Gives a synopsis of the 

techniques of measurement and 

quantification methods for color, 

two dimensional shrinkages, 

infrared thermometry and 

control strategies based on data 

gained using methods of non-

destructive measurement 

• Continuous measurement of 

color and size of particles as well 

as development of product 

temperature during drying give 

valuable information on changes 

• Color change relayed for quality 

changes 

(Sturm and 

Hofacker, 

2009) 

Color Measurement 

in L*a*b* units 

from RGB digital 

images 

 • L*a*b color space was discussed 

because, it is very close to human 

perception of color 

• Presents five models for the 

RGB → L*a*b* conversion. 

These are: linear, quadratic, 

gamma, direct, and neural 

network 

• Neural network model stands out 

with an error of only 0.96%. 

(Katherin 

León et al., 

2005) 

Quality Changes in 

Food Materials as 

Influenced 

by Drying 

Processes 

 • Different aspects of dried 

product quality from the 

consumer’s point of view: Color, 

brightness, shape, “Natural” 

looking, Aroma, Texture 

(Catherine et 

al., 2011) 

Change in color and 

other fruit quality 

characteristics of 

tomato cultivars 

after hot-air 

drying at low final-

moisture content 

• Tomato 

• Air Temperature: 

55°C, 65°C and 

75°C  

• Air velocity:1.5 

m/s 

• Brightness of the dried tomato 

slices was significantly 

decreased,  

• intensity of the red and yellow 

colors and brightness of the red 

color (a*/b*) increased 

• Low overall color change (ΔE) 

was obtained at the lowest drying 

temperature (55°C) 

(Ashebir et 

al., 2009) 

Lycopene 

degradation and 

isomerization in 

tomato dehydration 

• Tomato 

• Vacuum-drying at 

55 °C 

• Air-drying at 

95°C 

• A significant increase in the cis-

isomers 

• Decrease in the all-trans isomers 

(John et al., 

(1999)) 
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Title Material used Results found Researchers 

Change in Color 

and Antioxidant 

Content of Tomato 

Cultivars Following 

Forced-Air Drying 

• Tomato 

• Air temperatures: 

42°C 

 

• An average decrease of 25% 

in the a∗/b∗ value 

• Decreases in ascorbic acid 

following air-drying 

• Air-dried tomatoes contained 

more extractable lycopene 

than the fresh tomatoes 

• Significant decreases in 

antioxidant activity 

(Kerkhofs et 

al., 2005) 

 

 Research Gap 

The literature review showed the contribution level of potato, carrot and tomato feeding the 

world population, particularly, Ethiopia is significant. However, the postharvest losses of these 

agricultural products are also high. Moreover, the evaluation of the existing knowledge found 

in literature about drying of agricultural products has confirmed that to have improved the 

drying process, the quality of the product has to be improved. From the review, it became clear 

that the most important criterion for the consumer is the appearance of the dried product. 

Therefore, the task of this study is to contribute in the area of numerical modeling of drying 

process of agricultural products and verifying experimental works to investigate a process that 

produces a stable and better quality of dry products with hot air drying using single layer and 

batch dryers. In addition, the literature review revealed that although there are many studies on 

improving the food preserving techniques, the application of these methods remains limited in 

developing countries, like Ethiopia. Furthermore, better-quality criteria quantification and how 

to control its changes in product color (appearance), nutrition value and shape during drying of 

agricultural products has been to investigated.  

Furthermore, an overview of literature reviews related to the mechanisms of heat and mass 

transfer during processing of solid foods was presented. It is evident that drying of agricultural 

products process involves combined complex processes, such as heat and mass transfer and 

heat-induced associated processes. As the result of this complexity, the physics of heat and 

mass transfer in drying is less understood and thus less used for a numerical solution in drying.  

Based on the above literature review, in order to understand the drying processes, it is necessary 

to experimentally characterize drying of agricultural products and mathematically modeling 
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and simulating it in details. Thus, set up of two levels was arranged (single layer dryer and 

batch dryer) of experimental characterization of agricultural products. Then, similar models are 

developed based mechanistic models to mathematically represent drying process of agricultural 

products and simulate its processes.  Finally, it has been these models through drying 

experiments. An evaluation of these experiments and models led to a process design and 

process parameters to produce optimal results.   

Therefore, to answer problems associated with drying of agricultural products, objectives have 

set in the 1.2 section.  These objectives are discussed in following chapters. They are presented 

as experiments and quality criteria quantification; mathematical formulation and numerical 

solutions, experimental results verifications with numerical solutions and general discussion, 

conclusions and recommendations.   
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3. Materials and Methods 

In this chapter materials and methods used, experimental device set-up, experimental procedure 

of work and experimental results are discussed in more details. 

The experiments were conducted at two levels: single layer drying (lab level) and air 

recirculated cabinet drying (a pilot industrial level) dryer of agricultural products. Drying 

parameters such as, air temperature, air velocity, and air relative humidity were proposed based 

on the result of quality parameters (color, shrinkage). The quality parameters achieved at both 

levels were also compared to identify the possibility of tracing the quality parameters at 

different drying stages. 

 Fresh Sample and Sample Preparation 

The experiment was conducted on potato (Solanum tuberosum) a Balena variety, long yellow 

carrot (Daucus carota) and tomato (Solanum lycopersicum), that were purchased from a local 

farmer in Altdorf, Germany. The potatoes, carrots, and tomatoes were stored in a cool place at 

a temperature of 4°C. Prior to conducting each experiment, the samples were washed with tap 

water and carefully selected free of any damages like bruises. The potatoes were then thinly 

cut into disc-shaped slices of 3.5 mm thickness using a standard slicer machine (Greaf, made 

in Germany). The carrots were manually peeled and cut into disc-shaped slices of a thickness 

of 3.5 mm. The diameter of the slices varied as the length of the carrot changed. The tomato 

slices were prepared for the experiment as cylindrical pieces of a thickness of 7 mm.  

 Experimental Set-Up and Calibration  

The experimental works were conducted on two different types of dryers: the single layer dryer 

and the industrial-scale air recirculation cabinet batch dryers. 

 Single Layer Dryer Set-Up 

Single layer dryer was developed at the Institute of Applied Thermo and Fluid Dynamic, 

Konstanz University of Applied Sciences. The dryer consists of a dryer tower, measuring unit, 

control unit and air conditioning unit as shown in [Figure 3-1]. Ambient air was sucked into a 

radial fan (V) via a measuring section. Depending on the set value of dew point and dry bulb 

temperature, the sucked air will be humidified to saturation and passed over the heater to enter 



33                                                                                                                  Materials and Methods 

 

 

 

the dryer chamber (x, u) (Sturm et al., 2012b). The centrifugal fan sucks in the fresh air while 

the speed of the air is adjusted by power controller using the value from the speed of hot air on 

top of the tray with the help of hot wire anemometer. The measuring units and their measuring 

accuracy are shown in.  

The acquisition of all data, except the weight and image data was carried out directly in the 

Programmable Logic Controller (PLC). These were the drying time, the moisture loss profile, 

the profiles of the surface, air and dew-point temperature, the color change, and the shrinkage. 

The tests were evaluated by analyzing those variables. 

 

 

Figure 3-1: Schematic diagram of single layer dryer (Sturm, 2010) 

Where;   

a: ambient temperature (Pt-100) 

b: air velocity (hot wire anemometer)  

c: water bath temperature (Pt-100)  

d: dry bulb temperature (Pt-100) 

e: wet bulb temperature (Pt-100) 

f: temperature trough flow unit (Pt-100)  

g: pressure difference measurement device  

h: product temperature (pyrometer)   

i: weight (balance)  

j: CCD camera 

k: temperature over flow unit (Pt-100)  
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H1: water heating unit 

H2-H5: air heating unit  

K: water chiller  

LS: power controller 

Pu1: pump primary circuit 

Pu2: pump secondary circuit  

R: packed bed  

S: spray nozzles 

T: drying chamber 

U: Overflow Unit  

V: fan 

W: water bath 

X: through flow unit 

Table 3-1: Measurements, measuring methods and accuracy for single layer dryer 

Measurements Measuring methods Measuring accuracy  

Sample mass while drying Standard balance ± 0.01g 

Dewpoint temperature PT100 ± 0.1 ° C 

Temperature of hot air PT100 ± 0.1 ° C 

Ambient air temperature PT100 ± 0.1 ° C 

Air velocity Hot air anemometer ±0.1m/s
 

Dry matter content  Drying oven (48h, T = 70 ⁰C)  

Image CCD camera with C lens  

 

 Air Recirculating Cross-flow Batch Dryer and Set-up 

The second type of dryer is the cabinet air recirculating cross-flow arrangement, developed by 

and available at INNOTECH Ingenieurs Gesellschaft GmbH. The cross-flow air recirculating 

cabinet dryer is an industrial scale pilot equipped with sensors that are fully automated with 

Siemens TIA Portal S7 V12. 

The dryer module has doors on both sides for loading and unloading the sample products, 

which can be easily closed through retractable doors. The air is sucked by radial flow fan and 

for uniform air distribution into the dryer chamber the air passed in a packed bed and cross-

flow arrangement to the product. Flap and steam generators control the humidity. The air 

sucked by radial fan remains recirculating in the dryer chamber until a set point of humidity is 

reached. After the set point of humidity is reached, the side doors/flaps that were kept closed 

open and the air leaves the dryer chamber. The side door/flap then closes back and the process 

continues until the drying process is complete [Figure 3-2].  
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Table 3-2: Measurements, measuring methods and accuracy for cabinet air recirculating cross-flow 

batch dryer 

Measurements  Measuring methods Measurement accuracy 

Sample mass while drying Load cells Ev.11.0
 or  

g33  

Air temperature (below) PT100 resistance ± 0.1 ° C 

Air temperature (above tray) Humidity / temperature measuring 

instrument 

± 0.4% of reading ± 0.2 ° C 

Relative humidity Humidity / temperature measuring 

instrument 

± 2.5% RH 

Air velocity wire anemometer ±0.1m/s 

Product temperature Pyrometer ± 0.5% vM + 1K 

Image capture CCD camera with C lens 1072 1080 

Moisture content (%M) Sartorius MA37  ±0.05%  

Product weight Precision balance ± 0.1g 

 

 

 

Figure 3-2: Schematic diagram of cabinet air recirculating through-flow dryer
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Where:- 

a : cross-flow blower (Radial fan) 

b : heater 

c : humidity and temperature sensor 

d : CCD camera 

e : Pyrometer 

f : humidity and temperature sensor 

g : velocity display 

h : wire anemometer 

i : Tray 

j : steam boiler 

k : humidifier 

l : controller 

m : computer interface 

n : flap 

o: delimo motor 

 

 Experimental Design and Data Analysis  

The experiments were defined at two main levels. The first experiment was a steady process 

that was planned using Response Surface Methodology (RSM) in Design of Expert® 10 Stat-

Ease software [Table 3-1]. The second set of experiments was defined by square wave profile 

of air temperature and relative humidity profiles  [Table 3-6]  

Table 3-5. Drying apparatus used for this experiment was the industrial scale pilot dryer 

described in Section 3.2.2. 

Table 3-3: Experimental design and parameters space for potato 

Level Air temperature [°C] Air velocity [m/s] Relative humidity [%] 

-α 50 - 10 

-1 60 0.85 20 

0 70 0.95 30 

+1 80 1.15 40 

+α 90 1.25 50 
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Table 3-4: Experimental design of carrot and tomato 

Product Air temperature space Air velocity Relative humidity 

Carrot 40 °C to 75 ⁰C 0.95 m/s to 1.25 m/s 10 % to 20%. 

Tomato 55 °C to 75 ⁰C 0.95 /s to 1.25 m/s 10 % to 20%. 

For further optimization, the constant input factors were changed to continuous/stepwise input 

factors. The continuous drying process experiments were conducted on the air re-circulating 

cabinet batch dryer. The square profile of air temperatures and relative humidities were used 

as shown in [Table 3-5] and [Table 3-6]  

Table 3-5: Profile of square-wave air temperature and relative humidity for potato 

Run Time, min Air Temperature, ⁰C Relative humidity, % V, m/s 

1 35→40→50 60→70→60 20 1.1 

2 35→40→40 80→70→80 40 1.1 

3 40→40→40 65→70→65 40→40→20 1.1 

4 35→40→45 65→70→65 40→40→20 1.25 

5 35→40→50 65→70→65 40→40→20 0.95 

6 35→40→40 70→80→70 40→40→20 0.95 

7 35→50→40 70→60→70 40→20→20 1.1 

8 40→35→40 70→80→70 40→20→40 1.1 

9 40→40→50 70→65→70 40→40→20 1.1 

 

Table 3-6: Profile of square-wave air temperature and relative humidity for carrot and tomato 

Run Time, min Air Temperature, ⁰C Relative humidity, % V, m/s 

1 50→90→60 75→65→75 40→40→20 1.1 

2 50→80→80 65→75→65 40→40→20 1.1 

3 90→60→60 55→65→75 40→20→10 1.1 

4 80→80→50 65→55→75 40→40→20 1.1 

5 90→80→50 40→55→65 40→20→40 1.1 

6 70→80→60 65→55→65 40→20→40 1.1 
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 Quality Criteria Quantification 

 Drying Kinetics 

The moisture loss from the product stored and accessed in CSV format was processed in 

MATLAB with the help of Microsoft Office Excel. The dryer load cells (mass measuring 

unit) were calibrated with an external balance. The dry matter of the product was determined 

by a gravimetric method using the following tools [Table 3-2]: 

• a laboratory standard oven Heraeus set up to heat the samples for 48 hours continuously 

at an air temperature of 70°C  

• Sartorius moisture-measuring unit   

In addition to calibration, the quality of collected and analyzed data was checked by the results 

of the statistical computations undertaken to fit the moisture ratio (MR) to drying kinetics 

model. Considering the model, the statistical parameters, the coefficient of determination or R-

Square (R2), root mean square error (RMSE) and goodness of fit of the data or chi-square (χ2) 

were determined for the fitted data (Sacilik et al., 2006; Gómez-Daza and Ochoa-Martínez, 

2016; Naderinezhad et al., 2016), using Eqns (3.1) - (3.4) respectively. 

 
𝑀𝑅 =

𝑀

𝑀0
= 𝑎𝑒(−𝑘𝑡𝑛) 

(3.1) 

 
𝑅2 = 1 −

∑ (𝑀𝑅𝑒𝑥𝑝,𝑖 − 𝑀𝑅𝑝𝑟𝑒,𝑖)
2𝑁

𝑖

∑ (𝑀𝑅𝑒𝑥𝑝
̅̅ ̅̅ ̅̅ ̅̅ ̅ − 𝑀𝑅𝑝𝑟𝑒,𝑖)

2𝑁
𝑖

 

(3.2) 

 

𝑅𝑀𝑆𝐸 = (
1

𝑁
∑(𝑀𝑅𝑒𝑥𝑝,𝑖 − 𝑀𝑅𝑝𝑟𝑒,𝑖)

2
𝑁

𝑖

)

1/2

 

(3.3) 

 
𝜒2 =

∑ (𝑀𝑅𝑒𝑥𝑝,𝑖 − 𝑀𝑅𝑝𝑟𝑒,𝑖)
2𝑁

𝑖

𝑁 − 𝑛
 

(3.4) 

where a is the shape index, k is the drying constant, i is the ith data, N is the number of 

observation, n is constant in the model, MRexp,i is the ith experimental moisture ratio, MRpre,i is 

the ith predicted moisture ratio and 𝑀𝑅𝑒𝑥𝑝 is the total mean of experimental moisture ratio. 
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 Image Capturing and Color Kinetics 

The images were captured using CCD camera DFK 21BU04.H with a mounted Computar C 

lens (8 mm, 2/3). The camera was calibrated in reference to X-rite 24 color patches that 

represent neutral, chromatic and primary colors prepared for camera calibration purpose. The 

setting values of the camera were accepted for a different color when the deviation was less 

than 10%. The LED D65 ring light with light diffuser Perspex® D2 DF70 2.5 mm was used to 

avoid the unevenness of light on the samples.  

The colors were expressed in CIELAB 1976 colors space system as L* (lightness/darkness), a* 

(redness/greenness) and b* (yellowness/blueness). The changes in each particular color 

parameter were calculated with the target value to initial color parameters equations (3.5) to 

(3.7). The L* a* b * color scale is described by a three-dimensional coordinate system. The    

L-axis shows the brightness (0 to 100), the a-axis represents the ratio between green and red          

(-120 to +120) and the b-axis the ratio between blue and yellow (-120 to +120) as shown in 

Figure 3-3 (CIELAB1976). 

 

Figure 3-3: Lab color space 

The image analysis follows several steps: (i) pre-processing of the acquired images (ii) 

segmentation of the images to separate objects from the background (iii) conversion of RGB 

images of the separated objects into L*, a*, and b* color space using a color standard which is 

intended for color difference measurements only. The analyzing of the images was done using 

the program written by (Sturm and Hofacker, 2009). 
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 ΔL*= L*-Lo (3.5) 

 Δa*= a*-ao (3.6) 

 Δb
*
=b

*
-bo (3.7) 

 

In the determination of color changes in food, the use of the total color difference ΔE has 

become increasingly important. The chromaticity difference (ΔC), hue angle (Ho), the 

discoloration of the samples and the whiteness index (WI) values were all used to quantify the 

color change during drying (Hilaire et al., 2011) as shown in Equations (3.8.) - (3.10). 

 
ΔE=√(∆L*)

 2 
+(∆a*)2+(∆b

*)
 2

 
(3.8) 

 

 
ΔC=√(∆a*) 2+(∆b

*)
 2

 
(3.9) 

 
Ho=tan- (

b
*

a*
) 

(3.10) 

 
WI=100- [(100-L*)

 2
+a*2+b

*2]
  1/2

 
(3.11) 

 Surface Area Shrinkage 

The surface area shrinkage of the dried product was calculated from the captured images using 

pixel-counting principles. The shrinkage volume or area is proportional to the evaporated water 

from the product. Only 2D shrinkage was determined. The skew of the samples was negligible. 

The minimum, maximum, and mean RGB values were determined. Pixels which were 

undoubtedly part of the particle surface were counted to obtain information on the particle size 

and the change of the particle size due to shrinkage (S) by comparing the current surface area 

(A) to the initial surface area (A0) (Sturm et al., 2012b). 

 
S= (1-

A

A0

 ) ×100 
(3.12) 
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 Nutritional Value Retention  

Despite the recommendations of international health organizations and scientific research 

carried out around the world, consumers do not take in sufficient quantities of healthy fruit and 

vegetable products. The use of new, ‘advanced’ preservation methods creates a unique 

opportunity for food manufacturers to retain nutrient content similar to that found in fresh fruits 

and vegetables (Barrett and Lloyd, 2012).  

Ascorbic acid extraction and determination of fresh and dried potato slices were prepared 

according to European standard EN 14130 (2003). Diluted solution of metaphosphoric acid 

was used to extract the fresh and dried samples. The suspension was then filtered. An 

appropriate amount of the filtrate was diluted with an L-Cysteine solution and Na3PO4 added 

until the pH value between 7.0 and 7.2. Subsequently, the solution was stirred and set to a pH 

value between 2.5 and 2.8. Prior to injection to the HPLC, the solution was diluted with 

ultrapure water. The true retention (TR) of Vitamin C can be calculated by using equation 

(3.13). 

 
TR= 

(Dried product weight)(conc. of AA in the dried product)

(Fresh product weight)(conc. of AA in the fresh product)
 

(3.13) 

 

 Pseudo-cooling Temperature Relation to Drying Kinetics 

Two characteristics of drying stages were visible, which can be distinguished by a sudden 

increase of the surface temperature. This temperature so called Pseudo-cooling temperature. 

This point was used in the stepwise input factors to improve the process with the relation of 

the Pseudo-cooling temperature to the quality attributes.  

 Numerical Methods and Solution  

COMSOL Multiphysics® 5.3 was used to solve the coupled heat and mass transfer equations 

along with the moving mesh equation using the Finite Element Method. The model was 

developed and built in COMSOL Multiphysics for a 2-D cylindrical geometry. The partial 

differential equations were solved using the following COMSOL modules: Chemical Species 

Transport (Transport of Diluted Species), Heat Transfer (Heat Transfer in Solids) and the 
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moving mesh module Arbitrary Lagrangian-Eulerian (ALE). The Arbitrary Lagrangian-

Eulerian (ALE) method was used to trace the moving boundary of the product and the air 

interface during the drying process. 

 COMSOL Multiphysics Software 

The COMSOL Multiphysics® is a powerful and widely used FEM based software for solving 

coupled partial differential equations. 

In the following, the main steps in COMSOL Multiphysics modelling are summarized 

(Aberham Hailu Feyissa, 2011): 

Step 1 (Geometric modelling): The first step is to build a geometric model for the simulation 

domain. In this step the type of geometry going to be used is identified (0D or 1D or 2D or 

3D) or simplifying the geometry, if possible, to minimize runtime (symmetry, axial 

symmetry). Then the geometry is generated in the COMSOL Multiphysics. 

Step 2 (Mathematical modelling): In this step, problem specification and the implementations 

of model equations such as governing equations, boundary equations, initial conditions, 

material properties and other input parameters in the COMSOL Multiphysics are set. 

Step 3 (Mesh generation): The solid domain (model geometry of Step 1) is divided into many 

small, finite elements. This is an important step because the accuracy of the Finite Element 

solution depends on the mesh size (Aberham Hailu Feyissa, 2011). 

Step 4 (Solution): The governing equations, constitutive equation together with boundary and 

initial condition are solved to obtain the desired state variables (e.g., T (x, y, z, t) and 

C(x,y,z,t)). 

Step 5 (Post-processing): The results are visualized in the form point plot, surface plot, colour 

contours, XY plots, cross-section, etc. 

Step 6 (Validation): The results are compared to available data, making sure that they are 

reasonable and acceptable. 
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 Problem formulation and assumptions 

In this chapter, the physical-based models of heat and mass transfer of drying agricultural 

products are formulated. The heat transfers from the surface of the product to the center of the 

product mainly by means of conduction. Meanwhile, moisture is transported within the product 

via convection and diffusion processes, and moves from the inside of the product to its surface 

(Aberham Hailu Feyissa, 2011). 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 3-4: Modeling approach of coupled heat and mass transfer during drying of agricultural 

products. (Adapted from Aberham Hailu Feyissa, 2011) 
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Figure 3-5: a schematic representation of heat and mass transfer during drying with shrinkage effect 

 Governing Equations and Model-Setup 

The governing equations were developed with the fundamentals of heat and mass transfer. The 

first model for the single layer is modeled by ignoring the porosity and assuming that a single 

state fluid is available in the food products. The second model used in batch drying is modeled 

as a multiphase porous media.  

The convective heat transfer from the air to the sample interface was assumed to be an external 

convection process whereas heat transfer from the surface of the product to the body of the 

product occurred mainly by conduction. In the meantime, moisture was transported within the 

product via convection and diffusion processes. Subsequently, moisture moved from the inside 

of the product to its surface. The heat and mass transfer equations used in the model were 

governed by the partial differential equation (PDE).  

 Heat transfer 

The transient drying kinetics can be modeled by the Fickian equation which is exactly in the 

form of the Fourier equation of heat transfer (Dincer and Dost, 1995; Haghi and Amanifard, 

2008; R. Byron Bird et al.).   

 

 
Cpρ

p

∂T

∂t
=∇.(Kp.∇ T)-ρ

w
Cpwvw∇ T-q

ev
 

(3.14) 
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 Mass transfer 

The moisture transported within the product via convection and diffusion processes is given by 

the Fickian diffusion equation (Dincer and Dost, 1995; Haghi and Amanifard, 2008; R. Byron 

Bird et al.). 

 ∂M

∂t
=∇ (D∇ M )-vw∇ M±Rev 

(3.15) 

 Boundary conditions 

3.4.6.1. Heat Transfer boundary conditions 

For products subjected to convective hot air drying, the heat transfers governing equation (3.14) 

is solved using the initial and boundary conditions. 

Initial condition:  

 T(r,y)|t=0=To (3.16) 

In addition to initial conditions, for the products subjected to hot air drying, the governing 

equations were solved with the following boundary conditions in Equations (3.17) and (3.18). 

These boundary conditions for heat balance at Lzz == &0  are: 

 -n.(K∇ T+ρCpvT)|
surface

= hT(Ta-T)-hmρ(M-Me)hfg|surface
 (3.17) 

The term on the left side of Equations (3.17) refers to the heat transferred by conduction and 

convection from the outer surface to the inside of the product. The first term on the right side 

is the heat penetrating from the hot air to the product by means of convection, and the second 

term on the right side denotes the heat dissipation due to moisture evaporation from the sample. 

For the sample centerline, an axial symmetry boundary is applied: 

 K∇T+ρCpvT|r=0= 0;for t>0 (3.18) 
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3.4.6.2. Mass Transfer boundary condition 

Initial condition for mass transfer 

 K∇T+ρCpvT|r=0= 0;for t>0 (3.19) 

 M|t=0= M0 (3.20) 

 

The boundary conditions for mass transfer at 0=z and Lz=  

 n.(-D∇M+vM)|surface= hm(M-Me)|surface (3.21) 

 Mathematical formulation of multiphase porous model for heat and mass 

transfer in batch drying 

Modeling of food processing is a very complex process because it involves various processes 

simultaneously (C.Kumar et al., 2014, 2014; Datta, 2007b; Datta, 2008). In drying of 

agricultural products, the transport of heat and mass can be modeled in the form multiphase 

porous media.  

The total volume of a single sample can be written as shown in Equation (3.22) (C.Kumar et 

al., 2014). The volume of the gas in the porous medium, the volume of free water and the 

volume of the solid matrix altogether build up the total volume of the sample. The volume of 

solid matrix contains bound water and solid matter.  

 V = Vg+Vfw+Vs (3.22) 

Available data on the porosity change with heating of hygroscopic materials are very limited 

(Datta, 2007b). The apparent porosity represents the ratio between the combined volume 

fraction of water, gases and the total volume. 

 
ε = 

Vg+Vfw

V
 

(3.23) 

Water and gas saturation represent the fraction of the pore volume occupied by each phase 

 
Sfw = 

Vfw

εV
 

(3.24) 
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Sg=

Vg

εV
=1-Sfw 

(3.25) 

The energy equation, the conservation equation for vapor, liquid water and air in the porous 

medium are given in equation (3.26) (Datta, 2007a). 

 
(ρcp)eff

∂T

∂t
+∇.(n⃗ vhv+n⃗ aha+n⃗ whw) = ∇.(keff∇T)-λİ 

(3.26) 

 ∂cv

∂t
+∇.(n⃗ v) = İ 

(3.27) 

 ∂cw

∂t
+∇.(n⃗ w) = -İ 

(3.28) 

 ∂ca

∂t
+∇.(n⃗ a) = 0 

(3.29) 

Then the rate laws for transport for each phase can be given as the total flux of vapor and air 

are composed of convective or Darcy flow and diffusion (Datta, 2007a). 

 
n⃗ v = -ρ

v

kg

μ
g

∇P-
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ρ
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(3.30) 
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v
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P
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(3.31) 

The total liquid flux is written as 

 
n⃗ w = -ρ

w

kw

μ
w

∇ P-Dwρ
w

ε∇ Sw-DT∇ T 
(3.32) 

These set equations are often solved by transforming the concentration terms into saturation. 

The concentrations are related to saturation Sw by equations (3.33)-(3.36) 

 ∇. (−𝐷𝑣∇𝑐𝑣) + 𝑣. 𝑐𝑣 = 𝑅𝑣 

Equation (3.33) can be further transformed to equation (3.34) to solve for 

vapor saturation. 

(3.33) 
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  cv = -p
v
(1-Sw)εM

v
/RT (3.34) 

 ca = (P-p
v
)(1-Sw)εM

a
/RT (3.35) 

  cw = ρ
w

ϵSw (3.36) 

 Shrinkage 

3.4.8.1. Moving Boundary  

The change in dimension during drying is proportional to the water removal from the product. 

This dimension changes resulted in shrinkage of the product. The methods used to define 

material shrinkage differ greatly throughout literature (Mayor and Sereno, 2004). In this work, 

the effect of fixed (calculation without shrinkage) and moving boundaries (with shrinkage) on 

the moisture transfer rate was investigated as well. To solve the governing equations with the 

shrinkage effect, it is necessary to determine the shrinkage velocity. In this study, a linear 

distribution of the shrinkage velocity of fundamental models was used (Mayor and Sereno, 

2004; Aberham Hailu Feyissa, 2011). 

 V

V0

= (
0.8+M

0.8+M0

) 
(3.37) 

Alternatively, written as: 

 
V=V0 ( 

0.8+M

0.8+M0

 ) 
(3.38) 

 
V=πR0

2Y0 (
0.8+M

0.8+M0

) =πR2Y 
(3.39) 

Using the power addition rule in multiplication of the same number, Equation (3.39) can be 

rewritten as the follows: 

 
V=πR0

2 ( 
0.8+M

0.8+M0 
)

 2/3

×Y0 ( 
0.8+M

0.8+M0

 )
 1/3

=πR2Y 
(3.40) 

From Equation (3.40) the expression for the radius (R) and the thickness (Y) can be easily 

separated and rewritten as follows: 
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R=R0 ( 

0.8+M

0.8+M0

 )
 1/3

and Y=Y0 ( 
0.8+M

0.8+M0

 )
 1/3

 
(3.41) 

By differentiating Equation (3.41), the interface shrinkage velocities can be determined. 

These velocities were then used in the numerical model in Comsol Multiphysics® 5.3 with 

ALE modules. 
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 Materials and Methods Synopsis  

The overall synopsis of materials and methods is shown in Figure 3-6, the results from experimental were optimized and verified along with 

numerically solved result. 

 

Figure 3-6: Overall summary of research methodology
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4. Experimental Results 

 Characterization of Single Layer Drying Process  

The effect of input factors (air temperature, air velocity and dew point temperature) at single-

layer was examined. Single-layer drying experiments were conducted under controlled 

conditions of air temperature, dew point temperature and air velocity to find out the effects of 

drying strategies. The experiments were conducted on the potato variety, Balena, that was 

purchased from a local farmer market in Konstanz, Germany. The potatoes were prepared into 

cylindrical pieces of a diameter of 35 mm and of a thickness of 3.5 mm using a circular shaper 

or mold.  

Drying experiments were carried out using different drying parameters. The input factor for 

single layer was adapted from (Taye, 2018). Experiments were conducted at the same 

laboratory dryer for the same potato variety. The air temperature varied between 60°C, 70°C 

and 80°C while air velocity changed between 1 m/s, 1.2 m/s and 1.5 m/s and the dew point 

temperature between 10°C and 30°C.  

The sample's weight was initially and finally measured using an external standard balance with 

a resolution of 0.01g. This weight was later on used for drift correction of weight that was 

continuously measured in PLC drying. The dry matter of the product was determined using 

oven method, 70°C for 48 hours. At least two readouts were recorded to check the replication 

of the results.   

Also, (Taye and Hofacker, 2017) data’s are used in verification of numerical modeling of 

coupled heat and mass transfer with moving boundary during convective drying of Potato slices 

and experimentally obtained results. These results were compared and a good reproducibility 

of the results has been found. These results were used as benchmarks for scaling-up to small 

scale industrial dryer. 

 Drying Kinetics of Single Layer 

The drying data for the three air temperatures (60°C, 70 °C, 80 °C), the three air velocities (1 

m/s, 1.2 m/s, 1.5 m/s) and the dew point temperatures were experimentally determined. As 

shown in Figure 4-1, an increase in air temperature resulted in a decrease of the drying time 
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which can be explained by the increase of the heat transfer rate. As shown in this figure, the 

effect of temperature on the drying process at first stage is high. This behavior is attributed to 

the fact that driving force for evaporation of water from the samples increases by heating the 

sample. As can be observed, increasing the drying temperature caused an important increase in 

the drying rate, thus the drying time was decreased. The curves typically demonstrated slowly 

moisture loss (smooth) due to the diffusion-controlled drying behavior under all run conditions. 

Similar results were reported in (Naderinezhad et al., 2016). 

The time required to reduce the moisture ratio to a given level depended on the drying 

condition; recording the longest time at 60 °C and the shortest at 80 °C. The moisture content 

of the cylindrical potato slices reduced from 80.5±2.5% wb to 10±2.05% wb. The mentioned 

moisture content was reached in 2:45 hours, 2:10 hours, and 1:45 hours for the experiments 

held at 60°C, 70°C and 80°C, respectively.  

During drying, a continuous change of quality (color and shrinkage), as well as a change in the 

nutrients' content, takes place. Many researchers have investigated the degradation of quality 

during drying and the methods for controlling  and determining the degradation of quality while 

drying with corresponding to moisture content, temperature and quality data (Sturm Barbara. 

& Hofacker Werner; Amjad et al., 2015; Chua et al., 2000a; Piotrowski and Lenart, 1998).  

An increase in air velocity also resulted in a shorter drying time because the heat transfer, as 

well as mass transfer rate, increased. As shown in Figure 4-2, as the air velocity increased, the 

drying process was completed in a shorter time. This effect was; however, less significant than 

the one obtained by changing the temperature. Similar findings by (Naderinezhad et al., 2016) 

have shown that drying temperature was the most effective parameter in the drying rate when 

using a tunnel dryer. Moreover, the influence of air velocity was more profound at low 

temperatures. 

It was also found that the effect of dew point temperature (air humidity) on the moisture 

removal is lower as compared to air temperature and air velocity. The similar result was 

reported for potato by (Krokida et al., 2003a): a lower drying effect was observed for relative 

humidity when compared to air temperature. 

The drying kinetics curve fitted to Pages model and the coefficient of determination R2 showed 

that the data close to the fitted regression line varies between 99.65% and 99.67%.  
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As can be seen from Figure 4-1 and Figure 4-2, no constant rate-drying period in the entire 

process was obtained and all the drying process occurred in the falling rate period, showing 

that drying in this experiment was mainly controlled by a diffusion mechanism. In addition, 

after an approximate moisture ratio of 0.3, the drying rate became slower. The same result was 

reported in the work of (J. Bon et al., 1997; Jabeen et al., 2015, 2015), where induction period 

or constant rate periods were not observed. Only one falling drying rate period was observed 

in the drying curves of potato at the different air-drying temperatures used.  

 

Figure 4-1: Drying kinetics at va = 1.2 m/s and Tdp = 20°C 

 

Figure 4-2: Drying kinetics at Ta = 80°C and Tdp = 20°C  
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Figure 4-3: Drying kinetics at Ta = 70°C and va = 1.2 m/s 

In the beginning, drying rate increases owing that to the availability of free moisture. As shown 

in Figure 4-4, the temperature has a positive effect on the drying rate. As the water content 

decreases due to evaporation, more and more moisture moves out to the surface by means of 

diffusion. Therefore, the amount of water to be evaporated decreases, which in turn leads to a 

decline in the drying rate. For the lower moisture ratios, the drying rate was lower. Both air 

temperature and air velocity had a positive effect on the drying rate, i.e., as they increase, the 

drying rate became also higher. Figure 4-5 depicts the effect of air velocity, showing that the 

increase in air velocity also leads to an increase in the drying rate. A similar result has been 

reported showing the effect of higher air velocity on the higher acceleration of the drying 

progress (Krokida et al., 2003a; Jabeen et al., 2015). 

As the drying proceeds, the water molecules that are strongly bonded together separate by the 

heat supplied. At this point, the kinetic energy of molecules increases due to the heat energy. 

This point overlaps with the point at which the surface temperature of the product shows 

inflection that occurs approximately around moisture ratio of (MR~0.3) on the dry basis. After 

this, the drying time takes longer when compared to the amount of moisture removed before 

the inflection value. Finally, equilibrium is reached with the surrounding and drying stops. 
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Figure 4-4: Drying rate of potato at va = 1.2 m/s and Tdp = 20°C  

 

Figure 4-5: drying rate of potato at Ta = 80°C and Tdp = 20°C   

 Color Kinetics of Single Layer 

The total color change (ΔE) of the dried potato slices was determined relative to the total color 

change of the fresh slices, using equation (3.8). It can show that in Figure 4-6 the higher the air 

temperature, the lower the total color change in the product. Also, as shown in Figure 4-7, when 

keeping a constant air and dew point temperature, the lowest total color change was obtained 

at an air velocity of 1.5 m/s followed by1.2 m/s and highest at 1 m/s. Drying the samples at 

higher air velocities resulted in a lower color change of the slices.  
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The color changes for each process followed an approximately linear approach until the 

moisture ratio of around 0.3 was reached. At a moisture ratio of about 0.3, the change of the 

sample's color started changing non-linearly. The lowest color change was obtained at higher 

air temperatures and higher air velocities. Similar results were reported in (Waseem A. et al., 

2016). 

It can be observed from Figure 4-6 and Figure 4-7 that the total color change (ΔE) increased 

with the decreasing of moisture content because of surface non-enzymatic browning reactions. 

It could be also observed that the rate of change of the sample's total color (ΔE) remained 

almost approximately linear until a moisture ratio of (MR≥0.3) was reached. As the drying 

process continued until the end, this rate, however, changed drastically. 

 

Figure 4-6: Total color difference of potato at va = 1.5 m/s and Tdp = 20°C 

 

Figure 4-7: Total color difference of potato at Ta = 70 °C and Tdp = 20°C 
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 Surface Area Shrinkage of Single Layer 

To determine the surface area shrinkage, the ratio between the number of product pixel at initial 

and the number of product pixel at each time interval were determined from an image captured 

during the drying process.  

Sample shrinkage was observed to be inhomogeneous during the drying process. In the 

beginning, the cylindrical potato slices maintained their original geometry but then suffered 

deformations at the end of the drying process [Figure 4-8]. The samples started bending and 

twisting as drying proceeded. However, the surface area shrinkage varied linearly with the 

moisture content changes under the studied conditions. From the linear regression analysis, the 

value of the level of coefficient of determination, R2, was greater than 0.935. Likewise, (Frías 

et al., 2010) worked on the cubic potato volume shrinkage and reported similar phenomena.  

 

Figure 4-8: Surface area shrinkage of potato at va = 1.2 m/s and Tdp = 20°C  

 Pseudo-Cooling Temperature Relation to Drying Kinetics  

Regardless of the air temperature used, the quality parameters show a similar trend when 

MR~0.3 is approached. This is mainly happening at the point so-called the Pseudo-cooling 

temperature. At this point, the quality parameters start deteriorating tremendously.   
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Figure 4-9: Surface temperature inflection point and moisture ratio at va = 1.2m/s and Tdp = 20°C 

  Synopsis  

The drying parameters (air temperature, air velocity and relative humidity) affect the drying 

mechanisms of the product. The air temperature is the most prominent factor that affects the 

quality parameters (color and shrinkage). In addition to that, the air velocity has also a 

significant effect on the dried product, but not as prominent as air temperature. The effect of 

the dew point temperature (relative humidity) remained low. 

 Characterization of the Air Recirculating Cabinet Batch Drying 

Process  

 Drying Kinetics of Constant Input Factors 

Experiments with constant parameters were designed using the scientific procedure 

experimental design to perform cause and effect experiments at the different levels of air 

temperature, air velocities and at relative humidity shown in Table 3-3 and Table 3-4. 

The drying continued until the equilibrium moisture content was reached. As the drying 

proceeded, the weight of the sample, surface temperatures, and other measured variables were 

recorded every 30 seconds while images were captured every five minutes. 

Potato 

The effect of the drying parameters (i.e. air temperature, air velocity and relative humidity) on 

the moisture removal or drying kinetics of water vapor is shown in the Figure 4-10, Figure 4-11 

and Figure 4-12, respectively. The air temperature has a profound effect on shortening the 
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drying time of the potato sample. Furthermore, the air velocity seemed to relatively affect the 

drying process.  On the other hand, the relative humidity slightly affected the drying condition 

of the potato samples. Similar to the single layer drying procedure, the drying curve followed 

a linear path until a moisture ratio of 0.3 was reached.  

The drying data for the air temperatures (50°C, 60°C, 70 °C, 80 °C, 90°C), the air velocities 

(0.85m/s 0.95 m/s, 1.1 m/s, 1.25m/s) and the relative humidity’s of (10%, 20%, 30%, 40% and 

50%) were experimentally determined. As shown in Figure 4-10, an increase in air temperature 

resulted in a decrease of the drying time due to an increase in the heat transfer rate. As shown 

in this figure, for the first 30 minutes, varying air temperature does not have a significant effect 

on the drying curve. However, as the drying process proceeded, the effect of temperature was 

clearly seen. This behavior is attributed to the fact, that driving force for evaporation of water 

from the samples increases by heating the sample. As can be observed, increasing the drying 

temperature caused an important increase in the drying rate; thus, the drying time was 

decreased. Similar to the single layer drying curves, these curves also go smoothly due to the 

diffusion-controlled drying behavior under all run conditions. Similar results were reported in 

(Naderinezhad et al., 2016). 

The time required to reduce the moisture ratio to equilibrium moisture content level depended 

on the drying conditions, recording the highest value at 50°C and lowest at 90°C. The moisture 

content in the potato slices reduced from an initial value of 80.5±2.5% wb to a final value of 

9±2.05% wb. The mentioned moisture content was reached in 3:05 hours, 2:40 hours, and 2:05 

hours for the experiments held at 50°C, 70°C and 90°C, respectively. 

An increase in air velocity also resulted in a shorter drying time because the heat transfer, as 

well as mass transfer rate, increased. As shown in Figure 4-11, as the air velocity increased, 

the drying time decreased. In (Naderinezhad et al., 2016) similar findings were reported. The 

mentioned work also shows that the drying temperature was the most effective parameter 

during drying processes that involved tunnel dryers. The influence of air velocity was more 

visible at low temperatures. 

It was also found that the relative humidity of the air (compared to air temperature and air 

velocity) slightly affected the moisture removal during the drying process. The similar 

experimental results on potato were reported by (Krokida et al., 2003a): lower drying effect of 

relative humidity compared to that of air temperature. 
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The drying kinetics data fitted to Pages model and the coefficient of determination R2 showed 

that the data close to the fitted regression line varies between 99.31% and 99.95% [Table A9-5] 

 

Figure 4-10: Drying kinetics of potato at Va = 0.95m/s and Rh = 30%  

 

Figure 4-11: Drying kinetics of potato at Ta = 70°C and Rh = 30% 
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Figure 4-12: Drying kinetics of potato at Ta = 70°C and va = 0.95 m/s 

The initial moisture content is considered as a critical moisture content. The evaporation is 

controlled by diffusion mechanism where interior evaporation of potato fluids takes place. As 

observed from Figure 4-13 - Figure 4-15, as the drying process starts, the drying rate shows an 

increase in the moisture content in the samples which then decreases to an extent at which the 

drying rate starts dropping. This process gets slower when the moisture ratio exceeds 0.3. The 

decreasing in moisture content is also a consequence of the increased blocking of the heating 

surface by the particles that have already been dried. The drying rate drops rapidly with 

decreasing the moisture content and approaches zero as equilibrium moisture content is 

approached. In addition, after approximately a moisture ratio of 0.3, the drying rate slows 

down. The same result was reported in the work of (J. Bon et al., 1997; Jabeen et al., 2015, 

2015) where induction period or constant rate periods were not observed. Only one falling 

drying rate period was observed in the drying curves of potato for the different air temperatures 

used.  
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Figure 4-13: Drying rate of potato at va = 0.95m/s and Rh = 30%  

 
Figure 4-14: Drying rate of potato at Ta = 70°C and Rh = 30%  

 

 
Figure 4-15: Drying rate of potato at Ta = 70°C and va = 0.95 m/s 
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Carrot 

The average initial moisture content of carrot slices was 13.08.8   (kgw/kgdm) on a dry basis. 

The equilibrium moisture content of carrot varied between 012.013.0   (kgw/kgdm). The 

drying period for the carrot slices was shortened by about 30%-40% when the air temperature 

increased from 40°Cto 75°C [Figure 4-16]. Due to more heat energy transfer at a higher 

temperature, increasing the air temperature from 65°Cto 75 °C shortened the drying time by 55 

minutes. Moreover, as depicted in Figure 4-16, greater amounts of free moisture were removed 

during these first half-drying periods compared to the second half period.  Similar results were 

reported for carrot using acoustic drying (Garcia-Perez et al., 2009). Similarly, (Béttega et al., 

2014) reports that the drying time for carrots with a thickness of 4 mm dried in the microwave 

oven ranges from 90 to 240 minutes.  

In Figure 4-16, the linear drying curve for the first hour is depicted. This linearity remained a 

function of the moisture content until a value of 0.3 was reached.  Constant drying rate was not 

observed in this drying kinetic. Similar work has been reported in (Hilaire et al., 2011).  

 

Figure 4-16: Drying kinetics of carrot at va = 0.95 m/s and Rh = 20%  

Tomato  

The average initial moisture content of tomato slices was 81.095.15  (kgw/kgdm) on a dry 

basis. The equilibrium moisture content of tomato recorded 02.016.0   (kgw/kgdm). The drying 

time for the tomato samples set to achieve the nearly similar equilibrium moisture content was 
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reduced by about 35 % to 50% as the air temperature increased from 55°C to 75°C [Figure 

4-17]. 

The air velocity and relative humidity have a less significant effect on drying kinetics of tomato 

as shown in Figure 4-18  and Figure 4-19. In the works of (Krokida et al., 1998; Krokida et al., 

2003b) on the effects of drying parameters, it was concluded that the temperature is a very 

important factor on the drying rate. 

The reliability of the measured data was fitted to Page (1949) model and was statistically 

verified in Appendix [Table A9-5]. 

 

Figure 4-17: Drying kinetics of tomato at va = 0.95 m/s and Rh = 20%  

 

Figure 4-18: Drying kinetics of tomato at Ta = 65°C and Rh = 20%  
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Figure 4-19: Drying kinetics at of tomato Ta = 75°C and va = 1.25 m/s 

 Color Kinetics Constant Input Factors 

Potato 

Convective batch type drying significantly affects the quality attributes of the potato samples 

as drying proceeded. Figure 4-23 represents the effect of drying parameters on the total color 

difference obtained from Response Surface Methodology (RSM). As shown in Figure 4-23, 

the temperature is a prominent factor for color change (P<0.05), while velocity has a slight 

effect and relative humidity has no statistically significant effect (P>0.05) on the total color 

difference. Similar results were reported by (Menges and Ertekin, 2006).  

The lightness (L*) of the product has relation to moisture content and drying strategies. For 

drying strategies with constant temperature in the range of 50 °Cto 90 ⁰C, and regardless of the 

other parameters, an increase in (L*) was observed from Figure 4-20 - Figure 4-22. As shown 

in Figure 4-21, the constant temperature of 70 °C was able to maintain the original lightness of 

the potato samples until the moisture ratio reached 0.1. However, it can be seen that when 

relative moisture content approximately exceeds 0.1, the lightness tremendously changes. 

As shown in Figure 4-20 - Figure 4-22, the redness of the potato samples was not significantly 

affected by the drying strategies in the range set during the performed experiment. All steady 

drying strategies maintain the redness level close to that of the original sample color. Only low 

temperature slightly favored the reduction in redness. 
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The yellow color component has a significant contribution to the color change of the potato 

samples. All drying strategies resulted in a decrement of the yellowness of the product. 

However, from Figure 4-20 - Figure 4-22, it can be observed that lower temperatures retain the 

original yellowness of the product. As reported in the work of (Amjad et al., 2015), the 

changing rate of the sample's yellow color component was less than lightness. 

 

Figure 4-20: Color parameters change of potato at Ta = 50°C, va = 0.95m/s and Rh = 30%  

 

Figure 4-21: Color parameters change of potato at Ta = 70°C, va = 0.95m/s and Rh = 30% 
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Figure 4-22: Color parameters change at Ta = 90°C, va = 0.95m/s and Rh = 30% 

 

Figure 4-23: Total color difference of potato at va = 0.95m/s and Rh = 30%  

 

Figure 4-24: Total color difference of potato at Ta = 70°C and Rh = 30% 
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Figure 4-25: Total color difference of potato at Ta = 70 °C and va = 0.95 m/s 

Carrot 

The drying parameters had no significant effect (P>0.05) on the lightness (L*) of carrots. 

However, it can be observed from Figure 4-26 that as drying proceeded, an increase in the 

lightness of the product was noticed for all temperatures set during the experiments in this 

work. This increase; however, was followed by a decrease at the end of the drying process.  

Similar results in the work of (Hilaire et al., 2011) reported an increase in the lightness of the 

carrot samples which was observed as whitening of the dried samples as drying proceeded. 

Similarly and according to (HOWARD et al., 1996; Tein et al., 1998), the lightness of carrot is 

affected by processing temperatures, with higher temperatures causing darker color.  The 

decrease in lightness at the end of the drying process can be explained as follows: the surface 

was exposed to high thermal radiation and thus started to deteriorate.   

As illustrated in Figure 4-27, the redness (a*) of the carrot samples, is sensitive to air 

temperatures. The redness decreases as drying proceeded. Different works suggested this 

phenomenon due to the degradation of pigments like carotenoids during drying. The results 

shown in (Hilaire et al., 2011) indicate that air-drying led to the deterioration of the redness of 

the carrots. The yellow and red color of carrot slices is attributed to the presence of carotenes 

(Tein et al., 1998). Carotenoids are color pigments that are responsible for imparting the 

characteristic orange color to carrots (Rawson et al., 2011). 
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As depicted in Figure 4-28, the yellowness (b*) of carrot was significantly affected by air 

temperature (P<0.05). Drying significantly decreased the (b*) values (Hilaire et al., 2011) in 

all samples, and increased their coefficients of variation. 

Color parameters were mostly affected by hot air drying since color degradation of carotenoids 

depends more on temperature and oxygen (Rawson et al., 2011).  

The total color change of carrot also depends on the air temperatures. The higher and lower air 

temperature resulted in a high change in total color difference for the space of air temperature 

at which the experiments were conducted. In Figure 4-29, it can be observed that an air 

temperature of 40°C, 65°C and 75°C resulted in a high color change, while an air temperature 

of 55°C showed less total color change. 

 

Figure 4-26: Lightness change of carrot at va = 1.25m/s and Rh = 20%  
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Figure 4-27: Change in redness of carrot at va = 1.25m/s and Rh = 20%  

 

Figure 4-28: Change in yellowness of carrot at va = 1.25m/s and Rh = 20%  

 

Figure 4-29: Total color difference of carrot at va = 1.25m/s and Rh = 20%  
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Tomato 

As shown in Figure 4-30, the lightness (L*) of tomato was affected by the air temperature. The 

tomato lightness gets darker at higher air temperatures; darker samples were observed at 

65°Cand 75°Cwhen compared to those attained at air temperatures of 55⁰C. However, previous 

studies reported that an increase in darkness at a lower temperature can also take place (Ashebir 

et al., 2009). 

As shown in the Figure 4-31, the air temperature significantly affects the redness of the tomato 

samples. For all air temperature ranges in this work, the redness of tomato gets lower as the 

drying proceeded. This phenomenon is probably due to the deterioration of lycopene. As 

reviewed by (Vishal et al., 2015), coloring of tomatoes is determined especially by the lycopene 

content. Lycopene belongs to the carotenoid natural colorants in tomatoes which are 

responsible for imparting the red color to the tomatoes. In the work of (Mendelová et al., 2013), 

neither the lower air temperature (45°C) nor higher temperature (90°C) gave better retention 

in lycopene. Based on their results, the temperature of 70 °C was determined as the most 

appropriate of the monitored temperatures for the production of dried tomatoes. 

The yellowness (b*) of tomato was affected by all drying parameters and by their interactions. 

The lower air temperature, higher air velocity and possible low relative humidity could retain 

the yellowness of tomato. As shown in Figure 4-32, the yellowness of tomato shows less 

change at an air temperature of 55°C and 65°C when compared to the results attained at an air 

temperature of 75°C. The total yellowness of tomato varies in the range of -5.76 to 1.32 for the 

studied drying parameters. 

Therefore, all color parameters were sensitive to air temperature. This resulted in a total color 

change, which was significantly affected by air temperature. As illustrated in Figure 4-33, as 

air temperature increased from 55°C-75°C, the total color change also increased. This means, 

drying at 55°C resulted in a weak total color difference. 
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Figure 4-30: Change in the lightness of tomato at va = 1.25m/s and Rh = 10%  

 

Figure 4-31: Change in redness of tomato at va = 1.25m/s and Rh = 10% 

 

Figure 4-32: Change in yellowness of tomato at va = 1.25m/s and Rh = 10% 
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Figure 4-33: Change in total color difference of tomato at va = 1.25m/s and Rh = 10% 

 

 Shrinkage 

Potato 

In Figure 4-34 the surface area shrinkage of potato was significantly influenced by all the 

considered parameters. The higher air temperature and the lower relative humidity resulted in 

shrinkage reduction. However, increasing the relative humidity resulted in a higher shrinkage 

value. (Sturm et al., 2012a) has reported similar results for apple; increasing both temperature 

and velocity resulted in a reduction of shrinkage. At low air velocity, product surface resistance 

prevails. This resulted in a uniform shrinkage of the products due to internal minimum stresses 

(Ratti, 1994). Furthermore, drying at higher temperatures results in case hardening (stiffness) 

which in turn limits the shrinkage of the samples since the surface moisture decreases.  
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Figure 4-34: Surface area shrinkage of potato slice at 0.95m/s and 30% Rh 

 

Carrot 

The surface area shrinkage of carrot was significantly influenced by air temperature [Figure 

4-35.] The higher air temperature and the lower relative humidity resulted in shrinkage 

reduction. As presented in Section 5.2.3 air velocity has a smaller effect on the surface area 

shrinkage. 

 

Figure 4-35: Surface area shrinkage of carrot slice at va = 0.95m/s and Rh = 20% 
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Tomato 

The surface area shrinkage of tomato was not studied because tomato slices were sticky to the 

tray surface. Moreover, there was also difficulties during segregation of the image as it has 

nearest pixel with background.  

 Nutritional Value Retention of Constant Input Factors 

The ascorbic acid (Vitamin C) retention is highly influenced by the input factors. Figure 4-36 

represents the results of Vitamin C retention at constant drying parameters. The Vitamin C 

retention of running order run 1 (i.e., 80°C air temperature, 0.95m/s air velocity and 20% of 

relative humidity) returns the highest possible average value of 72.43%. An input factor of an 

air temperature of 70°C, air velocity of 0.95 m/s and 10% relative humidity returns a Vitamin 

C retention of 69.98%. The lowest average vitamin retention of 56.78 % and it was observed 

at the running order of run 5.  

 

Figure 4-36: Constant drying parameters effect on the retention of Vitamin C 

Where: - R1 = 80ºC air temperature, 0.95m/s air velocity and 20%Rh relative humidity  

        R2= 70ºC air temperature, 0.95m/s air velocity and 10%Rh relative humidity 

R3= 60ºC air temperature, 0.95m/s air velocity and 20%Rh relative humidity 

R4= 60ºC air temperature, 1.25m/s air velocity and 10%Rh relative humidity 

R5= 70ºC air temperature, 1.25m/s air velocity and 20%Rh relative humidity 

R7= 80ºC air temperature, 0.95m/s air velocity and 20%Rh relative humidity 

R11= 80ºC air temperature, 1.25m/s air velocity and 20%Rh relative humidity 
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   Synopsis  

The drying parameters' effect has been studied on individual color parameters (L*, a*, b*). 

Lightness and yellowness significantly contribute to the total color change of dried potato 

slices. The air temperature has a prominent effect on drying rate. On the other hand, air velocity 

and relative humidity have a less significant effect. 

Lower air temperature and higher velocity show a positive response to total color change of 

carrot; nevertheless, the higher air temperature resulted in a shorter drying time. 

In the studied ranges, the quality of the dried tomato slices was affected by the drying 

parameters. Lower relative humidity and higher velocity turned back with better color 

retentions.  Moreover, air temperatures of 55°C show better color retention.  

For all products, a significant color change was noticed when drying at high temperatures took 

place. Drying at possible lower relative humidity and high air velocity resulted in high drying 

rates and better color retentions.  
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5. Process Optimization 

In Section 4.2, the effect of drying parameters was discussed. The selected space of drying 

parameters (i.e., air temperature, air velocity and relative humidity) on the drying process was 

studied. An optimized process is then achieved based on the parameters that returned the best 

quality for the dried products. The optimization experimentation was planned in the Design 

Expert®. The solutions were acquired by regression analysis using software Design-Expert® 

software. 

 Experimental Design and Data Analysis 

In agricultural convective drying, many parameters were incorporated in the process, making 

the problem more complex. To simplify the complexity of the process with rationale 

significances of the parameters, it is, therefore, necessary to introduce statistical planning 

methods. Design of Experiments (DoE) is a better approach to investigate cause-effect 

relationships (Lazić, 2004; Sturm, 2010; Howard J. Seltman, 2015). The DoE strategies help 

in such complex problem to identify the more significant variable that has an effect on the 

process.  

One kind of innovation could be executed by applying statistical mathematical methods or by 

developing the design of Experiments-DoE. The advantage of DoE is reduction or 

minimization of the total number of trials, simultaneous varying of all factors that formalize 

the experimenter’s activities and choice of a clear strategy that enables reliable solutions.  

  Constant Parameters of the Drying Process 

  Plan of Experimental Work 

The aims of the plan of experimental work were to investigate how the drying parameters in 

terms of quality and energy saving could be also possible. The known process parameters are 

air temperature, air velocity, relative humidity and time. Therefore, the strategy followed to 

investigate the response to those drying parameters was conducted on two different levels. The 

first strategy (Section 4.2) was to identify the space, effect and optimization of steady-state 

drying parameters on the quality attributes. Then, the optimized region was selected for further 
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optimization using unsteady drying mechanism, where stepwise drying techniques were used 

for this work. 

 Optimization of Color Parameters and Total Color Change 

Potato 

The effect of independent drying parameters and their interaction on each color parameters and 

total color change were examined. The luminosity (L*) of potato was highly influenced by air 

temperature (P< 0.049) and by relative humidity (P< 0.0014) [Figure 5-1]. As it can be 

observed from this figure, the change in lightness varied in the range between -4.59 to 10.57 

ΔL. The higher air temperature with respect to higher relative humidity at an air velocity of 

0.95m/s resulted in a decrease in the lightness. However, at lower air temperature with respect 

to lower relative humidity, while at the same air velocity, an increase in the lightness of the 

potato samples was noticed. From [ 

Figure 5-1] it is clear that the samples turn darker at a relatively high temperature and a 

relatively high humidity (ΔL = -4.59). Changing the relative humidity to the lower value and 

by keeping air temperature at a higher value, the lightness value increases to ΔL = 1.65. In 

addition, reducing the air temperature to 50°C at higher relative humidity returns ΔL= 4.22.  

Therefore, the effect of air temperature is more noticeable at a lower relative humidity. 

Moreover, the influence of relative humidity is feasible at the lower air temperatures.  On the 

other hand, as seen in Figure 5-2, despite the effect of air velocity, the luminosity keeps 

increasing as the air temperature decreases. Therefore, a better color retention of the luminosity 

(lightness) of potato was reached at relatively higher air temperatures (70°C) and lower relative 

humidity.  

 



79                                                                                                                  Process Optimization 

 

 

 

Figure 5-1: Change in lightness of potato as a function of air temperature, relative humidity and at an 

air velocity of 0.95m/s 

 

Figure 5-2: Change in lightness of potato as a function of air temperature, air velocity and relative 

humidity of 30%. 

The redness (a*) of potato was highly influenced by air velocity (P< 0.008) and relative 

humidity (P< 0.0067) [Figure 5-3]. As it can be observed from the figure, the change in redness 

varied in the range of -1.01 to 3.36 Δa. A decrease in redness was observed at a higher air 

velocity and a lower air relative humidity (Δa = -1.01). Furthermore, increase in the redness 

was observed at higher relative humidity with higher air velocity (Δa = 3.32).  
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Figure 5-3: Change in redness of potato as a function of air velocity, relative humidity and air 

temperature of 70°C 

Another important color parameter is the yellowness (b*) of potato. This parameter was 

significantly influenced by air temperature (P< 0.0001) and by relative humidity (P<  0.0001) 

[Figure 5-4]. As it can be observed from Figure 5-4, the change in yellowness varied in the 

range between -9.79 to 0.58 Δb. The decrease in yellowness was observed at higher air 

temperatures and at a higher air relative humidity, which returns Δb of -9.79. In addition to 

that, increase in yellowness was observed at lower air temperature with lower relative humidity. 

Therefore, the better color retention of yellowness was observed at both lower air temperature 

and possible lower relative humidity. 

 

Figure 5-4: Change in yellowness of potato as a function of air temperature, air relative humidity and 

at an air velocity of 0.95m/s 
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As described in section 4.2, convective drying significantly affects the color quality attributes 

of dried products as the drying process proceeded. Figure 5-5 depicts the effect of drying 

parameters on the total color difference from the Response Surface Methodology (RSM). 

Despite the effect of drying factors on each color parameter, the temperature is a prominent 

factor for total color change (P< 0.03). It can be observed from Figure 5-5 that air velocity and 

relative humidity have no statistically significant effect (P>0.05) on the total color difference. 

From the analysis of numerical optimization, an air temperature of 67.46°C, air velocity of 1.15 

m/s and a possible lower relative humidity returned an overall better color retention (ΔE=5.09). 

A similar result was reported by (Menges and Ertekin, 2006). Likewise, the works of (Krokida 

et al., 1998; Krokida et al., 2003b) on the effects of drying parameters have concluded that 

temperature is a very important factor on the drying rate. 

 

 

Figure 5-5: Total color difference (ΔE) of potato as a function of air temperature, air velocity and 

relative humidity of 20% 

Carrot  

For the carrot products, the redness and yellowness are the most color parameters that influence 

the total color difference. All drying parameters had no significant effect (P>0.05) on the 

lightness (L*) of carrot. However, as drying proceeded, an increase in the lightness of the 

product was noticed during high-temperature. In (Hilaire et al., 2011), Hilaire reported an 
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increase in the lightness of the carrot samples as drying proceeded. The decrease in lightness 

at the end of the drying may be due to the fact, that the surface was exposed to high thermal 

radiation, and thus started to deteriorate.  

For the redness (a*) of carrot, it is evident that all drying parameters were interdependent and 

highly influence the redness of potato samples (P<0.0014). The parameters' interaction of air 

temperature and relative humidity highly influenced the change in redness (P<0.0177). In 

addition, the interaction for air velocity and relative humidity is significant (P<0.0384) [Figure 

5-6]. Less change in the redness of carrot was observed at lower relative humidity (Δa = -1.58) 

and at lower air temperature [Figure 5-6]. As it can be observed from the figure, the change in 

redness decreased (Δa = -10.01) at higher air temperatures and lower relative humidity. Thus, 

better redness color retention of carrot was observed both at lower air temperature and with 

lower relative humidity.  

 

 

Figure 5-6: Drying parameters effect on the redness of carrot as a function air temperature and relative 

humidity at 1.1 m/s 

The yellowness (b*) of carrot was significantly affected by air temperature (P<0.0106) [Figure 

5-7]. A decrease in the yellowness color of carrot samples was observed at lower air 

temperatures and higher air velocities (b*=-6.35). This value continuously dropped as the air 

temperature reached 75°C. At this temperature, a yellowness value of Δb = -11.63 was 

recorded. Therefore, a better yellowness of the samples was observed at lower air temperatures. 
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Figure 5-7: Drying parameters effect on yellowness of carrot as function of air temperature and air 

velocity at 10% relative humidity 

The total color difference of carrot was highly influenced by air temperature (P<0.004) [Figure 

5-8]. As observed from this figure, the change in color parameter increases as air temperature 

increases. A better color retention of the carrots was observed at lower air temperatures (ΔE = 

7.09).  

 

Figure 5-8: Drying parameters effect on the total color difference of carrot as a function air 

temperature and air velocity at 10% relative humidity 
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Tomato 

The independent parameters (air temperatures, air velocity and relative humidity) had a direct 

effect on the color (a* and b*) of products. The lightness (L*) of tomato was not significantly 

affected by drying parameters. The lightness of tomato was lower at lower air temperatures 

(55°Ccompared to the 65°Cand 75°Cair temperatures). Furthermore, previous studies reported 

that an increase in darkness at a lower temperature takes place (Ashebir et al., 2009). This can 

be explained by the longer drying time at lower temperatures. Lower air temperature with 

longer drying time may cause more damage than higher air temperature for shorter drying time 

(Gould, 1978).  

The redness (a*) of tomato is the main color component that dominates and has to be controlled 

to produce better color quality. All drying parameters' interactions had an effect on the redness. 

Statistical data analysis showed the interaction of velocity and relative humidity (P < 0.0003), 

air temperature and air velocity (P < 0.0291) and interdependency of parameters (P < 0.003) 

on the redness of tomato [Figure 5-9 & 

Figure 5-10]. Lower air temperature and higher air velocity show less change in the redness 

(Δa* =-4.09) color component value [Figure 5-9]. The influence of air velocity was more 

significant at lower air temperatures. As the air temperature increased and air velocity 

decreased, a decrease in the redness of the samples was observed. Furthermore, less change in 

redness was observed at lower air temperatures and lower relative humidity. This agrees with 

the results of (Shi et al., 1999; Kerkhofs et al., 2005). 
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Figure 5-9: Drying parameters effect on the redness of tomato as function sir temperature and air 

velocity at 15% relative humidity 

 

Figure 5-10: drying parameters effect on the redness of tomato as a function of air temperature and 

relarive humidity at an air velocity of 1.1 m/s 

The yellowness (b*) of tomato was affected by the interaction of air velocity and relative 

humidity (P < 0.0014) [Figure 5-11]. The changing rate of the yellowness (Δb = -0.9) of the 

tomato samples was lower at higher air velocities and lower values of relative humidity [Figure 

Design-Expert® Software

Factor Coding: Actual

Delta a

-2.08744

-9.93024

X1 = A: Temperature 

X2 = B: Velocity

Actual Factor

C: Rh = 15

0.95  

1.01  

1.07  

1.13  

1.19  

1.25  

  55

  60

  65

  70

  75

-10  

-8  

-6  

-4  

-2  

D
e

lt
a

 a

A: Temperature  (°C)

B: Velocity (m/s)

Design-Expert® Software

Factor Coding: Actual

Delta a

-2.08744

-9.93024

X1 = A: Temperature 

X2 = C: Rh

Actual Factor

B: Velocity = 1.1

10  

12  

14  

16  

18  

20  

  55

  60

  65

  70

  75

-10  

-8  

-6  

-4  

-2  

D
e

lt
a

 a

A: Temperature  (°C)

C: Rh (%)



Process Optimization                                                                                                                                                86 

 

 

5-11]. From statistical analysis, it was observed that decrease in yellowness color parameter 

was observed at lower air temperature and lower air velocity (Δb = -3.6). Furthermore, the 

yellowness of tomato was also significantly influenced by relative humidity. In addition, the 

better retention of yellowness color was found at lower relative humidity and lower air 

temperature with higher air velocity [Figure 5-12].  

 

Figure 5-11: Drying parameters effect on yellowness of tomato as a function of air 

temperature and air velocity at 15% relative humidity 

 

Figure 5-12: Drying parameters effect on yellowness of tomato as a function air temperature 

and relative humidity at 1.1m/s air velocity 
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(P < 0.005) is a highly significant factor [Figure 5-13]. The higher air velocity and lower 

relative humidity resulted in a less total color change (ΔE = 7.08). However, the air temperature 

had no significant effect on the total color difference [Figure 5-14]. 

 

Figure 5-13: Drying parameters effect on the total color difference of tomato as a function of 

air velocity and relative humidity at an air temperature of 65°C 

 

Figure 5-14: Drying parameters effect on the total color difference of tomato as a function of 

air temperature and air velocity at 15% relative humidity 
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 Surface Area Shrinkage  

Potato 

In Figure 5-15, the shrinkage of the potato's surface was significantly influenced by the 

considered parameters. The higher air temperatures and the lower relative humidity have led 

to a lower shrinkage rate. A similar work reported that at low air velocity, product surface 

resistance prevails which resulted in a uniform shrinkage of the product, due to internal 

minimum stress (Ratti, 1994). Furthermore, drying at a higher temperature resulted in case 

hardening (stiffness). This, in turn, limited the rate at which the potato samples shrink since the 

moisture content of the surface dropped. (Sturm et al., 2012a) has reported for apple increasing 

both temperature and velocity resulted in a reduction of shrinkage. 

 

Figure 5-15: Drying parameters effect on the surface area shrinkage of potato as a function of 

air temperature and air velocity at 30% relative humidity 

Carrot 

The radial or surface area shrinkage expressed in percent was studied. The shrinkage was 

influenced by the drying conditions. Air temperatures significantly influenced the carrot 

surface area shrinkage [Figure 5-16]. Increasing in the air temperature from 40°C to 75°C 

caused the decrease in surface area shrinkage by about 14%. The air velocity and relative 

humidity has very small effect on the surface area shrinkage. Similar results reported in core 

and cortex shrinkage of carrot by (Hilaire et al., 2011).  
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Figure 5-16: Drying parameters effect on surface area shrinkage of carrot as a function of air 

temperature and air velocity at 15% relative humidity 

 Result of Optimized Drying Parameters 

As the main purpose of the design of experiments is to assess the possibility of cause and effect, 

this optimization of the drying process with respect to the stationary drying within the 

parameter’s studied area was also carried out using Design of Expert® 10 Stat-Ease software. 

Statistical respective optimization of parameter had been examined using Design of Expert® 

10 Stat-Ease software as shown in Table 5-2. The considered desirability or importance level 

of the measuring techniques and their priority was set on a scale between 3 to 5. The optimized 

results are summarized in Table 5-3.  
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Table 5-1: Summary of experimental analysis of ANOVA  

Parameter Product Model P value Std dev. R2 

Change in lightness  

Potato 

Linear 0.0001 1.97 65.61 

Change in redness 2FI 0.0007 0.51 47.72 

Change in yellowness Linear 0.0001 0.69 90.75 

Change in total color Quadratic 0.0001 1.30 60.60 

Surface area shrinkage 2FI 0.0002 2.38 61.51 

Change in redness  

Carrot 

2FI 0.0001 1.08 75.55 

Change in yellowness Linear 0.0001 1.23 60.31 

Change in total color Linear 0.0001  57.71 

Change in redness  

Tomato 

2FI 0.0001 0.61 90.58 

Change in yellowness 2FI 0.0001 0.73 85.17 

Change in total color  2FI 0.0033 1.40 54.85 

 

  



91                                                                                                                  Process Optimization 

 

 

 

Table 5-2: Parameter’s optimization based on desirability 

Factor Products Goal Area Importance 

Air temperature (°C)  

 

Potato 

in the area 50 90 - 

Air velocity (m/s) in the area 0.85 1.25 - 

Relative humidity (%) in the area 10 50 - 

Drying time (min) minimize 120 165 +++ 

Total color change (-) Minimize 5.06 12.86 +++++ 

Surface area shrinkage (%) Minimize 35 53 +++ 

Air temperature (°C)  

 

Carrot   

in the area 40 75 - 

Air velocity (m/s) in the area 0.85 1.25 - 

Relative humidity (%) in the area 10 20 - 

Drying time (min) minimize 120 260 +++ 

Total color change (-) Minimize 7.09 16.0 +++++ 

Surface area shrinkage (%) Minimize 65 79.9 +++ 

Air temperature (°C)  

 

Tomato 

in the area 55 75 - 

Air velocity (m/s) in the area 0.85 1.25 - 

Relative humidity (%) in the area 10 20 - 

Drying time (min) minimize 210 300 +++ 

Total color change (-) Minimize 5.83 13.25 +++++ 
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Table 5-3: Results of steady process optimized based on input factors and quality attributes 

achieved 

Product Air temperature 

(°C) 

Air velocity 

(m/s) 

Relative 

humidity (%) 

Drying 

time (min) 

ΔE S Diserability 

Potato 67 1.25 10 124 6.92 35.5 0.85 

Carrot 49 0.95 20 250 7.32 77.45 0.98 

Tomato 55 1.25 10 305 6.12 - 0.96 

 

 Continouos Drying Process for Further Optimization  

 Drying Kinetics and Product Surface Temperature of Continouos Drying 

Potato 

The kinetics of continuous drying of potato shows difference with constant drying techniques. 

The main difference that can be seen from Figure 5-17 is that by decreasing the air temperature 

from 70°C to 65°C a lower drying rate took place after 40 minutes. Moreover, pseudo-

temperature was recorded around this point at a moisture ratio (MR ≥ 0.3).  Decreasing the air 

temperature leads to a much lower product surface temperature. As the temperature decreases, 

the mobility of the surface molecules also decreases resulting in lower chemical reactions on 

the surface, thus, maintaining the quality attributes of the product. The drying was then 

continued for another 40 minutes until the temperature rose again to 70°C. This temperature 

was kept constant until the end of the drying process.   
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Figure 5-17: Drying kinetics and product surface temperature of continuous drying of potato run 9 

Carrot 

The continuous drying of carrot was done in a similar manner to the continuous drying 

strategies used for potato. The drop of temperature from 75°C to 65°C after 50 minutes resulted 

in slightly lowering the drying rate and lowering the surface temperature. Similar to potato, a 

pseudo-temperature was recorded around a moisture ratio of (MR ≥ 0.3).  Decreasing the air 

temperature leads to a much lower product surface temperature. As the temperature decreases, 

the mobility of the surface molecules also decreases resulting in lower chemical reactions on 

the surface, thus, maintaining the quality attributes of the product. The drying was then 

continued for another 90 minutes until the temperature rose again to 75°C. This temperature 

was kept constant for the next 60 minutes. 
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Figure 5-18: Drying kinetics and product surface temperature of continuous drying carrot run 1 

Tomato 

The continuous drying of tomato was also done in a similar manner to the continuous drying 

strategies used for potato and carrot. The drop of temperature from 75°C to 65°C after 120 

minutes resulted in slightly lowering the drying rate and lowering the surface temperature. 

Similar to potato and carrot, a pseudo-temperature was recorded around a moisture ratio of 

(MR ≥ 0.3).  Decreasing the air temperature leads to a lower product surface temperature. As 

the temperature decreases, the mobility of the surface molecules also decreases resulting in 

lower chemical reactions, thus, maintaining the quality attributes of the product. Similar with 

carrot, the drying was then continued for another 120 minutes until the temperature rose again 

to 75°C. This temperature was kept constant for the next 60 minutes. 
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Figure 5-19: Drying kinetics and product surface temperature of continuous drying tomato run 1 

 Color Kinetics 

Potato 

Change in Lightness (ΔL) 

The lightness (L*) of the product depends greatly on the moisture content and the drying 

strategies. The constant temperatures of 70 °Cand 80 °C was able to better maintain the original 

lightness of the potato samples. Figure 5-20 shows the effect of air temperature on the lightness 

of the potato. In this figure, it can be seen that when relative moisture content reaches 0.1, the 

lightness tremendously changes. In addition, the broken line with pentagram marker for the 

unsteady (continuous) drying optimized scheme (profile number 7 in  [Table 3-6]  

Table 3-5] shows an improvement in the lightness of 30% for 80°C and of 62.5% for 70⁰C. 

This improvement finally contributes to the total color change since the change in lightness 

reached a level lower than any of the constants reached during the conventional drying 

processes as shown in Figure 5-20. (Chua et al., 2000a) had reported that the observed different 

square-wave temperatures were used to maintain the lightness of the potato samples. 

Temperature and relative humidity in  [Table 3-6]  

Table 3-5 (profile 4, 7 and 9) were better maintained close to their original lightness level. The 

optimum-drying region from response surface methodology running at constant drying 

parameters can be verified from the results shown in [Figure 5-5].  
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Change in Redness (Δa) 

As shown in Figure 5-21, the redness of potato was not significantly affected by the drying 

strategies. All constant and square-wave profiles of drying strategies maintain the redness level 

close to that of the original sample color. Only low temperature slightly favored the reduction 

in redness. The chromatic parameter (a*) decreases as drying proceeded for 60°C and 80°C. 

Despite that, as the moisture content approached equilibrium, an increase in redness was 

observed. For the square-wave air temperature, the redness of potato slice fairly maintained the 

initial color value of the potato slice. As shown in Figure 5-21, the contribution of redness color 

component to the total color change is less than unity. Similar work reported by (Chua et al., 

2000b) showed that less change in redness of potato was observed when drying took place 

using square-wave temperature strategies. Also, (Amjad et al., 2015) found that the redness of 

potato shows increment tendency as drying of potato slice proceeded.  

Change in Yellowness (Δb) 

The yellowness color component has also a significant contribution to total color change of the 

potato samples. As depicted in Figure 5-22, a constant temperature of 60°C and 70°C with a 

relative humidity of 30% and an air velocity of 1.25 m/s maintain the yellowness of the potato. 

However, for better retention, an unsteady drying process was conducted. As expected, the 

unsteady drying process maintains the changes of each color change proportionally. Similar 

work reported in the result of (Amjad et al., 2015) that the changing rate of yellowness was 

slower when compared to lightness. As shown in Appendix Table A9-2 and Table A9-3, 

besides the significant effect of lightness, yellowness also contributes to the decrease of the 

total color change. From strategies of square wave air temperatures, profile numbers 4, 7 and 

9 were maintained close to the original yellowness level of the potato.  
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Figure 5-20: Effect of temperature on Lightness of potato slice 

 

Figure 5-21: Effect of temperature on redness of potato slice 
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Figure 5-22: Effect of temperature on yellowness of potato slice 

Total color change (ΔE) 

Drying parameters have an effect on individual color parameters (L*, a*, b*). The square wave 

air temperature and relative humidity have more capacity to retain color parameters and total 

color difference of potato [Figure 5-23]. Lightness and yellowness significantly contribute to 

the total color change of the potato samples.  

 

Figure 5-23: Constant and continuous process parameters effect on the total color difference of potato 

slice 
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Carrot 

The process parameters' effect on the color components was discussed in Section 4.2.2. For 

further investigation of the effect of the input factor at this stage, the results were compared to 

continuous processes. As shown in Figure 5-24, the continuous drying process has no 

significant improvement when compared to the constant drying processes. However, using 

continuous drying processes is better than drying with high temperature throughout the process. 

At high drying temperatures, the dried samples get darker. 

By the same way, Figure 5-25 depicts a comparison of the steady and unsteady drying process.  

The continuous drying process does not show improvement in retention of redness (a*) color 

of the carrot.  

As depicted in Figure 5-26, the constant drying strategy at an air temperature of 55°C, relative 

humidity of 20%, air velocity of 1.25 m/s and continuous drying strategies shows better 

retention in yellowness (b*) of the carrot samples.  

 

 

Figure 5-24: Constant and continuous process effect on the lightness of carrot 
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Figure 5-25: Constant and continuous process effect on the redness of carrot 

 

 Figure 5-26: Constant and continuous process effect on yellowness of carrot  

Finally, as shown in Figure 5-27, the constant drying strategies applied at air temperature of 

55°C, relative humidity at 20% and an air velocity of 1.25 m/s retained the total color change 

of the carrot samples. Nevertheless, the continuous drying strategies have also a better total 

color difference when compared to other steady drying strategies applied on the carrot samples. 
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 Figure 5-27: Constant and continuous process parameters effect on total color difference of carrot  

Tomato 

Similar to potato and carrot, the process parameters' effect on the color components was 

discussed in Section 4.2.2. For further investigation of the effect of the input factor at this stage, 

the results were compared to continuous processes. 

As depicted in Figure 5-28  the lightness (L*) of tomato was get darker with continuous. Both 

constant input factor at higher and continuous at higher input factor returns the similar results. 

As it can be seen in Figure 5-29 redness of tomato is also not improved using continuous drying 

process. Similar to the work of (Mendelová et al., 2013), neither the lower air temperature 

(55°C) nor higher temperature (75°C) gave better retention in lycopene.  

The yellowness (b*) of tomato better using constant drying parameters. However, the profile 

in run number 4 returns similar results with better constant input factor of 65°C. 
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Figure 5-28: Constant and continuous process effect on the lightness of tomato 

 

 

Figure 5-29: Constant and continuous process effect on the redness of tomato 
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Figure 5-30: Constant and continuous process effect on the yellowness of tomato 

As typical Figure 5-31 shows none of continuous drying parameters returns better color than 

constant drying parameters, as all color parameters were sensitive to air temperature. This 

resulted in a total color change, which was significantly affected by air temperature even with 

continuous drying parameters.  

 

Figure 5-31: Constant and continuous process effect on the total color change of tomato 
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 Vitamin C Retention using Continuous Drying  

A further optimization of the input factors was also conducted to examine the retention of 

Vitamin C. Figure 5-32 depicts the Vitamin C retention of the continuous running order R4 

with the parameters shown in  

Table 3-6. The running order of profile 4 is with air temperature 65-70-65°C with 40-40-20% 

relative changing the samples into different dryers between 35-40 min. The Vitamin C retention 

found at this drying order with replication average was 72.17% and the least retained value of 

Vitamin C was observed at the running order 6 which recorded 67.72%.  

 

Figure 5-32: Continuous drying parameters effect on the retention of Vitamin C 

  Synopsis  

The square wave air temperature and relative humidity have more capacity to retain the color 

component and total color retention of potatoes. Lightness and yellowness significantly 

contribute to the total color change of the potato samples. 

The continuous drying process has no significant improvement in the case of carrot drying. 

However, the continuous drying strategies of Profile 4 show better color retention. Nonetheless, 

the drying parameters of the constant drying strategies (i.e., air temperature of 55°C, relative 

humidity of 20% and air velocity of 1.25 m/s) still showed the best color retention. The 

optimized input factors found for the total color difference for the potato product also returned 

a higher retention of Vitamin C. 
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 Transferability of Process Condition of Single Layer Dryer to 

Industrial Scale Dryer  

The choice of parameters to be investigated and the corresponding parameter space used by 

(Anna-Maria Nuñez Vega, 2015) found a good transferability of the results with (Sturm, 2010) 

because of both the same laboratory dryer and the same apple variety were used. In this study 

the experiment was done on the single layer and industrial scale dryer. nevertheless, the 

parameter space and the result found not a such different. 

As it can be seen in Figure 5-33 the drying kinetics curve of single layer and industrial scale 

cabinet dryer exbibits similar drying condition. Due to high mass flow rate in the industrial 

scale dryer the moisture removal was faster than single layer dryer.  Furthermore, very 

interestingly the total color difference results were found better in cabinet dryer than a single 

layer dryer. 

Similarly, as depicted in Figure 5 35, the surface area shrinkage of potato slice in the single 

layer and the cabinet dryer has similar trends. It shrinks linearly in both cases until equilibrium 

moisture content is approached. It can be deduced that the linear equation fairly explains the 

relationship between shrinkage and moisture content. 

As discussed for the color kinetics of potato in Section 5.3.2, similar results were observed for 

the retention of Vitamin C. The constant and continuous drying techniques applied and the 

result of Vitamin C retention are depicted Figure 5-36. As it can be seen from the figure, the 

constant drying order run 1 and continuous drying order, Profile 4 returns the highest mean 

value of Vitamin C retention of 72.43% and 72.17%, respectively. These input factors also 

deliver better total color change. The vitamin C retention found from 54.36 to 73.78% for 

constant input factor and from 66.90 to 73.14 of square wave input factor. 
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Figure 5-33: Drying curve of single layer and cabinet dryer 

 

Figure 5-34: Total color change of sample dried on single layer and cabinet dryer 
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Figure 5-35: Surface area shrinkage of single layer and cabinet dryer 

 

Figure 5-36: Comparison of continuous and constant drying process effect on the vitamin C retention 

  Synopsis  

The single layer and batch drying of potato slices showed similar drying kinetics (drying curve, 

color change and surface area shrinkage). A fast-drying rate was observed in the air recirculated 

batch drying, due to the fact, that high amount of air is supplied by the fan. For both dryers, it 

can be concluded that the linear equation fairly explains the relationship between shrinkage 

and moisture content (R2 greater than 93.5%). 

In the similar way, the mathematical formulation and numerical solution of the hot air-drying 

models are presented as follow.  
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6. Mathematical Formulation and Numerical Solution  

 Thermo-Physical Properties 

Thermo-physical properties of agricultural foods are the most crucial during drying. Those 

properties are not only to describe the kinetic of drying and interpreting the result from 

experimental work, but also to analyze the work with numerical simulation or solution for the 

drying process (L. Hassini et al., 2004). 

 Heat Transfer Coefficient  

The heat transfer coefficient was determined at different drying temperatures obtained through 

experiment using equation (2.2). The drying rate was calculated as the difference between 

successive values of moisture concentration in dry basis per time pre-set interval. The rate of 

heat transfer recorded initially high values, but gradually approached zero as the product 

surface temperature and air temperature approached equilibrium. At air temperatures of 60 °C, 

70 °C and 80 °C and air velocity of 1.2 m/s, the obtained heat transfer coefficients recorded the 

following values in a respective manner [Table 6-1]: 59.64 W/m2K, 69.82 W/m2K and 93.99 

W/m2K. This result is similar to the values that were found in literature (100.78 W/m2°C) for 

potato samples cut into 10mm cubes at an air temperature of 90 °C with an airflow rate of 

10,000 kg/m2h (Simal et al., 1993). Similarly,  35.7 W/m2K – 71.8 W/m2K for potato slice and 

cylindrical shape at the temperature of 40 °C to 60 °C with air velocity of 1 m/s to 5m/s (Ratti 

and Crapiste, 1995a) was reported.  
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Table 6-1: heat transfer coefficient of potato as function drying parameters 

Ta (°C) 
Tdp (°C) 

Va (m/s) 
Lo (thickness) 

(mm) 
Do (Diameter) 

h 

(W/m2K) 

60  

20 

1.2 3.5 35 59.64 

70 1.2 3.5 35 69.82 

80 1.2 3.5 35 93.99 

     

 

 Determination of Diffusion Coefficient 

The thermo-physical properties used in this work were determined using Equation (2.1) which 

was found in literature and verified using experimental data. 

The air temperature has a prominent influence on the drying rate and affects the effective 

diffusion coefficient. As seen in Table 6-2, the results of diffusion coefficient depend on the 

air temperature. Furthermore, the drying rate continuously decreases as moisture content in the 

product continued decreasing. Similar work was reported in the work of (L. Hassini et al., 

2004) 

Table 6-2: Effective diffusion coefficient of potato as function drying parameters, Tdp =20(°C) 

Ta 

(°C) 

Va 

(m/s) 

Lo (thickness) 

(mm) 

K 

(1/min) 
c D (m2/s) R2 RMSE 

60 
1 

3.5 
0.02 1.047 4.98013E-10 99.5 0.019 

1.2 0.02 1.05 5.13129E-10 99.6 0.018 

70 
1 

3.5 
0.03 1.03 6.93491E-10 99.6 0.017 

1.2 0.03 1.02 7.01153E-10 99.7 0.016 

80 
1 

3.5 
0.05 1.061 9.67864E-10 99.4 0.023 

1.2 0.05 1.055 1.00597E-09 99.7 0.017 
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 Mass Transfer Coefficient  

The mass transfer coefficient from Section 2.6 is a function of the drying rate and the moisture 

content of the sample. Figure 6-1 shows that the mass transfer coefficient remains nearly 

constant from initial moisture ratios until moisture ratios approach 0.3. From the analyzed 

results, as the surface moisture content of the sample (Ms) approaches the equilibrium moisture 

content (Me), the mass transfer coefficient approaches infinity. The mass transfer coefficient 

recorded higher values at higher temperatures but decreased as moisture ratios approached 0.3.  

During the initial phase of drying, the following mass transfer coefficients were 

found:5.75 × 10−7𝑚/𝑠 for 60°C, 7.65 × 10−7𝑚/𝑠 at 70°C and 1.88 × 10−6𝑚/𝑠 at 80°C. 

These values increased slowly to sm /1055.3 5− for 60°C; sm /104.3 5− for 70°C and 

sm /1027.3 5− for 80°C. In other words, as the surface moisture content approaches 

equilibrium moisture content (Ms → Me) and 0 tM , hm →∞ mathematically, not actually 

(Białobrzewski et al., 2008). 

 

Figure 6-1: Mass transfer coefficient of potato slice drying on single layer at va = 1.2m/s and Tdp = 

20°C 
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 Numerical Solution of Coupled Heat and Mass Transfer  

 Single Layer Drying Process with Moving Boundary Condition (Case 1) 

A single layer dryer designed at lab level was used for this case. The numerical model that was 

formulated for the convective drying by coupled heat and mass transfer with ALE was 

validated by experimental data. Experiments were conducted at different air velocities and air 

temperatures to determine the drying characteristics. 

6.2.1.1. Moisture Content Distributions and Drying Kinetics 

In convective drying, the moisture concentration of the product is an important factor to decide 

whether it is in equilibrium with its surroundings or not. This knowledge is necessary to be 

able to produce a stable product. As shown in Figure 6-2 and Figure 6-3, the surface directly 

exposed to the drying air approached the equilibrium moisture content faster than the deeper 

layers of the materials where the change was slower. The results obtained from numerical 

simulation could not be validated because of the difficulty to experimentally measure the 

moisture distribution in the product. 

 

Figure 6-2: Dry basis moisture distribution in the 2-D cylindrical geometry of potato slice with 

moving surface at Ta = 60°C, va =1.2m/s and Tdp = 20°C 
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Figure 6-3: Dry basis moisture distribution in the 3-D cylindrical geometry of potato slice with 

moving surface at Ta=60°C, va=1.2m/s and Tdp=20°C 

The product temperature distribution was also determined from numerical simulation. The 

numerically obtained results are shown in Figure 6-4. The profile seems to comply with the 

expected results for natural phenomena. 

 

Figure 6-4: Product temperature distributions at va=1.2m/s and Tdp=20°C 

6.2.1.2. Drying Kinetics 

The drying data for the three temperatures (60°C, 70 °C, 80 °C) and the three air velocities (1 

m/s, 1.2 m/s, 1.5) were both experimentally determined and numerically predicted. Drying 

continued until the equilibrium moisture content was reached. As shown in Figure 6-5, an 

increase in air temperature resulted in a decrease of the drying time due to an increase in the 
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heat transfer rate. An increase in air velocity also resulted in a shorter drying time because the 

heat transfers as well as mass transfer rate increased. This can be seen in Figure 6-6, as the air 

velocity increased, drying time decreased, but the effect was smaller than the one that was 

obtained by changing the temperature. As it can be seen from these results, the proposed model 

provides helpful indications that can be used to calculate moisture and temperature 

distributions. 

 

Figure 6-5: Numerically predicted drying kinetics of potato slices at va=1.2m/s, Tdp=20°C 

 

 

Figure 6-6:  Numerically predicted drying kinetics of potato slices at Ta = 60°C and Tdp=20°C 
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6.2.1.3. Product Surface Temperature  

The product surface temperature was determined numerically from the top surface of the 

sample. After the modeling is verified, sweep analysis option can be used in COMSOL 

Multiphysics to study the effects of others input factors [Figure 6-7].  

 

Figure 6-7: surface temperature of potato slice at va=1.2m/s and Tdp=20°C 

6.2.1.4. Relative Volume Shrinkage  

From Figure 6-8 it can be seen that the relative volume shrinkage occurs after 30 minutes. 

When comparing the numerical results of moving boundaries to fixed boundaries, the moving 

boundaries show a shorter drying time, and therefore, a higher drying rate. One reason for this 

is the shorter distance the particle has to move to reach the product’s surface. On the other 

hand, shrinkage reduces the capillary gap that decreases diffusion. Therefore, the shrinkage has 

two opposite effect but the distance effect has a bigger influence on the drying process. (L. 

Hassini et al., 2004) reports the similar result of 77% relative volume shrinkage. 
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Figure 6-8: Product relative volume shrinkage at different temperatures va=1.2m/s and Tdp=20°C 

 Air Recirculating Through-Flow Cabinet Drying Process (Case 2) 

6.2.2.1. Moisture Content Distribution and Drying Kinetics 

The second type of dryer considered was air recirculating through-flow cabinet drying. For the 

potato samples, air temperatures of (50°C, 60°C, 70°C 80°C and 90°C), air velocities of 

(0.85m/s, 0.95 and 1.25 m/s) and relative humidity of 30% were considered. 

  

The moisture evaporation from the product surface to the hot air can be visualized in Figure 

6-9. Moreover, as depicted in Figure 6-10 the air temperature has significant effect on the 

drying rate of the potato samples. The drying occurred in falling region until the moisture 

content reached 0.5 dry basis or 0.125 moisture ratio. Drying continued until the equilibrium 

moisture content was reached. As shown in Figure 6-10, an increase in air temperature resulted 

in a decrease of the drying time due to an increase in the heat transfer rate. An increase in air 

velocity also resulted in a shorter drying time because the heat transfers as well as mass transfer 

rate increased.  

Interestingly, the modeling of potato drying as multiphase media shows two different regions 

in drying curve. Approximately, for the first one hour of drying time, the drying curve shows 

falling rate with air temperature of 80°C, air velocity of 0.95m/s and relative humidity 30% 

[Figure 6-10]. Similarly, for the air temperature of 70°C and 60, at air velocity of 0.95m/s and 

relative humidity 30% a constant rate period is noticed for 1.5 and 2 hours respectively. The 
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effect of input factors more feasible in the falling region of drying. Then, the second falling 

region of drying curves starts and continued until the equilibrium moisture content is reached. 

Furthermore, the velocity has less effect on drying when compared to temperature factors 

[Figure 6-11]. 

 

Figure 6-9: Surface moisture concertation [mol/m3] at Ta = 60°C, va = 0.95m/s and Rh = 30% 

 

Figure 6-10: Drying Kinetics of potatoes at va = 0.95m/s and Rh = 30% 
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Figure 6-11: Drying Kinetics of potatoes at Ta = 70°C and Rh = 30% 

For the case of carrot samples, air temperatures of (55°C, 65°C and 75°C), air velocities of 

(0.95 and 1.25 m/s) and relative humidity of 20% were considered. The typical drying curve is 

shown in Figure 6-12. The modeling of the carrot drying shows that drying occurs under falling 

region [Figure 6-12]. The air temperature has significant effect on drying. At the initial stage 

of drying, the surface of sample was highly saturated with free water and the evaporation rate 

was higher. The evaporative water takes heat with the vapor and the surface temperature 

increase very slowly or even drops (Kumar et al., 2014a). The velocity has less effect on drying 

when compared to air temperature [Figure 6-13]. 

 

Figure 6-12: Drying Kinetics of carrot at va = 0.95 m/s and Rh = 20% 



Mathematical Formulation and Numerical Solution                                                                                    118 

 

 

 

Figure 6-13: Drying Kinetics of carrot at Ta = 65°C and Rh = 20% 

The effect of changing the air temperature from 65°C to 75°C on the mass of tomato over time 

is quite prominent. Increasing the air temperature by 10°C shortened the drying time. The 

tomato initial moisture content is about 15.95±0.81 (kgw/kgdm). Thus, due to high moisture 

content the drying rate was high and gradually drops until the equilibrium moisture content is 

reached [Figure 6-14].   

 

Figure 6-14: Drying Kinetics of tomato at va = 0.95m/s and Rh = 20% 
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6.2.2.2. Product Surface Temperature  

The product surface temperature increases slowly as the heat was dissipated with high initial 

moisture evaporating. The temperature increased after it passed the pseudo-temperature point. 

As it can be seen from Figure 6-15 to Figure 6-17, the modeling of porous media returns similar 

temperature to the actual profile of product surface temperature. 

 

Figure 6-15: potato surface temperature at va = 0.95m/s and Rh = 30% 

 

Figure 6-16: Carrot surface temperature at va = 0.95m/s and Rh = 20% 
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Figure 6-17: Tomato surface temperature at va = 0.95m/s and Rh = 20% 

Experiments and quality criteria quantification and mathematical formulation and numerical 

solutions of the hot air drying of agricultural products were discussed. Therefore, in the next 

chapter, its results from experimental are verified with numerically obtained solutions. 
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7. Experimental Results Verifications with Numerical Solutions 

In this chapter, the experimental results were verified with the numerically obtained results. 

Verification of the model was done by comparing the moisture removal and surface 

temperature profiles obtained by experiments and simulations. 

 Single Layer Drying Process (Case 1) 

 Drying Kinetics 

Similar conditions with experimental settings were developed and implemented in the 

COMSOL Software. Shrinkage dependent drying data were numerically predicted. Then, the 

results found through experiments were verified using the numerical results. As shown in 

Figure 7-1 an increase in air temperature resulted in a decrease of the drying time due to an 

increase in the heat transfer rate. These results closely agreed with the experimentally found 

moisture data. Similar results reported by (Kumar et al., 2014a) showed that the diffusivity 

depends on temperature and shrinkage.  

 

Figure 7-1: Verification of air temperature effect between numerical prediction and experimental 

investigation of moisture profile of potatoes (va=1.2 m/s, Tdp=20 °C) 

By the same way, the sweep techniques were used in COMSOL to investigate the effect of air 

velocity. As it can be seen in Figure 7-2, an increase in air velocity also resulted in a shorter 

drying time. As air velocity is increases, heat transfer as well as mass transfer rate also 
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increases. However, this effect of air velocity is smaller than the one obtained by changing air 

temperature. It is found that the numerically predicted values with moving boundaries were in 

good agreement with the experimentally obtained data.  

 

Figure 7-2: Verification of air velocity effect between numerical prediction and experimental 

investigation of moisture profile of potatoes (Ta=80°C, Tdp=20 °C) 

 

Figure 7-3: Curve fitted of drying kinetics at Ta = 70°C, va = 1.2m/s and Tdp =20°C 

  



123                                                   Experimental Results Verifications with Numerical Solutions 

 

 

 

 Surface Area Shrinkage Verification 

The verification of surface area shrinkage gives 89.10 percent coefficient determination [Figure 

7-4]. This prediction was found by neglecting the contribution of the shrinkage rate of the 

thickness.  

 

Figure 7-4: Surface area shrinkage of potato at Ta =60°C, va = 1.2m/s and Tdp = 20°C 

 

Figure 7-5: Curve fitted of surface area shrinkage at Ta =60°C, va = 1.2m/s and Tdp = 20°C 
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 Surface Temperature Verification 

The model was validated by comparing the numerically solved and measured temperature 

profiles at the top of the product. The product surface temperature was recorded online 

continuously during drying and then compared to the numerically predicted product surface 

temperature. As depicted in Figure 7-6, the two results were found to be in good agreement. 

 

Figure 7-6: Product surface temperature of 80°C at va =1.2m/s and Tdp =20°C 

 

 Air Recirculating Through-Flow Cabinet Drying Process (Case 2) 

 Drying Kinetics Verification 

Potato 

Figure 7-7 and Figure 7-8 show the comparison between drying curve obtained through 

experimental and numerically solved procedures for the potato samples at 50°Cand 70°C air 

temperature respectively, at air velocity 0.95m/s and relative 30%. The modeling of batch 

drying closely agreed with experimentally found moisture data. The coefficient of multiple 

determination shows that the results agreed by more than 99.50 percent [Table A9-5].  
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Figure 7-7: Verification between numerical prediction and experimental investigation of moisture 

profile removal of potato at Ta = 50°C, va = 0.95m/s and Rh = 30% 

 

Figure 7-8: Verification between numerical prediction and experimental investigation of moisture 

profile removal of potato at Ta = 70°C, va = 0.95m/s and Rh = 30% 
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 Figure 7-9: Curve fitted at Ta = 70°C, va = 0.95m/s and Rh =30% 

Carrot 

The obtained results for the moisture removal as a function of time shows a good agreement 

with the experimentally obtained results. The moisture removal from numerical solution is 

obtained as a function of time. The obtained results in Figure 7-11 and Figure 7-12 show a 

good agreement with the experimental results of about 99.54%-99.93% [Table A9-6]. The 

drying of carrot has occurred in the falling rate period. Therefore, the drying rate is proportional 

to moisture gradient. As it can be seen from Figure 7-11, as time proceeds moisture gradient 

and drying rate decreases.   

 

Figure 7-10: Verification between numerical prediction and experimental investigation of moisture 

profile removal of carrot at Ta = 55°C, va = 0.95m/s and Rh = 20% 
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Figure 7-11: Verification between numerical prediction and experimental investigation of moisture 

profile removal of carrot at Ta = 75°C, va = 0.95m/s and Rh = 20% 

 

Figure 7-12: Curve Fitted of moisture removal of carrot at Ta = 55°C, va = 0.95m/s and Rh = 20% 

Tomato 

The moisture removal modeling reasonably well agreed with the experimental results found. 

The moisture removal from numerical solution is obtained as a function of time.  The obtained 

results showed coefficient of multiple determination for multiple regression of about 98.31% 

[Table A9-6]. The drying of Tomato also, has occurred in the falling rate period. Therefore, 

the drying rate is proportional to moisture gradient. As it can be seen from Figure 7-13 and 

Figure 7-15, as time proceeds moisture gradient and drying rate decreases. Similar results was 

found in (ABANO et al., 2012)  
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Figure 7-13: Verification between numerical prediction and experimental investigation of moisture 

profile removal of tomato at Ta = 65°C, va = 0.95m/s and Rh = 20% 

 

 

Figure 7-14: Curve fitted of moisture removal of tomato at Ta = 65°C, va = 0.95m/s and Rh = 20% 
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Figure 7-15: Verification between numerical prediction and experimental investigation of moisture 

profile removal of tomato at Ta = 75°C, va = 0.95m/s and Rh = 20% 

 

 

Figure 7-16: Curve fitted of moisture removal of tomato at Ta = 75°C, va = 0.95m/s and Rh = 20% 

 Surface Temperature Verification 

The experimental results of surface temperature of potato and carrot agreed largely with the 

numerically predicted values [Figure 7-17, Figure 7-19 and Figure 7-21]. The experimentally 

obtained temperatures of the product’s surface interestingly show similar profile with the 

numerical results. As it can be seen from these figures, the results show that the porous 

modeling is more accurate when compared to solid modeling. A temperature deflection point, 

known as pseudo-temperature, is found in both experimental and numerical solutions. Similar 

results were found in (Kumar et al., 2014a; Zhang and Mujumdar, 1992; Turner and Jolly, 

1991).  
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However, interestingly, for Tomato Surface there was significant difference between predicted 

and experimentally found [Figure 7-21]. This is probably due to the less evaporative cooling 

experienced of the product in numerical solution. In the initial stage of drying, the surface 

temperature of the product shows similar profile both experimentally and numerically.  

 

Figure 7-17: Potato surface temperature verification at Ta = 70°C, va = 0.95m/s and Rh = 30% 

 

Figure 7-18: Curve fitted of potato surface temperature verification at Ta = 70°C, va = 0.95m/s and Rh 

= 30% 
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Figure 7-19: Carrot surface temperature verification at Ta = 75°C, va = 0.95m/s and Rh = 20% 

 

Figure 7-20: Curve fitted of carrot surface temperature verification at Ta = 75°C, va = 0.95m/s and Rh 

= 20% 

 

Figure 7-21: Tomato surface temperature verification at Ta = 75°C, va = 0.95m/s and Rh = 20% 
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 Synopsis  

The mathematical models of single layer and industrial scale drying of agricultural products 

results (drying curve, surface area shrinkage and surface temperature) were verified. For both 

dryers, it can be concluded that for drying curves, the linear regression equation fairly explains 

the relationship between experimentally found and numerically obtained results. 

Finally, discussions, Outlook and summary were presented in the next chapter.  
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8. Discussion and Outlook 

 General Discussion 

In this chapter the results findings were summarized.  Mainly, the results found in the study 

that could contribute to solve problems during drying of agricultural products were presented.  

Drying conditions have a decisive influence on the quality of food. To understand the effect of 

process parameters (input factors) two level experimental works were conducted.  

The first level of experiments was conducted on a single layer lab scale dryer. The data were 

captured continuously noninvasively using an online data recording mechanism. The effect of 

fixed process parameters; air temperature, air velocity and dew point temperature effects were 

studied. It was found that, among those parameters the air temperature shows more significant 

effect on the quality of dried products. The higher the air temperature returns less total color 

difference with compared to the fresh product. Similarly, the higher the air velocity the less 

color change were found. Even tough, the dew point temperature affects the quality parameters, 

the effect not significant. Similarly, higher temperature, higher air velocity and lower dew point 

temperature results in less deformation of dried products. This is due to case hardening and the 

sample’s surface became stiff which in turn limited any subsequent shrinkage. 

From the conducted experimental work, at moisture ratio MR ≥ 0.3, less change in quality 

parameters (total color change, shrinkage) were observed. However, at moisture ratio MR< 

0.3, significant change in quality parameters were found. High color change or discoloration, 

steep shrinkage, low drying rate were observed in this moisture ratio range. (Waseem A. et al., 

2016) reported that the rate of change for all the color parameters (L*, a*, b*) was almost 

uniform up to moisture ratio of value 0.3 and it became high as drying process forwarded to 

the end. 

The second level of experimental work was conducted on industrial scale which is an air-

recirculated cabinet batch type dryer. By the concept of transferability of single layer drying 

parameter to be investigated and parameters space were used single layer input factors as a 

reference. The choice of parameters to be investigated and the corresponding parameter space 

used by (Anna-Maria, Nuñez, Vega, 2015) found a good transferability of the results with 

(Sturm, 2010) because of both the same laboratory dryer and the same apple variety were used. 
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In this study the experiment was done on the single layer and industrial scale dryer. 

nevertheless, the parameter space and the result found not a such different. 

At this level, the quality obtained at single layer were checked for its traceability and 

reproducibility at industrial scale dryer. Also, at the industrial scale dryer two strategies were 

applied. The first strategy (constant drying parameters) was used constant input factors (air 

temperature, air velocity and relative humidity) throughout the process. The input factors used 

for potato products were 50°C-90°C air temperature, 0.85m/s-1.25m/s and 10%-50% relative 

humidity. By the same way, the air temperatures were 40°C-75°C for carrot and 55°C-75°C 

for tomato were applied. Additionally, 0.95m/s-1.25m/s air velocity and 10% and 20% relative 

humidity were set for both products. The drying kinetics curve was divided into two main parts 

for industrial scale drying similar to single layer dryer: the first range of drying kinetics for the 

moisture ratio MR ≥ 0.3 and the second range moisture ratio MR < 0.3. In the first range of 

moisture ratio in drying kinetics, higher drying rate and less quality change (color and 

shrinkage) was observed for all the studied products. Low drying rate and tremendous quality 

change (color and shrinkage) were observed in the second range of drying kinetics. 

In the studied area the quality parameters of all three products were investigated. The air 

temperature was found the prominent factor in drying of the products. However, the air 

temperature effect was no significant on the total color change of tomato. The lower relative 

humidity returns better quality retention for the dried agricultural products in the studied range 

from 10% to 50%. The increasing in air velocity shows positive effect in relation to quality of 

dried products in the tested range, except for carrot. Airflow velocity had the second most 

significant effect (Miraei Ashtiani et al., 2017). The influence of external resistance on drying 

can also be tested using other methods based on mass transfer considerations, and on doing this 

it was found that external resistance prevailed for experiments at 1.5 m/s or lower (Mulet et al., 

1999a). According to results reported in (Krokida et al., 2003b) for potato, carrot, pepper, 

garlic, mushroom, onion, leek, pea, corn, celery, pumpkin, tomato in 65 to 85°C the air 

temperature was more significant. Also, (Akpinar, 2006) found temperature to be the most 

important factor in the drying rate, while the velocity and humidity have lesser effects. (Sana 

Ben et al., 2014) showed that influence of the drying air temperature is dominant compared to 

air flow rate. The effect of relative humidity becomes more significant at lower air 

temperatures.  
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The effect of these input factors were optimized for a better optical/color, nutritional and 

shrinkage of the dried agricultural products. The design experiment with the response surface 

methodology (RSM) was applied to optimize the drying parameters. In the optimization 

process, level of importance of quality parameters and its desirability were evaluated. 

Quadratic and linear regression models were used to analyze the effect of the input factors on 

the quality parameters. By systematically removing non-significant input factors, the most 

significant input factors were determined for each studied quality parameters.  

From this optimization, as shown in Table 5-3, 67 ºC, 1.25m/s and 10% Rh found the optimal 

combination input factor which returns 6.92 and 35.5% of total color difference and shrinkage 

respectively for potato products. Similarly, the optimal combination of input factors 49ºC, 

0.95m/s and 20%Rh gives 7.32 total color difference and 77.45% of shrinkage for carrot. Also, 

a combination of 55 ºC, 1.25m/s and 10%Rh returns 6.12 total color difference. For this optimal 

combination input factors, the desirability of the results were found 0.85, 0.98 and 0.96 for 

potato, carrot and tomato respectively. 

Similar results were founds in the literature elsewhere (Sturm et al., 2012b) reported 

temperature level 75°C proved to be preferable and the maximum allowed air velocity (4.8m/s) 

was required on drying time, color changes, and shrinkage of apples. Furthermore, Kowalski 

et al., 2013 reports maximum air temperature of 70°C as suitable for drying of heat-sensitive 

products. 

The second strategy is further optimization of selected region (optimum in case of RSM) of 

interest was discretized within the peak to valley interval ranging from 5⁰C and 10⁰C of a square 

wave profile of the air temperature and 0-20%Rh relative humidity were applied. The changing 

time was between 35 to 40 minutes depending on the critical area that was found from surface 

temperature depiction with quality changes. The drying samples were automatically shifted to 

the new set dryer with predefined drying parameters. This gives a chance for further controlling 

of input drying parameters and improving of quality parameters.  

From constant input factor strategies, the effect of air temperature and relative humidity were 

investigated on each color parameter (L*, a* and b*). The effect of temperature and relative 

humidity were influenced the luminosity (L*) of potato product. Also, the redness (a*) of 

potato mainly influenced by air velocity and relative humidity. Additionally, the yellowness 

(b*) was influenced by air temperature and relative humidity. However, it is very important to 



Discussion and Outlook                                                                                                                                       136 

 

 

investigate which color parameter contribute high color change to the total color difference. 

From Figure 5-1 it can be seen that luminosity (L*) contribute more to the total color difference. 

Maintaining the other color parameters and minimizing the lightness (L*) color change has 

significant effect on retention of color of dried potato.  

Therefore, the square wave input factor developed and applied has been improved the color 

parameters. Profile number 5 and 7 in Table 3-5 improves the lightness by 62.5% from the 

better color achieved using the first strategy (constant input factor). The square wave air 

temperature and relative humidity have more capacity to retain the color parameters and total 

color difference. As a result, the optimal result found in combination optimal input factor 6.92 

were improved using the square wave method to 4.9 of total color difference for dried potato 

product. The result found show that the continuous drying condition has more capacity to retain 

better quality parameter, particularly in color difference. From the continuous profile of drying 

parameters listed in Table 3 5, profile number 5 and 7 shows better total color retention for 

potato slices. According to (Addisalem H. Taye, 2018) profile-based optimization returns 

better quality parameter for potato slices. In (Chua et al., 2000b) reports, temperature profile 

was observed to have more pronounced effect on minimizing the overall color change in potato. 

Values of total color difference obtained from temperature profiles showed values up to 87 % 

reduction in total color change.  

Similarly, redness (a*) and yellowness (b*) color parameters plays vital role in total color 

change of carrot while redness is in tomato. However, the square wave air temperature and 

relative humidity couldn’t improve the total color difference when compared to constant input 

parameters strategy. For carrot and tomato product, the constant input factors returned better 

quality attributes. (Chua et al., 2000a) reports constant temperature profile was also able to 

reduce the overall change in color for Guava. 

The final optimization criteria used in this work is ascorbic acid (vitamin C) retention of dried 

potato. As, vitamin C retention is used as a good indicator for the retention of other nutrients 

and constant and square wave input factors effects were evaluated. The value that returns 

minimum in color change were studied for national retention. Accordingly, for constant input 

factor strategy 54.36-73.78% and for square wave input factors from 66.90 to 73.14% vitamin 

C retention results were found. From the result found the square wave input parameters show 

reproducibility of vitamin C retention were obtained.  
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Due to its susceptibility to oxidation, vitamin C content has been used as a quality indicator for 

food processes (Guiamba, 2016). 

In this work, the second approach used to investigate the drying process was mathematical 

modeling and numerical solution. Drying of agricultural products is a complex process, as it 

involves sophisticated material and transport phenomena. The heat transfer, mass transfer, 

deformation and discoloration are very complex and challenging in practical food industry. 

Quantifying these parameters requires deep understanding of mathematical equations which 

can effectively characterize the overall process of the system. Thus, drying of agricultural 

products using mathematical equations, solving the equations numerically and validating the 

results with experimental values gives a much deeper understanding of the process. The 

equations developed should predict the coupled heat and mass transfer of the overall process. 

In mathematical modeling and numerical solution approach, two cases in different approach 

were developed to characterize the drying process of agricultural products.  

The first case (Case I) used on a single layer drying process is the transient drying kinetics 

model. It was modeled by the Fickian equation which is exactly in the form of the Fourier 

equation of heat and mass transfer by assuming the sample as moist solid material. The 

unsteady-state partial differential equations have been then solved by means of the Finite 

Elements Method coupled to the Arbitrary Lagrangian-Eulerian (ALE) to trace the moving 

boundary of product and air interface during the drying process. The models were implemented 

and solved in COMSOL Multiphysics® version 5.3. The thermo-physical properties such as, 

heat transfer coefficient, mass transfer coefficient and diffusion coefficient were used as a 

function of temperature, air velocity, moisture content and time. 

From the solution found, the state variables; surface temperature and moisture content of the 

material, as well as the shrinkage and drying rate were determined using the numerical 

methods. The effect of fixed and moving boundaries on the drying curve was also predicted. 

The tool was powerful to estimate both moisture and temperature profiles of drying kinetics in 

the products. The numerical model developed and used along with moving boundaries also 

gives a chance to see what happens in the drying material at any needed time. When comparing 

the numerical results of moving boundaries to fixed boundaries the moving boundaries show a 

shorter drying time and therefore a higher drying rate.  
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Similarly, the second case (Case II) developed for industrial scale dryer using mechanistic 

mathematical models of coupled heat and mass transfer and solved numerically during drying 

of agricultural products assuming the sample as multiphase porous media. The multiphase 

porous media models have used many input parameters to characterize real condition of 

agricultural products. These parameters are fixed and variable parameters. The fixed 

parameters (Ta, va, and Rh) and variable parameters are variables that associated to moist 

multiphase porous media. This shows that the availability of the parameters and capacity of 

solver is important.  

This model was also implemented and solved in COMSOL Multiphysics® version 5.3. The 

numerical solutions were able to predict a good drying process and mechanism. As it can be 

seen from Figure 6-9 water vapor distributions as function of position were predicted. This 

gives a good understanding of the drying process which is very difficult through experimental. 

Furthermore, the drying kinetics and surface temperature profiles were investigated. 

Interestingly, the predicted surface temperature exhibited the pseudo-cooling temperature in 

relation to the moisture ratio of the product. As depicted in Figure 6-15- Figure 6-17 and related 

to Figure 4-9, the inflection point (pseudo-cooling temperature) was clearly predicted. This 

gives a chance to see what happening in the drying material at any needed time and also it can 

be helpful in understanding the physics of drying process. 

In the literature, The results of numerical analysis such as time execution, number of iterations, 

computational complexity, root mean square error and rate of convergence has proved that the 

dehydration model is capable to simulate mass and temperature distribution through numerical 

method approach by other studies elsewhere (Islam and Alias, 2010). According to (Datta, 2007a) 

mechanistic formulations  has been used to study conventional heating, microwave heating, 

baking (with and without volume change) and deep frying. Also, (Datta, 2007b) shows 

multiphase porous media model with distributed evaporation is shown to be capable of 

describing a number of simultaneous heat and mass transfer processes in foods that involve 

strong internal evaporation. Further (Aberham Hailu Feyissa, 2011) used coupled PDEs for 

heat and mass transfer along with the boundary conditions were implemented and good results 

were found roasting of the meat in the convection oven.  

Finally, the capability of the models were evaluated depend how much it could describe a real 

drying process by comparing it with experimental results. To provide a credible basis for 
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prediction, the ability of the model to represent real physical processes should be demonstrated 

through a process of model calibration and validation (Aberham Hailu Feyissa, 2011).  

In this research study the model calibration and validation has been done for two different 

models. The model with the transient drying kinetics model written by the Fickian equation. A 

sample modeled as moist solid with moving and fixed boundary for single layer drying process. 

The material property parameters (Cp, K, Deff) were calculated a function of input drying 

parameters for the case accuracy at eat time through the drying process. The accuracy level of 

these parameters has found significant effect on verification of numerical modeling and 

solution. 

The drying kinetics data (moisture removal, drying rate, surface temperature and shrinkage) 

for single layer dryer obtained through experiments and the numerically predicted values 

showed a great agreement. The moisture distribution in the sample can be visualized from the 

simulation, which is impossible by experimental results. The coefficient of determination or R-

Square (R2) for moisture removal is found greater than 99.40 and 89.10 for surface area 

shrinkage and 82.28 for product surface temperature [Table A9-4]. 

In similar way, the second model developed for industrial scaler dryer which was mechanistic 

mathematical models of coupled heat and mass transfer for solid porous media. The 

development in this model considered all available properties (solid, liquid and gas). The 

unknown parameters (e.g., kevap) in the model were obtained by the parameter estimation 

method. The estimation was done by comparing the numerical results with experimentally 

found. The parameter estimation based on root mean square error returns the value of kevap 

(1100 (1/s) for potato, 1800 (1/s) for carrot and tomato) were found. These result some deviates 

from the literature with this parameter value the model pretty estimates the experimentally 

found results with numerically obtained.  

After the model was verified, then it was checked and validated with different drying data. The 

average moisture content as function of time obtained shows good agreement with 

experimental results. The coefficient of determination of drying curve was found between 

99.80 to 99.98 % [Table A9-6]. The product surface temperature also agreed by more than 

90.24% [Table A9-6] with the experimental results for the studied agricultural products. 

According to (Anna-Maria Nuñez Vega, 2015; A. Nuñez Vega et al., 2012) reports the 
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simulation model shows close correlation with experimental data and can be used to determine 

optimum control and process parameters for convective drying of apples slices on lab scale and 

industrial scale dryer.  

Therefore, Process optimization of drying of fruits and vegetables as well as mathematical 

modeling could be recommended from the results found in this work. This benefits the food 

industry by preventing quality loss during processing. Moreover, the mathematical modeling 

and numerical solution help for better understanding of the process and enables a better, more 

precise controlling of the food processes. Additionally, using both experimental and 

mathematical modeling is very important once the model is verified, different drying parameter 

effects can be studied. Also, it is good to use numerical modeling to represent the process of a 

system in a set of mathematical equations, which can effectively characterize the overall 

process of the system. Therefore, numerical modeling and simulation give the opportunity to 

have an insight on the process at each specified time, which is very difficult through 

experiments. 

From the above discussions, the research questions can be summarized as follows. 

Do input drying parameters affect the quality of dried agricultural products at single layer and 

industrial scale dryer? As it was presented the air temperature and air velocity has significant 

effect, while relative humidity has less significant effect on quality parameters such total color 

difference, nutritional value retention and on surface area shrinkage.  

Does single layer dryer input and quality parameters traceable to industry scale dryer? The 

result examined showed that air temperature, air velocity, relative humidity and optimal input 

parameters were found traceable. Furthermore, the quality attributes such as total color 

difference, nutritional value retention, surface area shrinkage and drying kinetics data like, 

moisture removal, product surface temperature were found traceable.  

What are the possible ways to minimize large number of experimental set-up and process 

optimization to obtain quality of the dried agricultural products? As drying is so complex, cost 

and labor intensive, using experimental design in integration with numerical modeling and 

solution was recommended.  

Do numerical models replace constructing and conducting of large-scale industrial experiments 

in drying process of agricultural products? It was shown that developing and solving numerical 



141                                                                                                            Discussion and Outlook 

 

 

 

modeling then validating with experimental results, can reduce from conducting large-scale 

industrial experiments. Sweeping techniques was found that further experimental works can be 

approximated from validated results. How numerical modeling replace experimental work? 

Drying kinetics such moisture removal, product surface temperature and surface area shrinkage 

were fairly estimated applying numerical modeling. Thus, it gives an opportunity what was 

happened by changing input parameters to the produce.  

Can numerical modeling methods provide quality parameters during drying of agricultural 

products? It was shown that, surface area shrinkage and other drying kinetics except color 

change and nutritional value retention fairly predicted using numerical modeling methods.  

 Outlook  

In this work the experimental work at lab scale and industrial scale drying process along with 

mechanistic model of coupled heat and mass transfer were presented. Validating the 

experimental with numerically found results avoid high costs and to get better process 

condition and parameters with the desirable accuracy, as modeling and simulation give the 

opportunity to have an insight on the process at each specified time. 

The traceability of lab scale quality parameter to industrial scale were more would be more 

interesting and give a chance to understand the more complex drying process.  

The experimentally characterization of input factor with different strategy were found a good 

way in searching of better-quality parameters. Then further investigation of the input factor 

effect on process strategies on the way of returning better quality parameter maybe 

researchable. 

The square wave drying strategy were found better for dried potato and has no significant effect 

on carrot and tomato. This would be more interesting to search for further strategy for different 

agricultural products. As this, the square wave drying strategy of 70-65-70°C for the air 

temperature, 1.1m/s for the air velocity and 40-40-20% for the relative humidity improve the 

total color difference by 29%, which promising for further optimization strategy. 

Drying is a complex process due to move in physical and transport properties; numerical 

modeling of coupled heat and mass transfer gives good understanding of drying physics and 
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mechanism. However, there are quite limited data to fully model the drying process of 

agricultural products.  

The relationship between the microstructure changes of a food product and the heat and mass 

transfer process needs further research, because if more quantitative relationships of the 

microstructure and heat and mass transfer are available, more understanding will be obtained. 

The change of microstructure such as pore formation influences for example the permeability 

and diffusion coefficient of food materials.  There are quite limited data on the porosity of the 

concerned solid foods (meat, baked product) particularly, its time and spatial variation during 

the processing is unavailable (Aberham Hailu Feyissa, 2011). 

Furthermore, drying kinetics data (color change, nutrition retention) estimation with numerical 

model could be studied in a future work.  

Generally, the combination of experimentally characterizing and numerical modeling approach 

of drying of agricultural products gives a good opportunity for deep understanding of what is 

happening during drying process. Thus, it is highly recommendable to use numerical modeling 

to optimize the industrial scale dryer during design and process rather than conducting large 

scale industrial experiments. 
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9. Summary 

Agricultural products like fruits and vegetables are highly perishable because of their high 

moisture content. Such products deteriorate quickly due to biochemical activities in the product 

and inappropriate storage conditions. Conventional air-drying is the most frequently used for 

operation in the food industry.  

To understand the complexity drying, two different levels experimental and numerical 

modeling were investigated. At the first level was lab scale experimental characterization of 

drying process and numerical validating were examined.  

On single layer dryer, the input factors effect on drying kinetics, quality attributes and thermos-

physical properties were investigated to understand the drying processes. The quality criteria 

such as color, shrinkage and moisture removal data showed they are input factors dependent. 

The temperature is found prominent factor and the air velocity takes the second rank. From the 

studied range of input factors, increasing in air temperature and air velocity results in high 

drying rate, less shrinkage and less total color difference. Better color retention for potatoes 

was found at 80°C for air temperature, 1.2m/s for air velocity and 10°C for dew point 

temperature. 

Following the experimental work numerical modeling with Fickian equation which is in the 

form of the Fourier equation of heat and mass transfer as form partial differential equation were 

used and solved in COMSOL Multiphysics® 5.3 version. The drying Process (drying curve, 

shrinkage, drying rate and surface temperature) were compared to experimental results. The 

experimental values and numerically found results compared statistically found in a good 

agreement. The coefficient of determination or R-Square (R2) for moisture removal were found 

greater than 99.40, 89.10 for surface area shrinkage and 82.28 for surface temperature. 

The thermo-physical properties were determined using weight loss measurement and surface 

temperature recorded at single layer drying process. The thermo-physical properties give an 

opportunity to further understand the drying process and mechanisms. Additionally, the 

parameters play a great role in accuracy of the models. The values were found in good 

agreement with data found in literature. 
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The second level and the main part of this study was conducted on industry scale dryer which 

was scale-up of single layer dryer. At this level two strategy of experimental work along with 

mechanistic model of heat and mass transfer were applied. 

The first strategy with constant input factors optimization using response surface methodology 

was examined. The combination of input factors for better quality attribute were determined 

for potato, carrot and tomato products. Based on importance (1 to 5) and desirability (0 to 1) 

concept, 67ºC of air temperature, 1.25m/s of air velocity and 10% of relative humidity were 

found the optimal input factor for potato products. Similarly, 49ºC of air temperature, 0.95m/s 

of air velocity and 20% of relative humidity and 55ºC of air temperature, 1.25m/s of air velocity 

and 10% of relative humidity were found the optimal input factor for carrot and tomato 

products respectively. These optimum combination input factors were returned 6.22 total color 

difference and 35.5% surface area shrinkage for dried potato product, 7.32 total color 

difference and 77.45% surface area shrinkage for carrot dried and total color difference of 6.12 

for tomato dried product. 

The second strategy used the square wave temperature around the inflection point temperature 

(pseudo wet bulb temperature) where deterioration of the significant quality parameters starts. 

Based on the assumption controlling of this region can further improve the quality parameters 

of the dried agricultural products, the selected region (optimum in case of response surface 

methodology) of interest was discretized within the peak to valley interval ranging from 5⁰C 

and 10⁰C of a square wave profile of the air temperature and relative humidity was applied.  

This further optimization strategy (the second strategy), shows significant effect on the quality 

of dried potato. The square wave drying strategy of 70-65-70°C for the air temperature, 1.1m/s 

for the air velocity and 40-40-20% for the relative humidity improve the total color difference 

by 29%. However, the continuous drying process has no significant effect on the quality of 

dried carrots and tomatoes. 

Finally, the mechanistic mathematical models of coupled heat and mass transfer during drying 

of agricultural products were developed as solid porous moist material. The parameter 

estimation was conducted from the experimentally found data to calibrate the numerical model 

solution. The comparison of numerically obtained with experimentally found results were 

reasonably agreed well. The coefficient of determination (R2) of drying curves were found 
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between 97.49 – 99.95%. The product surface temperature also agreed by more than 91.5 for 

potato, 82.76 for carrot and 93.36 tomato.  

The experimental investigations and the mechanistic modeling of industrial-scaled batch 

drying of agricultural products along with parameter estimation for validation of the results 

were conducted. In addition to experimental work verifications, the use of mechanistic model 

of coupled heat and mass transfer methods could help in dryer design and optimization of 

drying process. Furthermore, it also helps in better understanding of drying physics and 

mechanism during drying of agricultural products. 
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Zusammenfassung 

Landwirtschaftliche Produkte wie Obst und Gemüse sind aufgrund ihres hohen Feuchtegehalts 

leicht verderblich. Solche Produkte verderben schnell aufgrund von biochemischen Aktivitäten 

im Produkt und ungeeigneten Lagerbedingungen. Die konventionelle Lufttrocknung ist das in 

der Lebensmittelin¬dustrie am häufigsten verwendete Verfahren zur Reduktion des 

Feuchtegehaltes.  

In dieser Arbeit wurden zwei verschiedene Ansätze experimenteller und numerischer 

Modellierung untersucht. Zuerst wurde die experimentelle Charakterisierung des 

Trocknungsprozesses im Labormaßstab und dessen numerische Validierung untersucht.  

Am Einzelschichttrockner wurden die Auswirkungen der Prozeßeingangsgrößen auf die 

Trocknungskinetik, die Qualitätsmerkmale und die thermophysikalischen Eigenschaften 

untersucht, um die Trocknungsprozesse zu verstehen. Die Daten der Qualitätskriterien wie 

Farbe, Schrumpfung und Feuchtigkeitsentzug zeigten, dass sie von den Eingangsgrößen stark 

abhängig sind. Die Temperatur wurde als herausragende Eingangsgröße gefunden und die 

Luftgeschwindigkeit nimmt den zweiten Rang ein. Aus dem untersuchten Bereich der 

Eingangsgrößen führt eine Erhöhung der Lufttemperatur und der Luftgeschwindigkeit zu einer 

hohen Trocknungsgeschwindigkeit, weniger Schrumpfung und einer geringeren 

Gesamtfarbveränderung. Eine bessere Farberhaltung bei Kartoffeln wurde bei 80°C für die 

Lufttemperatur, 1,2m/s für die Luftgeschwindigkeit und 10°C für die Taupunkttemperatur 

gefunden. 

Im Anschluss an die experimentellen Arbeiten wurde eine numerische Modellierung 

durchgeführt. Die Fick'sche Gleichung, die die Form der Fourier-Gleichung des Wärme- und 

Stofftransports hat, wurde in Form einer partiellen Differentialgleichung verwendet und mit 

COMSOL Multiphysics® Ver¬sion 5.3 gelöst. Der Trocknungsverlauf (Trocknungskurve, 

Schrumpfung, Trocknungsgeschwindigkeit und Oberflächentemperatur) wurde mit 

experimentellen Ergebnissen verglichen. Eine statistische Analyse zeigte eine hohe 

Übereinstimmung. Das Bestimmtheitsmaß R2 für den Feuchtigkeitsentzug war größer als 

99,40, für die Oberflächenschrumpfung größer als 89,10 und für die Oberflächentemperatur 

größer als 82,28. 
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Die thermophysikalischen Eigenschaften wurden durch Messung des Gewichtsverlustes und 

der Oberflächentemperatur bei der Trocknung von dünnen Schichten bestimmt. Sie bieten die 

Möglichkeit, den Trocknungsprozess und die Mechanismen besser zu beschreiben. Außerdem 

spielen die Parameter eine große Rolle für die Genauigkeit der Modelle. Die Werte wurden in 

guter Übereinstimmung mit den in der Literatur gefundenen Daten gefunden. 

Der zweite und wesentliche Teil dieser Studie wurde an einem Trockner im Industriemaßstab 

durchgeführt, bei dem es sich um das Scale-up eines Einzelschichttrockners handelte. Dabei 

wurden zwei Strategien aus der experimentellen Arbeit zusammen mit dem Modell des 

Wärme- und Stofftransfers angewendet. 

Die erste Strategie mit konstanten Eingangsgrößen wurde mit Hilfe der Response Surface 

Methodology optimiert. Die Kombination der Eingangsgrößen für optimale Qualitätskriterien 

wurde für Kartoffel-, Karotten- und Tomatenprodukte ermittelt. Basierend auf dem Konzept 

der Gewichtung (1 bis 5) und der Erwünschtheit (0 bis 1) der Qualitätsattribute wurden 67°C 

Lufttemperatur, 1,25 m/s Luftgeschwindigkeit und 10 % relative Luftfeuchtigkeit als optimale 

Eingangsfaktoren für Kartoffelprodukte ermittelt. In ähnlicher Weise wurden 49 ºC 

Lufttemperatur, 0,95 m/s Luftgeschwindigkeit und 20 % relative Luftfeuchtigkeit und 55 ºC 

Lufttemperatur, 1,25 m/s Luftgeschwindigkeit und 10 % relative Luftfeuchtigkeit als optimaler 

Eingangsfaktor für Karotten- bzw. Tomatenprodukte ermittelt. Diese optimale Kombination 

von Eingangsfaktoren ergab einen Gesamtfarbunterschied von 6,22 und eine 

Oberflächenschrumpfung von 35,5 % für getrocknete Kartoffeln, einen Gesamtfarbunterschied 

von 7,32 und eine Oberflächenschrumpfung von 77,45 % für getrocknete Karotten und einen 

Gesamtfarbunterschied von 6,12 für getrocknete Tomaten. 

Bei der zweiten Strategie wurde die Lufttemperatur stufenweise verändert, sobald die “Pseudo-

Kühlgrenztemperatur” erreicht wird, bei der der erste Trocknungsabschnitt der Oberfläche 

endet und signifikante Qualitätsvänderung beginnt. Weil davon ausgegangen werden kann, 

dass eine entsprechende Temperaturführung in diesem Bereich die Qualitätsparameter der 

getrockneten landwirtschaftlichen Produkte weiter verbessern kann, wurde der ausgewählte 

Bereich (entsprechend dem Optimum im Falle der Response Surface Methodology) in Stufen 

von 5°C von und von 10⁰C verändert.  

Diese zweite Optimierungsstrategie zeigt einen signifikanten Effekt auf die Qualität der 

getrockneten Kartoffel. Die Strategie, die Temperaturen in den Stufen von 70-65-70°C zu 
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verändern, verbessert die Gesamtfarbdifferenz um 29%, bei 1,1m/s Luftgeschwindigkeit und 

40-40-20% relativer Luftfeuchtigkeit. Der kontinuierliche Trocknungsprozess hat jedoch 

keinen signifikanten Einfluss auf die Qualität der getrockneten Karotten und Tomaten. 

Schließlich wurden die mathematischen Modelle des gekoppelten Wärme- und Stofftransports 

während der Trocknung von landwirtschaftlichen Produkten entwickelt, die als festes poröses 

feuchtes Material angesehen wurden. Die Parameterabschätzung wurde aus den experimentell 

gefundenen Daten durchgeführt, um das numerische Modell zu kalibrieren. Der Vergleich der 

numerisch gewonnenen mit den experimentell gefundenen Ergebnissen ergab eine gute 

Übereinstimmung. Die Bestimmtheitsmaße (R2) der Trocknungskurven lagen zwischen 97,49 

- 99,95 %. Auch die Produktoberflächentemperatur stimmte mit einem R² Wert von mehr als 

91,5 für Kartoffel, 82,76 für Karotte und 93,36 für Tomate überein.  

Es wurden experimentellen Untersuchungen Modellierungen der Batch-Trocknung von 

landwirtschaftlichen Produkten im industriellen Maßstab durchgeführt.  Eine 

Parameterschätzung erlaubte die Validierung der Ergebnisse. Neben der Überprüfung der 

experimentellen Arbeit könnte die Verwendung eines thermophysikalischen Modells des 

gekoppelten Wärme- und Stoffübertragung bei der Trocknerauslegung und Optimierung des 

Trocknungsprozesses helfen. Darüber hinaus hilft es auch beim besseren Verständnis der 

Trocknungsphysik und -mechanismen während der Trocknung von landwirtschaftlichen 

Produkten. 
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Appendices 

I. Mass calibration  

 

 

Figure A.9-1: Moisture loss measuring unit calibration 

 

Figure A.1-2: Drying uniformity on trays 1-3 
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Figure A.1-3: Drying uniformity on trays 4-6 
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II. Continuous Drying Color Ratio 

Table A1-1: Ratio of individual color to total color change 

Constant Parameters Profile 1 Profile 2 Profile 3 

ΔL/ΔE Δa/ΔE Δb/ΔE ΔL/ΔE Δa/ΔE Δb/ΔE ΔL/ΔE Δa/ΔE Δb/ΔE ΔL/ΔE Δa/ΔE Δb/ΔE 

-0.608 0.664 0.436 -0.599 0.299 0.743 0.761 0.172 0.625 0.048 0.511 0.858 

0.851 0.345 -0.396 0.519 0.409 0.751 0.765 -0.491 -0.417 0.973 0.147 0.176 

0.651 0.010 -0.759 0.962 0.265 0.073 0.696 -0.542 -0.471 0.987 0.116 -0.112 

0.054 0.052 -0.997 0.981 0.172 -0.094 0.479 -0.280 -0.832 0.823 0.227 -0.521 

-0.194 0.043 -0.980 0.945 0.068 -0.321 0.741 -0.092 -0.665 0.680 0.348 -0.645 

-0.389 0.055 -0.920 0.903 0.067 -0.424 0.698 -0.037 -0.715 0.528 0.323 -0.786 

-0.291 0.062 -0.955 0.849 0.018 -0.527 0.673 -0.006 -0.740 0.433 0.251 -0.866 

-0.188 0.086 -0.978 0.784 -0.012 -0.621 0.583 0.009 -0.812 0.418 0.205 -0.885 

0.652 0.161 -0.741 0.956 -0.048 -0.289 -0.300 0.028 -0.954 0.859 0.061 -0.508 

0.795 0.131 -0.592 0.957 -0.051 -0.287 -0.377 0.064 -0.924 0.928 0.062 -0.367 

0.797 0.103 -0.596 0.929 -0.065 -0.365 -0.435 0.073 -0.898 0.923 0.056 -0.380 

0.794 0.114 -0.597 0.915 -0.065 -0.399 -0.493 0.081 -0.866 0.922 0.065 -0.383 

0.781 0.127 -0.612 0.907 -0.063 -0.417 -0.463 0.106 -0.880 0.907 0.057 -0.417 

0.746 0.117 -0.656 0.909 -0.068 -0.411 -0.460 0.116 -0.880 0.901 0.057 -0.430 

0.757 0.129 -0.641 0.900 -0.067 -0.431 -0.452 0.130 -0.882 0.892 0.054 -0.448 

 

  



165                                                                                                                              Appendices 

 

 

 

Table A9-2: Ratio of individual color to total color change 

Constant Parameters Profile 1 Profile 2 Profile 3 

ΔL/ΔE Δa/ΔE Δb/ΔE ΔL/ΔE Δa/ΔE Δb/ΔE ΔL/ΔE Δa/ΔE Δb/ΔE ΔL/ΔE Δa/ΔE Δb/ΔE 

-0.608 0.664 0.436 -0.599 0.299 0.743 0.761 0.172 0.625 0.048 0.511 0.858 

0.851 0.345 -0.396 0.519 0.409 0.751 0.765 -0.491 -0.417 0.973 0.147 0.176 

0.651 0.010 -0.759 0.962 0.265 0.073 0.696 -0.542 -0.471 0.987 0.116 -0.112 

0.054 0.052 -0.997 0.981 0.172 -0.094 0.479 -0.280 -0.832 0.823 0.227 -0.521 

-0.194 0.043 -0.980 0.945 0.068 -0.321 0.741 -0.092 -0.665 0.680 0.348 -0.645 

-0.389 0.055 -0.920 0.903 0.067 -0.424 0.698 -0.037 -0.715 0.528 0.323 -0.786 

-0.291 0.062 -0.955 0.849 0.018 -0.527 0.673 -0.006 -0.740 0.433 0.251 -0.866 

-0.188 0.086 -0.978 0.784 -0.012 -0.621 0.583 0.009 -0.812 0.418 0.205 -0.885 

0.652 0.161 -0.741 0.956 -0.048 -0.289 -0.300 0.028 -0.954 0.859 0.061 -0.508 

0.795 0.131 -0.592 0.957 -0.051 -0.287 -0.377 0.064 -0.924 0.928 0.062 -0.367 

0.797 0.103 -0.596 0.929 -0.065 -0.365 -0.435 0.073 -0.898 0.923 0.056 -0.380 

0.794 0.114 -0.597 0.915 -0.065 -0.399 -0.493 0.081 -0.866 0.922 0.065 -0.383 

0.781 0.127 -0.612 0.907 -0.063 -0.417 -0.463 0.106 -0.880 0.907 0.057 -0.417 

0.746 0.117 -0.656 0.909 -0.068 -0.411 -0.460 0.116 -0.880 0.901 0.057 -0.430 

0.757 0.129 -0.641 0.900 -0.067 -0.431 -0.452 0.130 -0.882 0.892 0.054 -0.448 
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Table A9-3: Ratio of individual color to total color change 

Profile 4 Profile 5 Profile 6 Profile 7 

ΔL/ΔE Δa/ΔE Δb/ΔE ΔL/ΔE Δa/ΔE Δb/ΔE ΔL/ΔE Δa/ΔE Δb/ΔE ΔL/ΔE Δa/ΔE Δb/ΔE 

-0.977 0.189 0.093 -0.465 0.467 0.802 0.599 -0.714 0.362 -0.465 0.361 0.808 

-0.865 -0.217 -0.453 -0.905 0.232 0.414 0.063 -0.922 -0.381 0.230 0.338 0.913 

-0.805 -0.197 -0.559 -0.976 1.266 -0.135 -0.280 -0.690 -0.668 -0.035 0.168 0.985 

-0.810 -0.131 -0.571 -0.941 0.376 -0.318 -0.579 -0.366 -0.729 -0.983 0.080 -0.166 

-0.831 -0.104 -0.546 -0.867 0.141 -0.494 -0.697 -0.171 -0.697 -0.861 -0.032 -0.508 

-0.837 -0.056 -0.544 -0.691 0.008 -0.723 -0.713 -0.076 -0.697 -0.804 0.009 -0.594 

-0.821 -0.057 -0.568 -0.449 -0.032 -0.893 -0.705 -0.021 -0.709 -0.706 0.077 -0.704 

-0.811 -0.033 -0.583 -0.307 -0.027 -0.951 -0.703 -0.033 -0.710 -0.631 0.040 -0.774 

-0.687 -0.012 -0.726 0.046 -0.007 -0.999 -0.608 0.031 -0.794 -0.266 0.112 -0.957 

-0.684 -0.014 -0.730 0.059 0.007 -0.998 -0.603 0.035 -0.797 -0.169 0.101 -0.980 

-0.676 -0.013 -0.737 0.049 0.015 -0.999 -0.601 0.050 -0.798 -0.047 0.090 -0.995 

-0.665 -0.009 -0.747 0.045 0.027 -0.999 -0.601 0.045 -0.798 -0.008 0.109 -0.994 

-0.661 -0.008 -0.750 0.229 0.001 -0.974 -0.614 0.036 -0.788 0.108 0.153 -0.982 

-0.660 -0.012 -0.751 0.315 0.001 -0.949 -0.605 0.043 -0.795 0.191 0.139 -0.972 

-0.657 -0.004 -0.754 0.402 0.000 -0.916 -0.595 0.049 -0.802 0.282 0.156 -0.947 
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III. Regression of drying curve  

Table A9-4: curve fit verification for single layer drying of figure 5.3 

Parameters SSE R2 RMSE 

Moisture data 0.012 99.40 0.022 

Shrinkage 459.49 89.10 3.75 

Surface temperature 867.8 82.28 6.943 

Table A9-5: Drying curve fitted of cabinet batch drying to page model at 0.95m/s 
( )nkteMR −=  

Product Air temperature, °C   k n SSE RMSE R2 

Potato 

50 32.65 1.0221 0.0301 0.0065 99.78 

60 47.53 1.0022 0.0231 0.0032 99.95 

70 49.52 1.0351 0.0632 0.0279 99.67 

80 75.33 1.1320 0.0721 0.0327 99.56 

90 94.36 1.1451 0.0673 0.0431 99.31 

Carrot 

40 37.63 1.117 0.0218 0.0074 99.93 

55 38.56 1.0330 0.0990  0.0990 99.58 

65 106.20 1.2680 0.0598 0.0130 99.77 

75 105.00 1.1730 0.0802 0.0184 99.54 

Tomato 

55 42.40 1.3600 0.5148 0.0268 99.18 

65 43.31 1.2750 0.1217 0.0130 99.77 

75 56.29 1.1630 0.3179 0.0210 99.14 

Table A9-6: Level of agreement for cabinet batch drying using regression analysis at 0.95m/s  

Product Air temperature, °C Responses SSE R2 RMSE 

 

Potato 

50 Drying curve 0.0301 99.78 0.0065 

70 0.0632 99.95 0.0279 

70 Surface temperature 175.35 91.90 0.915 

Carrot 55 drying curve 0.0990 99.58  0.0990 

75 0.0802 99.54 0.0184 

75 Surface temperature 167.46 92.24 0.8276 

Tomato 65 drying curve 

 

0.07106 98.31 0.0393 

75 0.05139 97.49 0.04284 

75 Surface temperature 201.52 90.24 0.9336 
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`Table A1-7: Thermo-physical parameters of air, potato, carrot and tomato from literatures 

Parameters Equations/Value  

Density of potato a 1072 kg/m3  

Density of air b 1.028 kg/m3  

Thermal conductivity of air b 0.0287 J/kgK  

Specific heat of air b 1007 J/kgK  

Binary water diffusion b 2.052x10-5 kg/m.s  

Reynolds number c ρ
a
vL

μ
a

⁄  
 

Prandtl number c Cpaμ
a

μ
a

⁄  
 

Schmidt number c μ
a

ρ
a
DAB

⁄   

Vapor saturation pressure d 610.78exp[17.2694θ/(θ+238.3)]  

Air moisture concentration d PsatRhM
RTa

⁄   

Effective moisture diffusivity a 
1.048×10-5exp (-

25.77

8.314×10-3T
) 

 

Latent heat of vaporization 3298.0

3

15.2733.647

3.647
1005.2501 









−

−


T

 

 

Specific heat of carrot e ( )Mcp 22.34.11000 +=   

Thermal conductivity of carrot e Mk 493.0148.0 +=   

Effective moisture diffusivity of carrot 

e 







+−−= − M

T
D 059.0

8.3459
97.0exp10779.2 4

 
 

Specific heat of Potato f 𝐶𝑝 = 4.184 × 103𝑒𝑥𝑝(0.406 + 0.0014𝜃

+ 0.203𝑀) 

 

Thermal conductivity of Potato f 
K=0.05963-

0.1931

M
+

0.0301

M2
 

 

Diffusion coefficient of Potato (D) f 
1.29×exp (

-0.0725

M
) exp (

-2044

T
) 

 

Dynamic viscosity of air ( )a  2.052x10-5 kg/m.s  

Where; a: (Srikiatden and Roberts, 2008) 

b: (Tsilingiris, 2008) 

c: (Kumar et al., 2014b) 

d: (Temmerman et al., 2009) 

e: (Białobrzewski et al., 2008) 

f: (Wang and Brennan, 1995a) 




